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Abstract

We study the hadronic production of strongly interacting SUSY particles in the
framework of the MSSM. In particular, we consider top-squark pair, gluino—
squark pair, and same sign squark-squark pair production processes. Aiming at
precise theoretical predictions, we calculate the cross section contributions of
electroweak origin up to the one-loop level. We find sizable effects both from
tree-level electroweak subprocesses and next-to-leading order electroweak cor-
rections, reaching the 20% level in kinematical distributions.

In a second part of this thesis, we investigate the phenomenology of R-parity vio-
lating B SUSY models with the lightest stau (7) being the LSP. We analyze
the possible 71 decay modes, taking into account the dynamical generation of
non-zero R-parity violating couplings at lower scales. As an application of our
studies which is interesting for experiments at particle accelators, we discuss sin-
gle slepton production at the LHC and give numerical results for single smuon

production.

Zusammenfassung

Wir beschéftigen uns mit der hadronischen Paarerzeugung stark wechselwir-
kender SUSY-Teilchen im Rahmen des MSSM und betrachten insbesondere die
Produktion von Top-Squark Paaren, Gluino—Squark Paaren und gleichgelade-
nen Squark—Squark Paaren. Um moglichst prézise theoretische Vorhersagen zu
erreichen, berechnen wir die elektroschwachen Beitrage zu den Produktionswir-
kungsquerschnitten. Dabei ziehen wir sowohl elektroschwach-induzierte Prozes-
se auf Born-Niveau als auch elektroschwache Quantenkorrekturen néachstfiih-
render Ordnung in Betracht. Die grofite Bedeutung erreichen diese Beitrige in

kinematischen Verteilungen, wo sie bis auf 20% anwachsen konnen.

In einem zweiten Teil der Arbeit untersuchen wir die Phinomenologie R-Pari-
tat-verletzender B3 supersymmetrischer Modelle, in denen das leichteste Stau
(71) das leichteste SUSY Teilchen ist. Wir analysieren die moglichen 7;-Zerfalls-
moden und beriicksichtigen dabei auch weitere, dynamisch erzeugte R-paritét-
verletzende Kopplungen. Als eine fiir Experimente an Teilchenbeschleunigern
interessante Anwendung unserer Studien diskutieren wir die Resonanzproduk-
tion von Sleptonen am LHC und werten die Ergebnisse fiir die Resonanzpro-

duktion von Smyonen numerisch aus.
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Chapter 1

Introduction

The Standard Model of elementary particle physics (SM) [1-4] has been proven to success-
fully describe all observed particles and their electroweak and strong interactions. Despite
the excellent agreement between the theoretical predictions and experimental data [5], there
remain unresolved issues such as the hierarchy problem, the non-unification of gauge cou-
plings or the unknown source of dark matter in the universe, which point to new physics
beyond the weak scale. It is thus widely believed that the SM is an effective theory, valid
only in the low-energy limit of a more fundamental theory describing physics at arbitrarily
high energies.

Numerous candidate theories of physics beyond the SM have been elaborated in the past.
In this thesis we delve into the possibility of extending the SM in a supersymmetric way.
Imposing a symmetry between fermionic and bosonic states, supersymmetry (SUSY) [6,7]
predicts new partner particles to every known particle that only differ in spin by half a
unit. If SUSY was an exact symmetry, SM particles and their SUSY partners would be
degenerate in mass. But no SUSY particle has been observed so far. In order to comply
with present data, the possibly new particles have to be massive in comparison to their SM
counterparts and supersymmetry has to be broken at low energies.

Supersymmetry, and in particular if it is realized around the weak scale, is very attractive
from the phenomenological point of view. Owing to the existence of new particles obeying
opposite spin statistics, it allows for a stabilization of the large hierarchy between the Planck
scale and the electroweak scale [8] and for a consistent unification of SM gauge couplings at
high energies [9]. In addition, if the lightest SUSY particle is stable, SUSY provides a dark

matter candidate and can account for the observed cold dark matter relic density [10,11].

The search for SUSY particles is one of the major topics in the experimental program of
particle physics. In the low-energy region, electroweak and B-physics precision observables
provide a powerful tool for testing the consistency of SM predictions with data. Since
new particles would enter the theoretical evaluations via virtual quantum effects, it is also
possible to discriminate between the SM and alternative theories. The comparison of mea-

surements with computational results of a given model allows to set indirect limits on the
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masses and couplings of the postulated particles, even if they are too heavy to be produced
directly. The minimal supersymmetric extension of the Standard Model (MSSM) [12-14]
has extensively been investigated in the past. The mass of the SM W boson, myy, and
the effective leptonic weak mixing angle, sin® 6o, as measured at LEP, SLC, and at the
Tevatron are among the most relevant electroweak precision observables in this respect.
While strong bounds on the SUSY parameters have been derived, a certain preference for
relatively light SUSY particles has been found (see e.g. Refs. [15,16] or Ref. [17] for a re-
view). There are also low-energy observables, such as the anomalous magnetic moment of
the muon, (g — 2),/2, where SUSY yields a better fit to data than the SM [18].

However a decisive answer to the existence of SUSY can only be given by the direct
detection of SUSY particles produced at high-energy particle accelerators. With the im-
minent startup of the Large Hadron Collider (LHC) at CERN, it will soon be possible to
probe SUSY and its predictions at energies which were not accessible at colliders so far. If
SUSY is realized around the TeV scale, some of the SUSY particles have to be discovered
at the LHC.

A good understanding of the theory and reliable theoretical predictions are essential in-
gredients for a successful analysis of LHC data. To further investigate the phenomenology
of SUSY particle production processes at hadron colliders, the main intent of this thesis
is twofold. On the one hand we perform precise cross section calculations by taking into
account quantum effects. On the other hand we are interested in how to measure SUSY par-

ticles in accelerator experiments and examine distinctive SUSY signatures in detectors.

Among the potential SUSY discovery channels, certainly the direct production of colored
SUSY particles, squarks and gluinos, will play a key role. Since these can be produced via
the strong interaction, high production rates are expected at hadron colliders. First theo-
retical cross section predictions for squark and gluino production processes based on leading
order (LO) calculations were made already many years ago [19]. Later calculations of next-
to-leading order (NLO) in perturbative QCD [20,21] could reduce theoretical uncertainties
considerably and revealed corrections of typically 20%-30%. Considering higher-order cor-
rections to the cross sections, the corrections due to strongly interacting particles (QCD
corrections) cause the largest effects. Electroweak (EW) contributions, in comparison, are
typically suppressed from the weak coupling by at least one order of magnitude and are
often neglected. However the spectrum of weakly interacting particles in the MSSM is
broad and the interplay of EW corrections can be involved, in particular if not only QCD-
mediated but also EW-mediated production channels exist at tree-level. And including
electroweak effects in the parton evolution, a non-zero photon density is dynamically gen-
erated inside protons which opens up further photon-induced production mechanisms. The
above statement on the smallness of EW contributions thus needs not necessarily to be
true. Owing to the large amount of data that will be provided by the LHC experiments, it
seems indispensable to extend the theoretical calculations beyond one-loop in QCD in or-



der to compete with statistical uncertainties. Both higher-order QCD [22,23|, and one-loop
EW corrections [24-27] to squark and gluino production processes are subjects of current
research. In this work, we study the production of top-squark pairs, gluino—squark pairs,
and same-sign squark—squark pairs and calculate the tree-level and one-loop cross section
contributions of electroweak origin up to O(a2a) in the strong and electroweak couplings.

Within the SM, given the SM particle content and gauge invariance of the theory, lepton
and baryon number are accidentally conserved. This however is not guaranteed a priori by a
supersymmetric extension of the SM. Assuming a supersymmetric SM with minimal particle
content, renormalizable lepton- and baryon-number violating operators are allowed [28,29].
If couplings of both types are present, rapid proton decay can take place [30,31]. Since this
clearly contradicts experimental observations [32], an additional symmetry is needed to
stabilize the proton. Most commonly, R-parity conservation is postulated [33], leading to
the MSSM. An alternative approach is provided by R-parity violating but baryon-number
conserving Bs supersymmetric models [34-37]. Only the final discovery of SUSY particles
will allow to draw conclusions if or how SUSY is realized in nature. It is thus crucial to
understand and distinguish between possible SUSY signatures of different SUSY models.
In a second part of this thesis, we focus on Bs models predicting the lightest stau 74
as lightest supersymmetric particle and study characteristic signatures at the example of
slepton production at the LHC.

The outline of this report is as follows.

In Chapter 2 we introduce the conceptual framework of our studies. To begin with we
briefly review the Standard Model and discuss some of its open questions to motivate the
search for new physics. We then concentrate on supersymmetry, illustrate its basic ideas
and provide the necessary theoretical background to construct a SUSY Lagrangian. On
this basis, a phenomenologically viable and testable SUSY model can be built, the MSSM.
We discuss the concept of R-parity, and present in detail the field content and physical
particle spectrum of the MSSM.

The main focus of this thesis is on the calculation of EW contributions to the production
of colored SUSY particles at the LHC. In Chapter 3, we give an introductory overview of
the topic with the intention to provide a solid basis for the forthcoming process-specific
investigations. We start by reviewing the current status of experimental searches and
comment on the prospects for the LHC. Next, being a crucial ingredient in the theoretical
approach of how to calculate cross sections at hadron colliders, we introduce the parton
model and the idea of factorization. We then turn to squark and gluino production within
the MSSM and classify the possible final states. We discuss the dominant production
channels and list the contributions of QCD and EW origin up to the one-loop level.

The technical setup required for NLO calculations is explained in Chapter 4. Two types of
singularities arise in cross section computations beyond tree-level and have to be addressed.
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The momentum integrations can diverge for high internal loop momenta (UV singularities)
and if low-energetic or collinear massless particles are attached to the external particles
in loop and real radiation diagrams (IR singularities). Whereas UV singularities require a
redefinition of the free parameters of the theory (renormalization), IR singularities cancel in
sufficiently inclusive defined observables. In this chapter, we describe the general treatment
of both types of singularities. We introduce different regularization and renormalization
schemes and give methods at hand for the integration over IR singular phase-space regions.

In Chapters 5, 6, and 7 we then explicitly discuss the EW contributions up to O(a2a)
to stop—anti-stop (,t), gluino-squark (§g,), and diagonal squark-squark (g,q,) pair pro-
duction processes at the LHC. The three chapters are organized in a parallel way. We first
give analytical results for the LO cross sections of O(a?). Second, we investigate the var-
ious EW contributions, including both tree-level EW-induced subprocesses of O(a?) and
O(asa) and NLO EW corrections of O(a2a), and give details on the handling of UV and IR,
singularities. In a third section, we perform numerical studies within specific (mSUGRA)
SUSY scenarios. In order to determine the impact of the EW-induced effects on the LO
results, we investigate integrated hadronic cross sections and differential distributions with
respect to kinematical variables.

Chapter 8 is devoted to the second, independent project on the phenomenology of R-
parity violating Bs SUSY models. If SUSY particles exist, they are typically much heavier
than their SM partners and at colliders will mostly decay rapidly. This leads to cascade
decay chains in the detector ending up with the lightest supersymmetric particle (LSP).
The nature of the LSP and its possible decay modes is an essential feature for all SUSY
signatures. As a consequence of R-parity violation, the LSP is not restricted from cosmo-
logical constraints to be electrically neutral [10] and regions in the SUSY parameter space
predicting charged LSPs are reopened. We consider B3 SUSY models with a 71 LSP and
classify the possible 71 decays and collider signatures. Assuming a single non-zero B3 cou-
pling \ at the GUT scale, we take into account that the renormalization group equations
of B3 couplings are coupled and that further B3 couplings can be dynamically generated at
lower scales. The results are then applied to the example of single slepton production at the
LHC and a numerical study of single smuon production is given, focussing on signatures
with like-sign dimuons and three and four muons in the final state.

Finally we summarize in Chapter 9. In the appendices, we provide a reference of defini-
tions and numerical inputs used throughout the work. In Appendix A, we briefly summarize
our conventions of spinorial calculus. More details on the definition of low-energy input
parameters for the numerical studies in Chapters 5-7 are given in Appendix B. Referring
to the B3 mSUGRA parameter sets A and B defined in Chapter 8, we list in Appendix C
explicit results for cross sections and branching ratios that are relevant in single slepton
production and decay processes.



Chapter 2

Theoretical framework

2.1 The Standard Model

The Standard Model of particle physics (SM) [1-4] is among the best tested theories in
physics [5]. It successfully describes all elementary particles which have been found in
experiments so far and their strong, weak, and electromagnetic interactions.

The SM is a renormalizable quantum-field theory, based on a non-Abelian gauge group of
the inner direct product SU(3)c x SU(2)r, x U(1)y and an outer symmetry of the Poincaré
group of space-time transformations.

SU(3)¢ is the color gauge group of strong interactions based on the theory of QCD. The
unified electroweak group SU(2)r, x U(1)y specifies the weak and electromagnetic interac-
tion. Within each group, the generators are hermitian matrices that obey the commutation
relations of a Lie algebra. Denoting the generators of the groups SU(3)¢, SU(2)r, and
Ul)y by T® (a=1,...,8), I' (i=1,...,3), and Y, respectively, the algebraic properties
of the generators are given by

(7%, T% = i feeTe, (I8, 7] = ie* 1% [y, Y] =0, (2.1)

where the real, totally antisymmetric tensors €%, fa¢ are the structure constants of the
gauge groups. The quantum numbers corresponding to 7% define the color charge of a
particle, those of I* the weak isospin and Y refers to the weak hypercharge. The latter are
defined such that the correct electric charge @ of a particle is recovered by the Gell-Mann—
Nishijima relation, Q = I® + Y/2.

We classify the particles of the SM, which are described by relativistic quantum fields,
as matter, gauge, and Higgs boson fields. The constituents of matter are spin-1/2 particles
(fermions) which divide into quarks and leptons according to their transformation properties
under SU(3)c. While quarks are color-charged SU(3)¢ triplets, leptons are color-neutral
SU (3)c¢ singlets and do not interact strongly. We know from experiments that there are six
types of leptons and six flavors of quarks which can be grouped into three generations of left-
handed and right-handed chiral quarks and leptons. The left-handed fermions transform
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as weak isospin doublets, whereas the right-handed ones behave as singlets under SU(2)p,
gauge transformations. The complete list of matter fields is?,

e/rL K/ T/)L

t
“ ) ¢ ) , UR, de CR, SR, tRy bR-
d/p S/ L b/

The gauge boson fields correspond to the generators of the gauge groups. They describe

(2.2)

the spin-one bosons that mediate the interactions among the SM particles. Gauge bosons
transform under the adjoint representation of the respective gauge group. As a consequence,
there exist eight gluons for the SU(3)c mediating the strong interaction, while in the
electroweak sector, there are three gauge bosons for SU(2)y, called W bosons, and one for
U(1)y, the B boson.

The Higgs boson field is required to give masses to the gauge bosons and fermions. If the
SM was an exact gauge theory, all gauge bosons would be massless. However this contradicts
experimental observations: whereas in the strong sector the gluons do not carry masses,
there are massive gauge bosons in the electroweak sector. Explicit mass terms for both
bosons and fermions cannot be introduced into the theory without a manifest breakdown
of the invariance of the Lagrangian under local SU(2), xU(1)y transformations. A solution
to the problem is provided by the Higgs mechanism [40]|, where the masses are generated
in a gauge invariant way and where thus the renormalizability of the theory is not spoiled.
The idea is to break the SU(2)r x U(1)y symmetry spontaneously, by inserting additional
terms into the Lagrangian in such a way that the Lagrangian is kept invariant under
SU(2)r, x U(1)y gauge transformations while the ground state is not.

This is achieved by postulating an additional complex scalar field ® = (¢*, ¢°)T which
transforms as a SU(2) doublet with hypercharge Y = +1. From the scalar potential,
V(®) = p20T® 4+ \(@T®)2, the doublet field develops a non-vanishing vacuum expectation
value (VEV) for 2 < 0, (0|®]0) = \/—u2/(2)\) = v/+/2. Expanding ® around its VEV and
inserting it to the Lagrangian, one can see that three of the four degrees of freedom (d.o.f.)
of @ are absorbed by the gauge bosons to form their longitudinal polarizations. As a result,
the latter acquire masses. The remaining d.o.f. corresponds to a new scalar particle, the
Higgs boson H. Defining the field ® such that only the lower, electrical neutral component
gets a VEV, the SU(2)r xU(1)y symmetry of the ground state is spontaneously broken but

'Right-handed neutrinos are usually not included in the SM (but can easily be accommodated) and
neutrinos are assumed to be massless. Nowadays there is experimental evidence for non-vanishing
neutrino masses from the observation of neutrino oscillations. For reviews on the phenomenology of
massive neutrinos and neutrino oscillations, see e.g. [38]. However, finite-mass effects are negligible
for the phenomenology at large colliders [39] and neutrino masses are neglected throughout this thesis.
Furthermore we assume that neutrinos appear only with their left-handed components, and consequently
only left-handed sneutrinos are considered in the SUSY sector.
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a U(1)g symmetry related to the electrical charge @ = I® + Y/2 is preserved. The U(1)g
gauge boson stays massless and can be identified with the photon A,. After electroweak
symmetry breaking, the SU(2)7, and U(1)y gauge bosons do not form mass eigenstates of
the theory any longer. The mass eigenstates are linear combinations of the gauge fields Wﬂ

and B,, and obtained by rotations,

Zy cosby —sinfy \ (W3 L1 L
- Wi =—= (W, FiW 2.3
<Au> (sin Ow  cos Oy ) <Bu ’ Iz NG ( p u) ) (2.3)

where 0y is the weak mixing angle, defined in terms of the SU(2);, and U(1l)y gauge
couplings g and ¢, respectively, by cos Oy = g/+/ g% + ¢’2>. The masses of the gauge bosons
are proportional to the Higgs VEV v. The charged W¥ bosons gain masses my = vg/2
and the mass of the neutral Z boson is myz = (v/2)\/g? + ¢’>. Expressed by the gauge
boson masses, the weak mixing angle reads cos Oy = my/my.

In analogy to the generation of masses in the gauge sector, the mechanism of sponta-
neous symmetry breaking also provides the possibility to implement fermion masses in the
Lagrangian in a gauge invariant way. Introducing SU(2)r, x U(1)y invariant Yukawa in-
teraction terms that couple the fermions to the Higgs boson (or its charged conjugate of
hypercharge Y = —1), the fermions gain masses due to the non-zero Higgs VEV. Again, the
mass eigenstates are obtained by a rotation of the weak eigenstates. Since we neglect neu-
trino masses, the mass and gauge eigenstates coincide in the leptonic sector. In the quark
sector, the rotation is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [41].
Only couplings to charged W bosons are affected by the CKM rotation, interactions medi-
ated by neutral currents do not depend on the quark mixing.

The Higgs boson is the only SM particle which has not been found in experiment so
far. Its mass (mpy = 2M\v? = —2u?) is not predicted within the SM and remains as a free
parameter of the theory. However there exist theoretical constraints on the Higgs boson
mass from the requirement of perturbativity of the SM and positivity and finiteness of the
Higgs boson self-coupling A. A positive coupling X is needed to ensure that the scalar Higgs
potential is bounded from below. Depending on a cutoff scale A¢ up to which the SM is
assumed to be valid, this “stability bound” gives an lower bound on the Higgs boson mass.
In order to avoid the Landau pole and to remain with a finite Higgs boson self-coupling,
upper bounds on the Higgs boson mass can be derived in turn. As a result, the Higgs boson

mass is allowed to be in the following ranges [42],

50 GeV < my < 800 GeV  for A ~ 10 TeV,

2.4
130 GeV < my < 180 GeV  for A¢ = Agur ~ 10*¢ TeV, 24)

yielding a rather strong constraint on the Higgs boson mass if the SM is required to be
valid up to the Grand Unification (GUT) scale Aqur. Experimentally, direct searches of
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the LEP collaborations have set a lower limit on the Higgs mass from the non-observation
of the Higgs boson, my > 114.4 GeV (at the 95% confidence level) [43]. For an extensive
review on both theoretical and experimental constraints on the Higgs boson mass we refer
the reader to e.g. [44| and references therein.

The SM as a gauge theory involves in general unphysical d.o.f. allowed by gauge in-
variance. The quantization of the theory requires a fixing of the gauge in order to avoid
equivalent field configurations. In the unitary gauge the gauge fixing is such that only
physical fields remain in the Lagrangian. This is an appropriate choice to understand the
Higgs mechanism (absorption of the would-be Goldstone bosons into the gauge bosons that
acquire masses), however it is a non-renormalizable gauge. Higher-order calculations are,
therefore, often performed in a gauge of the 't Hooft type (R¢ gauges). The gauge fixing
then yields a cancellation of all bilinear terms in the Lagrangian that involve two different
fields. As a consequence, the gauge-boson propagators behave as o 1/k? for large internal
loop momenta k and the theory is renormalizable according to power counting [45]. In
the path-integral formalism the integral measure is changed by the Fadeev—Popov deter-
minant, which can be expressed in terms of scalar, anticommuting fields. These “Fadeev—
Popov ghost fields” compensate the unphysical d.o.f. introduced by the gauge fixing. In
the 't Hooft—Feynman gauge (¢ = 1), the Goldstone bosons and ghosts have equal masses
to those of the corresponding physical gauge bosons.

We conclude that the SM is a consistent quantum-field theory. It is renormalizable and
free of anomalies [46]2. Therefore, it allows to calculate unique quantum corrections. With
a given finite set of input parameters, measurable quantities can be predicted order by
order in perturbation theory.

Open questions of the Standard Model

A comparison of the theoretical predictions with experimental data confirms the validity
of the SM in a convincing way: All observed particles and interactions can be described at
a very high accuracy [5], with small deviations which might be considered as normal [48].
Also quantum effects as predicted from the perturbative expansion of the SM are well
established.

Despite of its success, the SM suffers from a list of conceptual problems which point
towards some new physics beyond the SM. It is widely believed that the SM is an effective
theory, valid only in the low-energy limit of a more fundamental theory that describes
physics at arbitrarily high energies.

One of the strongest arguments against the SM as the ultimate theory is the fact that

2In principle, there are chiral or Adler-Bardeen-Jackiw anomalies [47] in the SM, which originate from
triangular fermionic loops involving axial-vector current couplings and which thus spoil its renormaliz-
ability. However, these anomalies cancel as the sum of the (hyper-)charges of all fermions within one
generation is zero.



2.1. The Standard Model

it does not include gravitational interactions. The latter become important at energies
comparable to the Planck scale Apjanck ~ 10 GeV, and if the SM was valid up to Apjanck
it had to incorporate gravity in some way. In turn, if physics up to such high scales can
be described within the SM, the hierarchy problem has to be addressed. It refers to the
astonishing smallness of the electroweak scale compared to the Planck scale, myy /Apjanck ~
10716, which cannot be explained satisfactorily in the SM.

A related problem arises when taking into account radiative corrections to the Higgs
boson mass. From the electroweak symmetry breaking, we naturally expect the Higgs boson
mass to be of the order of the weak scale (cf. Eq. (2.4)). However fermions, massive gauge
bosons, and the Higgs boson itself give direct and indirect loop contributions to the Higgs
boson self-energy and the (bare) Higgs boson mass squared gets huge corrections, m%{ =
(m%,)2 —I—Am%{. The corrections Am%[ can be regularized by introducing an UV momentum
cutoff Ay (see Section 4.1 for details about regularization and renormalization), yielding

= A
Am?% = A%y, Z cn log" (,UUI:) , (2.5)
n=0

where pp is the renormalization scale. The coefficients ¢, are functions of the masses of the
particles running in the loops and of their couplings to the Higgs boson?. In contrast to the
logarithmically divergent self-energy contributions to fermions and gauge bosons, the Higgs
boson mass corrections depend quadratically on the cutoff scale Ayy. This scale can be
identified as the scale up to which the SM is valid and where new physics enters. Naively,
one would expect from Eq. (2.5) a Higgs boson mass of the order of the cutoff scale Ayy .
If Ayy is very large, for instance of the order of the GUT or the Planck scale, one needs a
very fine arrangement between the bare Higgs boson mass m(}{ and the corrections Ampg
at each order in perturbation theory to obtain a physical Higgs boson mass my around
the EW scale. A small Higgs boson mass thus seems to be unnatural. It is because of this
situation, that this problem is often referred to as fine-tuning or naturalness problem.
The behavior of the SM gauge couplings gives another hint to the limited validity of the
model. Being based on the direct product of SU(3)c x SU(2)r, x U(1)y, the three gauge
couplings are different and the electroweak and strong interactions are not truly unified
within the SM. Therefore, one might postulate the existence of a more fundamental theory
(a Grand Unified Theory, GUT) in which the SM gauge group is a subgroup of a simple
gauge group such as e.g. SU(5) [49] or SO(10) [50], with just one coupling constant. The
scale-dependent evolution of the SM gauge couplings is determined by the renormalization
group equations. In order to embed the SM into a GUT, it is necessary that the running

3The leading coefficient co, neglecting all fermion masses except for the top-quark mass my, reads
(167%)co = 3/(2v%) x (m3 + 2md, + m% — 4m?)?.  Higher-order coefficients ¢, are suppressed by
factors of 1/(16w?) and can be evaluated from the requirement that the renormalized Higgs boson mass
does not depend on pgr [44].
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of the gauge couplings is such that the couplings meet at a common point, the GUT
scale. However this is not the case with the given particle content of the SM. Assuming
new physics entering at some intermediate scale, the renormalization group equations are
altered and a unification of the gauge couplings can become possible at a high scale.

A further argument in favor of physics beyond the SM is given by cosmological observa-
tions. Measurements of the rotation velocities of galaxies and precision measurements of
the cosmic microwave background [11] revealed that our universe consists to a large extent
of “dark matter”, i.e. of non-baryonic, non-luminous and only weakly interacting matter.
The only particles provided in the SM which fulfill these requirements are the neutrinos.
However current upper limits on their masses [5] imply that they only make a small con-
tribution to the required density of dark matter. Moreover, since neutrinos move with
relativistic velocities (“hot dark matter”), they cannot explain structure formation on small
scales. And in its strict version, the SM does not even include non-zero neutrino masses.

Lastly, the large number of free parameters which have to be taken from experiments
can also be seen as a weakness of the SM. An underlying theory with a reduced number
of free parameters seems to be desirable. The problem of unpredicted parameters relates
to open questions about the origin of particle masses, about the hierarchical structure of
fermion masses, and about the origin of CP violation.

A large variety of models has been proposed to solve the described problems. In this
thesis, we focus on supersymmetric theories which are often considered the most attractive
extension of the SM. It is the aim of the next chapter to introduce the concept of super-
symmetry and to discuss how some of the previously mentioned open issues are addressed.

2.2 Supersymmetry

In this section we briefly review some fundamental concepts of supersymmetry, based on
Refs. [51,52]. We start in Section 2.2.1 with an introduction of the basic ideas and the
motivation for a phenomenologically viable supersymmetric model. More formal aspects
of the theory are discussed in Section 2.2.2; in particular we define a Lagrangian which is
invariant under supersymmetric transformations.

2.2.1 Basic ideas and motivation

The original intention for supersymmetry was to build a nontrivial extension of the SM.
The SM provides internal symmetries based on the SU(3)c x SU(2)r x U(1)y gauge
group (see last section) and it is invariant under space-time symmetries described by the
Poincaré group, i. e. Lorentz boost and rotations and space-time translations in Minkowski
space. The group generators of the Poincaré and the internal symmetries commute with
each other. Accordingly, a particle state is defined by the eigenvalues of a maximal set of

10
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commuting space-time observables (mass, spin, momentum) and internal quantum numbers
(color, weak isospin, hypercharge, ...). Indeed it has been shown that any group combining
an internal symmetry group with the Poincaré group can only be a direct product with
commuting operators [53].

In four dimensions, the only way to circumvent this no-go theorem and to extend the
Poincaré group in a nontrivial way is to abandon the idea that the group generators of the
additional symmetry obey the commutator structure of an internal symmetry (cf. Eq. (2.1)),
and to postulate anticommutation relations instead [54]. The group generators of such a
supersymmetry (SUSY) thus have to be fermionic operators [6,7]. The resulting supersym-
metric Poincaré algebra for a SUSY generator (), and its conjugate @5 is given by

{Qa:QB} = {@da@ﬁ'} =0,

_ (2.6a)

{Qas @3} = 2(0™) 5 P
together with o
[QO&:PM] = [Q(jnpu] - 07
1

[Qa, M) = _i(aul/)aﬁ Qp; (2.6b)
- 1 -
[QdaM/‘«V] = —g(EW)aﬁ Qg'a

while Q, and Q, commute with the generators of the gauge group SU(3)c x SU(2) x
Ul)y.

The SUSY generators are two-component Weyl spinors with distinct indices o, 5 =1, 2,
and &, /8 = 1,2 (see Appendix A.3 for the notations). The elements of the Pauli matrices
act as structure functions in terms of the quantities o and o*”, defined in Eq. (A.19)
and Eq. (A.20). P, and M, are the generators for space-time translations and Lorentz
transformations, respectively.

The second line of Eq. (2.6a) illustrates the entanglement of SUSY and space-time sym-
metry, a (global) SUSY transformation inducing a (constant) translation in Minkowski
space. This equation thus gives a hint on how to embed gravitational interactions into the
theory. Since general relativity is invariant under local Poincaré transformations, a local
SUSY can, in general, include general relativity and therefore gravity [55]. In this work

however, we restrict the discussion to global SUSY transformations, only.

In the application of supersymmetry to particle physics, the main effect of a SUSY
transformation is to relate bosonic and fermionic fields. Since a SUSY operator @), is an
fermionic object, it changes the spin of a particle and transforms bosons into fermions and

vice-versa,

Qq|boson) = |fermion), Qq|fermion) = |boson). (2.7)

11
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Fields related by Eq. (2.7) form a supermultiplet. It is important to notice that a SUSY
transformation only affects the spin, whereas all internal quantum numbers of the particles
in the same supermultiplet remain unchanged. Within the SM, there are no such particles
which are identical except for their spin. The postulation of a supersymmetry Eq. (2.7) is
thus directly related to the assumption of new particles.

In principle, it is possible to consider a system of N supersymmetries generated by
N distinct SUSY operators QY. However the introduction of N > 1 operators leads
to conceptional problems: in a four-dimensional field theory, extended supersymmetries
cannot allow for chiral fermions and parity violation to the observed amount [56].

As one can easily derive from the first line of Eq. (2.6b), particles and their SUSY
partners would be mass degenerate if supersymmetry was an exact theory?. However, no
SUSY particle has been observed so far thus supersymmetry needs to be broken at low
energies if it is realized in nature.

In this work, we focus on phenomenologically viable SUSY models, i.e. on models that
are based on a minimal N = 1 SUSY algebra and that include the breaking of SUSY at
some lower scale. The SUSY generator (), assigns exactly one bosonic state to a fermionic
one, both having the same gauge quantum numbers. As a consequence, the particle content
of the SM is basically doubled. However, since left- and right-handed SM fermions behave
differently under gauge transformations, two distinct bosonic states are introduced as SUSY
partners. Furthermore, as we will see later, a second Higgs boson doublet needs to be
defined. We will give more details on the physical fields of the minimal supersymmetric
extension of the SM (MSSM) in Section 2.3.

The energy scale at which SUSY is broken is not constrained by the theory and the
SUSY particles might get high masses. However a relatively low SUSY breaking scale
is very attractive from the phenomenological point of view, in particular if new particles
around the TeV scale are predicted.

As we discussed in the previous section, the lightness of the Higgs boson compared to
scales like AquT or Aplanck seems unnatural within the SM and requires extreme finetuning
of parameters. Radiative corrections to the Higgs boson mass are quadratically divergent
and induce contributions of the order of a upper cutoff scale squared, which is typically
understood as the scale up to which the SM is valid. In supersymmetric theories, however,
the Higgs boson mass is prevented from acquiring large radiative corrections. Since fermion
and boson loops appear with opposite signs, the quadratic divergencies (o< A?JV) cancel in
the sum of SM and SUSY contributions [8]. An exact cancellation is obtained in unbroken
supersymmetries only, where the particles within one supermultiplet have equal masses
(mp = mp) and where the fermionic and bosonic dimensionless couplings to the Higgs
boson, Ap and Ap, respectively, are related. If the mass degeneracy of SM and SUSY

4The mass degeneracy of a fermion f of mass m and its bosonic partner b follows from Eq. (2.6b) and the
on-shell relation for f, P?|f) = m?|f), yielding P?|b) = P2Q|f) = QP2|f) = Qm?|f) = m?|b).

12
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partners is lifted by SUSY breaking, logarithmic divergent terms (oc (m% — m%)log Ayy)

proportional to the mass difference m% — m2B remain. In order to provide a solution to
the fine-tuning problem and to keep the Higgs boson mass in the range of the electroweak
symmetry breaking scale, we have to assume that the SUSY particle masses are not too
heavy (~ O(1 TeV)) since otherwise the large logarithmic corrections would reintroduce
the problem in the theory®.

Another argument in favor of supersymmetry at an energy scale reachable by today
and future collider experiments, is the unification of the three gauge couplings which is not
possible within the SM. The new SUSY particle spectrum contributes to the renormalization
group evolution of the gauge coupling constants. Assuming the SUSY particles to enter
around the TeV scale, the running of the couplings is changed in such a way the couplings
meet at a high scale (Agur) [9].

In addition, low-energy supersymmetric models with R-parity conservation provide a
suitable candidate for the dark matter in our universe (see Section 2.3.2).

2.2.2 Theoretical concepts of supersymmetry

In order to properly describe SUSY transformations and to build a Lagrangian which is
invariant under SUSY transformations, it is convenient to first introduce the concept of
superspace and superfields.

This section is meant to be rather independent on the physical application of super-
symmetry to the SM, and therefore the implementation of the minimal supersymmetric
extension of the SM is postponed to Section 2.3.

Superspace and superfields

The superspace extends the four-dimensional space-time by two Grassmann dimensions
6%, 0. Grassmann numbers are anticommuting fermionic objects, i.e. (see Appendix A.5)

{00.05} = {06,03} = {00,045} = 0. (2.8)

Every physical point in the superspace has the same number of bosonic and fermionic
degrees of freedom and is defined by a supercoordinate X = (z*,0%,04), where z# is a
(bosonic) Minkowski coordinate.

Superfields are single objects containing the fermionic and bosonic fields of a supermul-
tiplet and thus allow for a convenient formulation of the Lagrangian. A superfield ¢ is

SA further constraint on the SUSY breaking can be derived from the motivation that SUSY cures the
hierarchy problem: The quadratic divergencies enter proportional to the difference (|Ar|?> — A5). Only
if the dimensionless couplings (|]Ar|?> = Ap) are unaffected by the SUSY breaking, the dangerous Afy -
divergencies do cancel. One therefore considers soft SUSY breaking, where SUSY breaking terms with
positive mass dimension only are added by hand to the effective Lagrangian, thus leaving the original
Lagrangian, providing the gauge and Yukawa interactions, invariant under SUSY transformations.

13
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defined on the superspace, ® = ®(z,6,0). Owing to the anticommuting nature of Grass-
mann numbers, products of more than two Grassmann numbers vanish and a superfield
can be expanded as a finite power series in 6,6. The most general form of a superfield in
terms of its component fields reads

O(x,0,0) = ¢(z) + 00 (x) + Ox(x) + 00F (z) + 0 0H () 29)
L .

+ 00104, (z) + (00) N(z) + (80) 0¢(x) + (09)(B0)D(x),

where ¢, F, H, D are complex scalar fields, A, is a complex vector field, and ¥,Y, €
are two-component Weyl spinor fields. Counting the d.o.f., there are 16 bosonic and 16
fermionic d.o.f. for a general superfield, which are too many for a SUSY with particles
with spin < 1. Irreducible representations are obtained by imposing covariant (i.e. SUSY
invariant) constraints on a general superfield to remove the redundant component fields.
To find the covariant derivative, we make use of the fact that the (fermionic) Grassmann
numbers allow to define the SUSY algebra Eq. (2.6) in terms of commutators only,

[0Q.0Q] = [0Q.0Q] =0,
[0Q,0 Q) = 205"0P,, (2.10)
0Q, P.] =[0Q, P =0

A general finite SUSY transformation can then be parameterized in analogy to a non-
Abelian gauge transformation based on a Lie algebra with anticommuting generators. We
thus define the group element of a global SUSY transformation as

Sy, €%, Ey) = e (€ QutEalQ 4wl (2.11)

where &, € are again Grassmann variables. This yields the following transformation rule for
a superfield ®(z, 0,0) if S(y,,&,§) is applied®,

S(yu,ﬁ,g) O (z,, 0,0) = O(z, +y, + ioh —i0o€, £+ 0, £+ 0), (2.12)

where repeated spinor indices have been dropped (according to Egs. (A.17) and (A.18)).
Taylor expanding the above result, we find that an infinitesimal SUSY transformation
d5(€,€) acts on a superfield as

N a d . (2.13)
= |& T (M Gauf) O(z,0,0),

89“ 06, Ty

Sfollowing from the evaluation of two successive SUSY transformations with the help of the Baker-
Campbell-Hausdorff formula e?e? = ¢AtB+24B] for [A,[A,B]] = 0 and the commutator relations
Eq. (2.10).
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so that a linear representation of the SUSY generators is given by

Qo =104 — (0"0)a 0y,
Q= —i04 + (00M)4 0, (2.14a)
P, =idy,

with the abbreviations 9, = 9/90%, 94 = 8/8§d = —€45 8/853, Oy = 0/0z*. In analcigy
to the covariant derivative in gauge theories we can now define covariant derivatives D, Dg
with respect to the SUSY generators Qq, Q4. The SUSY covariant derivatives have to be
invariant under SUSY transformations dg, i.e. [£Q + £Q, D,] = 0, which is equivalent to
imposing the following anticommutator relations,

{Da,Qp} = {Da, Qs} = {Da, Qp} = {Da, Q} = 0. (2.15)
One finds for the SUSY covariant derivatives Dy, D4,

Da = laa + (aﬂé)a 8;“

_ (2.16)
Dd = —i&d — (90‘“)@ 8#’

obeying the nontrivial commutator relation {Da,ﬁﬁ} = —=2(c") 5 Pu-

With the help of the SUSY covariant derivatives Eq. (2.16) it is now possible to find
irreducible representations of a general superfield ®. One defines

Dy® =0 = (left-handed) chiral superfield, (2.17a)
D,® =0 = (right-handed) anti-chiral superfield, (2.17b)
®=>d" = vector superfield. (2.17¢)

It is interesting to notice that the product of two chiral fields is still a chiral field, whereas

the combination of a chiral field and its conjugate is a vector superfield.
Imposing the condition Eq. (2.17a) on the general superfield ®, cf. Eq. (2.9), a left-handed
chiral superfield ®; expands to its component fields as follows,
O (2,0,0) = ¢p(z) + V20 (x) + 00 F(x)

- o1 = 1 ——

+i09"9 Du(x) — i (00) (aﬂqp(x) 0#9) — £ (00)(86) 09, 6(x),
where the f-component fields do not enter. v(x) is a two-component complex Weyl spinor
(4 d.o.f. in general), ¢(x) is a complex scalar field (2 d.o.f.). They describe a left-handed
chiral fermion and its scalar SUSY partner within one supermultiplet. The equality of

(2.18)

fermionic and bosonic d.o.f. is guaranteed by the complex scalar field F'(x) (2 d.o.f.). F'is

15
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an auxiliary field which is needed to close the SUSY algebra off-shell. For on-shell fields,
the d.o.f. of the spinor field ¥ reduce by two. Correspondingly, the auxiliary field F' has
trivial equations of motion (F' = F* = 0) and can be eliminated by going on-shell. The
representation of a right-handed field ®g is obtained in complete analogy by imposing
Pp = &y = (O L)T. The behavior of the component fields under an infinitesimal SUSY
transformation dg(&,€), Eq. (2.13), is given by

35(,8) o(x) = V2£ ¥(a),
05(¢,€) Yalw) = V2F(2) €0 — V2 (0"E) , Bu(), (2.19)
05(6,8) F(2) = 9, (iv20(x) 0'€).

Eq. (2.19) shows explicitly that under a SUSY transformation a bosonic state is transformed
into a fermionic one and vice-versa, whereas the change induced in the auxiliary function
is a total derivative. Under a non-Abelian SUSY gauge transformation (with generators

T and coupling g), a chiral superfield and its conjugate transform as
by — e 290p,, and B, — B e29N, (2.20)

where A(z,0,0) is a chiral superfield and A = AT,

A vector superfield V(z,6,0) can be constructed from Eq. (2.9) by imposing V = V1,
cf. Eq. (2.17c). In terms of real scalar fields C, M, N, D, two complex Weyl spinors x, A
and a real spin-one vector field A, it is

V(2,0,0) = C(x) + i0x(x) — i0x(x) + 050 A, ()

+ 200[M(x) +iN(@)] — 2(86) [M(x) ~ iN ()

+i(09)0 )\(x)—i-;a#aux(a;)} —i(00)0 [A(w)Jr %Uua,ii(x) (2.21)

_|_

A general vector superfield has 8 bosonic and 8 fermionic d.o.f.. Unphysical components
can be removed by choosing an appropriate gauge. Under a non-Abelian SUSY gauge

transformation, the vector superfield transforms as

o290V _, o—i29M 29V ei2gA7 (2.22)
where V' = VT, In the Abelian case, Eq. (2.22) simplifies to

V =V +i(A—-A). (2.23)
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Accordingly, one can choose the Wess-Zumino gauge [7] where C = M = N = 0 and
X = 0. The remaining component fields of the vector superfield are the gauge field A,
its fermionic superpartner \ (called gaugino), and also a bosonic auxiliary field D. In
complete analogy to the case of chiral superfields, the auxiliary field is needed in order for
SUSY to be consistent off-shell and can be eliminated on-shell using its equation of motion.
Furthermore, it transforms under SUSY transformations into a total derivative,

3s(€,€) D =9, (—gaﬂX A aﬂz) . (2.24)

One can also easily show that the vector field A* and the spinor A, are related by a SUSY
transformation,

63(5)5) Al = Z(é'O'MX - )‘ng) — ot (EX + EY)v

_ 1 (2.25)
05(,€) Aa = —iDa = 5 (0"5") P €5 (8,4, — 0, A,).

The SUSY Lagrangian

The aim of this section is to construct a Lagrangian density £ which is invariant under
SUSY and gauge transformations, referred to as SUSY Lagrangian in the following.

L is obtained from the requirement that the action [d*z £(z) needs to be invariant
under SUSY transformations,

Ss /d“xﬁ(m) =0. (2.26)

To ensure the invariance of the action, it is sufficient to impose that £ changes by a
total space-time derivative. As we know from the previous section, the F-terms of chiral
superfields and D-terms of vector superfields both transform into a total derivative under
a SUSY transformation and are thus appropriate objects to define the SUSY Lagrangian.

One schematically writes
L(x)=Lr+Lp = /d29ﬁf + /d29 d2§£d + h.c., (2.27)

where h.c. refers to the hermitian conjugated terms.

Let £; be an analytic function of chiral superfields (remember that the product of two
chiral superfields is a chiral superfield, whereas a product of a superfield and its conjugate
yields a vector superfield). Owing to the behavior of Grassmann numbers under integration,
cf. Appendix A.5, Lp only contains the F-component fields. In order to not spoil the
renormalizability of the theory, only terms up to mass dimension four are allowed in Ly.
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By convention, L¢ is given in terms of the (gauge invariant) superpotential W,

W{®;}) = Zaﬂ) + Zm”@ i+ 5 ZAW@) DDy, (2.28)
ijk

where all ®; are left-chiral superfields, and the couplings m;;, A;jx are totally symmetric ma-
trices under the interchange of i, j, k. In component fields ¢;, ©¥; and F;, the F-component
of the superpotential W reads

/d2ew {®;}) = Z a; F; + Z mi; (qbl %¢i7f}j) + Z % (cmcbij - ebizbjwk)

ijk

(2.29)

where in the last line the superpotential is understood to be a function of scalar fields ¢;,
W =W(¢). Eq. (2.29) provides fermion mass terms and Yukawa-type interactions for the
scalars and fermions in the theory.

Kinetic terms for scalars and fermions (o< ®®) can only be given by the D-term contribu-
tions from vector superfields. The gauge invariance of the SUSY Lagrangian with respect
to a non-Abelian gauge group with generators 7%, is guaranteed by defining

Lg =9V ®, (2.30)

cf. Eq. (2.20) and Eq. (2.22), and by replacing the usual derivative d,, by the gauge covariant
derivative D,

Oy — Dy = 8, +igALT®, (2.31)

where A, is the vector component in the general vector superfield Eq. (2.21). The £p-part
of the Lagrangian then also generates interaction terms of the scalars and fermions with
the gauge boson fields and “SUSY-gauge interactions” involving gauginos. In component
fields, it reads

Lp=) / d*0d*0 ©,e*" @,
i B - (2.32)
=3 [ Dudi D65 + it Dt — V29 (A + 61N ) + 965 D + F7 F,

Both L£p and the superpotential, however, do not provide kinetic terms for either gauge

bosons or gauginos. Also, gauge-boson—gaugino-couplings are allowed by gauge invariance
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and not described yet. We include these terms by inserting an additional contribution Ly,
in the Lagrangian,

1
Lyin = @TI‘(WQWOC), (233)
with W, being field strength tensors,
1
Wao= DD e 29V D, e?V (2.34)

in terms of the SUSY covariant derivatives D, and D given in Eq. (2.16). For Abelian
gauge groups, Eq. (2.34) reduces to

Wo==DDD,V. (2.35)

N[

Since W, is chiral (i.e. EBWQ = 0), also W, W is chiral. It is easy to show that W, W is
also gauge invariant. The #0-components of Ly, then transform as a total derivative under
SUSY transformations and can be used for the F-term of the SUSY Lagrangian,

1 2 « 1 a va A a 1 a na
w2 | ¢ [Tr(WaW ) +h.c.] = L FL P + NG (D) + 5DD", (230)

with the field-strength tensors

Fp, = 0,AL — 0,A5 + [ AL A, (2.37)

and f¢ are the group structure constants.

To summarize, the final F-term reads

Lp= /dzaﬁf + h.c.
X (2.38)

_ 2 W 2 e

—/d O+ W]+ 65 | 0 [T(WaW®) + R,

and the complete SUSY Lagrangian is given by L(z) = Lr + Lp, with L of Eq. (2.38)

and Lp referring to Eq. (2.32).

By expanding the SUSY Lagrangian in component fields, one finds that, as anticipated
above, the auxiliary fields F'(x) and D(z) do not obtain a kinetic energy term. Instead,
one can combine them into the scalar potential V (having £ =7 — V in mind), defined as

(e OV W) L\ L s
V—Z}( FiF; 20, F; 96t Fi>+22a:DD7 (2.39)
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where F; is the F-component of the superfield ®; and D is the D-component of the vector
superfield V' = VT, Since the Euler-Lagrange equations for the auxiliary fields yield

0L(z)  OL(x)
OF(x)  0D(x)

=0, (2.40)

it is possible to eliminate F' and D from the Lagrangian. The scalar potential V is thus
. 1 a OW(p) OW(p* 1 wrma o\ 2
i a i ! i l a i

where g; and T} with | = 1,2, 3 are the gauge couplings and generators for U(1)y, SU(2)y,

and SU(3)¢, respectively. We see that V is a sum of squares and is hence non-negative for
every field configuration.

Supersymmetry breaking

A realistic phenomenological SUSY model has to include SUSY breaking and to provide
extra mass terms for the new SUSY partners. In analogy to the electroweak symmetry
breaking one can consider a spontaneous breaking of supersymmetry. This implies that the
Lagrangian remains invariant under SUSY transformations whereas the vacuum state does
not. As we have seen, the spectrum is bounded from below in a SUSY theory, i. e. the scalar
potential V is always positive or equal to zero. The case V = 0 corresponds to the SUSY
invariant case. A non-vanishing vacuum state can only be achieved if some field develops a
non-zero VEV, then the minimum of V will be a positive constant. The two possibilities are
(0|F]0) # 0 (F-term breaking [57]) and (0|D®|0) # 0 (D-term breaking |[58|). However both
mechanisms cause problems in the phenomenological realization of the model, requiring
either the postulation of an additional gauge singlet field or the breaking of charge or color
symmetry by non-zero VEVs.

One therefore adapts the approach of indirect or radiative SUSY breaking and adds
explicit symmetry breaking terms by hand, at any given SUSY breaking scale. In this
sense, SUSY is hidden at lower scales. The SUSY breaking couplings have to respect
SM gauge and Poincaré invariance and they should be soft to not alter the dimensionless
couplings, i.e. they are of positive mass dimension only (see also the footnote 5 on p. 13).

The possible soft-breaking terms are classified in [59] as mass terms for gauginos and
scalars, trilinear couplings for scalar fields, and, if the theory provides gauge singlets, also
linear (tadpole) contributions. Chiral fermions do not gain masses from the SUSY break-
ing. The masses for all known SM particles must arise via spontaneous breaking of the
electroweak symmetry in order not to spoil explicitly the gauge invariance with respect to
the electroweak symmetry.

Still, the origin of the explicit SUSY-breaking terms is spontaneous supersymmetry
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2.3. The minimal supersymmetric extension of the Standard Model (MSSM)

breaking, but the breaking is now shifted into a hidden sector. The SUSY breaking is
communicated to the visible sector of ordinary matter via an interaction shared by both
sectors. Fields in the hidden sector do not have direct renormalizable couplings to the
fields in the visible sector, hence possible interactions are loop-suppressed or induced by
non-renormalizable operators. As a consequence, the SUSY-breaking terms arise radia-
tively, rather than through tree-level couplings to SUSY-breaking VEVs. The particle
physics phenomenology depends mainly on the communicating mechanism for the SUSY
breaking and only little on the SUSY-breaking mechanism itself.

There are different suggestions how the SUSY breaking is mediated to the visible sector.
Among the most popular theories are supergravity models (SUGRA) [60,61] that assume
the SUSY breaking being communicated by gravitational-strength interactions, gauge me-
diated models (GMSB) [62,63], and models of anomaly mediation (AMSB) [64]|. Within
the MSSM (see below), the most widely studied constrained model is minimal supergrav-
ity (mSUGRA) [61], assuming universality relations among the couplings in the effective
Lagrangian at the GUT scale and we itemize the corresponding soft-breaking terms in the
next section.” For phenomenological reviews on mSUGRA, GMSB and AMSB models, we
refer the reader to e.g. [51,65,66].

2.3 The minimal supersymmetric extension of the Standard
Model (MSSM)

We now turn to the application of supersymmetry to particle physics. The most economic

realization of SUSY is given by the minimal supersymmetric extension of the Standard
Model (MSSM) [12-14], based on the following principles:

e the SM is extended by a minimal N = 1 supersymmetry,
e the MSSM Lagrangian is invariant under the SU(3)c x SU(2)r x U(1)y gauge group,
e at low energies, supersymmetry is softly broken,

e only R-parity conserving interactions are allowed.

The following discussion is based on the contents of the last chapter, where we learned how
to build a Lagrangian which is invariant under SUSY and gauge transformations. First,
we present the field content of the MSSM in Section 2.3.1. The concept of R-parity is
introduced in Section 2.3.2. It is then straight-forward to build the MSSM Lagrangian
including the soft SUSY-breaking terms, which is done in Section 2.3.3. We conclude the
section with a detailed list of the physical particle states of the MSSM in Section 2.3.4.

"Note that most of the presented work is independent on the assumption of a specific SUSY breaking sce-
nario. In particular, the calculation of EW contributions to colored SUSY particle production processes
holds within the MSSM in general. Only for the numerical evaluation of our results and in the rather
independent Chapter 8 we refer to mSUGRA and B3 mSUGRA models, respectively.
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2. Theoretical framework

2.3.1 Field content of the MSSM

In a minimal N = 1 SUSY model, the single SUSY generator @), assigns exactly one bosonic
state to a fermionic one. Each single-particle state falls into an irreducible representation
of the SUSY algebra, a “supermultiplet”. The supermultiplets contain both a bosonic and
a fermionic state with equal number of d.o.f., these are called superpartners to each other.
Since the SUSY generator ), commutes with the generators of the internal symmetries
SU(3)c x SU(2)r x U(1)y, the particles within one supermultiplet have to be in the same
representation of the gauge group. As a consequence, all of the superpartners of the SM
particles have to be new particles not being part of the SM particle zoo.

The simplest irreducible representation of the SUSY algebra is a chiral supermultiplet,
containing a two-component Weyl fermion and a complex scalar field. All SM fermions
occur in chiral supermultiplets and thus get scalar partners, called sfermions (squarks,
sleptons). Since the left- and right-handed fermions are separate Weyl spinors with different
gauge transformation properties, each of them gets its own scalar SUSY partner. We denote
the latter by left- /right-handed sfermions fr /r» where the name and the subscript refer to
the helicity state of the corresponding SM fermion.

Second, a massless spin-one boson and a Weyl fermion can be incorporated into a vector
supermultiplet. The SM gauge bosons, which are all massless before electroweak symmetry
breaking, are absorbed into a vector supermultiplet and thus get fermionic partners, the
gauginos. The electrically neutral gauginos (eight gluinos, neutral wino, bino) are Majorana
fermions, the SUSY partners of charged gauge bosons (charged winos) are Dirac fermions
(see Appendices A.3 and A.4).

The SM Higgs boson is a spin-0 particle and hence resides in a chiral supermultiplet,
yielding a fermionic superpartner. More precisely, as mentioned already, a second super-
multiplet is needed in the Higgs sector: The generation of masses for charged leptons and
both up- and down-type quarks in a gauge invariant way would require both the Higgs boson
field and its conjugate. In a SUSY theory, the corresponding Yukawa couplings arise from
the superpotential. However, the superpotential is an analytic function of (left-handed) chi-
ral fields only and conjugated (right-handed) fields would spoil the gauge invariance. Thus
two Higgs boson doublets of opposite hypercharge are introduced to give masses to the SM
fermions. In addition, the second Higgs boson doublet is necessary to keep the MSSM free
of gauge anomalies. The cancellation of those is given if the trace running over the weak
hypercharges of all Weyl fermions in the theory vanishes, which is guaranteed in the SM
by each generation of quarks and leptons (see footnote 2 on p. 8). Postulating a single
fermionic superpartner to the Higgs boson of a given non-zero hypercharge, the anomaly
cancellation is spoiled. In contrast a second Higgs boson doublet of opposite hypercharge
provides a second fermionic partner to the Higgs boson and the total contribution to the
anomaly traces is zero again.

The field content of the MSSM is summarized in Tab. 2.1.
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boson fermion (SU(3)c,
superfield field field SU@)L,U1)y) | e
chiral Q qr = (ar,dr)” | qn = (ur,dg)? (3,2,+1)
superfields U g, u}% (3,1, —%) (s)quark
D d di, (3,1,+2)
L ZL = (ﬁv éL)T EL - (V7 eL)T (17 27 _1)
E &, el (1,1,+2) (s)lepton
H, hy = (h;j,hg)T iLu = (iLI>B2)T (1’2’+1) . .
Hi o | ha=00)7 | ha= (0007 | 2,-1) | Teesin)
vector G g g (8,1,0) gluon(-ino)
superfields Wi wE wo W, wo (1,3,0) W (-ino)
B B B (1,1,0) B(-ino)
Table 2.1.: Classification of the chiral and vector superfields within the MSSM. The superfields,

denoted by capital letters, have bosonic and fermionic component fields. The SUSY
partners of the SM particles carry a tilde, and the subscript L, R of the scalar SUSY
particles refers to the helicity state of the corresponding fermionic partner. The be-
havior under gauge transformations is the same for fields belonging to the same super-
multiplet (indicated in column 5). In the last column, the names of the SM (SUSY)
particles are given. To avoid clutter, family and color indices are suppressed in the no-
tation of the chiral superfields, i. e. the first generation representatives are used to label
the fields introduced for each generation. For the vector fields, the indices a =1...8
and i = 1...3 denote the SU(3)c and SU(2);, quantum numbers, respectively.

2.3.2 TR-parity

Interactions among scalars and fermions in a SUSY theory are given by the superpoten-

tial W, Eq. (2.28). As argued above, the superpotential needs to respect supersymmetry

and gauge invariance under SU(3)c x SU(2) x U(1)y transformations. With the given

minimal field content of Table 2.1, the most general renormalizable superpotential is [28,29]

W =Wg +Wg,

(2.42)

with the two parts, written in terms of the superfields introduced in Table 2.1,

Wr = € [(YU),-]- CHYW o — (Yp)yL{HIE; — (Yp)iQi"HiDjo + pHGH)| , (2.43a)

()

1 — — ) 1 I
Wr = €ap {QAU;CL?L?E;C + Nijp Ly QY Dyy | + €api’ LY HY) + gewxg;kaDij,j . (2.43b)
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where i, j, k denote the generations of matter fields, a,b are SU(2);, indices, and z,y, z
are SU(3) color indices. The signs are chosen for later convenience. Due to the absence
of a gauge singlet field in the MSSM, no linear term arises in Eq. (2.43), but only bi- and
trilinear couplings of chiral matter supermultiplets.

The first term, Wg, contains the Yukawa interactions of Higgs boson, quark, and lepton
superfields which give masses to the up- and down-type quarks and charged leptons after
electroweak symmetry breaking. The Yukawa couplings are 3 x 3 matrices in family space,
denoted by Yy, Yp, Yg, respectively. To fully establish the two-doublet Higgs sector,
also a coupling 4 mixing the two different Higgs boson fields is provided.

In the second part, Wy, the couplings Ak, A, ko and k; lead to lepton number L violating
processes, whereas )\;’J ;. induces baryon number B violation. Gauge invariance enforces that
Aiji (Afj;) 1s antisymmetric under the interchange of the first (last) two indices. Following
the usual convention, corresponding factors of 1/2 are introduced in Wy to avoid double
counting in scattering amplitudes.

The combination of non-zero lepton and baryon number violating couplings (A'\”) can

Oet mediated by an s-channel

lead to rapid proton decay [30,31], e. g. via the process p — 7
down-type squark, which is clearly excluded by experimental observations [32]. Whereas
in the SM lepton and baryon number are conserved accidentally at tree-level, its minimal
supersymmetric extension requires an additional symmetry to stabilize the proton. There
are only three discrete symmetries which are consistent with an underlying anomaly-free
U(1) gauge theory and thus do not experience violation by quantum gravity effects [34,35]:
R-parity, proton-hexality, and baryon-triality.

The most widely assumed symmetry is R-parity [33] (or equivalently matter parity). To

each particle, a multiplicative discrete quantum number Py is assigned to,
Pr = (_1)3(B—L)+2s’ (2.44)

where s denotes the particle’s spin. The definition Eq. (2.44) yields a positive quantum
number Pr = +1 for all SM and Higgs particles, whereas all SUSY particles carry Pr = —1.
The postulation of R-parity conservation implies that only those terms are allowed in the
superpotential Eq. (2.42) which give rise to interaction vertices of SM and SUSY particles
with a positive product of all Pr eigenvalues. As a consequence, the part Wpg is prohibited
from the superpotential.

Although the dimension-four terms in Wy are the most dangerous for proton decay, they
are not the only ones that must be suppressed in general. Higher-dimension terms may also
lead to proton decay. They are suppressed by inverse powers of a high mass scale at which
the new baryon and lepton-number violating processes occur. In a compactified string
theory this scale may be the compactification scale (of the order of the Planck scale) or
a lower scale associated with the breaking of a GUT left unbroken after compactification.
Even if one assumes the scale as high as the Planck scale, some of the dimension-five
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operators will generate proton decay at an unacceptably high rate. R-parity still allows
for the dangerous dimension-five operators such as QQQL [67]. A preferred solution is
thus to assume conservation of proton-hexality, Pg [34], which has the same effect on the
renormalizable interactions as R-parity, but forbids, in addition, the dangerous dimension-
five operators.

The third possibility is baryon-triality, Bs [34-37]. Bgs is a discrete Z3-symmetry which
prohibits in Eq. (2.43b) only the U D D operators (i.e. A’ = 0) but also the dangerous
dimension-five operators. Since proton decay proceeds via both B and L violating cou-
plings, it can be avoided if one of the two sets of couplings vanishes. This is the approach
of the R-parity violating Bs models, where B is conserved but not the combination of B
and L as required by Eq. (2.44).

In the framework of the MSSM, one considers R-parity as the underlying symmetry. From
the phenomenological point of view, R-parity conservation has important implications.
First of all, the Pgr-odd SUSY particles can only be produced and annihilated in pairs. As
a consequence, the lightest SUSY particle (LSP) has to be stable. This being massive and
stable would be a good candidate particle to constitute the non-baryonic dark matter in
our universe. In general, every SUSY particle can be the LSP [68]. However for stable
LSPs, only scenarios where it is electrically neutral and only weakly interacting provide a
viable solution to the cosmological constraints. In the MSSM with conserved R-parity, one
therefore excludes regions from the SUSY parameter space leading to a charged LSP [10]
and mostly considers the lightest of the neutralinos (see next section) to be the LSP.
Considering the phenomenology at particle accelerators, one finds that any produced heavy
SUSY particle will decay into lighter SUSY particles, yielding a possibly long decay chain
ending up with the LSP. The signatures of SUSY particle production processes will thus
depend crucially on the nature of the LSP. If R-parity is conserved, the LSP cannot further
decay into SM particles. As it is neutral, the LSPs escape detection and a typical SUSY
signal involves a high amount of missing transverse energy and multiple jets from the
hadronic decays of the heavy SUSY particles.

In this thesis, we consider both SUSY models with and without R-parity conservation.
The calculation of the production of colored SUSY particles at the LHC is performed in
the framework of the MSSM, i.e. assuming R-parity conservation, and we refer to pair
production of colored SUSY particles, only. In the last chapter of this report, Chapter 8,
we further exploit the phenomenology of Bs SUSY models, focussing on scenarios where the
(unstable) LSP is charged. We thus postpone any further discussion of R-parity violating
couplings and the related phenomenology to Chapter 8.

2.3.3 The MSSM Lagrangian

We have now all ingredients to write down the R-parity conserving MSSM Lagrangian
Lnssum, based on the MSSM field content (given in Table 2.1), which is invariant under
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transformations of the SM non-Abelian gauge group and includes at most soft SUSY-
breaking terms. Following the discussion Section 2.2.2, we write

Lyssm = Lsusy + Lsoft (2.45)

where Lgysy is a SUSY-invariant Lagrangian and Lg. parameterizes the soft SUSY-
breaking®.

The supersymmetric part of the Lagrangian itself can be decomposed into three parts, two
F-type contributions (from the superpotential and the kinetic terms for the gauge bosons
and gauginos, Eq. (2.38)) and a D-term, cf. Eq. (2.30), with kinetic terms for scalars and
fermions.

The superpotential of the MSSM is given by the R-parity conserving part of Eq. (2.42),
Whassm = Wrg, yielding the contribution

Lpy = /d29 [Waissm + Waissm |- (2.46)

The kinetic terms for the gauge bosons Lr2 are given in terms of field strength tensors
defined in analogy to Egs. (2.34) and (2.35). For the three gauge groups SU(3)¢, SU(2)y,
U(1)y with gauge couplings gs, g, and ¢’, respectively, they are

1
(We) =D De 296D, e29:G
) 1
(Ww), = ;DD e 29W D, 29V (2.47)
9%5
(Wp)a = DD Da B,
with
G =T°G*, W = I'W?, B' =YB, (2.48)

where T?, I', Y are the generators of the three gauge groups, respectively, and G¢, W*, B
are the superfields as introduced in Table 2.1. The corresponding part in the Lagrangian
reads

Lro= 1o [ {;QTr[(WG)g(WG):] + S TH(Win (Wi )] + ;,Q(WB)Q(WB)Q} T he.

(2.49)

8Furthermore, as in the SM, a consistent quantization of the MSSM Lagrangian requires gauge fixing and
the introduction of Fadeev-Popov ghosts to cancel the additional unphysical d.o.f.. The ghost fields
and gauge-fixing terms for the MSSM gauge bosons (gluons, photon, W’s, Z) and Goldstone bosons are
chosen in complete analogy to the SM. Explicit expressions can be found in e. g. [69,70]. The calculations
presented in this work have been performed in the 't Hooft—Feynman gauge.
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Third, using the same notation, the D-term contribution is of the form

Lp = /d20 d*0 { T2 BHaW) 1 | Fe2(d' B+eW)

+ @eZ(g’B+gW+gsG)Q + U62(g’B+gW+gsG)U 4 Ee2(g’B+gW+gsG)D (250)

+ Fu 62(9/B+9W) H, + Fd 62(9/B+9W)Hd} .

To complete the MSSM Lagrangian we need to specify the soft-breaking terms. With the
requirement of gauge invariance and R-parity conservation, the soft-breaking part of the
Lagrangian is”
1 ~ = - _
Looft = — §(M1 BB+ My WW + Mg gg) + h.c.
— (jzm%(jj: —’l]*Rm%ﬂR —Jﬁm%JR _Ezm%ZL — éEmQEéR

(2.51)
—m3 hlh, —mi Biha— (bhyhg + h.c.)

- (aU@Lhuﬂ}%—aDdL hdcz’j%—aEZLhdé@ + h.c. .

As already anticipated above, the allowed soft-breaking terms are gaugino mass terms (first
line) squark and slepton mass terms (second line), Higgs boson mass and bilinear terms
(third line), and trilinear Higgs-sfermion-sfermion interaction terms (fourth line) [59]. Lin-
ear terms are absent in the MSSM, due to the non-existence of a gauge singlet. In the
notation above, in contrast to Eq. (2.42), SU(2)z, indices are suppressed and e. g.(jTLch =
Uy iy, —I—JEJ 1 and hy, ¢, = €aphl cj%. Furthermore, generation indices are understood implic-
itly: The soft-breaking mass parameters m are hermitian 3 x 3 matrices in family space,
which in general can be complex. The same is true for the couplings a which are usually
be expressed in terms of trilinear couplings A and Yukawa couplings Y

a,p,ey = Afude} Y {U,D,E}- (2.52)

The gaugino mass parameters M, Mo, M3 and the bilinear Higgs boson coupling b are
complex numbers, the Higgs boson mass parameters my,,, mp, have to be real.

In order to obtain the Feynman rules, one needs to expand the MSSM Lagrangian in
component fields. Complete expressions both for the on-shell Lagrangian (where the aux-
iliary fields are eliminated) and the off-shell Lagrangian can be found in the literature, see
e.g. [69,71]. For the Feynman rules we refer to [13,70,72,73|.

% Allowing for R-parity violating interactions, additional soft-breaking terms have to be considered, see
Eq. (C.2).
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Free parameters and constrained SUSY models

While the kinetic and gauge parts of the MSSM Lagrangian only depend on SM parameters,
the superpotential in Eq. (2.46) and the soft-breaking part Eq. (2.51) introduces 105 new
parameters (couplings, masses, complex phases) into the theory. Most of them however are
rather strongly restricted by experimental (non-)observations of flavor-changing neutral-
currents (FCNC) or CP violation [5,74]. In general, the 3 x 3 mass matrices in Lqop induce
mixing in the sfermion sector among the generations. Under the assumption of minimal
flavor violation, the SM Higgs-Yukawa matrices (i.e. the CKM matrix) are the only possible
sources of CP violation and the mass matrices and trilinear couplings are diagonal in family
space so that FCNCs are absent at tree level,

m% = diag(m} ,m% ,m% ),  for F={Q.U,D,L,E}, (2.53)
Ay =diag(Ap,Ap, Ag),  for f={u,d e},

where the index ¢ = 1,2,3 denotes the three generations. Moreover, we will consider the
MSSM with real parameters only, i.e. no new phases are introduced.

Further restrictions on the soft-breaking parameters arise in constrained SUSY models,
when specific assumptions are made on how the SUSY breaking is mediated from the
hidden to the visible sector. Here, we focus on mSUGRA models where the SUSY breaking
sector communicates with the visible sector only via gravitational interactions as specified
by supergravity. In the minimal version of these models (nSUGRA) the supergravity
interactions are flavor-blind and the soft-breaking parameters are universal. Besides the
unification of the three gauge couplings, a unification of the scalar and gaugino masses and
trilinear soft-breaking parameters is required at some high scale, the GUT scale (Agur ~
2 x 1016 GeV, fixed by the unification of the gauge couplings). In terms of a universal scalar
mass My, a universal gaugino mass M;/, and a universal trilinear scalar coupling A¢ this
implies the following relations to hold at Agur,

2 — =m2 =m2 =m?2 = M?
mg =m =mg =my =mg = Myl
2 _ 2 _ g2
mhu—mhd—MO
My = My = Mg = My

ay =AYy ap=AYp, ag=AYg.

(2.54)

These equations act as GUT-scale boundary conditions for the soft-breaking parameters.
By renormalization group techniques all masses and couplings can then be extrapolated to
low scales. Two further independent parameters enter in the Higgs sector, the mass pa-
rameter y and bilinear coupling b. However, one has to require that electroweak symmetry
breaking takes place at some low energy scale. This results in two necessary minimization
conditions of the scalar Higgs potential which allow to equivalently choose the ratio of the
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VEVs of the Higgs bosons tan § and the sign of u as free parameters (see next section for
details and definitions). In summary, only five parameters are needed in mSUGRA models
to determine the low-energy spectrum:

M07 M1/27 A07 tanﬂa sgn(u) (255)

We stress that our general results for colored SUSY particle production processes do not
rely on a specific SUSY softbreaking mechanism. Only the numerical studies are per-
formed within the mSUGRA framework. For the actual calculation of the spectrum and
the evaluation of the renormalization group equations at lower scales we make use of pub-
lically available programs [75] (see also Appendix B). Furthermore in Chapter 8, where we
study the phenomenological consequences of non-zero R-parity violating couplings, we also

assume the SUSY breaking to be mediated via gravitational interactions.

2.3.4 The particle spectrum of the MSSM

Like in the SM, in the MSSM the SU(2), x U(1)y symmetry is spontaneously broken down
to the electromagnetic U(1)g symmetry in order to yield masses for the gauge bosons and
SM fermions [76]. The Higgs mechanism in the MSSM proceeds in a similar way as in the
SM.

The two MSSM Higgs boson fields have eight real scalar d.o.f.. After electroweak sym-
metry breaking (EWSB), three of them can be identified as unphysical Goldstone bosons
which are subsequently absorbed by the gauge bosons to acquire masses. The remaining
five d.o.f. form the physical Higgs bosons. Furthermore, after EWSB, all particles with the
same quantum numbers of the unbroken SU(3)c x U(1)g group (color, electric charge)
can mix. Therefore, we have mixing among the gauge eigenstates in the sfermion sector
and among the electrically neutral and charged higgsinos and gauginos, respectively. These
mass eigenstates are called neutralinos and charginos. It is the purpose of this section, to
introduce in more detail the physical fields of the MSSM at tree-level.

Higgs bosons and SM gauge bosons

The scalar potential for the Higgs boson scalar fields in the MSSM is

Vitiges = (|uf? +m3,) hhha + (|u* +m3,) hihy + (0 hyhg + h.c.)
g/2 +92
8

2 (2.56)
n (hlha — hiha)? + %\huh;y%

where the terms proportional to p and the gauge couplings g, ¢’ arise from the F- and D-
field terms of the scalar potential and terms proportional to m,zld, m%u, b are contributions

from the soft-breaking part of the MSSM Lagrangian, cf. Eq. (2.51).
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The neutral components of the Higgs boson fields are assigned to a non-vanishing, positive
VEV vg4,v,. In terms of the real scalar fields qﬁg’f, Cg ., of vanishing VEV, the Higgs boson

fields can be decomposed as follows,

hq = <2§l) _ ('Ud+ (¢?i;;<3)/\@>7 -

hy o
i = (h%) N (vu+ (¢2+z‘<8)/ﬂ>’

yielding non-zero, U(1)g-invariant VEVs for the Higgs boson fields,

(ha) = <1z)”l> (hu) = (fu) (2.58)

In order to provide a solution to EWSB, the potential needs to be bounded from below
while the origin is a saddle point. This is the case if

(uf? +mi,) + (ul? +mi,) > 20, (Jpf® +m3,) (uf® +mj,) < 6% (2.59)

These relations directly link EWSB and SUSY breaking, since miu #* mid is required. In
an unbroken SUSY however, the soft-breaking Higgs boson mass terms are absent and thus
equal zero. If the above conditions are fulfilled, the values of the two VEVs are obtained

from the scalar potential by minimization with respect to hg and h?,

2 12 .2 2
g +g vd_vu

4 vg

(%
(Il +mi,) = b;: -
(2.60)
9> +9” vi — v

2 2 Ud
wl*+myp ) =b— —
(nf? +mf, ) = b2t — 20 2

It is interesting to notice that only the combination g? + ¢’? of the gauge couplings enters
the potential, whereas in the SM the arbitrary Higgs boson coupling A enters. There are
only two independent parameters in the MSSM Higgs sector at Born level, the ratio of the
Higgs VEVs, referred to as tan 3,

tan 3 = vy /vg, (2.61)

and the soft-breaking parameter b. By convention, one replaces b by the mass of the CP-odd
Higgs boson A°, (see below),

m1240 = m%d + m%u + 2|p|> = b (tan 3 + cot ). (2.62)

The Higgs mixing parameter p is a dependent quantity and constrained by Eq. (2.60).
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To find the mass eigenstates of the theory, we insert Eq. (2.57) into the Lagrangian and
diagonalize the mass matrices by a unitary transformation.

First of all, the mixing of the gauge bosons eigenstates proceeds as in the SM. The
photon, Z boson, and W boson mass eigenstates are given by

Z, cos Oy —sin Oy Wj’ n 1 Ly
- Wi =— W, FiW 2.63
<Au) (sin Ow  cosOw ) <Bu ’ I V2 ( p T u) ) ( )

in terms of the weak mixing angle 6y, which is related to the gauge couplings via tan fy =
g'/g. The masses of the W and Z bosons are, in complete analogy to the SM, related to
the gauge couplings and the Higgs VEVs

B g%+ g2

(1}3 + Ug), m2Z - 9 (1}3 + ’U,Z), (264)

2
2 g
miyy = —
W9

while the photon A, remains massless. The electric charge, the gauge coupling of the

photon, can be expressed in terms of g and ¢,
e = gsinfy = g cos Oy . (2.65)
With Egs. (2.64) and (2.65) and the definition of tan 3, Eq. (2.61), the Higgs VEVs are

\/ﬁmw sin ‘9W \/imw sin 9W
= -—— C e ——

0s 3, Vy sin 3. (2.66)

Vd

The terms bilinear in the scalar fields ¢ and ¢ in the Higgs potential yield the Higgs

boson mass terms,

0 0 -
Vit e = 5 (6% D0 () 4 5 (ch M2 () + 5 (o, o) ¢2- (7))

0 & bu
(2.67)
where the squared mass matrix Mio for the neutral CP-even Higgs boson fields is
0= =2 2 2 =2 (9,2 2 ’ :
—b — g% vgv, /2 u* +my, + g% (3v; —v3)/4
the squared mass matrix Mgo for the neutral CP-odd Higgs boson fields reads
M2, = [ i+ 7 (g — ) /4 - (2.69)
b ul? +mi, + 3% (v — v /4)
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and /\/liﬁE denotes the squared mass matrix of the charged Higgs boson fields,

M2, [P+ mE o+ (GPd + gud) /4 —b— 2 uguy 2 070
’ b uanaf2 PR+ (@ gd)/)

where the abbreviations g = ¢ + ¢’* and §? = g*> — ¢’* have been used. The Higgs boson
mass eigenstates are obtained by rotation and can be classified as follows,

HO 0
2 neutral, CP-even h°, H° bosons: < ) = Uy () (¢d>,

ho &
GO gO
2 neutral, CP-odd A%, G° bosons: <A0) = Upo () (Cfl)), (2.71)
+ + Gi gbdi
4 charged H*, G™ bosons: gt) = Uyp=(5) ox )

with a generic unitary matrix U,

Ula) = ( cos o sina) . (2.72)

—sina  cosa

The tree-level masses of the five physical Higgs boson fields h°, H%, A°, H* and of the three
Goldstone bosons G, G* are given by the diagonalized (squared) mass matrices,

'Dio = Ugo M;O Ulo = diag(m%lo,mio),
Dgo = Uco Mgo Ugo = diag((),mio), (2.73)

Dii = U¢:ﬁ: Mii U;i = dlag(O, qui),

where m?, has already been introduced in Eq. (2.62) and

1 1
miO/HO = —(m%o +m%) F = \/(mio +m3,)? — 4m?,m3, cos? 20,

2 2 (2.74)
qui = m1240 + mQZ
In these terms, the mixing angle a can be expressed as
miyo +my
tan2a = tan 23 %, (2.75)

Mpo — My
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and the scalar Higgs potential in the mass eigenstate basis is

1 O 1 A 1 H-
VHiggs, mass — 5 (h0> HO) D20 <H0> + 5 (on GO) D2O <G0> + 5 (H+a G+) Di:{: <G_> .

Let us note that Eq. (2.74) imposes an upper bound on the mass of the lightest Higgs boson
mass, mpo < mz. This bound arises in the MSSM due to the above mentioned fact that
the Higgs boson self-couplings are given by the electroweak gauge couplings, whereas in the
SM the coupling is unconstrained and no comparable bound can be derived.

Even though mj0 < my is in contradiction with experimental observations from LEP [43,
77] and Tevatron 78], the MSSM is not ruled out: The inclusion of higher-order corrections
raises the tree-level mass considerably (see e.g. [79] and references therein). One-loop and
dominant two-loop corrections shift the upper bound of the lightest Higgs boson mass to
mpo < 140 GeV [80]. Within this work, the computation of Higgs boson masses is done by
the program FeynHiggs [81] (or using a two-loop approximation [82] included now in [83]).

Standard Model fermions

As in the SM, fermions obtain masses by Yukawa interaction terms. The first three terms
of the superpotential Wyigssm Eq. (2.43a) provide the necessary couplings,

Lyukawa = €ab [(YE)M“L@ hyer; + (Yp)ijaf: ko drj — (Yu)i qfs hoair;| + hec., (2.77)

where i, j are generation indices and the color indices of the quark fields are suppressed.
The fermions yield masses if the Higgs fields get their VEVs,

Ltermions, mass = —(YE)ijerivaer; — (Yp)ijdrivadr; — (Y )ij uri vy Urj + h.c., (2.78)

which turns out explicitly when the two-component Weyl spinors are combined into four-

component Dirac spinors,
€L dri Ur;
€ = | _ 5 dl == = s U; = _ . (279)
€Ri dR; UR;
Rewriting Eq. (2.78),
Liermion, mass = —(YE)ijeiva€; — (Yp)i divad; — (Yu)ij u; vy G, (2.80)
the fermion mass matrices are

me = YE' X Vd, mgy = YD X Vd, my = YU X Uy, (2.81)
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with vy and v, given in Eq. (2.66). As mentioned earlier, we do not include right-handed

neutrinos and no neutrino masses are introduced.

So far, all parameters are given in the weak-current eigenstate basis. However, in general,
the Yukawa and mass matrices are not diagonal and we need to rotate the (charged) lepton
and quark fields from the weak into the mass eigenstate basis,

L = VeLr fIE° (2.82)

with fr g denoting the left- and right-handed fermion fields, respectively and V¢, g denot-
ing the corresponding rotation matrices. The mass matrices in the mass eigenstate basis
are then given by

V.1, me VLR = diag(me, my, ms),
Vg mq Vg = diag(mg, ms, my), (2.83)
VuL my VLR = dlag(mua Mme, mt)a

defined at the weak scale mz. The rotation matrices V¢ g are not directly experimentally
accessible but only the CKM matrix V ok,

Vexm = VarL Vi (2.84)

In general, the rotation matrices for the left-handed fields differ from the those for the right-
handed fields. In the following, however, for simplicity and definiteness, we assume real and
symmetric Yukawa coupling matrices, thus Vi, = V¢gr. Furthermore, since we neglect
neutrino masses, Y g is diagonal in the weak-current basis. Correspondingly, Ve, r = 13.

It is instructive to further constrain the quark Yukawa couplings by considering three
extreme cases of quark mixing.

e no mixing: In the discussion of squark and gluino production we neglect the quark
mixing completely and assume the CKM matrix to be unity. This implies

VuL,R - 113, VdL,R = ]13, (285)
and diagonal Yukawa matrices

Yy x v, = diag(my, me, my), (2.86)
YD X Vd = diag(mdv mg, mb)' '

e up-type mixing: In Chapter 8 we refer to up-type mixing, i.e. the quark mixing
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2.3. The minimal supersymmetric extension of the Standard Model (MSSM)

takes place completely in the up-quark sector, and
VuL7R = VckuM, V4 LR — 1s. (2.87)
Therefore, in up-type mixing scenarios, the Yukawa matrices are at the weak scale

Yy (mz) x v, = Vi - diag(ma, me, me) - Veg, (2.58)
Yp(mz) x vg = diag(mg, ms, mp).

e down-type mixing: We also consider down-type mixing scenarios in Chapter 8§,
where the quark mixing takes place completely in the down-quark sector, i. e.

Vurr = 13, VaLr = VEKM (2.89)
at the weak scale. The Yukawa matrices are then given by

Yy(myz) X v, = diag(my, me, my),
(mz) ( - t) T (2.90)
Yp(mz) x vg = Vcku - diag(mg, ms, mp) - Vi

Sfermions

The mass terms of the sfermions arise from all three types of contributions to the scalar
potential, F- and D-terms and soft-breaking terms. With the restrictions Eq. (2.53), mixing
in the sfermion sector takes place only among the particles within one generation and the
sfermion mass matrices can be cast into a 2 x 2 form. In summary, the sfermion mass terms

of the Lagrangian can be written as

) £k fL. ~ % ~
Acsfermions, mass — _(fLi) fRz) M?Fl <JERz -V mI%Z Vi, (2'91)
)

where again ¢ = 1,2, 3 denotes the three generations and f =1,d,é. The mass matrix for
sfermion f; being the superpartner of the SM fermion f; with mass my,, has the entries

M2 - (M A meBEE (2.92)
fi myBIR mi + CRR 7 '

with, assuming real parameters,

AiLL = m%u — (I]?il —ey, sin? By ) m% cos 23,
BI = Ay — pk, (2.93)
CRR — m%“m +ey, sin? @y m%, cos 2.
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Here, m%, =mZ &, ,m2~ are the left-handed soft-breaking parameters for squarks and slep-
Li i
tons of generation i, respectively, and m? P = m?] 7m2 mQE' are the corresponding right-

handed soft-breaking parameters. Ay, are the trlhnear couplings, Eq. @'53)‘ I}O’i denotes
the eigenvalue of the third component of the weak isospin of sfermion f; and ey, its elec-
trical charge. x = cot 3 for up-type squarks and charged sleptons, while for right-handed
squarks it is Kk = tan 6. The sneutrino mass matrix mg is one-dimensional (for a given
generation 7) and has only the purely left-handed entry ALL of Eq. (2.92),
2 2 Ly
mg, =mji + 5 Mz cos 2. (2.94)

Vi

The sfermion mass matrices can be diagonalized by a unitary 2 x 2 matrix U 3

; Lk .
D2 — UfM%UJ[ = (mfli 0 ) U}E _ (Ulf~1 U{;) _ ( COSin sm9~>
i i i i 2~ ) i 3 3 e )
f fi™ f 0 meg . U2fl U2f2 Sln9fi cosef

K3

(2.95)
with the (squared) mass eigenvalues m? o mf; ,
1
M =Mt 5 [(AiLL + CFR) 3 \J(AFF — CRR)Y + dm3 (BEF)? ] (2.96)

of the mass eigenstates fli’gi,

(flz) _ <sz> (297)
f 21 f Ri
Per convention, the mixing matrix U 7 is chosen such that fli is the lighter of the two

sfermions. In the mass eigenstate basis, the sfermion mass terms of the Lagrangian
Eq. (2.91) are given by

Fx P fl ~% ~
£sfermions, mass — (flia f22) (]c; -V m%L Vi. (298)
i

Imposing Eq. (2.95) to hold defines the mixing angle 7, In terms of the soft-breaking
parameters. As the off-diagonal elements of UM?2UT have to vanish, one finds

A.LL o CRR

. BLR
my, cos 20 — %sin%ﬁ =0 = tan 26 7

2my,

LR
Bj ALL CRR’

(2.99)

It is often useful to reparameterize the mass matrix as a function of the mixing angle
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and the mass eigenstates,

M2 =

2 (2.100)

i fii 2 10 fai
sinf: cosO; (mQ~ —m2 ) sin?0;m2 + cos?0;:m
fi fi fi ;

<COS29~,m?E~ —i—sinQQﬁm? sinf cosﬁfi(mfg —m2 ))
J1i J2i

2
S i fo
Together with Eq. (2.92), a second parameterization of the mixing angle can be derived,

2mfiBz’LR _ 2my, (Af, — pk)
2 = 2 _ .2
"y, fui mf2z‘

sin20; = (2.101)

i mf;% m
If the mass eigenstates are known, Eq. (2.101) gives a direct relation among the mixing
angle and the trilinear coupling.

Focussing on the squark sector, it is important to note that due to the SU(2), invariance,
the left-handed soft-breaking parameter m% is identical in the mass matrices for up-type
and down-type squarks. The masses of up- and down-type squarks within one generation %
are thus related,

(U2 m2 + (Uh) m2 = (UF) m2,, + (Uf5) m2,, +m2, —m2, — m}, cos2.
(2.102)

Counting the number of free parameters for one generation of squarks, we find five inde-
pendent parameters,

m% , mE, m% Ay, Ag, (2.103)

2,.
Q" U
(plus the SM quark and gauge boson masses), since p and tan 8 are usually considered
to belong to the higgsino and Higgs sectors. The soft-breaking parameters are directly
related to the mass eigenstates (see also Appendix B.2, Egs. (B.8) and (B.9)) and can be
replaced accordingly. Also, Eq. (2.101) relates the trilinear couplings and mixing angles
(cf. Eq. (B.10)). Hence, a set of independent parameters equivalent to Eq. (2.103) is given
by 10
m?[h_, m%%, mfl}i’ 0a,, Ad;, or m,lzfli, m%%, mzii, O, QJZ-' (2.104)

We will come back to this point later (Section 4.1.2), when we have to fix sets of independent
input parameters for a consistent treatment of the squark sector at one-loop level.

To conclude, we recall that the mixing of the sfermion gauge eigenstates (L-R mixing)
is proportional to the mass of the SM partner fermion, Eq. (2.101). Neglecting the light
quark and lepton masses, the off-diagonal elements of Eq. (2.92) vanish for the sfermions

10or}ly if yfg # 0, i.e. the dependent squark di> needs to have a non-zero left-handed component. If
di2 = diRr, its mass replaces the mass of the heavier squark my;, in the given set of input parameters.
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of the first two generations. This results in trivial mixing matrices U and coinciding gauge

and mass eigenstatesn.

Charginos and neutralinos

After EWSB, also the superpartners of the Higgs bosons and of the gauge bosons mix
with each other. The charged higgsinos (fzj ) fzg) and charged gauginos (winos, W) mix
and form two mass eigenstates called charginos ()ZfQ). The neutral higgsinos (Eg, h9) and
gauginos (B, W?) combine to form the four neutralinos (¥9_,).

The mass terms for charginos and neutralinos arise from the soft-breaking Lagrangian
(terms proportional to the gaugino masses M;, My), from the supersymmetric D-term con-
tribution (Higgs-higgsino-gaugino couplings proportional to g, ¢’), and from the higgsino
mass terms in the superpotential (proportional to pu).

The chargino mass terms in the MSSM Lagrangian are, in the gauge-eigenstate basis,

1 0 MT /s
= (ot T X+ . 2.1
Echar., mass 2( ) ) (Mii 0 U- + h.c s ( 05)
. W (W
with \D+:<h$>’ v :<h;>'
The mass matrix Mg+ has the following entries,
My  guy, My V2 sin By
Mot = = , 2.106
= <9Ud Iz > (\/§ cos 8 myy I ( )

where Eq. (2.66) has been applied in the second step. The mass eigenstates are related to
the gauge eigenstates by two unitary 2 x 2 matrices Ug+ and Vi,

+
XL =Ug W™, xf =V Wt with  xf = <Xi1>. (2.107)
X2

One usually combines the left-handed Weyl spinors into four-component Dirac spinors,

+ J—
%= (XLZ>, %= (Xa@), =12 (2.108)
XLi XLi

Note that we impose a different mixing Eq. (2.107) for the positively and negatively charged
particles, respectively. The mixing matrices have to chosen such that they diagonalize the

1 One might think of scenarios with extreme fine-tuning among the entries of the mass matrix such that
2my, B — (AFL — CFRY =~ 0. This results in a non-negligible mixing angle even for small fermion
masses, cf. Eq. (2.99), [84]. In the scenarios considered here, however, the mixing angle for light-flavor
sfermions can safely be neglected.
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mass matrix,

Uge My V;(Ti =Dy = diag(mxli,m&i), (2.109)

where Dy« has only real, non-negative entries Mgk, M. Assuming real parameters only,
1 2
the chargino masses are given by

1 1
mle = (M3 + i + 2miy) F 5\/(Mz% + 2+ 2m2)2 — A(uMy — my sin26)2. (2.110)

The neutralino mass terms in the Lagrangian are the following,

- - ~ - T
Lueut, mass = =3 (00)" Mo @0 + hoe.  with  (30) = (BO, WO, RS, hg) ,

(2.111)
where the mass matrix reads
M&O —
My 0 —my sinfy cos B  my sinby sin G
0 Mo my cosby cosB —my cosbBy sin
—my sinfy cos B  my cosby cos( 0 —
my sinfy sinf3  —my cosby sin — U 0
(2.112)

In order to find the mass eigenstates and to diagonalize the mass matrix Myo, a unitary
4 x 4 matrix Nyo is introduced with properties

N;o M)ZO N;{O = D>~<0 = diag(m)z(l), m;cg,mig, mﬁ), (2.113)
yielding the neutralino mass eigenstates
X% = N)ZO \1107 (XOL) = (X([)/la X%Q? X%?)? X%A)T‘ (2114)

Neutralinos are Majorana fermions and we introduce the four Majorana spinors

X7

Q= <0Ll>, i=1,...,4. (2.115)
XLi

Again, the mixing matrix Ngo can be chosen in a way that Dyo has only real, non-negative

entries obeying the ordering mgyo < mgy < mgo < mgo.

In general, the neutralino masses are functions of My, Mo, u, tan 3, obtained by solving

quartic equations. In practice, this will be done numerically. The dimension of the param-

eter space can be reduced by one under the assumption that the gaugino masses unify at
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the GUT scale Agyr. This assumption is motivated by the (approximate) unification of
the gauge couplings if one starts from their experimentally determined values at the weak
scale mz and runs them up by the renormalization group equations. The gaugino masses

run in the same way as the corresponding squared gauge couplings and one finds

) 1
MI(AGUT) = MQ(AGUT) = Ml(mz) = g tan2 0W Mg(mz) ~ §M2(Tnz). (2.116)

Furthermore, in many mSUGRA scenarios, EWSB effects can be seen as a small pertur-
bation on the neutralino mass matrix. If myz < |p £+ M|, | £ M|, the lightest neutralino
is bino-like, ¥{ ~ B; the second lightest neutralino is wino-like, Y9 ~ W; and the heavier
ones are higgsino-like )Zg’ 4R (RO + ﬁg) /v/2. The approximate masses are then'?

The lightest of the neutralino, ¥V, is the lightest supersymmetric particle (LSP) in a wide
range of the mSUGRA parameter space. Being neutral, massive, weakly interacting and
stable (in the R-parity conserving MSSM) it is an attractive candidate particle to form the
dark matter in the universe.

Gluinos

Gluinos g* are the only color octet fermions (z = 1,...,8) and cannot mix with other par-
ticles in the MSSM. The mass term is provided by the soft-breaking part of the Lagrangian,

1 ~ ~ ==
Lgtuino = 5(M35°5" + M3 77, (2.118)

and the gluino mass is entirely determined by the soft-breaking parameter M3 (which is in
general complex), mz = |M3|. Being Majorana fermions, gluinos are usually described by
four-component Majorana spinors Wg,

g
U, =(2), 2.119

I <9> ( )
build from the left-handed Weyl spinors g only.

The definition of the MSSM particle spectrum completes our introduction of the frame-
work of our calculations and we will now turn to the discussion of SUSY particle production

processes.

12The given mass ordering assumes M; < Ms < |p|, otherwise the subscript labels have to be rearranged
accordingly.
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Chapter 3

Production of colored SUSY particles
at hadron colliders

Having introduced the theoretical concept of supersymmetry in the last chapter, we now
concentrate on the phenomenological implications of the MSSM. In particular, we are in-
terested in particle physics at colliders. No evidence for supersymmetric particles has been
found so far. However with the imminent startup of the LHC at CERN, the TeV scale be-
comes reachable and thus possibly new SUSY particles of TeV-scale masses should become
detectable.

If SUSY is realized, the colored SUSY particles, squarks and gluinos, will be produced at
hadron colliders via the strong interaction and high cross sections are expected. The most
sensitive direct searches for SUSY particles thus often include gluino and squark produc-
tion processes, based on promising “jets plus missing transverse energy (E7)” signatures.
Studies for the LHC see the possibility of an early SUSY discovery with 1 fb~! for inclusive
multijet plus E final states [85], provided that squark and gluino masses are not too heavy
(i.e. below 2 TeV). A good understanding of the theory and reliable theoretical predictions
for the production cross sections of the colored SUSY particles gluinos and squarks are
vital to the successful analysis of LHC data.

In the following, we will distinguish between squarks of the first two generations (“light-
flavor squarks”) and third generation squarks (sbottoms, stops). Whereas the light-flavor
squarks are often considered to be degenerated in mass, this assumption does not hold for
stops and sbottoms, for reasons related to the large third-generation Yukawa couplings.
First of all, the latter have to be taken into account in the evolution of the soft-breaking
parameters when running down from a high scale to lower scales. Considering the mSUGRA
model and assuming a universal scalar mass at the GUT scale, one thus finds at the weak
scale lower values for the masses of stops and sbottoms than for those of the squarks of the
first generations [86]. Second, the L-R mixing among the gauge eigenstates is proportional
to the Yukawa couplings and leads to a substantial splitting between the mass eigenstates of
the third-generation squarks, cf. Egs. (2.92) and (2.99). As a result, the lighter of the top-
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squarks, 1, is a candidate for the lightest colored SUSY particle in many SUSY models [87].
In the following, we denote the light-flavor squarks by a common label ¢, = 1, §r, while
we refer to the sbottom and stop mass eigenstates with Z)a = l~)1, 32 and t, = t1, ta.

The purpose of this chapter is to give a general overview of the production of colored
SUSY particles at hadron colliders, including the results from experimental searches and
the basic steps in the theoretical approach. The framework of our studies is the MSSM
with R-parity conservation. In these models, (colored) SUSY particles can be produced
in pairs only. Hence, possible final states are gluino pairs, squark pairs, as well as mixed
gluino—squark pairs.

The outline of this chapter is as follows. We first review the status of experimental
direct searches for colored SUSY particles in Section 3.1. In Section 3.2, we discuss how
to calculate cross sections at hadron colliders and introduce the parton model and the idea
of factorization. The various production channels for colored SUSY particles are presented
in Section 3.3, where we also give a short review of the presently available higher-order
calculations. At higher orders in perturbation theory, singularities of IR and UV origin
arise. The technical treatment of IR singularities and the procedure of regularization and
renormalization necessary to obtain a UV-finite result is postponed to Chapter 4.

3.1 Experimental searches

Many experimental direct searches for colored SUSY particles have been performed (and are
ongoing) at particle accelerators. So far, no disagreement has been found between data and
SM expectations. But the comparison of theoretical predictions for SUSY processes and the
experimental results allows to restrict the SUSY parameter space and to set (lower) bounds
on the masses of the predicted particles [5]. Usually bounds are defined at 95% confidence
level (C.L.), including statistical and systematic uncertainties as well as uncertainties from
the theoretical cross sections into the analysis.

Considering the R-parity conserving MSSM, the SUSY particles are produced in pairs
and decay subsequently via possibly long decay chains into lighter SUSY particles, ending
up with the LSP which is assumed to be the lightest of the neutralinos XJ. The LSP is
stable and escapes detection, leading to significant missing transverse energy Ep in the
detectors. A characteristic signal for squark or gluino production is thus F and several
jets, the latter arising from the hadronic decays of the colored SUSY particles (for a given
mass configuration e.g. § — Gq, ¢ — x'q). Alternative analyses are based on inclusive final
states including one or several muons or two like-sign muons, together with high-transverse
momentum jets and large F. The additional requirement of leptons, in particular of like-
sign leptons, reduces the SM background considerably whereas at the same time most of
the SUSY signal can be retained [88,89].13

13 Also complementary approaches that avoid signatures involving F have been proposed, e. g. [90].
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Figure 3.1.: 95% C. L. exclusion regions in the mSUGRA framework, from direct searches by the
(a) DO and (b) CDF collaborations. The solid red (dotted) lines are the limit of
the observed (expected) excluded region obtained from the QCD NLO cross section
prediction at central scales. The hatched areas indicate the region in the plane with
no mSUGRA solution.

(a) Squark and gluino mass plane for tan = 3, Ag = 0 GeV, u < 0 [91]. The
yellow band illustrates the effect of the PDF choice and estimates the factorization
and renormalization scale dependence.

(b) Squark and gluino mass plane for tan3 = 5, A4g = 0 GeV, p < 0 [92]. The
dashed-dotted line recalls the results from Run I at the Tevatron.

3.1.1 Light-flavor squarks and gluinos

Current limits for (light-flavor) squarks and gluinos at hadron colliders include searches
performed at Tevatron Run I by the CDF and D@ collaborations, reported e. g. in [91-93].
Fig. 3.1(a) |91] gives an overview of the exclusion bounds obtained from various collider
experiments, investigating the squark and gluino mass plane in the mSUGRA framework
for tan 8 =3, Ag =0 GeV, and u < 0.

Depending on the relative masses of the squarks and gluinos, analyses based on different
signatures are performed. If squarks are heavier than gluinos, gluino pair production is
the dominant process. The produced gluinos decay typically via a three-body decay mode
into a quark—anti-quark pair and a neutralino (§ — ¢gx}), leading to four (or more) jets
in the final state. In contrast if squarks are lighter, squark—anti-squark pair production is
the leading production mechanism, with the subsequent decay of the squarks into a quark
and the LSP (§ — ¢x}). Final states with only two jets are dominating. Also the missing
energy is supposed to be larger than in the first case. Third, in scenarios where squarks
and gluinos have similar masses, an event topology with at least three jets is expected from
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the production of gluino—squark pairs. In this region, the most stringent bounds can be
obtained, see Fig. 3.1(a). In [91], 2.1 fb~! of Tevatron data have been analyzed by the
D@ collaboration, leading to lower limits of mg > 308 GeV and mg > 379 GeV for the
gluino and (degenerated) squark mass in the considered scenario. Uncertainties from the
choice of the PDFs and of the factorization and renormalization scales are estimated and
taken into account. Similar results were obtained by the CDF collaboration in an analysis
of 2.0 fb~! of data [92], see Fig. 3.1(b). For the considered mSUGRA scenarios (tan 3 = 5,
Ap = 0 GeV, p < 0), all squark masses are excluded for mz < 290 GeV, while for equal
squark and gluino masses the lower limit mg = mg > 392 GeV has been set.

Model independent bounds on squark and gluino masses are difficult to obtain and much
weaker so far. In [94], gluino mass limits could be derived from an analysis of event
shape data from ALEPH and OPAL. The analysis is based on the fact that new colored
SUSY particles would affect the running of a5 and thus the distribution of the event-shape
variable thrust. Modifying the SM by adding An; new flavors of mass m at a threshold
scale piy, = m, they compare the thrust distribution with the data for each m and Ang.
The assumption of a gluino can be described by Any = 3 (the leading ny dependence).
For this value, the limit mg > 51 GeV has been obtained, with theoretical uncertainties
included.

3.1.2 Top-squarks (stops)

Experimentally, squarks of the third generation can be distinguished from the squarks of the
first and second generations for several reasons. First of all because of their masses, which
are in general not degenerated with the light-flavor squarks due to the large quark-Yukawa
couplings. Second, the large L-R mixing of the gauge eigenstates cannot be neglected
and has to be taken into account in the couplings that enter in the production and decay
channels. Third, if the decays are kinematically accessible, stops and sbottoms provide
distinct decay signatures involving top and bottom quarks so that b-tagging methods can
be used in analyses.

Owing to their potential small mass, the lighter of the top-squarks #; are of special interest
for SUSY searches at particle accelerators. Furthermore, the only SUSY parameter entering
the production cross section at LO is the mass of the produced stop, mz . All other SUSY
parameters (as the gluino mass or the stop mixing angle) enter only at higher orders in
perturbation theory. As a result, the stop mass can directly be extracted from the cross
section measurement in case of discovery. This is different for the production of light-flavor
squarks and gluinos, see also the discussion of the various LO processes in Section 3.3.

Most results from top-squark searches depend strongly on the considered SUSY scenario,
where specific assumptions on the stop decay signatures can be made from the mass hierar-
chy among the SUSY particles. The fact that the SM partner of the stops, the top quark,
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Figure 3.2.: 95% C.L. exclusion regions in the mSUGRA framework, from direct searches for
top-squarks by the experiments as labeled. The solid (dotted) lines represent the
limit of the observed (expected) excluded region obtained from the QCD NLO cross
section prediction at central scales. The yellow band illustrates the effect of the PDF
choice and estimates the factorization and renormalization scale dependence.

(a) Neutralino and top-squark mass plane assuming BR(t; — cx?) = 100% [99],
(b) Sneutrino and top-squark mass plane assuming BR(f; — bfi7) = 100% [100].

is heavy, leads to distinct phenomenological features for stop decays. All possible two- and
three-body decay modes of stops have been investigated e.g. in [95].

While for light-flavor squarks the decay into (nearly) massless quarks and the LSP is
always kinematically accessible, the decay channels t, — tx) require the mass relation
mi, = Mg+ Mg and are closed otherwise. Also the decay t, — t§ is then forbidden as
the gluino is obviously heavier than the LSP. Moreover, if the stop is also lighter then
the lightest chargino together with a bottom quark, the decay modes t, — bfﬁ are not
accessible. In this region of the SUSY parameter space, the flavor-changing loop-induced
decay t, — cx! is the dominating stop decay. Further possible modes include four-body
decay channels into a bottom quark, the LSP, and two massless fermions (£, — bff'x?)
and three-body decays into a bottom quark, the LSP, and a W boson (, — bW X}).

Top-squarks searches include analyses from LEP [96], see e.g. [97] for a short review.
Also in ep collision at HERA, experimental searches for stops have been performed [98].
Note however that in ep collisions the dominant process is the production of a single stop
as a resonance, which is only possible in R-parity violating SUSY models.

Nowadays, the most stringent bounds are provided by the D@ and CDF collaborations
based on the Tevatron Run II data [99-101], see also e.g. [102] for more general reviews.
Many experimental analyses focused on scenarios where the #; is the next-to-lightest SUSY
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3. Production of colored SUSY particles at hadron colliders

particle (the x{ being the LSP) and where it is lighter than its SM partner. The considered
parameter space is further restricted by assuming mg > mc+m>~<(l) and mg, < mw+mb+m>2(1)
so that the 1 — cx! is the dominating stop decay. Fig. 3.2(a) shows the according results
from a D@ analysis [99], that can be summarized as m;, > 150 GeV for a neutralino mass
mgo = 65 GeV. In Fig. 3.2(b), we also present results from an alternative DO analysis
based on the assumption BR(f; — bf&7) = 100% [100], concentrating on final states with an
electron and a muon or with two electrons. The largest stop mass excluded is mj, = 175 GeV

for a sneutrino mass m; = 45 GeV.

If the light stops are considerably heavier, they are probably beyond the kinematical
reach of the Tevatron. However, they are well testable at the LHC [88,89]. In this region of
the SUSY parameter space, the decay channels into a top-quark and a neutralino is open
(t1 — tx°). The neutralino can be either the LSP or a heavier neutralino which in turn
decays into a LSP. If kinematically allowed, the decay modes into higgsino-like neutralinos
are the dominant ones, leading to final states with at least one top-quark and large Er,
possibly with additional lepton pairs and hence provide promising signatures.

3.1.3 Prospects for LHC

Using Markov-chain Monte Carlo methods, the authors of [16] did a probabilistic analysis
of the presently available experimental and cosmological constraints to find the most pre-
ferred region of the mSUGRA parameter space. Lower bounds on the masses of possibly
new SUSY particles can be imposed from direct searches for SUSY particles [5] and also
indirectly from Higgs boson searches performed at LEP [43]. Further constraints on SUSY
parameters arise from EW precision observables and B-physics (see e. g. [15] and references
in [16]), where most observables agree with SM predictions. But there are also observa-
tional constraints which allow for an interpretation in favor of the existence of SUSY and
which allow to set upper limits on SUSY particle masses: the experimental measurements
of the density of cold dark matter [11] that cannot be explained by the SM alone, and
of the anomalous magnetic moment of the muon where a derivation of more than three
sigma from the best SM calculation has been found [18|. The results of the analysis, taking
all these constraints into account, are shown in Fig. 3.3. A comparison with SUSY parti-
cle discovery contours as published by the ATLAS and CMS collaborations [88,89] reveals
that the 95% C. L. area in the (Mo, M, /) plane lies largely within the region that can be
explored within 1 fb~! of good-quality data at a center-of-mass energy of 14 TeV. Thus
indeed, the prospects are good that if SUSY exists and is realized around the TeV scale
we will detect first SUSY signals at the LHC. We hope that already in the early stage of
the LHC we will be able to determine “the fate of many speculations about the relevance

of low-energy SUSY to particle physics” [16].
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Figure 3.3.: Probabilistic analysis of the mSUGRA parameter space [16]. Shown are the best
fit point, the 68%, and the 95% confidence level area in the (Mo, M, ,2) plane for
tan § and Ay scanned over. For a specific scenario with tan3 = 10 and Ag =
0 GeV, ATLAS and CMS 50 discovery contours for 1 fb~! of good-quality data at
V'S = 14 TeV (for 2 fb~! for the Higgs boson discovery in SUSY particle decays)
are overlaid. Dark shaded regions are excluded (charged 7 LSP, no EW symmetry
breaking, LEP searches).

3.2 Hadronic cross sections

Before we can introduce the various production channels and contributions for a theoretical
prediction of the cross sections, we have to discuss how to define cross sections at hadron
colliders. In general, we consider the perturbative approach to calculate cross sections for
scattering process among the elementary particles of a theory at a given accuracy. It is
based on the smallness of the gauge couplings which are used as ordering parameters. If the
couplings are large, however, perturbation theory breaks down. This has to be considered
when dealing with quarks and gluons, described by QCD. At low scales, the confinement of
QCD comes into play, the strong coupling of SU (3)¢ increases, and the interacting particles
get bound into hadrons. In hadronic collisions, the quarks and gluons are thus not directly
accessible and the description of the bound states cannot be performed perturbatively but
has to be extracted from experiment. A connection between the short-distance, parton-level
interactions and the observable hadronic collisions is delivered by the parton model [103]
(see also textbooks as e.g. [104]).

In the framework of the parton model, we consider a hadron to consist of point-like
constituents, called partons. It has been shown that the partons can be identified as
quarks and gluons. A proton is described by three valence quarks (two up-quarks and a

down-quark) which determine its quantum numbers, and an infinite sea of virtual gluons
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3. Production of colored SUSY particles at hadron colliders

and light-flavor quark—anti-quark pairs. The basic assumption of the parton model is that
the interactions of hadrons are due to the interactions of the partons, with the hadron’s
momentum being distributed among the partons. The most simple approach is to apply the
infinite momentum frame, where the momentum of the hadron is considered to be very high
and where thus the masses of the hadron and partons can be neglected. Furthermore, one
assumes that the partons are moving parallel with the hadron. During the hard scattering
process, the partons do not interact among themselves and carry a specified fraction =z,
0 < x < 1, of the hadron’s momentum. There is no overlap of the partons of different
hadrons before the hard scattering and only one parton is involved in the hard process.
In this prescription, we can consider the partons which are involved in the hard scattering
as free particles. The process of hadronization only happens after the interaction, on time
scales much larger than the interaction itself. As a result, we can evaluate partonic cross
sections perturbatively, based on the Feynman diagrammatic approach with partons used
as incoming particles.

On the other hand, the non-perturbative hadron structure is described in terms of par-
ton distribution functions (PDFs) or parton densities, which have to be extracted from
experiments. These depend solely on the hadron’s constitution and are independent of the
nature of the hard process. The universal distribution functions can thus be used for the
calculation of any hadronic cross section.

Considering a collision of hadrons A and B to produce a generic final state F', the
hadronic cross section doap_.p is then obtained by a convolution of the partonic cross
section dd 4y, p with the PDFs of the involved partons a, b and a summation over all possible
initial states (factorization, [105]),

1 1
dUABHF(S):Z/ dg fora(Ta, pir) / dxy fo/5(xh, pr) doap—r(zaxsS, pr), (3.1)
—~ Jo 0

where the PDFs f,/4(2a, pir) [fo)8(2b, ir)] give the probability of finding a parton a [b] in
the hadron A |B] carrying a fraction z, [xp] of the hadron’s momentum at a given scale
up. At the LHC, both A and B are protons P.

Here, we introduced an arbitrary parameter up, called factorization scale. It separates
the long-distance effects entering the non-perturbative hadronic structure and the short-
distance region of the hard-scattering process. The scale has to be in the order of a process-
typical scale, however its precise value is a-priori unknown. Whereas the PDFs depend on
ur already at lowest order, the explicit factorization scale dependence of the partonic cross
section only arises at NLO and beyond. As the scale is artificial, the factorization scale
dependence of the hadronic cross section is expected to decrease when going to higher
orders in perturbation theory.

Usually, the parton densities are extracted from measurements of hadronic structure func-
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8.2. Hadronic cross sections

tions in deep inelastic scattering (DIS) and thus obtained at specific reference points, only.
For the theoretical computation of hadronic cross sections, we need the PDFs at any given
factorization scale however. Combining perturbative QCD and the parton model, the scale
dependence of the PDFs can be described by the integro-differential Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution equations [106], including a finite number of
higher-order corrections.

For the hard-scattering process, the available center-of-mass (c.m.) squared energy
§ = xqxpS is less than the overall hadronic c. m. energy S by a factor of 7 = z,xp, since
the partons 4 only carry a fraction x; of their parent’s momenta. It is convenient to quantify
this by parameterizing the cross section as a product of a parton luminosity factor for the
relevant partons and the subprocess cross section for the partonic collision,

1 dﬁab .
doapp(S) =3 / dr “A 4o, p(+S), (3.2)
a,b 770

where the differential parton luminosities d£%/dr are defined as follows,

ac%y 1 /1dx
dr _1+5ab s T

[fa/A(xaMF) fo/B (g,MF) +fb/A(£,MF> fa/B(vaF):|- (3.3)

With the prefactor 1/(1 + d,45) we avoid double counting in case of identical partons. The
minimum energy squared at which the partonic process can occur, 795, provides an lower
cutoff on the z-range of the participating partons.

The parton distributions are an essential ingredient in the calculation of hadronic cross
sections. For a consistent treatment, the PDFs and the partonic results have to be defined in
the same factorization scheme (see Section 4.2.1) and to be determined with a comparable
accuracy. In the context of perturbative QCD, next-to-next-to-leading order corrections
are currently available. Just from a naive power counting, we can expect electroweak
effects of O(a) to be numerically important at the same level. The inclusion of O(«)
QED corrections into the evolution of the PDFs has two important physical consequences.
First of all, the quark and gluon PDFs get altered by additional photon radiation off the
partons. Even though this effect is small, it necessarily leads to isospin violation since up-
and down-quarks evolve differently when the non-flavorblind photonic effects are included.
Second, a non-zero photon density is dynamically generated inside hadrons. This allows
to include additional, photon-induced production channels in the calculation of hadronic
cross sections.

Currently, the MRST 2004 QED set [107] is the only set of PDFs on the market where
O(«) effects are properly taken into account. The photon density is parameterized as

one-photon emission off the valence quarks in the leading-logarithm approximation. As an
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Figure 3.4.: Parton distributions in the proton at Q% = (500 GeV)?, obtained from the O(a?)
QCD and O(a) QED global fit, according to MRST 2004 QED [107]. The curves for
the sea quarks correspond to u, d, s, ¢, and b quark densities.

example for the resulting PDF, we compare in Fig. 3.4 the various parton distributions in the
proton at a scale Q? = (500 GeV)?, including O(a?) QCD and O(a) QED contributions.
Whereas the photon density is smaller by more then one order in magnitude for small
fractions x of the proton’s momentum, it ranges at the same level as the sea quark densities
for higher values z > 0.1.

3.3 Classification of processes

In the MSSM, colored SUSY particles are produced in pairs at hadron colliders. In this
section, we classify the various production mechanisms and final states, starting with the
leading order (LO) processes. In the second paragraph, we discuss the next-to-leading order
(NLO) corrections of QCD origin. Also EW effects can alter the cross sections considerably
and we present the contributing channels in the third paragraph.

3.3.1 Squark and gluino production at LO

Owing to the large interest in squarks and gluinos, theoretical predictions of the LO pro-
duction cross sections were already published in the 1980’s [19]. At hadron colliders, pair
production of squarks and gluinos proceeds at lowest order QCD O(a?) via the following
partonic processes [19]. Example Feynman diagrams are given in Fig. 3.5.

e Gluino pairs are produced by gg and ¢q initial states, see Fig. 3.5(a).

e Gluino—squark final states require gluon—quark initial states, the quark and the pro-
duced squark being of the same flavor. In the following, we restrict the discussion of
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gluino—squark production to left- and right-handed (anti-)squarks of the first two gen-
erations. The Feynman diagrams for g, production are shown in Fig. 3.5(b). Note
that gt final states cannot be produced at LO owing to the vanishing top-quark PDF.
Similarly, §l~) production is suppressed by the bottom-quark PDF. Furthermore, third-
generation squarks are experimentally distinguishable from the light-flavor squarks
by their decay products (see previous section).

e Squark—squark production at LO QCD proceed only via ¢q initiated t-channel dia-
grams. Again we restrict the discussion to light-flavor squarks, which can be produced
in any combination of left- and right-handed squarks or anti-squarks (¢aGp, ¢aGj, 45Gj
4:q,, a,b=L,R). As an example, the Feynman diagram for diagonal ¢,g, produc-
tion is shown in Fig. 3.5(c). The diagram with crossed final states also contributes

and is not shown, explicitly.

e Squark—anti-squark pairs are produced via gg fusion and ¢g annihilation, as shown
in Fig. 3.5(d) and (e) for diagonal ¢,q} production. The ¢q initiated processes can
be either gluon-mediated s-channel diagrams with quarks of any flavor in the initial
state, cf. the last diagram of Fig. 3.5(d), or gluino-mediated t-channel diagrams,
cf. Fig. 3.5(e) (referring also to the diagram with crossed final states). Only the
diagram Fig. 3.5(e) also allows for the production of non-diagonal (¢,g;) and mixed-
flavor (G.q;") squark pairs.

e Stop—anti-stop (and sbottom—anti-sbottom) pair production has to be discussed sep-
arately from ¢G* production since, excluded by the PDF, it does not proceed via
qq initiated t-channel diagrams. Moreover, the L-R mixing of the mass eigenstates
has to be taken into account. Due to the absence of the ¢-channel diagram, stops (and
sbottoms) can only be produced diagonally at LO QCD (i.e. {,t*, a = 1,2) since the

involved git* and ggtt* couplings conserve the chirality and mass eigenstate.

At lowest order QCD, mixed-flavor #b* and £*b pairs cannot be produced. The dominant
contributions to mixed #* production are of O(a?), induced by the weak Wb vertex.
These processes have been studied in in [108] and in [109], where additionally real quark
radiation via the semi-weak W gth vertex has been included. Also, the production of non-
diagonal stop—anti-stop pairs is loop suppressed at hadron colliders and occurs at O(a?) [21].
The only tree-level mechanism proceeds by Z-boson exchange in ¢g-annihilation channel,
yielding contributions at O(a?) [108]. In the following, we however restrict the discussion

to the production of diagonal stop—anti-stop pairs.

Which of the processes is the dominant one? The answer to this question depends of
course crucially on the masses of the produced particles. Furthermore, the interplay of the
various parton-level production channels is specific for a given hadronic c. m. energy and
is different for PP or PP colliders. We refer to SUSY particle production at the LHC and

ol
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(d) ()
Figure 3.5.: Parton-level Feynman diagrams at LO for the following processes: (a) gg production,
(b) §g. production, (c) ¢.G, production, (d) §,qG:, byb or t,t% production, (e) addi-
tional ¢t-channel diagram for ¢, production. Diagrams with cross final states are
not shown explicitly.

cite in Fig. 3.6 the relative weights of §g, g4, g, and ¢¢* final states in PP collisions at a
c.m. energy of /S = 14 TeV as presented in [20]. As a typical mass ratio of (degenerated)
light-flavor squark masses and the gluino mass, the values 0.8 and 1.6 have been chosen.
If squarks are lighter than gluinos, cf. Fig. 3.6(a), then g final states dominate in the
range of intermediate masses. In the high-mass range, mg, mgz > 1 TeV, predominantly ¢g
pairs are produced. These proceed from gg-induced initial states and profit from the high
valence-quark density in the large-z region. In contrast, if the gluino is lighter than squarks,
cf. Fig. 3.6(b), the gg pairs contribute with more than 50% to the inclusive cross section.
Gq and ¢g¢* final states are suppressed considerably, while ¢ production is important for

masses around the TeV scale.

A reliable prediction of the cross sections however needs to include contributions beyond
LO QCD, both of QCD and EW origin. They not only give important corrections to the
total cross section results, but also provide a higher stability of the cross section against a

variation of the factorization and renormalization scale.
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Figure 3.6.: The relative yields at LO of §g, ¢4, GG, and ¢¢* final states in squark and gluino pair
production processes at the LHC [20]. The ratio of light-flavor squark masses and
the gluino mass is set to (a) mg/mgz = 0.8 and (b) mgz/mgz = 1.6.
In Ref. [20], the PDF set GRV 94 [110] and central factorization and renormalization
scales (= myg for squark pairs, y = mg for gluino pairs, and p = (mgz + mg)/2 for
gluino—squark pairs in the final state) are chosen.

3.3.2 Higher-order QCD corrections

The NLO QCD corrections of O(a?) have been calculated in [20] for gluino and squark
pair production, with the restriction to final-state squarks of the first two generations, and
in [21] for the production of stop—anti-stop pairs. The results can be included in analyses
via the public program Prospino [111]. Depending on the considered SUSY scenario, the
NLO QCD typically alter the cross section for squark and gluino production at the LHC by
20-30%. Even higher corrections can be obtained in case of stop—anti-stop pair production.
Also, the cross sections are stabilized considerably against the uncertainty from the proper
choice of factorization and renormalization scale.

Only recently, first results beyond the one-loop level in QCD have become available. The
NLO QCD corrections get important contributions from the energy region near the partonic
production threshold (7 = 4m?/3, m being the average mass of one produced particle).
In this region, the c. m. velocity of the produced particles is small and the corrections are
dominated by Coulomb corrections (the exchange of gluons) and soft gluon corrections
(initial and final state emission of low-energy gluons) [20].

In [22], the soft gluon corrections have been resummed at next-to-leading logarithmic
(NLL) accuracy, for squark—anti-squark and gluino pair production processes. Matching
consistently the NLL resummed and full NLO cross sections, the cross section predictions
are altered by 8% (for gg production with mz = 1 TeV, mg = 833 TeV) and 2% (for
4q* production with mgz = 2 TeV, mz = 1 TeV). In particular, the scale dependence was
shown to be reduced significantly in case of gg production, where the soft gluon corrections
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Figure 3.7.: Tree-level EW Feynman diagrams for (a) ¢
(¢) Gads production.

t* production, (b) §,G* production,

a

are especially important due to the dominance of the gg-induced channel.

Starting from the available NLO QCD results for squark—anti-squark production at
the LHC [20,111], the authors of [23] present approximate next-to-next-to-leading order
(NNLO) QCD predictions that include soft gluon resummation to next-to-next-to-leading
logarithmic (NNLL) accuracy as well as the complete two-loop Coulomb corrections. As a
result, the ¢¢* production cross section is increased by 9% at (approx.) NNLO compared
to NLO QCD (mg = 500 GeV, mz = 400 GeV) and the uncertainty due to a variation of
(common) renormalization and factorization scales could be reduced to 3%.

3.3.3 Electroweak contributions

As we know from SM processes (see e. g. [112]), also electroweak corrections can give sizeable
effects to production cross sections of colored particles. The full EW contribution includes

both tree-level EW production processes and higher-order corrections of EW origin.

Tree-level EW production mechanisms

The above described tree-level production mechanisms of O(a?) are the dominant ones for
squark and gluino production at hadron colliders. But diagonal and non-diagonal squark
pairs can also be produced by ¢G induced tree-level EW processes [113,114].

For stops and sbottoms, only s-channel diagrams with photon or Z boson exchange are
present at O(a?), shown in 3.7(a). These contributions are suppressed by the coupling and,
as we will see later, give negligible contributions only. However the production of squark—
anti-squark pairs of the first generations has a richer kinematic structure. Additional ¢-
channel diagrams mediated by a neutralino (or chargino, if an up-type-down-type squark
pair is produced) are present, cf. Fig. 3.7(b). As a consequence, also non-zero interferences
of O(asa) between the gg-initiated QCD-mediated and EW-mediated diagrams arise. In
case of squark—squark production, only gaugino-mediated t-channel diagrams are allowed
from the fermion flow, shown in Fig. 3.7(c). For diagonal and same-flavor ¢,g, production
(and ¢r.¢; production where g and ¢’ denote SU(2)r, partners of the same generation) also
diagrams with crossed final states are present, both of QCD- and EW origin. In this case,
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Figure 3.8.: Feynman diagrams for photon-induced (a) ¢,g; (and #,t:) production and (b) §da
production at tree-level.

the EW diagrams can interfere with the QCD-mediated diagrams and form an important
part of the full EW contribution.

As an independent production mechanism, photon-induced processes give further tree-
level contributions to the production of colored SUSY particles. At the hadronic level,
these processes vanish at leading order owing to the non-existence of a photon distribution
inside the proton. At NLO in QED, however, a non-zero photon density arises in the
proton as a direct consequence of including higher-order QED effects into the evolution of
PDFs, leading thus to non-zero photon-induced hadronic contributions (see the discussion
in Section 3.2).

Largest cross sections are obtained from photon-induced 2 — 2 processes, contributing
to (top-)squark pair production (via photon—gluon fusion, cf. Fig. 3.8(a)) and to gluino—-
squark production (via photon—quark fusion, cf. Fig. 3.8(b)). Although these channels are
in general suppressed by the photon distribution, they can become sizable. In particular,
as we will see later, photon-induced stop—anti-stop production turns out to be important
and needs to be included in analyses.

Higher-order EW corrections

Finally, also higher-order EW corrections alter the predictions for squark and gluino produc-
tion process at hadron colliders. We concentrate on the NLO EW corrections of O(a2a).
From naive power counting, we expect contributions of comparable size to NNLO QCD
corrections.

The structure of NLO EW corrections can be rather complex.

First of all, contributions of O(a2a) arise from the interference of tree-level QCD ampli-
tudes and one-loop diagrams with EW insertions, see the example diagrams in Fig. 3.9 (a).
The supersymmetric final states do not allow to separate the SM-like corrections from the
superpartner contributions which are necessary for the cancellation of ultraviolet singular-
ities that arise in the loop diagrams. As the photino is not a mass eigenstate of the theory,
it is also not possible to split the EW corrections into a QED and a weak part, which is
often the case in SM processes (see e.g. [112]). In order to obtain a finite result, one has

to deal with the complete set of virtual EW corrections including photonic contributions.
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3. Production of colored SUSY particles at hadron colliders
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Figure 3.9.: Example Feynman diagrams for virtual NLO EW corrections to squark—anti-squark
production. At O(a2a), there are interference contributions from
(a) QCD-mediated Born diagrams and one-loop diagrams with EW insertions,
(b) EW-mediated s-channel Born diagrams and one-loop box diagrams with QCD
insertions,
(¢) EW-mediated t-channel (and resp. u-channel) Born diagrams and full pure-QCD
one-loop amplitude.

Second, as discussed above, also tree-level EW diagrams are present for squark and top-
squark pair production. The interference terms of tree-level EW diagrams with pure-QCD
one-loop diagrams give additional contributions at O(a?a) and need to be included. In
case of stop—anti-stop production, the only non-zero interference terms arise from the EW
s-channel diagrams combined with QCD boxes (see Fig. 3.9 (b)). For light-flavor squarks
however, the additional gaugino-mediated t-channel diagrams give rise to interference con-
tributions with the full QCD one-loop amplitude, cf. Fig. 3.9 (c).

The virtual corrections comprise loop diagrams where the external particles exchange a
massless photon or gluon. These contributions cause infrared singularities in the limit of
vanishing momentum transfer. In order to cure the singularities, real photon and gluon
radiation processes have to be taken into account and constitute the third part of O(a2a)
corrections. Lastly, also real quark and real anti-quark bremsstrahlung contributes at
O(a2a) through the interference of EW-mediated and QCD- mediated diagrams.
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3.8. Classification of processes

O(a?) O(a?) O(a?) O(asa) Oasa) | O(a2a)

i |+ + - - - +
gi | + + - - + +
qq + + + + - +
@ |+ + + + + +
tt* + + + - + +

L 3 L, - - - —— e U .

» » / ! #
Eﬁm{ ;3 >W X A: :‘}
N ?&u& &4 < 3 P 4

Table 3.1.: Overview of contributions up to the one-loop level to squark and gluino pair production
processes. The processes divide into five classes, §d, §4, 44, G¢*, and tt* production.
The LO processes are of O(a?), NLO QCD corrections of O(a?), contributing to all
processes, as indicated by the + symbol in the table.
The EW contributions consist of tree-level O(a?) diagrams (G4, §g*, tt* only) and
EW-QCD interference terms of O(asa) (light-flavor ¢¢, G¢* only), photon-induced
processes of O(asa) (3G, GG*, tt* only), and NLO EW contributions of O(a2a) (to all
processes).
For each contribution of a specified order of perturbation theory, an example Feynman
graph is depicted in the last row.

The focus of this thesis is on the calculation of the EW contribution to gluino-squark [25],
stop—anti-stop [24], and squark-squark production [115], including the tree-level EW dia-
grams of O(a?(+asa)), photon-induced processes of O(asa), and NLO EW corrections of
O(a2a). Gluino-gluino and squark-anti-squark final states have been further investigated
in 26,27| and will not be discussed in more detail, here.

The calculation of NLO EW corrections is nontrivial, in particular the proper treatment
of ultraviolet and infrared singularities needs care. It is the purpose of the next chapter to
present all details that are required in order to obtain a finite cross section at O(a2a).

To conclude this section, we summarize the five dominant classes of production processes
for colored SUSY particles in Tab. 3.1 and indicate the QCD and EW contributions up to
the one-loop level. For each contribution of a specified order of perturbation theory, an

example Feynman graph is depicted in the last row.
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Chapter 4

How to obtain a finite result at O(a’a)

In a calculation of cross sections at higher orders in perturbation theory one typically
has to deal with several kinds of singularities. Ultraviolet (UV) singularities arise from
infinite momenta in the evaluation of self-energy and vertex diagrams and require a proper
regularization and renormalization of the theory. Moreover, infrared (IR) singularities are
caused by loop integrals and real radiation diagrams where massless particles are attached
to external on-shell particles. At O(a2a), both photons and gluons enter the diagrams and
a careful treatment of singularities is needed to obtain an IR-finite result.

In this chapter, we first refer to UV singularities and discuss the procedure of regular-
ization and renormalization in Section 4.1. Second, the treatment of IR singularities is
described in Section 4.2.

4.1 Handling ultraviolet singularities

In general, the Lagrangian of a given model involves free parameters which are not fixed by
the theory but have to be determined experimentally. At tree level, these parameters can
be chosen in such a way that they directly correspond to physical observables like masses
or couplings. If higher-order contributions are taken into account, however, this direct cor-
respondence is destroyed and modified relations have to be established. The scheme which
defines the parameters via their relations to measurable quantities is called a renormaliza-
tion scheme. Moreover, the higher-order corrections involve loop diagrams which diverge
for arbitrarily high energies. The parameters of the original Lagrangian, the bare parame-
ters, thus differ from the corresponding physical quantities by UV-divergent contributions.
For a consistent mathematical treatment, the divergences have to be regularized to render
the integrals finite. As a result, the bare parameters do not have any physical meaning and
have to be replaced by renormalized quantities. By choosing a suitable renormalization
scheme, the renormalized parameters absorb our ignorance of physics entering beyond the
UV cutoff scale and allow to make theoretical predictions for observable quantities in terms

of the parameters determined by experiments, independent on the regularization procedure.
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4. How to obtain a finite result at O(a2q)

Only in renormalizable theories, all UV divergences can be removed by an appropriate re-
definition of the fields and parameters in the Lagrangian, and finite results are obtained
in each order of perturbation theory. It was proven by 't Hooft [45] that the SM as a
non-Abelian gauge theory with spontaneous symmetry breaking is renormalizable. The
renormalizability of supersymmetric extension of the SM, the MSSM, was shown in [116].

We first discuss briefly the general ideas of regularization and renormalization methods
in Sections 4.1.2 and 4.1.2, respectively. We then focus on the processes considered in
this report, where we need to renormalize the quark and squark sector and also the strong

sector. The renormalization of these sectors is worked out in detail in Section 4.1.3.

4.1.1 Regularization

Higher-order loop diagrams give rise to UV singularities from the integration over internal
loop momenta in the region where the integration momenta become infinite. The diver-
gences can be extracted by introducing a regulator A, such that the integrals are finite but
dependent on A. As anticipated above, the problem of the treatment of divergent integrals
thus results in the problem how to obtain theoretical predictions that do not depend on
the unphysical regularization parameter A and renormalization (see below) is required.

The choice of a mathematically consistent regularization is not unique and different pro-
cedures have been worked out. The most intuitive method is provided by the Pauli- Villars
regularization [117]: One simply introduces an upper cutoff parameter on the momentum
integration to prevent the integral from reaching the UV-divergent limit. As a drawback,
results obtained in the Pauli-Villars prescription are in general not gauge-invariant.

Alternative approaches are based on a dimensional analysis. In four dimensions, the inte-
grals are UV divergent. However, if the number of dimensions is reduced by an infinitesimal
value € to a new dimension D = 4 — ¢, the integrals converge. The UV singularities then
appear as poles in €. In order to keep integrals and couplings dimensionless and indepen-
dent of the dimensions D of space-time, the integrals have to be multiplied with the factor
(27p)*~P | where the additional parameter y has the dimension of a mass.

The described procedure is called dimensional reqularization [118,119], and is commonly
used for SM calculations. As a consequence of the extension to D dimensions, also the
Dirac matrices v, need to be defined as D-dimensional objects (satisfying the usual anti-
commutation relations and hermiticity conditions, see Eq. (A.6)). The generalization of s
to D dimensions is more involved and different treatments are possible [119-121]. We adopt
the approach of [121] and consider anticommuting relations of 75 and ~, in D dimensions
together with the non-zero trace Tr(v5Y, Y VpYe) = 4i€upo (see App. A.2).

Using the space-time as an regulator, dimensional regularization preserves Lorentz and
gauge invariance and is appropriate for higher-order calculations. However, considering a

supersymmetric theory in D dimensions leads to a mismatch between the (D — 2) number
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4.1. Handling ultraviolet singularities

of d.o.f. for gauge bosons and the 2 gauginos d.o.f.. This O(e) mismatch results in finite,
non-zero contributions and thus SUSY is explicitly broken at higher orders.

An elegant way to avoid the symmetry violation is provided by the dimensional reduction
scheme [122]. The idea is to only continue the number of space-time dimensions to D, while
keeping the number of components of the fields fixed. Early problems of the scheme [123|
could be solved [124]. For a mathematical consistent formulation, the four-dimensional
space is realized as quasi-four-dimensional space, where gauge fields and in particular Dirac
matrices remain four-dimensional objects but Fierz identities do not hold.

4.1.2 Renormalization

The regularization procedure of higher-order contributions introduces unphysical param-
eters into the theory. Different to the situation in tree-level considerations, the bare pa-
rameters of the original Lagrangian do not have a physical meaning anymore and may be
replaced. Renormalization of the theory allows to cure the dependence on the regularization
parameter and to replace the UV-divergent bare parameters by finite renormalized quan-
tities and divergent renormalization constants (counterterms) such that the parameters of
the theory can be related again to physical observables.

Within the common approach of multiplicative renormalization, we write for a generic

bare parameter gg of the Lagrangian

go — Zgg:<1+6Z§1>+5Z§2)+...)g @)

=g+0dgW +592 +.. .,

where g is the UV-finite renormalized parameter. All singularities are absorbed into the
the renormalization constant Z,. In Eq. (4.1), a perturbative expansion of Z; in the regu-
larization parameter up to order i makes the counterterms d¢g(" explicit. In the following,
we are only interested in one-loop corrections and second order terms will be neglected.
i.e. g9 — g+ dg, where the superscript ¢ = 1 is suppressed.

Renormalization of the parameters is sufficient to obtain finite S-matrix elements, but it
leaves Green functions divergent. This is due to the fact that radiative corrections change
the normalization of the fields by an infinite amount. In order to get finite propagators
and vertex functions, also the fields need to be renormalized. We proceed analogously and
replace the bare fields 1 in the Lagrangian by normalized fields 1 and field renormalization
constants Z,;. Again, the renormalization constant can be written as an perturbative

expansion, Zy =1+ 521(;) + (5Z1(ﬁ2) + ..., yielding at one loop the replacement rule

Yo — 2y = (1 + ;52¢> . (4.2)
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4. How to obtain a finite result at O(a2q)

In general, radiative corrections provide non-diagonal corrections to mass matrices and the
bare fields are no longer mass eigenstates. In this case, one has to introduce matrix valued
field renormalization constants in order to re-diagonalize the mass matrices. These allow
to define the renormalized fields in such a way that they are the correct physical mass
eigenstates in all orders of perturbation theory.

With the above definitions of the renormalized parameters and fields, one can split the
bare Lagrangian Lg as follows,

‘CO(gOanZ)O) = ﬁ(gﬂ/)) +5‘C(g’597¢752¢w)? (43)

where the Lagrangian £ has the same form has £y but depends on renormalized parameters
and fields instead of unrenormalized ones. All counterterms are contained in L. They give
rise to additional Feynman diagrams which have to be added to the loop graphs. In the
sum of both, loop corrections and counterterms, all UV-divergent parts cancel and finite

quantities are obtained.

Renormalization schemes

The choice of the renormalization constants is arbitrary to a great extent, only their diver-
gent parts have to match the divergent parts of the relevant loop integrals. The finite parts
are fixed by renormalization conditions which establish a relation between the independent
parameters of the theory and physical observables. Different renormalization schemes can
be based on distinct sets of physical input variables and can lead to differences among the
finite parts of the renormalization constants. In an exact calculation to all orders in per-
turbation theory, the final result does not depend on the renormalization scheme. But at
finite orders, differences among results obtained in distinct schemes remain. These can be
understood as an estimate of the theoretical uncertainty induced by missing higher-order
corrections. In the following, we will distinguish between three schemes.

o MS scheme:
In the minimal subtraction (MS) scheme [45] only the UV-divergent parts are ab-
sorbed into the counterterms of the Lagrangian, but no finite contributions. The eval-
uation of loop diagrams is based on dimensional regularization and the UV-divergent
parts are thus proportional to o 1/e. A convenient generalization of the MS scheme
is provided by the modified minimal subtraction (MS) scheme [125,126] where not
only the pure e-poles are absorbed, but also finite remnants of the regularization
procedure. At one-loop order, the divergent terms are proportional to A,
AZ%-’}’E—FIIIZL?T, (4.4)

where vg is the Euler-Mascheroni constant. The scale at which the counterterms
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4.1. Handling ultraviolet singularities

are absorbed is the renormalization scale pur. Absorbing also constants into the
counterterms according to Eq. (4.4), the renormalization scale in the MS scheme is
related to the scale parameter y introduced by the regularization procedure via

In(u%) = —vE + Indr + In p?. (4.5)

Results obtained in the MS prescription depend on the choice of the renormalization
scale. Again, this scale dependence reflects the theoretical uncertainty of a fixed order
calculation and has to cancel if contributions from all orders are taken into account.

e DR scheme:
This scheme follows the same approach as the MS scheme except for the fact that the
divergent integrals are regularized by dimensional reduction. The renormalization
scale is defined according to Eq. (4.5). At the one-loop level, the counterterms within
both schemes are identical. Only at higher orders different finite contributions from
the two regularization schemes induce a disagreement.

e OS scheme:

In the on-shell (OS) scheme [127] one imposes direct relations between the renormal-
ized parameters in the Lagrangian and physical observables at all orders in pertur-
bation theory. The renormalized mass parameter of a particle is required to equal
its physical mass, i.e. it corresponds to the real part of the pole of its propagator.
In case of mass matrices, these conditions have to be fulfilled by the corresponding
eigenvalues. The resulting expressions can be simplified by requiring simultaneously
on-shell conditions for the field renormalization matrices. These state that the renor-
malized fields are properly normalized, i.e. that the renormalized propagators have
unity residues and that the renormalized one-particle irreducible (1PI) two-point func-
tions (the inverse of the renormalized propagators) are diagonal for on-shell external
particles. As a consequence, the renormalization conditions for the mass parameters
involve only diagonal self energies.

Also couplings can be renormalized “on-shell”, by defining the coupling counterterm
to absorb all loop-induced corrections. By construction, if all quantities arising in
a calculation are determined to be on-shell, the final result does not depend on the

mass scale introduced by regularization.

The complete OS renormalization conditions have been worked out for the SM in [127,
128| and were generalized to the MSSM in [69].

4.1.3 Renormalization for squark and gluino pair production at O(a?«)

The strategy of our calculations is as follows. As described above, we replace the bare pa-

rameters in the Lagrangian with renormalized quantities and renormalization constants. A
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4. How to obtain a finite result at O(a2q)

perturbative expansion of the renormalization constants allows to split the bare Lagrangian
Ly in an original-like part £ and a counterterm part §£. The latter gives rise to additional
interactions and Feynman diagrams (counterterm diagrams), in terms of the renormaliza-
tion constants. The counterterm diagrams have to match the singular parts of the virtual
corrections. Obviously, one needs counterterm and loop diagrams in the same order of
perturbation theory in order to obtain a finite result. Due to the involved structure of the
O(a2a) corrections involving both EW-mediated and QCD-mediated Born-level diagrams,
care has to be taken to evaluate the renormalization constants at the right order when the
renormalization conditions are applied.

In case of tt* and §§ production, UV singularities only arise from loop diagrams with
weak insertions to QCD-mediated tree-level graphs. Correspondingly, only the quark and
the squark sector of the MSSM need to be renormalized and the renormalization constants
have to be evaluated at O(«). This is different for GG production, where pure-QCD one-loop
diagrams cause UV singularities. In this case, also the strong sector has to be renormalized
and we need renormalization constants of O(as). We will come back to this in more
detail in the respective chapters. At this point, we want to give a general description
of the renormalization procedure in those sectors of the MSSM that are relevant for our
calculations. We introduce renormalization constants for masses and fields and impose
on-shell conditions to fix the counterterms. This scheme is appropriate for cross section
calculations as the OS renormalization of external particles guarantees that the pole masses
recover the correct kinematical thresholds. In the strong sector, as usual, the QCD coupling
constant is defined in the MS scheme. The Feynman rules for the arising counterterm
diagrams are collected in Tables 4.1 and 4.2.

Renormalization of the quark sector

The bilinear part of the (Fourier transformed) Lagrangian for SM quarks is

ﬁquarks = @q (ﬂ - mq) wqa (46)

where 1), denotes the four-component Dirac spinor of a quark ¢ = u,d, c, s,b,t. The renor-
malized quark masses and fields are obtained by the following replacements,

mg — Mg+ 0my,
1

1
PRqu — (1 + 252%) PR’l,Dq,

where Ppp are the projection operators P p = (1 F 75)/2. Here, we neglect CKM effects
and thus quarks of different generations do not mix. §Z} and §Z}, are the renormaliza-
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4.1. Handling ultraviolet singularities

tion constants of the left- and right-handed quark field, respectively. dm, is the mass
counterterm.

Inserting Eq. (4.7) into Eq. (4.6) yields the counterterm Lagrangian,
OL =y ¥ 021 Pr+ 024, Pr|y — | 5L (023 + 025) + dmy| Ugtty (4.8)

In order to impose the renormalization conditions, we need the renormalized self-energy
329(p) entering the renormalized 1PI two-point function il'%(p) = i(p — m,) + i%9(p). In
general, it is equal to the unrenormalized self-energy 39(p) plus the corresponding coun-
terterms 639(p), which are the derivatives of the counterterm Lagrangian 6L with respect
to the fields @q and 1y,

- o 0

X(p) =3(p) + a0, 04y oL =3Xp)+6X%(p), (4.9)

With the decomposition of the self-energy into scalar coefficients,
S4(p) =p PL X% (p°)+ ¥ PrY%H(0%) +me 5 (p7), (4.10)
we find for the scalar coefficients of the analogously decomposed renormalized self-energy,
S4(p?) = S4(p?) + 624, (a=L,R)

- 1 om (4.11)
S50%) = T50%) — 5 (02 +0Z%) = .

The on-shell conditions require that the renormalized fermion masses are the poles of the
real parts of the propagators and that the renormalized propagators have unity residues.

This results in'?
- . Pptmy ~
ReX(y=mg) =0  and s P2 —m? Re 324(p) ¥(p) =0, (4.12)

where W9(p) is the spinor of the external quark field. In terms of the above introduced
coefficients of the self-energies, the renormalization constants are then given by

m
omq = 5! Re | (m2) + Th(m?2) + 254(m3)]

0 0 0
671 = —Re X (mg) —m; Re[a]ﬂz%(ﬁ) + 871)22%(192) + 281322(15(192)]

(4.13)

2 —m?2
pT=mg

40 be precise, the renormalization conditions have to formulated in terms of the operator Rve(X ) which
selects the real part in each loop integral L; of expression X = > ¢;L;, i.e. Re>_ ¢;Li = Y ¢; Re(Ls).
We suppress the tilde on the Re operator in the following.
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4. How to obtain a finite result at O(a2q)

Note that in our actual calculations, only the field renormalization constants of light-flavor
quarks enter. There are no external top-quark lines and for the light-flavor quarks, we
generally neglect the masses. (However the quark masses have to be kept as regulators in

the quark field renormalization constants.)

Renormalization of the squark sector

The kinetic and mass terms of the squark Lagrangian are, for a given squark ¢,

- qr
Lo = (1, i) (0 = M3) (1), (1.14)
To simplify the notation, we suppress generation indices here. At the one-loop level, the

squark sector is renormalized by introducing counterterms for the squark mass matrix Mg,
2 2 2
Mz — M5+ Mg, (4.15)

where the elements of the matrix (5/\/13~ are the counterterms of the elements of Mg in the
prescription of Eq. (2.95) or equivalently of Eq. (2.100) (see Eq. (4.19) below). In order to

get finite Green functions, the fields are renormalized according to

qr, ; 1 &1 VAT YAR
Ul (1+ 262 62 = L L 4.16
(1) = veym) () o= ( ) e

where we included a rotation of the L—R eigenstates for a convenient definition of the

counterterms in the mass eigenstate basis. The counterterm Lagrangian then reads

P’ ot q1
0L = (a1, @) 5 (625 +025) (cb)
) ) . (4.17)
~k o~k T2 2 ~ - 277t q1
in terms of the diagonalized mass matrix Dg = Uqu-U g . From Eq. (4.17), we directly read

off the matrix-valued renormalized self-energy f)gb(p2),

2307 = 34,(0) + s <5ZT + 5Z~> - 1(53? D2 4 P2 5Z~) _ (U~ SM2 Uj)
ab ab 2 q b 2 q-4q q a) . q %),
(4.18)

The appropriate set of on-shell renormalization conditions depends on which set of input
parameters is chosen. As discussed in Section 2.3.4, the squark sector is described by five
independent parameters (per generation), thus five renormalization conditions are needed.
All other parameters and their counterterms are dependent quantities and can be derived
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4.1. Handling ultraviolet singularities

from the expressions of the independent counterterms. Since we include field renormal-
ization Eq. (4.16), also the corresponding on-shell conditions for the field renormalization
constants have to be imposed.

The perhaps most intuitive choice is to start from the masses and mixing angles as input

parameters, m3 , m2_, mfi , g, 07 (cf. Eq. (2.104), generation indices suppressed) [129].
1

The corresponding counterterms are parameterized in the counterterm matrix (5./\/13, which

follows from Eq. (2.100) by differentiation,

(5/\43)1 = cos? 05 5m% + sin? 05 5mg — 2sin 5 cos b; (m%1 — mgg) 083,

(0M2)12 = sin g cos b5 (mZ, — 5m§ ) + cos(205) (mZ, —mZ,) 665, (4.19)
(OM2)21 = (SM3)12, ‘
(6./\/13)22 = sin 9(5 (5mg~1 + cos? 05 5m3~2 + 2sin 05 cos b (mé1 — mg~2) 065

This corresponds to the following relations between the counterterms and the entries of the
rotated counterterm matrix Uj 5/\/13- Ug,

omd, = (UgoM2UL) .. a=1.2 (4.20a)
(UIMETY),,
805 = ~— 9112 (4.20b)
m= — Mm:
q1 q2

The three independent mass counterterms are fixed by the on-shell requirement of vanishing
real parts of the diagonal entries of the renormalized self-energies Eq. (4.18), i.e

Re¥d,(m2)=0, a=12 (4.21)
Together with Eq. (4.20a), this leads to
(5m%1 = Re 21111 (m%l), 5m%2 = Re Zgg(m%Q), 5m3~1 = Re E‘fl (m?zl). (4.22)

The diagonal elements of the field renormalization matrix 625 directly follow from the
condition that the residues of the renormalized squark propagators are unity, (a = 1, 2),

Re LS00, =0 s 6zl = —Re w0

. 4.23
op? pP=mg op? p?=mg2 ( )

The mixing angles are defined on-shell if they do not receive loop corrections. This imposes
that the sum of the non-diagonal elements of the renormalized self-energies evaluated at
both mass eigenvalues vanishes,

Re 29, (m2)) + Re2,(m2,) = 0. (4.24)
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4. How to obtain a finite result at O(a2q)

Inserting Eqgs. (4.18) and (4.20b) into the condition Eq. (4.24), the counterterms for the
mixing angles follow,

Re Sy (m2)) + Re S, (m2)
605 =

(4.25)

where the convenient choice 5Z?2 = 6231 has been applied.

To fix the remaining non-diagonal entries of the field renormalization matrix 62z, we
furthermore require to have zero mixing on each squark mass-shell, i.e. Ref]‘b(m?h) =0.
With the definition Eq. (4.18) and the above conditions this finally results in

- - ReX? (m2 ) — ReX?, (m2
02y =623 = — 12 () 12(7G,), (4.26)

Owing to the introduction of an explicit counterterm for the mixing angle, one relies on a
specific parameterization of the squark mixing matrix Uy, Eq. (2.95), entering in Eq. (4.19).
It is straightforward to derive more general formulas which also allow for different definitions
of the squark masses and mixing angles. We introduce the counterterm 6Yq~2,

2 _ 2 77t
05 = (U oMZU;) s, (4.27)
which is in the explicit parameterization of Eq. (2.95), cf. Eq. (4.20b),

§Y7? = (mZ, —mZ,) 665. (4.28)

The renormalization condition for (5Yq~2 replaces then that of 605 in Eq. (4.25),
572 = L (Rex9,(m2 ) + Re 57, (m2 4.29
g — g\ 12(mg,) + Re XY, (mg,) ). (4.29)
All independent quantities are now defined. By differentiation of Eq. (2.102), we find the
counterterm for the dependent mass m?% . Written in a way independent on the explicit

do
parameterization of the squark mixing matrix, it is

[\
[a—

7\2 @\2 a2 1 7d U rri
omg = W — (Ufh)" om3, — (Ufh)" omz, — (Uty)” 6m3, + 2U1Us, Y — 2U15U3 0Y7
12
tan 86 tan 8
+ 2mg 6mg — 2my, Smy — cos 28 6myiy, + 4m%vm ~

(4.30)

In the second line of Eq. (4.30) counterterms from other sectors enter. The quark mass
counterterms are defined OS according to Eq. (4.13). ém¥, is the W mass counterterm,
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4.1. Handling ultraviolet singularities

which in the OS scheme is given by the transverse part of the W boson self-energy,
omiy, = ReXl, (m¥)). (4.31)

The counterterm 0 tan 3 is introduced according to tan § — tan 3+ 6 tan 3. Following [130,
131], a vanishing A° — Z mixing for an on-shell A% boson can be used as a renormalization
condition for tan # (DCPR scheme),

dtan3
tanf

Re 2AOZ(m2A0) = Re ZAOZ(miO) —myzsin2f (4.32)

in terms of the renormalized self-energy 34°2 (derived from the vertex function FﬁOZ (k,—k)
= k#ZAOZ (k?), where k is the incoming A° momentum). Here, we apply a DR renormal-
ization condition instead [69,132],

1

R EAOZ 2
2m cos? 3 ¢ (mg0)

dtan = (4.33)

UV div.’

where the subscript yv giv. indicates that only the UV-divergent part of the A° — Z self-
energy has to be taken. As pointed out in [133], this definition is process independent and
gauge invariant at the one-loop level.

So far, we treated up- and down-type squarks in the same way. However for third gen-
eration squarks, this scheme can lead to numerical instabilities [79]. There are important
differences between the top and the bottom sector. First, we have implicitly chosen the
SM quark masses as input parameters for the definition of the squark mass counterterms.
Whereas the mass of the top-quark can experimentally be measured, the precise determina-
tion of the on-shell bottom quark mass is difficult due to non-perturbative effects. Potential
problems with the bottom pole mass can be avoided by adopting a renormalization scheme
with a running bottom-quark mass. In the context of the MSSM it is appropriate to renor-
malize the bottom quark mass in the DR scheme and to include the SUSY contributions
into the running. The bottom mass counterterm is then given by Eq. (4.13) but now
the self-energies are regularized within dimensional reduction and only the UV-divergent
contributions have to be kept.

Furthermore, the tan G-dependence in the top- and bottom-squark mass matrices is dif-
ferent. In the above described scheme, the trilinear couplings Ay are dependent quantities
and their counterterm 0 Ay is obtained by differentiating Eq. (2.101) and inserting the above
defined counterterms for the (s)quark masses and mixing angles'®. In the bottom sector,

150 fully determine the counterterm A4y at O(c), also the counterterm du of the gaugino sector is needed.
It can be defined via the neutralino self-energies and is given in e.g. [134].
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4. How to obtain a finite result at O(a2q)

the tan #-dependence of the counterterm is

0A, = n}bb[—émb (Ab — ptan ﬂ) + .. .], (4.34)

which can cause large corrections to A in parameter regions where ptan 3 > Ap. It seems
thus appropriate to use A, as an input parameter directly.

To summarize, we replace the input set {(my)°5, (mg1 )98, (;)°5} and choose a modified
renormalization scheme for the bottom-sbottom sector according to [79] based on the inputs
{(my)P, (m?
a dependent quantity. The explicit formulas for A, and 66, are given in [79,135].

)08, (Ab)ﬁ}. In this scheme, the counterterm for the mixing angle 46 is

In the discussion of squarks of the first two generations, § = u, ci, ¢, 3, we neglect light
quark masses. Thus, the mixing angle does not enter and the above formulas simplify
considerably. In particular, the two renormalization schemes yield the same result.

Neglecting the mixing also at the one-loop level, the mass matrix, the field renormal-
ization matrix, and the squark self-energies are diagonal. We introduce field and mass
renormalization as follows,

i 1. . )
dr/r — (1+*5Z/%L/RR) qL/R>

(4.35)
2
Map — qL/R + 5mQL/R
In these terms, the renormalized self-energy reads
q 2 2
E%/R( ) E%/R(p )+ (p o mQL/R) 6Z}1,L/RR 5m¢?L/R’ (4-36>
yielding for the three independent mass counterterms
1 i d
(5ng = Re Z}fz(m%R), (5m%L = Re Z%(m%L), 5m3~R = Re ZR(m?iR)' (4.37)

The mass of the left-handed down-squark is constrained by the SU(2)y, invariance and its
counterterm follows from Eq. (4.30),

tan 4 tan 8

2 2 2 2
6m3, = omy, — cos 28 6miy +dmiy = s

2 (4.38)

with dm,, = dmg = 0. The field renormalization constants are determined by Eq. (4.23),

571 Re 9 —x!

LL/RR = — a2 L/R( (4.39)

p?=m_2
9L/R

The definition of the counterterm Lagrangian yields new Feynman diagrams that have to

be taken into account in the calculation of loop amplitudes. Having introduced the renor-
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4.1. Handling ultraviolet singularities

malization constants in the quark and in the squark sector, we can define the counterterms
for self-energies, vertex, and quartic interactions necessary for ¢,t: and §G production, as
listed in Table 4.1. Note that counterterms involving the non-diagonal elements of the stop
field renormalization constant are not given explicitly as they do not enter the calculation
since only chirality-conserving vertices appear in the diagrams for #,t* production at LO
(see also Section 5.2.2).

Renormalization of the gluino

If required, we also renormalize the gluino and impose OS conditions. The renormalization
proceeds similar as in the quark sector, however gluinos are Majorana fermions. The

relevant part of the Fourier transformed Lagrange density is

Lowino = U (6 — mg) Uy, with Ty = @), (4.40)

where W; is a Majorana spinor build from the left-handed Weyl spinors g only. The
renormalization constants for the gluino mass mg and the gluino field are introduced by
the replacement
mg — mg+ dmg,
1 (4.41)
g — (1 + 5525) g.

Due to the Majorana nature of gluinos, there is no difference between left- and right-handed
renormalization constants. The counterterm Lagrangian results for real entries 623 in

0L = @g ﬁéZg \Ilg - (Tng (5Z§ + 5m§) @*‘I’g. (4.42)

The scalar coefficients of the gluino self-energy are defined as follows,

29 (p?) =p29 (p%) + mzE% (%), (4.43)

such that we find for the coefficients of the renormalized gluino self-energy from Eq. (4.42),

S0 =3 +625, S0P =34 - 025 -

omg. (4.44)

myg

The counterterms are given by the on-shell conditions that the renormalized mass is equal to
the physical mass and that the renormalized propagators have unity residue, cf. Eq. (4.12),
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4. How to obtain a finite result at O(a2q)

I Ay

g Muus< = —igsT° <5Z}1~1 ’Y#PL + 52% ’Y”PR)

g Seaeneg” = —ig T8 28, (k+ k),

g
jﬁﬁﬁ“zi g (T TOT) 02 g
g \\\

Sk

4a

q 4>—"/ - ;ng% T (523(1 + 523) PL/Ra a= Lﬂ R

q —~—x/ — :I:igs%Tc (5zga+5zg) Pr/rL, a=LR

Table 4.1.:
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\\‘\ f
Ga

List of counterterms relevant for £} and §g production at O(a2a); all renormalization
constants have to be evaluated at O(«). In the upper four diagrams, the label g, refers
both to light-flavor squarks (e = L, R) and stops (a = 1,2). Color indices for quarks
and squarks are suppressed, while ¢ and ¢; are gluonic color indices and T°°, T denote
the SU(3)¢ color matrices. In the diagrams involving Majorana particles, the fermion
flow is fixed according to the arrow depicted on the quark line [73].



4.1. Handling ultraviolet singularities

yielding

5m§ =my (E% + E%),
(4.45)

~ 0 0 _;
§Z; = —ReXy — 2nge[a 27 () + 8]922*%(]92)]

202
pT=mg

Renormalization of strong couplings

Finally, we also need to renormalize the strong coupling g; and the strong Ggg Yukawa
coupling gs. Supersymmetry requires both couplings to be identical. We introduce the
renormalization constants by the replacement of the bare couplings as follows,

gs — (1+5ZS)957

A A (4.46)
gs — (1+5Z§s)937

Care has to be taken to define the strong coupling in the loop computations in accordance
with the coupling used in the extraction of the PDFs. Therefore, we define g, in the MS
scheme, in terms of the gluonic self-energy and the triple gluon vertex,

50

02y, = 47r 2"

(4.47)
where (3 is the one-loop coefficient of the running coupling as(p) = g2(u)/47. In high-
energy collisions the typical scales at which to evaluate the coupling are comparable or
above the weak scale. At such high scales, the contribution ﬂéq of heavy particles as the
gluino, squarks and the top quark has to be considered in the definition of the running
coupling. Including the light-quark and gluonic contributions ﬁOL as well as those from
gluinos, squarks, and top quarks, the (y-coefficient is

Bo =By + 6L = (131N—§nf> + <—§N—§(nf+1)—§> =3, (4.48)

with N = 3 and ny = 5 light quark flavors. However the PDFs are obtained using a running
MS coupling determined by light particles only (i.e. 8y = 3§). At a high scale p > my,
the two couplings are related by explicit decoupling of the gluino, squark, and top-quark
contributions. We compensate this shift by a redefinition of the counterterm of the strong
coupling in the zero momentum subtraction scheme [136,137|

§Z,, = — M[ A+ln< >+Zln< 2)+§ln<7:§)], (4.49)
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4. How to obtain a finite result at O(a2q)

!

!

g g .
e = i[(#—=mg) 025 — dmy]
7
q 4'—)‘/ = :FZQS%TC <5Zga+5zg+5Zg+26Zg5) PL/R’ CL:L,R
da
g
q H—X/ = :l:ZgS%TC <6Zga+6zg+5Zg+2(SZ§5) PR/L’ a:L,R
K
X
q > 3‘\\\ — —Ze% H%/R(q) (623@ + (5Zg,> PL/R7 a = L’ R
da
X0
q J = —ie% [H%/R(q)]* (52;2 + (5Zg> Pr/1, a=LR
d
Xor
q 4’—"/{ = —ie% nf(q’) ((5Zga + 523') Py,
Car
Xor
7 J — ey [i5 ()" (020 + 028 ) Pr,
-,
Table 4.2.: List of counterterms relevant for G production at O(a2?«). The renormalization con-
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stants have to be evaluated at O(a) or O(«) as specified below in Figures 7.2, 7.3,
and 7.4. The notation refers to Fig. 4.1, with ¢’ denoting the SU(2); partner of g,
and n labels the neutralino (n = 1...4) and chargino (n = 1,2) mass eigenstates.
The x°qq couplings are £9 (q) = N;ij(eq — I2)/ cos w + N I3/ sinfy and £%(q)
—Nni1eq, where N = Nyo is the neutralino mixing matrix defined in Eq. (2.113);

the Y*¢'q couplings are 71 (¢’ = ;) = U}, /sinOy and x5 (¢ = d;) = V5 /sinfy, in
terms of the chargino mixing matrices U = Ug+, V = Vi+, defined in Eq. (2.109), [72].



4.2. Handling infrared singularities

where the divergences associated with the heavy-particle loops are subtracted at zero mo-
mentum. Here, the sum runs over all twelve squark mass eigenstates ¢,.

Furthermore, since we define the strong coupling in the MS scheme, a mismatch between
gs and the Yukawa coupling g, is introduced at the one-loop level owing to the treatment of
UV divergences by means of dimensional regularization. In order to restore supersymmetry
in physical amplitudes, one has to shift the renormalization constant for §Z;, by a finite
amount to be different from 07,,. At the one-loop level, it is [136]
Qs

0Z; =07
9s gs + R

(4.50)
As a result, supersymmetry is preserved and the definition of the strong coupling corre-
sponds to the usual SM measurements.

For a complete renormalization of the strong sector, also the gluon field renormalization
constant needs to be introduced and fixed by renormalization conditions. However, in the
processes considered here (G§ production at O(a2a)), the gluon enters only at one-loop and
needs not to be renormalized at this order of perturbation theory.

The resulting counterterms that are relevant for ¢G production are given in Table 4.2.

4.2 Handling infrared singularities

As shown by Kinoshita [138], IR singularities result from two configurations: Soft singu-
larities appear if two external on-shell particles exchange a massless particle, and collinear
singularities arise if an external massless particle splits into two internal massless particles.
Also both conditions can be fulfilled in a single diagram, then the singularities overlap.
The IR singularities are of logarithmic nature. If the involved particles have a small, but
non-vanishing mass, the singularities appear as logarithms oc { In(m?/u?),In*(m?/u?)} of
the mass parameter m and a high scale .6

The IR singularities of virtual corrections are intrinsically connected to those of real
corrections. Real radiation cross sections become singular from the phase-space integration
if a massless particle is emitted off an external particle either in the soft limit (vanishing
momentum) or in the collinear region (small angle between the radiated and the massless
emitting particle).

However if sufficiently inclusive observables are considered (i.e. their actual values do
not depend on the precise number of collinear or soft particles in the final state), the can-
cellation of IR singularities is guaranteed by factorization theorems [104]. The Kinoshita—
Lee-Nauenberg (KLN) theorem [138,140| states that all soft singularities and also the
singularities due to collinear final state particles cancel in the sum of virtual and real cor-

16 A list of all IR-singular three-point functions and their analytic expressions in the soft and/or collinear
limit has been worked out in [139].
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4. How to obtain a finite result at O(a2q)

rections, even though defined on different phase spaces. Remaining collinear singularities
related to initial state partons are process independent and can, therefore, be absorbed by
universal collinear 'counterterms’ generated by redefining the parton distribution functions
of the incoming hadrons. As a result, the physical higher-order cross section is IR finite
and free of the fictious mass regulator, as required from experiment.

Considering squark and gluino production at O(a?a), one has to deal with the following

IR singularities in real radiation processes.'”

e Soft photon singularities arise in diagrams where the external particles exchange
a photon, as e.g. in the first two loop diagrams in Fig. 3.9 (a). We regularize the
amplitude by a non-zero photon mass A. This is allowed because the renormalizability
of QED is not violated by an explicit mass term for the gauge boson. The singularities
cancel against their counterparts from real photon bremsstrahlung contributions.

Soft photon singularities appear in all production channels for ¢gg, g4, 4q, Gg*, and

tt* production.

e Production channels with light-flavor quarks in the initial state suffer from singular-
ities due to collinearly radiated photons. An example diagram is given by the first
loop diagram in Fig. 3.9 (a). The singularities occur for massless quarks only, if
they radiate off a photon under a small angle, and can be regularized by a non-zero
quark mass m,. In the loop diagrams, collinear and soft singularities overlap and
both single and double logarithmic contributions of the quark mass arise. The double
logarithms cancel in the sum of virtual and real photon corrections. The remaining
single logarithms are process independent and can be absorbed into the PDFs by an

appropriate redefinition with respect to collinear photon radiation at O(«).

Singularities related to collinear photons have to be considered for the full set of gg,
§d, 4G, 4g*, and tt* production processes, connected to the quarks and anti-quarks in
the initial states.

o If EW tree-level diagrams are present, also loop diagrams with virtual gluons con-
tribute at O(a2a), cf. e.g. the first box diagram in Fig. 3.9 (a) and Fig. 3.9 (b),
respectively, and induce IR singularities. We can regularize the soft gluon singulari-
ties analogously to the photonic ones by giving a mass to the gluon, since the gluons
behave Abelian-like in the respective diagrams. The non-Abelian ggg vertex does
not enter at this order of perturbation theory. To cancel the soft gluon singularities,
we need to include soft gluon bremsstrahlung at the right order, as resulting from
interference contributions of QCD- and EW-mediated diagrams.

7For a detailed description of generic IR singularities in virtual and real photonic corrections and explicit
discussions on their cancellation we refer to textbooks, e.g. [141], see also [69]. Here, we will restrict
ourselves to a general classification of the IR singularities that we actually have to deal with and the
calculation of the real corrections.
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4.2. Handling infrared singularities

Soft gluon singularities are present for ¢G production and in the gg-annihilation chan-
nels in §§* and #t* production.

e Only for ¢g¢ and ¢¢* production, where the full QCD one-loop amplitude enters, also
singularities due to collinearly radiated gluons off initial state quarks contribute. As
an example see the first loop diagram in Fig. 3.9 (c¢). To absorb also the universal
gluonic collinear singularities, the redefinition of the PDFs has to be done accordingly
including O(as) effects.

e For completeness, we mention that at O(a2a), squarks and gluinos can also be pro-
duced in association with a real quark or anti-quark. For ¢¢* and ¢G production the
real (anti-)quark radiation proceeds from gg (gg) initial states. These processes ex-
hibit singularities if the gluon splits collinearly into a quark—anti-quark pair. Again,
this requires an appropriate redefinition of the (anti-)quark PDF at O(as).

Singularities due to collinearly radiated quarks only occur in the gg-fusion channel
for g¢* and g production. Due to color and charge conservation, they are absent for

tt* production as well as for gq production.

The calculation of the real corrections is nontrivial owing to the IR singularities that
arise in the integration of phase space of the emitted particle. In case of real gluons,
the calculation is even more involved since the color structure of the diagrams has to be
taken into account properly. We first describe the treatment of real photon corrections in
Section 4.2.1. Details for real gluon radiation and the treatment of the color correlation
are given in Section 4.2.2. We briefly comment on real quark radiation in Section 4.2.3.

4.2.1 Real photon bremsstrahlung

To cancel the photonic IR singularities from the virtual corrections, we need to include
real photon bremsstrahlung at the right order. In our case, these are O(a2a) contributions
from lowest-order 2 — 3 processes. We consider the generic partonic process

a(pa) b(ps) — c(pc) d(pa) v(k), (4.51)

where a and b are here massless partons (a,b = ¢,q,g) and ¢ and d are massive SUSY
particles (¢,d = §,q,G*). The masses and momenta of the partons and SUSY particles
are denoted with m;, p; (i = a,b, ¢, d), respectively, and the photon carries momentum k.
The photon can be emitted by any of the involved (anti-)quarks and (anti-)squarks. As
a notation and convenient bookkeeping device for later, we introduce the labels d6'y" for
a cross section of the partonic process X at a given order O(al*a™) in the strong and
electroweak coupling constants. Matrix elements are denoted analogously.'®

¥In the following we refer to cross sections at O(a2a) only, however the discussion of real photon
bremsstrahlung is rather general and the presented methods can be applied to tree-level processes
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4. How to obtain a finite result at O(a2q)

At the partonic level, the cross section reads

A2.1 1 X 112 2
/daaé)—»cd'y = % /dP83 Z‘Mab—»/cd'y| ) (452>

dp. 1 dpg 1 /d3k 1
(

4 5(4
e 2E, | @epaEs | @opam, 0 et pe—pa—b)

with dPng/

in terms of the c. m. energy squared §, the three-particle phase-space element dPS3, and the
1,1/2

ab—cdy*
off the i-th particle, the amplitude is obtained from that of the 2 — 2 process ab — cd

(spin- and polarization-summed and squared) amplitude M For photon emission
without photon radiation by inserting an additional particle propagator with momentum ¢
(and an additional interaction vertex) and we write schematically

1

2 27
q- —my;

M 12

ab—cdy (453>

where the momentum transfer is ¢ = p; — k for initial state photon radiation and ¢ = p; + k&

for final state radiation. As the external particles are on-shell, the propagator simplifies to

1 1 1
- (4.54)

2 m?  E2pik ’
o bi i2E¢E7<1—,/1—ggcos9w>

with 6;, being the angle between the emitter ¢ and the photon.

From Eq. (4.54) we see that the integration over the photon phase space Eq. (4.52) can
become problematic in two regions: In the soft region, where the photon is produced with
vanishing energy F, ~ 0 and, if the emitter is massless (m; = 0), in the collinear region,
where the angle between the photon and the emitting particle is small and cos6;y ~ 1. In
the singular regions, we therefore insert a non-zero photon mass A (i. e. ¢> = £2p;k+\?) and
keep non-zero quark masses my as regulators. Note that for the SUSY processes considered
here, Eq. (4.51), collinear singularities only appear from initial state radiation, since the
final (SUSY) particles are massive.

Several methods have been worked out to perform the phase-space integration Eq. (4.52)
in the soft and collinear regions.

The idea of the phase-space slicing approach [128,142] is to separate the singular from
the finite regions in the phase-space integration. By introducing a cutoff parameter AE, we
divide the photon bremsstrahlung contribution into a soft part, where the photon energy is
below the cutoff £y < AFE, and in a hard part, where the photon is emitted with £, > AE.
Whereas the soft photon part is IR singular, the hard photon contributions are well defined
and IR finite and can safely be integrated numerically.

of other orders in perturbation theory in complete analogy.
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4.2. Handling infrared singularities

It has been shown that the soft photon part factorizes into the underlying 2 — 2 lowest
order process and a soft correction factor which contains the singularities. In the approxi-
mation of small photon energies it can be calculated analytically. For the cross section for

real photon emission we write generically

~2,1 o ~2,1 ~2,1
/ daab—md'y - / daab—md'y + / do—ab—md’y
E,<AFE E\>AFE

(4.55)
= [ dé3' . (AE e (AE
- Uab—>cd'y ( ) soft + o-ab—wd'y ( )

hard.

The dependence on the cutoff parameter cancels after summing soft and hard contributions.
The precise value of the cutoff is therefore arbitrary, however it should be small compared to
typical energy scales ) of the process since the results from the soft photon approximation
are correct up to O(AE/Q) only.

In bremsstrahlung contributions from quark-induced channels, also collinear singularities
have to be taken in to account properly. Therefore a second cutoff Af is introduced, on
the angle 6;, between the emitter < and the photon. As a result the hard photon part is
split into a (hard) collinear and a (hard) non-collinear contribution,

oyt 0 (AE) L= ot 0 (AE, AD) T o2yt 0 (AE, AD) o (456)
Similar to the soft photon case, the cross section in the collinear region is related to the
lowest order result and can be approximated analytically. Again, the angle cutoff is a priori
arbitrary and cancels in the sum of collinear and non-collinear contributions. But for
reliable approximations it it necessary to choose a cutoff which justifies the assumption
that the direction of flight of the emitting particle is unaffected by the photon radiation
(collinear limit).

The analytical expressions for the cross sections in the soft and collinear region will be
discussed in the next subsection.

The biggest advantage of the phase-space slicing approach is clearly its intuitivity. How-
ever the proper choice of the cutoffs needs some care. If the cutoffs are chosen too large, the
analytical approximations are not valid anymore. If chosen too small, the numerical inte-
gration becomes unstable in the regions “too close” to the singularities and large integration
errors are obtained.

An alternative approach is provided by the dipole subtraction method which avoids
singular numerical integrations, as originally presented for massless QCD in [143| and later
extended to massive particles in QED and QCD in [144-146|. Here, a simple auxiliary
function is subtracted from and added to the singular integrand. The auxiliary function
has to be constructed under two conditions. First of all it is supposed to cancel all IR
singularities contained in the real photon contributions. As a result, the integration of the
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4. How to obtain a finite result at O(a2q)

subtracted amplitude can be performed numerically over the full phase space. On the other
hand, it has to be so simple that it can be integrated analytically when it is added again.
Schematically, the real correction cross section can be expressed as follows

21 _ 1 N gl 172 P 1, 1/2]? 1 1,1/2
daab—»cdy - ? /dPS3 <Z‘Mab—>cd’y‘ - ‘Maux. ) + % dPS3 ‘Maux.

5

2
. (4.57)

where M. is the appropriately chosen auxiliary function. In the sum of real and virtual
corrections, the IR singularities from the virtual corrections cancel their counterparts from
the integrated auxiliary function and the result is IR finite.

As shown in [145], results derived by application of the dipole subtraction methods
typically have integration errors reduced by an order of magnitude compared to results
obtained from phase-space slicing (if the same statistics is used). By construction, no cutoff
parameters need to be introduced. However the actual implementation of the formalism is
less intuitive than for phase-space slicing and becomes complicated for massive particles, if
cuts are applied, and in particular if non-inclusive quantities are considered.

In the following, we will refer to the phase-space slicing method only.

Soft photon bremsstrahlung

In the soft region, the energy of the emitted photon is small by definition. Hence the real
radiation matrix element can be approximated under the assumption that the momenta of
the other final state particles are unaffected by the emission. As a consequence, the ampli-
tude for the 2 — 3 processes factorizes from the original 2 — 2 amplitude (with unchanged
momenta). For a photon emission off particle ¢ with fractional electrical charge e, it is, in
the limit & — 0 (eikonal approximation),

Mcll})i/fd'y,i soft = —€cq % Mtlzi)icd’ (458)
€ being the polarization vector of the photon. The sign in the nominator depends on the
charge flow, the plus sign refers to initial state radiation, the minus sign to final state radi-
ation. In Eq. (4.58), all terms proportional to the photon momentum & in the denominator
have been neglected. The soft singularity is fully contained in the nominator o kp;. One
can easily show (see e.g. [128]), that Eq. (4.58) holds generally for external fermion, boson
and scalar lines (with the respective charge factors). Diagrams with photons radiated off
internal lines or quartic vertices do not induce IR singularities and can be neglected in the
soft approximation. Thus, the full soft photon matrix element results from summation over
all external charged particles i,

1, 1/2 . 1, 1/2
Mab_)ah’soft - Z Mab—>cd'y,i
i

1,0 €D;
=—eMyl g D e % (4.59)
7

soft
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4.2. Handling infrared singularities

The term JH(k) = Y, eq pt'/(£kp;) is the eitkonal current for the emission of the soft
photon with momentum k.

Under the approximation that the remaining momenta are unchanged by the photon
emission, also the three-particle phase space factorizes from the original two-particle phase
space. This yields for the differential cross section
o dgug’ ieq, eqj pipbj

preat AE — —d5>0
Fatcar )soft Tab—ed = 2 F<ap 2B, (kpi)(kp;) *

—do ab—>cd X = Z teqeq; Lij

(4.60)

where now the sign refers to the relative sign of emitter ¢ and j. Note that we use here

a photon mass A as regulator, i.e. B, = 4/ ]E\Q + A2. General analytic expressions for the
process independent phase-space integrals Z;; are given in [128,147],

)2 4(AE)?
I, - PP {1 UARWEIEYS)

S -pi |2 P X2
1 T — _ |7 U=TP;
+ [ log? =1 1) <1 _ ot |“) + Liy (1 _ o |”|>} ,
4 uo + || v v u=p,
(4.61)
where Lis (2 f dt/t In(1 — t) is the dilogarithm and r and v are defined through
2 _ 2
2 9 2 rEk; — Ej (Tpi) - pj
pz szp] +pj 9 E] ) v 2(TEl _ EJ) ( )

More explicit formulas can be worked out in the limit of small quark masses and for
the specific process under consideration, depending on the type and charge of the external
particles. For tt*, G4, and GG production the formulas are given in the respective chapters.

Collinear photon bremsstrahlung

For the processes considered here, collinear singularities only arise from initial state radia-
tion off a quark or anti-quark. Keeping the incoming parton momentum fixed, the momen-
tum entering the hard scattering process depends on the momentum fraction carried away
by the emitted particle. In cross section calculations, we cannot treat the fermion—photon
pair inclusively. I.e. not only the summed momenta of the fermion and the photon, but
both their values are important for cross sections and, in particular, for distributions.
The situation is different for collinear-safe observables [148]. As a typical example, let us
consider collinear photon radiation off final electrons. In an experiment, both the collinear
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4. How to obtain a finite result at O(a2q)

ﬁazjaPAzxa/ZPA
pa:xaPA

Figure 4.1.: Generic Feynman diagram for initial state photon radiation. Particle a with momen-
tum p, emits a photon with momentum k = (1 — 2)p,. The squared energy of the
hard scattering process is § = (p, + pp)? = (2P0 + pb)? = (pe + pa)?. The colliding
hadrons carry momentum P, and Pp, respectively, yielding the hadronic squared
energy S = (P4 + Pg)?, the gray blobs refer to the PDFs.

electron and photon would hit the same cell in the calorimeter and only their summed energy
could be measured. In this case one would treat the electron and the photon inclusively
as one quasi-particle. For the calculation of collinear-safe observables, the precise energy
fraction z = E;/(E; + E,) of the electron after collinear photon emission is not relevant and
can be integrated out analytically. If collinear singularities arise from final state radiation
only, and if the photon is considered sufficiently inclusively, all IR singularities cancel in
the sum of virtual and real corrections as guaranteed by the KLN theorem.

The extraction of the collinear singularities from the bremsstrahlung cross section has
been done in e. g. in [149,150]. We only refer to initial state radiation and use the notation
as introduced in Fig. 4.1. The collinear region is defined by an upper cutoff on the angle 6;,
between the emitter and the photon or, equivalently, requiring cos;y > 1 — dg. In this
region, the phase-space element for the total process p, + pp — pe + pa + k (expressed in
terms of the involved momenta) factorizes into the two particle phase-space element for the
hard process p, + pp» — pe + pq and a collinear part referring to the photon phase space.
Also, the squared matrix element factorizes into the leading order matrix element and a
collinear factor. As a result, the cross section in the collinear region for photon radiation
off all initial state charged particles i of energy E; = v/§ /2 can be expressed as

d6%t  (AE, )

ab—cdy

o . 1-AE/E; 2.0
= ; Ze%/ dz Keoll. (Z,§) da’ai)—wd(A)’ (463)
i Z0

coll.

where the collinear factor x¢on. depends on the IR regulator m, and reads

oot (2, 8) = %thq(z) [m ( iq 59) - 1} + %(1 _ ), (4.64)
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4.2. Handling infrared singularities

and P, 4(z) being the LO splitting function of a photon from a quark or anti-quark [106],

1+ 22

Py—q(2) = 11—

(4.65)

Note that the leading order cross section depends on the energy § = (p, + pp)? of the
hard scattering process, while the relevant energy for the collinear factor is the full energy
3/2z = (Pa + pp)?. The lower integration limit of the z-integration is restricted from the
production threshold, zy = (m. + mg)?/5. The upper limit has to be chosen such that an
overlap with the soft region is avoided and is thus reduced from z =1to z =1— AE/E;,
where AFE is the upper cutoff on the energy a photon may have to be considered as soft.

Factorization of initial state singularities

The quark mass logarithm in the collinear factor of Eq. (4.64) is not canceled in the sum
of virtual and real corrections. It can be understood as contribution from collinear photon
emission at very low momentum transfers. In this region, perturbation theory is not appli-
cable anymore. Instead, these collinearly emitted photons have to be seen as a long-distance
effect, as processes which occur before the emitting parton enters the hard-scattering pro-
cess and which are thus already included in the extraction of the PDFs. In the calculation
of hadronic cross sections at NLO, care has to be taken to not overcount these effects. IR-
finite results are obtained by absorbing the collinear mass logarithms from the real radiation
contribution into redefined PDFs.

The redefinition of the PDF for parton i (i = ¢, ¢) in hadron A including photon radiation
at O(a) is performed at the factorization scale pp as follows [149,151],

1-6
«o « sdz T
fija(w, pr) — fisa(x, pr) (1 + =€ /@fj?f) + =€ / — fisa (*MF) Kool (2),
T T - z z
(4.66)

with the soft photon cutoff parameter §; = 2AFE/ V/§ and

7 sc 272
kPPF = 1 4 1n6, + In%4, — In (f;g) B—Hnés} +2[9+§+31n55—21n255},
q

m2 (1 — 2)2
HF

1
K/EO]IDIF(Z) = §qu(z)

A 1-2 3 1
—;C[qu(z)ln . —21_24—224—3].

(4.67)

The lower integration limit zp = x guarantees that the parton momentum fraction in the
PDF (z/z) is smaller than unity.
There is some freedom in the redefinition of the PDFs. In addition to the IR-singular
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4. How to obtain a finite result at O(a2q)

terms, also finite terms can be absorbed. For a consistent treatment, a factorization scheme
has to be defined and to be used both in the extraction of the PDFs from experiment and
in the theoretical calculation. In Eq. (4.66), the results for different choices of factorization
schemes are parameterized by the parameter ;. In the MS scheme, only the singular
terms are subtracted and it is Asc = 0. In contrast it is Asc = 1 in the DIS scheme, where
the PDFs are defined to absorb the quantum corrections to the structure function F5 in
all orders of perturbation theory. Obviously, the absorption of collinear singularities due
to photons into the quark PDFs requires the consistent inclusion of O(«) effects both in
the theoretical evolution and in the extraction of the distributions from experiment. At
present, there is only one set of PDFs available where the O(«) are taken properly into
account: MRST 2004 QED [107], using the DIS factorization scheme (i.e. Age =1 ).

The actual effect of using the redefined PDFs is that for the total hadronic cross section at
O(a2a), new contributions arise from the interference of the O(a) terms in Eq. (4.66) with
the O(a?) LO cross sections, sometimes referred to as collinear counterterms. Summing
over all initial state emitters ¢ among the partons a, b (where j denotes the respective second
parton), it is at O(a2a)

doSoh St (AE) = — Z /dT /d:):z /dxj KEDE 4620, (3) (T — wiwj)

X 1+5 [fz/A(:ElauF)fj/B(l']aMF)+f]/A(xJ7MF)fz/B(x17/~LF)}
ij

+ = Z /dT /dacZ /dx] /dz kEDE (2 dAzbO_)Cd(é)(S(%—fifL’j)

X 1+5” [fisa(@ispr) fi8(x5, pr) + fi/a(@g, pe) fiyp(Ti, pr)]
ij
(4.68)
in terms of the inclusive variables Z; = % and 7 = T and the hard energy squared 5 =

(p1 +p2)? = 11225 (see Fig. 4.1 for the notation). We perform a transformation of Z;, 7 to
the hard variables z;, 7 and use the J-functions to cancel the x; integrations. This leads to

coll. ~2.0 N
dUAlelSch«f Z €y /dT i sI,DoI?tF Ao ca(8) (4.69)
dCL',L 1-AE/FE; dZ 2.0 A
+2 Z o [ RERF (2) 620 o(5)

1+5 [fz/A( 7MF)fJ/B< aMF>+fg/A( 7#F>fz/B<a;iaMF)]a

expressed in terms of the parton luminosity dC/dr defined in Eq. (3.3).
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4.2. Handling infrared singularities

In the sum of all contributions, the mass singularities from the collinear factor rcop.(2)
in Eq. (4.63) cancel those from x5 (2) in Eq. (4.69). The first summand of Eq. (4.69),
proportional to K,g)]?tF, cancels singularities that remain in the sum of virtual and soft photon
corrections. The resulting cross section is finite with respect to photon singularities, i.e. it
is independent of the IR regulators A, m, and, in a wide range, of the cutoff parameters

AE, 6y introduced by the phase-space slicing!?.

4.2.2 Real gluon bremsstrahlung

Processes that also provide EW tree-level production channels give rise to gluonic IR sin-
gularities in the virtual corrections at O(a2a). The soft and collinear singularities cancel
if the corresponding real gluon bremsstrahlung contributions are taken into account.

The treatment of singularities proceeds in close analogy to that of photonic singular-
ities described above, as the emitted gluons behave Abelian-like in the occurring dia-
grams. At the considered order of perturbation theory, gluons are only emitted off external
(anti-)quarks and (anti-)squarks and the non-Abelian gluon self-interaction vertex does not
appear. This implies that we can regularize the gluonic IR singularities by giving a mass to
the gluon. Furthermore we keep non-zero quark masses where necessary. The calculation
of the real gluon bremsstrahlung has also been done in the phase-space slicing approach.
To simplify matters we use the same mass regulator A and cutoff parameters AFE, dg in the
notation as for the photonic singularities, even though in the actual calculation they are to
be considered as independent parameters.

However two difficulties arise since the gluon couples via the strong interaction and
carries color charge in contrast to the photon. First, by counting orders, we find that
gluon emission can only contribute at the appropriate order O(a2q) in the interference of
an EW-mediated diagram with gluon emission and a QCD-mediated diagram with a real
gluon attached. Separately taken, the diagrams would give contributions of O(asa?) and
O(a?), respectively. Secondly, the emission of a gluon changes the color structure of an
diagram. This has to be taken into account in the soft approximation where it leads to
color correlations in the eikonal current. As a result, the soft and collinear parts of the
differential cross sections do factorize analogously to the photonic case into soft/collinear
factors and contributions from diagrams without real emission. But the latter are O(asa)
interference contributions and in the soft gluon part a rearrangement of the color structure
has to be performed.

Soft gluon bremsstrahlung

The approximation of real gluon bremsstrahlung in the soft region has been done in [143|
and we closely follow the prescription introduced there. In analogy to Eq. (4.59), we can

19 As an example, see the numerical studies on the cutoff dependence of the results in Figs. 5.10 and 7.8.
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4. How to obtain a finite result at O(a2q)

write a 2 — 3 matrix element in the soft limit as factorized from the corresponding 2 — 2

matrix element without gluon emission,

}-/\/lab—>(:dg>‘soft = —Gs Eu(kj)J“(k) ‘Mab—>0d>' (470)

Here, g, is the strong coupling and ¢, denotes the gluon polarization vector. The eikonal
current J#(k) for the emission of a soft gluon of momentum £ is

JH(k) =Y T ]%, (4.71)

where now the sum over i runs over all colored external particles. For the emission of a
gluon with color index ¢ off particle ¢ with color index 3, the matrix-valued color charge
operator T; is

if i = ingoing quark or outgoing anti-(s)quark

T - (T»;ﬁ{ ap (4.72)

—t5, if i = ingoing anti-quark or outgoing (s)quark

The operator T; is defined on the color space. The matrix elements in Eq. (4.70) have to
be identified as abstract vectors in this space for a proper definition. For more details we
refer to [143], here we keep the sloppy notation of Eq. (4.70). The color charge algebra is

T, -T;=T; - T; ifi#j; T? = C;, (4.73)
where C; is the Casimir operator, i.e. C; = Cp = 4/3 for emitting (anti-)(s)quarks.

The differential cross section for soft gluon radiation at O(a2a) can then be expressed
in an similar way to the one for soft photon radiation in Eq. (4.60),

~2,1
da—abﬂcdg(AE) soft =
d3|k|
— = dp 2 “ (k) | 4.74
2§ 52 o2 /k|<AE 2E, Z He {< e [T Mab*cd>} (4.74)
with
T4 (k T2 pl S22y T T 4.75
| > 2T T Gy 47)
and the two-particle phase-space element dPSs
dPSy = / Lpe 1 &pa L 20) 69 (pa + P — pe — pa) (4.76)
2 (27T)3 2EC (27T)3 2Ed pa pb pC pd . .
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4.2. Handling infrared singularities

The summation over final state colors and helicities and average of initial state colors is
included on the right hand side of Eq. (4.74) as indicated by the symbol 5. Note that the
cross section results from an interference Contribution of an EW-mediated Born amplitude
Mobl_)cd and a QCD-mediated Born amplitude M, b—>cd

The explicit result of Eq. (4.74) depends of course on the process under consideration.
In our calculations, soft gluon radiation enters in diagrams with two (anti-)quarks in the
initial state and two (anti-)squarks in the final state. All four particles can emit a gluon,
i.e. the sums in Eq. (4.75) run over 4,5 = 1,...,4. To further evaluate Eq. (4.74), we use
the definition of the color charge operators, Eq. (4.73),

4 4
T? }Mab—>cd> = g |Mab—>cd>a T; ZT] |Mab—>cd> =0, (477)

Jj=1

where the second equation follows from color charge conservation. Eq. (4.77) allows to
express the six symmetric charge operators T;-T; (i # j) in terms of only two independent
operators, e.g. T; - To and T - T3 (see Appendix A of [143] for explicit formulas). The
squared matrix element of Eq. (4.74) thus splits into three summands only. For our case of
four (s)quarks or anti-(s)quarks interacting, one finds

(ML | 1720 Tuk) | MY =
4
<Mab~>cd lez}gcd> (Z Pii — 2Pa3 — 27’14)
= (4.78)
<M2b1—>cd T - TZ‘Mab—md> (P12 4+ P3s — Paz — P1a)
<M2bicd T - T3‘Mab~>cd> (P13 + Pag — P2z — Pra),

with P;; = (pip;)/[(kpi)(kp;)]. The first term on the r.h.s. of Eq. (4.78) is proportional
to the color-unchanged interference contribution of the EW-mediated and QCD-mediated

diagrams. With explicit color indices for the external particles denoted by «;, ¢ =1,...,4,
we write
0,1 1,0 _ 0,1 [an,az,a3,04]\* 4 1,0 [o1,02,03,00a]
<Mab~>cd Mab%cd> - (Mabﬂcd ) Mab%cd <479)

The second and third terms on the r.h.s. of Eq. (4.78) are connected to color-modified
interference contributions, defined as

0,1 [B1,82,03,04]\ * 1,0 [a1,02,a3,
<Mab—>cd Ty - T2’Mab—>cd> = (Mab—>[cd1 e ad) 1500 Ty Mab—}?dl e M]a (4.80)
0,1 _ 0,1 [B1,02,83,04] \ * lwaaan]
<Mabacd Tl T3’Mabﬂcd> ('/\/labﬂcd1 o 4) Tﬂclal Tﬁc30¢3 Mabﬂcc} »om (4'81)
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4. How to obtain a finite result at O(a2q)

where the particle-specific color matrices T 5 = (13)5 4 refer to Eq. (4.72).

In Eq. (4.78), only the factors P;; depend on the integration momentum k. Inserting
Eq. (4.78) into Eq. (4.74), the differential cross section for soft gluon radiation thus factor-
izes from the color modified tree-level cross sections. The integrated factors P;; are nothing
else then the universal phase-space factors Z;; defined in Eq. (4.61),

Py (4.82)

-

L _ 1 Elk 2pip; _1/ d® ||
Fl<ap 2L

YT d4r Kl<ar 2Eg (kpi)(kp;) 27 |

We express the differential cross section as follows,

4
~2,1 a 4 11 .
do’ab—wdg(AE) soft = _?3 { g <;I” — 2193 — 2114) X do‘ab—wd(s)
+ 2 (Zlg + T34 — Toz — 1—14) X [d&iéicd(@] b (4'83)

+2 (113 + Zoy — To3 — 114) X [d5iz’,1_>cd(§)] 13}’

in terms of the interference contribution from the tree-level EW and tree-level QCD am-

plitudes,
~1,1 0 (a 1 D 0,1 1,0
daab_’Cd(s) - %dPS2 Z2Re{<Mab—>cd Mab—>cd>}’ (484>
and the color modified EW-QCD interference contributions,
- . 1 —
{dUiE’LCd(S)Lj = 305 ZZR6{<M2};1%C1 Ti- Tj‘Mi})O—»cd>}' (4.85)

Collinear gluon bremsstrahlung

In case of squark pair production, also singularities due to collinearly emitted gluons have
to be considered. The collinear singularities are related to initial state radiation only and
no color-modified contributions arise. Therefore, they can be treated in complete analogy
to the photonic case with a replacement of the electric charges by color charges and the
corresponding replacement of the gauge couplings.

In the collinear cone, defined by cosf;; > 1 — dy, the real gluon bremsstrahlung cross
section is approximated by (see Eq. (4.63)),

do2yt o0y (AE, 5p)

coll. 20

o 1-AE/E; -
e / 0z heo(2,8) b1 (8),  (4.86)
™ -

in terms of the EW-QCD interference contribution d&i})l_) «q defined in Eq. (4.84) and the
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4.2. Handling infrared singularities

collinear factor kco. as given in Eq. (4.64). The sum over i in Eq. (4.86) runs over the
color charged particles a, b in the initial state.

The remaining quark mass singularity is absorbed by a redefinition of the (anti-)quark
PDF at O(as),

Qg g 1=0s 7,
fi/A(x’MF) - fz/A(xqu) (1 + ? Cr HEO]?tF> + ? Cr / 7 fz/A( MUF) EO]IDIF(z)a
(4.87)

with the same factors kL 2" and £L5F(2) as in the photonic case, introduced in Eq. (4.67).

Note however that the PDFs at NLO QCD are defined in the MS scheme and the scheme
dependent parameter A\ has to be chosen accordingly (Asc = 0) in Eq. (4.67).

The additional O(a2a) contributions to the hadronic cross section due to the factorization
of initial state gluon singularities are then, cf. Eq. (4.69),

co d[’ ~1 A
dUAélEchg(AE CF Z / dr —AB Eo?tF do, b1—>cd( )

dz; 1-AE/E; dZ . )
CF Z/dT/ “foll)lF( ) do ibl—wd( )

X 1+ [ﬂ/A( aMF)f]/B( 7,U«F)+f]/A<T >fz/B( MF)}
(4.88)

4.2.3 Real quark bremsstrahlung

At the same order of perturbation theory, tree-level real quark and real anti-quark brems-
strahlung processes can contribute to squark and gluino production. These are novel pro-
duction mechanisms at O(a2a), arising from the interference of EW-mediated and QCD-
mediated diagrams. In case of squark—anti-squark and squark—squark production, the real
quark bremsstrahlung proceeds from (anti-)quark—gluon initial states. In case of gluino—
squark production, there are (anti-)quark—(anti-)quark initial states that allow for real
quark radiation.

These subprocesses always yield IR-finite results in the limit of a softly radiated quark
or anti-quark, since the radiated particle is of fermionic nature. However for squark pair
production processes, collinear singularities arise if the gluon in the initial state splits
collinearly into a quark—anti-quark pair in both the EW- and QCD-mediated diagrams of
a given interference contribution.

The general procedure is similar to the treatment of collinear singularities due to gluon
radiation. Integrated over the region of collinear splitting, the cross section for real quark
bremsstrahlung factorizes into a collinear factor and the lowest-order cross section [152].
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4. How to obtain a finite result at O(a2q)

Expressed in an analogous way to Eq. (4.86), it is

da’?gicdj (69)

™

1
_ %, / dz K19 (2,8) dohL(8), (4.89)
20

coll.

with T = 1/2. Depending on the charges of the produced SUSY particles, the particle
labels 1, j refer to

Qa(f;i i:j:u,d,c,s,ﬂ, Gy S,
(ja(ja : 1= q, j =4q, (490)
Galy 1=4q, Jj=¢q

The interference contribution d&ii}l_w o 1s defined according to Eq. (4.84) and obtained
from the EW-mediated and QCD-mediated tree-level amplitudes; and the collinear fac-
tor k29, (z,8) is,

K9 (2)8) = %qug(z) [m (“_Z)Q‘S‘))] +2(1—2), (4.91)

2
zmg 2

in terms of the gluon-quark LO splitting function [106],
Piy(z) =22+ (1—2)% (4.92)

The universal quark mass singularity can again be absorbed by a redefinition of the
(anti-)quark PDF at O(as),

« dz x 1 m?
fiya(z, pr) = fiya(z, pr) + = Tr / — fg/A( 7NF) 5Fa—g(2) 1n<q). (4.93)
T z ur
Thus, as a result of collinear gluon-quark splitting taking place in the proton, the quark
PDF gets contributions from the gluon PDF at higher orders in QCD. The redefinition of
the PDF induces as usual an additional O(a2a) contribution to the total hadronic cross
section,

Qg dx dz 1 m2 N R
iyt = 210 Y for [2 [ Le e m(22) sl 00

1=asb (4.94)
1

X T [fg/A( aﬂF)fz/B( ,uF) +fi/A(;aMF)fg/B<i,up):|.
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Chapter 5

Stop—anti-stop production

In this chapter, we study the electroweak contribution to the hadronic production of diag-
onal stop—anti-stop pairs within the MSSM,

PP, a=12 (5.1)
As discussed in Chapter 3, the lighter of the top-squark (stop) mass eigenstates is a candi-
date for the lightest colored SUSY particle in many SUSY models and thus relatively large
production cross sections are expected in particular at hadron colliders. At lowest order in
QCD, only diagonal stop—anti-stop pairs can be produced. The corresponding cross section
depends on the mass of the produced particles, while no other SUSY parameter enters. As
a consequence, experimental bounds on the cross section can easily be translated into lower
bounds on the masses. Altogether, this yields pair production of stops being among the
most promising SUSY discovery channels at the LHC.

The LO and NLO QCD results for stop—anti-stop production at hadron colliders are well
known since many years [19-21]. At NLO QCD, the cross section changes considerably and
it becomes dependent on further SUSY parameters such as the stop mixing angle and gluino
and sfermion masses. Here, we discuss the hitherto missing part of the EW contribution
to the cross section [24,153]. We follow the classification given in Section 3.3 and study
both tree-level EW contributions and NLO EW corrections of O(a2a). At this order in
perturbation theory, one has to deal with singularities of UV and IR origin. The necessary
calculational techniques have been introduced in Chapter 4 and we refer to Sections 4.1
and 4.2 for more details.

The outline of this chapter is as follows. In Section 5.1, we recall the analytical expressions
for the partonic LO cross sections and set the basic notation. The EW contribution is
presented in Section 5.2, where we also include a discussion of the treatment of soft and
collinear singularities that arise from virtual and real corrections. Section 5.3 is dedicated to
numerical studies. We focus on #,#; production at the LHC and present results for hadronic
cross sections and for distributions with respect to kinematical variables. Moreover, the
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Figure 5.1.: LO Feynman diagrams for stop—anti-stop pair production at the Born level via
(a) gg fusion and (b) ¢g annihilation. For the gg fusion, the u-channel diagram
(with crossed final states) is not shown explicitly.

dependence of the EW contributions on SUSY parameters is further investigated and we
briefly refer to #,t5 production towards the end of the chapter.

5.1 LO cross sections and notations

At hadron colliders, the dominant production mechanism for diagonal stop—anti-stop pro-
duction proceeds at O(a?) via two classes of partonic subprocesses,

9(p1) g(p2) — ta(ps) ty(pa)  and  q(p1) @(p2) — talps) ti(pa), (5.2)

where ¢ denotes representatively the contributing quark flavors. The corresponding Feyn-
man diagrams are shown in Fig. 5.1 (see also Fig. 3.5(d), G, = 14, for the general classifi-

cation among the colored SUSY particle production processes).

We recall that after the electroweak symmetry breaking the soft-breaking terms in the
MSSM Lagrangian induce a mixing among the particles of identical color and electric
charge. In the squark sector, left- and right-handed gauge eigenstate mix to form the mass
eigenstates. This mixing is proportional to the mass of the SM partner quark, cf.Egs. (2.96)
and (2.101), and thus non-negligible for squarks of the third generation. We denote the two
stop mass eigenstates by ¢, with a = 1,2 in the following. The masses are labeled as mg .

It is convenient to parameterize the cross sections in terms of the following kinematical

variables,

3= (p1+p2)% t = (p1 —p3)?, o= (p1 —pa)% (5.3)

with the sum rule § + fga + az, = 0. Furthermore we apply the previously introduced
notation do'y"" [M'y""] in order to refer to the cross section [matrix element| of the partonic
process X at a given order O(aj'a™) in the strong and electroweak coupling constants.

The differential partonic cross sections are obtained from the spin- and color-averaged
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squared matrix elements,
~2,0 P
daggﬁfat* 23 Z ’ gg—>t t* 8,t,14)
2,0 PPN
do™ " - g ‘ (§,t,u
qq—>tat2 T2 qq—>tat?§ )

in terms of the two-particle phase-space measure dPSy = df/(873) defined in Eq. (4.76)

2
dPS,

, (5.4)
dPS,,

(evaluated in the c.m. frame) and the lowest-order matrix elements as explicitly given

by [20],

[ 2 1 1 t 1y
1,0 _ 2 92 fo Ui,
Z‘Mgg—*fafé T4 @.mﬂ o |Co (1 _2§2> ~Ck
sm?2 sm?
X |[1—2—te [1— o), (5.5)
7. Ui, tg, ug,
P 2
11 5 o t, Uy, —my S
Z‘ qq—>tat§ - Z § - 647 Qs NC 32
The SU(3)c color factors are (N = 3)
Com NN’ —1) =21, =18 o N1 4 oy
0 — - Y K — N - 37 F = 2N - 3 .

At the hadronic level, the full differential cross section is obtained by convoluting the
partonic cross sections with the respective parton luminosities, cf. Egs. (3.2) and (3.3),

1 dﬁgg dﬁqq
h ()= [ A 09 + 5 [ e as ). o)
70

gg—"fatzi qq—>tat2

where the integration over 7 is bounded from below by the production threshold of the

process, 79 = 4m~ / S. The sum over ¢ runs over the five light quark flavors.

5.2 Electroweak contributions

The EW contributions to hadronic stop—anti-stop pair production up to the one-loop level
divide into tree-level contributions and NLO EW corrections. The tree-level contributions,
described below in Section 5.2.1, arise from the pure-EW tree-level subprocesses of O(a?)
and the photon-induced production channels of O(as). In contrast, the NLO EW cor-
rections are of O(a2a) and comprise virtual corrections (see Section 5.2.2), real photon
and real gluon bremsstrahlung contributions (Section 5.2.3), as well as real quark radiation
diagrams (Section 5.2.4).

The complete EW contribution to the hadronic cross section is obtained from the corre-
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sponding partonic cross section by convolution and summation as follows,

EW ! d‘c’lngp 1,1 d‘C(JJD(YP 0,2
dO-PP_)t f (S) N [ro dT{ dr daviq—%i; (S) T Zd ? daqt’i—n?afz (S)
q=u,d,c,s
dﬁPP
g9 ~2,1 A ~2,1 ~
T [daggﬁfafz(s) Ao 7(5)} (5.8)
chP 2 (o) et o ) 5.8
+ Z { qq—%fzi(s) + daqqﬁtatav(s) + daqqﬁtatag(s)}
q=u,d,c,s
EPP 2.1 chf
5 A g9q ~2,1 ~
+ Z |: gq—>t fgq(s) + dr do_g(j—%}fjiq(s):| }7
q=u,d,c,s

where again the parton luminosities refer to Eq. (3.3). We will discuss all the partonic cross
sections in the following.

Here, the sum over ¢ runs only over the four light quark flavors. As there is no intrinsic
bottom content in the proton, the bottom-quark density is generated dynamically from
gluon splitting only. Its inclusion in Eq. (5.8) would thus result in a higher-order effect and
its contributions to the tree-level EW diagrams and the NLO EW results can be neglected.

The Feynman diagrams and corresponding amplitudes are generated and calculated us-
ing FeynArts [154| and FormCalc with LoopTools [83], based on Passarino-Veltman (PV)
reduction techniques for the tensor loop integrals [147|, which were further developed for
4-point integrals in [155]. Higgs boson masses are computed with FeynHiggs [81].

IR and collinear singularities are treated by means of mass regularization as described
in Section 4.2. I.e. we regularize the photonic and gluonic IR singularities with a small
mass parameter A and keep the light quark masses in the collinearly singular integrals as

regulators.

5.2.1 Tree-level EW contributions
Pure-EW tree-level contributions of O(a?)

The gg-induced partonic subprocess

a(p1) @(p2) — ta(p3) ti(pa), (5.9)

also allows for stop—anti-stop pair production from EW tree-level diagrams mediated by ~y
and Z boson exchange. The differential cross section is given by

2

~0,2
O'qﬁ—ngat* 1671'82 Z ‘ q—>t t* ’ (51())
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Figure 5.2.: Feynman diagrams for tree-level EW contributions to f,t* production, comprising
(a) the pure-EW tree-level channel and (b) the photon-induced subprocess.

where /\/l(q)’q1 £ is the amplitude according to the diagrams depicted in Fig. 5.2(a) (see also
Fig. 3.7(a)). Due to the absence of top-quarks in the proton, there are only two s-channel
diagrams present that yield a contribution of @(a?). Color conservation then implies that
the QCD-mediated and EW-mediated tree-level diagrams cannot interfere. Hence there is
no O(asa) contribution to the gg-annihilation channel.

Photon-induced stop—anti-stop production

We also consider the photon-induced mechanisms of the stop—anti-stop production,

Y(p1) g9(p2) — ta(ps) t(pa), (5.11)

arising from the Feynman diagrams illustrated in Fig. 5.2(b) (see also Fig. 3.8(a)). The
differential cross section for this subprocess is

1,1 M2 1/2
dafyg—»fa 167T§2 Z ‘ 'yg—>tat:; )
., ., (5.12)
— 1 1 sm# sms
> ’Ml/z’ 1zt 1287%aq 2 NCp |1 —2—to (1 - —ta )|
Yg—taty 4 8 Z afa Z ﬁi'a

expressed in terms of the reduced Mandelstam variables defined in Eq. (5.3). Photon-
induced processes with quarks in the initial state represent contributions of higher orders
(vq — t,tiq, vG — t,t:q) and we do not include them in our discussion here.

5.2.2 Virtual corrections

The O(a2a) virtual corrections to the gg-fusion channel can be expressed in terms of
MO the tree-level QCD-mediated amplitude, and M1, the one-loop amplitude with
EW insertions in the tree-level gg diagrams,

dt = .
~2,1 ~ 1,0 1,1
da-gg_)faiz (S> ]_67T Z 2Re { <Mgg—>faf;;> Mgg—>falf~§ } (5 13)
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5. Stop—anti-stop production

The resulting counterterm, self-energy, box, and vertex diagrams are shown in Figs. 5.3
and 5.4, respectively. We refer to t~1t~’1‘ production only, however the diagrams for t~2t~§ pro-
duction can be obtained in complete analogy. The diagrams containing a quartic squark
vertex (e.g. the diagrams in the last row of Fig. 5.3) deserve some special attention. In
order to yield contributions at O(a2a), only the weak part of the four-squark vertex has
to be taken into account.

The gg-annihilation channel allows both tree-level QCD and tree-level EW graphs. As
a consequence, the O(a2a) virtual corrections also comprise interference contributions of
tree-level EW and QCD-mediated box diagrams. In total, they can be written as

df f— * *

~2,1 A\ 1,0 1,1 0,1 2,0

d”qaﬂfafz(s) 16782 Z 2Re { <Mqaﬁfat~z> qq—t,t; + (Mqaﬂfafz;) Mqaﬁfaf:;}’
(5.14)

where again M9 and M1 denote the tree-level QCD amplitude and the corresponding
one-loop amplitude with weak insertions (see diagrams in Fig. 5.5); whereas M%! is the
amplitude from the tree-level EW diagrams shown in Fig. 5.2(a) and M?%? refers to the
pure-QCD one-loop amplitude arising from Fig. 5.6.

In order to obtain an UV-finite result, it is necessary to regularize the diagrams and to
renormalize the theory. We proceed as described in Section 4.1, treating UV divergences
by dimensional reduction and fixing the renormalization constants in the on-shell scheme.
At O(a2a), UV singularities only arise from one-loop amplitudes with weak insertions
(MY1) and we have to renormalize the light-flavor quark fields and of the top-squark
sector. The appropriate counterterm diagrams, Figs. 5.3(a) and 5.5(a), can be constructed
from the Feynman rules given in Table 4.1, where the renormalization constants have to
be evaluated at O(a).

There is no renormalization of the gluon field and the strong coupling constant at O(«)
and the strong sector needs not to be renormalized. In the gg-annihilation channels, also
one-loop QCD amplitudes (M*° Fig. 5.6) in combination with tree-level EW diagrams
come into play and give contributions at the desired order of perturbation theory. But due
to the specific color structure and the absence of t/u-channel tree-level EW diagrams, only
UV-finite box diagrams arise.

It is interesting to note that only the diagonal entries of the stop field renormalization
constant have to be evaluated as there are no non-diagonal self-energy corrections to the
diagrams. In all LO diagrams the stops are produced via couplings to gluons and both the
gtt and the ggtt vertices are diagonal in the chiral basis as well as in the mass eigenstate
basis. As a result, the counterterm for the stop mixing angle, cf. Eq. (4.25) does not enter
the calculation.

Let us briefly comment on the diagrams in the last row of Fig. 5.4, which are loop

corrections to the gluon-gluon-Higgs (ggh® and ggH") vertex. The (heavy-)quark loops
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Figure 5.3.: Feynman diagrams for virtual NLO EW corrections to the process gg — t1t;:

(a) counterterm diagrams, (b) self-energy corrections, (c¢) box diagrams.

The u-channel diagrams with crossed final states are not shown explicitely. In case
of v exchange, G, denotes the lighter stop, ¢, = ;. For Z/W, X°/x;, and S°/S*
exchange, it is G, = fq /b, and ¢ = t/b.

As in the following, we refer to ;£ production only. The diagrams for #5#5 production
are obtained in complete analogy. The index i runs over all six quark and lepton
flavors, and a over the mass eigenstates 1,2. We use a common label V' to denote the
gauge bosons, v, Z and W. The label S refers to the neutral Higgs (and Goldstone)
bosons h°, H?, A°, G°, and the label ST to the charged Higgs (and Goldstone) bosons
H* G*. For neutralinos and charginos, we use a common label n to number the
four and two eigenstates, respectively.
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5. Stop—anti-stop production

Figure 5.4.: Feynman diagrams for the NLO EW vertex corrections to the process gg — t1}.
The w-channel diagrams with crossed final states are not shown explicitely. The
notation refers to Fig. 5.3.
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Figure 5.5.: Feynman diagrams for virtual NLO EW corrections to the process qq — t1t}:
(a) counterterm diagrams, (b+c) vertex corrections, (d) box diagrams. The u-channel
diagrams with crossed final states are not shown explicitely. Notation as in Fig. 5.3.
In the initial state vertex corrections (b), ¢’ denotes the SU(2),, partner of ¢ in case
of W and Y- exchange, for V =+, Z and {° it is ¢ = q.

q g 1 q g 1 q Y
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Figure 5.6.: Feynman diagrams for the QCD-mediated box contributions to the process qg — t1t7.
These diagrams interfere with the tree-level EW graphs shown in Fig. 5.2(a) yielding
O(a?a) contributions.
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5. Stop—anti-stop production

yield a UV-finite contribution and the sum of the diagrams containing squark loops is UV
finite as well. Renormalization of the ggh? and ggH? vertices is thus not required. However
these diagrams become resonant if the propagating Higgs boson is heavier than the two
final-state stops in sum and the width of the Higgs boson is needed in the propagator
to regularize the integral. Indeed there are phenomenologically viable scenarios where
mpo > 2my, and we will come back to this issue in Section 5.3.4.

Concerning the IR structure of the diagrams we find that in the gg-fusion channel, IR
singularities only originate from final-state soft photon radiation. This is different in the gg-
annihilation subprocess, where also photon emission off the initial state quarks enters and
additional mass singularities occur. Furthermore, the IR singular structure is extended
by the contributions related to the gluons which appear in the 4-point UV finite loop
integrals. Owing to the photon-like appearance of the gluon in the box diagrams, the
gluonic IR singularities can be handled in analogy to the photonic IR singularities.

5.2.3 Real photon and real gluon corrections

To compensate the IR singularities in the virtual EW corrections, contributions with real
photon and real gluon radiation are required. In case of some diagrams, the integration
over the photon (gluon) phase space is IR singular in the soft photon (gluon) region or
in the collinear limit. The soft singularities recover the structure of the IR singularities
arising from virtual photons or gluons and cancel in the sum of real and virtual corrections.
Collinear singularities from initial-state radiation remain and have to be absorbed into the
PDFs via factorization. We treat the bremsstrahlung processes as described in Section 4.2,

using the phase-space slicing method.

gg fusion with real photon radiation

The IR singularities arising from virtual photons in the gg-fusion channel cancel those in

the photonic bremsstrahlung process

9(p1) g(p2) — ta(ps) ti(pa) v(k), (5.15)

according to the diagrams shown in Fig. 5.7(a). The integration over the photon phase
space is IR singular in the soft-photon region (£, — 0).

Following the phase-space slicing approach, we isolate the soft singularities by imposing a
lower cutoff AE on the photon energy. This hard-photon region is thus free of singularities
and can be integrated numerically. In the soft region, E, < AF, the integration can be
approximated analytically and the squared matrix element factorizes into the lowest-order
squared matrix elements and universal factors containing the singularities.

In the eikonal approximation, the cross section for real photon radiation in the soft limit

is given in Eq. (4.60). For our specific process, we only have final state radiation and the
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(b)

Figure 5.7.: Feynman diagrams for real photon radiation to #1; production via (a) gg fusion
and (b) ¢g annihilation. In (a), diagrams with crossed initial state are not shown
explicitly. The first four diagrams in (a) and the first diagram in (b) give IR-finite
contributions, the remaining diagrams cause IR singularities in the soft-photon re-
gion. The last two diagrams in (b) also cause collinear singularities.

result reduces to

A2, 1 A _ @ 9 B 42,0 A
dgggﬂfafév 3) Pl (2733 — 2734) X daggafaf;(s)
_ @ 9 fin ;.20 .
= —; €t 5soft dO’gg_)gafz (S) N (516)

in terms of the universal phase-space factors Z;;, cf. Eq. (4.61). The complete soft factor
for final state radiation for ¢,t production, 52;‘&, simplifies in the limit of vanishing quark

masses to the following expression,

A2 §—2m? 1 1 .
= [mst-m ] [1- = w (55) | - 5w (155)
§_2mt2a . Qﬁ 1 9 1+5

Here, e, is the fractional electric charge of the top-squark, 5 = 2AFE/ V'3, and we introduced
the parameter § = ,/1 — (4m? )/8.

(5.17)
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5. Stop—anti-stop production

qq annihilation with real photon radiation

In the gg-annihilation channel, we consider the photon bremsstrahlung process,
q(p1) 4(p2) — ta(p3) t5(pa) V(k), (5.18)

corresponding to the diagrams shown in Fig. 5.7(b). This process is IR singular both in
the soft-photon region and in the collinear limit (p;-k — 0, pa-k — 0). To extract the sin-
gularities, a second cutoff Af is introduced on the angle between the photon and radiating
fermion, dividing the photon phase space into soft and collinear parts which contain singu-
larities and a non-collinear, hard part which is free of singularities and can be integrated
numerically.

In the soft region, the cross section for the gg-annihilation channel is approximated by

22,1 A @/ 9 2 ¢fin int ~2,0 A
quﬂfat‘z,y(s) soft - _; <6q soft + € 5soft + 26,]6,5 5soft do’qqﬂga{:; (S) ’ (519)
where the soft factors 6;2&“’”” refer to the initial state radiation, final state radiation or

interference of initial and final state radiation, respectively. The electric charges of the
initial-state quark and the final-state top-squark are denoted by e, and e;.

The factor 5?51& is given in Eq. (5.17). Defined by the universal phase-space factors Z;;,
the remaining two are, in terms of the reduced Mandelstam invariants f,ga and u;_,

ot = 2T — 2Th

r /\2- 2 1 m2 m2 2

—me? - | |1+l —2 |+ -2 —L4+m—2 4+ (5.20)
i 5 5 2 5 5 3

Sunty = 2T13 — 2 T3

‘ 21 (4 s

=|Iné? —In"|In| =) +Lip [ 14+ (11—
_ns né_n<t5a>—|— 12<+2t£( ﬂ))

s s S
+Lig |14+ —(1+ —Lip |14+ —(1— —Lip |1+ —(1+ .
2< it B)) (e 50-9) i (14 -0 +0)

Similarly, the collinear part of the cross section is proportional to the Born cross section
with reduced momentum for one of the partons, cf. Eq. (4.63),

~2.1 A
de> " - - (3)
qq—ta gy

200 4 1—4s N 122,0 .
=—c¢ dz Keol.(z,8) do™ (28), (5.21)
Z

coll. T ¢ 0 aq—t,t;,

with the lower integration limit zp = 4m% /5 and Keon. (2, §) as given in Eq. (4.64).
Although IR singularities cancel in sufficiently inclusive observables, quark-mass loga-

rithms in the collinear singularities from initial-state radiation remain and have to be ab-
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sorbed into the PDFs. We redefine the (anti-)quark PDF at O(«a) according to Eq. (4.66),

1-5
« « sdz
fija(@, pr) — fija(z, pr) (1 +— e, REO%F) + =€, / — fz/A( aHF) KEDE(2),

(5.22)
yielding an additional contribution to the total hadronic cross section Eq. (5.8),
I.CT (PDF 1520 .
do §DOP—>t t* Z / Ksoft do q—>t Ez (8)
q=u,d,c,s
de (7% dz 20 . 5.23
+2 Y @ far / AT ORARC B
q=u, d c,s

X [ﬁ;/P(;MF)fq/P (;MF) + fq/P(ga,U«F>fq/P (;uFﬂ 7

as specified in Eq. (4.69). The collinear factors xL2F and xEF(2), defined in Eq. (4.67),
have to be evaluated in the DIS factorization scheme (A = 1).

qq annihilation with real gluon radiation

Third, gluon radiation at the appropriate order O(a2a) has to be taken into account,

a(p1) @(p2) — ta(ps) ta(pa) g(k), (5.24)

to cancel the IR singularities of the gg-annihilation channel related to the virtual gluon.
The necessary contributions originate from the interference of QCD-based and EW-based
Born level diagrams, as shown in Fig. 5.8. Not all of the interference terms contribute. Due
to the color structure, only the interference between initial- and final-state gluon radiation
is non-zero. Correspondingly, the integration over the gluon phase-space in Eq. (5.24) is
singular in the soft-gluon region but collinear singularities do not arise.

The color correlation between the amplitudes induced by real gluon radiation has been
discussed in Section 4.2.2. The general result for a cross section in the soft limit is given
by Eq. (4.74) and for the particular case of four (s)quarks interacting in Eq. (4.83). For
the soft-gluon part of the ¢gg-channel we write the result in a way similar to Eqs. (5.16)
and (5.19),

dt
1,0
T T3‘M a1, f:;>} 16782

(5.25)

~2,1 ~ 1
> g =-% = 53, ><§:2Re{<M° .
qqﬂtatag soft qq— t t

where the color-modified interference contribution in terms of the color-charge operators
T; is defined in Eq. (4.81). Mg’ql_)f 7. denotes the tree-level EW amplitude (y and Z boson
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5. Stop—anti-stop production

Figure 5.8.: Feynman diagrams for real gluon radiation to #;#; production from (a) tree-level
QCD diagrams and (b) tree-level EW diagrams. Due to the color structure, only
QCD-EW interference terms between initial- and final-state gluon radiation are non-
vanishing and contribute at O(a2a). These contributions cause IR singularities in
the soft-gluon regions. In (a), the last diagram with crossed initial state is not shown
explicitly.

0

exchange) and ./\/l;’a - . refers to the tree-level QCD amplitude (g exchange). As antici-

—taty

pated above, the other two terms in Eq. (4.83) vanish owing to the specific color structure
of the process. Explicitly, the cross section can be written as follows,

21 . Qs int 8eqet ((Ufa)2 — 2e; sin? GW) (e — de, sin? HW)
a2t (5| =— e vop |2 - L
aG—tati9" " Isoft T § sin” Oy cos? Oy 5(5 — m3)
1672 [i . 5 A} dt
——— = |ty 4y —m? 8| ——
4.9  L[tete ] 16752

(5.26)

involving the top-squark mixing matrix U tand € = £1 for up- and down-type initial-state
quarks, respectively.

5.2.4 Real quark radiation

To complete the list of EW contributions to stop—anti-stop pair production, also real quark
and real anti-quark radiation has to addressed,

a(p1) q(p2) — ta(p3) t:(pa) q(k) for ¢=u.,d,c,s,a,d,¢,Ss. (5.27)

These tree-level processes give an (soft and collinear) IR-finite contribution of the order
O(a2a) through the interference between the QCD-based diagrams in Fig. 5.9(a) and the
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Figure 5.9.: Feynman diagrams for real quark radiation to #;#; production from (a,d) tree-level
QCD diagrams and (b,c) tree-level EW diagrams. Only QCD-EW interference terms
between (a) and (b) and between (c¢) and (d) are non-vanishing and contribute at
O(aa).

EW-based diagrams in Fig. 5.9(b) and between those in Fig. 5.9(c) and Fig. 5.9(d). In
terms of the respective amplitudes (in the usual notation), the cross section reads
— *
d&zélfafzq(é) - % Z 2Re { (Miéififﬁq) M;Qififzq} dPSs. (5.28)
Due to the fact that the heavy-flavor top-squarks can only directly couple to the initial-
state gluons but not to the (light-flavor) quarks, the number of non-zero interference terms
is strongly reduced and we expect vanishing contributions from this subprocess only.

5.3 Numerical results

For the numerical discussion we focus on the production of light top-squark pairs flf{ in
proton—proton collisions at LHC energies.

We present the results in terms of the following hadronic observables: the integrated cross
section, o, the differential cross section with respect to the invariant mass of the top-squark
pair, (do/dMi,, with M2

2 = (p3+p4)?), the differential cross sections with respect to the
transverse momentum, (do/dpr), to the rapidity, (do/dy), and to the pseudo-rapidity,
(do/dn), of one of the final-state top-squarks. The energy and momentum (thus also y and
n) of the two stops are equal in the 2 — 2 processes and differ only in the 2 — 3 processes
if one of the stops radiates off a photon or gluon. As both stops radiate statistically with
equal probability, the distributions with respect to the stop or the anti-stop do not differ
meaningfully. Here, we give distributions with respect to the stop 1 (p3).

One has to take care of the fact that each top-squark observed in the laboratory system

under a certain angle 6 can originate from two different constellations at parton level: parton

105



5. Stop—anti-stop production

a(b) out of hadron A(B) and vice-versa, corresponding to § — (m — 6). Both parton-level
configurations have to be added correctly for hadronic distributions (for explicit formulas
see e.g. [156]). Note that the two boost factors g relating the two partonic c¢.m. systems
with the laboratory system differ by a relative sign, as do the rapidity and the pseudo-
rapidity of each particle. This fact is of particular importance in the collinear cones of the
cross section, Eqgs. (4.63) and (4.69), where we have to keep track of which parton radiates
off the photon or gluon and enters the hard-scattering process with reduced momentum,
resulting in different Lorentz boosts between the c. m. and the laboratory frame.

Assuming that the forward-scattered parton a carries the momentum fraction x of hadron
A and the backward-scattered parton b the momentum fraction 7/x of hadron B, the boost
factor (8 is given by

x—T1/T

b= e

(5.29)
The rapidity of one of the final state top-squarks in the laboratory system, y(= ys), is
related to the rapidity in the partonic c. m. frame, y*™ = artanh(p$™/E™), via a Lorentz
transformation,

1. 22

y =y — artanh(—f) = y™ + 3 In — (5.30)

The pseudo-rapidity 7 is related to n°™ = — In(tan #°™/2) in the c.m. frame via

2
1 /m; 1
1 = arsinh 2\/ p;“ + cosh? pem <\xﬁ - f) + 3 sinh n“" <\f + \%) , (5.31)
T

which can be derived using the representation

p= (\/mtga + p3 cosh?n, 0, pr, prsinh 77> (5.32)

for the top-squark momentum p = p3. Since the final state particles are massive, rapidity
and pseudo-rapidity do not coincide; in the limit m; — 0 one obtains n = y.

We introduce the following conventions for the discussion of the results. We will analyze
the different gauge invariant, IR (soft and collinear) finite subsets of the EW contributions
described in the previous section, referred to by their initial-state particles. The sum of the
virtual corrections and of the O(a2a) contributions to real photon and gluon radiation via
gg fusion (¢q annihilation) will be labeled as “gg- (¢g-) channel contributions”, respectively.
The photon-induced subprocesses of O(asa) will be referred to as “yg-channel contribu-
tions”. We also discuss the contributions of the real quark emission processes (*gg-channel
contributions” of O(a2a)) and the tree-level EW contributions to the ¢g annihilation of
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O(a?). The sum of these channels will be labeled as “the EW contribution” according to
Eq. (5.8). The relative EW contribution is defined as

d = (Onro — Or0)/Oro = AONLo/O10, (5.33)

where O is a generic observable and Onp,o is the sum of the LO contribution according
to Eq. (5.7) and the EW contribution AOnro.

The contents of this section are the following. First of all, we fix the input parameters for
the numerical evaluation in Subsection 5.3.1. We start the discussion of numerical results
with the presentation of integrated hadronic cross sections in Subsection 5.3.2. Next, in
Subsection 5.3.3, we investigate the EW contributions from the distinct channels in differ-
ential distributions with respect to kinematical variables. In order to obtain experimentally
more realistic results for the cross sections we also apply typical sets of kinematical cuts.
A study of the dependence on the various SUSY parameters is given in Subsection 5.3.4.
Finally, in Section 5.3.5, we also comment on the production of a pair of heavier stops 25

5.3.1 Input parameters and conventions

The numerical results depend on the following input parameters.

The SM particle masses and gauge couplings are chosen as described in Appendix B.1.
In particular, the top-quark mass m; has been set to m; = 170.9 GeV. The current value of
the top-quark mass, m; = 173.14+1.3 GeV [157], increases the top-squark mass mg, by 0.6%,
which reduces the total cross section by ~ 3%. The changes for the relative corrections are
completely negligible.

In the SUSY sector, we consider the SPSla’ parameter point suggested by the SPA
convention [158] as a reference, unless stated otherwise. The low-energy DR soft-breaking
parameters are obtained with the help of a spectrum calculator (Softsusy 2.0.18 [75])
at the (SUSY) scale Qsusy = 1 TeV. To be consistent with the renormalization scheme
we are using, we take the on-shell squark masses and the on-shell stop mixing angle as
input parameters for our actual calculation (see Appendix B.2). In the SPSla’ scenario,
the on-shell mass of the lighter stop is

my, = 359.5 GeV (SPS1a’), (5.34)

the other squark masses are given in Table B.1 on p. 218.

For the parton distributions, we use the set MRST 2004 QED [107], as already mentioned
previously. Factorization and renormalization scales are chosen equal at the central value
pr = pr = my,. A study of the remaining QED-based scale dependence is not possible
at the present stage since the QED and QCD evolution are not separated in the available
parton densities. The scale dependence cannot be checked in a consistent way owing to the
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Figure 5.10.: Dependence of hadronic cross section contributions in the ¢gg channel on the cutoff
parameters AFE (upper plots, d9 = 0.001 fixed) and &y (lower plots, AE = 0.001v/3
fixed). Left panels: Shown are the partial contributions (virtual corrections plus soft
and collinear parts and the hard, non-collinear part) and the sum of all contributions
for stop—anti-stop pair production at the LHC within the SPS1a’ scenario. Right
panels: Zoom on the sum of all contributions, the error bars represent integration
uncertainties.

NLO QCD effects in the parton densities, which are not included in our calculation. For
this reason we do not present a study of the scale dependence here. An important next
step in improving the theoretical predictions would be to combine the NLO electroweak
and QCD corrections.

As explained, the treatment of the IR-singular bremsstrahlung is done using the phase-
space slicing method. We illustrate the method and its stability in terms of the more
involved case of ¢g corrections, where two cutoff parameters are needed. The photon/gluon
phase space is split into a soft part (Ev/g < AE), a collinear part (£, /g > AE and
cos @ > 1—0dy, 0 being the angle between the photon/gluon and the radiating fermion), and
a hard, non-collinear part (FE,/, > AE and cosf) <1 —dg). The cutoff parameters for the
photon and for the gluon phase space are chosen to be equal. As shown in Fig. 5.10, the
sum of all contributions does not depend on the parameters when they are small enough.
This is in accordance with the discussion in Section 5.2.3 that for small enough cutoff
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5.8. Numerical results

(sub-)process LO EW contr. per channel EW contr.
’ 0(0?) | O(ada) O(as0) 0(0?) |
99 2347 | —115 —0.49%
qq 327 | —10.9 1.18 —-2.97%
g 38.1
9q <1073
inclusive t,t; | 2674 | —22.3 38.1  1.18 0.64%

Table 5.1.: Numerical results for the integrated cross sections for light stop—anti-stop pair pro-
duction at the LHC within the SPS1a’ scenario [158]. Shown are the leading order
results, the EW contributions from the distinct channels, and the relative corrections
J, as defined in the text. All cross sections are given in femtobarn [fb].

parameters the soft and collinear contributions can be treated approximately according
to Eq. (5.16), (5.19), (5.21), and (5.26), respectively. In the following numerical analysis,
we use AE = 0.001v/3 and 8, = 0.001.

5.3.2 Hadronic cross sections

In Table 5.1 we show results for the integrated hadronic cross section for ¢1#} production at
the LHC within the SPS1a’ scenario. The LO cross sections and the absolute and relative
EW contributions as introduced above are presented for the gg fusion, the ¢gg annihilation,
the «vg fusion, and the real quark radiation gg channel separately. The vg and gg channel
contribute at NLO only.

At the LHC, stop—anti-stop pairs are mainly produced via gg fusion which is enhanced by
the high gluon density. The ¢g channels contribute to the integrated hadronic cross section
at LO with less than 15%. Including EW contributions, we find that the corrections from
the gg and the ¢g channels are of similar size. This is related to the fact that the ¢g
channels get additional interference contributions from QCD- and EW-mediated diagrams
which are not present at the Born level. However, both the O(a2a) corrections to the gg and
qq channels are negative and range at the percentage level only, whereas the g contribution
is positive and of even larger size. In total, the EW contribution to the integrated hadronic
cross section is below 1%.

For the qq channel, also the results of the tree-level electroweak contribution is given
In Table 5.1. As expected from the couplings and the structure of the pure s-channel
diagrams, it is smaller by roughly one order of magnitude compared to the NLO EW cor-
rections. Let us mention again that we neglect for this channel the contributions of bottom
quarks in the initial state, motivated by the suppressed size of the loop-generated b-quark
density. Initial-state b quarks would give rise to additional tree-level EW contributions
of O(a?), generated by s-channel Higgs boson exchange and t-channel chargino exchange
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5. Stop—anti-stop production

diagrams. The latter yield possibly large results as the by®¢ coupling is enhanced by the
top-quark mass. However for a consistent treatment, also the EW-QCD interference terms
of O(asa) of these diagrams and the QCD Born amplitudes have to be considered and
they turn out to be of comparable size but of opposite sign. As a result, the bb-induced
O(asa + o?) contributions are smaller by about a factor of 20 compared to gg-induced
O(a2a) corrections and can safely be neglected. In the following discussion of differential
distributions we do not include any of the pure-EW tree-level channels.

Furthermore, the real quark radiation processes give only vanishing contributions which
are limited in precision by the numerical integration error and we neglect these subprocesses
below.

5.3.3 Differential distributions

The interplay of the dominant three production channels is illustrated in Fig. 5.11 where
the absolute EW contributions per channel are shown as distributions with respect to M.y,
pr, Yy, or n. Owing to the alternating signs, compensations occur where in particular the

~vg channel plays an important role.

In order to illustrate the numerical impact of the EW contributions on the LO cross
section, we show in Fig. 5.12 the relative EW contributions ¢§ for the gg and the ¢g channel,
respectively, as distributions with respect to the invariant mass M;j,, and the transverse
momentum pr of the stop #1(p3). The EW corrections in the pz distribution reach typically
—10% in the gg channel, and —20% in the ¢g channel, for large values of pp. In the
invariant mass distributions, they are somewhat smaller, but still sizeable, at the 10% level
for large Miyy.

The increase of the EW corrections in the high-py and high-M;,, region is influenced by
the virtual corrections that comprise contributions from the massive gauge bosons. At high
energies, W and Z bosons behave essentially as massless particles. They lead to similar
collinear effects as photons, described by large double logarithmic contributions of W and
Z boson masses. Contrarily to the photonic case, these double logarithms are not canceled
in the sum of virtual and real gauge boson corrections since weak boson radiation leads to
a different hadronic final state and is thus not included in our calculations. It is a well-
known fact that EW virtual corrections to many hadron collider processes become large and
negative at high energies and suggestions have been made to include the separately-finite
but same-order contributions from gauge boson emission in the full EW result [159]. Even
though additional gauge bosons in the final state induce different signatures, they should
be included if (partially) inclusive final states are considered, in order to agree better with
realistic experimental measurements. In [159] several example processes have been studied
and it was found that the cross sections for weak boson emission are substantial in the high-
energy region and that the EW virtual and real gauge boson corrections partially cancel.
On the other hand, in our case and similar SUSY particle production processes, the double
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Figure 5.11.: Comparison of EW contributions from the dominant partonic channels to ;5 pro-
duction, for the distributions of the invariant mass of the stop pair, the transverse
momentum pr(£}), the rapidity y(£}), and the pseudo-rapidity 7(#}) (from upper
left to lower right). y and 7 are given in the laboratory frame.

logarithmic contributions from gauge boson exchange in the virtual diagrams cannot be the
only source of the increase of EW corrections. If important, also corrections of higher order
were expected to become sizable and should be resummed (see e. g. [160]) for a reliable cross
section prediction. However, in [161], the two-loop corrections to sfermion pair production
at linear colliders were estimated by the dominating contributions from box diagrams with
weak boson exchange and only moderate effects of a few percent were found in the high-
energy region. In summary, it would be interesting to further investigate the impact of weak
boson exchange in the virtual corrections to stop—anti-stop production and to consider the
corresponding real radiation processes in order to study possibly cancellations.

As a second feature of the relative corrections shown in Fig. 5.12, we observe small
peaks in the gg invariant mass distribution. Their position can be determined best in the
overlaid panel which gives a detailed view of the region of interest. The peaks precisely
correspond to two-particle thresholds related to 515*, 52~;, and 5255 pairs in gg box diagrams
(Fig. 5.3(c)) and Higgs boson-mediated vertex diagrams (last three diagrams in Fig. 5.4)
[in the considered scenario, the masses of the involved squarks are my = 495.3 GeV, my, =
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Figure 5.12.: Relative EW corrections to #;¢; production at the LHC within the SPS1a’ scenario.
The upper plots refer to the O(a2a) corrections to the gg-fusion channel, the lower
plots those of the ¢g channels. Shown are the invariant mass distribution of the #, %
pair (left panels) and the distributions with respect to the transverse momentum
of the #% (right panels). In the upper left plot, the small panel gives a detailed view
of the relative EW corrections in the region where squark threshold effects occur.

538.1GeV, m;, = 581.9 GeV/|. Thresholds from the squarks of the first two generations are
CKM suppressed. The threshold effects appear also in the pp distribution, around 300 GeV,

but they are smeared out and much less pronounced.

Finally, Fig. 5.13 shows the EW contribution of the dominant channels, including the
photon-induced subprocesses, relative to the full LO cross section. We find a similar be-
havior as for the NLO EW corrections in the single channels. It is obvious that, although
small for the total cross section, the higher-order EW contributions cannot be neglected for
differential distributions where, in the high-pr and high-M;,, range, they are of the same
order of magnitude as the NLO QCD corrections.

For realistic experimental analyses, cuts on the kinematically allowed phase space of the
stops have to be applied. They can be realized by a lower cut on the transverse momenta of
the final-state particles to focus on high-pr jets. Moreover, detectability of the final-state
particles requires a minimal angle between the particles and the beam axis. Therefore, we
set a cut on the pseudo-rapidity of the stops restricting the scattering angle 6 to a central
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Figure 5.13.: Same as Fig. 5.12, but shown is the full EW contribution from all partonic subpro-
cesses to tt] production at the LHC within the SPS1a’ scenario.

channel unconstrained pr < 150 GeV pr < 250 GeV

(SPS1a’) EW contr. & |nl <25 & |nl < 2.5
g9 2234 1262 (—46%) 661 (—72%)
qq 316 278 (—12%) 226 (—28%)
vg 38.1 21.0 (—45%) 12.2 (—68%)

Table 5.2.: Integrated hadronic cross section at O(a2a) within the SPSla’ scenario for the dif-
ferent production channels. Comparison of the full (unconstrained) results and cross
sections where cuts on the pseudo-rapidities 1 and on the transverse momenta pr of
the outgoing top-squarks are applied (in femtobarn). The relative changes compared
to the full results are given in brackets.

region. We apply two exemplary sets of cuts,

cuts I: pr > 150GeV and |n| <2.5 (i.e. 9.4° <0 < 170.6°),
cuts 2: pr > 250GeV and |n| < 2.5.

The differential cross sections and the influence of cuts are the content of Figs. 5.14
and 5.15. Displayed are the hadronic cross sections at NLO EW for the three dominant
subprocesses (gg fusion, ¢g annihilation, vg induced), differential with respect to pr, My
and to y, 1, respectively. We show both the full (unconstrained) distributions and the
distributions with cuts applied. The reduction of the integrated cross section owing to the
application of cuts is summarized in Table 5.2.

The application of cuts reduces the gg- and yg-channel contributions strongly, cutting
off the peak of the pp distributions. The reduction is less pronounced in the ¢g channels
where the pp distribution is harder. The pp-cuts also shift the threshold of the invariant
mass distributions towards higher values affecting again mainly the gg and g channels in
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Figure 5.14.: Comparison of NLO EW differential hadronic cross sections (solid lines) and the
distributions where kinematical cuts on the final top-squarks are applied for all
three production channels, gg fusion (upper red plots), ¢g channels (middle blue
plots), and ~g fusion (lower green plots). Cuts 1 (dashed lines): pt > 150 GeV,
In| < 2.5, cuts 2 (dotted lines): prt > 250 GeV, |n| <2.5. Distributions with
respect to the invariant mass of the stop pair (left) and the transverse momentum
pr(t1) (right) are shown for #,#} production at the LHC within the SPS1a’ scenario.
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5. Stop—anti-stop production

height and shape. The situation for the rapidity distribution is similar. In the qg channel,
the harder py distribution goes along with a narrower n distribution, as shown in the right
panels of Fig. 5.15. Most of the stops produced via ¢g annihilation can be found in the
central region. In contrast, stops from gg or g fusion are often produced in the strong
forward (or backward) direction, and the application of cuts on the pseudo-rapidity thus
reduces the number of gg or vg based events significantly.

5.3.4 Dependence on SUSY parameters

How sensitive are the EW contributions to SUSY parameters as the soft-breaking param-
eters or the mass of the final state particle? This question shall be briefly answered in
this section, where we investigate the dependence of the EW contributions on the SUSY

parameters.

Different SUSY scenarios

To start with, we compare in Table 5.3 the integrated hadronic cross sections and the con-
tributions from the three dominant partonic channels for #,#} production at the LHC within
different SUSY scenarios. We consider four different mSUGRA-type Snowmass Points and
Slopes (SPS) benchmark scenarios, specified by the universal mSUGRA parameters at the
GUT scale as given in Egs. (B.12)—(B.15). The on-shell stop mass mj, is

mg, = {992.4 GeV  (SPS2),  649.7 GV (SPS3),
(5.35)
545.0 GeV (SPS4),  224.9 GeV (SPS5)},

in the four scenarios, respectively (see Appendix B.2 for more details on the input param-
eters).

The integrated hadronic cross sections depend strongly on the mass of the final-state
particle, mz . At LO, the stop mass is the only SUSY parameter that enters, cf. Eq. (5.5)
and the results from different SUSY scenarios can directly be compared. For the example
scenarios SPS2 and SPS4, we find that the LO cross section reduces by almost a factor
of 50 if the stop mass is doubled.

The EW contributions, however, vary nontrivially among the different scenarios as other
SUSY parameters enter via the particles and couplings in the loop-diagrams.

In scenarios where the top-squark #; is of intermediate or high mass (as SPSla’, SPS2,
and SPS3) the NLO contributions are below 1%. The corrections to the ¢g and the gg
channels are negative. In contrast, the yg contribution is always positive and of the same

size as the other corrections or even larger.
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scenario (sub-) LO EW contr. per channel EW contr.
process | O(a?) O(aa) O(asa) O(a?) 0
SPS2 99 431 | —5.35x 1072 —1.24%
qq 1.54 | —12.4x 1072 0.65 x 102 —7.64%
g 18.6 x 1072

incl. t;t; | 5.86 | —17.8 x 1072 18.6 x 1072 0.65 x 102 0.26%
SPS3 99 77.2 ~1.71 —~2.21%
qq 18.5 ~1.51 0.07 —7.75%

g 2.13
incl. t,t5 | 95.8 —~3.22 2.13 0.07 ~-1.07%
SPS4 99 226 ~10.2 —4.49%
qq 46.1 —4.82 0.20 ~10.0%

Yg 5.28
incl. t,t; | 273 ~15.0 5.28 0.20 —3.49%
SPS5 99 25043 288 1.15%
qq 2340 ~15.0 6.66 —0.36%

g 284
incl. t,t% | 27383 273 284 6.66 2.06%

Table 5.3.: Numerical results for the integrated cross sections for light stop—anti-stop pair pro-
duction at the LHC within different SPS scenarios [162]. Shown are the leading order
results, the EW contributions from the distinct channels, and the relative corrections
0, as defined in the text. The results for the SPS1a’ scenario are given in Table 5.1.
All cross sections are given in femtobarn [fb].

The SPS4 scenario is characterized by a large tan 8 (tan 8(myz) = 50). The large value
of tan 8 has an important impact in the Higgs sector, where the couplings to down-type
(s)fermions are enhanced. Also, the L-R mixing of the stop eigenstates is affected. Com-
pared to the other considered scenarios, the stop mixing angle is rather large in the SPS4
scenario (6; = 35°), and the lighter of the stops has an important left-handed compo-
nent. Both effects combine to enhance the O(a2a) corrections from the gg and ¢g channels
(—15%) over the g contribution (5%).

The situation is different again in scenarios where the top-squark is very light, i.e. lighter
than half of m o, the mass of the heavier neutral Higgs boson HY, where a large fraction of
the squarks appears through production and decay of H? particles. This is the case in the
SPS5 scenario [myo = 698.7GeV and T'(H?) = 8.8 GeV, obtained with FeynHiggs [81]].
As the H? boson can go on-shell in the respective diagrams (last row of Fig. 5.4), we insert
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the width I';o in the Higgs boson propagator to regularize the diagrams,

1 1
N 5.36
250 p? —m3,0 + impol o (5.36)

p*—m

By doing so, the order in perturbation theory with respect to the electroweak coupling « of
the diagrams is reduced by one-half. Thus also the squared resonant Higgs boson diagrams
give contributions at O(a2a) and we include them in the sum of the EW corrections. In
numbers, the interference contribution of the QCD Born diagram and the full gg-induced
virtual corrections amounts to 26.8 fb (in the SPS5 scenario), whereas the squared Higgs
boson diagrams dominate and contribute with 96.2 fb. The large size of those can be
understood by the fact that large threshold contributions arise from the #;’s running in the
loops if the Higgs boson is produced on-shell. As a result, the EW contributions in the gg
channel are positive and add up together with the g fusion contribution of similar size to
yield positive EW corrections of 2.1% relative to the inclusive LO result.

Dependence on soft-breaking and SUSY parameters

In order to study the dependence of the EW contributions on the various SUSY parameters

in more detail, we consider the ratio of the EW contribution in each of the three domi-

nant channels to the combined gg + ¢g Born cross section, ds¢ = {03@1, 02&1, 0#;}1} / (0350 +

2,0
qq
and (2.96), and vary each quantity out of the set Mg, M, tan B, A, or i around its SPS1a’

value while keeping all other parameters fixed to those of the default SPSla’ scenario?.

o:). We focus on those parameters that determine the top-squark mass, cf. Egs. (2.93)

Again, as we did for the SPS5 scenario, we include the squared Higgs boson-mediated di-
agrams in the gg channel contributions in scenarios where mgo > 2mg . The results are
displayed in the left panels of Figs.5.16 — 5.20. Simultaneously, we show the mass of the
light stop #1 as a function of the varied parameter in the respective right panels (black solid
lines). The parameter configuration of the SPS1a’ scenario is marked by a vertical gray
dotted line in all the figures.

We find the following general behaviors. The g contributions stem from tree-level
diagrams and the only relevant parameter is thus the top-squark mass m;, . In all scenarios,
the g fusion channel is as important as the O(a?a) EW corrections to the ¢g and gg
processes. The ¢g corrections, being practically always negative, involve many different
SUSY particles in the loops, although the relative corrections show only small variations.
The gg contributions are more sensitive to the considered SUSY parameters. The plots

20The following plots are taken from [24], where a slightly different convention for the SUSY input pa-
rameters has been used. In particular, the soft-breaking parameters correspond to on-shell quantities
which directly determine the on-shell stop mass. At the central SPS1a’ value, the resulting stop mass is
mz, = 322 GeV. Furthermore, the factorization and renormalization scale have been set to pur,r = 2m;, .
The general features of the presented results are basically unaffected by these conventions.
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Figure 5.16.: Left: EW contributions from the dominant partonic channels to ;¢ production
relative to the combined (gg+¢g) LO cross section as a function of the soft-breaking
parameter mp_, where mg_ is varied around the SPSla’ value (gray dotted line).
Right: Mass of 1, half of the mass of H°, sums of the masses of the top-quark and
1Y, X9, and 9, respectively, and sum of the masses of the b-quark and )@t as a
function of me,- All other parameters are chosen according to the SPS1a’ scenario.
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Figure 5.17.: Same as Fig. 5.16, but for variation of the soft-breaking parameter mg, .

show striking peaks (some of them are also visible in ¢g annihilation), which correspond
to threshold effects and can be explained by the SUSY particle masses displayed at the
right panels of Figs.5.16 — 5.20. They occur in the Higgs boson-exchange diagrams when
mz = mpgo/2 (red long-dashed lines in the figures), and in the top-squark wave function
renormalization when mj equals the sum of masses of a neutralino and the top-quark
(green dash-dotted lines) or of a chargino and the bottom-quark (blue dashed lines). The
chargino-induced peaks are less pronounced than those from neutralinos and not visible in
Fig. 5.17 and Fig. 5.20.

Outside of such singular parameter configurations, over a wide range of SUSY param-
eters, the combined EW contributions to stop—anti-stop pair production are only weakly
parameter dependent.
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Figure 5.19.: Same as Fig. 5.16, but for variation of trilinear coupling parameter A;.
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scenario (sub-) LO EW contr. per channel | EW contr.
process | O(a?) | O(a2a) O(asa) O(a?) o
SPS1a’ 99 153 —24.9 —16.3%
qq 331 | —6.65 0.32 ~19.1%
9 3.78
9q <1073
incl. t,t5 | 186 | —31.6 3.78  0.32 —14.8%

Table 5.4.: Numerical results for the integrated cross sections for heavy stop—anti-stop pair pro-
duction at the LHC within the SPSla’ scenario. Notation as in Tables 5.1 and 5.3.
All cross sections are given in femtobarn [fb].

5.3.5 Production of #,f; pairs

To conclude our studies on stop—anti-stop production, let us briefly comment on the case
of £,t3 pairs. The 5 is considerably heavier than the first mass eigenstate ¢, and we expect
only small integrated cross sections at hadron colliders. The process is thus less interesting
for experimental searches. However, as the £ is more left-handed than the ¢; in many
SUSY scenarios, the relative EW contributions to the cross section can become sizable.

We present results for the integrated hadronic cross section for f,t5 production at the
LHC within the SPS1a’ scenario in Table 5.4. As usual, we give the LO cross sections and
the absolute and relative EW contributions from the various partonic subprocesses. In the
SPS1a’ scenario, the on-shell mass of the heavier stop is m;, = 581.9 GeV, cf. Table B.1.

For the LO cross section we find results of similar size as those for #;#; production within
the SPS4 scenario, where the mass of the lighter stop is comparable. As already argued
above, the stop mixing does not enter at LO and the only SUSY parameter that determines
the cross section is the mass of the final state particle. Including EW effects, however, we
find important differences between the results for #;¢; and #,t5 production. In the latter
case, the NLO EW corrections of O(a2a) from the gg-induced and gg-induced channels
give the dominant contribution while the chirality-independent photon-induced subprocess
is suppressed from the high stop mass. The pure-EW tree-level channel is slightly enhanced
for the mostly left-handed #,t5 production due to the mixing angle that enters in the Zt,t;;
coupling. Compared to the O(a2a) contributions, however, this channel is smaller by
two orders of magnitude. In total, the EW contributions to t,t5 production alter the LO
prediction by almost —15%.

The interplay of the various EW contributions is further investigated in Fig. 5.21, where
the absolute EW contributions per channel are shown as distributions with respect to Miyy,
pr, Yy, or 1. The absolute size of the full EW contribution is dominated by the gg channel
which profits from the high gluon luminosity. Different to ¢;#% (cf. Fig. 5.11), no threshold
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Figure 5.21.: Comparison of EW contributions from the dominant partonic channels to ot} pro-
duction at the LHC within the SPS1a’ scenario, for the distributions of the invariant
mass of the stop pair, the transverse momentum pr(#3), the rapidity y(#3), and the
pseudo-rapidity 7(#3) (from upper left to lower right). y and 7 are given in the
laboratory frame.

effects arise in the M,y distribution, as the 5 is the heaviest among all squarks.

Finally, we present the EW contributions relative to the LO results from gg- and ¢g-
induced ,t3 production in Fig. 5.22 and also give the full EW contribution relative to the
inclusive LO cross section in Fig. 5.23. In correspondence with the results of Table 5.4, the
relative corrections in the gg and ¢g channels are comparable. In the high-pr and high-
My region they grow up to —20% in the gg channel and even —30% for the gg-induced
subprocess. The g subprocess is less important and the inclusive EW contribution, shown
in Fig. 5.23, amounts to —20% and —25% in the given kinematical ranges of the M;,, and
pr distributions, respectively.

To summarize, the integrated cross sections for t~2~§ production are suppressed by the
heavy mass of the final-state particles and the EW contributions are small in absolute
size. However as the latter depend on the stop mixing angle, they are enhanced for mostly
left-handed mass eigenstates and alter the LO prediction considerably in particular in the
high-energy ranges.
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5.22.: Relative EW corrections to £,t3 production at the LHC within the SPS1a’ scenario.

The upper plots refer to the O(a2a) corrections to the gg fusion channel, the lower
plots those of the ¢g channels. Shown are the invariant mass distribution of the ,¢;
pair (left panels) and the distributions with respect to the transverse momentum
of the #5 (right panels).
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Figure 5.23.: Same as Fig. 5.22, but shown is the full EW contribution from all partonic subpro-
cesses to tyt5 production at the LHC within the SPS1a’ scenario.
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Chapter 6

Gluino—squark production

In this chapter, we consider the associated production of squarks and gluinos at hadron
colliders and study the EW contributions within the MSSM framework. We restrict the
discussion to (anti-)squarks of the first two generations,

PP - gga7

pp_gg, Y=whes a=LR (6.1)
a’

We recall that this is motivated by the fact that both Gt and gl; production are suppressed
by the heavy-quark parton density inside hadrons. Furthermore, as light-flavor squarks
are almost degenerate in mass and typically decay into a light quark and a LSP, they
are hard to distinguish in experiments. Stops and sbottoms, in contrast, lead to distinct
final-state signatures and will experimentally be distinguishable from squarks of the first
two generations. Experimental analyses are thus mostly based on inclusive gluino—squark
production, as indicated in Eq. (6.1).

In many SUSY models, gluinos and squarks have intermediate masses around O(500 —
1000 GeV) and are heavier than the lighter stop #; and other sfermions and gauginos.
However owing to the color charge and the high multiplicity of light-flavor squarks and
gluinos, the inclusive gG cross section is expected to be comparable to or even larger than
those of #1¢; production (see last chapter) and sfermion or gaugino pair production pro-
cesses. Among the various squark and gluino production processes, it is the dominant one
if squarks and gluinos are of comparable masses (see Chapter 3). The cascade decays of
the final state particles result in multijet and E; signatures and simple cuts will allow a
good discrimination between signal and SM backgrounds [163]. In summary, gluino—squark
production constitutes one of the most promising channels in the hunt for SUSY.

This chapter is organized in analogy to the previous discussion on stop—anti-stop pro-
duction. In Section 6.1, we recapitulate the well-known LO cross section for gluino—squark
production at the partonic and the hadronic level [19]. We refer to [20,21] for the results at
NLO QCD. Here, we focus on the EW contributions, first published in [25]. In Section 6.1
the various subprocesses are presented and based on the techniques introduced in Chapter 4
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6. Gluino—squark production

Figure 6.1.: LO Feynman diagrams for gluino—squark production at the Born level.

we give details about the treatment of UV and IR singularities. Numerical results for the
hadronic cross sections and distributions with respect to gluino—squark production at the
LHC are discussed in Section 6.3.

6.1 LO cross section and conventions

At hadron colliders, the LO contribution to the production of a gluino in association with

~(%)

an (anti-)squark ¢, ’ is QCD based and related to the following partonic processes:

9(p1) a(p2) — 9(p3) dalpa),  9(p1) A(p2) — 9(p3) G (pa), (6.2)

where the initial-state quark and the final-state squark are of the same flavor q. Due to
CP symmetry the unpolarized cross sections of these two processes are equal; so in the
following we will refer to the first partonic process only. The corresponding Feynman
diagrams are shown in Fig. 6.1 (see also Fig. 3.5(b) for the general classification among the
colored SUSY particle production processes).

Since the quarks of the first two generations are treated as massless, in the case of
the squarks of the first two generations weak eigenstates are also mass eigenstates and
we will distinguish squarks with same flavor by means of their chiralities, ¢, = qr.,qR-
Furthermore, the masses of the squarks of the second generation coincide with those in the
first generation. We denote the mass of squark ¢, by mg,, and the gluino mass by mg.

Cross sections and matrix elements are given in the usual notation, i. e. superscripts m, n
specify the order in perturbation theory O(al*a™) and the subscript refers to the respec-
tive partonic process. We parameterize the results in terms of the (reduced) Mandelstam
variables defined in analogy to Eq. (5.3) by

p1—p3)?, @ = (p1 —pa)%

—

§=(m +p2)27 t=

6.3)
- _ 3 2 . _ oA 2 (
tg/ae =1 = Mg/g,  Ug/q, = U= Mg,
The differential partonic cross section for the process gq — §g, reads
20 e dES), 10 PSP
d6 53, (8) = 16752 Z’ngﬁéc}a(s’ OIS (6.4)
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6.2. FElectroweak contributions

in terms of the squared spin- and color-averaged lowest-order matrix element [20],
1

2 1] i
Z‘M vimiie] =7 9 Co (1—2 2 >—CK
g

7 2 2 \1_ 2 2
_§+2<m§:mq~a) J <1+% +mq>]

with the color factors defined in Eq. (5.6), (Cp = 24, Cx = 8/3).

As usual, the hadronic cross section is then given by a convolution of the partonic cross

16722

(6.5)

section with the respective parton luminosities, cf. Eq. (3.3),

1
do%0 () :/ ar YEPP 4520 gy (6.6)

PP—§ga dr 99—9qa
0

with the production threshold 79 = (mg + mg,)?/S.

6.2 Electroweak contributions

In contrast to squark—(anti-)squark production processes, which allow for ¢q initial states
at LO, gluino-squark final states cannot be produced at O(a?). But again, we include
photon-induced gluino—squark production at the tree level being part of the EW contribu-
tions, described below in Section 6.2.1. At NLO EW, gluino—squark production comprises
virtual corrections (see Section 6.2.2) and real photon radiation at O(a2a) (Section 6.2.3).
Further O(a2a) contributions arise from interference of EW- and QCD-mediated real-quark
radiation diagrams, which will be discussed in Section 6.2.4.

The complete EW contribution to the hadronic cross section is defined by

1 PP
doBW .. (8)= [ dr Lt doh! (§)+d£ de>t o (3) +de>! . ()
PP—§qa o dr  7va—ida dr 7 99—§da 99—G4Ga"y
dr PP dﬁPP
qqz A2 1 A G 42,1 A
+ Z q(h‘}gqa(h(s) + Z dr daq@ﬂédaq}(s)
q;=u,d,c,s qi=u,d,c,s; qi#q
Qz‘h ~2,1 A
+ Z QLQ'L_’g(Iaq(S)} ’
qi=u,d,c,s

(6.7)

in terms of the respective partonic cross sections (see below) and parton luminosities,

of. Eq. (3.3).
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6. Gluino—squark production

Figure 6.2.: Feynman diagrams for the tree-level EW contribution to gg, production from the
photon-induced subprocess.

6.2.1 Tree-level EW contributions

Photon-induced gluino—squark production

We consider the photon-induced subprocesses as an independent production channel to
gluino—squark production. Formally of different orders, the photon—quark induced diagrams
shown in Fig. 6.2.1 (see also Fig. 3.8(b)) contribute at tree level to the same final state and
can be important, as we have seen in the case of stop—anti-stop production in Chapter 5.

The partonic differential cross section reads

dt — NN

~1,1 N 1/2,1/2,~ 7 -

dO—W/q_)gqa(S) - 167T§2 Z’M'\/q—q}qa (87t7 U) ) (68)

— 2 1 1 £ 2(m2—m2 - 2 2

Z)M%Q;glq/f = 5 Rrlaae; NCi |2 + ( L Wl (™ o )|
43 a tg  Uga

expressed in terms of the reduced Mandelstam variables, Eq. (6.3).

Due to color conservation, photon—gluon induced partonic processes are only possible in
combination with an additionally radiated quark and thus represent contributions of higher
order. Since they are suppressed by the photon PDF compared to the bremsstrahlung
processes Eq. (6.10) and Eq. (6.14), we do not include them in our discussion here.

6.2.2 Virtual corrections

The first class of NLO contributions of EW origin are the virtual corrections,

R ) d *
do g, 57,(5) = 16752 > 2Re { <M;&igqa) M;;]L@a}, (6.9)

where M' ! is the one-loop amplitude with EW insertions in the (QCD-based) tree-level
gq diagrams, leading to the self-energy, vertex, box, and counterterm diagrams shown in
Figs. 6.3 and 6.4.

In order to obtain a UV-finite result, both the quark and the squark sector require
renormalization and we proceed as described in Section 4.1, imposing on-shell conditions
according to [79,128,129]. Here, in the limit of no L-R mixing, the independent parameters
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6.2. FElectroweak contributions

Figure 6.3.: Feynman diagrams for virtual NLO EW corrections to the process gu — guy:
(a) counterterm and (b) vertex corrections. In case of v exchange, ¢ denotes an u
quark, and §, = @r. For Z/W boson, X0/ X%, and S°/S* exchange, it is ¢ = u/d
and ¢, = ﬁa/Ja.
As in the following, we refer to gu — gty production only. The diagrams for
(s)quarks of different flavor, charge, and chirality can be obtained in complete anal-
ogy. The notation of the particles refers to Fig. 5.3.
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6. Gluino—squark production

Figure 6.4.: Feynman diagrams for NLO EW (a) box diagrams and (b) self-energy corrections
for the process gu — giir,. The notation is the same as in Fig. 6.3.

for a given squark isospin doublet are the masses of the two up-type squarks 7, g and the
mass of the right-handed down-type squark dg (see Eq. (2.104)). As for the stop-anti-stop
production, we do not need to renormalize the strong sector. Gluino—squark production
at LO can only proceed via QCD diagrams and the NLO corrections (and thus the UV
singularities) are of pure EW origin.

Parts of the diagrams are IR singular due to the exchange of soft photons. If the initial-
state quarks split into a quark and a photon, singularities also arise in the collinear region.
As described before, we regularize the soft singularities by a small photon mass and keep
finite quark masses in the collinearly divergent integrals.

6.2.3 Real photon corrections

To compensate the IR singularities in the virtual corrections, we have to include the tree-
level photon bremsstrahlung process, cf. the diagrams in Fig. 6.5,

9(p1) a(p2) — 9(p3) Ga(pa) v(k). (6.10)
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6.2. FElectroweak contributions

Figure 6.5.: Feynman diagrams for real photon radiation to guy production. The first six dia-
grams are IR divergent, the last three are IR finite.

The integral over the photon phase space is divergent in the soft region (£, — 0) and
in the collinear region (k-py — 0). We use the two-cutoff phase-space slicing method
(cf. Section 4.2.1), and exclude the singular regions from the numerical integration by
imposing a cut AFE = 58\/§/ 2 on the photon energy and a cut dy on the cosine of the
angle between the photon and the quark. In the singular regions the integrands can be
approximated analytically as follows.

The differential cross section integrated over the soft region can be parameterized as

_ _ 9 25 2 sfin 2 sint \ 7-2,0 5
coft _; (eq soft T €q 6soft + €q 6soft do—gq—rgqa (8) : (611)

~2,1 A
dagqﬂéq"a'y (3)

The factors 5;g’f§n’int refer respectively to initial state radiation, final state radiation, or
interference of initial and final state radiation. Note that there is only one charged particle
in the initial and in the final state (both with fractional electric charge e,). The soft factors

are then directly given by the universal phase-space factors Z;;, cf. Eq. (4.61),

0 1 A1 1. m
5SOft2222: 5 |:1H53—1n§:| +§ In §q,
1 A2 1 1+ 03
5?01}1::2'4425 [lndg—ln §:| —% In <1—ﬂ ,
, A2 —i; 1., m: 3 1. ,1-0
thQI =11 2_1 Z 1 da _712 Qa_L- 1— 2 712
6soft 24 H(SS n 3 n mgmg, 4 n 3 12 mg + 1 n 143
§+m2 —m?2 §+m2 —m?2
FLig (14— 91 48) | +Lig [1+ —L—9(1-p)],
2tg, 2tg,
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6. Gluino—squark production

in terms of the squark velocity 5 = \/1 - mga/(Equ)2.

In the collinear region the differential cross section reads

N

1-05
_ @ 2 A\ 142,0 .
99—3GqGa"y - ; eq/z dz K’COH-(Z’ 5) do_gqﬂgjzja (ZS), (613)

0

coll.

with the lower integration limit 29 = (mg + mg,)?/8 and keon. (2, §) as given in Eq. (4.64).

After adding virtual and real corrections, the mass singularity related to Eq. (6.13) does
not cancel and has to be absorbed into the quark PDF choosing a factorization scheme, see
Eq. (4.66). Using the redefined PDF, we obtain an additional O(a2a) contribution to the

total hadronic cross section according to Eq. (4.69).

6.2.4 Real quark radiation

For each production process of a gluino in association with a squark ¢, of a given chirality a
and flavor g, there are eleven quark—quark or quark—anti-quark induced subprocesses with
an additional real quark or anti-quark in the final state:

q(p1) ¢i(p2) — G(p3) Ga(pa) gi(k)  for ¢ =wu,d,c,s;
q(p1) Gi(p2) — G(p3) Gu(pa) Gi(k)  for g =wu,d,c,s; ¢ # ¢ (6.14)
¢i(p1) @(p2) — G(p3) Gu(ps) q(k) for ¢ =u,d,c,s.

These tree-level processes give an (soft and collinear) IR-save contribution of order O(a2a)
through the interference between the EW diagrams in Fig. 6.6(a) and the QCD diagrams
in Fig. 6.6(b) and between those in Fig. 6.7(a) and Fig. 6.7(b), where the example of
guy, production has been considered.

In specific SUSY scenarios, internal gauginos or squarks can be on-shell. The poles
are regularized introducing the particle width in the corresponding propagator. If both
EW- and QCD-mediated diagrams provide intermediate on-shell squarks, the non-vanishing
interference contribution corresponds to the production of a squark pair at order O(a )

with the subsequent decay of one of the two squarks,
9% — GaGis G — 9 G
QG — Ga @G> @G — 9 (6.15)
% G — Gadar Go—9G-

To avoid double counting, these resonating squark contributions have to be subtracted [20].

The pole term has thereby been isolated in the narrow-width approximation (see e.g. [164]

for a detailed introduction to the method).
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Figure 6.6.:

Feynman diagrams for real quark radiation to gu;, production via ugq; — gurq;, with
¢ =u, d, ¢, s, d, ¢ 5. Only interference terms from (a) EW-mediated and (b) QCD-
mediated diagrams contribute at O(a2a). In panel (a), the diagrams of the second
row contribute only for ¢; = u, d and the diagrams of the third row only for ¢; = d.
In panel (b), the diagrams of the second row contribute only for ¢; = u.
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6. Gluino—squark production

Figure 6.7.: Feynman diagrams for real quark radiation to géj production via ¢;q; — guru,
with ¢; = u, d, ¢, s. Only interference terms from (a) EW-mediated and (b) QCD-
mediated diagrams contribute at O(a2a). In panel (a), the diagrams of the second
row contribute only for ¢; = u,d. In panel (b), the diagrams of the second row
contribute only for ¢; = u.

6.3 Numerical results

We present results both for the production of left- and right-handed, up- and down-type
squarks separately and for the inclusive gluino—squark production at the LHC. We mainly
stick to the conventions introduced in Section 5.3 and discuss the integrated hadronic cross
section, o, and the differential cross sections with respect to the invariant mass of the
gluino—squark pair, do/d My, and with respect to the transverse momentum, (do/dpr(g),
do/dpr(qs)) and to the pseudo rapidity, (do/dn(g), do/dn(q,)), of one of the final-state par-
ticles, respectively. 7(g), 7(G,) are defined in the laboratory frame according to Eq. (5.31).

In particular, we refer to the three different gauge invariant, IR (soft and collinear) finite
subsets of the EW contributions described in the previous section as follows. The sum
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of the virtual corrections and of the O(a2a) contributions to real photon radiation will
be labeled as “gq channel contributions”. The photon-induced gluino—squark production
processes as “yq channel contributions” and the real quark emission subprocesses will be
referred to as “gq channel contributions”. Again, we label the sum of the three channels as
“the EW contribution”, and the relative EW contribution is defined as in Eq. (5.33).

The input parameters are defined as described in Section 5.3.1 and Appendix B. We
again consider the SPSla’ scenario [158] as a reference, unless stated otherwise. In this
scenario, the on-shell masses of the light-flavor squarks and the gluino are

mg, = 560.7 GeV, mg, = 543.3 GeV, (SPS1a’)

6.16
mg = 566.4 GeV, m; =539.4 GeV, mgz=609.0 GeV, ( )
L R

see also Table B.1. We use the set MRST 2004 QED [107] for the parton distributions.
For factorization and renormalization, a common scale has been chosen for all processes,
pr = pr = (mg+mg, )/2. As explained, the treatment of the IR-singular bremsstrahlung
is done using the phase-space slicing method. In the following numerical analysis, the two
cutoff parameters are set to AE = 0.001v/5 and dy = 0.001. Internal checks were performed
to ensure that for these values the soft- and collinear approximations are valid and that
the full result is independent on the cutoff parameters.

6.3.1 Hadronic cross sections

We show in Table 6.1 the results for the integrated hadronic cross sections for gluino—
squark production at the LHC. The LO cross sections and the absolute and relative EW
contributions are presented for the gg channel, the photon-induced g subprocess, and the
real-quark qq channel separately.

We consider left- and right-handed, up- and down-type squark production separately.
Since light quark masses are negligible, squarks of the first two generations are mass de-
generate and cannot be distinguished experimentally. The cross sections for e.g. gur, gcr,
(and by CP symmetry also for gaj, §¢;) production differ only through the parton lumi-
nosity and we present in the following always their sum, although denoted by the dominant
contribution, e.g. gty. The last line in Table 6.1 contains the inclusive (’gq’) results.

Being of QCD origin, the LO cross section of the partonic process gqg — ¢q, is inde-
pendent of the chirality and of the flavor of the produced squark ¢,. Since all considered
squark masses are of the same order, the LO hadronic cross sections for up-type squark
production are about twice as large as the cross sections for down-type squark production.
In contrast, the EW contributions depend strongly on the chirality of the squarks and, to
a less extent, on the squark flavors. The MSSM is a chiral theory and for the production of
right-handed squarks some of the one-loop and ¢g channel diagrams are suppressed by the
couplings. The EW contribution to all left-handed squarks, i. e. to guy, and gd 1, production,

135



6. Gluino—squark production

namme ocess sub- LO EW contr. per channel | EW contr.
P process | O(a?) O(a?a)  O(asa) o
gy guy + guy + gé; + e 9q 6485 —156 —2.41%
Yq 4.21
qq 4.88
incl. 6485 —151 4.21 —2.27%
gur  gup+ gup + gép + gcp gq 6907 7.53 0.11%
Yq 4.57
qq 0.87
incl. 6907 8.40 4.57 0.19%
gdr,  gd; + gdi + gs; + g&% gq 3524 —100 —2.85%
Yq 0.68
qq 3.55
incl. 3524 —96.8 0.68 —-2.73%
gdr  gdp+gds + §ip +35%  gq 3911 1.05 0.03%
74 0.77
qq 0.31
incl. 3911 1.36 0.77 0.05%
inclusive gq 20827 | —238 10.2 —1.09%

Table 6.1.: Numerical results for the integrated cross sections for gluino—squark production at the
LHC within the SPS1a’ scenario [158]. Shown are the leading order results, the EW
contributions from the distinct channels, and the relative corrections 4, as defined in
the text. All cross sections are given in femtobarn [fb].

is dominated by the (negative) gg channel contributions, and alters the LO cross section
by about —2%. For right-handed squarks, i.e. for gur and §CZR production, the gg and
~q channels contribute at almost the same order of magnitude as the (positive) gq channel
and the full EW contribution ranges at the 0.1% level.

Summing up all processes for the inclusive gG production, the gq channel corrections
to right-handed squarks are negligible compared to those to left-handed squarks and the
size of the relative contribution is roughly halved. The gq and g channels give both
positive contributions at the sub-percent level. The full EW contribution to gluino—squark
production amounts —1% within the SPS1a’ scenario.

The corresponding NLO QCD corrections have been estimated using Prospino [111].
They are positive and their percentage impact is independent of the flavor and the chirality
of the produced squark. Using the PDF set MRST 2004 QED, the relative NLO QCD
corrections at the scale pp, g = 3(mg +mg) amount to 28% of the LO contribution, with
a remaining scale uncertainty of the total cross section at NLO QCD of the order of 10%.
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Figure 6.8.: Comparison of gq, vq, and qq channel contributions to gy, production. The total
EW contribution is also given. Shown are the invariant mass distributions (left), and
the transverse momentum and pseudo rapidity distributions (right panels).

6.3.2 Differential distributions

The interplay of the various EW contributions is illustrated in Figs. 6.8 and 6.9 for gty
and gug production, respectively, where the absolute contributions from the three partonic
channels are given as distributions with respect to the invariant mass Mi,, = (p3 + ps)? of
the squark and the gluino, as well as the transverse momentum pr and the pseudo rapidity
7 of the squark. The plots for the production of a left- and right-handed down-type squark
in association with a gluino are given in Figs. 6.10 and 6.11, respectively. They reveal a
very similar behavior, as expected from the discussion above.

In Figs. 6.8 and 6.10, one clearly sees that for left-handed squark production the virtual
and real photon corrections to the gq channel dominate the EW contributions over the whole
phase space. For right-handed squark production, Figs. 6.9 and Fig. 6.11, the situation is
more involved; in particular in the central region (|n| < 1) the ¢ channel contribution is
the leading one while the other two are comparable.

Next, we consider the complete EW contribution relative to the LO result, §. In Fig. 6.12,
the distributions with respect to M.y, and to pr and 7 of both the squark and the gluino
are given, for all four guy, gdL, JUR, ng production processes. Again, the shape of the
relative corrections is similar for up- and down-type squarks of the same chirality, and also
the size is comparable. For right-handed squark production, the distributions are almost

flat and relative EW contributions are negligible.
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138



6.3. Numerical results

X103’ T T T T T X B
- SPSla,LHC 1 =
5T 13 9de] -
B ] 8 E
4 ga, 4 & _
F 1 32
— [ ] b ]
> r —gqchannel 1 ©
[ . — . . . T B S R R U |
% 3: —yq fusion ] 0 500 _ 1000 1500
=0 —qq channels P(dg) [GeV]
g L R E T ‘
= 2 — L i
F — full EW contr.
3 ] 0.4 5
° T 1=z | ]
1 1 = F 1
L 1 T 02 -
L 1 © L |
|- - -c |- -
O | -
C. 1 L | L L | L L [ 0
1000 1500 2000 2500 *
Minv [GeV]

Figure 6.11.: Same as Fig. 6.8 for jdr production.

For left-handed squarks, the EW contribution in the M;,, distribution amounts —2%
near threshold and increases up to —4% in the considered My, range (Miy, < 2600 GeV).
Larger corrections arise in the pp distribution, where the EW contributions reach the
—10% level for pp > 1500 GeV. The distributions with respect to pr(g) and pr(q) differ
slightly because of the different contributions they receive from real-photon and real-quark
radiation processes. In particular the qq channels affect the py of the squark more, reducing
(in absolute size) the EW contribution in the high-pr range.

With respect to 1, the EW contribution is largest in the central region (—3% for left-
handed squarks). Differences between 7(g) and 7(G) are related to the real emission pro-
cesses, and also to the different masses of the two final particles which affect the definition
of n already at the lowest order.

In order to study the behavior of the EW contribution close to the threshold we consider
the distribution of the “cumulative invariant mass”, defined as

cut
o(Miy) :/ - %d%m. (6.17)
mg+mg, mv
In Fig. 6.13 the cumulative invariant mass including the EW contribution and the relative
yield of the EW contribution is depicted for the case of guy (left panel) and gug (right
panel) production. For left-handed squarks, the relative EW contribution increases in
absolute size as M increases. This is a clear signal that the relative yield of the EW

corrections increases in high- Mj,, region, a general feature that can also be seen in Fig. 6.12.
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Figure 6.12.: Relative EW contribution to gluino-squark production at the LHC within the
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Figure 6.13.: NLO cumulative invariant mass and relative EW contribution to the same ob-
servable, cf. Eq. (6.17), for left- and right-handed up-type squark production in
association with a gluino.

Interestingly, the situation is reversed for right-handed squarks. In absolute numbers,
the relative EW contribution to the cumulative invariant mass decreases for increasing
ME™: In the high-invariant mass range the virtual corrections to the gg channel receive
negative contributions from Sudakov-like double and single logarithms resulting from gauge
boson corrections and the positive, non-logarithmically enhanced part of the amplitude is

suppressed.

In experimental analyses, usually cuts on the kinematically allowed phase space of the
final state particles are applied. These include lower cuts pS** on the transverse momenta, to
focus on high-pr jets, and cuts on the pseudo rapidity n® to restrict the scattering angles
to the central region in the detector. In contrast to Section 5.3, where two explicit sets of
cuts have been investigated, we now illustrate the hadronic cross sections as a function of

these cuts,

cut

* do T do
o = [ i oty = [T S (6.19)
pT _ncut

as shown in Fig. 6.14, together with the corresponding relative corrections. Since the
difference of LO and NLO results are small, only the NLO hadronic cross sections are
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Figure 6.14.: Hadronic cross sections and relative corrections as a function of p§** (left panels)
and 7" (right panels), cf. Eq. (6.18), for up-type squark production in association
with a gluino. The cuts refer to pr and 7 of the produced squark.

plotted. We refer to cuts on py and 7 of the (up-type) squark. As argued above, results
are similar for down-type squarks and for cuts on pr(g) or 7(g). As we can see from the
left panel of Fig. 6.14, a cut on pr enlarges the relative EW contribution. The total cross
section is about halved for pS** = 300 GeV. A cut on 7, see right panel of Fig. 6.14, affects
the EW contribution only weakly. The cross section, however, falls rapidly for 7% < 3.

Finally, we consider inclusive gluino—squark production and show in Fig. 6.15 the differ-
ential hadronic cross sections at NLO EW (i.e. LO plus EW contribution), together with
the relative corrections §, with respect to Mi,, and to pr(§). The relative EW contri-
bution grows in the high-M;j,, and high-py range, but owing to the small corrections for
right-handed squarks, it remains at the percent level only.

6.3.3 Dependence on SUSY parameters

We complete our report by investigating the stability of the EW contributions against a
variation of the SUSY parameters. Similarly as we proceeded for the stops in the last
chapter, we first compare the results within different SPS scenarios and then study the
behavior of the EW contributions as a function of the final-state particle masses.
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Figure 6.15.: Hadronic cross sections including the EW contribution (upper panels) and relative
EW contribution (lower panels) for inclusive gG production. Left panel: differential
distribution with respect to the invariant mass of the squark and the gluino. Right
panel: differential distribution with respect to the transverse momentum of the
produced squark.

Different SUSY scenarios

We discuss gluino—squark production at the LHC within the SPS2, SPS3, SPS4, and SPS5
scenario. The input parameters for these exemplary mSUGRA scenarios are defined in
Appendix B.2. In particular, the gluino and average light-flavor squark masses are the

following (see also Table B.1),

mg = 785 GeV, mg~ 1.5 TeV (SPS2),
mg =940 GV, mg ~ 850 GeV  (SPS3), 6.19)
mg = 735 GeV, mg ~ 750 GeV (SPS4),
mg = 725 GeV, mg ~ 650 GeV (SPS5).

Note that in the SPS2 and SPS4 scenarios, the squarks are heavier than gluinos and can
go on-shell in some of the real quark radiation diagrams. Correspondingly, as described in
Section 6.2.4, we subtract the resonance contributions from the gq channels within these
two scenarios in order to avoid double counting in an inclusive analysis of squark and gluino

final states.

143



6. Gluino—squark production

The integrated hadronic cross sections and contributions from the partonic subprocesses
for gluino-squark production are displayed in Table 6.2. As we have seen above, differences
between up- and down-type squarks in the final state are PDF effects mainly, resulting
in different integrated hadronic cross sections but comparable relative EW contributions.
We thus only distinguish between left-handed and right-handed squarks and give inclusive
results for gg; and ggr production.

Compared to stop—anti-stop production, we find a milder variation of the results among
the various scenarios. This can be explained by the fact that the sum of the masses
of the final state particles ranges in a similar order of magnitude in all the considered
scenarios. Still, going from the SPS2 to SPS4 scenario, the squark masses are halved
and the LO cross section raises by a factor of ten. Concerning the EW contributions, the
results confirm our observations from the SPS1a’ scenario: The NLO EW corrections to the
gq channel are relatively large and negative for §¢; production, while they are negligibly
and positive in case of ggr production. The photon-induced subprocesses depend to a
less extent on the helicity of the produced squark and range in the same order as the
gg-channel corrections for ggr production. The gg-induced real quark bremsstrahlung
processes give small contributions only, both in scenarios where squarks can and cannot
become resonant. In total, the EW contributions amount to typically —3% and 0.2% for
gqr, and gqgr production, respectively.

Dependence on squark and gluino masses

At LO, the only SUSY parameters that enter the production cross section are the masses
of the final state particles. These parameters are thus crucial for the total size of the
cross section and it is instructive to investigate in more detail the dependence of the cross
section and the EW contribution on the squark and gluino masses. To this aim, we set
the independent squark masses of the first and second generation to a common value m(q),
which is varied for the ’squark mass variation’ and fixed (to 500 GeV) for the ’gluino mass
variation’. The fourth, dependent squark mass is computed at each SUSY point according
to Eq. (B.7). All other SUSY parameters are kept at their SPSla’ values?!. We give
the results in Fig. 6.16 for the variation of the common squark mass m(q) (left) and the
variation of the gluino mass (right). In the upper panels, the total cross sections including
the EW contribution, and in the lower panels, the relative EW contribution are shown.
Up-type squark production contributes twice as large as down-type squark production to
the inclusive result. Again, this is due to the respective parton densities. The relative
EW contribution to right-handed squark production can be neglected (< 0.5%) for the
considered parameter points. For left-handed squarks the corrections vary around —2%

! The following two plots are taken from [25], where the factorization and renormalization scale have been
set to ur,r = 1 TeV. All other input parameters agree with the conventions made in this thesis. The
general behavior of the results presented here is expected to be unaffected by the choice of scales.
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scenario | name sub- LO EW contr. per channel EW contr.
process | O(a?) O(a?a) O(asa) o
SPS2 | §qr 9q 200.2 | —867 x 1072 —4.33%
vq 10.2 x 1072
qq 5.89 x 1072
incl. | 200.2 | —861 x 1072 10.2 x 102 | —4.25%
3R 9q 203.0 5.52 x 1072 0.03%
vq 10.3 x 1072
qq 2.66 x 1072
incl. | 203.0 | 819x10°2 103x1072| 0.09%
SPS3 | §qr 9q 835.0 —29.3 —3.51%
Yq 0.69
qq 0.93
incl. | 835.0 —28.4 0.69 —-3.31%
Jdr 9q 920.6 0.68 0.07%
q 0.77
qq 0.13
incl. | 920.6 0.81 0.77 0.17%
SPS4 | §qr. 9q 2584 —82.3 —3.18%
Yq 1.49
qq 2.56
incl. | 2584 —79.7 1.49 —~3.03%
Gdr 9q 2758 1.66 0.06%
o 1.60
qq 0.38
incl. | 2758 2.03 1.60 0.13%
SPS5 | §qr 9q 3729 —109 —2.93%
Yq 2.20
qq 3.64
incl. | 3729 —106 2.20 —2.78%
Gdr 9q 4048 3.13 0.08%
q 2.42
qq 0.50
incl. | 4048 3.63 2.42 0.15%

Table 6.2.: Numerical results for the integrated cross sections for gluino—squark production at
the LHC within different SPS scenarios. Shown are the leading order results, the
EW contributions from the distinct channels, and the relative corrections §. All cross
sections are given in femtobarn [fb].
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Hadronic cross sections as a function of a common squark mass (left panel) and of
the gluino mass (right panel). Masses of squarks of the first and second generation
are set equal to m(G). All other parameters are fixed to their SPS1a’ values. Shown
are the hadronic cross sections at EW NLO and the relative EW contribution for
JuR, gur, gjd}g, gJL production and inclusive g¢ production.

for light masses (m(g) < 600 GeV) and grow up to —4% for squark and gluino masses

at the TeV range. One observes a change in the slope of the relative corrections at the

point m(g) = m(q) since the cross section depends also on the difference of the masses. If

squarks are heavier than gluinos, the resonance contributions from the gg channels have

been subtracted again and the final contributions from these channels are tiny.

As a consequence, the relative EW contribution to inclusive gluino—squark production

depends only weekly on the final state masses and is rather small (~ —1%).
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Chapter 7

Diagonal squark—squark production

We conclude our studies on the hadronic production of colored SUSY particles by consid-
ering same-sign squark—squark final states. In general, these include all combinations of
left- and right-handed squarks (or anti-squarks) of any flavor. Here, we restrict ourselves
to the production of diagonal squark—squark pairs,

PP — 44Ga,
PP — q,q,,

a

q=u,d,c,s; a=1L,R. (7.1)

The production of squark—squark pairs of the third generation is suppressed by the vanishing
top-quark and small bottom-quark density inside protons and shall not be considered here.

In the context of all squark and gluino production processes, G,G, production is of partic-
ular interest at the proton-proton collider LHC. The partonic process proceeds at LO from
qq-induced diagrams only. ¢¢* and gg production require qq or gg initial states instead,
see Section 3.3. Since the final-state SUSY particles are very massive, an important con-
tribution to the hadronic cross sections arises from the high-x region where valence-quark
densities dominate over sea-quark and gluon densities. As a result, ¢¢ production has gen-
erally a higher tree-level yield than ¢¢* production and can be comparable to gg production
depending on the precise squark—gluino mass configuration (see also Fig. 3.6).

Concerning the EW contributions to ¢,q, production, the application of our previously
obtained results is nontrivial. In contrast to t,% and §g, final states, G,d, pairs can be
produced from both QCD- and EW-mediated - and u-channel diagrams that give non-zero
interferences already at tree-level. As a consequence, many types of O(a2a) interferences
occur at NLO EW between amplitudes of O(asa) and O(as) as well as between the pure-
QCD one-loop amplitudes of O(a?) and the tree-level EW amplitudes of O(«a). This leads
to a complicated structure of both photonic and gluonic IR singularities. Moreover a UV-
finite result is obtained only if also the strong sector is renormalized.

We annotate that this project is work in progress [115]. The purpose of this chapter is
thus mainly to give an overview of the characteristic features of §,q, production and to settle
the technical details related to UV and IR singularities. A complete numerical analysis still
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remains to be done and is postponed to [115]. In particular, a detailed investigation of the
EW contributions for inclusive squark—squark production, also including non-diagonal and
mixed-flavor squark—squark pairs, is beyond the scope of this report.

The outline of this chapter is as follows. As in the previous analyses, we first recall
the LO cross section (Section 7.1) and then discuss the EW contributions (Section 7.2),
divided into tree-level and NLO EW contributions. We consider the various virtual and
real corrections and explain the treatment of UV and IR singularities. In Section 7.3 we
present a first, preliminary numerical investigation of §,q, production at the LHC for the
example of 4,1, final states.

7.1 LO cross sections and notations

The LO contribution to the production of diagonal squark—squark pairs at hadron colliders
proceeds from QCD-mediated tree-level diagrams via the following partonic processes:

q(p1) ¢(p2) — Ga(p3) dalpa);  @(p1) @(p2) — Ga(P3) Ga(pa), (7.2)

where the initial-state quarks and the final-state squarks are of the same flavor q. The
unpolarized cross sections of these two processes are related by charge conjugation and in
the following we will refer to the first partonic process only. The corresponding Feynman
diagrams are shown in Fig. 7.1(a) (see also Fig. 3.5(c) for the general classification among
the colored SUSY particle production processes).

Again, we distinguish the light-flavor squarks by means of their chiralities, ¢, = 41, 4r
and neglect the L-R mixing. The mass of a squark ¢, is denoted by mg,. Different to
t,t* and G, production, the masses of the final-state particles are not the only SUSY
parameters that enter the LO result for ¢,g, production. At LO, squark-squark pairs are
produced via gluino-exchange diagrams, which introduce a dependence of the cross section
on the gluino mass, mg. For the parameterization of matrix elements and cross sections,
we use again (reduced) Mandelstam variables, cf. Eq. (6.3),

§=(p1+p2)%, A ( ), d=(p1—pa)’, (7.3)

N a2
tajg=1t—m3 5 A5 =10—m3 .

The differential partonic cross section for the process qq — §,{as, in the usual notation
with superscripts m, n specifying the order in perturbation theory O(al*a™), can then be
written as

2

A6 (3) (3,4,4)| , (7.4)

qq_“la‘]a 167T82 Z’ qq_“]a‘]a
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Figure 7.1.: Feynman diagrams for diagonal squark-squark production (a) at LO via QCD-
mediated amplitudes and (b) from EW-mediated ¢- and u-channel diagrams.

in terms of the squared spin- and color-averaged lowest-order matrix element [20],

= 2 1 1 1
1,0 _ 2 2
E ‘qu—ﬁada —515167{' asCF
2 ¢ (7.5)
. 1 1 mz s
X {N(gaﬂ@l—m?jﬁ—kmgé) (A+A>—4 ! }
g Ug tgug

Since we have two identical particles in the final state, an additional factor of 1/2 has
been inserted in Eq. (7.5) in order to avoid double counting in the amplitudes. The color
factors are defined in Eq. (5.6), (N = 3, Cr = 4/3). The hadronic cross section results
immediately after convolution with the respective parton luminosity, cf. Eq. (3.3),

2,0 bdLEp a0
dopp_- -~ (S)= [ dr e (1.9). (7.6)

dr 99—4ada
0

Here, the production threshold is given by 5 = 4m§~a /S.

7.2 Electroweak contributions

We divide the EW contributions to ¢,g, production into three classes, which will be de-
scribed below. First, see Section 7.2.1, tree-level EW contributions of O(a?) and O(asa)
arise from EW-mediated diagrams and their interference with the LO QCD-mediated dia-
grams. Note that §,q, final states cannot be produced at lowest order from photon-induced
channels, different to £, and §g, production. The second class of EW contributions are
the NLO EW corrections of O(a?a). The sum of virtual corrections, described in Sec-
tion 7.2.2, and real photon and real gluon bremsstrahlung processes (Section 7.2.3) is UV
and IR finite after proper renormalization and a careful treatment of soft and collinear
singularities. Third, real-quark radiation contributes at the same order of perturbation
theory and has to be considered (see Section 7.2.4).
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The total EW contribution to the hadronic cross section is then given by

! dEPP 0,2 ~1,1 A
dUPP_’QaQa(S) :/ dr dr 46 44= 34 (3 )+daqq—>q§a(s)

0

g, 2,1 2,1 2,1
9 ~2, 2 2, A ~2, A
+ dr [ 99—Gada (8) + daqqﬂq*atiaw(s) + daqqﬂqaq}g(s)
d,CPP R R
T dr d qu_’QaQaq(s)} ’ (77)

in terms of the respective partonic cross sections explained below and parton luminosities,
cf. Eq. (3.3). It is a peculiarity of same-sign squark-squark production that there is no
summation over light quark flavors in Eq. (7.7). Charge conservation enforces the initial-
state quarks and the final-state squarks to have the same flavor configuration (i.e. all
up-type, all down-type, or both pairs of mixed-flavor particles). Neglecting CKM quark
mixing, the quarks and squarks have also to belong to the same generation.

7.2.1 Tree-level EW contributions

The qg-induced squark—squark production process,

a(p1) a(p2) — Ga(P3) Ga(pa); (7.8)

can also proceed from EW-mediated tree-level diagrams [113|. The structure of the di-
agrams is restricted by charge and R-parity conservation. Only diagrams with t- and
u-channel neutralino exchange are allowed, as depicted in Fig. 7.1(b). We denote the re-
spective amplitude by MY

Q‘}qaqa
We obtain the differential cross section for §,G, production at O(a?) as follows,

dAO 2 A

2
41—dada () 167r32 Z‘ qqﬂqaqa ‘

5,t, 1) (7.9)

Furthermore, the EW-mediated and the dominant QCD-mediated tree-level amplitudes

give a non-zero interference contribution of O(asa),
~1,1 3) b 1,0
do 99—Gada (3) 167r52 ZQR {( qq—>qaqa> qu_“h]‘aqa}7 (7.10)
which we include into the sum of EW contributions, Eq. (7.7).

7.2.2 Virtual corrections

As a consequence of the existence of both tree-level QCD and tree-level EW amplitudes, the
O(a2a) virtual corrections to §,g, production involve EW as well as QCD loop diagrams.
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Figure 7.2.: Feynman diagrams for the virtual NLO EW corrections to uu — t,u, that arise
from tree-level QCD diagrams with EW one-loop insertions: (a) counterterm, (b)
vertex correction and (c) box diagrams. These diagrams interfere with tree-level
QCD diagrams to give contributions of O(a2«a). The counterterm diagrams have to
be computed according to the Feynman rules in Table 4.2, where the renormalization
constants have to be evaluated at O(«). Diagrams with respect to vertex corrections
at the lower ugi, vertex are not shown explicitly in (b).

The notation of the particles refers to Fig. 5.3. In case of V' = = exchange, ¢ denotes
an u quark, and §, = @,. For Z/W boson and X/ exchange, it is ¢ = u/d and
Ga = g/ d,. The squark index b runs over the two chirality eigenstates L, R.
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7. Diagonal squark—squark production

Figure 7.3.: Feynman diagrams for the virtual NLO EW corrections to uu — 1,4, that arise
from tree-level EW diagrams with QCD one-loop insertions: (a) counterterm, (b)
vertex correction, and (¢) box diagrams. These diagrams interfere with tree-level
QCD diagrams to give contributions of O(a2a). The counterterm diagrams have to
be computed according to the Feynman rules in Table 4.2, where the renormalization
constants have to be evaluated at O(a;). Diagrams with respect to vertex corrections
at the lower ux" 1, vertex are not shown explicitly in (b).

More precisely, the virtual contributions to the partonic cross section at O(a2a) are given
by the following interference terms,
62l (5= 2 ST oRe{ (MEC Y MBI (B0 ) )
99—Gada - 167T§2 99—Gaqa 49—4ada 49—qada 49—Gada
di = 0,1 * 2.0
- 16782 Z 2Re { <qu_>6a6a) qu*daiia }’
(7.11)

where again M50 and M%! denote the tree-level QCD and EW amplitudes, respectively.
The one-loop amplitude M1 () arises from tree-level QCD diagrams with EW insertions
(shown in Fig. 7.2), while M (9) refers to the tree-level EW diagrams with QCD insertions
(see Fig. 7.3). Both one-loop amplitudes interfered with M*'? give non-zero contributions
at the right order O(a2a). At the same level of perturbation theory, the interference contri-
bution of the tree-level EW amplitude M%! and the pure-QCD one-loop amplitude M?
arising from the diagrams shown in Fig. 7.4 has to be considered. In the diagrams con-
taining a four-squark vertex, we take into account either the strong or the weak interaction
component in order to match the classification of amplitudes and to avoid double counting.

The full set of virtual corrections is UV finite after renormalization of the theory and

we have to include the proper set of counterterms. In general, we proceed as described in
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7.2. Electroweak contributions

Section 4.1, treating UV divergences by dimensional reduction and imposing on-shell con-
ditions to fix the renormalization constants. The counterterm diagrams for ¢,q, production
can be constructed from the Feynman rules listed in Table 4.2. However, care has to be
taken to evaluate the counterterms and renormalization constants at the right order.

In the first set of virtual corrections, shown in Fig. 7.2, UV singularities only arise from
gluino-mediated amplitudes with weak insertions (M%), We have to renormalize the
quark and squark sector and to include diagrams with counterterms of O(«) for the ¢gq,
vertex, see Fig. 7.2(a). At this order of perturbation theory, we do not need to renormalize
the gluino or the strong coupling.

In the second subset of virtual corrections, Fig. 7.3, we have to deal with UV singularities
arising from neutralino-mediated amplitudes with strong insertions (/\/ll’l(g)). In order
to obtain a UV-finite result, we include diagrams containing counterterms for the ¢x°g,
vertex, Fig. 7.3(a). The renormalization constants have to be evaluated at O(a;) and no
renormalization of the neutralino 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.

The third set of virtual corrections, depicted in Fig. 7.4, refers to pure-QCD one-loop
amplitudes, i.e. gluino-mediated diagrams with strong insertions (M??). In this case,
renormalization of the quark and squark sector as well as of the gluino and the strong
qgq Yukawa coupling g, is required. The renormalization constants in the appropriate
counterterm diagrams, Fig. 7.4(a), have to be evaluated at O(as). Note that in order to
match the definition of the strong coupling constant used in the extraction of the PDFs,
we define the strong coupling g, in the MS scheme and subtract the contributions from
heavy particles in the running of ag, cf. Eq. (4.49). Accordingly, we regularize the loop
integrals of this set of virtual corrections using dimensional regularization. This prescription
induces a finite difference between g; and gs; at the one-loop level and thus violates the
supersymmetric relation between the two couplings. Requiring the physical amplitudes to
preserve this SUSY relation, we implement an unsymmetric renormalization scheme for g
and §s and add a finite shift in the definition of the renormalization constant for §s; which
restores SUSY, cf. Eq. (4.50) [136].

The virtual corrections also provide photonic and gluonic IR singularities, which we treat
by means of mass regularization as described in Section 4.2.

In M5 1) IR singularities arise if two external particles exchange a low-energetic mass-
less photon and 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(a2a) has
to be added. In contrast in M 1) massless gluons running in the loops give rise to IR
singularities in the soft and collinear limit. Similarly, the diagrams contributing to AM?°
suffer from gluonic IR singularities. Hence we have to include real gluon bremsstrahlung
at O(a2a) in order to cancel the IR singularities. Owing to the photon-like appearance of

the gluon in the respective diagrams, it is again possible to regularize these IR singularities
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Figure 7.4.: Feynman diagrams for the virtual NLO EW corrections to uu — 1,4, that arise
from tree-level QCD diagrams with QCD one-loop insertions: (a) counterterm, (b)
vertex correction, (c) box, and (d) self-energy diagrams. These diagrams interfere
with tree-level EW diagrams to give contributions of O(a?a). The counterterm
diagrams have to be computed according to the Feynman rules in Table 4.2, where
the renormalization constants have to be evaluated at O(«a;). Here, all diagrams
with cross final states and diagrams with respect to vertex corrections at the lower
ugl, vertex in (b) are not shown explicitly. Labels b and i are helicity and generation
indices, respectively.
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7.2. Electroweak contributions

Figure 7.5.: Feynman diagrams for real photon radiation to t,%, production. All diagrams are
IR singular in the soft photon region, the diagrams in the first row also contain
initial-state collinear singularities.

by a fictious gluon mass. The computation of real photon and gluon radiation processes is
described in the next section.

7.2.3 Real photon and real gluon corrections
Real photon radiation

The IR singularities arising from photon exchange in the virtual corrections cancel those

in the photonic bremsstrahlung process

q(p1) q(p2) = Ga(p3) Ga(pa) v(k), (7.12)

according to the diagrams shown in Fig. 7.5. The integral over the photon phase space is
divergent in the soft region (£, — 0) and in the collinear region (k-p; — 0, k-p2 — 0). We
again apply the two-cutoff phase-space slicing method described in Section 4.2.1 and impose
a cut AE = 6,1/5/2 on the photon energy and a cut dg on the cosine of the angle between
the photon and the quark to exclude the singular regions from the numerical integration.
In the singular regions the integrands can be approximated analytically.

In the soft region, the differential cross section factorizes from the LO QCD cross section,

de>t (3)

99—G4aqaY

(6% . .
_ 2 ¢in 2 ¢fin 2 cint ~2,0 ~
soft - _; (eq soft + eq 5soft + 26q 5soft> dgqqaqaqa <3> ) (713)

in fin intf
where the soft factors dios, 0ots Osoft

ference of initial and final state radiation, respectively, and are defined by the universal

refer as usual to initial state, final state, and inter-

phase-space factors Z;;, Eq. (4.61). For the process under consideration, the soft factors
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are given by

A m2
6By =271 + 2112 = [ma —1In } g
s

277 §—2m?2
6soft_2I33+2I34:|:ln5 —]n)\:| 1+ da 1n<1+ﬁ>:|_;1n<1+g>

50 1-p
§—2m2 23 1 1+ 8
— oLy [ = ) + - In? ( —5 7.14
38 [ 2\135) T2 \i=g) ] (7.14)
. A2 m2 m2 1 m2 A
6 =2T13 4 2193 = {mag —mJ In | 22 | — ~1n? —% — 2Li, (1 - 82>
S téatqa 2 S mq

L o5 (1+0 : 5 . 5
+§1n <1—6>+L12( 2tqa(1_ﬁ>)+L12 <1+2£qa(1+ﬁ))

+ Lig (1 + 2{‘; (1-— ﬁ)) + Lig (1 + 2; (1+ ﬁ)) .

qa

The squark velocity (§ is given by 8= /1 — 4m§a /5. The contributions to the soft factors
are analogous to those of stop—anti-stop production, cf. Egs. (5.17) and (5.20). They differ
in relative signs since §,q, production involves particles only and no anti-(s)quarks do arise.

In the collinear region the differential cross section reads,

20 1-4s o A
= — 62/ dz Kol (2, 8) dai&iquqa(zs), (7.15)

coll. T 1 20

2,1 .

dé qq"QEQa’Y(S)
with the lower integration limit zg = 4m2~a /§ and the collinear factor ko (z, §) as defined
in Eq. (4.64). Finally we again have to absorb the universal quark mass singularity into the
quark PDF. In order to do so we redefine the quark PDF according to Eq. (4.66) choosing
the DIS factorization scheme (we use the PDF set MRST 2004 QED in the numerical

applications). The resulting additional O(a2a) contribution to the total hadronic cross
section Eq. (7.7) is given by

2 ALt
d }:DO};SqTaqa’y(S) - 70[ 62 /dT dPP EO]?tF dA§q0—>qa[ja(§) (716>

2a de 1% dz . R x T
2 far [2 [ E ) a0 ) (L) e (Do)

as specified in Eq. (4.69). The collinear factors £L2F and £LDF(2), defined in Eq. (4.67),

coll.
have to be evaluated in the DIS factorization scheme accordingly (Asc = 1).
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-0
Xn

Figure 7.6.: Feynman diagrams for real gluon radiation to @,u, production from (a) tree-level
QCD diagrams and (b) tree-level EW diagrams. Only QCD-EW interference terms
contribute at O(a2a).

Real gluon radiation

Second, we have to include gluon bremsstrahlung at O(a2a),

a(p1) q(p2) — Ga(p3) dalpa) 9(k), (7.17)

to cancel the gluonic IR singularities in the virtual corrections. Contributions of the right
order in perturbation theory originate from the interference of QCD-based and EW-based
Born level diagrams, as shown in Fig. 7.6(a) and (b), respectively. IR singularities arise
in the phase-space integration in the regions where the gluon becomes soft (E, — 0) or
collinear to one of the initial-state quarks (k-p1 — 0, k-ps — 0).

As discussed in Section 4.2.2; the differential cross section integrated over the soft gluon

region factorizes from lowest-order matrix elements of O(asa), but owing to the color
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7. Diagonal squark—squark production

charge of the emitted gluon a rearrangement of the color structure becomes necessary. For
the process Eq. (7.17), the result can be expressed as follows, cf. Eq. (4.83),

~2.1 A _ Qg 4 A
o qq_’q“qag(s) soft T { 3 <2Iﬂ + 2133 - 4123) x do-qq_’QG.Qa(S)
~1,1 R
+2 (212 4 Tay — 2123) X [daqq% qa(s)} . (7.18)

+2 (2 T3 — 2123) [dU;qLQaQa(é)} 13}'

Here, the O(asa) cross sections refer to the interference contribution from the tree-level
EW and QCD amplitudes, cf. Eq. (7.10), and to the color-modified EW-QCD interference
contributions, cf. Egs. (4.80) and (4.81),

1.1 . 1 ~—
[CAe) = 55PS: > oRe{ (Moo | T Ty M5 L (7.19)
in terms of the color-charge operators T;, defined Eq. (4.73).

Also in the collinear region, the differential cross section factorizes into a universal
collinear factor kcon., defined in Eq. (4.64), and the EW-QCD interference contribution.
In complete analogy to the case of photon radiation, Eq. (7.15), we write the result as

2as

1—6s
Cr / dz koo (2, 8) dogt o - (3). (7.20)

20

~2,1 .
qu%q}fig(s) T

coll.

To fully get rid of the initial-state collinear singularities we have to absorb them into the
quark PDFs by a second redefinition as specified in Eq. (4.87). This yields a further O(a2a)
contribution to the hadronic cross section, as given in Eq. (4.88),

2045 dctl A A
do-%)lg_c”;IQag(S) CF /d dPP fo?tF do. ;qiquqa (S) (721)

2045 de (179 dz . ) T T
CF/dT/ / (IZDO]IDIF( )d ;ql—n] qa(s) X fq/P(;7)uF>fq/P<E7,u’F>

Note that the redefinition of PDFs at higher orders in QCD, respectively their global fitting
in the extraction from experiments, is usually performed in the MS factorization scheme.
Accordingly, the collinear factors k228 and £LDF(2), cf. Eq. (4.67), have to be evaluated

coll.
in the MS scheme (i.e. with Ag. = 0).

7.2.4 Real quark radiation

The complete list of real radiation processes at O(a2a) also includes processes with an
additional quark or anti-quark in the final state. They arise from quark-gluon initial states
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7.2. Electroweak contributions

Figure 7.7.: Feynman diagrams for real quark radiation to @,%, production from (a) tree-level
QCD diagrams and (b) tree-level EW diagrams. Only the QCD-EW interference
terms contribute at O(a2a).

in the interference of QCD-mediated and EW-mediated tree-level diagrams. Charge con-
servation enforces that a ¢,q, pair can be produced in association with an real anti-quark
only (while ¢’ production allows for real quark radiation). Furthermore, since the strong
qJqs couplings are diagonal in flavor, the radiated quark has to have the same flavor as the
produced squarks. Thus the only subprocess to be considered is

a(p1) 9(p2) = Ga(p3) Ga(ps) 4(k). (7.22)

The resulting cross section contribution to the cross section can be written as

99—qaGaq 99—GaGaq 99—GaGaq

o> (§):%§2Re{(/\/{3/z70 )*Ml/Q’l }apss, (7.23)

159



7. Diagonal squark—squark production

in terms of the amplitude M3/ 0 related to the QCD-mediated diagrams depicted in
Fig. 7.7(a), and the amplitude M'/% 1 describing the EW-mediated diagrams of Fig. 7.7(b).
No summation over different quark species has to be included. Different to ,t% and §d,
production, there is only one real quark radiation channel contributing to the production
of a pair of same-sign squarks ¢, of a given helicity and flavor.

The phase-space integration in Eq. (7.23) is finite in the region of vanishing quark energies
E; — 0. However quark mass singularities arise when the initial-state gluon and the final-
state (anti-)quark are collinear in both the QCD- and EW-mediated diagrams (k-p2 — 0).
The extraction of collinear singularities can be performed in a similar way as we did before,
applying a cut dp on the cosine of the angle between the gluon and the quark to split off the
singular region from the numerical phase-space integration. Integrated over the collinear
region, the cross section reads, cf. Eq. (4.89),

dA21 (69)

99—GaGaq

1
= L / dz k%9 (2,3) dolat o o (3), (7.24)
Z

Q 0

coll.

where the quark-gluon collinear factor k2%, (z, §) is defined in Eq. (4.91) and Ty = 1/2. The
collinear singularities are again absorbed into the quark PDF by an appropriate redefinition
at O(as), specified in Eq. (4.93). This results in an additional O(a2a) contribution to the
hadronic cross section as follows,

coll.CT dx dZ 1 mi\ g .
AdOPP = Gudaq = 7TF dr Pyyg(z) In( — ,U«F dé q—>qaqa(5)

(7.25)
x T T x
>< — — — —
|:fg/P<Z>,uF)fq/P<xqu> + fq/P(mauF)fg/P<zauF):|a
where P, ,(2) = 2% + (1 — 2)? is the gluon-quark splitting function.

In specific SUSY scenarios, internal neutralinos and gluinos in the diagrams shown in
Fig. 7.7 can be on-shell and the widths of the particles have to be inserted in the corre-
sponding propagators in order to regularize the poles. Physical resonances do not occur.
This is different to the case of real quark radiation in gluino—squark production processes,
where internal squarks can go on-shell in both the EW- and the QCD-mediated diagrams
(see Section 6.2.4).

7.3 Numerical results
We evaluate our results numerically for the important case of 4%, production. Among the
various squark—squark production processes, we expect largest hadronic cross sections at

the LHC for first-generation up-type squarks @, since these are produced from wwu initial

states at tree-level and thus enhanced by purely valence-quark PDFs. Again, we present
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the integrated hadronic cross section, o, the differential cross section with respect to the
invariant mass of the squark—squark pair, do/dMiy,y, and with respect to the average trans-
verse momentum, do /dpr, and lab-frame pseudo rapidity, do/dn, of the (indistinguishable)
squarks, respectively. In analogy to the previous numerical discussions, we label the various
EW contributions according to the initial-state particles of the respective subprocesses. All
presented results are preliminary yet.

The input parameters are defined as described in Section 5.3.1 and Appendix B. For the
SUSY parameters, we consider the SPSla’ scenario [158] as a reference. In this scenario,
the on-shell masses of the first-generation up-type squarks are

ma, =560.7 GeV,  ma, = 543.3 GeV, (SPS1a) (7.26)

Again, we use the set MRST 2004 QED [107] for the parton distributions with identified
factorization and renormalization scales pp = pr = 560 GeV (= mgy,, chosen for later
convenience if inclusive squark—squark final states are considered).

For the calculation of the IR singular bremsstrahlung contributions, three independent
sets of energy and angle cutoff parameters have to be considered. The phase space of the
real photon in process Eq. (7.12) and the phase space of the real gluon in process Eq. (7.17)
are divided into a soft, a hard collinear, and a hard non-collinear region, respectively. The
phase space of the real (anti-)quark in process Eq. (7.22) is cut into a collinear and a
non-collinear part. In Fig. 7.8 we briefly investigate the stability of the phase-space slicing
method. Shown are the partial hadronic cross section contributions (virtual corrections plus
soft and collinear parts and the hard, non-collinear part) and the sum of all contributions
as a function of the angle cutoff 6 (and AE = 0.001v/3 fixed). We refer to the photonic
corrections of O(a2a) (upper plots, cf. Fig. 7.2) and gluonic corrections of O(a2a) (lower
plots, cf. Figs. 7.3 and 7.4), only. In both cases, the summed result does not depend on the
parameters when they are chosen small enough, and the method is applicable. However the
choice of appropriate cutoff parameters in case of gluonic corrections has to be done with
care. In the small cutoff region, close to the singular regions in phase space, the separate
contributions are huge and cancel down to the percentage level. Thus one looses roughly
two digits in precision and the relative errors of the summed result are large in comparison
to the case of photonic corrections. The situation is similar in case of variation of the energy
cutoff parameter and not shown explicitly, here. The numerical integration over singular
regions is avoided by the alternative dipole subtraction method (see Section 4.2.1), resulting
in an improvement in the integration errors of typically one order of magnitude [145]. For
a future precision analysis on squark—squark production, we strongly suggest to implement
the dipole subtraction method and to perform careful cross checks on the reliability of the
results obtained from both methods.

In the following numerical analysis, the energy cut off parameters are set to AE =
0.001v/3 and the cuts on the (cosine of) the angle are set to §5 = 0.0001.
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Figure 7.8.: Dependence of hadronic cross section contributions on the cutoff parameter dy (AFE =
0.001v/3 fixed), for the photonic corrections of O(a2a) (upper plots, cf. Fig. 7.2),
and for the gluonic corrections of O(a2a) (lower plots, cf. Figs. 7.3 and 7.4), to
urty production at the LHC within the SPS1a’ scenario. Left panels: Shown are
the partial contributions (virtual corrections plus soft and collinear parts and the
hard, non-collinear part) and the sum of all contributions. Right panels: Sum of all
contributions. The error bars represent integration uncertainties.

7.3.1 Hadronic cross sections

The results for the integrated hadronic cross sections for 4y, and gtig production at the
LHC are displayed in Table 7.1. The LO cross sections and the various absolute and relative
EW contributions are presented. For the quark—quark induced (uu) channel, we give the
relative impact of the IR-finite sum of O(a2a) NLO EW corrections and the O(asa + o)
tree-level EW channels, separately. The gluon-quark induced (gu) real quark radiation
process contributes at NLO only.

In case of left-handed squark—squark production, the wu-induced NLO EW corrections
are relatively large and alter the LO cross section by about —6%. Moreover, the tree-level
pure-EW and EW-QCD processes give important contributions (20%). The real quark
radiation is suppressed by one order of magnitude in comparison. As expected from our

previous investigations on #,t% and §g, production, the impact of the EW contributions for
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ocesS sub- LO EW contr. per channel EW contr.
P process | O(a?) | O(a2a) Ofasa) O(a?) 4]

ur,uar, uu 479 —27.5 —5.75%
78.5 13.5 19.9%

qu —2.32
incl. 479 —29.8 78.5 13.5 13.0%
URUuR uu 528 —3.55 —0.67%
26.3 1.72 5.30%

qu —-0.77
incl. 528 —4.32 26.3 1.72 4.63%
inclusive u,u, | 1006 | —34.2 105 15.2 8.52%

Table 7.1.: Numerical results for the integrated cross sections for @4y and @ptr production at
the LHC within the SPS1a’ scenario [158]. Shown are the leading order results, the
EW contributions from the distinct channels, and the corrections relative to the LO
result, §. All cross sections are given in femtobarn [fb].

right-handed @riig production is less pronounced. The O(a2a) corrections range below
the percent level. Summing up tree-level and one-loop EW contributions, the LO cross
section for inclusive @y uy, and @rag production increases by 8.5%.

We recall that only w4, final states are considered. Cross section for the charge con-
jugated process of @} u; production and for second-generation ¢,¢,, ¢,c, final states differ
only in the PDF factor and can easily be included. At the LHC however, these are strongly
suppressed by the sea-quark parton densities (the LO production channels proceed from
uu, cc, and ¢¢ initial states, respectively) and negligible hadronic contributions are ex-
pected. This is different to squark—anti-squark production [26]|, where the dependence of
the EW contributions on the flavor and generation of the produced squarks is much more

involved.

7.3.2 Differential distributions

We further investigate the interplay of the EW contributions in Fig. 7.9. We only consider
uruy, production, since the EW corrections are suppressed for right-handed squarks. Shown
are the absolute EW contributions as distributions with respect to M.y, pr, ¥, or . We
refer to the tree-level EW subprocesses of O(asa + a?), the O(a2a) corrections divided
into the two gauge-invariant subsets of photonic and gluonic corrections, as well as the
gu-induced EW contributions due to real quark radiation. Owing to the alternating signs,
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Figure 7.9.: Comparison of absolute EW contributions from the various channels to %%} produc-
tion, as distributions of the invariant mass of the squark—squark pair, the transverse
momentum pr, the rapidity y, and the pseudo-rapidity 1 of one of the squarks (from
upper left to lower right). y and 7 are given in the laboratory frame.

compensations occur in particular between the photonic and gluonic NLO EW corrections.
The sum of EW contributions is dominated by the tree-level EW processes over largest
regions in phase-space.

Focussing on the O(a?a) EW corrections to the uu channel, we consider in Fig. 7.10 the
hadronic contributions of the two gauge-invariant subsets of photonic and gluonic correc-
tions relative to the LO Born cross section. The numerical impact of the EW contributions
on the invariant mass distribution is moderate, ranging at the percent level. In the pp dis-
tributions, both the photonic and gluonic EW corrections grow for large values of pr and
reach the —10% and —20% level, respectively.

Finally we present the differential hadronic cross section at NLO EW, including all EW
contributions up to O(a2a) (i.e. including the tree-level EW subprocesses), as a function of
the invariant mass and pp in Fig. 7.11. In the respective lower panels, the EW contributions
relative to the LO result are given. Close to the threshold, in particular the tree-level EW
processes alter the LO prediction considerably (= 20%). In the high-M;j,, and high-pp
regions, the EW contributions turn negative and are dominated by the O(a2a) corrections.
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Figure 7.10.: Relative O(a2a) EW corrections to 1,4z, production at the LHC within the SPS1a’

scenario. The upper plots refer to the IR-finite subset of photonic corrections to the
uu channel, the lower plots to that of gluonic corrections. Shown are the invariant
mass distribution of the @@y pair (left panels) and the distributions with respect
to the transverse momentum pr(%y) (right panels).

7.4 Outlook: non-diagonal and mixed-flavor squark—squark

production

Squark—squark final states also allow for non-diagonal and mixed-flavor squark pairs. Ex-
perimentally, the inclusive squark—squark production is most relevant since light-flavor
squarks are hard to distinguish in detectors (even though squarks of different helicities
could be distinguishable by their decay chains in principle). Having worked out the techni-
cal details concerning the cancellation of UV and IR singularities for ¢,g, production, the
application of our methods to non-diagonal and/or mixed-flavor squark—squark production
is straight-forward. It is thus planned to extend our studies to inclusive final-state analy-
ses [115]. However the EW contributions depend sensitively on the chirality and the flavor
of the produced particles. Different to the calculation of flavor-blind QCD corrections, we
have to perform separate computations for different species of squarks.

At parton level, the squark—squark production processes can be divided into three classes

(and the same applies to the charge conjugated processes). First, diagonal and non-diagonal
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Figure 7.11.: Hadronic cross sections including the full EW contribution (upper panels) and rela-
tive EW contribution (lower panels) for @747 production. Shown are the invariant
mass distribution of the @y, pair (left panels) and the distributions with respect

to the transverse momentum pr(@y) (right panels).

squark-squark production has to be addressed, with both squarks having the same flavor ¢,

U,d, G S,

7.27a
L,R. ( )

99 — qaQb, a,b
A second class of processes describes squark—squark pairs of different flavor ¢, ¢’ but with
the squarks belonging to the same generation,

(¢,4) = (u,d), (c,s),
P 7.27b
=9y = LR (7.270)
Third, the two squarks can be of different flavor and different generation
(¢:4") = (u,0), (u,5), (d;c), (d,5),
' ~ 7.27c
49’ = Gadys ab = L.R. (7.27¢)

We summarize the three classes and respective parton-level Feynman diagrams in Fig. 7.12.
All production processes can proceed from both QCD-mediated and EW-mediated tree-level
amplitudes, yielding cross section contributions of O(a?) and O(a?), respectively. However
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Figure 7.12.: Parton-level Feynman diagrams at LO for same-sign squark—squark production
in hadronic collisions. All classes of production processes allow for both QCD-
mediated and EW-mediated tree-level amplitudes. Depending on the flavor (g, q’)
and chirality (a,b = L, R) structure of the final-state particles, the subset of con-
tributing diagrams is different. In the first row, diagrams with crossed final states
are only possible for diagonal §,g, pairs (a = L, R). In the second row, the diagram
with crossed final states is present for left-handed §q} pairs only.

the subset of non-zero diagrams and interference contributions is different for the processes
Egs. 7.27a-7.27c and depends on the flavor and chirality of the produced particles. The
O(asa) interference of tree-level EW and tree-level QCD diagrams is only non-zero in case
of diagonal ¢,§, and same-generation ¢1,¢; final states. This structure of EW- and QCD-
mediated diagrams carries over to EW NLO corrections at O(a2a) and requires a separate

treatment of the various process classes.
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Chapter 8

SUSY with R-parity violation and
a 71 as lightest SUSY particle

In the MSSM, an additional symmetry, R-parity, is postulated to exclude lepton and baryon
number violating operators from the superpotential that lead to rapid proton decay. In
this chapter we investigate an alternative protective symmetry, baryon-triality Bs [34-37],
which prohibits only the baryon number violating operators. We focus on B3 mSUGRA
models where the lightest stau 71 is the LSP. Since B3 models allow for lepton number and
‘R-parity violation, the LSP can decay and is not constrained to be electrically neutral from
cosmological observations.

We assume one non-zero Bz coupling )\; jk at the GUT scale AguT, which can generate
further B3 couplings at the weak scale. In Section 8.1 we study the renormalization group
equations and give numerical examples. The new couplings lead to additional 7; decays,
providing distinct collider signatures. We classify the 71 decays and describe their depen-
dence on the mSUGRA parameters in Section 8.2. Third, we exploit our results for single
slepton production at the LHC in Section 8.3. As an explicit numerical example, we in-
vestigate single smuon production, focussing on like-sign dimuons in the final state. Also
considered are final states with three or four muons.

The results presented in this chapter are published in [165].

Bs mSUGRA models

B3z mSUGRA models are based on the minimal particle content of a supersymmetric ex-
tension of the Standard Model (SSM). The most general renormalizable superpotential of
the SSM is given in Eq. (2.42). It divides into Yukawa terms and a Higgs mixing term con-
tained in W, Eq. (2.43a), and L- and B-violating terms parameterized in Wy, Eq. (2.43b).
The assumption of R-parity conservation excludes Wy from the theory and is a defining
property of the MSSM. In contrast, in models with conserved baryon-triality Bs [34-37],
only the baryon number violating U D D operator in Wy is prohibited (and also dangerous
dimension-five operators).
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8. SUSY with R-parity violation and a Ty as lightest SUSY particle

The most general B3 SSM has more than 200 parameters. The number of parameters
can be lowered by specific assumptions on the SUSY breaking mechanism. Within the
MSSM, the most widely studied constrained model is minimal supergravity (mSUGRA),
see Section 2.3.3. The 124 free parameters of the MSSM are reduced to only five, My, My s,
Ay, tan g, sgn(p), which are fixed at the GUT scale Agur, cf. Eq. (2.55). Correspondingly,
in the Bs mSUGRA model [166,167], there are six free parameters at the GUT scale,

Mo, M5, Ao, tan 3, sgn(u), and a single /\{L'jk #0, (8.1)

where the )‘;jk coupling allows for the L-violating LinEk operator in Wy, Eq. (2.43b).

The B3 SSM has some distinguishing features compared to the MSSM [31,168|, which
can have a strong impact on (hadron) collider phenomenology [169,170]:

e Lepton number and lepton flavor violating processes take place.

e The renormalization group equations (RGEs) get additional contributions [166,171,
172], resulting in modified low-energy SUSY couplings and SUSY particle spectra.

e Neutrino masses can be generated as experimentally observed [173]?2.

The LSP is not stable and can decay via the B3 couplings.
e Supersymmetric particles can be produced singly, possibly on resonance.

Since the LSP is not stable, we are not restricted to the lightest neutralino X as the
LSP [10]. A first investigation of the parameter space has shown that there are extensive
regions with a neutralino, a stau or a sneutrino LSP [166,167]. We shall focus here on
a 71 LSP. 71 LSP scenarios have been studied in the literature [166,167,174-176]. As we
discuss in the next section, we go beyond this work in several aspects.

We concentrate on models with only one non-vanishing )‘;jk being present at Agur,
similar to the dominant top Yukawa in the SM. Allowing for more than one coupling leads
to stricter bounds [31,168,177-180]. The bounds for a single )\;jk lie between O(1) and
O(10~%) depending on the flavor indices and SUSY particle masses. A summary of present
bounds on the RPV couplings is given e. g. in [31,177]. The most stringent bound applies to

Y11 due to the non-observation of neutrinoless double beta decay. In general, the bounds
can be up to four orders of magnitude stronger at Agyr if one includes the generation of
neutrino masses [166,179]. We therefore assume below that Aj;; < O(1072) and require it

.
to be consistent with the observed neutrino masses.

22The bilinear term x‘L;H, in the superpotential Eq. (2.43b) induces mixing between the neutrinos and
neutralinos and thus one massive neutrino is obtained at tree level. A second neutrino mass as required
from experiments is supplied by higher-order contributions to the neutrino mass matrix by Bs-coupling
induced quark-squark and lepton-slepton loops. See e.g. [36,37] for more details.
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New phenomenology

If SUSY particles are produced at colliders, they typically induce long cascade decay chains
to the LSP in the detector. The nature of the LSP and its possible decay modes are thus
essential in all supersymmetric signatures. The 71 LSP might decay via the dominant

Linﬁk operator; for example via a 4-body decay in the presence of a non-vanishing X\, 23

bV -
BT uud. (8.2)
In this context, an important feature of Bs mSUGRA models is that additional Bs couplings
are generated via the RGE running of non-vanishing B3 couplings (see below). These new
couplings can lead to 2-body decays of the 71 LSP. For example, \,;; will generate Aog3
which allows for the decay

FA (8.3)

Even though X233 < Ajqp, this might be the dominant decay mode. The decay (8.2) is
suppressed by phase space and heavy propagators. In Section 8.2, we will analyze in detail
the conditions for a dominance of the 2-body decay over the 4-body decay. We provide
for the first time an extensive study of Bs 71 LSP decays and extend and specify thus the
results of [176], where a first estimate has been performed. Since typically all heavy SUSY
particles decay to the LSP, the various LSP signatures are important for studies both on
pair and on singly produced SUSY particles.

As an interesting application of our results, we then consider in Section 8.3 resonant single
slepton production at the LHC. This process is possible in B3 scenarios with a non-zero
A, ik coupling via ¢¢ annihilation at parton level,

Ak s s Nk

ujdy, — and d;di, — 7. (8.4)
Note that single slepton production allows to study two Bs couplings at a time, depending
on the scenario. The slepton is always produced via a X', whereas the decay of the 7, LSP
in the decay chain of the slepton might proceed via a generated A, cf. Eq. (8.3).

Single slepton production within a ¥} LSP scenario leads to like-sign dileptons in the
final state and has thus a very promising signature for experimental studies, see Refs. [181,
182]. As we will see, also in 71 LSP scenarios one obtains like-sign dilepton events and,
additionally, events with three or four leptons in the final state. We provide a classification
of all possible signatures for resonant single slepton production in B mSUGRA models
with a 71 LSP. As an numerical example, we calculate event rates for like-sign dimuon
events as well as for three- and four-muon events, at the LHC. We also discuss backgrounds
and cuts for like-sign dimuon events.

23In this chapter, we denote charged sleptons and anti-sleptons by ¢~ and ¢ for clarification.
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8. SUSY with R-parity violation and a Ty as lightest SUSY particle

Resonant slepton production at hadron colliders via the L;Q;Dj, operator was first in-
vestigated in [183], using tree-level production cross sections. Three-lepton final states
and like-sign dilepton events were investigated in [181,182]. Ref. [184] considered scenarios
with a gravitino LSP. Experimental studies by the D@ collaboration at the Tevatron were
performed in Refs. [185] assuming a ) LSP and a non-vanishing A\y;;. The NLO QCD
corrections to the cross section were computed in [186-188|. The SUSY-QCD corrections
were included by [187]. The latter can modify the NLO QCD prediction by up to 35%.

8.1 The low-energy spectrum of the B mSUGRA model
with a 74 LSP

At the GUT scale, the B3 mSUGRA model is defined by six input parameters, cf. Eq. (8.1).
We now discuss the low-energy spectrum. SUSY particle masses and couplings are obtained
by running the respective RGEs down to the weak scale.

We explicitely take into account the mixing of different quark flavors, described by the
CKM matrix (see the discussion in Section 2.3.4). We restrict ourselves to the extreme (but
nontrivial) cases of quark mixing taking place completely in the up- or down-quark sector,
respectively. In scenarios with “up-type mixing” the quark Yukawa matrices are given by
Eq. (2.88), in scenarios with “down-type mixing” we consider Eq. (2.90).

As a first consequence of the nontrivial quark rotation matrices, the RGEs of the B3 cou-
plings are not independent but highly coupled. Therefore, a single non-zero )‘;jk: at the
GUT scale generates a set of other non-zero B3 couplings at lower scales. The size of the
dynamically generated Bg couplings depends sensitively on the composition of the quark
Yukawa matrices. Assuming a diagonal charged-lepton Yukawa matrix Y g, only those
couplings can be generated which violate the same lepton number as /\fijk, ie. A, and
Aiii- No additional source of lepton number violation is introduced. Phenomenologically
particularly relevant is the generation of \;33, which we discuss in detail in Section 8.1.3.

Second, the )\;jk coupling also has to be rotated from the weak into the quark mass
basis for a comparison with experimental data. In case of up-type mixing, the L;Q;Dy
interactions of the superpotential in the quark mass basis are, in terms of the SU(2)r-
component superfields L; = (N;, E;)7, (see e. g. [180]),

gk [INiDJ" = Ei(V ) nUi"] Dy (8.5)
In the case of down-mixing they are
Aiji [Ni(Vekm) D7 — EUT (VEa)nk Do (8.6)

However for slepton production cross sections, we do not take into account these CKM
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8.1. The low-energy spectrum of the Bs mSUGRA model with a 7y LSP

effects. If needed, the corresponding rescaling of the A\’ coupling can be done easily. Fur-
thermore the sub-dominant interactions, which include non-diagonal matrix elements of
V ek, do not allow for large production cross sections since A enters only quadratically.

8.1.1 SUSY particle spectra

The low-energy SUSY particle masses depend strongly on the universal mSUGRA parame-
ters, Eq. (2.55), and only weakly on \' < O(1072) [167]. Therefore, the general discussions
of the MSSM particle spectrum of Section 2.3.4 also apply for the Bs SSM. For later ref-
erence, we cite here known approximate expressions for the relevant SUSY particle masses
in terms of the mSUGRA parameters [189] that also do hold.

Owing to the small electron and muon mass, the L-R mixing for sleptons of the first and
second generation can safely be neglected. The gauge and mass eigenstates thus coincide
and the masses are approximately given by

m2 = M + 0.15M12/2 — sin? By m% cos 213,

2

g

m? = M +0.52M?,, — (0.5 — sin® fy,)m% cos 23 (8.7)
/1 0 . 1/2 . w Z ) .

mg = Mg + 0.52M7 5 + 0.5m% cos 28,

v

where mg. ., denotes the mass of a right-/left-handed selectron or smuon, respectively, and

my denotes the mass of a left-handed electron or muon sneutrino.

For sfermions of the third generation, the L-R mixing has to be taken into account. The
stau mass eigenstates 71 2 are obtained by diagonalizing the stau mass matrix, cf. Egs. (2.92)
and (2.95), yielding for the masses ms, ,,

1
m? , = m?+ 3 [(ALL +CRRy £ \/ (ALL — ORRY2 4 4m2(BLR)2 | (8.8)
1
with AL = m%g — (5 —sin® Oy ) m% cos23,
BLE — A — utang, (8.9)
Cofht — m2E3 — sin? Oy m% cos 2.

The left- and right-handed third generation soft-breaking parameters m;_ and mg, depend
on the mSUGRA parameters (approximately) as follows,

2
2 2 2
1
2 2 2
m, = M§ +0.52Mf ), — 2 X, (8.10)
X, =1074(1 + tan? ) (MO2 +0.15M%), + 0.33A3) ,

173



8. SUSY with R-parity violation and a Ty as lightest SUSY particle

where X, parameterizes the influence of the tau Yukawa coupling. Note, that X, can
have a strong impact on the stau masses due to its tan? 8 dependence, even though X is
suppressed by a factor 1074, We will investigate this effect on the 7; decay branching ratios
in the next section. In Eq. (8.9), A, is the trilinear coupling of the left- and right-handed
stau to the Higgs boson. In mSUGRA models, it is A, = Ag at the GUT scale.

The neutralino masses simplify in many mSUGRA models, assuming that the lightest
neutralino is bino-like and the second lightest is wino-like (see Section 2.3.4 and Eq. (2.117)).
The masses can be approximated in terms of the universal gaugino mass M s,

m>~<(1) ~ M1 = 0.41M1/2, mig =~ M2 = 0.84M1/2, (8.11)

where Eq. (2.116) has been applied.

8.1.2 Reference scenarios with a 7y LSP

For the purpose of numerical studies and as future reference points, two specific sets of
B3z mSUGRA scenarios with a 71 LSP have been defined in [165],

Set A: Mo = 0GeV, My, =500GeV, Ag = 600GeV, tan g = 13, sgn(u) = +1,
a single \;, # OlauT, (8.12a)

Set B: My =0GeV, My, =T700GeV, Ag = 1150GeV, tan 3 = 26, sgn(u) = +1,
a single \jj;, # OlauT. (8.12b)

The scenarios are carefully chosen in accordance with bounds from B-physics, EW precision
observables (the anomalous magnetic moment of the muon), Higgs boson searches at LEP,
and neutrino physics (see [165] and references therein).

In Table 8.1, we show the supersymmetric mass spectra of the parameter sets A and
B (8.12). We have neglected the mass dependence on the different non-zero B3 couplings
which is valid if A}, < O(1072) [167]. The main Bj effect on the spectrum is that we
allow for a 7; LSP. Note that one naturally obtains a 71 LSP spectrum for M, > M.
The large M/, raises the lightest neutralino mass Eq. (8.11) faster than the right-handed
slepton masses (8.7). It also drives the gluino and indirectly via the RGEs the squark
masses up. We thus see in Table 8.1 squark and gluino masses > 1TeV, while the slepton
masses are below 500 GeV. Another general feature of a 7 LSP scenario is that the second
lightest neutralino and the lightest chargino are also heavier than the sleptons. Therefore
the only conventional supersymmetric decays of the left-handed sleptons are via the lightest
neutralino. Depending on the dominant B3 coupling and its size, the left-handed sleptons

can also decay into two jets.
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8.1. The low-energy spectrum of the Bs mSUGRA model with a 7y LSP

masses [GeV] masses [GeV]

Set A Set B Set A Set B
71 179 146 %l 203 290
éR 193 266 0% 380 544
72 340 453 e 571 754

ér, 340 471 el 587 765
Uy 326 437 || x¥ | 383 549
7e 320 461 || x5 | 583 761

t 841 1160 ho 113 115
by 970 1300 | HY | 643 795
R 1010 1370 || A° 642 795
to 1010 1340 | HT | 648 799
bs 995 1340
ar, 1040 1410 g 1150 1560

Table 8.1.: SUSY particle masses for the B3 mSUGRA sets A and B as defined in Eq. (8.12),
evaluated for a renormalization scale Qsusy, Eq. (8.20), using Softsusy 2.0.10 [75].

The variation due to different )\gj + 7 Olcur and quark mixing is below the percent

level. The masses in the second generation coincide with those in the first generation.

Nearly all SUSY particles in Set B (M, /5 = 700 GeV) are heavier than in Set A (M /5 =
500 GeV). The most important difference for the phenomenology at colliders arises from the
different values of tan § (tan 3 = 13 in Set A, tan 3 = 26 in Set B). According to Eq. (8.10),
the soft breaking parameters of the stau decrease for increasing tan 3 and thus both stau
mass eigenstates are reduced for large values of tan 3. Furthermore, the mass of the lighter
stau is reduced due to the larger L-R mixing proportional to B*®, Eq. (8.9). This effect
can be seen in Table 8.1, where the mass of the 7 LSP is 179 GeV in Set A but only
146 GeV in Set B. The 7 mass and tan § strongly influence the possible 2- and 4-body
71 LSP branching ratios. We will investigate this topic in detail in Section 8.2.

8.1.3 Renormalization group equations

One of the most important consequences of including Bs effects in SUSY models is that
the LSP is no longer stable. This is of special interest for phenomological studies if the
LSP couples directly to the dominant B3 operator. This leads to large LSP decay widths
and to distinctive final-state signatures.

In the scenarios considered here, cf.Eq. (8.1), the dominant coupling is a )\ij; fori #3
it does not couple to the 7, LSP. However, as the RGEs of the Bs couplings are coupled via
non-diagonal entries of Yukawa matrices, a )\;jk generates dynamically other B couplings.

Among those, we want to focus on the \;33 which do couple directly to the 7, LSP.
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8. SUSY with R-parity violation and a Ty as lightest SUSY particle

The aim of the next two sections is to study the RGEs of the dominant )\;jk and to
quantitatively determine the generated \;33. We then use these results to predict the low-
energy spectrum of B3 mSUGRA scenarios. We will also derive approximate formulas that
allow for a numerical implementation of the running of the couplings.

The full renormalization group equations for the B3 couplings ! ik and \;33 are [166,171,
172],

d ; M

2 L; L;
167 dt Z]k )\/]l ’YDZ + )\;lk ’}/Ql + )\l]k ")/Ll — (YD)]k f}/Hl, (813)

d _ .
16772%/\133 — Ay ’Ygf + Ais ’yff + Ais3 fyfl — (YE),, fyéll +(YE), ﬁf; (8.14)

with t = In pur; pr being the renormalization scale. The anomalous dimensions « are listed
in [166] at one-loop level and in [172]| at two-loop level. The RGEs simplify considerably
under the assumption of the single B3 coupling dominance hypothesis [183,190]. Products
of two or more B3 couplings including quadratic contributions of the dominant coupling
can be neglected for A’ < O(1072). In this limit, the one-loop anomalous dimensions read

3 8
ny =(YpY}),; + (YuYy),, —51( gi + 92+393)

. (2 5,8
D; __ Yy
T, =2(YpYp);; - 52(15 1+3g3>

. 73 3
'Yf; = (YEYE)U 0 (1091 + 92) (8.15)

. 6
5 =2(YEYE) - 8 (29P).

7]11?1 - 3)\;aq( ) ag )\ibq (YE)bq s

where g1, go, g3 are the three gauge couplings®*

From Egs. (8.14) and (8.15), we see that the terms related to ’yﬁfl allow for the dynamical
generation of \;33 by a non-zero ), coupling [and vice-versa for Eq. (8.13)]. All other terms
in Eq. (8.14) only alter the running of \;33 once it is generated.

The RGEs can be further simplified. At one-loop level, all B3 couplings but the dominant
A ik and the generated \;33 can be neglected in the RGEs since they must be generated first
by M\ and thus contribute at two-loop level only. Also, since we work in a diagonal charged
lepton Yukawa basis, the last term in Eq. (8.14), proportional to (YE)B does not contribute
to the running of A\;33. It is only non-zero if i = 3, but owing to the ¢j-antisymmetry of A;;x

24This is the usual notation of gauge couplings in mSUGRA models. In order to study the unification of
the running couplings, it is helpful to have a proper normalization of the gauge couplings. In particular,
the normalization of the U(1)y generator, which can be arbitrarily normalized within the SM, is fixed
by the GUT relation to the generators of the non-Abelian groups. Assuming SU(5) unification, we

define g1 = \/5/3¢', g2 = g, g3 = gs, and a; = g} /(47).
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8.1. The low-energy spectrum of the Bs mSUGRA model with a 7y LSP

Figure 8.1.: Superfield diagram for the dynamical generation of A\;33 by /\gj  at one-loop order.

no coupling is generated in this case (A333 = 0). Next, in scenarios of intermediate tan 3
(tan 8 = O(10)), a general ordering of the parameters in the anomalous dimensions is [165]

2 2 2
g3 > (YU)33 > 95> 01 > (YD)33 > (YE)33’ (8.16)
and all other entries of the Y matrices are smaller by at least one order of magnitude. The
contributions to the RGEs are thus largest for diagonal anomalous dimensions. As a result,
the RGEs for a non-zero \; ik at the GUT scale and a generated A;33 reduce to

d 7 16
167> 2 NG = N | — 159% — 303 — 393
* (YD)§3 (2013 + 03 + 393 0ks) + (YU)§3 053 + (YE)§3 5i3} )
(8.17a)
d 9
167~ Aiss = Aiss [— =91 — 33 + 4(YE)§3] + 83X (YE) 3 (YD), - (8.17b)

A similar analytical approximation for the generation of A is derived in [176]. But the effect
of the gauge couplings is neglected there. See also Ref. [191].

The last term in Eq. (8.17b) induces the dynamical generation of A;33. Diagrammatically,

this process can be understood as shown in Fig. 8.1. We see that at one-loop the lepton-
ik
and the down quark Yukawa coupling (Y D)j i+ Ha then couples via the tau Yukawa coupling
(YE)33 purely leptonically. The resulting effective interaction is of the A;33-type.

doublet superfield L; mixes with the Higgs doublet superfield H; via the Bg coupling A

It is important to notice that the generation is related to (Y D)jk' Whether a given X/ ik
can generate ;33 or not depends on whether (YD)jk # 0. For j # k it thus depends
crucially on the origin of the CKM mixing: is it dominantly down-type or up-type mixing.
In case of down-type mixing, all entries of the Yp matrix are non-zero and all )‘;jk can
therefore generate a A;33. In contrast, if the quark mixing takes place in the up-sector,
only the diagonal entries of Y are non-zero and j = k is required. The flavor and size of
the generated coupling depends on tan 8 and on the precise j, k configuration. A strong

ordering is expected that goes along with the ordering of the entries of the Y p matrix.
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8. SUSY with R-parity violation and a Ty as lightest SUSY particle

In order to study the running of the B3 couplings, the RGEs for the Yukawa matrix
elements (YD)jk’ (YU)33,
RGEs for the Yukawa couplings are given in [166,171]. Applying the single coupling dom-

and (Y E)33 and the gauge couplings are also needed. The full

inance hypothesis, neglecting quadratic terms in X, ik and considering only the dominant
terms Eq. (8.16), they read

d 13 16
1&#a(YUg3=(ngg_—13ﬁ—4m%—7;£+4XYUﬁ3+(YDﬁJ, (8.18a)
d F 9
167T2£(YE)33 = (YE)33 |~ 59% — 393 + 4(YE)§3 + 3(YD)§3}’ (8.18b)
2 d _ [T 9 oo 16
167 (Y) = (Yo)u | — 1591 =362 — 505 (8.18¢)

2 2 2
+ (YD) 5y 3+ 053+ 20k3) + (Yu)55 053 + (YE)33]-
The one-loop order RGEs for the three gauge couplings within the MSSM are given by

d
1672 —g; =b; g3 8.19
67T dtg g’L? ( )

with b; = {33/5, 1, =3} for ¢ = 1, 2, 3. Thus in total, a set of nine coupled differential
equations, Eqs. (8.17a) - (8.19), has to be solved?.

Numerical results

For the numerical implementation of the RGEs we start from the framework provided by
Softsusy 2.0.10 [75]. First, Softsusy evaluates all necessary parameters at the SUSY
scale Qsusy,

Qsusy = \/mfl(QSUSY)m,?Q(QSUSY) . (8.20)

In a second step, we apply the (R-parity conserving) RGEs Eqgs. (8.18) and (8.19) to run the
Yukawa couplings and gauge couplings up to the GUT scale. Here we add the B3 couplings
/\;jk # 0|gur and Aj33 = O|guT and evolve these couplings down to the scale @ using
the above given B3 RGEs (8.17a) and (8.17b). We have implemented the RGEs using a
standard Runge Kutta formalism [192].

In Fig. 8.2, we show the running of different X2jk couplings (with )‘;jk = 0.01|gur), for
the two cases of down- and up-mixing. In the lower panels, the scale dependence of the
generated Azo3 = —Ae233 coupling is studied. Here, we refer to the parameters of Set A.

We see that the dominant X ik coupling grows by about a factor of 3, running from the
GUT scale to the weak scale. This effect is mainly due to the gauge couplings, see Ref. [191],

25In case of j = k = 3 only 8 equations need to be solved. But this implies that the slepton has to be
produced by parton quarks of the third generation which is strongly suppressed due to their negligible
parton density.
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Figure 8.2.: Running of B3 couplings assuming a single non-zero A’ = 0.01 coupling at the GUT
scale (upper panel) leading to a non-zero As33 coupling (lower panel) at lower scales
within the B mSUGRA scenario Set A for (a) down-type and (b) up-type mixing.

where the Yukawa couplings were omitted. Including the Yukawa couplings reduces this
effect, maximally for j = k = 3.

The generated A\o33 coupling is at least two orders of magnitude smaller than the original
A\ coupling. Furthermore its size depends sensitively on the flavor structure (ijk) of the
generating A’ coupling. This reflects the dependence on the Yukawa matrix (YD)jk' In
case of down-type mixing, the ordering of the corresponding entries is

(Yp)ys > (YD)23,32 > (Yp)y, > (YD)12,21 > (YD)13,31 > (Yp)yy (8.21)

reflecting precisely the ordering of the generated couplings in Fig. 8.2(a). Small differences
between the couplings generated by Nys (Nq3) or Ngy (ANigy) are related to the different
running of the respective A’ and (YD)jk coupling, depending in turn on whether j or k
equals 3. In the case of up-type mixing, Fig. 8.2(b), not all X' couplings can generate a
A. Since the down Yukawa coupling is diagonal, j = k is required. Other couplings can

generate \;33 at higher loop levels only and are not included in our approximations.
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Set )‘;‘jk Ais3 (down-type mixing) Ais3 (up-type mixing)
A | Eq. (8.17a) Softsusy Eq. (8.17b) Softsusy Eq. (8.17b) Softsusy
Mg | 2.82x 1072 2.85x 1072 | =3.96 x 1077 —3.89 x 1077 | —2.17x 1077 —2.13 x 1077
hap | 258 x 1072 2,61 x 1072 | —4.65 x 1077  —4.80 x 107 0 +2.06 x 10712
Moy | 2.81 x 1072 2.83x 1072 | =555 x 1076  —5.73 x 107¢ 0 —8.45 x 107
hag | 255 x 1072 258 x 1072 | —1.41 x 107*  —1.42x 107% | —1.42x107* —1.43x 10~*
b1 | 281 x 1072 2.84 x 1072 0 0 0 0

Table 8.2.: Comparison of our approximations Eq. (8.17a) and Eq. (8.17b), and Softsusy results,
for M\ ik and the generated coupling \;33 at the SUSY scale Qgsysy. We choose different

(3

couplings )\;jk = 0.01 at the GUT scale as given in the first column of the table. The
running of )\;j i is the same for down- and up-type quark mixing. The generation of
i3s3 depends on the quark mixing assumptions and the values at the SUSY scale are
given separately. The remaining mSUGRA parameters are these of Set A.

Even though the specific scenario Set A has been studied, the results can easily be gen-
eralized: The running of the dominant coupling )\’ is mainly driven by gauge interactions,
Eq. (8.17a), and thus depends only weakly on the precise SUSY parameters. The depen-
dence of the generated coupling A on SUSY parameters is more involved but we expect
tan 8 to have the largest impact. In general, the generated A coupling scales with tan? j3,

)\i33 X tan2 ﬁ, (822)

if tan? 3 > 1. This is due to the fact that the down-quark Yukawa couplings (YD)jk land

the tau Yukawa coupling (YE)33] are proportional to 1/ cos 3 = /1 + tan? 3, cf.Egs. (2.81)
and (2.66). Therefore the magnitude of the generated A coupling for other scenarios can
be estimated by rescaling A of Fig. 8.2 according to Eq. (8.22).

Comparison with the program Softsusy

How reliable are our approximations of the RGEs? In order to answer this question we
compare our results for )‘;jk and the generated coupling \;33 at the SUSY scale, Eq. (8.20),
with an unpublished version of Softsusy?®. This version of Softsusy contains the complete
one-loop RGEs for )\, ik
In Table 8.2, we compare our results and the results of Softsusy for the case of down-

(8.13) and A;33 (8.14), without our approximations.

type mixing and up-type mixing assuming different couplings A’ i = 0.01 at the GUT scale.
All other parameters are chosen according to Set A specified in Eq. (8.12). At the SUSY
scale, the differences between the results for the case of down-type mixing, are less than

2% for all Aj;; couplings and less than 4% for the A;33, respectively. In case of up-type

2630ftsusy 3.0 which includes R-parity violation and has been released meanwhile [193].
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8.2. 71 LSP decays in B3 mSUGRA models

mixing, we find the same for the couplings A;jk with 7 = k. However for j # k and up-type
mixing, we observe a discrepancy between our results and Softsusy for the coupling Asss
generated by Myy3 # Olgur and Mg, # O|gur, respectively. This behavior can easily be
understood. The off-diagonal Yukawa matrix elements (Yp);; are equal to zero at the
weak scale for up-type mixing. Running from the weak scale to the GUT scale generates
Yukawa couplings (Yp);x, j # k, at the one-loop level [166,171]. The generation of Aas3
via Eq. (8.17b) occurs therefore formally at two-loop level and has been neglected in our
approximation. In Softsusy this two-loop effect is taken into account and small couplings
are generated also for j # k and up-type mixing. Compared to the case of down-type
mixing, the Ag33 couplings are suppressed by five (with X3, = 0.01|guT) and three (with

h93 = 0.01]|guT) orders of magnitude. Note that the generation of (Y p),i is not the only
two-loop effect that enters the full RGEs [166,171,172].

Therefore, our approximation for the generation of Aj33 by a non-zero X, i at the GUT
scale (8.17b) breaks down in the case of up-type mixing and j # k. But concerning 7, LSP
decays, the corresponding 2-body decay branching ratio for \;33 is negligible compared
to the 4-body decay branching ratio via )\;jk and our approximations are applicable for
such phenomenological studies. For example, the 2-body decay branching ratio for up-type
mixing and A3, = 0.01|gur or Ay = 0.01|gur is less than 107* in Set A.

We conclude that our approximations are valid for the signal and decay rates that we
study in this work. We also note that we have provided an independent check of the yet-
to-be published version of Softsusy. Using a different set of mSUGRA parameters leads
to a similar level of agreement.

8.2 71 LSP decays in B mSUGRA models

As we have seen, a non-vanishing coupling )‘;jk at the GUT scale generates an additional
coupling \;33 at the weak scale which is (roughly) at least two orders of magnitude smaller
than X, ik In this section, we first compare the possible decay modes of the LSP via these
two couplings for Bs mSUGRA scenarios with different LSP candidates. Second, we further
investigate the dependence of the 7; decay modes on the mSUGRA parameters.

8.2.1 General LSP decay modes

First, let us discuss Bj scenarios with a ¥¥ LSP. The leading order decay modes of the
%) LSP via the dominant )‘;jk and the generated \;33 couplings are all three body decays,

’ + = ’ =
-0 )\Z.].k { Ei Ujdk -0 )\i]-k { Vidj dk (823)

X I X +
! 07wy dy, ' vi dj dj,
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and

o [ G o [ BT
>~<(1) Ai33 { i VrT >~<0 Ai33 {VzT T . (8.24)

_ + 1 —
I 7S vt 1T

The corresponding amplitudes depend linearly on the respective B3 couplings, yielding par-
tial widths that depend quadratically on A, ik and )33, respectively. Therefore, the Y! decay
via the generated coupling \;33 is heavily suppressed and a x{ LSP decays predominantly
via )‘;jk into SM particles.

The situation changes for Bs mSUGRA scenarios with a 71 LSP. First we consider sce-
narios where the 77 does not couple directly to the Linﬁk operator, i.e. ¢ = 1,2. In this

case, the 7, must first couple to a virtual gaugino. The gaugino then couples to a virtual
/

ijk>
decay modes via a virtual neutralino are

sfermion which then decays via X, ., , resulting in a 4-body decay of the 71 LSP. The possible

T_Z;r@jdk

N ~ 07w d,
N T (8.25)

T_ﬂidjdk

vaidjczk

4-body decays via a virtual chargino are also possible but suppressed due to the higher
chargino mass in comparison to the lightest neutralino mass, m(xy) > m(x?). Furthermore,
the (mainly right-handed) 71 LSP couples stronger to the (bino-like) lightest neutralino than
to the (wino-like) lightest chargino. On the other hand, the 71 can directly decay via A;33
into only two SM particles

T V;
LN SV (8.26)
vy

We show in Fig. 8.3 (Fig. 8.4), example diagrams for the 4-body (2-body) decay of a 71 LSP
via )\’ij (A233). Although the 2-body decay suffers from the small coupling, the 4-body
decay is phase space suppressed as well as by heavy propagators. Which decay mode
dominates does strongly depend on the parameters at the GUT scale. We will discuss in
detail this topic in the next section.

As a third type of B3 mSUGRA scenarios we want to mention 71 LSP scenarios with a
dominant )‘gjk coupling. Here, the dominant B3 operator couples directly to the 74 LSP
and allows for a 2-body decay of the 7, into two jets,

l
)‘3 jk
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8.2. 71 LSP decays in B3 mSUGRA models

Figure 8.3.: Feynman diagrams for the 4-body decay 7, — r*,ruij of the 71 LSP via ijk.
The 7; LSP decays via a virtual neutralino x° (n =1, 2,3, 4) into a tau 77, a muon
1, an up-type quark u; and a down-type anti-quark dj.

Figure 8.4.: Feynman diagrams leading to the 2-body decays of a 7; LSP via a generated coupling
Ao33. The 77 decays either into a muon p~ and a neutrino or into a 7~ and a neutrino.

)‘gjk can not generate A333 via the RGEs, because A;;j, has to be anti-symmetric in the
indices 7, j. Aspp with n # 3 will be generated by the muon (n = 2) or electron (n = 1)
Higgs Yukawa coupling, cf.Eq. (8.17b). But since these Yukawa couplings are so small, the
decay via A3y, is too small to be seen.

For j = 3, the up-type quark in Eq. (8.27) is a top quark and hence the decay Eq. (8.27)
is kinematically forbidden for msz < m;. Instead, the 71 LSP decays in a 3-body decay
mode via a virtual top quark or a virtual tau sneutrino into a W boson and two jets, where

at least one jet is a b jet,

A -
7 D W bdy . (8.28)

We present the squared matrix element and the partial width of this process in Ap-
pendix C.2, which to our knowledge has not been given in the literature so far.

8.2.2 Dependence of 7, decays on mSUGRA parameters

In this section, we investigate the GUT scale conditions that lead to 2-body decays of the
71 LSP. We assume a non-vanishing )\’ij coupling at the GUT scale. This can easily be
generalized to X} k- We point out that the branching ratios of the 71 LSP do not depend on
the magnitude of /\;jk, since they cancel in the ratio. The following discussion is therefore
also applicable to scenarios where the couplings are too small to produce a significant
number of single slepton events at the LHC but where the 71 LSP is produced in cascade
decays of pair produced SUSY particles.
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Figure 8.5.: 2-body decay branching ratio as a function of tan 3 for different dominating A/, ke COU-

plings at the GUT scale. The mSUGRA parameters are My = 0 GeV, M,/ =
500 GeV, Ag = 600 GeV, sgn(p) = +1. The quark mixing is in the (a) down sec-
tor, (b) up sector (couplings A ik for which the 2-body decay branching ratio nearly

vanishes are not shown).

For the numerical implementation, we use Softsusy 2.0.10 [75] to calculate the mass

spectrum at the SUSY scale, Qsusy, Eq. (8.20). In addition, we use our own program
to calculate )‘;jk: and \;33 at the SUSY scale as described above. We than pipe the mass

spectrum and the couplings through Isawig 1.200, which is linked to Isajet 7.75 [194].
Isajet calculates the 2-body partial width of the SUSY particles and produces an output
for Herwig [195]. We use a special version of Herwig 6.51027 which also calculates the
4-body decays of the 71 LSP . As an output, we consider the total 2-body decay branching

ratio of the 7y LSP, BRo. It is defined as

! (8.29)

BRy = ———,
2 1+Ty/Ty

where I'ys and I'y denote the sums of the partial widths for the 2- and 4-body decays,

respectively.
We first show in Fig. 8.5 the tan 8 dependence of the 2-body decay branching ratio. We
give values for different non-vanishing couplings )\’ij at the GUT scale and we consider

both quark mixing in the down and in the up sector.
Nearly all 71 LSPs will decay via a 2-body decay for large values of tan 3, i.e. tan 8 2> 30,

2TThe version of Herwig used in this paper was written by Peter Richardson and is available upon request.
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and down-type mixing. In case of up-type mixing this is also true for Xj;;, Ay and Nog,.
This behavior can be easily explained with the help of Eq. (8.29). The partial widths
Iy, T4 can be approximated by [166]

Ty o Ag3ms (8.30)

r 2 mi, 8.31

4 X 25k 2~m4~' ( )
XUF

my denotes the mass of the relevant gaugino and m 7 denotes the mass of the virtual
sfermion which couples directly to L2@Q; Dy, Fig. 8.3. As we argued above, the generated
coupling o33 scales roughly with tan?3, cf.Eq. (8.22). Therefore, I'y scales with tan*s.
At the same time, A5, is hardly affected by tan 3. This is the main effect that enhances
BRy for large tan 3. Furthermore, increasing tan 3 increases the contribution from the tau
Yukawa couplings to the various RGEs. This is encoded in the function X, Eq. (8.10)
which is proportional to (1 + tan? 3). As can be seen in Eq. (8.10), increasing tan 8 and
X reduces the mass of the right- and left-handed stau and therefore, with Eq. (8.8), the
mass of the 7; LSP, msz,. Furthermore, the off-diagonal matrix elements B of the stau
mass matrix also increase with tan 3. This leads to a stronger mixing between the right-

and left-handed stau and lowers the mass of the 71, cf. Eq. (8.8). Note that I'y/T's is
6
71
strongly increases for decreasing ms, .

proportional to m2 . According to Eq. (8.29), the 2-body decay branching ratio therefore
We observe in Fig. 8.5(a) also a large hierarchy between the different couplings X, k- For
example, a dominant A4 coupling leads to BRy ~ 100% for any value of tan 3, whereas
for A5;; this is only the case for tan 3 > 25. This hierarchy reflects the hierarchy of the
down quark Yukawa matrix elements, Eq. (8.21), which enter as the dominant term in the
RGE of /\233, Eq. (8.17b).
For up-type quark mixing, Fig. 8.5(b), and j # k the down-quark Yukawa matrix ele-

ments and therefore BRy are nearly vanishing.

We investigate the dependence of BRy on Ay in Fig. 8.6(a), for a dominant coupling A5,
and down-type mixing. We see a minimum at Ag =~ 250 GeV. Here, BRs is reduced by
up to 70% compared to Ag = +1TeV. The minimum and the position of the minimum is
dominated by the following two effects.

The right-handed stau couples to a left-handed stau (tau sneutrino) and a neutral Higgs
boson (charged Higgs boson) via a trilinear scalar interaction (ag)ss, cf. Eq. (2.51). The
coupling (ag)s3 has dimension one and in mSUGRA models it is equal to Ag X (Yg)s33
at the GUT scale. The RGE of the right-handed scalar tau mass, mz,, depends in the
following way on (ag)3; [166]:

dm-2
R

= +4(ag)is + ... . (8.32)
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BR(2-body decay)
BR(2-body decay)
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Figure 8.6.: 2-body decay branching ratio as a function of (a) Ao (with M;/, = 500 GeV) and
(b) My /o (with Ag = 600 GeV) for non vanishing \5,; at the GUT scale and different
tan 3. We assume quark mixing in the down sector and consider My = 0 GeV,
sgn(p) = +1. The lowest curve (solid red) corresponds to tan 3 = 7.

This term decreases mz, when we go from the GUT scale to the SUSY scale Qsusy due
to the plus sign. The (negative) contribution of this term to m_z;R is proportional to the
integral of (ag)3; from tmin = IN(AGUT) t0 tmax = In(myz). For the mSUGRA parameters
given in Fig. 8.6(a), Mo = 0 GeV, M /5 = 500 GeV, sgn(p) = +1, the integral of (ag)3s is
minimal at Ag ~ 180 GeV and, therefore, ms, is maximal. For mz = msz, this also leads

to a maximum of T'y /Ty ~ mgl and hence to a minimum of BRs.

But the lightest stau is an admixture of the right- and left-handed stau. The off-diagonal
mass matrix elements BY® also depend on the value of (ag)s3 at Qsusy, parameterized
through A; = (ag)s3/(Yg)ss. For Ag = 180 GeV we find A; ~ —110 GeV. A negative value
of A; enhances the effect of L-R mixing which decreases mz . Therefore, the maximum of
ms, as a function of Ay is shifted to Ag ~ 250 GeV compared to ms,. Note however that
the A; dependence of stau L—R mixing is sub-dominant around the minimum because of

ptan g > A;.

Next, we study the dependence of BRg on the universal gaugino mass My /. We show
this behavior in Fig. 8.6(b), again for a dominant \5;; and down-type mixing. The 2-body
decay branching ratios approach a constant value for increasing M; /,. Both, the squared
mass of the gauginos, Eq. (8.11), and the squared masses of the sfermions, Eq. (8.7), depend
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Figure 8.7.: 2-body decay branching ratio as a function of My for non vanishing A5, at the GUT

scale and different tan . We assume quark mixing in the down sector. The other
mSUGRA parameters are M,/ = 1400 GeV, Ag = 600 GeV, sgn(u) = +1.

linearly on M12 /2 Therefore,

6
m2
lim T4/T's x L — constant . 8.33

The dependence of BRy on M/, for M;,5 <1 TeV is more involved, because the ra-
tio T'y/T'2 depends also on the other mSUGRA parameters, mainly through the running
sfermion masses, cf. Eq. (8.7). For example, we observe in Fig. 8.6(b) that the slope of BRs
for My, < 1TeV strongly depends on tan 8. For tan 3 = 10, the slope is small and posi-
tive whereas for tan 6 > 13 the slope is negative. The magnitude of the slope also increases
when we consider larger values of tan 8. This behavior is again related to the tau Yukawa
coupling (Yg)ss and its effects on the 71 mass described by the function X, Eq. (8.10).
For large values of Mj;, the influence of X on the 71 mass nearly vanishes. But as we
go to smaller values of M/, the (negative) contributions due to (Y )33 become more and
more important. For example, for tan 3 = 22 and M/, = 1 TeV (M;/, = 400 GeV) the
X, term reduces the mass of the right-handed stau by 3% (10%) compared to vanishing
(Y g)33. This reduction of mz will also reduce I'y/T's resulting in an increase of BRy. This
effect is more pronounced for large tan 3 because X, is proportional to (1 + tan? 3). If we
neglect the effect of (Yg)ss, the BRg curves in Fig. 8.6(b) all get a small positive slope.

Finally, we show in Fig. 8.7 the dependence of BRo on the universal soft-breaking scalar
mass My. Here, we have chosen a rather large value of M, 5, M;/5 = 1400 GeV, because

187



8. SUSY with R-parity violation and a Ty as lightest SUSY particle

n

.
X1 +
7 "
Xt u;
il \<
A dy,

(a) (b)

Figure 8.8.: Example Feynman graphs for single slepton production in 7, LSP scenarios where
the slepton decay proceeds (a) via the generated Ao33 coupling (2-body decay mode)
and (b) via the dominant Ay, coupling (4-body decay mode).

otherwise a 7; LSP would exist only in a small interval of My. The lines in the Figure
terminate at values of My above which the 7 is no longer the LSP.

The behavior of BRy can easily be understood. Increasing My increases the mass of
the sfermions, Eq. (8.7), but not the mass of the gauginos. Therefore, the nominator of

[y/Ty o m (mZm?) is a polynomial of order O(My), whereas the denominator is only

Xf
a polynomial of order O(M{). Therefore, the 2-body decay branching ratios fall off for

increasing My as shown in Fig. 8.7.

8.3 Resonant single slepton production at the LHC

We now apply the previous discussion to resonant single slepton production in B3 mSUGRA
scenarios with a 74 LSP. Charged sleptons (1; and sneutrinos 7; can be produced singly
on resonance at the LHC via ¢, ¢; annihilation processes. The production cross section is
proportional to |\ j k|2 and therefore large slepton production rates are expected in scenarios
with a dominant X} ik coupling. The RGE generation of \;33 is important for the subsequent
slepton decay in 71 LSP scenarios. As discussed in the previous section, a non-vanishing
Aiz3 introduces new 2-body decay channels for the 71 LSP. The interplay of these 2-body
decays and the 4-body decays via )\;jk determines the final-state signatures. In Fig. 8.8,
example Feynman graphs for single slepton production and the subsequent decay in 71 LSP
scenarios are shown.

This section is divided into a phenomenological investigation of slepton production in
general, Section 8.3.1, and an explicit numerical example (single smuon production), in-
cluding a detailed analysis of final-state signatures and a discussion of the background.
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8.3.1 Slepton production and slepton decays

It is the aim of this section to first give a general overview of the possible final states for
these reactions, see Section 8.3.1, and second to discuss the special cases )\’ij # OlguT and
A3jr 7 Olgur in more detail (Sects. 8.3.1 and 8.3.1).

General signatures

In the last section, the ratio of 2- to 4-body 71 LSP decay rates and its dependence on
various SUSY parameters has been studied. Now, we focus on single slepton production in
71 LSP scenarios and are interested in the general decay patterns, independent of the precise
SUSY parameters. We first give an overview over all possible final states and signatures
which could be used as the starting point for an experimental analysis.

A (left-handed) charged slepton or sneutrino can be produced directly via )\;jk and has
several decay modes:

’U,jdk
djdy — b, — 4 07X0 (8.34)

Vi Xn

Cij dk
didy =0 — 4 vixd . (8.35)

el
Both can decay via the Bz coupling, which is the inverse production process. It is however
suppressed by |\, ; o2 If )\;jk < O(1072), it contributes typically at the percent level. The
dominant decay channels are 2-body decays into a lepton-gaugino pair. Further 3- and

more-body decays are expected to be negligible, due to phase space suppression.

In case of j = 3, the hadronic production of a charged slepton cannot proceed via two
quarks as given in Eq. (8.34), due to the vanishing top-quark parton density inside a proton.
Instead, the slepton can for example be produced via a ¢d}, initiated Compton process in
association with a single top quark. Furthermore, the decay into tdj may be kinematically
forbidden. In this case, the slepton decays into a Whdy, final state (cf. Appendix C.2).
Sneutrino production for j = 3 is possible, Eq. (8.35), but due to the low bottom-quark
density small cross sections are expected. We do not consider j = 3 any further here and
refer the reader to [175,196] for a detailed investigation of this topic.

For the following discussion, we assume that the produced slepton predominantly decays
into a lepton and the lightest neutralino. This assumption is motivated by the fact that
we consider 71 LSP scenarios. In these scenarios, sleptons are light compared to gauginos
and decays into heavier neutralinos or charginos will be kinematically excluded or strongly
suppressed. See also the computed branching ratios in explicit SUSY models in [167].
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8. SUSY with R-parity violation and a Ty as lightest SUSY particle

The produced ! is not the lightest SUSY particle and will decay further into the 7; LSP,
Xy — 7T FE (8.36)

Since the neutralino is a Majorana fermion, both charge conjugated decays are possible.
In most 74 LSP scenarios this is the only possible decay mode of the neutralino. However,
in some scenarios, the right-handed sleptons fig and ég are lighter than the x{ and the
additional channels x§ — ﬁﬁﬁjF are open (for £ = p,e). The g subsequently decays into
the 71 LSP, a 7, and a lepton via a virtual neutralino

=T %1i

8.37
g:ﬁ: ,7_:|: ,7:1$ ( )

These decay chains have smaller BRs than the decays in Eq. (8.36). However, they lead to

an additional lepton pair in the final state and could be, therefore, of special interest for

experimental analyses.

Scenarios with )\Iij # 0lqguT, A3z < )‘/2jk

Let us now study more detailed the final-state signatures in a scenario with X, ik # 0|lgur
and a generated Aoz3 coupling which is small but non-zero at lower scales. In these scenarios,
resonant single fiy, and resonant single 7, production at hadron colliders is possible,

wjdy — fip — ujdg/p” XY,
) _ (8.38)
d;jdy, — v, — djdi /v, X5

As explained above, a small fraction of the sleptons decay via the inverse production pro-
cess. They predominantly decay into a lepton and the lightest neutralino, x}. The decays
involving heavier neutralinos or charginos are typically not accessible.

The difference between fif, and 7, production concerns the flavor of the initial quarks
(which is related to different parton density functions and is thus important for the hadronic
cross sections), and the nature of the lepton resulting from the slepton decay. In both pro-
cesses a neutralino is produced in the predominant decay, which in turn decays into the
71 LSP, Egs. (8.36) and (8.37). Finally, the 7; decays either via the dominant A} ;i coupling
(4-body decay) or via the generated Ag33 coupling (2-body decay). For the 4-body decays,
only the decays via virtual neutralinos have to be considered. Decay modes via virtual
charginos are suppressed due to the larger mass and their weaker couplings to the predom-
inantly right-handed 71 LSP. The complete cascade decay chains are listed in Tab. 8.3.

A classification of all possible final-state signatures is given in Tab. 8.4, for jiy and for

v, production. For completeness, we include here the direct B3 decays via )\’ij, which
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8.3. Resonant single slepton production at the LHC

_ N _ _ -0
Ujdy, —— fip, — Ujde/p” X3
or
’
7 ~ 7 -0
dj dy = v, — dj dy, /v X3
X -t XA
e Al [ = 7 o]
/ ~— - g ~+ =
Ak T = T ujdy 1= Tt g di
%f—>T_u+ﬂjC{k 7~'1+—>T+,u_1fjdk
T T Uy ‘éj dp. 7~'1+—>T+DH d; C{k
T — T Dudjdg 7~'1+—>T+V# d; dy,
233 T =T U 7:1"' HTJFDM
- - ~+ +
T — T VU T TV,
Gz 7t o,

Table 8.3.: Slepton decay chains with all possible final states for single fi; and single 7, production
via )\’ij, respectively. The charge conjugated processes are not shown explicitly.
Slepton decays into heavier neutralinos or charginos are neglected. The X decays
predominantly into a 71 LSP and a 7. In some scenarios, decays as in Eq. (8.37)
are possible, they are cited in brackets. Owing to the Majorana type nature of the
neutralino two charge conjugated decays of the neutralino are possible (second and
third column). In the first column the B3 coupling involved in the subsequent 4- or
2-body 77 decays are given.

usually contribute at the percent level for couplings at the order of O(1072). Neutrinos
do not give a signal in a detector and are denoted as missing transverse energy Kp. Final
state quarks are treated as indistinguishable jets j.

The 4-body decays via X, ik and the 2-body decays via the inverse production process lead
to two jets in the final state. In contrast, the 2-body decays via As33 are purely leptonic.
Many cascade decay chains provide missing transverse energy. Furthermore, since we are
considering 7y LSP scenarios, there is always at least one 7 among the final state particles.
The experimentally most promising signatures are probably those involving a large number
of muons, e.g. like-sign dimuons and three or four final-state muons. If the Y{ decays
only into 717, there are two signatures including like-sign dimuons for iy production. For
v, production, muons can be produced singly only. But if the decays Eq. (8.37) are open,
both slepton production processes allow for dimuon and trimuon production. In case of
iir, production, even four final state muons are possible. Additionally, depending on how
easily taus will be identified, an analysis could be based on like-sign pr-pairs.

The final-state signatures depend sensitively on which particle is the LSP. Compared to
slepton production in the x{ LSP scenarios [181-183,185], there are three main differences
here. First, for a 7; LSP we have always one or two taus in the final state, which in ¥} LSP

scenarios is only possible for smuon production if heavier neutralinos are involved in the
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i production v, production
Xojk ThrT ot Ji ThTT ot Er jj
T T Er jj T Er jj
[rtr p ot A N Vo 1o Er jj]
[7Fr™ o p ot Ep i) | [mtr popt Er jj]
[rtr™ ete gil | lrtr w ete Er jj
[7F77 wu” etem Br gj] | [t ecte” Er jj]
233 T* woopt Er T+ ut Er
ThrT T Er Tt B
[t wppF ot Br ]| [7™  pmpTaut Er ]
[7F77 wput Ep ]|t ot Er ]
[7= popF ete” Bp ] |[7F ¥ ete Er |
[7t7 u ete” Er ]| 7T efe” Ep ]
inv. prod. Jj jj

Table 8.4.: Summary of all possible final states for single slepton production via X, ;- Decays
involving the dominant X, ;1 coupling and involving the generated Az33 coupling are
listed separately, cf. Tab. 8.3. If kinematically allowed, the ¥{ may also decay into a
light-flavor lepton-slepton pair which gives rise to an additional u™u~ or ete™ pair
in the final state. The corresponding signatures are given in brackets. The decay via
the inverse production process is also listed.

decay chain. These heavy neutralinos then decay into the lightest neutralino and possibly
taus. Second, the generation of a A coupling can be neglected in ¥} LSP scenarios. As
argued above, A\ only allows for additional 3-body decays which are thus not phase-space
enhanced compared to the 3-body decays via the dominant A coupling. As a consequence,
purely leptonic final-state signatures are absent in Y} LSP scenarios. Third, due to the
modified spectra in ¥? LSP scenarios, also v, production can provide like-sign dimuon
events. In this case, 7, can often decay into a u and a chargino. Like-sign dimuons arise
either if the chargino directly decays via A’ into a p and two quarks, or if the chargino first
decays into the ¥} LSP and then the x{ LSP decays via )\ into a p and two quarks.

This discussion can easily be translated to scenarios with \| ik # 0 by replacing the
muons by electrons (and vice-versa). Since there is typically no difference in mass between
sleptons of the first and second generation, respectively, the kinematics are the same. Note
however that the bounds on the Bg couplings are stronger for X} ik than for X, ik for example
due to the non-observation of neutrinoless double beta decay.

Scenarios with )‘éjk # Olgur

Some additional remarks are in order for a dominant /\éjk B3 coupling. These couplings
allow for resonant single 7, production and, owing to the L—R mixing in the stau-sector,
also both resonant 7; and 7» production (j # 3).
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8.3. Resonant single slepton production at the LHC

For 71 production, we refer to the discussion of LSP decay modes in Section 8.2.1. Here
the LSP couples directly to the Bs operator and the inverse production process dominates
the decay rate,

Uj dp — 7~'1_ — U d . (8.39)

Again, this process is kinematically not accessible for j = 3 and m# < m;. Instead, the
stau decays into Wbdy, cf. Eq. (8.28). Note that j = 3 requires associated production,
e.g. gdr — Tt, due to the absence of top quarks inside the proton [175,196].

For 75 and 7, production, there are the following 2-body decay modes:

Uj dy, CZj dy,
ajd, — 7 — 3 T X . djd = — < vex) . (8.40)
7 W0/ Z° G

The inverse production process contributes and leads to a jj final state. The decay into
a lepton and a neutralino often dominates for small tan 8 (tan 3 < 10). The neutralino
decays further into the 71 LSP which directly decays into two quarks:

0B — 5 7= ady, (8.41)

where we have included the two charge conjugated decays of the neutralino. The final
states of these decay modes are 777554, and there is the possibility of like-sign tau events.
If the )2? decay (8.37) is kinematically allowed, we can have an additional pair of electrons
or muons in the final state.

The singly produced slepton can also decay into the 7 LSP and a SM Z°, A", or W boson,
respectively (final states: hY/Z°/W jj). This decay mode is special for singly produced
sleptons of the third generation because they are L-R mixed eigenstates. It can be the
dominant decay mode of the 7 and ;, depending on the parameters.

The branching ratios for all B3 conserving 75 and 7, 2-body decay modes are given in
Tab. C.3 in Appendix C.2, for the SUSY parameter sets A and B.

8.3.2 Single smuon production: An explicit numerical example

In this section, we present explicit calculations of promising signal rates for resonant slepton
production at the LHC in the Bs mSUGRA model with a 7y LSP, focussing on parame-
ter sets A and B, cf. Eq. (8.12). First, we consider (exclusive) like-sign dimuon events,
i.e. events with exactly two muons of the same charge in the final state. An analysis of
SM and SUSY backgrounds for the like-sign dimuon signature is also given. Second, we
present event rates for single smuon production leading to three or four muons in the final
states, which are kinematically accessible within sets A and B.

193



8. SUSY with R-parity violation and a Ty as lightest SUSY particle

Like-sign dimuon events

Following Refs. [181], we first concentrate on events with exclusive like-sign dimuons. Here
events with more than two muons are rejected. In this sense, in 71 LSP scenarios, only single
smuon production leads to exclusive like-sign dimuon pairs, cf. Tab. 8.4. It has been shown
in [181] that this selection criterion enhances the signal to background ratio considerably:
Using a set of cuts, the SM background rate at the LHC, FB‘SM’ can be reduced to

T'|gy = 4.9+ 1.6 events/10 fb~". (8.42)

At the same time the cut efficiency, i. e. the number of signal events which pass the cuts, lies
roughly between 20% and 30%. Note that Refs. [181] assume a Y LSP. As we will argue
below, similar cuts are also applicable in 7y LSP scenarios. For the numbers presented in

this section, however, no cuts are applied and full cross sections and event rates are given.

The total cross section for like-sign dimuon events is obtained from the resonant [[{ or
iy production cross section multiplied by the respective branching ratios leading to like-
sign dimuon final states. Both decays via the dominant )\’2jk coupling and a generated
Aosz3 coupling contribute. For a negatively charged smuon they are:

_ Ao -
wjdy = fip — p X

s 7T

T

N -
— T p ujdyg,
A _
—Urpo

<—>7'_7~'1Jr

(8.43)

S T udy,
plus the analogous decay chains where the neutralino decays first into an élj;—e:F pair,
cf. Eq. (8.37). The couplings depicted on the arrows indicate the employed Bs coupling.
The decay chain for a positively charged smuon follows from charge conjugation. However,

one should keep in mind that the production cross sections for [Lz_ and fi; differ at PP
colliders, since charge conjugated quarks (and corresponding parton densities) are involved.

The cross sections for the exclusive like-sign dimuon final states are presented in Tab. 8.5
for Set A and in Tab. 8.6 for Set B. The smuon production cross sections, med,(ﬂf)
(see also Tabs. C.1 and C.2), include NLO QCD and SUSY-QCD corrections [187], see
Appendix C.1. For the numerical analysis, we only consider couplings A} ik that involve
partons of the first generation leading to large production cross sections at the LHC.

As already discussed, the 71 LSP can either decay via A’ (4-body decay) or via A (2-body
decay). A list of the respective branching ratios is given in Appendix C.1, Tab. C.4, for
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8.3. Resonant single slepton production at the LHC

Set A up-type mixing down-type mixing
)\lgjk = O-002|GUT O'prod.(/lf) Oprod. X BRy Oprod. X BR, Oprod. X BRy Oprod. X BR,

, WoopT 61.6 11.1 0.71 9.81 2.09
211 + 4

W 108 194 1.25 17.2 3.66

, woop 42.0 7.84 — 4.51 3.88

221 ptpt  16.2 3.03 — 1.74 1.50

, W 18.6 3.46 — 1.99 1.71

212 ptpt  86.0 16.1 — 9.23 7.94

, WopT 8.80 1.67 — 1.32 0.40

213 ptut 498 9.43 — 7.43 2.24

Table 8.5.: Cross sections for exclusive like-sign dimuon (1~ p~ or p*p™) final states at the LHC

within Set A. In the left column, we present the single-smuon production cross sections,
Oprod.(fi} ), see also Tabs. C.1 and C.2. In the right column, we have folded in the
relevant decay branching ratios, in order to obtain like-sign dimuons. All cross sections
are given in fb. Where they exist, we have assumed always a cascade of 2-body decays.
We consider in turn quark mixing in the up- and down-sector, when determining the
dominant 7; decay mode. The 7; LSP can either decay via A’ (4-body decay) or via
A (2-body decay), cf.Tab. 8.3, which leads to different like-sign dimuon cross sections,
Oprod. X BRy and oprod. X BRy, respectively. The A, ik couplings are in accordance
with neutrino mass bounds [166,197]. In case of up-type mixing, larger values of A5
for the four considered couplings are allowed by the neutrino mass bounds. The cross
sections scale with |\'|? and the corresponding rescaling can easily be performed.

sets A and B and for several X} ;i couplings. Here we show the resulting cross section times

branching ratio, oprod. X BRy and opr04. X BRy, for like-sign dimuon events involving 7;

decays via X and A, respectively, as described in Eq. (8.43).

The total number of exclusive like-sign dimuon events is given by the integrated luminos-

ity multiplied by the total cross section. In Set A with up-type (down-type) quark mixing,

we obtain per 10fb~!,

N p~

+ u )10 = |0poa. (i) + Oproa. ()] % [BRy + BRa| x 10

325 (330) Ny

110 (115 bV (8.44)
~ (115) /10~ for /221 = 0.002|qur-

195 (210) Ny

110 (115) s

\

Note that for up-type mixing, some larger couplings may be considered. From the neu-

trino mass bounds, also Ayj 991 912,913 = 0.01|guT (and even larger) are allowed. The

cross sections are proportional to |\

|2 and thus a five times larger coupling implies cross
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Set B up-type mixing down-type mixing
)\Igjk = O-01|GUT a'prod.(ﬁf) Oprod. X BRy Oprod. X BR, Oprod. X BRyy Oprod. X BR,
, Lo 476 1.04 101 0.21 102
211 + 4
[T, 885 1.93 188 0.39 189
, W 309 62.8 — — 66.2
221 ptpt 105 21.4 — — 22.5
; Lo 123 25.1 - - 26.3
22 ptut 681 139 — — 146
; L 546 11.2 - 0.02 1.7
213 ptut 370 75.6 — 0.16 79.4

Table 8.6.: Same as Tab. 8.5 but for single slepton production within Set B. The neutrino mass
bounds are less restrictive in the case of Set B and A} ik = 0.01|guT are considered for
both up- and down-type quark mixing. All cross sections are given in fb.

sections and event numbers multiplied by a factor of 25 compared to those of Tab. 8.5.
For Set B, A} ik = 0.01|gur is allowed for both up- and down-type mixing. The numbers
of like-sign dimuon events are for up-type (down-type) quark mixing,

2920 (2920) b
840 (890 by
N(p p~ +ptpt)/10b™! ~ (890) /107" for {2 = 0.01|gur.  (8.45)
1640 (1720) PV
870 (910) b3

As can be seen in Egs. (8.44) and (8.45), for each non-zero X' coupling the total event
numbers for up- and down-mixing are of the same order. But as Tabs. 8.5 and 8.6 show,
the parts contributing to the event rate can be quite different. In case of up-type mixing
and j # k, the 4-body decays via A’ dominate and the contributions of the 2-body decay
are negligible [since the size of the necessary A coupling is proportional to (YD)jk]' In
contrast, for down-type mixing all four considered couplings can generate a relatively large
Aoss, cf. Fig. 8.2(a), and the 2-body decay modes contribute considerably. In Set B, where
tan 3 is large and where thus the fraction of 2-body decays is especially high (see discussion
of Fig. 8.5(a)), reliable event numbers are only obtained if the generation of Ag33 is included
in the theoretical framework. Moreover, a measurement of the ratio of 2-body to 4-body
71 decays can reveal information about where the quark mixing takes place.

For j = k, the generation of a A coupling is also possible in case of up-type mixing. In
Set A, the generated Aoss is not large enough to allow for large 2-body decay rates. However
in Set B, due to the large tan 3 value, the 2-body decays dominate over the 4-body decays.
Thus, the different 71 decay modes contain also information about tan (.
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We present in Tabs. 8.5 and 8.6 also the total hadronic cross sections for single smuon
production, opreq.(227). Within one parameter set, the cross sections vary strongly for
different \, k- This is of course related to corresponding required parton density functions.
The largest cross section is obtained for A5, # 0, i.e. for the processes ud — fi; and
ud — jif. Smaller cross sections are obtained for A, # 0 (involving an up quark and a
strange quark) and the smallest cross section for Ay, # 0 (charm quark and down quark)
and My 3 # 0 (up quark together with bottom quark).

Since the LHC is a proton-proton collider, there is an asymmetry between the /ZJLF and fi
production cross sections. If experimentally a distinction between pu™pu™ and pu~p~ event
rates is found, the ratio can be used to constrain the indices of the non-zero X, ik coupling.
For example, a non-vanishing coupling N, leads to a ratio of N(utpu®) : N(u=pu~) ~2:1
in sets A and B, whereas for non-vanishing \,; the ratio is 1:2.5 in Set A and 1 : 3 in Set
B. The highest event rates are obtained for processes that involve the valence quarks v and
d. The charge conjugated processes, involving @ or d, are suppressed in comparison. Thus,
a larger fraction of ™™ events goes along with j = 1 (where the production process is
udy — fi}) and a larger fraction of 4~ u~ events is related to k = 1 and j # 1 (production
process @ d — fiy ).

Discussion of background and cuts for like-sign dimuon final states

In this section, we discuss the background for like-sign dimuon events from the SM and
from SUSY particle pair production via gauge interactions. We follow Refs. [181] closely.
There, single smuon production via \y;; was investigated assuming a ) LSP. A detailed
signal over background analysis was performed based on like-sign dimuon events. We argue
that a similar or even the same set of cuts might be used to suppress the background in
our case and we compare background and signal rates to determine the discovery potential
of our analysis.

The main SM background sources are tf production, bb production, single top production,
and gauge boson pair production, i.e. WW, WZ and ZZ production. In Refs. [181], the

dominant signature from single smuon production including like-sign dimuon events is
iy = 1 Xy — o (pud). (8.46)

The two muons of the signal (8.46) are isolated because they stem from different decays of
SUSY particles. In addition, the muons carry large momenta since they originate from the
decay of (heavy) SUSY particles. The following cuts were proposed to improve the signal
over SM background ratio at the LHC:

e A cut on the muon rapidity || < 2.0, thus requiring all the leptons in the central
region of the detector,
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8. SUSY with R-parity violation and a Ty as lightest SUSY particle

a cut on the transverse momentum on each muon: pr|, > 40 GeV,

an isolation cut on each of the muons,

a cut on the transverse mass of each of the muons, 60 GeV < My < 85 GeV,

a veto on the presence of a muon with the opposite charge as the like-sign dimuons,
e a cut on the missing transverse energy, Ky < 20GeV .

These cuts reduce the SM background to 4.9 & 1.6 events per 10 fb~! at the LHC ,
cf. Eq. (8.42). Among the above cuts, the isolation and pr cut lead to the strongest
suppression of the SM background.

We now investigate the case of a 73 LSP. If the 4-body decays of the 71 LSP, Eq. (8.25),
dominate, the leading signature of resonant single smuon production including like-sign
dimuon events can be written as

iy = @ Xy =TT = T (7 ud). (8.47)

As above, the muons originate from the decay of heavy particles (71 and fiz,), are in general
well isolated, and carry large momenta. Thus, for both signals Eq. (8.46) and Eq. (8.47),
the same cuts should allow to discriminate between the signal and the SM background.
Furthermore, the additional pair of taus in Eq. (8.47) allows to require one or two (isolated!)
taus. This might additionally improve the signal to background ratio.

If the 71 LSP predominantly decays via 2-body decay modes, Eq. (8.26), the situation is
a bit different. The like-sign dimuon signature is now

Ap = WXY = 0T = T (). (8.48)
We again have two isolated muons with large momenta and the same isolation and pr|,
cuts as before should be useful to suppress the SM background. But the neutrino of the
71 decay leads to high missing transverse energy Ey in the signal and an upper bound on
Er is not appropriate anymore. Alternatively we propose a cut that requires a minimum
missing energy, e.g. Ep > 60 GeV. This would also reduce the SM background where the
main source of Fp are low-energetic neutrinos from W boson decays. Furthermore, we can
again require an additional tau in the final state. Finally, one can exploit the fact that the
2-body decays lead to a pure leptonic final state and a jet veto can be applied.

In Refs. [181], the SUSY background on like-sign dimuon events is suppressed by vetoing
all events with more than two jets of prljer > 50 GeV. This cut will also work if the 4-body
decay mode of the 71 LSP dominates. The 2-body decay modes lead to purely leptonic
final states and even no high-pr jet may be required.
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8.3. Resonant single slepton production at the LHC

We conclude that for 7y LSP scenarios, the background for like-sign dimuon events can
be suppressed similarly as it has been proposed for >~<(1) LSP scenarios in [181].

We thus compare our signal, as given in Eq. (8.44) and Eq. (8.45) for sets A and B
respectively, to the background, assuming that cuts as discussed above reduce the SM
background to less than 5 events per 10 fb=!, cf.Eq. (8.42). For the signal efficiency, we
assume 20%, i.e. 20% of signal events pass the cuts. We neglect systematic errors, at this
stage of the analysis.

For Set A a more than 50 excess over the SM background can be obtained for an inte-
grated luminosity of 10 fb~! for all couplings given in Eq. (8.44). For Set B, a cut efficiency
of 20% for the signal corresponds to an excess between 1000 and 300 ¢ for the number of
like-sign muon events over the SM background! Therefore, within Set B, couplings can be
tested at the LHC down to Ay |cuT ~ O(1073). But a detailed Monte-Carlo based signal
over background analysis remains to be done.

Final states with three and four muons

To round off our studies, we also consider final states with more than two muons. For
example, for parameter sets A and B, the ! cannot only decay into a 71-7 pair but also into
a [ip-it or ép-e pair. These are kinematically accessible and have non-negligible branching
ratios (Set A: 7.0%, Set B: 2.2%; see Tab. C.3). As we have shown in Tab. 8.4, these decays
lead to three or even four muons of mixed signs in the final state. Each of the muons stems
from the decay of a different SUSY particle. Especially the four-muon final state cannot be
found at a high rate in Y LSP scenarios and its observation could be a hint for a 7; LSP.
Therefore, we analyze the three- and four-muon final states in this section. All necessary

branching ratios and production cross sections are given in Appendix C.1.

The four-muon events may be classified into g~ p~p~pu™, p=p ptp™, and p=ptptu™
signatures and we introduce the notations o(— — —+), o(— — ++), and o(+ + +—), for
the respective cross sections. The four-muon final states require a long decay chain and
many different decays contribute at various stages. For smuon production, summing up all
contributions, the cross sections can be written in the following compact form

Uﬁ(_ - _+) :Uprod. (ﬂZ) X BR(ﬂZ - >~<(1) :U’i) X BR(X(I) - /TLE :U’i) X P’Fl(ltuf) 9
Uﬂ(+ + +_) = Uﬂ(_ - _+) X Uprod.(ﬂz)/o'prod.(/]Z) , (8.49)
Oa(— = ++) =0a(— = —+) + 0+ + +-),

where P (1u) = BR(7; — p~...) + BR(7{* — u~...) denotes the probability of a
negatively charged final state muon in a 7; decay. The difference between o;(— — —+)
and o;(+ + +—) stems from the different partons and parton densities involved in the

production cross sections.
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Smuon production can also lead to exactly three final state charged muons, u~ =~ p*
or ptutu~. The corresponding cross sections now involve the probability Pz (Ou) for a
71 decay without a final state muon,

o7(— = +) = 0proa.(Ag) X BR(AL — Xip~) x BROY — fif n”) x 2P (0p) |

8.50
(+ + —) = Uﬂ(— - +) X Uprod.(ﬂi)/gprod-(ﬂz) : ( )

Q
=

There are 16 different decay chains of the i} leading to a p~p~p™ final state. The factor
of two in Eq. (8.50) is a consequence of summing over all these decay chains.

The same final-state signatures (exactly three muons) can be obtained via 7, production.
The decay chain is similar to that of a produced smuon. The missing muon from the slepton
decay is here replaced by demanding a muon in the final 7| decay,

op(— = +) = [Oprod. (%) + Uprod.(ﬁ;)] X BR(7, — X1 vu) x BR(X] — fig 11”) % Pr (1) ,

(8.51)

The total cross sections for (exactly) three final state muons are then given by

o(FFE)=0a(FFEH)+oa(FF ). (8.52)

Table 8.7 gives an overview over the numerical results. The same )\ couplings as in the
previous Tabs. 8.5 and 8.6, respectively, are considered. The generation of 233 has been
taken into account for the 71 decays and the cross sections give total numbers, including
both 4- and 2-body 7; decays.

We find that the sum of three— and four-muon events is in the same order of magnitude as
the results for purely like-sign dimuons. For Set A, where BR(X) — jig i) = 7%, the event
numbers are even larger. In Set B, with BR(X) — fir p) = 2%, the total contributions are
smaller by a factor of about three. Depending on the experimental goals, these channels
thus give important contributions and should be included in an analysis. On the other
hand, these events also suggest to use three or four final state muons as a signal for slepton
production since the background is expected to be very low.
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o(——+) o++-) o(——++) o+++-) o(=——+) | Xo(=—...) Yo(++...
Set A
App1 = 0.002|qur | 9.38 (9.39) 129 (13.0) 5.32 (5.26) 3.39 (3.35) 1.93 (1.91) | 16.6 (16.6)
A1 = 0.002|qur | 5.77 (5.77) 3.84 (3.74) 1.89 (1.77) 0.53 (0.49) 1.36 (1.27) | 9.02 (8.81)
App = 0.002|qur | 4.02 (3.93) 9.05 (9.24) 3.39 (3.17) 2.79 (2.61)  0.60 (0.56) | 8.01 (7.66)
Mg = 0.002|qur | 2.04 (2.02) 5.14 (5.19) 1.85 (1.80) 1.57 (1.53) 0.28 (0.27) | 4.17 (4.09)
Set B
b1 = 0.01|gur | 20.8 (20.8) 29.1 (29.1) 13.4 (13.4) 8.73 (8.73) 4.69 (4.69) | 38.9 (38.9)
ho1 = 0.01jgur | 11.9 (12.0) 7.77 (7.59) 4.08 (3.88) 1.04 (0.98) 3.05 (2.89) | 19.1 (18.7)
e = 0.01jgur | 8.14 (7.98) 19.5 (19.9) 7.93 (7.53) 6.72 (6.39) 1.21 (1.15) | 17.3 (16.7)
b3 = 0.01lgur | 3.94 (3.85) 10.4 (10.6) 4.20 (4.00) 3.66 (3.48) 0.54 (0.51) | 8.68 (8.36)

10¢

Table 8.7.: Cross sections for signals with three or four final state muons within parameter Set

A for )\’ij = 0.002 at AguT and for Set B for ijk = 0.01 at AguT assuming down-
type (up-type) quark mixing. Given are the cross sections as defined in Egs. (8.49)-
(8.52) and the sums for two negatively or positively charged muons, Y o(——...) or
d>o(++...), respectively. All cross sections are given in femtobarn [fb].
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Chapter 9

Conclusions

With the LHC almost ready to start operation, we will soon enter a new era in particle
physics. It will be possible to test the Standard Model and the large variety of its extension
candidates at energy ranges which were not accessible at particle accelerators before. If
supersymmetry is playing a vital role as the extension the Standard Model, there is a good
chance that we detect first SUSY signals at the LHC. A precise knowledge of SUSY particle
production cross sections and detailed investigations of decay signatures are indispensable
for a conclusive discrimination between Standard Model and supersymmetric physics. The
work presented here covers topics from both fields of research.

We have studied the hadronic production of pairs of colored SUSY particles, squarks and
gluinos, in the framework of the MSSM. If SUSY is realized, colored SUSY particles have
large production cross sections at hadron colliders since they are produced via the strong
interaction. Pair production of squarks and gluinos is therefore among the most promising
SUSY discovery channels at the LHC.

We considered top-squark pair (£,t}), gluino-squark pair (§g,), and same-sign squark-
squark pair (,q,) production processes and calculated the EW cross section contributions
up to O(a2a). At this order of perturbation theory, numerous interferences between QCD-
mediated and EW-mediated diagrams come into play. Virtual corrections arise from the
interference contributions of tree-level QCD amplitudes and mixed EW-QCD one-loop dia-
grams, as well as from the interference of tree-level EW and pure-QCD one-loop amplitudes.
Bremsstrahlung corrections comprise real photon, real gluon and real quark radiation pro-
cesses. We also included the tree-level EW and EW-QCD interference contributions of
O(a?) and O(asa) and photon-induced subprocesses of O(asa), if present.

Particular care was taken to obtain IR-finite results. Both photonic and gluonic singu-
larities had to be addressed. We regularized the IR singularities by means of infinitesimal
photon, gluon and quark masses, respectively. Real particle radiation processes have been
calculated using the phase-space slicing method, isolating the soft and collinear singular-
ities by imposing cuts on the photon and gluon energies and on the separation angles.

The universal quark mass logarithms from initial-state collinear singularities have been ab-
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9. Conclusions

sorbed into the quark parton distribution functions by appropriate redefinitions at O(«)
and O(as), respectively. For a consistent treatment, a set of PDFs that includes both
NLO QED and NLO QCD effects (MRST 2004 QED) has been used in the calculation of

hadronic observables.

Pair production of lighter top-squarks, #,%, is of particular interest since these are can-
didates for the lightest colored SUSY particle in many mSUGRA models and thus highest
hadronic cross sections are expected. The O(a2a) corrections from ¢g and gg initial states
reduce the LO predictions by typically a few percent. The g fusion process was found
to yield contributions of comparable size but opposite sign. In the SPSla’ scenario, the
summed EW contributions to the integrated hadronic cross section are below 1%. But they
reach the (negative) 10% — 20% level in differential distributions and are thus significant
in the high-pr and high-M;,, regions. The situation is similar in other SUSY scenarios.
Outside singular parameter configurations associated with thresholds, the dependence of
the EW contributions on the MSSM parameters is rather smooth and moderate.

We also investigated the pair production of the heavier top-squarks, t~2t~§. The produc-
tion cross section is suppressed by the large mass of the final-state particles and the EW
contributions are small in absolute size. However the relative NLO EW corrections depend
strongly on the top-squark mixing angle and are enhanced for the typically more left-handed
ty eigenstates. As a result, the EW contributions alter the integrated LO cross section by
about —15% (in the SPS1a’ scenario) and grow even larger in differential distributions.

The sensitivity of the EW contributions to the chirality of the produced particles becomes
strongest in case of light-flavor squarks in the final state, when the L-R mixing of the
squark gauge eigenstates can be neglected. We performed a detailed numerical analysis of
the EW contribution to each case of producing a left- or right-handed, up- or down-type
squark in association with a gluino. The EW contributions to ggr production become
sizable in distributions, in particular where the virtual O(a2a) and real photon corrections
dominate. In case of right-handed squarks in the final state, the impact of EW corrections
is negligible. We also investigated the dependence on the masses of the final-state squark
and gluino. Whereas these parameters are crucial for the absolute size of the cross section,
the relative EW contribution to inclusive gluino—squark production depends only weekly
on the masses and ranges at the percent level.

The calculation of EW contributions to the production of pairs of light-flavor squarks
is technically the most challenging one. In contrast to the production of third-generation
squarks or gluinos, these processes allow for both QCD- and EW-mediated processes that
give non-zero interferences already at tree-level. The resulting interference contributions at
O(a2a) require renormalization at both O(a) and O(ca) and suffer from soft and collinear

singularities related to real photon, gluon, and quark radiation processes. Moreover, owing
to the chirality and flavor dependence of EW contributions, various classes of diagonal,
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non-diagonal and mixed-flavor squark pairs have to be addressed separately. We presented
a first investigation of the EW contributions to diagonal same-sign §,§, production and
gave numerical results for ,1, final states.

Previous studies on the production of colored SUSY particles were concentrated on
higher-order corrections of QCD origin. The work described in this thesis represents an
important step towards a complete one-loop description of all squark and gluino pair pro-
duction processes at the LHC. Studying the processes of ,t%, §G,, and G,q, production,
we gained a wide experience in computing EW contributions up to the one-loop level.
The investigation of the yet-missing EW contributions to non-diagonal squark—squark and
squark—anti-squark production or to processes with bottom-squarks in the final state pro-
vides an interesting range of applications to further exploit our methods.

In Chapter 8, we presented the first detailed study on the phenomenology of R-parity vi-
olating Bs mSUGRA models with a 77 LSP, including an analysis of the distinct 71 LSP
decay signatures at colliders. Allowing for R-parity violation, the LSP is unstable and can
be charged in accordance with cosmological observations. The relatively heavy SUSY par-
ticles are expected to decay rapidly via long cascade decay chains to the LSP. The nature
of the LSP and its possible decay modes are thus crucial for the identification of SUSY
signatures at collider experiments.

We assume only one non-vanishing B3 coupling )‘;jk at the GUT scale. Concerning the
possible 71 LSP decay modes, we would expect either a 4-body or 2-body decay of the
71 LSP depending on whether the dominant Bs operator couples directly to the 7 LSP
or not. However, because of the CKM mixing of different quark flavors, the RGEs of
B3 couplings are highly coupled and further B3 couplings are generated at the weak scale
that allow for additional 7y LSP decays.

We have numerically investigated the generation of A;33 couplings via dominant A’ 1, cou-
plings for i # 3 (i.e. the 71 does not directly couple to the dominant B3 operator). The
generated couplings are typically smaller by at least two orders of magnitude but lead to
2-body LSP decays which have larger phase space and do not involve heavy propagators.
A careful analysis of the parameter dependence of the 71 LSP decay modes revealed that
in large regions of the parameter space the 2-body decay dominates over the 4-body decay.

As an application of our studies, we discussed the resulting signatures of single slepton
production at the LHC and provided numerical results for single smuon production within
two representative 7y LSP scenarios. From the experimental point of view, the final states
with like-sign dileptons or more than two charged leptons are of special interest. For the
given example sets of parameters, we found cross sections for exclusive like-sign dimuon
events of the order of 100fb. Additional three- and four-muon events can occur with the
same rate. This is a novel slepton discovery mechanism and of particular interest also for
the experiments at the LHC.
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Appendix A

Notations and definitions

In this appendix, we briefly summarize the notations and conventions used in this thesis.
In particular, we give the definition for the metric tensor g,, in Section A.1. Dirac and
Pauli matrices are introduced in Section A.2. Details on spinor calculus and properties of
Weyl spinors are listed in Section A.3. Finally, we define Dirac and Majorana spinors in
Section A.4. All results and input parameters presented in this work are given in natural
units, i.e. h=c=1.

A.1 Metric conventions

A general covariant (contravariant) four-vector is denoted by x, (z*), with

—
)

xu - (550,55]_,.’1727.’133) == (an _:U)

ot = (20, 21, 2%, 23) = (2o, +7). (A1)
The indices can be lowered and raised with the help of the metric tensor g,
Ty = gux’, o'=g"x,, (A.2)
Here, we use the “ggg = +1” convention, i.e.
g = g = diag(1, -1, -1, -1). (A.3)

Repeated indices can be suppressed and the scalar product of two four-vectors x, y is given
by xy = x,y* = 2ty = xoyo — Ly, yielding for a particle with four-momentum p,, = (E, p)
and mass m the on-shell relation

P’ =B —pF =m (A.4)
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A. Notations and definitions

The co- and contravariant four-gradients d,, and 0", respectively, are defined by
0 0 = 0 J =
oh=—=|=,V ot=—=(—,-V|. A5
T zr (at’ ) ’ oz, (at’ > (A.5)

A.2 Dirac and Pauli matrices

28

)

The Dirac matrices 7, are defined by the Clifford algebra in D dimensions

{’Yua ’71/} = 2gpu]1Da (AG)

where 1p is the D dimensional unit matrix and the indices p, v run from 0 to D — 1. ~
is hermitian and ~; are anti-hermitian. Under hermitian conjugation the gamma matrices

behave as fy); = Y0Yu"0-
Contraction of indices in D dimensions yields for products of two or more Dirac matrices

YaY" = D1p,
Yoy = (2 = D)y,
YaYu YY" = 49w 1p — (4 — D)y,
Ya YV YY" = =279V + (4 — D)y Yp-

(A7)

The computation of traces (Tr) of Dirac matrices is done by making use of Eq. (A.6) and
the condition Tr(1p) = 4, yielding

Tr(v. ) = 49,

(A.8)
Tr('.)/u’}/oﬂ/uf)/ﬂ) =4 (glwégl/,@’ — 9uw9aB + guﬁgow)a
and traces of an odd number of Dirac matrices vanish.
In four dimensions, we define a matrix 5 = 7> = i7"y142~3, with properties
(Y75} =0, Z =14, 7= (A.9)
Traces involving the 5 matrix are given in four dimensions by
Tr(v5) =0, Tr(vs =0,
(75) (v 'm_) (A.10)
Tr(’YSf}/u’YV’Yp”YJ) = 416uup07
where €0 is the totally antisymmetric Levi-Civita tensor with 9123 — _¢)193 = +1. The

28In the approach of dimensional regularization, the Dirac matrices are defined as D-dimensional objects
with D < 4. Most parts of the calculations are however performed in dimensional reduction where the
Dirac matrices remain four-dimensional. In this case D = 4 has to be considered in the equations given
below.
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A.3. Weyl spinors

generalization of v5 to D dimensions as required for dimensional regularization, is more
involved. However, a consistent treatment is possible, see [119-121]| and the discussions
in [124]. Following [121], we treat -5 in the “naive” scheme and consider the anticommuting
and trace relations Eqgs. (A.9) and (A.10) to hold also in D dimensions.

An explicit representation of the Dirac matrices is given by the Weyl representation in

terms of the Pauli matrices o,

0 1 , 0 o 1, 0
0 2 7 2
Y (12 0) y (—O’Z O) y V5 ( 0 112> ) ( )
1 —1 1
01 = 0 ’ 02 - 0 ! P 03 - 0 . (A12)
1 0 1 0 0 -1

A.3 Weyl spinors

with

Weyl spinors 1, and their conjugates @a are two-component objects which transform under
a Lorentz transformation as

Y - (1Y 7P
Yo = Mg, B = (1)) W (A13)

where M = M (A) is the 2-dimension matrix representation of a Lorentz transformation A.
The distinct spinor indices a, 8 = 1,2 and ¢, 8 = 1,2 can be lowered and raised using the

antisymmetric € tensor,

Yo = €apth®, P = Peg,

B o (A.14)
Do =eqpts D=,

with the following definitions, yielding eageﬁ'Y = 6q,

1 iy 1
€aB = €45 = <(1) 0 > and €0 =0 = (_01 0). (A.15)
The spinors v and 1) are related by hermitian conjugation, i.e.
do=Wa)l = @Na, and ¢ = (@), (A.16)

In the notation of the scalar product of two Weyl spinors £, x repeated spinor indices can
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A. Notations and definitions

be suppressed. We use the convention of implicit ¢, and .* indices, i.e.

€X = gaon = Xafoc = Xga

X =E&aX" =Xaf =XE= ()" = (x§)",
while €Xq = —€ax® and &% = "X,
Similarly, repeated spinor indices are omitted in Lorentz invariant vectors as
£ = E%(0M) 5 X7 Eox = Ea(a)Y xp, (A.18)
in terms of the elements of the Pauli matrices, Eq. (A.12), and
(0")o5 = (12,0%),5 and ()% = (1, —0")*". (A.19)
Antisymmetrized products of the Pauli matrices are given by
MVﬁ—i W=V v=p\ B —Wd—ifuv SV )G
(o )azi(aa—aa)a and (o )525(0‘7—00)5" (A.20)

A.4 Dirac and Majorana spinors

A four-component Dirac spinor field ¥ is made up of two mass-degenerate two-component

U= (i‘;) (A.21)

Weyl spinors &, and . as follows,

with two distinct spinor indices a = 1,2 and ¢ = 1,2. The Dirac-adjoint spinor ¥ is given
by

U =0l = (x* &), (A.22)

and the charge conjugated field W€ is obtained by application of the charge conjugation
matrix C' onto the transposed spinor,

U= (0 = <§;"> (A.23)

where the charge conjugation matrix C satisfies C~!y#C = —(y*)7.

In terms of 5, we define chiral projection operators Pr,p = %(1 F 75) that allow to
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A.5. Grassmann numbers

project out the left- and right-handed state of a Dirac field, respectively,

\I/LEPL\I/: <£5[), and \I/REPR\I/: <O> (A24)

Xa
In this sense, we call £, a left-handed Weyl spinor and X, a right-handed Weyl spinor.
If the two Weyl spinors are identical £ = ¥, it is

U = <§§) U= (2E,), ie U=1UC (A.25)

A spinor defined by Eq. (A.25) is named Majorana spinor.

An extensive dictionary of how to relate results obtained in terms of four-component

spinors and results from the two-component Weyl spinor formalism is given in [198]|. Here,

we just cite the translation rules for two Dirac spinors ¥; = (9

x:)’ i = 1,2 (spinor indices

are suppressed )

U PLY; = xi&j, U; PRV = &iX; (A.26)
Uit PLV; = E51¢;,  UinPrY; = xiot'X;.
A.5 Grassmann numbers
Grassmann numbers 6, are anticommuting fermionic objects,
{04,053} = {gd,gﬁ-} = {Ha,gg} =0. (A.27)

In particular, the square of a Grassmann number vanishes, 6,60, = 0. The product of two
Grassmann numbers is defined with the help of the e-tensor, Eq. (A.15),

00 = 00, = 0%€050° = ¢*P030,, (A.28)
yielding with Eq. (A.27),
apnB 1 af 1
090° = ——€*P(00), .05 = +=€ap(00),
s 2 a (A.29)
and 070 =+§eaﬂ(99), Oally = —5eq5(00).

Every product of more than two Grassmann numbers is zero,

0°6°07 = 0, since «, 3,7 € {1,2}. (A.30)
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A. Notations and definitions

Integration over Grassmann variables is defined as follows,

/d@a -0, /d&a 03 = Gap,

/d20 =0, /d29 6% =0, /d20 629" = —%eaﬁ, /d20 (00) = 1,

where 6 and 6 are considered to be independent,

/d9d9:99:1, /d49(99)(90) = 1.
Spinorial derivatives are defined by

8 00, _
gzazaaeﬁ:(saﬁ, —?za

with the conventions

o = —capd®, 0= —cP5, By=—e;0, O =D,

to ensure that e. g. éaﬁ = 9,08 = 9°4,,.
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Appendix B

Input parameters for numerical cross section
computations

We summarize the SM and MSSM input parameters as used for the numerical studies of
colored SUSY particle production processes at the LHC presented in Chapters 5-7.

B.1 Standard Model parameters

The Standard Model input parameters are chosen in correspondence with [157,158]. In
particular, we choose as input the fine structure constant a (a-scheme), with the value
a = 1/137.036, corresponding to the classical electron charge e = v/4ma. The strong
coupling constant av, has been defined in the MS scheme using the two-loop renormalization
group equations with five light flavors and as(my) = 0.119. The masses of the SM gauge
bosons are

myz = 91.1876 GeV, my = 80.42477 GeV, (B.1)
while we use for the third-generation fermions the on-shell values

my = 1.777GeV, my =170.9GeV, my =4.7GeV, (B.2)

which corresponds to

maS(my) = 4.2GeV, mPR(1 TeV) = 2.936 GeV . (B.3)

All other fermion masses are set to zero unless where they are used for regularization.

B.2 MSSM parameters

For the numerical evaluation of our cross section computations, we refer to mSUGRA

scenarios with conserved R-parity and real parameters. As discussed in Section 2.3.3, the
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B. Input parameters for numerical cross section computations

low-energy spectrum is determined by only five universal GUT-scale parameters (Mo, M /o,
Ay, tan 3, sgn(p)), cf. Eq. (2.55), which act as boundary equations for the renormalization
group running of the soft-breaking parameters. In the numerical application, we use the
program Softsusy 2.0.18 [75] to evolve the GUT-scale parameters down to the (SUSY)
scale Qgusy. We choose as a common SUSY scale for all scenarios

Qsusy =1 TeV, (B.4)

in reference to the SPA convention [158|.

At Qsusy, the full SUSY particle spectrum can then be obtained from the running
(DR) soft-breaking parameters and SM inputs according the tree-level relations given in
Section 2.3.4. However in the renormalization scheme we are using, the input parameters
are the on-shell masses of the two up-type squark mass eigenstates and the lighter of the
down-type squark mass eigenstates within each generation ¢, as well as the on-shell stop
mixing angle, cf. Eq. (2.104),

9 \0S 9 0S 9 1OS 0S DR
(mﬂli) ) (mﬂzz) ) (mdlz) ’ (9{) ’ (Ab) : (B.5)
Hence, a translation of the squark masses and the mixing angle as obtained from Softsusy
into the OS scheme is needed. This can be achieved by exploiting the one-loop relation

between masses and angles renormalized in different schemes:

(m3)”™ + (5m3)"" = (m3) ™ + (5md) ", (B.Ga)
(62)° + (007)° = (6)°° + (567)°, (B.6b)
where mg is the squared mass of the squark ¢, 6m?1~ is the corresponding one-loop counter-

term and 65 and 6603 are the mixing angle between the two gauge eigenstates gz g and its
counterterm, respectively. The UV divergences cancel along Eq. (B.6) as the DR and OS
counterterms differ by UV-finite parts only.

Note that for a consistent translation between the schemes care has to be taken to start
from parameters which are pure DR quantities. For the squark masses this implies that
both the soft-breaking parameters and the SM particle masses which enter the squark mass
matrices are needed in the DR scheme.

Owing to the SU(2)y invariance, the masses of the remaining down-type squarks are
dependent parameters, cf. Eq. (2.102), and beyond tree-level they do not longer correspond
to the physical OS masses. This has to be taken into account in the case of gd 1, production,
where the left-handed down-squarks are external particles and considered to be on their
mass shell. At the one-loop level, the OS mass of the left-handed down-squark (mfh)os is
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B.2. MSSM parameters

obtained from the dependent mass (mfz )dep' as follows,

L
(mQ~ )OS = (m2~ )dep' + 5mfZL — RGZJL (mgL), (B.7)

where 5m§~ is the (dependent) mass counterterm defined in Eq. (4.38) and ¥j is the
L ~
self-energy of the squark d,.

Sleptons, Higgs bosons, and gauginos do not enter in the LO diagrams and the difference
between DR and OS masses is a higher-order effect which can be neglected.

In summary, our MSSM input parameters in the squark sector are defined by Egs. (B.5)
and (B.7), while all other SUSY particle masses are calculated from the low-energy DR
soft-breaking parameters obtained by Softsusy, via the tree-level relations given in Sec-
tion 2.3.4%9. The procedure of obtaining our low-energy input parameters is visualized in

Fig. B.1.

For completeness, we give here the tree-level relations between the soft-breaking parame-
ters and mass eigenstates of a given sfermion f; of generation i. Comparing the expressions
Egs. (2.92) and (2.100) for the sfermion mass matrix /\/l2 , one finds in terms of a gen-

eral parameterization of the sfermion mixing matrix U/fi the following conditions for the

left-handed softbreaking parameters m% = mé m2
Li [
2 2 LL __ fiz2, 2
(Mf) =my + A= (Ull) mg. (Uzl) f2 (B.8)
— mQFLz (Ulfi)2 m?;u + (szi)2 mfgm - mi + (Ifi — ey, sin® Oy ) m% cos 20,
: : 2 _ .2 2 2
for the right-handed soft-breaking parameters , m P = M M, M
2 2 RR _ 2
(M7) 5y =my, + C = (Ufy)’m my,. + (Uf3)"m f2 (B9)
— m%m = (Ulfé)zm?;l (U22) ? — m?cz — ey, sin? @y m% cos 283,
and for the trilinear couplings Ay,,
(Mf;i)m_mf BFE =uliulim?: +Ufi U22m E
(B.10)
— Ap = (U vlym? + Uf Ufym?, ) + px.
my; fii '

Here, ey, and I ]?31 denote the electrical charge and the eigenvalue of the third component of
the weak isospin of sfermion f;, respectively. k = cot 8 for up-type squarks and charged
sleptons, while for right-handed squarks it is kK = tan j.

2Note that in the Higgs sector, we use the public program FeynHiggs [81] or a two-loop approximation [82]
included in [83] to compute the masses.
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B. Input parameters for numerical cross section computations

1. define mSUGRA parameters at GUT scale:
- MO7 M1/25 tanﬁ, AU) Sgn<M)

!

2. evolve soft-breaking parameters via RGEs down to Qsusy (using Softsusy)
— DR soft-breaking and OS SM parameters

!

3. translate squark masses and mixing angles into OS scheme (at Qsusy):

3.1 calculate one-loop counterterms for gauge bosons, quarks and squarks

3.2 translate SM parameters into DR,
extract DR squark masses from pure-DR squark mixing matrices
3.3 translate DR squark masses and stop mixing angle into OS scheme
9 1OS 9 1OS 5 108 0S
= (mg,) s (ma,) 7 (m3 ) (6)

3.4 recalculate OS soft-breaking parameters (mz2

OS squark mixing matrix according to Egs. (i38) - (B.10)
(e. g. needed as further inputs for FormCalc)

!

4. calculate physical mass for the dependent squark (at Qsusy)
according to Eq. (B.7)

2 2
;Mg M Ay) from the

Figure B.1.: Definition of low-energy input parameters as used for the numerical evaluations
of production cross sections for colored SUSY particles.
A common scale Qsysy = 1 TeV has been chosen in all calculations.

B.3 SPS benchmark points

The “Snowmass Points and Slopes” (SPS) are a set of benchmark points in the MSSM
parameter space which were suggested by [162] in order to unify the various conventions
used in theoretical computations and experiments and to set a basis for future studies of
SUSY phenomenology. Ten characteristic mSUGRA, GMSB, and AMSB scenarios have
been proposed. Here, we only consider the five mSUGRA-like scenarios, characterized by
the five universal GUT-scale parameters My, M, 3, Ao, tan 3, sgn(u). For convenience, we
give the low-energy values tan 5(Qsusy) for Qsusy = 1 TeV below.

The SPS1a’ benchmark scenario has been introduced by the Supersymmetry Parameter

Analysis (SPA) convention and project [158],

My =70 GeV, M /5 = 250 GeV, Ap = —300 GeV,

(B.11)
tan B(Qsusy) =10, sgn(u) > 0.

216



B.3. SPS benchmark points

Being a “typical” mSUGRA scenario, the SPS1a’ point is a very popular benchmark and
often referred to in the literature. It is close to the SPSla scenario defined in [162] with
slight modification of the GUT-scale parameters My and Ag in order to be compatible with
all high-energy mass bounds, with low-energy precision data, and with the observed cold
dark matter density.

The SPS2 benchmark scenario is chosen to lie in the “focus point” region, where the
lightest neutralino has a sizable higgsino component and thus its annihilation cross section
is large enough to agree with WMARP constraints on the cold dark matter density.

My =1450 GeV, My, =300 GeV,  Ag =0 GeV,

(B.12)
tan B(Qsusy) = 9.66, sgn(u) > 0.

For our studies, the distinguishing feature of the SPS2 scenario is the high value of M
which results in heavy masses for squarks and sleptons. In particular, the squarks are
heavier than the gluino.

The SPS3 benchmark scenario is defined close to the “coannihilation region”, where a low
relic abundance can be explained by the fact that the LSP and the next-to-lightest SUSY

particle are nearly degenerated in mass and coannihilate rapidly.

M() =90 GeV, M1/2 =400 GeV, Ao =0 Ge\/,

(B.13)
tan 5(Qsusy) = 9.66, sgn(p) > 0.

The most interesting aspect for collider phenomenology in general is the small slepton-
neutralino mass difference in the SPS3 scenario. In the context of production processes of

colored SUSY particles, however, this particular configuration is of small importance only.

The SPS4 benchmark scenario is characterized by a large value of tan 3,

M() =400 GeV, M1/2 =300 Ge\/, Ag =0 Ge\/,

(B.14)
tan B(Qsusy) = 49.4, sgn(p) > 0.

As a consequence, the couplings in the Higgs sector to down-type quarks and charged
leptons are enhanced and large production cross sections for the heavy Higgs bosons are
predicted. Interesting for our purposes, the large value of tan 3 induces an important L-R
mixing of the stop gauge eigenstates. Furthermore, the gluino turns out to be lighter than
the squarks of the first two generations.

The SPS5 benchmark scenario is defined by a large, negative value of the trilinear cou-
pling Ag. Due to this, a relatively low value of tan G can be chosen and does not contradict
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B. Input parameters for numerical cross section computations

_ SUSY particle masses [GeV] and mixing angle [°]
scenario . ~ ~ ~ s N - > B
ar, uR dr, dr t1 ta b1 ba g ‘ 01

SPSla’ DR | 523.3 506.0 529.0 501.7 3282 555.3 468.0 504.7 - 34.8
OS | 560.7 543.4 566.4 539.4 359.5 5819 500.0 538.1 609.0 | 33.9

SPS2 DR | 1539 1536 1541 1535 983.3 1300 1289 1523 - 6.9
OS | 1559 1554 1561 1553 9924 1331 1301 1540 7849 | 7.6

SPS3 DR | 819.7 790.3 823.3 781.8 621.4 813.9 7555 783.7 - 30.9
OS | 860.8 830.7 864.2 822.6 649.7 843.3 787.9 819.7 938.1 | 284

SPS4 DR | 730.4 731.1 7345 7084 524.1 675.8 581.9 663.3 - 33.0
OS | 766.1 748.6 770.1 744.1 545.0 686.7 583.1 658.2 735.9 | 35.2

SPS5 DR | 637.9 616.8 642.2 611.0 186.3 623.7 524.8 610.7 ~ 31.1
OS | 676.8 655.5 680.8 649.9 2249 647.6 552.4 647.7 723.7 | 30.1

Table B.1.: DR and OS masses of squarks and gluinos within the different SPS mSUGRA scenar-
ios. The translation from the DR to the OS scheme has been performed at the scale
Qsusy = 1 TeV. For the left-handed down-squark and the lighter bottom-squark the
physical masses according to Eq. (B.7) are given in the respective second rows.

constraints from direct Higgs searches at LEP [199],

My =150 GeV,  Mj;y =300 GeV, Ay =—1000 GeV,

(B.15)
tan B(Qsusy) = 4.82, sgn(p) > 0.

The SPS5 scenario provides a very light top-squark #; and thus high t]f’f production cross
sections are expected. Light-flavor squarks and gluinos have intermediate masses.

An interesting aspect in the philosophy behind the SPS conventions is that the low-
energy SUSY particle masses and MSSM parameters should be regarded as the actual
benchmarks [162,200]. As a consequence, results from different projects are independent of
the numerical program which has been used to evolve the GUT-scale parameters down to
lower scales and to calculate the spectrum. Thus specifying a benchmark scenario in terms
of the GUT-scale parameters is understood to be an abbreviation only of the low-energy
phenomenology. Here, we proceed as described above, using Softsusy for the evolution
of the soft-breaking parameters and subsequently translate the squark masses into the OS
scheme. As an overview, we collect the DR and OS masses of the squarks and the stop
mixing angle in the various scenarios in Table B.1. We also quote the OS mass of the gluino
for completeness.
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Appendix C

Slepton production and decay in specific
Bs mSUGRA models

C.1 Cross sections and branching ratios

In this Appendix we give the necessary cross sections and branching ratios to calculate
rates of all possible decay signatures for single slepton production at the LHC, within the
B3 mSUGRA sets A and B with a 71 LSP defined in Eq. (8.12).

In Tables C.1 and C.2, all hadronic production cross sections of resonant single slep-
tons within parameter Set A and Set B, respectively, are given. We consider here /\{L'jk =
0.01|guT, but the cross section scales with ])\;jk|2. The running of A, is taken into ac-
count according to Eq. (8.17a), leading to the following values at the SUSY scale Qsusy,
cf. Eq. (8.20):

Set A: Ny = 0.0282, Ny = 0.0258, Mg = 0.0281, Npgy = 0.0255,

; , ; , (C.1a)
35k = 002827 33k — 00257, 353 = 00280, 333 — 00254,

Set B: Ay = 0.0274,  Xpgy, = 0.0249,  Xy;3 = 0.0269, A3 = 0.0238,

, ; ; , (C.1b)
3j]€ — 00271, 33k — 00247, 353 — 00266, 333 — 00236,

where j,k = 1,2 and Qgusy = 893 GeV for Set A and Qsysy = 1209 GeV for Set B.

The production cross sections include NLO SUSY-QCD corrections [187]. The latter
depend on the trilinear soft-breaking squark-squark-slepton coupling, hr. In B3 mSUGRA
models, additional R-parity violating soft-breaking terms compared to those in the MSSM
Eq. (2.51) are allowed [166],

£soft,’R =
— [(hm)jk Why Whyj i + ()i Cri Grj dige + (hpw)ij Cri Crj €y, — Fi lri hu| + hec,
Il 2 T 2 i
- [zm (m7 ) ha+ hy (mj ;) sz}, (C.2)
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C. Slepton production and decay in specific B3 mSUGRA models

Oprod. [fb] Tprod. [fb]
e/t el T, Pegw | W ™ W W Py
/\g11 = 0.01\GUT 2700 1540 1860 1860 | 2620 1500 434 272 190 190
Nigg = 0.01|gur| 268 268 410 410 | 2600 2600 64.5 64.5 421 421
Mip = 0.01|gur| 2150 464 1430 602 | 2090 451 360 103 1460 616
/\;21 = 0.01|gur| 405 1050 602 1430 | 393 1020 91.9 197 616 1460
/\;13 = 0.01|gur| 1240 220 788 292 | 1210 214 216 51.3 806 299

Nigz = 0.01|gur| 119 119 191 191 | 116 116 30.0 30.0 196 196

Set A

Mg = 0.0llgur| — - 247 666 | — - ~ — 253 681
Mo = 0.01|gur| — - 161 161 | — ~ —  _— 166 166
Ngg = 0.01|gur| — ~ 69.3 693 | — - - - 71 71

Table C.1.: Complete list of hadronic cross sections for resonant single slepton/sneutrino produc-
tion via A}, = 0.01|gur at the LHC (v/S = 14 TeV) within the parameter Set A.
The cross sections include QCD and SUSY-QCD corrections at NLO [187]. For X5,
sleptons cannot be produced because of the vanishing top-quark density in the proton.

where the couplings hyyi, hpr, hpe are the analogues to the trilinear couplings ay, ap,
ag in Eq. (2.51), the bilinear coupling k; corresponds to r;, and the terms in the last
row provide additional terms to the slepton-Higgs mass matrix. In complete analogy to
the R-parity conserving case, we apply mSUGRA unification assumptions to the trilinear
couplings and consider the universal boundary conditions at the GUT scale, cf.Eq. (2.54),

(hpr)ij = Ao Njje,  (hyi)jie = Ao N, (hge)ij = Ao Aijie. (C.3)

Numerically, it is (hpr)i; = —23.4 GeV (-21.2 GeV) for Aj;; = 0.01|gur within Set A
(Set B) at the respective SUSY scale. We incorporated the running of hpr by using the
one-loop contributions from gauge interactions [166].

Second, for the calculation of the rate for a given signature of resonant single slepton
production, the branching ratios for the slepton decay and for the subsequent decay chains
down to the 7y LSP are needed. For all dominant X ik couplings these branching ratios are
universal within parameter Set A and Set B, respectively, and are given in Tab. C.3 for the
numerical boundary condition X, ik = 0.01|gur.

Finally, we show in Table C.4 all branching ratios of 7y LSP decays for different couplings
Ny ;i at the GUT scale. Branching ratios within scenarios with ] ik # 0 are analogous and
can be obtained from the tables by replacing p by e in the final-state signatures.

In the case of a non-vanishing A} ks the 71 LSP directly couples to the dominant L3Q; Dy
operator and decays predominantly via the inverse production process, see also the discus-
sion in Sect. 8.2.1. For the special case of X}, # 0 and m# < my, however, the 7 decays
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C.2. The B3 slepton decay 17; — W~ bdy,

Tprod. [fb] Oprod. [fb]
er/iy Eep/iy U, Ve | T ™ A T U
N1 = 0.01|gur | 885 476 559 559 | 949 515 1168 750 657 657
Moy = 0.01|gur | 67.3  67.3 102 102 | 74.7 747 192 192 124 124
Njjg = 0.01jgur | 681 123 414 155 | 735 136 976 301 490 187
)\;21 = 0.01|gur 105 309 155 414 | 117 337 2069 548 187 490
N3 = 0.01|gur | 370 546 214 70.2 | 401 60.6 572 146 255 85.4

Nigz = 0.01|gur | 28.2 282 444 444|314 314 872 872 543 543

Set B

N
AN

Mg =0.01|gur | — — 604 184 | — - - — 735 219
Nagp =0.0lgur | — — 0382 382 —  —  — 467 46.7
Ngg =0.0lgur | — — 148 148 — — - — 182 182

Table C.2.: Same as Tab. C.1 but for parameter Set B.

into a W boson and two jets, cf. Eq. (8.28). The corresponding matrix element and partial
width are calculated in Appendix C.2.

C.2 The Bj slepton decay l@‘ — W~bd,,

A non-vanishing L;Q3Dj, operator allows for the decay of a left-handed charged slepton £z,
into a top quark ¢ and a down-type quark dj of generation k,

07, — tdg . (C.4)

However, this decay mode is kinematically only allowed if mg, > Mg + Mg, For my <
m¢ + mg,, the slepton decays via a virtual top quark or a virtual sneutrino,

07, — W™bdy. (C.5)

This 3-body decay has not been considered in the literature yet and is not implemented in
the R-parity violating version of Herwig, either. We complete the picture by calculating
the 3-body decay (C.5) in the following.

The relevant parts of the supersymmetric Lagrangian are [13,201]

L1005 = —Nan ( Didp PLb — UL I dy, PLt> Y he,

_ g + 7 -
Lyiw = _E (WH tfy“PLb—l—Wu bfyHPLt)’ (06)
ig 7, T 7 e 2,
EZNZ'W - _ﬁ (Ulaw;j_’/i 0" lai + UlaWu l,; 6“14),
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C. Slepton production and decay in specific B3 mSUGRA models

BRs [%)]

)\/ij = 0.01|GUT )‘éjkz = 0'01|GUT
Set A Set B Set A Set B

fip — X3 p 91.1 91.3 100 100
fiy — Uy dy, 8.9 8.7 — -

7y — X vy 91.7 91.5 100 100
7, — dj dy 8.3 8.4 = =

Xy — 7Er¥ 36.0 45.7 36.0 45.7
Xy — ﬂ% u¥ 7.0 2.2 7.0 2.2
Xy — énef 7.0 2.1 7.0 2.1

fig — 7 p T | 54.3 64.1 54.3 64.1
fip — 7 po Tt | 45.7 35.9 45.7 35.9

7y = X7 58.4 14.7 55.5 14.5
7y — 7 h0 22.5 41.8 21.4 41.2
7y — 7 20 19.1 43.5 18.1 42.9
7y — 1y dy, - - 5.0 1.3
v — vy 62.2 13.6 58.8 13.4
Uy — 7 WT 37.8 86.4 35.8 85.2
Uy — dj dy - — 5.4 1.4

Table C.3.: Table of branching ratios, BRs, that are relevant for single slepton production
and decays within the B3 mSUGRA scenarios Set A and Set B. Two different
non-zero B3 couplings are considered, ijk = 0.01|gur for columns 2 and 3 and
)‘éjk = 0.01|gur for columns 4 and 5. The branching ratios for lelc # 0 can be
obtained from those for )\'Qj x 7 0 by interchanging muon and electron flavor in the
first four decay channels. The branching ratios for €; (¥, €g) in scenarios with
Al # 0, i # 1 are equal to those of fiy, (7, fir) With A3, # 0. The branching ratios
for 71 LSP decays are listed separately in Tab. C.4.

where U’ is the slepton mixing matrix, a denoting the mass eigenstate of the charged
>
slepton. The derivate operator in the last line is defined as A 0#B = A(0*B) — (0" A)B.

From Eq. (C.6), the squared matrix elements (summed over final state polarizations and
colors) can be derived,

S i s W
Z‘Mt@ai - bdk)‘ - [(W+b)2k— T;?}Q—i-m% T2
X {(dk‘b) [mg —my +4(W-b) + 4(2/2[))2] +2(W-dy) [mg LW b) — m? (Z@Véb)} }’
) i (C.7)
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€¢¢

BR2 BR4
~ A _
T S u,T , / / / _

= %_ A /;T,U_] T 2, Uyt TS T pude T STt uidy 7 X vudid, T A, T Vydjdy
Set A Moy | 79%  (2.7%) 0.2% (0.1%) | 11.8% (13.3%) 25.3% (28.5%) 15.2% (17.1%) 31.6% (35.6%)
Nypo | 21.5% (—) 0.5% (—) 79% (14.2%) 171% (29.3%) 10.2% (18.1%) 21.3% (38.4%)
Nyys | 10.5% (—) 0.2% (—) 111%  (14.1%) 23.8% (30.2%) 14.3% (18.1%) 29.6% (37.6%)
Nyop | 21.5% (—) 0.5% (—-) 79% (14.2%) 171% (29.3%) 10.2% (18.1%) 21.3% (38.4%)
Mooy | 46.8%  (46.8%) 1.1% (1.1%) | 0.7%  (0.8%) 1.6%  (1.6%) 1.0%  (1.0%) 2.0% (2.0%)
Nyos | 48.2% (—) 1.1% (—) 04% (14.2%) 08% (29.3%) 0.5% (18.2%) 1.0% (38.4%)
Nysp | 17.9% (—) 0.4% (—) — (—) — (—) 20.7% (32.1%) 43.0% (67.9%)
N3y | 48.8% (—) 1.1% (—) — (-) — (—) 04% (32.5%) 0.8% (67.5%)

Noss | 49.4%  (49.4%) 11% (1.1%) - (—) — (—) — (—) — (—)
Set B \yp | 49.0% (48.6%) 1.7% (1.7%) — (0.1%) 0.1%  (0.4%) — (0.1%) 0.1%  (0.5%)
Nypo | 49.1% (—) 1.7% (-) — (5.6%) — (41.1%) — (6.3%) — (46.9%)
Nyps | 49.0% (—) 1.7% (—) — (5.7%) 01%  (41.0%) — (6.4%) 0.1%  (46.9%)
Nyoy | 49.1% (—) 1.7% (—) — (5.6%) — (41.0%) — (6.3%) — (47.0%)

Moo | 491%  (49.1%) 1.7% (1.7%) — (—) — (—) - (—) — (—)
Nyos | 49.1% (—) 1.7% (—) — (5.7%) — (41.0%) — (6.4%) — (47.0%)
Noys1 | 49.1% (—) 1.7% (—) — (—) — (—) — (12.0%) 0.1%  (88.0%)
Nyso | 49.1% (—) 1.7% (—) — (-) — (—) — (12.0%) — (88.0%)

Noss | 49.1%  (49.1%) 1.7% (1.7%) - (—) — (—) - (—) - (—)

Table C.4.: Branching ratios of the 7; LSP in sets A and B for different non-zero \, . couplings at
the GUT scale. The branching ratios are calculated within the mSUGRA parameter
Set A for the SUSY breaking scale Qsusy = 893 GeV and in Set B for the SUSY
breaking scale Qgusy = 1209 GeV. We assume down-type (up-type) quark mixing.
Branching ratios for non-vanishing A} ji are analogous, with p replaced by e.
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C. Slepton production and decay in specific B3 mSUGRA models
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Figure C.1.: Partial width in GeV for the 3-body decay €, — W ~bd as a function of the selectron
mass mg, . We take Mj5; = 0.01 and Uf; =1 and my = 400 GeV in Eq. (C.7).

NG (V)" 6
[(dk -+ b)2 — m%ﬂ

3| Mo (G — Wbd) ’2 -

2

X { — 4(dy-b) [mg +mj, +2(dg-b) — :

= s 33k (Ulgfzfgz
> 2Re{ (M) Mo} = 7 0 — ] (a1 0 mg |

X {4m(21k. (mg + (W.b)) — 4mg (W -d) (1 . (W-d) _g (W-b)>
myy
— 4(dg-b) [mz% + (W-d) + 2(dj-b) — (W -b) (1 o (W.diﬂr; (W'b)ﬂ }
W

(C.8)

We denote the particle four-momenta by the particle letter, and my, my, and my, are the
top, bottom and W mass, respectively. I'; is the total width of the top quark.

From the summed squared matrix elements we obtain easily the partial width for the
3-body decay (C.5), see e. g. [201]. We show in Fig. C.1 the partial width T'(é, — W ~bd) as
a function of the left-handed selectron mass mg, . Here we consider \j5; = 0.01 and Uf; = 1
and mp = 400 GeV, in Eq. (C.7). The amplitude Eq. (C.7) gives the dominant contribution,
the decay via a virtual sneutrino and the interference contribution are suppressed by the
typically heavy sneutrino mass.

In comparison to the 3-body decay (C.5), the possible 4-body decays via X5, are negli-
gible. For example for the parameter Set B with non-vanishing A4, the branching ratio
of the 3-body 71 LSP decay (C.5) is larger by five orders of magnitude than the branching
ratio of the 4-body 71 LSP decays.
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