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Zusammenfassung

Eine der Hauptaufgaben des Large Hadron Colliders (LHC) ist die Suche nach Physik jenseits
des Standardmodells (SM). Das minimale supersymmetrische Standardmodell (MSSM) ist
einer der vielversprechendsten Kandidaten fiir eine Erweiterung des SMs und postuliert die
Existenz neuer Teilchen. Jedoch wurde keines dieser Teilchen bisher entdeckt und somit
werden ihre Massengrenzen immer grofler. Mit der verflighbaren Energie des LHCs wiirden
diese Teilchen immer in der Nahe ihrer Produktionsschwelle erzeugt werden. Dies fiihrt zu
Vorhersagen fiir die Wirkungsquerschnitte, die durch das Auftreten dominanter logarithmischer
Terme charakterisiert sind, welche von der Emission zuséitzlicher weicher Gluonen stammen.
Dies hat zur Folge, dass die perturbative Stérungsreihe nicht mehr konvergiert und erfordert
eine Resummation um verléssliche Ergebnisse in diesen kritischen kinematischen Regionen
vorherzusagen.

Aufgrund der Verlagerung des Fokus der experimentellen Suchen zu elektroschwachen su-
persymmetrischen Teilchenproduktionen aktualisieren wir in dieser Arbeit unsere Vorhersagen
fiir die direkte Sleptonenproduktion am LHC durch die Beriicksichtigung von Resummations-
beitrdgen. Als Benchmark-Szenario verwenden wir vereinfachte supersymmetrische Modelle,
welche nur wenige neue Parameter beinhalten und immer haufiger von den Experimental-
physikern fiir die Suche nach Sleptonen und elektroschwachen Gauginos benutzt werden. Die
Berticksichtigung von néachst-fithrenden Logarithmen (NLL) durch Resummation fihrt zu
einer drastischen Reduktionen der Renormierungs- und Faktorisierungsskalenabhéangigkeit
des Wirkungsquerschnittes. Weiterhin geben wir einen Hinweis auf die Signifikanz der néchst-
néchst-fithrenden logaritmischen (NNLL) Beitrége fiir steigende Sleptonmassen. Mit modernen
Monte Carlo Methoden reanalysieren wir ATLAS und CMS Ergebnisse fiir Sleptonsuchen
mit verschiedenen Annahmen fir die Komposition der Sleptonen und deren Zerfallsproduk-
te, den Gauginos. Wir finden, dass linkshéndige (rechtshéndige) Selektronen und Smuonen
mit Massen bis zu 175 GeV (150 GeV) und 130 GeV (100 GeV) ausgeschlossen sind, wenn
wir das leichteste Neutralino als masselos annehmen. Fiir ein sehr dichtes Massenspektrum
der supersymmetrischen Teilchen kénnen keine Massengrenzen abgeleitet werden. Auflerdem
zeigen wir auf, dass eine Unterscheidung des Flavors und der Héndigkeit der Sleptonen fiir
zukiinftige Analysen beriicksichtigt werden sollte, wohingegen die Mischung der Neutralinos
die Massengrenzen nicht beeinflusst.

Im zweiten Teil der Arbeit untersuchen wir die gemeinsame Produktion von Gluinos und
elektroschwachen Gauginos. Aufgrund der grofien Gluinomassen kann es méglich sein, dass diese
mit der verfiighbaren Energie des LHCs nicht in der direkten Paarproduktion erzeugt werden
koénnen, jedoch in der verbundenen Produktion mit den relativ leichten Gauginos. Aus diesem
Grund verallgemeinern wir die bisherigen Ergebnisse der néchst-fithrenden Ordnung (NLO)
auf nichtentartete Squarks und beriicksichtigen Resummationsbeitrige. Wir présentieren
Ergebnisse fiir die soft anomalous dimension und den hard matching coefficient. Fiir unser hier
ausgewahltes Benchmark-Szenario finden wir Korrekturen zum NLO Wirkungsquerschnitt von
7% (20%) fir eine Gluinomasse von 3 TeV (6 TeV) und eine Reduktion der Skalenabhéngigkeit
von +12% zu Werten unter +3%.






Abstract

One of the main objectives of the Large Hadron Collider (LHC) is the search for physics beyond
the Standard Model. Among the most promising candidates is the Minimal Supersymmetric
Standard Model (MSSM) which postulates the existence of further particles. Since none of
these supersymmetric particles have been found yet, their mass limits have been shifted to
high values. Hence, with the available energy of the LHC they would always be produced
close to their production threshold. This leads to predictions for cross sections which are
characterized by the presence of dominant logarithmic terms stemming from multiple soft
gluon emission. These contributions spoil the convergence of the perturbative series and
require a resummation to predict reliable results in these critical kinematical phase space
regions.

As the attention of experimental searches has been shifted towards electroweak supersym-
metric particle production at the LHC, we update in this thesis our predictions for direct
slepton pair production at proton-proton collision to next-to-leading order (NLO) matched to
resummation at the next-to-leading logarithmic (NLL) accuracy. As a benchmark scenario we
choose simplified models which have the advantage of only containing a few relevant physical
parameters. They are now commonly adopted by the experimental collaborations for slepton
and electroweak gaugino searches. We find that the scale dependence is drastically reduced by
including NLL corrections, especially for large slepton masses. For increasing mass limits we
hint towards the significance of next-to-next-to-leading logarithmic contributions to the cross
section. By using modern Monte Carlo techniques we reanalyze ATLAS and CMS results for
slepton searches for different assumptions about the compositions of the sleptons and their
neutralino decay products. We observe similar mass limits for selectrons and smuons as both
collaborations and find that masses for left-handed (right-handed) selectrons and smuons up to
175 GeV (150 GeV) and 130 GeV (100 GeV), respectively, are excluded for an almost massless
lightest neutralino. For a compressed spectrum of the supersymmetric particles no limits can
be derived as the signal electrons are too soft to be detected. In addition, we point out that
a distinction between the flavor and the left- and right-handed components of the sleptons
should be considered in future analyses, whereas the neutralino composition is irrelevant for
our simplified models.

In the second part of this thesis we investigate the associated production of gluinos and
electroweak gauginos. As the gluinos are required to be heavy due to the mass limits their
direct pair production at the LHC could be beyond its reach. However, their associated
production with the relatively light electroweak gauginos might be a possibility to produce
gluinos at the LHC. For this reason, we generalize the previously obtained NLO results to
non-degenerate squark masses and add NLL contributions. We present analytical results for
the soft anomalous dimension and the hard matching coefficient function. For our chosen
benchmark scenario NLL corrections increase the NLO cross section by 7 to 20% for central
scale choices and gluino masses of 3 to 6 TeV, respectively, and reduce its scale dependence
typically from up to £12% to below +3%.
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1 Introduction

The interplay of theory and experiment makes physics a powerful science to study the laws
of nature. Deriving mathematical models from observations allows to predict the outcome
of future measurements. These developed models are capable of describing phenomena
encompassing an immense scale range, from large structures like galaxies to the microscopic
world of atoms and particles. Physics can also go the other way around by starting from
a mathematical model and testing it against experimental results. This approach is used
in the Standard Model (SM) of particle physics, which has been built by using concepts of
symmetries and combines special relativity and quantum mechanics. After determining its 19
free parameters [I], the derived predictions lead to an astonishing agreement with experimental
results, e.g. for the anomalous magnetic moment of the electron the agreement goes up to ten
significant figures [2]. Since the discovery of the Higgs boson in 2012 [3] even the last missing
ingredient of the SM has been found.

Another model using this approach is the Minimal Supersymmetric Standard Model (MSSM),
which embeds the SM as an effective low-energy theory and relates fermions to bosons by
imposing a new symmetry, called supersymmetry (SUSY). It tries to tackle the phenomena
in particle and astroparticle physics, which cannot be explained by the SM alone. Among
them are dark matter, the hierarchy problem, the origin of matter-antimatter asymmetry,
neutrino masses, Grand Unification and the source of gravitation. In contrast to the SM, the
MSSM contains a huge amount of free parameters because it postulates new particles. With
the Large Hadron Collider (LHC) at CERN it is possible to search for these new particles.
Yet, none of them have been found. For this reason, more precise predictions are needed to
exclude parts of the large parameter space and hence narrow down the region where SUSY
can possibly hide.

An effective and well established technique to compute predictions for observables such as
production cross sections is perturbative Quantum Chromodynamics (QCD). However, in
some phase space regions the convergence of the perturbative series is spoiled due to large
logarithmic terms, e.g. close to the production threshold of heavy particles. It has been found
out that these terms stem from the mismatch between real and virtual corrections including
soft gluons. In order to make reliable predictions in this problematic phase space region
another technique has been developed, the so called threshold resummation. It is capable of
organizing the multiple emission of soft gluons in such a way that their dominant logarithmic
terms are included up to all orders in perturbation theory. Therefore, it assures the predictive
power even in the critical kinematical region. Resummation contributions to the production
cross section of supersymmetric particles can become crucial, as the mass limits of the new
postulated particles of the MSSM are shifted to high values and thus their available phase
space at the LHC is restricted to the region close to their production threshold.

Among these new particles are the sleptons. As they only interact weakly, they are expected
to be relatively light, compared to strongly interacting supersymmetric particles. They would
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decay into the lightest supersymmetric particle (LSP), which in most scenarios of the MSSM
is the lightest neutralino, and their corresponding superpartners, the leptons. This would
result into a signal of highly energetic leptons together with missing energy and could be easily
detected at the LHC. This signal allows for slepton searches and thus for narrowing down the
corresponding parameter space. For this reason, we dedicate one part of this thesis to the
sleptons, which we study in the light of simplified models. These are minimal extensions of the
SM and hence only contain a minimal amount of new parameters. They are now commonly
adopted for searches of electroweak SUSY particles by experimental collaborations as it makes
the MSSM parameter space feasible. We study the inclusion of resummation effects and
additionally derive new mass limits by a reanalysis of ATLAS and CMS data.

Another group of supersymmetric particles contains those carrying color charge. Therefore,
they interact strongly, which can lead to large direct production cross sections. As no colored
supersymmetric particle has been found yet, their corresponding model parameters entering
the production cross sections need to be adapted in such a way that the predictions are in
agreement with the current experimental limits on the visible cross section, i.e. the signal
cross section, for new physics. Consequently, the masses of the colored sparticles have been
shifted to values above 1 TeV. To this group belong the gluinos, which are the supersymmetric
counterparts of the gluons. Due to their high mass limits their direct production at the LHC
could be inaccessible. Hence, the associated production of gluinos together with the relatively
light electroweak gauginos becomes phenomenologically relevant since it could be the only
possibility to produce the heavy gluinos at the reach of the LHC. On this account, we dedicate
the second part of this thesis to the associated gaugino—gluincﬂ production. Our main goal
is to generalize and update the current NLO predictions by recalculating the virtual and
real corrections with non-degenerate squark masses and by including threshold resummation
effects.

The structure of this thesis is as follows: we start with the presentation of the necessary
background of SUSY and the MSSM in Chap. . This is followed by a review of some main
concepts of perturbative QCD in Chap. . Chap. is dedicated to threshold resummation,
where we describe the general principle of resummation and present the basic steps needed
to obtain the cross section in a resummed form. In Chap. we focus on slepton pair
production, where we discuss briefly the NLO computations, present and discuss numerical
results including threshold resummation effects and derive mass limits for the sleptons in
simplified SUSY models. Next, in Chap. @, we address the associated production of gauginos
and gluinos, where we first show the fixed order computations and present the necessary
formulas to include resummation effects up to NLL and afterwards discuss the obtained
numerical results. We conclude this thesis in Chap. ([7).

!For the associated production of gauginos and gluinos the name gaugino always refers to an electroweak
gaugino.
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The study of symmetries is one of the most important and successful concepts to examine
nature. Especially in particle physics, with the study of external space-time symmetries in
combination with internal gauge symmetries, a model has been developed with a tremendous
predictive power, the Standard Model of particle physics.

Although being powerful, it still lacks some features. Therefore, a symmetry unlike all the
others has been developed during the last four decades in particle physics. Being just a nice
mathematical concept in the beginning, it is now one of the most promising candidates for
an extension of the SM: supersymmetry, a theory relating fermionic to bosonic degrees of
freedom.

In this chapter we give a brief overview of the concepts and ideas behind SUSY. First, in
Sec. we address the advantages coming along with this new kind of symmetry. Afterwards,
in Sec. 2.2] we show its algebraic structure and the construction of supersymmetric field
theories. We close this chapter in Sec. with a discussion of the most important realization
of a supersymmetric extension of the SM, the MSSM, which is the model of interest in this
thesis.

2.1 Motivation for Supersymmetry

In the following we present some of the theoretical and experimental issues of the SM, which
can be solved by SUSY.

Unnaturalness, hierarchy problem and fine-tuning: Loop corrections to the Higgs boson
are an outstanding issue in the SM. Due to the scalar nature of the Higgs boson, its mass
corrections exhibit quadratic divergences which lead to the question of unnaturalness and the
accompanied hierarchy and fine-tuning problems.

To see these issues more clearly, let us have a look at a Lagrangian

L(A) = OAY + O(A%) Ly + O(M) L3+ O(1)Ly

L
A

1

+O( A2

L5 +O0(-=5)Le+ ..., (2.1)
where the cutoff parameter A characterizes loop corrections and represents the energy scale
at which new physics becomes important, e.g. the Planck scale where gravitation starts to
be relevant. Lp is a coupling operator of dimension D. For instance, Lo = ¢*¢ is a scalar
mass term, L3 a fermion mass term and £4 describes gauge and Yukawa interactions. The
complete first row of Eq. is the Lagrangian of the SM, L5 is the Weinberg operator for

neutrino masses and Lg includes four-fermion operators [4].
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The baseline power of loop corrections is fixed by the dimension of £Lp and can only be
suppressed by a natural symmetry. For the electron mass m, we expect a linear growth with
A, but due to the chiral symmetry in the massless limit the corrections grow like m.In A
[5], which makes m, naturally small. A small parameter in the theory is called natural if
the symmetry of the system is enhanced by setting it to zero [0, [7]. The Higgs sector in the
SM is not protected by any symmetry. For this reason, we call the Higgs mass unnatural.
Hence, corrections to the mass are quadratic in A and for the top quark contribution we get
dm37 o« —(0.2A)? as a correction to the Higgs mass. If we want a correction which does not
exceed the light Higgs mass and if we want to avoid fine-tuning, A should be of O(1TeV).
Thus, new physics should be close, instead of being 16 orders of magnitude away at the Planck
scale.

Interpreting A as a physical parameter is not mandatory. We can also think of it as a math-
ematical regulator of the divergences appearing in loop corrections and after renormalization
no quadratic divergence is left. Still, a correction term proportional to the particle mass in
the loop remains. Especially if the SM gives a way to a more fundamental theory like a Grand
Unified one, corrections arising from new particles with a mass of My ~ 109 GeV can be
large. A counterterm with an unnatural amount of fine-tuning is required in order to keep the
Higgs mass at 125 GeV.

In a softly broken SUSY theory, like the MSSM, the quadratic divergences cancel due to
the inclusion of the scalar superpartners of the fermions in the loop corrections. Only a
logarithmic dependence on A remains, which is scaled by the mass splitting 6 = m; —m 7 of
the superpartners appearing in the radiative corrections. So there is a symmetry shielding
the Higgs mass. Furthermore, the Higgs sector becomes natural, because if § — 0 SUSY
is unbroken and leads to an enhanced symmetry of the theory. The mass splitting should
not be too large in order to avoid fine-tuning. Nevertheless, naturalness is one of the main
motivations for finding new physics in the range of the LHC [4], 8 [7].

Dark matter: From observations of the cosmic microwave background (CMB) with experi-
ments like the Wilkinson Microwave Anisotropy Probe [9] (WMAP) and Planck [10], and due
to gravitational effects like gravitational lensing, we know that the universe consists of more
than the ordinary atoms which account for only around 4% of the universe’s total energy. It
turned out that the two main constituents are dark energy, with 72% and dark matter (DM),
with 24%.

The matter is called dark, because it does not interact with photons and gluons. Therefore,
it must be electrically neutral and colorless and it can only interact weakly and gravitationally.
The main part of it must also be non-baryonic and cold, i.e. non-relativistic, in order to
explain the observations of the large-scale structures in the universe. One of the most
promising explanations for DM is the concept of a weakly interacting massive particle (WIMP).
Such a particle does not exist in the SM, but SUSY models can include proper candidates.
For instance, the lightest stable (or long lived) particle (LSP) in the MSSM, which is the
lightest neutralino in most SUSY scenarios, fulfills all the properties to be a DM particle [I1].
Nowadays, these SUSY candidates are heavily tested in LHC searches and direct and indirect
detection experiments.
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Matter and antimatter asymmetry: The universe as we know it contains more particles
than antiparticles. However, we assume an equilibrium of matter and antimatter in the early
universe. Therefore, today’s asymmetry must have been generated by some mechanism, where
one of the most studied ones is baryogenesis. For this mechanism to work a model has to fulfill
the so called Sakharov conditions [12]. The first and most obvious one is the baryon number
(B) violation. Furthermore, the loss of thermal equilibrium is needed in order to prevent the
inverse of the B-violating process from compensating the gained B-asymmetry. Last, we need
charge (C) and charge parity (CP) violation, so that the rates of the B- and B-process differ
and that we do not only get an asymmetry between left- and right-handed quarks.

In the SM the first condition can be fulfilled by the Sphaleron processﬂ but the other
conditions are not or not sufficiently satisfied. For instance, the second condition could be
achieved in an electroweak phase transition (EWPT) of first order, but would require a Higgs
mass smaller than 114.4 GeV and is therefore ruled out. Besides, the CP-violating source of
the SM, which is the complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, is
too small [13].

The MSSM introduces new sources for CP violation and offers also the possibility for
the inclusion of additional B-violating processe$?} An EWPT of first order can be achieved
because of additional particles which couple to the SM-like Higgs. It turns out that this
requires a very light right-handed stoplﬂ which should be lighter than the top quark. This
option is called the light stop window and is still possible in the MSSM, although getting less
likely [14} 15, [16].

There are also other explanation attempts like leptogenesis [17] or the Affleck-Dine mecha-
nism [I8]. These mechanisms can be successfully embedded in SUSY models, but cannot be
realized in the SM alone.

Grand Unification: A Grand Unified Theory (GUT) embeds the gauge groups of the SM in
a larger symmetry group like SU(5)E| or SO(10). It reduces the three gauge couplings to only
one by imposing the condition that they meet at one point at a higher scale, i.e. at the early
universe. Solving the renormalization group equations (RGEs) and evolving the couplings to
the GUT scale does not lead to a unification in the SM. By extending the particle content
of the model we get additional loop corrections and hence the running coupling is modified.
Interestingly, the MSSM seems to extend this content by the right amount. In Fig. 2.1] the
evolution of the gauge couplings at two-loop order is shown. The couplings in the MSSM meet
at around 1.5 x 10'® GeV. Increasing the masses of the sparticles would result in a decrease of
the GUT scale. Note that the couplings do not match exactly, but the slight discrepancy can
be repealed by minor threshold effects which arise close to the unification scale [§].

'This is a non-perturbative process which for instance converts three baryons to three antileptons and thus
violates baryon number (B) and lepton number (L) conservation, but preserves B — L.

2This means we would have to give up on R-symmetry (see Sec. [2.2.4). Tt is possible to allow certain
B-violating processes and still impose L conservation, so that the proton decay channels p — 77 v, 7% ™ are
forbidden [13].

3 As the stop is a scalar particle it does not have any chirality. When we say left- or right-handed sfermion we
actually refer to the chirality of their superpartners.

4This scenario is already ruled out, because it leads to an unstable proton which does not agree with its
measured lifetime.
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Figure 2.1: Comparison of the running gauge couplings in the SM (dashed lines) and the MSSM
(solid lines). The RGEs have been solved at two-loop order. The particle masses in the MSSM have
been varied in the range of 750 GeV (blue solid lines) and 2.5 TeV (red solid lines). Figure taken from
Ref. [§].

2.2 Theoretical concept and algebraic structure

This section deals with the basic concepts needed to get a supersymmetric field theory.
First, we discuss superfields defined on an enlarged space, the superspace. Next, we look at
specific superfields which are used to build supersymmetric Lagrangians. Finally, we show an
additional symmetry, called R-parity, which is conserved in many supersymmetric models.

Most of the following parts are based on Refs. [7), [8]. We advise the interested reader to have
a look at these references in order to get a more detailed picture of the algebraic structure of
SUSY.

The largest group of space-time transformations is the Poincaré group. It is defined by its
Lie algebra, which is completely given by the following set of commutator relations:

[P/u PV] == 0, (22&)
(M, Py) = i (9upPu — gupPy) (2.2b)
(M, Myo| = =i (gupMuve — GuoMuvp — gupMpuc + gueMyp) - (2:2¢)

Here, P, is the generator for space-time translations, M, the one for space-time rotations,
including the proper three-dimensional rotations and Lorentz boosts, and g, is the metric
tensor of the Minkowski-space.
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The Coleman-Mandula theorem [19] states, that an extended Lie algebra, containing the
Poincaré group and any other symmetry of the theory, must be a direct sum of the generators
belonging to each subgroup. So, only trivial extensions, i.e. internal symmetries, are possible.
SUSY goes beyond Lie algebras, which include only commutator relations, to graded Lie
algebras, which now include anti-commutator relations as well. This extension is based on the
Haag-Lopuszanski-Sohnius theorem [20] and brings us to the following Z-graded Lie algebra
for our supersymmetric model in the Weyl representationﬂ

{QaQs} =0, {Q4Q"y =0, (2.3a)
[Qa,Pu] =0, [Q*P,]=0, (2.3b)
{Qa,Q} = 20", P, {Q%,Qp} = 25%°1P, (2.3¢)
My, Qo] = —(0,0)5Qs My, Q%) = —(G)3Q”, (2.3d)
[Qa, Bl = Qa [Q%,R] = -Q°. (2.3¢)

Here, Q. and Q% describe two-component Weyl spinor-like anti-commuting generators with
a = {1,2} being spinor indicesﬂ. Note that unbared spinor variables belong to the (1/2,0)
representation of the Lorentz group, whereas the bared ones belong to the (0,1/2) representa-
tiorﬂ The matrices o* and o* are the left- and right-chiral 2 x 2 sub-matrices of the 4 x 4
~v-matrices of the Clifford algebra in the Weyl representation and o*” = i(o* " — o”c*)/4.
The generator R belongs to a global U(1) group and describes chiral rotations (see Sec. .
Eqgs. 2.3] together with Eqs. 2.2] form the Super-Poincaré group.

An elegant way to build a supersymmetric theory is by enlarging space-time to superspace
and by introducing superfields. Therefore, we need supercoordinates z = (z#,0%, ), which
span the superspace and consist of space-time coordinates z* and two Grassmann-valued
quantitie 6, and 0% We can write a general superfield F as an expansion in 6 and 6 as

F(x",0,0) = f(x) + V26*(2)0s + V2Xa(x)0* + M(2)00 + N(2)00
+%mw%gﬁ+&ww%+@m%@+§mw%@ (2.4)

which terminates at order O(6?) due to the anticommuting properties of the Grassmann
variables. Here, £, ¢, ¥ and A are Weyl-fermions, f, M, N and D are complex scalar fields
and a,, is a complex vector field. In total, F contains 16 bosonic and 16 fermionic real degrees
of freedom.

5This is an irreducible representation of the Clifford algebra arising in spin 1/2 representations of the Lorentz
group. It is also called the chiral basis, because ~° is diagonal.

5The dotted indices refer to right-handed spinors, whereas the undotted indices refer to left-handed ones.

"For those who are unfamiliar with representations of the Lorentz group we recommend Refs. [, 21].

8We recall that 00 = 6“0, = ea50a96 with eap # 0 only for a # [. If the reader is not familiar with
computations involving Grassmann variables, we recommend to have a look at Ref. [7].
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For supersymmetric transformations of a superfield F it is common to define the generators

0 ~ =4 0 :
Qo = —i% + (0"0)a0u , Q" = —i% + (070) O, (2.5)

leading to the following infinitesimal translation in superspace
OF =1 <6Q + EQ) F(z",0,0)
=F (x“ — i0oHE + iect,0 +€,0 + E) — F(z",0,0), (2.6)

where ¢ and € are two-component spinor-like parameters. The transformation for each
component-field yields

§f = V2(e€ + &), 6D = i0,(Ca"e+ Aate), (2.72)
OM = e\ + \%aﬂgaﬂg, ON =€ — \%ea“@ui, (2.7b)
§(V284) = 2¢a M + (0"€) o (—i0uf + ay), (2.7¢)
S(V2X%) = 28N — (1) (i, f + oy (2.7d)
- _ ) 1 __
day, = eoy + (o€ — ﬁeauf + ﬁaqu (2.7e)
+ iV 2€0,,0"¢ — iV2€5,,0" X,
SNY = &D — %E‘j‘@“a“ —i(61€)*0, M + (5"E) Dy, (2.71)
0o = €D + %ea(‘?“a“ — i(0"€)qOuN — (0" €)aOpcu , (2.7g)

and illustrates a mixing between the fermionic and bosonic degrees of freedom.

The general superfield in Eq. has too many degrees of freedom to match with any
supermultiplet in the MSSM and is reducible by applying physical constraints. Next, we will
state two different classes of physical superfields which are contained in the MSSM: the chiral
and vector superfieldg?|

9Note that we only consider classical, not quantized fields.
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2.2.1 Chiral superfields

We construct ordinary Lagrangians with the covariant derivative 9, fortunately already
commuting with the generators ) and (). The derivative 0, := 9/00% is not supersymmetric
covariant, but we can define supersymmetric covariant and contravariant derivatives as

Do = O — i(0"0) a0y , D* = —9° +i(05")°0,, s,
2.8

DY = 9% —i(c"0)*0, . Dy = =04 + i1(00")a0y -

A superfield fulfilling either of the conditions Dg® = 0 or D,®" = 0 is called a left- or
right-chiral superfield, respectively, and describes a complete irreducible chiral supermultiplet.
By applying these constraints on the general superfield in Eq. (2.4) we get:

B(2,0.0) = d(x) — 105760, () — %00556“(%(15(3:)
(2.9)

i

V2

1 (2.0.0) = ¢* (2) + i00"00,6" (z) — ieeéé@ﬂam*(x)

+V20¢(2) + —=000,£0"0 + 00F ()

. (2.10)
+V/20€(x) — %éé@a“aﬂg(aﬂ) +O0F*(z).

Eq. describes a left-chiral field, whereas Eq. describes a right-chiral one. Both
contain one Weyl spinor £ or £, hence having four fermionic degrees of freedom, and two
complex scalar fields ¢ and F', leading also to four bosonic degrees of freedom. The field F' is
called auxiliary field and assures the matching of the bosonic and fermionic degrees of freedom
on and off shell. It can be removed from supersymmetric Lagrangians by using its equation of
motion.

By comparing the components of a left-chiral superfield with those of a general superfield in
Eq. (2.4), we can read off the transformations of the component fields from Eq. (2.7)), leading
to

5 = V2, (2.11)
0o = V260 F — V2i(0"€) 00,6, (2.12)
OF = i0,(V2¢0"e) . (2.13)

The auxiliary field F' transforms only to itself and a space-time derivative and thus plays an
important role in constructing supersymmetric Lagrangians. We can isolate the F-term from
a general superfield, e.g. with

@ = 3 DDB(,0, )| (g0 = Fla), (2.14)
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@1]r i= ;DDB(2.6,0)] ) = F*(a). (2.15)

Note that products of chiral superfields are chiral superfields themselves. Furthermore, the
F-term in any polynomial of only left- or right-chiral superfields leads to an invariant action,
but not if we combine left- and right-chiral fields like ®®. Instead, we can define the so called
D-termY] leading also to an invariant action

[¢j¢jh)::l/}99d2é¢j¢j
(2.16)
* 1 * 1 * . c
=FF; + 58u¢i [8“]¢j - 5‘15@ [(9“](9“(1)]' + Z&jau[au]fi )

where X[0,]Y = X0,Y/2 — (0,X)Y/2 with X and Y being fields and the indices i and
j referring to different types, e.g. flavor. Eq. (2.16|) contains a kinetic energy term for a
Weyl-fermion and for a complex scalar field, together with a term for the auxiliary field F.

2.2.2 Vector superfields

Another class of superfields are vector superfields, determined by the reality condition V' = 1748
Looking at the general superfield in Eq. (2.4) this condition leads to f = f* =: C,x = £, N =
M* a, = aj, =+ Ay, = A and D = D*. Thereby, we can write

V(2,0,0) o< C(x) + V20¢(2) + V20&(x) + 00M () + 00M* () + 000 A, (x)
(2.17)
+ 009 (x) + 000 (x) + S0009D(x)

where C' and D are real scalar fields, A, is a real vector field, M is a complex scalar field and
£ and A are two-component spinor fields.

Vector superfields can be constructed out of chiral superfields, e.g. with ® + ® and
®tP. It is also common to define a more general vector superfield, where the substitutions
A= A —ic"0,E/V2, A = A —i5"9,E /2 and D — D — 0*9uC /2 have been performed. This
leads to

V(2,0,0) = C(x) + V20¢(x) + V206 (x) + 00M () 4+ 00M* () + 60HGA,,(x)

_ /o i __ i _
+ 666 (/\(x) - ﬂaua“g(x)) + G060 ()\(:1:) - \/50“8M§> (218)
1 = 1
+ 0000 (D(;E) _ 26’*8#0(:10)) .
A local abelian supergauge transformation can be introduced by

V =V 4ih —iAT, (2.19)

10The name refers to the D-coefficient in a general superfield decomposition in Eq. 1|
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where A and AT are chiral superfields, but their sum results in a vector superfield. This
leads to the specific transformations C' — C + 2Re(¢),{ — {+x, M — M + F, A, —
A, —20,Im(¢),\ = A and D — D for the components of the vector superfield V.

The supergauge transformation in Eq. contains the ordinary local U(1) gauge
transformation for the real vector field A4,. Furthermore, one can change the component fields
of A and AT in such a way that the fields &, M and C can be eliminated. The U(1)-term
2Im(¢) can still be chosen independently. This leads to a vector superfield in the so called
Wess-Zumino gauge, which is given by

_ __ __ 1 -
Vivz = 00"0A,(x) + 000X (x) + 000X (x) + 50000D(x). (2.20)

The remaining fields in Eq. (2.20) are the real vector field A, the gaugino field A and the
auxiliary field D, which has a similar purpose as the F-field. Furthermore, the D-term of a
vector field [V]p is supersymmetric and supergauge invariant.

The field strength tensor can be defined by

1 1 -
Wa=—2DDD,V., Wa =~ DDDsV . (2.21)

leading to a useful result for

1 , _
ZFM,,(:U)F“”(:U) +iX(x)o" [0, A (2) , (2.22)
where F),, = 0,A, — 0,A,, is the common abelian field strength tensor. Eq. (2.22) contains
kinetic energy terms for a real vector field A, and for a gaugino A and a term for the auxiliary
field D.

1 @ 17 A7« _1 2 o
WO W+ Wa ]F_§D (z)

This concept can be generalized to non-abelian gauge theories [7, [§], but would go beyond
the scope of this introduction.

2.2.3 Supersymmetric Lagrangians

After the introduction of the chiral and vector superfields, the supersymmetric invariant D- and
F-terms and supergauge transformations, we can finally start to construct a supersymmetric
Lagrangian out of these building blocks. In general we can write a supersymmetric action as

S = / d?0d*0d*xLsysy (0,0,2) = / d*zLsysy (z), (2.23)

where we have integrated out the fermionic degrees of freedom. Lgysy should be Lorentz and
supergauge invariant and supersymmetric, except for the surface terms which vanish after
integration. The integral of a superfield F over the total superspace is automatically invariant
under SUSY transformations [8]. The reality condition of the action demands that this field
must also be a real, i.e. a vector superfield.
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For the chiral supermultiplet we can write a Lagrangian like
Lawar(x) = [@]@]p + (@) + Wi@])] (2:24)

including the kinematical parts of a scalar field and of a Weyl fermion, the auxiliary field F’
and a holomorphic function ]

1 .. 1 ..
W(®;) = hi®i + 5 MU®;®; + §f13k<bi<1>j¢>k : (2.25)

comprising mass and Yukawa terms. By inserting all the components we get

Lehiral = 1&i[0,)& + 0" ¢} 0,0i + Fi'Fy
. ) (2.26)
+ th + mikd; + 2fijk¢z¢j> Fy, — §§i§j(mij + fijrdr) +hec.| |

where the index i labels a specific flavor. Using the equations of motion 0L/0F; = 0 and
OL/OF; = 0 for the auxiliary fields leads to

* * k 1 * k%
Fi = —hi —mg0; — 5 fijnd; o (2.27)

i 1
By = —hi —mijéj — 3 fijkdi bk (2.28)

and we can rewrite the Lagrangian in terms of dynamical fields only. This yields

— 1
Lehiral = 1&0"[0,,)&; + 0" ¢;0,0; — (2&5sz‘;’(¢) + h-C) — Vicalar (9,95 ) » (2.29)
Vscalar(¢i7¢;) = Wz(d))y_vl((g) = Fz*E s (2'30)
W ow
Wii(¢) = mkgzg:o) and W;(¢) = 9%, |(9:§:0) ; (2.31)

where the double derivative of the superpotential contains the Yukawa interactions and the
fermion mass terms. Here, we see that the auxiliary fields can also be expressed in terms of a
derivative of the superpotential. Note that Wl(qg) denotes the derivative of the superpotential
with respect to the hermitian conjugate chiral superfield. The whole scalar potential of the
theory is governed by %calar(¢i;¢;) and the expectation value (Vicalar) defines the supersym-
metric ground state.

1Tt must be holomorphic to be invariant under SUSY transformations.
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For the Wess-Zumino model [22], which is the first known example of a supersymmetric
field theory in four dimensions consisting only of one chiral superfield, the on shell Lagrangian

of Eq. turns into
Lwz = i€ 0,]€ — 0,00 — SmlEE +E6)

f f

~ 5 (666" +€66) — [h+-mo + 58 (2.32)

In the limit of vanishing couplings h and f we can derive the equations of motion

(i’}"uau — m))\M =0, Ay= (;T) , (233)
(00" +m*)p =0, (2.34)

which describe a free Majorana field and a free Klein-Gordon equation. In this model the
scalar and the fermion have the same mass m.

Finally, we add gauge fields and the gauge interactions to the model. We can introduce a
U(1) supergauge transformation as

P = e 2igtiN2) @, , DYAN=0, (2.35)
@;T _ (I)ZT€2i9tz-A(Z)T . DA =0, (2.36)

where g is a gauge coupling, t; is the corresponding charge of the field ®; and A is a chiral
superfunction in superspace. In general A # AT and the kinetic energy D-term in Eq. (2.24)) is
not gauge invariant by itself, but we can introduce a gauge vector superfield V' with the gauge

transformation (see Eq. (2.19))
V' =V 4+i(A - A (2.37)
and change the D-term to
[@je%ti‘/@i}D , (2.38)

which is then gauge invariant. The vector field V' can be exponentiated without any complica-
tions, because it is dimensionless and the series in 6 and 6 terminates at third order, which
makes the theory still renormalizable. For the expansion of the exponent we get

_ __ _ 1 - __
29V =1 4 2gt; (90—#9/1“ + 000X + 000\ + 299091)) + g* 70000 A, A* . (2.39)
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After inserting Eq. (2.39)) in the kinetic energy term in Eq. (2.38) we get
[‘I’jezgt"vq’i][) = F}'F; + D,¢f D¢ + i&;5" D& — V29t (56N + Aihs)

+ gtig; 9D, (2.40)

where we have introduced the covariant derivatives

D, ¢; = 0ui —igtiAudi, (2.41)
Duﬁﬁr = au‘ﬁ + igtiAuﬁﬁ?a (2‘42)
D, & = 0u& —igtiAu& . (2.43)

Here, we can see the ordinary U(1) gauge interaction, e.g. a photon field A, which couples
to a fermion, and its supersymmetric counterpart, which for instance describes the coupling
between an electron, a selectron and a photino. Similar to the F-field also the D-field can be
eliminated by using its equation of motion dL/9D = 0. Keep in mind that the particles in a
chiral superfield have the same gauge representation, since SUSY transformations commute
with internal gauge symmetries. The kinetic energy term for the vector superfield can be
added by using the gauge invariant and supersymmetric field strengths (see Eq. ) In
total, we can write a supersymmetric Lagrangian as

L= [@1629%%41) + (W(®;)]F + hc) + i (WWap + h.c.) . (2.44)

Let us recall that the first D-term contains the kinetic terms of the chiral fields and the U(1)
gauge and supersymmetric gauge interactions. The F-term of the superpotential contains
fermion mass terms, Yukawa interactions and the scalar potential. The last F-term comprises
the kinetic terms of a real vector field and its superpartner, a gaugino field.

2.2.4 R-invariance and R-parity

In Eq. (2.3) we have already seen an additional generator for a global U(1) transformation. It
describes a phase rotation of the Grassmann variables. For an arbitrary superfield we can
define

F(2,64°0,e7%0) = 17 F(2,0,0), (2.45)

where Rr is the R-charge of the field . One can show that the left- and right-chiral superfields
have opposite R-charges, i.e. Rg¢ = —Rgt, and for its components we get R(¢) = Ry,
R(§) = Rp — 1 and R(F) = Rg — 2. Due to the reality condition of the vector superfield
its R-charge is Ry = 0 and we get for its components in Wess-Zumino gauge R(A,) = 0,
R(\) = —R()\) =1 and R(D) = 0.

The kinetic energy term and the gauge interactions of a supersymmetric field theory are
R-invariant, but not general Yukawa interactions and Majorana mass terms. We can abandon

the continuous U(1) transformations and go to a discrete subgroup Zs(p = m) which is an
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exact symmetry in the MSSM and leads to e/ = (—1)%. The value R for the charge of a
superfield is called matter parity and of its components R-parity. R-parity is positive for all
SM particles and negative for their SUSY partners. It can be expressed as [7]

Rp — (_I)S(B—L)"FQS (246)

where B is the baryon number, L the lepton number and S the spin of the particle.

Imposing this symmetry leads to important consequences: first, each vertex must give
R, =1 and hence there is always an even number of sparticles present in each vertex, leading
to the observation that in collisions of SM particles, sparticles are always produced in pairs.
Second, the LSP is stable and can for instance be a dark matter candidate [7].

2.3 The Minimal Supersymmetric Standard Model

In this section we discuss the minimal extension of the SM including SUSY, which is called
the Minimal Supersymmetric Standard Model. We first address the particle content and the
Lagrangian of the MSSM. Afterwards, we briefly discuss SUSY breaking terms. The end of
this section is dedicated to the gaugino, sfermion and gluino sector of the MSSM, which are
the most important particle sectors in this thesis.

First, we remark that it is impossible to construct a supersymmetric field theory with the
SM fields alone. The SM gauge bosons and fermions cannot be combined into a supermultiplet.
This is due to the fact that fields which are contained in the same supermultiplet must belong
to the same representation of the gauge group. Fermions in the SM belong to the fundamental
representation, whereas in a consistent field theory the spin one gauge bosons belong to the
adjoint representation. Thus, they cannot be put into the same supermultiplet.

The MSSM is a softly broken N = 1 supersymmetric extension of the SM, which is called
minimal, because it extends the particle content by the smallest possible amount in order to
get a supersymmetric field theory. Here, N refers to the amount of the added SUSY-generators,
which in the MSSM is only one, namely the four-component Majorana spinor Q4 := (Qq, Q%).

Next, we specify the different supermultiplets of the MSSM. Each SM vector field will be
put in a vector superfield together with a Majorana fermion as its superpartner. The left-
and right-handed fermions belong to different SU(2)y, doublets in the SM, and therefore we
have to put them into different chiral superfields together with new scalar superpartners, the
sfermions. Since the superpotential W can only contain left-chiral superfields in order to
be a holomorphic function, we are forced to use the charge conjugates of the SU(2)y, singlet
right-chiral fermion fields, which are left-chiral. This means for instance f&, = ()1, and its
scalar superpartner f; 5, where C denotes charge conjugation, will be embedded in such a
way in a left-chiral superfield with quantum numbers of the conjugate representations [7].

The Higgs sector differs from that in the SM and has to be extended. As the charge
conjugated Higgs doublet cannot be put in a left-chiral superfield, but is needed to generate
all fermion masses, we have to introduce an additional Higgs doublet. For this reason, we
will have two left-chiral superfields denoted by H; and Hs. From this it follows that we also
get two vacuum expectation values (VEVs) after the electroweak symmetry breaking. They
are denoted by v; and vy. Since both VEVs are connected to the W mass, they cannot be
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determined explicitly and usually the ratio ve/v1 := tan 3 is taken as a free parameter.

All chiral supermultiplets of the of the MSSM and their gauge representations are shown in
Tab. Superfields are labeled with a hat and the new superpartners with a tilde. Neutrinos
and the left-chiral leptons are comprised in the superfield IAJ, together with their superpartners,
the sneutrinos and left-handed sleptons. SU(2), singlet leptons and sleptons are contained in
the superfield E. The quark sector is very similar. Here, Q denotes the SU(2), doublets and
Ur and Dg denote the singlets. The two Higgs superfields H, and Hj consist of one neutral
and one charged Higgs and their corresponding higgsino fields.

In Tab. we show all the vector superfields of the MSSM. The field G contains the gluon
and the so called gluino as its superpartner. The superfields W and B comprise the W and B
boson and their corresponding superpartners, the wino and bino fields.

Apart from the component fields which are listed here, each chiral and vector superfield also
contains an auxiliary field. We recall that this field can be eliminated from the Lagrangian by
using its equation of motion. This particle content is the minimal amount of new particles

Table 2.1: Chiral supermultiplets of the MSSM. The weak hypercharge has been defined as Y =
2(Q — T3), where @ denotes the electric charge and T35 the third component of the weak isospin. The
bar over the SU(2)p-singlet superfields is merely a label to emphasize the usage of the charge conjugate
of the right-chiral fields. All the spin 1/2 fields are four-component spinors.

Names Symbol  Spin 1/2 Spin 0 SU(3)c, SU(2)1, U(1)y
Leptons & Sleptons L L= (ve,,er) L= (0e,,6r) (1,2, —1)
(three generations) E % €h (1,1,2)
Quarks & Squarks Q@ Q= (ur,dy) Q= (iL,dr) (3,2,1/3)
(three generations) U uf up (3,1, —4/3)
D dS 2 (3,1,2/3)
Higgs & Higgsinos H Hy = (HY,H) H;=(hi,hy) (1,2, —1)
1,  Hy=(Hf,HY) Hy=(hi,hs) (1,2,1)

needed to achieve a supersymmetric extension of the SM. In general, there can be more
particles depending on the specific SUSY scheme and SUSY breaking scenario. For instance,
in minimal supergravity scenarios the graviton and the gravitino are embedded in the theory
as well.

2.3.1 MSSM Lagrangian and the superpotential

The general Lagrangian for the MSSM can be written as a sum of two terms

Lyvissm = Lsusy + Lsoft (2.47)
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Table 2.2: Same as in Tab. but now showing the gauge supermultiplets of the MSSM.

Names Symbol  Spin 1 Spin 1/2  SU(3)¢,SU(2), U(1)y
Gluon & Gluino G g g (8,1,0)
W bosons & Winos W=*,W° W w0 W= Wwo (1,3,0)
B boson & Bino B B B (1,1,0)

where Lgusy denotes the exact supersymmetric part and Lgqs governs the soft SUSY breaking
terms which lead to different masses for the component fields of a supermultiplet. In this
section we only address the fist term and in the next section we discuss the terms included in
Lsoft-

Lsusy is very similar to the SM Lagrangian and only differs significantly in the Higgs sector.
We can write

Lsusy = Lg + Ly + Ly, (2.48)

where L, comprises the field strength tensors of the three gauge fields. Each of these tensors
can be written in a similar way as shown in Eq. . The second term, Ly, contains the
chiral matter fields and the covariant derivatives (see Eq. ) Ly includes the Higgs fields,
their gauge couplings and the super potential, which is given by

Wussy = pHy - Hy — f5Hy - LiE; — fEH - QiDj — f1Q; - HaUj . (2.49)

In Eq. the first term denotes a supersymmetric generalization of the Higgs mass term,
with p being a parameter with the dimension of mass. It is also often referred to as the u-term.
The last three remaining terms are supersymmetric generalizations of the Yukawa couplings
of the SM, where their strength is described by f;; with i and j being generation indices.
The Yukawa interactions are completely symmetric in a general SUSY theory. In addition
to the common Higgs-lepton-lepton and Higgs-quark-quark couplings, we get the squark-
higgsino-quark and slepton-higgsino-lepton couplings. For SUSY phenomenology these Yukawa
interactions are actually not very important, since they are known to be very small, except
for the particles of the third generation. Therefore, it is common to use an approximation
where only the Yukawa couplings of the third generation are nonzero. The direct production
of SUSY particles is usually dominated by the supersymmetric gauge interactions [§]. Since
the MSSM preserves R-parity, no further terms in the superpotential are allowed.

In total, the MSSM contains 17 auxiliary F-fields coming from the chiral matter fields.
Furthermore, we get three D-fields, namely DY coming from the U(1)y-gauge group, a SU(2)y,
triplet D and D® which is contained in the vector superfield of the gluon. All together define
the scalar potential

1r=
Vsusy = FiFi + 5 [ D+ (DY)? + D"D*| | (2.50)
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where a summation over the index k, describing the different chiral superfields, and the
color index a is implied. In contrast to the SM, this scalar potential has not to be added
ad hoc. Eq. can be rewritten in terms of physical fields only (see e.g. [7]). Then this
potential does not only include the famous mexican hat potential for electroweak symmetry
breaking, but also further scalar couplings, like quartic slepton and squark interactions and
interactions between the Higgs fields and the sfermions. Moreover, this scalar potential is the
only possibility to break SUSY in the MSSM.

2.3.2 Supersymmetry breaking

We know that SUSY is not realized as an exact symmetry in nature, at least not nowadays.
For instance, scalar superpartners of the electron with the same mass as the electron should
have been already found. SUSY breaking terms must repeal the mass degeneracy of the
supermultiplets and should lead to large masses for the sparticles as they have not been
detected yet.

The term Lgof breaks SUSY explicitly and hence Eq. describes a SUSY theory at
a low energy scale. We assume that the breaking occurred at a much higher energy scale
which is unreachable for the LHC. It is impossible to break SUSY spontaneously only with the
particle content of the MSSME In order to achieve the SUSY breaking, we need additional
fields which lead to a non-vanishing VEV for some of the scalar fields in the MSSM. For this
reason, it is common to add a so called hidden sector to the theory which includes much
heavier particles than those of the MSSM. The interaction with the MSSM takes place with so
called messenger fields. It can for instance be gravitational (in supergravity models) or gauge
mediated (in gauge mediated SUSY breaking models). Since the masses of the messenger
fields are much larger than those of the MSSM fields, we obtain the Lagrangian Lygsm as
an effective theory by integrating out the additional messenger fields. For the spontaneous
breakdown of SUSY, one of the auxiliary scalar fields has to get a nonzero VEV. These
scenarios are then either called D-term breaking or F-term breaking, also referred to as the
Fayet-Tlioupolis or O’ Raifeartaigh breaking, respectively [7].

So far, we do not know how SUSY breaking has occurred. Fortunately, for phenomenological
studies of the MSSM the details of the hidden and messenger sectors are not of great interest.
However, in order to make predictions we need to parameterize the soft SUSY breaking terms
of Lgoft- Soft means that no additional divergences are introduced. A general soft breaking
term for a theory with one chiral and one gauge field (see Eq. ) can be written as

1 1 1
Lsor = —¢F (m?)ijdj + <3!Aijk¢i¢j¢k - 531‘]@% +Cipi — §M)\a>\“ + h.c.) . (2.51)

Here, ¢; is the scalar component of the chiral supermultiplet ®;, where (mZ)ij is the matrix
of the squared mass. The fields A* and A% correspond to the two two-component gaugino
fields of the vector supermultiplet with mass M. Additionally, we have trilinear (A-term)
and bilinear (B-term) scalar couplings. Finally, there is a term which is linear in the field ¢;
(C-term) and which is only nonzero if the field is gauge invariant by itself.

12We would need sleptons/squarks in each of the three generations which are lighter than their SM partner [7].
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Similarly to Eq. (2.51]), we can specify the explicit breaking terms of the MSSM. Due
to all the new fields, many free parameters have to be introduced, leading to the following
Lagrangian

MSSM __ ~x 2 ~ ~ % 2 ~ Tk 2 ~
—Lsore = iz (Mq)ij 4L + wR (Ma)ij Ujr +dip (Mg)ij djr
7% 2 7 ~% 2 ~
+ liL (MZ)'L] l]L + e’iR (Mé)” €jR
+ {hl : lNiL(feAe),;jé;R + hq - (jiL(fdAd)ijci;R + ¢, - hg(quu)ijﬂ;R + h.C.}
2 2 2 2
—|—m1]h1| —|—m2|h2| +(B/,Lh1 'hg—i-h.c.)

1 = ~ = ~ 1 = b=g = =g
+35 (M\BPLB + M BPB) + 5 <M2WPLW + M;WPRW)

1 _ _
—+ 5 (MggaPLga + M;g‘IPRg“) (2.52)

:= Vsoyt + gaugino mass terms.

Here, (.MQ)U are squared mass matrix elements for the left- and right-handed squarks
and sleptons, where ¢ and j denote generation indices. The mass terms M3 are (in
general) complex gaugino mass parameters. Note that for the winos we use the notation

W = (W1, Wa,Ws) for the SU(2)y, triplet. my 2 are the real Higgs scalar mass parameters
and p is the mass parameter for the higgsino field. The soft breaking mass terms also contain
general trilinear couplings (fA) and bilinear couplings, where the latter is scaled by Bpu. In
comparison to Eq. , we see the absence of a C-term, because the MSSM does not contain
any scalar field which is invariant under the three SM gauge groups by itself [7]. Additionally,
we remark that in Eq. we have used a four-component notation for the gaugino fields.

In total the MSSM contains 124 real parameters, including 19 of the SM. Not all of
the parameters are completely independent. Due to experiments some of them are highly
constrained. For instance the minimal flavor violation observations or the minimal CP violation
restrict this huge parameter space. By making additional assumptions, e.g. of the breaking
mechanism and the hidden sector, we can break down the enormous amount of arbitrariness
for the MSSM leading to a theory with a predictive power.

The model with the minimal number of free parameters is called minimal supergravityE
(mSUGRA) and makes the following assumptions: first, the soft SUSY breaking universality,
i.e. all mass matrices are proportional to the unit matrix; second, the trilinear couplings are
supposed to be proportional to the Yukawa couplings. Additionally, we assume the gaugino
masses (M, Ms ,M3) and all the scalar masses unify to m, /2 and mg, respectively, at a much
higher scale, the unification scale. This scenario is depicted in Fig. [2.2] Using RGEs for the
soft breaking parameters we can calculate the whole MSSM mass spectrum and the couplings
at the electroweak scale. In mSUGRA the amount of free parameters can be reduced to

'3Sometimes it is also referred to as the constrained MSSM (cMSSM).
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Figure 2.2: Running scalar and gaugino mass parameters in the MSSM for minimal supergravity
models. The unification scale is considered as Qg = 2 x 10'® GeV. The running of the Higgs masses

is assumed to be negative in order to provoke an electroweak symmetry breaking. The dashed lines
represent the square roots of the third family parameters. Figure taken from Ref. [g].

only five. However, due to experimental data this model is already very challenging, if not
even ruled out completely [23]. There are plenty of other models which reduce the parameter
space of the MSSM to a manageable amount. It is also possible to investigate models with
only physical parameters, which are often referred to as simplified models. In this thesis we
investigate two models: for slepton pair production we use simplified models (see Sec. ,
whereas for the associated gaugino-gluino production we use a version of the phenomenological
MSSM (pMSSM) which includes 13 parameters (see Sec. [6.4.1)).

2.3.3 The gaugino and higgsino sector

The gauginos B and W are the spin 1 /2 supersymmetric partners of the gauge bosons B
and W and the higgsinos the partners of the Higgs fields in the MSSM. After electroweak
symmetry breaking we are left with charged and neutral Higgs, higgsino and gauge fields.
Fields carrying the same quantum numbers can mix. For this reason, the charged gaugino
and higgsino fields mix to two charginos, whereas the neutral fields mix to four neutralinos.
These mixing effects are completely determined by the parameters M 2, 1 and tan 5. In the
following we will use two-component Weyl spinors which will be denoted by lower case letters,
instead of capital ones, e.g. BT = (b,b"). The discussion presented here is based on Ref. [7].

For the charged sector we can write the mass term of the Lagrangian as

~Liass = (7)) MYt H e, (2.53)
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where

. _ . ~+ _ oo~
Mo — Mo V2Myy sin 8 gt = fw and v — fﬁ) . (2.54)
V2Myy cos 3 7 hy hy

Here, fbl_ and ﬁ; are two-component spinorial higgsino fields. The gaugino fields are defined
as W = (W F iw2)/v/2. It is possible to find unitary matrices & and V so that the matrix
ME€ can be diagonalized as U* MV~ = M$,. Then we can rewrite the Lagrangian as

- lc\/lass = X]; (M%))km X’I’J’;l +h.c., (255>

where X; = Vim¥;, and X = Upm1;, denote the mass eigenstates. If M€ is only real-valued,
i.e. if we ignore the complex phases of My and p, the mixing matrices can be parameterized
by using one mixing angle. We define U =: O,, and V =: O, (or V =: 030,, if the determinant
of M€ is smaller than zero) which allows us to write

COS Py SIN Py
Ous = ( ) | 256

—sin gy,  COS Py
where the angles can be expressed as

2v/2Myy (psin 8+ My cos 3)

tan 2¢, = 2.97
an 2¢u M3 — p? — 2M3, cos23 (2.57)
2v/2M M, si
tan2¢)v: fQW(l;COSB_g QSIH/B) (258)
M5 — p* + 2M, cos 23
Finally, we can write the mass eigenstates in terms of four-component Dirac spinors

+

ot X1,2
Xig= | ;| (2.59)

1,2

where the ¥ = x! denotes the hermitian conjugat The Lagrangian in terms of these Dirac
chargino fields yields

- K/Iass = My(li;(—li_fdi_ + Mifi;f(; (260)

where

1
Mo = 5 |IM3] + 1]+ 2Mi 5 { (M3] — |4?)?

MNote that for four-component Dirac spinors ¢ = 1) f~°.
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4 2 2 2 2 - 1/2
+ 4Myy cos® 28 + AMy, (| M35 | 4+ |u| + 2 Re (Map) sin 26)} (2.61)

are the squared masses obeying the mass ordering M)z:t < M)Z:t.
1 2

Next, we turn to the neutralinos. The Lagrangian for the neutral electroweak gauginos and
higgsinos can be written as

1 T
Tl\L/Iass = *5 (¢0> Mn¢0 +h.c s (262)
with
My 0 —MchSW Mzsgsw —Z'l;
0 Moy Mzcgew  —Mzgsgew —1W3
M = ’ W= (2.63)
—M2053W MZC,BCW 0 — K hl
Mzsgsw  —Mzgsgew — 0 ho

and sy = sin Oy, cyy = cos by, sg = sin 8 and cg = cos 3, with 0y being the Weinberg angle
and tan f = wvy/v; the relation of the two Higgs VEVs. The unitary transformation that
diagonalizes the mass matrix is given by N*M"N~! = M?%,. After the diagonalization we get
four two-component neutralino fields X? = Nj,,¥)0. Thereby, the Lagrangian can be written as

Xy

Xy

1 =0 _
Mass = 9 Z M)Z?Xl X? , Where X? = (2.64)
l

and My 0 are the mass eigenvalues. It is common to choose a real and orthogonal matrix N,
although the eigenvalues of M™ can be negative. The fields corresponding to the negative
mass eigenvalue are then redefined by using a chiral rotation (y? — x%¢'™/2) [24] to obtain
the physical fields with a positive mass eigenvalue. In general the mass and the mixing matrix
are obtained numerically. If all entries are real it is also possible to perform an analytical
computation, but the result is too cumbersome to show here.

We label the neutralinos in a mass ordering M)Z? > M;(g > M)ZS > ng. As already

mentioned, in most scenarios ¥} is the LSP and can be a proper DM candidate. In contrast
to the chargino sector, the neutralino mixing depends additionally on Mj, which is basically
arbitrary. Nonetheless, GUT theories relate M; and Ms in such a way that they unify at the
GUT-scale. In order to satisfy this unification, the condition M;(Mz) ~ Ma(Mz)/2 must
hold at the electroweak scale [7].

Finally, let us make some remarks about the composition of the neutralinos and charginos
with respect to the SUSY breaking parameters. If |u| > [M;2| > My the two lightest
neutralinos )2(1)72 are mostly dominated by their gaugino components. Furthermore, if the
unification condition (M ~ Ms/2) holds, the lightest neutralino %) is mostly the U(1)y-bino
field B, whereas X3 is the SU(2)r-wino field W3. The two heavier neutralinos are then
dominated by their higgsino component. This applies also to the charginos, where the lighter
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one, Xf, is dominantly the charged wino and Xét the charged higgsino. There is also a relation
between the magnitude of the p parameter and the neutralino and chargino masses given
by[]Mj:_Mo_2Moand|,u|NMo MONMi>>M:E

C0n81der1ng the opposite limit (Ju| < \Ml 2\) the Composmon changes. Then the lighter
neutralinos and charginos are mostly made of the higgsino components and the heavier
chargino is most likely the charged wino. If the parameters are set to |u| ~ |M;i| or |Ms| we
obtain strong mixing between all the components. Moreover, if we assume |u, M| > My
together with the GUT relation between M7 and My, the approximate relation ng ~ MX;:

holds. It is worth mentioning that all these considerations are independent of tan 3 [7].

2.3.4 The sfermion sector

In general, the sfermion masses are affected by the supersymmetric scalar potential
F ooy
v/ VSoft +Ve +Vph, (2.65)

where the first term consists of explicit scalar mass terms and the trilinear couplings (see
Eq. ) The second and third contributions come from the F- and D-terms in Eq. (2.50)).
Mixing of the left- and right-handed sfermions is driven by the trilinear scalar couplings and
the term originating from the higgsino mass term in the superpotential [7]. There can also
be additional flavor mixing, but due to experimental data this can, in a good approximation,
be neglected. In contrast to the slepton sector, the squark sector is a bit more complicated,
because it also includes the CKM mixing matrix.

Next, we discuss the left- and right-handed mixing of the sfermions explicitly. In general,
the mass term can be written as

£/ mass = ZfTMQf, (2.66)
~ M2 M2~
where f = (JiL) and M?; = ZL ;cLR (2.67)
fr MfLR MfRR

Note that the matrix elements of /\/l2~ in Eq. are in general 3 x 3 matrices in flavor

space. This is similar for the components fL r which are three-component vectors in flavor
space, e.g. f1 = (ér, jir,7r)T. The matrix elements can be written in a general form [25] as

M?LL = ./\/l% + M% cos 23 (Tg — Qysin? 9W) + mfv , (2.68)

M}RR = M?%, + M cos2BQy sin” Oy + m7 (2.69)

M?LR =my ( p(tan B) =2 ) , (2.70)
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where Mz and Mg, are soft breaking mass terms corresponding to the left- and right-handed
sfermions, respectively (see Eq. ), Ay is the trilinear Higgs-sfermion-sfermion coupling,
my, Qr and Tg are the fermion mass, fraction of the electric charge and third component of
the weak isospin, Oy is the Weinberg angle, Mz the mass of the Z boson and u the higgsino
mass parameter.

We find that the off-diagonal components are directly proportional to the masses of the
fermionic partners. For this reason, it is common to take only the mixing of the heavy third
generation into account, namely for the 7, b and . For the other two generations mixing
effects can be neglected.

The mass eigenstates can be written as

fm=s77, (2.71)
where the matrix S/ is used to diagonalize the mass matrix as

MAP) = 5T M2 (2.72)

leading to the two squared mass eigenvalues

Lo 2 3 2 2
T2 Mt MfRR + \/(MfLL B MfRR)2 * 4|M.fLR‘2:| ’ (2.73)

fLL

2
M5,

where by convention M FARS M I Similar to the chargino sector, the mixing matrix can be
parameterized by a mixing angle as

SZJ; = S(i+3)(i+3) = COS 0];, (274)
F o
Siti+s) = ~Sipay = Sinby, (2.75)
with the mixing angle [26]
QM?ELR
fLr IrRR

All the other matrix elements are set to zero so that there is no mixing between the generations.
The left- and right-handed mixing can be especially large in the stop sector due to the large
top mass. It follows that in some MSSM scenarios 1 will be the lightest sfermion [7].

2.3.5 The gluino

The gluino is the only color octet fermion in the MSSM and hence cannot mix with any
other particle. For models with mass unification boundaries like mSUGRA the gluino mass
parameter M3 has to fulfill the condition

3
M = 22 sin2 Oy My = 5% cos? O My,  with o = e2/(4n) (2.77)
(6% (6%
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at any renormalization scale (neglecting small two-loop corrections). Near the TeV scale this
roughly gives Mg : Mo : M7 ~ 6 :2: 1. It turns out that in those scenarios the gluino will be
much heavier than the charginos and neutralinos at the electroweak scale. This is even true
for many scenarios which do not imply a unification at the GUT scale. Moreover, we remark
that M3 is the LO mass of the gluino. Beyond LO the gluino mass receives further correction
terms and differs from Mj [g].






3 Perturbative Quantum Chromodynamics

The foundations of Quantum Chromodynamics, the theory of strong interactions between
quarks and gluons, were laid more than 40 years ago, when several people helped to develop
one of the cornerstones of today’s SM. Among them Murray Gell-Mann, who introduced
quarks as constituents of hadrons obeying a SU(3) flavor symmetry in 1964 [27]. Later, in 1973,
Gell-Mann, Fritzsch and Leutwyler established a local non-abelian SU(3) gauge symmetry,
not only including all the properties of the former quark model, but also leading to the gauge
interactions of quarks and gluons carrying a color charge as a conserved quantum number
[28]. This was one of the milestones leading to QCD as we know it nowadays.

There are two important consequences due to the non-abelian gauge group: asymptotic
freedom [29, [30] and confinement, which we briefly address in this chapter.

We begin as follows: in Sec. we describe the asymptotic freedom, followed by the
phenomena of confinement accompanied by the parton distribution functions (PDFs) and
the Dokshitzer—Gribov-Lipatov—Altarelli-Parisi [31], 32, 33] (DGLAP) equations in Sec.
Afterwards, in Sec. we address a method for the treatment of soft and collinear divergences
in QCD, the Catani-Seymour dipole subtraction formalism [34], B5], which is well suited for
numerical phase space integration. Finally, we address the renormalization formulas in Sec.
which we use for our computations of the virtual corrections.

3.1 Asymptotic freedom

One of the key features of perturbative QCD (pQCD) is asymptotic freedom. It can be
obtained by the analysis of the running coupling as = g2/(4n), determined by the RGE

9 O0arg
K 02
w

= B(as) ) (31)

which can be derived by using the fact that the unrenormalized (bare) coupling is independent
of the renormalization scale p [36]. The S-function in Eq. (3.1]) can be computed perturbatively
as a power series in oy starting at O(a?):

with

61 6 )
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where n is the number of light quark flavors, C4 = 3 and C'r = 4/3 are the quadratic Casimir
invariants of SU(3) in the adjoint and fundamental representation, respectively. We can solve
this differential equation by integrating from 3 to p?, yielding at one-loop order[37]:

B o (1)
=TT (i) (Bo/2m) n (23) (34)

Here, g is a reference scale at which a; has to be measured and is often set to Mz, the mass of
the Z boson. The values of p and g need to be in the perturbative regime of QCD. Eq.
describes the scaling behavior of ag. For increasing p the strong coupling a decreases due to
the positive sign of fy. The running coupling in four-loop approximation is shown in Fig. 3.1}
There is no easy explanation why the coupling constant scales this wayﬂ This is in contrast to
Quantum Electrodynamics (QED), where the electromagnetic coupling gets smaller at larger
distances, because it is screened by vacuum polarizations [38].

Qs (Mz)

0.5 July 2009
Q) . .
s Ao Deep Inelastic Scattering
04 L oe e'e Annihilation ]
o® Heavy Quarkonia
03}
0.2
0.1}
= QCD «s(Mz)=0.1184%0.0007
1 100

" Q[Gev]

Figure 3.1: The yellow band shows theoretical QCD predictions for the running of a; using the
world average value of as(Myz) = 0.1184 + 0.0007 in four-loop approximation and three-loop threshold
matching at the heavy quark pole mass. The crossed square is based on a Lattice-QCD computation,
whereas the remaining points are measured values. Figure taken from [39].

Eq. (3.4) can be rewritten in a historically more convenient way as

o0 2T
as(Q7) = Boln (42/A%) (3.5)

'The interested reader may have a look at Ref. [38] for a detailed discussion and explanation attempt.
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where p has been replaced by @ and A? = 3 exp[—2m/(Bocs(3))] is a scale chosen by nature,
from which on QCD can be treated perturbatively. Its value is just below the GeV scale, but
strongly depends on its definition, by means of the S-function and the renormalization scheme
[38, B7]. With the knowledge of the RGE and the one-loop approximation of the S-function
we have not only received the one-loop correction of ag, but also resummedﬂ all leading
logarithmic contributions in In (u2/u3) of the perturbative series, which can be potentially
large for a considerable difference between the two scales p and pg. By including the S
coefficient to the S-function as well, we even resum all the subleading logarithmic terms [40].

Similar to the running coupling, we can derive a RGE for the quark masses m,

MQSZZ = (an)m(). (3.6)

where 7, is the mass anomalous dimension and can be calculated perturbatively like the
B-function. Integrating Eq. and inserting ~,, up to a certain order leads to an equation
showing the decrease of the quark masses m by increasing the scale . Therefore, the effect of
the quark mass is suppressed at higher scales. For this reason, we can run into trouble for
the derivation of the running coupling. We have to try matching the low scale region, taking
masses into account, and the high scale region, where masses are negligible. Technically, the
coupling of the full theory is matched to the one of an effective theory, both yielding different
B-functions. An obvious approach is for instance to impose the scaling behavior of a; to be
continuous at u = m [3§].

The decrease of the coupling allows us to treat QCD perturbatively at huge momentum
transfer and to neglect the quark masses, except for the top quark, which will be treated
separately. When we look again at Fig. we can see an increase of the coupling for very
low scales. This leads to the concept of confinement, i.e. we cannot have free quarks or gluons.
Hence we have to collide hadrons, which are low energy bound states and cannot be treated
perturbatively. For all that, there is a way out: the parton model and parton distribution
functions (PDFs).

3.2 Parton distribution functions

The name parton and the parton model have been introduced by Feynman in 1969 [41], the
latter of which allows us to make predictions for scattering experiments involving hadrons at
high energy scales. We assume the hadron with a four-momentum P* is made of point-like
constituents, carrying the longitudinal momentum fraction x of the hadron. Hence, a hadronic
cross section ¢ involving two initial state hadrons A and B can be written as

1 1
o) (Pa,Pp) = Z/O /o dzadzs fasa(a) fo/B(T6)0ab(TaPa, T PB) 5 (3.7)
ab

2The resummation of the leading logarithmic terms can be seen by expanding Eq. 1| for small as.
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where o, denotes the underlying partonic cross section, which can be calculated perturbatively.
The functions f;/,(7;) describe the probabilityﬂ of finding a parton 7 with a longitudinal
momentum fraction 0 < z <1 in the hadron h [37]. Additionally, we sum over all possible
partons a(b) in the hadron A(B).

The parton model with its probabilistic interpretation only holds for leading-order (LO)
cross sections. At higher orders we have to abandon this naive model. Due to experiments
of deep inelastic scattering (DIS) we know that the PDFs depend on the energy scale of
the exchanged photon. Furthermore, in higher order computations we get confronted with
collinear divergences which do not cancel without adjustments of the model, bringing us to
the QCD improved parton model.

Figure 3.2: Schematic Feynman diagrams for real collinear emission (left) and for a virtual correction
with a collinear emitted virtual gluon (right). After the real emission or virtual correction, the quark
goes into a hard scattering process depicted by the gray filled circle. The virtual gluon couples to
another colored particle inside the gray filled circle.

3.2.1 The QCD improved parton model

In NLO QCD calculations we encounter soft, collinear and soft-collinear divergences, for
instance from the Feynman diagrams depicted in Fig. [3:2] The Kinoshita-Lee-Nauenberg
(KLN) theorem [42] states that soft and collinear divergences cancel if we sum over all initial
and final degenerate (experimentally indistinguishable) states. This means we have to add
the soft and collinear real emission contributions to the the corresponding virtual corrections.
The reason for this is that we cannot distinguish between a single particle and a narrow jet of
collinear particles and that we cannot detect soft gluons with an energy less than the detector
resolution. Summing over all degenerate particles in the initial state is problematic, since we
compute our diagrams by assuming a fixed amount of identified initial state partons carrying a
fixed momentum. Thus, our partonic cross section in Eq. containing identified partons in
the initial state still suffers from collinear divergences, which have to be treated in a different
manner.

3More specifically, they are defined as a number density since they are normalized to the number of partons
in the hadron and not to one.
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Let us have a look at the partonic cross section for a collinear real emission diagram as
shown in Fig. In the collinear limit it can be written as [43], [44]

dk2
doReal () / T 42 Py (2)dop (2p) (3.8)

where kr is the transverse momentum of the emitted gluon with respect to the momentum
p of the parent parton, dop(zp) is the underlying Born cross section, z is the longitudinal
momentum fraction of the parent parton and P,(z) is a LO Altarelli-Parisi (AP) splitting
function (see Eq. ) which is divergent for z — 1, i.e. for soft emitted gluons. By
integrating over k7 we encounter a collinear divergence for kr — 0.

The corresponding virtual contribution of the NLO correction can be computed in the
collinear limit in a similar way, giving

dk?
dUVlrtual = / L dZP )dUB (p) . (39>

Both contributions factorize to the Born cross section multiplied by divergent pieces. Adding
up both cross sections gives the full collinear correction to the Born cross section

dUReal (p) + dUVirtual / dkT dZP ) [dUB(Zp) - dGB (p)]
_ igrdz[ (2], dos(zp) (3.10)

where we have introduced the plus-distribution (see Appendix which regularizes the splitting
function P(z). The soft and soft-collinear divergences cancel, but a collinear divergence
remainsﬂ Thus, we split the integral as

k.maxQ /’L2 k.maxQ

oAk fakz T dk

[ =1+ | SF (3.11)
kT kT kT

2 2 2

Mo Mo M

where we have introduced the factorization scale pp, separating the long and short distance
behavior. By adding the collinear divergent part of Eq. (3.10) to the Born cross section, we
get

2
dog(p) + 27T/dk / dz [Pyq( dUB(zp) :/01 dzgf)qq(z,u%)dag(zp), (3.12)

4Note that for an inclusive cross section and pure final state emission even the collinear divergences cancel,
since we have the same momentum going into the hard process for the virtual and the real emission
contributions. However, isolating a real gluon in the final state would lead to similar issues.
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where we have defined

KE
o dk2
Gunik) i= 60— 2)+ 52 [ S [Py(2)]s (3.13)
T
I

as a parton-in-parton distribution function. This function describes the density of a quark of
resolution up inside a quark of resolution pg with momentum fraction z of the parent parton
and exhibits the collinear divergence for poy — 0.

Since Eq. belongs to the long distance behavior (k% — 0), we absorb it into the PDFs
by means of the following redeﬁnitionﬂ

foy(@opy) = / dydzfo/m (Y)beg (2,178 (x — y2)

1q
— /m ?Z@ztl(z,ﬂzF)fq/H(%) =: {qﬁqq ® fq/H} (:p,,u%), (3'14)

This procedure is shown schematically in Fig. If a gluon is emitted with a transverse
momentum k:?p < ,uff it belongs to the PDF, else it takes part in the hard scattering process
and has to be taken into account in the perturbative corrections to the partonic cross section
[38]. The hadronic cross section, expressed in terms of the new PDFs, can be written as

HE_ _

Ho _

Figure 3.3: Schematic visualization of the factorization scale pr and the redefined PDF. All real and
virtual emitted partons with a transverse momentum kr < pup belong to the PDF pictured by the
gray ellipse on the left hand side. The dots on the right hand side represent further real and virtual
emission contributions.

1
do®M(P) = /0 dzf, 1 (x)dog(xP)

SFactorization is actually not a method for absorbing collinear divergences by a redefinition of the PDFs.
Collinear divergences for parton densities defined by the operator formalism get canceled by needed
subtraction terms to avoid double counting between NLO and LO hard scattering contributions. Also notice
that for the computation of hard scattering processes we assume on shell partons, which is actually not true
since they can be off shell up to k% = u%. Nonetheless, we stick to the simpler illustration which makes no
difference for most of the results of the hard scattering functions. For further information see Ref. [45].
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1
=> /0 da fo b (@,p%)dog (2 Py (3.15)
q

The redefined partonic cross section dog(zP,u%) now consists only of the short distance
behavior of the former partonic cross section and does no longer exhibit the collinear divergence.
This was a first hint towards the famous factorization theorem [46].

Note that we have absorbed the whole collinear part up to ur into the PDFs. Furthermore,
we have used a cutoff methodlﬂ for the regularization of the divergence which is not very
practicable for higher order computations and also not mandatory [45]. Using techniques
of dimensional regularization (DREG) we can isolate the collinear divergent pole. The real
collinear emission cross section in Eq. can then be written as [34]

1
Qg 1 1 (4mp? ‘
do®(p,uf) = %Mo/dz [—6 (u%) qu(Z)l do®(zp) (3.16)

where the integral over k:% has been performed in D = 4 — 2¢ dimensions from zero to u2F. Here,
I is the gamma function and p is a scale to keep the dimension of the D-dimensional integral
fixed. It is now possible to absorb only the divergent pole or also additional finite terms. This
defines different factorization schemes. Since the collinear divergences are process independent
it is possible to construct universal collinear counterterms by using DREG as it is done in
the Catani-Seymour dipole formalism [34] 35] (see Sec. . Thereby, we can directly use
the redefined PDFs in our computations and use the counterterms to subtract the divergent
collinear terms which have been already absorbed into the PDFs. It is worth mentioning that
we have to use the same factorization scheme for the PDFs and for the collinear counterterms.

In order to achieve the factorization, we had to introduce a new scale, the factorization
scale pr, on which the PDFs and the partonic cross section depend. The PDFs cannot be
computed perturbatively and have to be extracted from a comparison of the measurement
of the left hand side (LHS) of Eq. while we insert a theoretical computation for the
partonic cross section on the right hand side (RHS), e.g. for DIS. Fortunately, we only have to
perform the measurement at one scale pup = @), while the rest is determined by an evolution
equation, which we can derive with Eq. . Taking the derivative with respect to ur and
replacing f(z) with f(z,u%) on the RHS, leading only to an error of O(a?), yields

dfq/H (%M%) Qg 2

T A 2 [[qu(ﬂﬁ)]Jr ® fq/H} (z,1F) - (3.17)
This whole procedure can be generalized to an arbitrary splitting at higher orders, because of
the factorization theorem which has been proven up to all orders for DIS and for Drell-Yan-like
processes [46]. The parton-in-parton distribution functions as well as the splitting kernels

SHere, it is also referred to as a cutoff-scheme as it defines the amount of finite terms which get absorbed by
the PDFs.
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can be computed in a perturbative series in ag and can be generalized to different parton
splittings:

Gik(z) = 00(1 — 2) + i (O‘S(:‘;F)
n=1

L)) ) (3.18)

Py=Y (O‘s(m)npigﬂ)(z) , (3.19)

— 2

Actually, the usual way to derive the evolution equations is by using the fact that the hadronic
cross section in Eq. (3.15)) does not depend on p Fﬂ leading to an equivalent of an RGE. For
the whole particle content of QCD we get

dfz/H(‘Tnu%) _ P.. 2 2 3.20

Tdlng Ej: { i (as(MF)) ® fj/H} (2,uF), (3.20)
which are the so called DGLAP equations. The diagonal splitting kernels have been regularized
using the plus-distribution, whereas the off-diagonal splitting functions are not infrared (IR)
divergent. For the sake of simplicity we have set ur = up for the running of «s.

Let us make some general remarks about PDFs: an important consequence is that parton
densities cannot be formulated for a fixed final state, because they include the effects from
any number of collinear emitted partonsﬂ Therefore, only processes like pp — pu+pu~™ + X can
be evaluated, where X includes any number of collinear jets [43]. Furthermore, the PDFs are
universal, i.e. we can measure them for one process, e.g. DIS, at one scale and use them for
another process at another scale with the help of the evolution equations. This universality
of the PDFs assures the predictive power of pQCD. In Fig. 3.4 we see a NLO PDF for two
different resolution scales ), where NLO refers to NLO splitting functions which have been
used for solving the DGLAP equations. At higher resolution scales (right panel of the figure)
the sea quarks become more important than for lower scales (left panel of the figure), where
the valence quark and gluon contributions are dominant. For low scales the importance of
the gluon PDF increases with respect to the valence quark PDFs. When @Q? increases, the
valence quark PDFs decrease at large x and increase at small x. This can be understood as
an increase in the phase space of the additional emitted gluons by the quark as Q? increases
and thus leads to a reduction of the quark momentum [3§].

In this section we have seen that for the naive parton model the function f(z) has a direct
interpretation as the probability of finding a parton with a certain longitudinal momentum
fraction z inside a hadron. In their core the PDFs have a similar interpretation, with the
restriction that the parton can be off shell by no more than a transverse momentum u% [37].
Beyond this limit a parton would not be considered as a part of the hadron. Instead it would
be involved in the hard scattering process. Besides, we remark that the PDFs depend on the
factorization scheme and can also become negative. From this follows that a pure probabilistic
interpretation is not really correct.

"However, for a fixed order computation the hadronic cross section depends on px (and pg).
8With regard to the KLN-theorem it can eventually be understood as the summation over all degenerate
initial states.
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Figure 3.4: Momentum fraction distribution function = f(x,Q?) of the MSTW collaboration depicted
for all partons at two different resolution scales Q2 = 10 GeV? (left) and Q? = 10* GeV? (right). Figure
taken from Ref. [47].

We have also mentioned the cancellation of the IR divergences among the virtual and real
emission corrections. Usually, we perform the particle phase space integrals numerically, since
they can become very cumbersome. For this reason, we need a good technique to assure the
cancellation of the IR divergences, e.g. the Catani-Seymour dipole formalism [34] [35], which
brings us to the next section.

3.3 Dipole subtraction formalism

In the previous section we have seen that we can write the hadronic cross section up to NLO,
including two initial state hadrons, as a convolution of the PDFs with the partonic cross
section:

1 1
oM (PP =3 /O g fuy 4 (2ari) /0 Ay fy 5 (. 11%)
ab

[agbo (4 Py,xpPy) + J}I\IbLO(:UaPa,beb, ;ﬁ;)} . (3.21)

The NLO part exhibits soft, collinear and soft-collinear divergences in the real and the virtual
contributions. Their sum together with the redefined PDFs is finite. For the real emission
diagrams we encounter the divergences after the phase space integration has been performed.
Since it can be rather complicated to evaluate the three-particle phase space integral in
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D = 4 —2¢ dimensions analytically we adopt the Catani-Seymour dipole subtraction formalism
[34, [35] which is convenient for a numerical integration.

For this method a local counterterm do”, which acts as a good approximation of the real
emission cross section do’® and exhibits the same singular structure, is subtracted from the
real emission cross section. The finite NLO cross section can be written as

oNLO — / {daR—dUA} + / do? —i—/dav +/d007 (3.22)
m+1 m+1 m m

where also a collinear subtraction counterterm do® has been added, which is scheme dependent
and cancels together with the integrated form of do# all the singularities of the virtual cross
section, leaving a finite so called collinear remainder. The scheme of the counterterm needs to
agree with the one of the used PDFs. The labels m and m + 1 denote the number of particles
in the final state.

As the two contributions in the square bracket are IR finite, the integral can be performed
numerically in D = 4 dimensions. In order to cancel the divergences of the virtual contribution,
the one-particle phase space integral over do“ has to be evaluated analytically in D = 4 — 2¢
dimensions. Therefore, we can write

oNLO — / {(daR)Ezo - (dJA)ezo} —I—/ /dO’A +doV +do® : (3.23)
1

m+1 m €e=0

It can be shown that the divergent parts of the local counterterms, do? and do®, are
independent of the underlying hard scattering process and only depend on the different parton
types that take part in the scattering process. The divergences completely factorize to a form

dot = > do® ® (AVaipore + AVipoe ) - (3.24)

dipoles

1
/ o€ (p) = / dz / doB (p)T(x) | (3.25)
m 0 m
where the symbol ® denotes a properly defined phase space convolution and a summation over
color and spin indices. The factor do® is an appropriate color and spin projection of the Born
level exclusive cross section to which the divergent pieces factorize [34]. The dipoles dVgipore
and dVéZ-pole are completely universal and the former cancels all the soft and soft-collinear
poles of the real emission and the latter cancels the remaining collinear poles. The collinear
subtraction counterterm do®, arising from the redefinition of the PDFs, involves an additional
integration with respect to the longitudinal momentum fraction x of the parent parton. It
can be written as a convolution of do”® with a divergent process independent function I'(z).
The dipoles dVg;poe and dVéipOl . are fully integrable analytically over the one-particle phase
space. Performing the integral of the counterterm do” in Eq. analytically leads to the
singular insertion operator I, which cancels all the singularities in the virtual contribution de'"’,
and to additional collinear divergent terms which get canceled by the collinear subtraction
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counterterm do® leaving the finite collinear remainder. This leads to the following expression
for a general NLO contribution with two massless initial state partons:

UNLO (paapb) = /

(m+1) (daR(pa,pb))E - Z dUB (pa:pb) ® (dvdipole + dv({ipole)

=0
dipoles =0

+ [ e [ a0 wpam) @ (P4 K)@) + (@ )

e=0

—I—/ {dav(p) +do® ® I} . (3.26)
m e=0
The operators P and K govern the collinear remainder and contain for instance the regularized
AP splitting functions. They are referred to as insertion operators as well and can lead to
sizable contributions for x — 1, i.e. for soft emitted partons. All the dipoles and insertion
operators are universal, only depending on the number and type of the identified partons.
Eq. is a suitable form for a numerical approach of the NLO cross section with two
initial state hadrons.

So far, we have only considered the treatment of the soft and collinear divergences and
assumed that the ultraviolet (UV) divergences have already been subtracted by the renormal-
ization approach. In the next section we briefly discuss how we renormalize the virtual cross
section doV’.

3.4 Renormalization

So far, no theory in physics describes all phenomena we observe, because all of them are only
valid for a certain energy scale region. For instance, the SM which does not embed gravitation
and hence cannot make reliable predictions close to the Planck scale, where gravitational
effects start to play an important role.

When we compute Feynman diagrams including virtual corrections, we have to integrate
over all possible momenta of the virtual particle, i.e. also going up to a scale which is not
described by the theory. By reaching the limit of the valid region, our predictions get worse.
The high scale corresponds to a short distance where new physics has to be taken into account.
Arising fluctuations can add up coherently and lead to the so called UV divergences. The
concept of renormalization can handle these fluctuations and restores the convergence of our
perturbative series and assures the predictive power of our theory [40)].

In this section we address the necessary renormalization formulas for NLO computations
needed for this thesis. An introduction about the concepts and ideas behind renormalization
can be found in Ref. [40]. Derivations of applicable formulas are given in Ref. [4§].

3.4.1 Mass and field renormalization

First, we deal with the renormalization of the two-point Green’s function, leading to renor-
malized fields and masses. In this thesis only the self-energies of chiral fermions (quarks and
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gluinos) and squarks are relevant. Afterwards, we explain our treatment of the UV divergences
arising in three-point Green’s functions, i.e. in the vertex corrections.

Non-mixing chiral fermions

A general Lagrangian for free non-mixing chiral fermions 1 with mass m can be written as
the sum of the kinetic and mass terms

Lp = ipf i — impdgy + (L < R), (3.27)

where the index b denotes the bare quantities and the labels L and R refer to the left- and
right-handed components of the field.

We can define renormalized quantities m, ” and 1 and expand multiplicative renormal-
ization factors Z,, and Zi’R up to O(as) as

my = Zymm = (14 6Zym)m + O(a?), (3.28a)
vk = \JZE" = (14 50Zh)0h + 0(ad) (3.28b)
Uff = 2507 = (4 020" + 0(ad), (3.28¢)

where 5Z and (5Z LR are the mass and field counterterms. By inserting Egs. (]3 28&[) to (13 280[)
in Eq. (3 and using 1/1L e .rRY, where Pr, g are the common left- and right-handed

projectors, we can extract a counterterm for the two-point Green’s function

. . L 1 Rx L
L0 — s {pRe (625) = m <5Zm 5 (025 +0ZE) ) | P+ (L B),  (3.20)

where a and b are color indices. The bare self-energy ¥ is usually split in a component propor-
tional to the momentum p, denoted by Xy, and the remaining part, called ¥ g. Furthermore,
we treat the left- and right-handed parts separately so that we can write

—i% = —i0a(pSy + S§ P + (L R), (3.30)

where we have additionally factored out the color structure. The renormalized self-energy )y
is gained by adding Eq. (3.30) and Eq. (3.29)), which yields

PL+(L<—>R)

i:dablp(zé—Re(dzj))er(E+5Z +- (5 +6Z£)>

= b (P2 + 35) P+ (Lo R) . (3.31)



3.4 Renormalization 39

Here, the hat denotes renormalized quantities. In order to specify the field and mass countert-
erms, we first take a look at the fermion propagator up to NLO. According to Fig. we can
write

PRLO = PLO 4 PLO(—im)PEO + PEO(—ix())PEO
=P (1+ (~i£)PEO) . (3.32)

where PLO = i0ab (P — m)~! represents the LO propagator. We define the residue Rp of the

o S VN

Figure 3.5: Fermion propagator including NLO corrections. The left hand side shows the renormalized
propagator up to NLO. The parts on the right hand side are the LO, the self-energy and the counterterm
contributions. The momentum, charge and fermion flows go from left to right.

complete fermion propagator Pr as

Rru(p,m)dq = lim , —i(p — m)Pru(p,m), (3.33)

p2—m

where u(p,m) denotes a Dirac spinor with momentum p and mass m.

For the on shell renormalization scheme there are two conditions: first, we impose the
physical mass to be the real part of the propagator’s pole; second, the real part of the
propagator’s residue should be one [49, [44]. This reads

Re <[73F1L)2:m2) u(p,m) =0, (3.34)

Re (Rp) = 1 (3.35)

and can be translated into expressions for the renormalized self-energy by using Eq. (3.32]):

Re(3) - u(p,m) =0, (3.36)
. +m A
p211_>n7an2 pg—m2 Re(X)u(p,m) =0. (3.37)

Thereby, we get four equations, because Eqs. (3.36) and (3.37]) have to be fulfilled for the
left- and right-handed part separately. They can be solved for the renormalization constants,

yielding [49]

1 L4+ xk
0Zm = —5 Re AN ¥ i % : (3.38)

p2=m?2
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52$»ON — Re E‘[} + m2 (Z‘I}/ + E‘J;/ + , (3.39)

Eél + E§/>
dp?=m
Zgl 4 Zgl
m

1p2=m2

0Z°N =Re |Sf +m? (25’ +3b 4

, (3.40)

with ¥/ being the derivative of 3 with respect to p?.
Since we use the MS-scheme for the field renormalization we can extract MS counterterms
from the on shell counterterms as

02} = UV [62°N] and 62 = UV |62 Y] , (3.41)

where UV denotes the UV divergent part together with the universal finite constants (In 47 —
vE), with vg being the Euler-Mascheroni constant. In the MS-scheme the real part of the
propagator’s residue is no longer renormalized to one. According to the Lehmann-Symanzik-
Zimmermann (LSZ) formula [50], relating Green’s functions to matrix elements, we have
to multiply each external field by the square root of the propgator’s residue R [51]. For
the MS-scheme it can be written as the UV finite part of the on shell field renormalization
constant. Thus, we can write the expansion of the residue as

VRE =1+ %525701“ +O(a?) and VRE =1+ %525}01“ + 0(a?), (3.42)

where the tilde denotes the UV finite part. Note that we renormalize left- and right-chiral
fields separately.

Squarks
The Lagrangian for free left- and right-handed mixing squark fields of a given flavor can be

written as

L;=

7

2
~b ~ bt ~
(0uai"0"at — (m)q" ) . (3.43)
=1
where the index i refers to two different mass eigenstates with mass eigenvalues (m?)2. We
can rewrite the bare quantities ag’]

- - 1 .

(m?)? =22 m? = (14622, )mi + 0(a?), (3.45)
where we have introduced multiplicative renormalization factors Z;; and Z,,, for the fields and
masses, respectively, which have been expanded up to O(«y) resulting in additive counterterms
0Zi; and 0Z,y,,. If we write Eq. (3.44) in a matrix form the field renormalization constants

9Note that if an index appears twice a summation over this index is implied.
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would be elements of a 2 x 2-matrix. This is due to the reason that by including loop corrections
the two squark eigenstates can mix further. The mass renormalization constants 6Z,,, are
diagonal per definition.

We can insert the new definitions in the Lagrangian and derive the Feynman rule for the
counterterm of the squark self-energy, yielding

—is0) = g (; (5Zij T 52;;.) P % (m%Zij 4 mﬁfsz;.) - 523nm§5ij) , (3.46)

where d, represents color conservation.

o—-)-‘-)--o_o-————-)-————-o+o-+—@+—*+&—-)——><—->-—4

Figure 3.6: The left hand side shows the renormalized squark propagator up to NLO. On the right
hand side the LO, the self-energy and the counterterm contributions are depicted. The momentum
and charge flows goe from left to right.

The residue Ry, of a massive squark field can be defined as
quéijéab = lim i(p2 - mf)ﬂj s (347)
p2—sm?2
where the propagator at NLO is given by

PRLO = PLO 4+ PLO(—is — in)PLC | (3.48)

=P+ Pl (—iZ) P, (3.49)
with Pl-LjO = i0450:; (p* — m?) being the LO propagator. Next, we specify the field and mass

counterterms. First, we treat the case ¢ = j. In the on shell scheme the pole of the propagator
should be at the physical mass. So we impose

Re (i“-(m?)) =0. (3.50)
Thereby, we can derive the mass counterterm

822, = —w. (3.51)

m;

Furthermore, we impose the real part of the residue to be one. This leads to
Re (6Z5N) = Re |2 (m?)] . (3.52)

The imaginary part of the field renormalization constants can be set to zero, since the imaginary
part of the self-energy does not contain a divergence [49]. Note that for both counterterms
the color structure has been factorized out.
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For i # j the mass counterterm is zero. To get the field counterterms, we impose that no
transition from a squark of type i to one of type j can occur through the propagator. This
leads to

Re (312(m})) =0, (3.53)
Re (212(m§)) =0. (3.54)
Thereby, we get
Re (Z12(m3
579N = _2(7752 1_2(m22)>) : (3.55)
1 2
2
579N — oRe(Zan(m1)) (‘:"‘f(m;)) . (3.56)
(m{ —m3)

For the MS scheme, we take the UV divergent part of the on shell counterterm. Since we do
not encounter external squarks in our computations, the LSZ factors are not required.

The interested reader may have a look at Ref. [49] for a more detailed discussion of the
renormalization of squarks.

3.4.2 Vertex renormalization

The counterterms for the vertex correction are constructed in such a way to eliminate all the
UV divergences together with the universal finite terms of the MS-scheme. Thus, we define

Iy:=Z,0=(1+6Z,)T, (3.57)
§Z,I :==TUV [Iy] , (3.58)

where I' is a general interaction term of the Lagrangian, Zg a multiplicative renormalization
factor and 629 a counterterm. We remark that in our treatment Zg is the only multiplicative
renormalization constant in front of an interaction term in the Lagrangian. Alternatively, we
could have added a multiplicative renormalization factor for the coupling constant g and each
field contained in such an interaction term. The counterterm (529 can then be expressed in
terms of these field and coupling counterterms.
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It is well known that cross sections for processes in perturbative QCD are characterized by
the presence of large double logarithmic corrections near the boundary of the phase space,
i.e. close to the production threshold for heavy particles. These potentially large logarithms
emerge from a mismatch in the phase space between soft gluon emission in real and virtual
contributions. Near the production threshold of massive particles the available phase space
for real gluon emission is highly constrained and allows only for soft emission. However, for
the virtual corrections we integrate over the full loop momentum of the virtual gluon. The
outcome of this are large logarithmic remainders, which we encounter after the cancellation
of the soft and soft-collinear divergences among the real and virtual corrections [52]. They
exhibit the general structure

m
o (12) [ln(l—z)] m<on—1, (4.1)
1-2 +
where z = M?/s, with M being the invariant mass of the final and s of the initial state, 1 — 2
denotes the energy fraction of the emitted gluon with respect to its emitter and the subscript
“+” denotes the plus-distribution (see Appendix . Terms like in Eq. arise at each order
n of the perturbative series and increase drastically for soft emitted gluons, i.e. z — 1, spoiling
the convergence of the perturbative series and nullifying the truncation at fixed order of .
To make reliable predictions over the whole phase space region these logarithmic terms need
to be resummed up to all orders [52].

Resummation requires a dynamical and kinematical factorization of the soft emitted gluons,
where the former can be achieved through the eikonal approximation and the latter in a
conjugate space, e.g. Mellin space. In this space the contributions in Eq. transform toE]
aZ In™ N, with m < 2n, and N being the Mellin moment of z. Here, the threshold region is
now defined by N — oo.

The application of resummation techniques has been well established over the last three
decades in particle physics. Especially for the production of supersymmetric heavy final
state particles resummation is very important, because most of the available phase space at
the LHC is restricted to the region close to their production threshold. Different precision
levels are defined by the inclusion of next-to-dominant logarithmic terms in the resummed
expression and are called leading logarithm (LL), next-to-leading logarithm (NLL) and so on.
The achieved accuracy for electroweak SUSY particles, like sleptons [54] and gauginos [55],
goes up to NLL+NLO, whereas for the, in most SUSY scenarios heavier, colored SUSY
particles the accuracy goes up even to NNLL+N NLOE] [56, 57, B58]. The searches for physics

'The N-independent and threshold suppressed terms have been neglected here. Complete Mellin transforms
of Eq. {#.1) up to m = 3 can be found in Ref. [53].
2We remark that the NNLL result is matched to an approximate NNLO computation.

43
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beyond the SM do not only focus on SUSY, but also on new heavy electroweak gauge bosons,
where resummation effects can be relevant [59] 60]. Due to the enormous experimental effort
concerning the recently found Higgs boson, resummation techniques are also essential to
narrow down theoretical uncertainties for Higgs production processes [61]. This follows from
the fact that resummation does not only enlarge the cross section, but also decreases the scale
dependencies on the renormalization scale yr and factorization scale p g, since more dominant
scale dependent terms of the perturbative series are included.

It is worth mentioning that also other approaches exist which try to account for critical
phase space regions. For instance, transverse momentum resummation (pp-resummation)
which resums large logarithmic terms which arise if the transverse momentum of an emitted
parton goes to zero. Moreover, there are parton showerﬂ tools like PYTHIA [62] used in
Monte-Carlo Event generators (see e.g. Refs. [63] 64]) or soft-collinear effective theories (see
e.g. Refs. [65, [66]). Besides, there is also the so called absolute threshold resummation which
uses another definition of the threshold. The threshold is reached if the velocities of the
massive final state particles go to zero. It is also referred to as the S-threshold. In this thesis
we focus on the threshold defined by z — 1.

The aim of this chapter is to show the reader how we get to a resummed cross section
which can then be applied to slepton pair and associated gaugino-gluino production. At the
beginning, in Sec. [{.I we discuss the basic ideas behind resummation. Next, we address the
factorization of the soft emitted gluons from the underlying hard process in Sec. The
main part is the discussion of resummation for Drell-Yan-like processes in Sec. [£.3] for which
we state the final results in Sec. [4.4] In Sec. we extend this approach in order to include
soft gluon emission contributions of the massive final state gluino in the associated production.
Afterwards, we address the so called hard matching coefficient in Sec. and discuss the
matching procedure of the resummation result to a fixed order computation together with
the inverse Mellin transform in Sec. [£.7] Finally, we show a collinear improved version for
Drell-Yan-like processes up to NLL in Sec. [£.8]

4.1 The concept of resummation

Commonly, we make the assumption that a scattering process is characterized by one single
scale M, which can be for instance the invariant mass of a lepton pair in case of the Drell-Yan
(DY) process. Consequently, it is reasonable to set the renormalization scale pur and the
factorization scale pur to M in order to keep the appearing logarithmic contributions small.
In fact, however, we often have a two scale problem and due to the factorization of the short
and long distance behavior and the cancellation of the soft and soft-collinear divergences, we
introduce potentially large logarithmic contributions [67].

3Note that the parton shower approach does not lead to a shift in the total cross section, but ensures the correct
shape in different distributions, like transverse momentum distributions. This is similar for pr-resummation.
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Imagine an infrared sensitive quantity R(M?2 m?) depending on two scales, where M denotes
a hard scale and m a scale measuring the distance to a critical regiorﬁ Due to the factorization
theorem, we assume that our quantity can be written as

R(M?m?) = H(M?/pz)S(m? | uF) (4.2)

where H denotes the hard scattering and S the long distance behavior. Note that this
factorization can be highly nontrivial and is usually achieved in a conjugated space. As we
know, both functions depend on logarithmic terms of their arguments. By setting ur = M, we
introduce potentially large logarithmic terms like In(m?/M?) in the soft function Sﬂ These
logarithms can lead to very large corrections and the truncation of the perturbative series
expanded in «y is not justified, even if the value of a; is small. Moreover, both scales satisfy
the relation M > m > A, where A is a scale from which on QCD can be treated perturbatively.
The first relation gives rise to the large logarithms in the soft function and the second one
ensures that we can evolve the PDFs perturbatively and that as(M?) is small [67]. For these
reasons, we should try to resum the series in the soft limit, where we encounter the potentially
large logarithms.

To obtain a resummed form of Eq. (4.2]) we make use of the fact that the quantity R is
independent of the factorization scale:

R ,dH ., dS

Next, we define the soft anomalous dimension as

_,u% dH __u% ds

2

= L =& 4.4

and solve Eq. (4.3|) by separation of variables. Thereby, we get

ne dk?
S(m2/p2) = S(1) exp (- / j kﬂs(k?)> . (4.5)
Inserting this result in Eq. (4.2) leads to
M? k2

R(M2m?) = H(1)S(1) exp —/ ) ) (4.6)

where we have set ur = M. The complete dependence on the two scales is now comprised
in the exponent, the so called Sudakov form factor. The two functions #H(1) and S(1) do
not exhibit any large logarithmic terms of the two scales anymore. The exponent, or more
explicit the soft anomalous dimension s, can be computed perturbatively as an expansion in
a, where its specific order defines the accuracy of the resummation.

4This can be something like m ~ M/N, where N is the Mellin moment and N — oo in the critical region.
5 An explicit example of the symbolic Eq. 1) is given in Eq. li
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Here, we have only shown the basic concepts of resummation in a simplified manner. However,
the main concepts which we use in the following are the same: factorization, renormalization
group equations and the soft anomalous dimension. In addition, we make use of the gauge
independence of the physical results.

4.2 Dynamical and kinematical factorization

4.2.1 Eikonal Feynman rules

In order to resum soft gluon emission up to all orders we need a dynamical factorization, i.e.
a factorization of the multi-gluon QCD matrix element up to logarithmic accuracy [68]. This
is achieved by the eikonal approximation, which we present for a single real gluon emission as
shown in Fig. The matrix element can be written as

k,p,a

Figure 4.1: Feynman diagram for a quark with momentum p and color index 4 of the fundamental
representation of SU(3) emitting a soft gluon with momentum k, color index a (adjoint representation)
and Lorentz index p. After the emission the quark goes into the hard scattering process Mg depicted
by the gray circle.

i(p— K +m)

Miear = Mu (p—k)2—m2+ - (—igsy T uie”
(p+m)
= Mg 0 T
2pH .
= MHm(gﬂﬁ)UZEZ
=: Myulhy €', (4.7)

where My denotes the underlying hard scattering process, u; the spinor of the incoming
quark with momentum p and mass m, ez* the polarization vector of the emitted gluon with
momentum k and T7; a color operator. Here, the matrix element has been factorized in the
soft limit to the full hard scattering matrix element My := M pgu; multiplied by an eikonal
vertex

(4.8)
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and the gluon polarization €;*. For the derivation we have neglected the gluon momentum
k in the numerator, because k < p, and used the fact that the gluon and the quark are on
shell. Furthermore, we have used the anticommutator relation of the y-matrices and the Dirac
equation.

The eikonal vertex can be generalized for arbitrary emitter and absorber. It is common to
write it as

AZ"U“

eik. Js (Sﬂ) -k + ic )

(4.9)
where v# := p",/2/s is a dimensionless vector, d;, A; are different signs and 77 is a color
operator (see Tab. 4.1). Thereby, we can distinguish between different possible scenarios.
The same rules are applied to a soft emission or absorption for an exchange of a soft virtual

Type‘inq out g ing outq ing/g outg/g

A+ o+ - - - n
5 - + -+ - -
Tj ga ng TOCcLB ga _,L'fabc _ifabc

Table 4.1: Signs and color operator for the eikonal Feynman rules for soft emitted gluons by an
incoming (in) and outgoing (out) quark, antiquark and gluino (gluon). For absorbing gluons the sign &
changes to —9.

gluon in loop corrections. For soft photon emission in Quantum Electrodynamics (QED) it is
easy to show that for each additional emitted photon the hard matrix element My has to
be multiplied just by another eikonal vertex and the photon polarization vector. This is in
contrast to QCD, where it is much more complicated due to the non abelian gauge group and
the thereby resulting gluon self interactions. However, it has been shown that the factorization
holds in QCD as well and we can just multiply the underlying hard scattering process by
eikonal vertices and gluon polarization vectors to include soft emitted gluons [52]. Nonetheless,
care has to be taken to keep the correct order of the color operators. This is usually done by
introducing additional color- or path-ordering operators [69].

4.2.2 Phase space factorization

By kinematical factorization we mean the factorization of the 2 + n-particle phase space into a
two-particle phase space of the underlying Born process and n one-particle phase spaces for n
soft emitted gluons. We can write the phase space of additional multiple gluon emissions as

d®py d3py ﬁ d3k;

PSoyn =
dPSz+ (27)32E) (2m)32E, ~4 (27)32k,

i=1

x (2m)*6 ((Pa +pp) — (p1 +p2) — z": kz)

i=1
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x dM?§ < Pa + Db — Zk ) (4.10)

where p; and py denote the momenta of the two final state particles of the Born process, p,
and p; are the momenta of the two incoming partons, M2 = (p; +p2)? is the invariant mass of
the final state system, k; denotes the momenta of the soft emitted gluons and k; o the zeroth
component of k;. If we neglect the soft gluon momenta k; in the first J-distribution, we are
left with the task to show the factorization of the second J-distribution in Eq. (4.10). We
demonstrate this in the center-of-mass system, where p, = (v/s/2,7,) and p, = (1/5/2, —Da)-
Thereby, we get

(pa+pb Zk >%(5<8—2\/§Zki,0—M2>
=1

~ %5 (H(l—zi) —z) : (4.11)

=1

where we have neglected O(k?) terms and used the definitions z = M?/s and 2z; = 2k;o/+/5.
The last line in Eq. only holds in the limit z — 1 and z; — 0, i.e. for soft emitted gluons.
In order to achieve the factorization we perform a Mellin transform of the phase space with
respect to the variable z, yielding

n

/dzzN’lé (ﬁa ) — z> ~ I - =ML (4.12)
=1

=1

For soft emitted gluons the limit z — 1 turns into N — oo due to the Mellin transform. In
total we get

/ 22N 1dPSg4n(2) ~ dPSy x dPS,(N), (4.13)
where dPS, is the two-particle phase space and
14 d3k»
dPS || =— V-1 4.14
the one for n soft gluons. Note that it is not necessary to go into Mellin space. We could have

also used a Laplace transformation leading to a similar result.

So far, we have shown the kinematical and dynamical factorization of multiple soft gluon
emission. We are left with the task to get these isolated multiple gluon emissions in an
exponential form. This is the topic of the next section.
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4.3 Resummation for Drell-Yan-like processes

In this section, we describe the steps until we get a fully resummed result, which means that
all the potentially large logarithms are contained in an exponential function multiplied by
the underlying hard process. Therefore, we mainly follow the approaches presented in the
Refs. [25] 69, [70, [7T], [72]. Some of the steps are rather complicated and we recommend the
interested reader to look at the original references, which are stated in each subsection.

4.3.1 Refactorization

Let us have a look at the single differential inclusive cross section for the process papg — [+ X,
where p4 (pp) denotes a proton, [ and I leptons with a large invariant mass M and X denotes
an arbitrary amount of collinear and soft emitted partons, also including the remnant of the
two protons. Due to the factorization theorem [46] we can write the hadronic cross section as
a convolution of the two PDFs f,,4 and f,/p with the partonic cross section &4 as

do 1
M? dﬁ? (s (1r)) = zb:/o dzedrydz [l'afa/A(xauu%)} [xbfb/B(xbnu%)]

X {z&ab (z,MQ,,u2F,,u2R>} 0T — xqmp2z) , (4.15)

where pp and pg are the factorization and renormalization scales, respectively, 7 = M?/S
denotes the ratio of the final state center-of-mass energy to the hadronic one, z = M?/s =
T/xqxp the ratio of the final state center-of-mass energy to the partonic one and 64 is the
partonic hard scattering functionlﬂ For the sake of simplicity we set ur = pr = p from now
on and reintroduce the correct scale dependencies later again.

In order to resum soft gluon emission up to all orders in a; we need a fully factorized form
of the kinematical and dynamical parts of the cross section. The former can be achieved by
using the eikonal approximation which has been discussed in Sec. [£.2.1] whereas for the latter
(see. Sec. we perform a Mellin transform

FOV) = [y ) (4.16)

of the hadronic cross section with respect to the hadronic energy fraction 7 = zz,x,. This
leads to three independent Mellin transformationsﬂ two for the PDFs and one for the partonic
cross section leading to the kinematical factorization mentioned in Sec. In Mellin space
the convolution of the PDFs and the partonic cross section in Eq. turns into an ordinary
product

M da?

(N) =D fasa(Npi®) fo (N i) Gan (N, M? %) (4.17)
ab

5We remark that the hat denotes a cross section differential in M?2.
"The integrations over dz, dz, and dz; in Eq. 1) then turn into Mellin transformations.
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We remark that the Mellin transform is only indicated by the change of the arguments to the
Mellin moments N. In Sec. 3.2 we have seen that the partonic cross section factorizes in a
long and in a short distance part. This result can be generalized to the partonic cross section
Gap Or in other words we can reinterpret Eq. for the partonic cross section in Mellin
space, leading to

do,
2%(1\7) — % Gea( N, 1?) dap(N,1?)

X Goa(N,M? 1i?) (4.18)

where ¢;; are the already mentioned parton-in-parton functions (see Sec. [3.2]), but now
in Mellin space, and the cross section .4 is IRE| finite. The result in Eq. is called
refactorization. By demanding a renormalization and factorization scale independent hadronic
cross section, we can derive the following DGLAP evolution equations for the parton-in-parton
functions

debi; (N, u2
w = > Pir(Noas(1?) drj (Noi?) (4.19)
P

where Py, are the splitting kernels in Mellin space, similar to Eq. (3.19). The corresponding
AP splitting functions at LO in ag are given by

W 3 1 N1

1 _ e _ _

PJ)(N)=Cp 2+N(N+1) 2;k] (4.20)
1 2+ N+ N?

M(N) = »

PN =3 INvsnv e | (4.21)

2+ N+ N?

D(N) = O | 2T TN

PD(N) = Cp NOVE Ty | (4.22)

) 1 1 N1

PO(N) = 2 -y = 4.2

s (V) = Fo+ CA[N(N—1)+(N+1)(N+2) 25| (4.23)

where Cr = 4/3, C4 = 3 and [y is the first coefficient of the QCD [-function (see Eq. (3.2)).
It is common to define the QCD evolution operator £ [73] by means of

A& (N1, i) ) )
e Zkzp“f(N 05 (1)) (N1 115) (4.24)

8Note that IR refers to soft and collinear divergences.
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in order to rewrite Eq. (4.19) as

¢ij (Nnu’2) = Z glk(N7u27M(2))¢k](Na/1’(2J) . (425>
k

The evolution operator can be quite complicated depending on the order of the AP splitting
functions. At LO the operator can be written in a closed exponential form [38].

The partonic cross section in Eq. (4.15]) contains large logarithms for z — 1. Their Mellin
transformation leads to

N

Near threshold (N — oo) only the LO terms of the AP splitting functions are important.
Expanding Egs. (4.20) to (4.23) for large N yields

— ™ N (4.26)

+

3 _ 1
PJ(N)=CF {2 - 2lnN] +0 (N) , (4.27)
PUO(N) ~ L (4.28)
a9 IN’ :
C
PO(N) ~ ]\f , (4.29)
- 1
P{J)(N) =By —2CsInN + O <N> , (4.30)

where N := N exp (yg) with yg being the Euler constant. The off-diagonal AP splitting
functions are suppressed for large N which leads to a simplified evolution equation. Eq. (4.18))
can now be rewritten by only keeping the dominant terms, leading to

do,
2&(}\[) = ¢aa(N,1?) oy (N, 1?)

X Gap(N,M?,1?) + O G) , (4.31)
where we have neglected the parton mixing contributions. Thus, for DY-like processes as
well as for the associated gaugino-gluino production only quark-antiquark initial states are
relevant. The partonic cross section 64 is completely finite, but contains large logarithmic
terms near threshold. The factorized result in Eq. will be relevant later and should be
kept in mind.

Next, we turn to another refactorization proposed by Sterman et. al. [74]. It allows us to
separate the cross section in a hard IR safe part, denoted by H, and a soft part which includes
the potentially large logarithms, denoted by S. Instead of using the light-cone parton-in-parton
functions, we can refactorize the partonic cross section by making use of the so called jet
functions. They are defined with respect to a certain energy fraction instead of a longitudinal
momentum fraction and are more convenient for the treatment of the emission of collinear
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particles near threshold. For a definition of such a jet function we advise the reader to have a
look at Ref. [74, Eq. 2.1]. By using this refactorization the partonic cross section in Eq. (4.17))
can be written as

doap Pa - Ca M? Py G M?
M? N) = thaq il i
N =1y ( N Yob N

M? M 1
X Hab <M27/,L2’Ca’<b> Sab <Wava7cavvba<b) + O (N) . (432)

Here, 1., and vy, are jet functions, (, and (, gauge vectors and v, and v are dimension-
less vectors, pointing to the direction of the momenta p, and p, of the incoming partons
(cf. Eq. (4.9)). All threshold enhanced terms are now comprised in the soft function S, whereas
the hard function H can be safely computed as an expansion in «s.

The jet functions obey the evolution equations

i (N,
) V), (4.39)

where 7y, (o) is the anomalous dimension of the jet function, which can be computed
perturbatively for a field ¢ with renormalization constant Z; as

1 0Z; _ as\" (n)
Yo (Ots) = Z, 02 ; (27r> Yibs (4.34)

and corresponds to the N-independent (virtual) parts of the AP splitting functions in the
axial gauge [25]. The soft function S governs the soft wide-angle gluon emission.

So far, we have obtained two different factorized forms of the partonic cross section &,4. The
first one in Eq. contains the standard parton-in-parton functions and a hard function
which still exhibits potentially large logarithms. The second one in Eq. uses the jet
functions and the potentially large logarithmic terms are factorized into the soft function S.

4.3.2 Exponentiation

Next, we want to get an exponential form of Eq. (4.32). Therefore, we follow the steps
presented in Refs. [69, [70, [72] and the original Ref. [71]. As this procedure is nontrivial, we
strongly encourage the interested reader to study these references.

For the first step we make use of the so called renormalization group approach to resummation.
We can define the following set of RGEs

w dH

H du

pnds

S du

= —vu(as), (4.35)

— (130
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M de;
P dp

which describes the renormalization scale dependence of the hard, soft and jet functions. Here,
Yy, and g denote the anomalous dimensions of the jet and the hard function, respectively,
and ~yg is the soft anomalous dimension. As Eq. is independent of the renormalization
scale u, the relation

=~y (as), (i=ab), (4.37)

i+ s+ > Y =0 (4.38)

must hold [7I]. We can solve Eqgs. (4.36]) and (4.37) [70], similarly to Eq. (4.5), by separation
of variables leading to

S (lfjgvavaagayvb,@aas(Mz)) =S (lyvaaCa;Ub7Cbaa8(M2/N2))

X exp [— /“ N %’yg (as()\Q))] , (4.39)

Vi (pi/fiyli\]{/ﬂas(uz)) = (Pz‘ : Ci]\]\;JaOés(Mz/N2)>

X €xp [— /M Q’Wn (as()\Q))] . (4.40)

The structure of the integrals in the exponents of Egs. and indicates that we
have only resummed single logarithmic terms. For the soft function S this is sufficient, since
it governs the soft wide-angle emission and thus contains only single logarithmic terms of
N. Soft-collinear emissions are contained in the jet function, leading to double logarithmic
contributions. Still, the soft-collinear terms have not been resummed yet and an additional
condition and further steps are required [69].

For this reason, we make use of the gauge independence of Eq. (4.32)). As the specific choice
of the gauge fixing vectors (; should be irrelevant for the physical result, we know

s 0o _
pi CZia(pi- &) 0 (4.41)

must be fulfilled. In the following we focus only on one of the two gauge fixing vectors, namely
Ca- All steps for (; are similar.

Eq. (4.41) can be converted into a relation between the hard, soft and jet functions. Inserting

Eq. (4.32) in Eq. (4.41)) and then dividing by Eq. (4.32)) leads to

d(In 1)) B d(ln H)
O(pa-Ca) O(pa - Ca)

d(In S)

Pa o g e - Ca) Opa-Ca)

—PaCagr— iy

—PaSage— oy (4.42)
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It is common to define two functions G and K by means of

Po-Sa o ) = —po - o 20D
G < l,[, 7a5(u )> T pa Ca a(pa K Ca) 9 (4’43)
M ) . d(In S)

They describe the change of the hard and soft function with respect to a change of the gauge
vector [71]. Next, we rewrite Eq. (4.42)) by using these two newly defined functions, yielding

Taking the derivative of Eq. (4.45]) with respect to the renormalization scale, interchanging
the two derivatives and making use of the anomalous dimension of the jet function yields

o Guve (0n2)) = g 6 (25 0u0®)) + 1 () )|

=0. (4.46)

This equation holds, since the jet function 1, is renormalized by a multiplicative factor and
the anomalous dimension is independent of p, - (, [70, [71]. Hence, the combination of G + K
is renormalization scale invariant [71]. We define the so called Sudakov anomalous dimension

YK aS

d M

M@ (MNyas(Mz)> = TVK (4.47)
d a a

G (P o)) = . (4.48)

These two differential equations can be solved, again by using separation of variables, leading
to the following solution for their sum [71], [69]:

C (pal"Ca7as(lu2)) e (ﬁ,,as(uz)) =G (Las (G pa)?)) + K <1,a5 (?ﬁ))

[ (one) (1.49)

M/N &

Eqgs. (4.47) and (4.48) allow us to relate the two scales p, - (, and M/N by

G (pal;ga,as(lf)) +K (%,%(/L%) = A (as (pa : (a)2>) - /];;;a G?A (as(£2)> ’
(4.50)




4.3 Resummation for Drell-Yan-like processes 55

with the definitions

A (as (/f)) =G (1,045(/12)) + K (1,as(u2)) : (4.51)
Ao (12)) = (as(u2)) + 25 () 220, (4.52

where we have used the QCD S-function [71], [70]. Now we can solve Eq. (4.45) by separation
of variables and an integration over p, - (,, yielding

i (B0, ) ) = v (1))
X exp l— /Mpa'Ca i; (

We can insert the scale dependence of the jet function by making use of the solution in

Eq. (L00):

Ya (pal;caa /j\]{/vaas(/f)) = 1Yq (17 17045(M2/N2)) €xp l_ /M %%ﬁi (as()‘z)>‘|
Pa-Ca d\ A d¢ 9 , 9
o[ 105 (fy (o)~ o))

(4.54)
By inserting the expression for 1, given in Eq. (4.54)), a similar one for 1, and the result in
Eq. (4.39) for S in Eq. (4.32) we get our final resummed result [69]:

A de 2N 4 (o (y2
/M/N A (as(€?) = A (as(r >)>] :

(4.53)

M2d‘3“]‘\’4(2m = Hap (1,1,05(M?)) Sap (Las(M?/N?)) b (11,05 (M2/N?)) iy (1,1,05(M?/N?))
X exp [—2 /MA//IN % </1\//I\/N d;A <a5(52)) - B (as()?)))] , (4.55)
with
B () = A () = 5 [0 (as6) + 70 (0 2)) + 95 ()] (450

and where p; - (; and p have been set to M. After the evaluation of the two integrals in
the exponent of Eq. it comprises double and single logarithmic terms of the Mellin
moment N. By comparing an expansion of Eq. in a4 to a fixed order calculation, we
can determine the functions A and B up to a certain accuracy, depending on the order of the
fixed order result [69].
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The here obtained result is called basic Sudakov resummation [71l [75] [76] and contains all
the potentially large logarithms up to all orders in perturbation theory. However, so far we
have neglected that the jet functions contain collinear divergences due to the initial state
emission. In order to cancel these divergences we can combine the two refactorized expressions
in Egs. (4.31) and (4.32). This is addressed in the next section.

4.4 Final results and incorporation of final state emission

By relating Eqs. (4.31)) and (4.32)) and setting . = M we can solve for 64, leading to

waa(N7M2)¢bb(NaM2)

&ab(N’M2) - Ha’b(M2) ¢aa(NaM2)¢bb(N7M2)

Sap(N,as(M?)), (4.57)

where we have neglected terms of O(1/N) [71]. The jet and the parton-in-parton functions
exhibit collinear divergences, which cancel exactly in the formula above, as the refactorized
partonic cross section G4 is free from collinear divergences.

Next, we can insert the specific expression for the soft function of the previous section. It is
common to write it as

Sab (N,as(MQ)) = Sa (1,as(M2/N2)> exp l/ol dzZNl_ierab (ozs ((1 - z)2M2))1 :
(4.58)

where we have used the more common label I'y, for the soft anomalous dimension and where
we have made the Mellin transform more explicit again.

Additionally, we need the ratio of the jet functions to the parton-in-parton functions. It
can be extracted by a computation of a specific result for the DY process and reused for other
processes, since the result is universal. For the DY process we can set ¥, = ¥y and ¢uq = Opp
in Eq. . A specific result for the resummed form of the DY hard scattering function 6.5
is given in Ref. [71]. By solving Eq. for the ratio we can write [77]

¢aa(N>M2>

Doa (N, 007) — Tla (as(212)) Ay (N 0(M?)) [Sea (N,ozs(MQ))}_% : (4.59)

where R, denotes a hard function which is independent of N and

1 N-1 _ (1—2)2
In A, (N,MQ,aS(M2)) — /0 dz% /1 %Aa (as()\Mz))

1 ZN_l -1 5 o
where D; corresponds to the coefficient B in Eq. (4.55)) [71, [69]. The first line in Eq. (4.60))
contains the soft-collinear gluon emission, whereas the second line comprises the soft wide
angle emission. The coefficients A, and D, can be computed perturbatively as mentioned

above, leading for the so called one-loop coefficients to Agl) = A((jl) —= Cpand DY =0 [r1].
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By combining all the results obtained so far we get
Gap (N M2,0s(M?)) = Ry (as(M?)) Ry (s (M) Hap (s (M?))
x A, (N,MQ,as(M2)> Ay (N,MQ,aS(MQ)) . (4.61)

Our results are only valid for DY-like processes and thus not applicable for the associated
gaugino-gluino production yet. We have to incorporate the final state emission from the
massive gluino. Due to its mass, the collinear emission is screened and only soft wide-angle
emissions are possible. Thus, we only have to modify the soft function S,;, whereas the
solutions for the jet functions 1, and 1 remain.

Before we start with this modification let us make some general remarks. If we had
more massive colored final state particles the soft and hard functions would turn out to be
matrices in color space, requiring a diagonalization procedure in order to achieve a resummed
form [69] [70] [77]. For this reason, these functions are usually computed in an irreducible
s-channel color basis with tensors c;, which one obtains in general after decomposing the
reducible initial state or final state multi-particle product representations and which has
the advantage of rendering the anomalous dimension matrices diagonal at threshold [78, [79].
Fortunately, we have only one colored final state particle, the gluino with adjoint colour
index 7,7’. Hence, there is only one color basis tensor c; = Tr(TiTi/) = Tpd;y with Tp = 1/2,
similarly to the case of prompt photon production with an associated gluon jet [80], and we
can drop the associated indices I,J. For more details on resummation for more than one
colored final state particle the interested reader may have a look at Refs. [69, [70, [77), [72].

Next, we focus on the modification of the soft function in order to incorporate the emission
from the gluino. The soft wide-angle emission from the initial state is contained in Eq. (4.58).
Since we want to maintain the previous result we define the so called modified soft function

& Sab—n“
Sopsii 1= =i 4.62
" B/ .

where the division prevents us from double counting the initial state soft wide-angle emission.
This also leads to a modified soft anomalous dimension

f‘ozb—n'j = Fab—>ij - Fab> (463)

with Ty, being the soft anomalous dimension of the DY process (see Eq. (4.79)). The modified
soft function can now be written as

Sab—>ij (N,OZS(M2)) = Sab—>ij (17QS(M2/N2)>
X exp [/01 dzzjvli;lDab—n‘j (Oés ((1 - 2)2M2>)]

= Sapij (Los(M?/N?)) A

ab—ij

(N,MZ,aS(MQ)) , (4.64)
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where Dgpyij = 27/ Re (l;abﬁij) is related to the soft anomalous dimensiorﬂ The modified
result of Eq. (4.61]) is now given by

Gapsij (N M2, 0s(M?)) = Ry (as(M?)) By (@s(M?)) Hapsij (@s(M?)) Sapsis (100s (M2/N?))

x A, (N,MQ,as(M2)) Ay (N,MQ,aS(M2)> AY (N,MQ,as(MQ))
(4.65)

and can be applied to processes which include one massive colored final state particle.

The former results have been computed for up = ugr = M. Correct scale dependence can
be reinserted by exploiting the evolution equations for the jet and parton-in-parton functions

in Egs. (4.19) and (4.37)), respectively. Therefore, we have replace p by ur in Eq. (4.37) and
by pur in Eq. (4.19). The hard function R and H will in general depend on pr and g

Finally, the integrals in Eqs. (4.60) and (4.64]) can be evaluated. We can then write our
final threshold resummation result as

Gabsig (N M2, i) = Hapi (M2 M2 i i) exp (Gapoi (N, M2 i) ) . (4.6)

The exponent Ggp—y; is defined in such a way that it only contains the logarithmic contributions
of the integrals. Therefore, the hard function Hq,—i; is a redefinition of the former hard
functions in Eq. and has also absorbed the finite terms of the integrals. It is process
dependent and will be discussed in Sec. @ in more detail. Ggp—i; is universal and takes the
form

Gabij = LGS () + GOV M2 i) + 0 Gl s OO i) + ..., (467)

ab—ij

where A = a,/(2m)BoL and L = In N, with N := Nexp~yg. The first order term comprises
the leading logarithms (LL) and depends only on AEP, the second one contains the next-to-
leading logarithms (NLL) and includes the three functions AE}), AELQ) and Dé?. Higher order

logarithmic terms are governed by G((;b) ey for ¢ > 3.

The functions up to NLL accuracy read [81], [82] [77]

G =g + gV (), (4.68)
G = 9P WM 1i3) + g (WM i, i) + G (N, (4.69)
with
AP
g = [2A+ (1 —2\)In (1 —2)\)] , (4.70)
260\

9For more than one colored final state particle Dqp—4; is related to the eigenvalues of the modified soft
anomalous dimension [69].
For further details you may have a look at Refs. [69] [70].
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A(l),@ 1
@) =22 o+ In(1—2)\) + =In2(1 -2 }
P = St [P (=20 4 gt (- 2]
— AL [2A 4+ In (1 —2))]
263
A((ll) M2 2
+ lln(l —2)\)In ( 5 ) +2X\In (“5) : (4.71)
200 HR HR
2 In (1 - 2)\) 1
hébLij,I(A) = TDEL(,LM’[ . (4.72)
The coefficients in the equations above are
AW =20, (4.73)
67 w2 5
AP =20, || = ——|Ca—= 474
a C [(18 6>CA 9??,]0] ) ( 7 )
) 2T o T
Doy sijr = o Re(Tap—sij,11) 5 (4.75)

where C; = Cp 4 for quarks and gluons and f’abﬁij, 17 is the already mentioned modified
diagonal soft anomalous dimension of the color representation I. The general formulas for
NNLL resummation can be found in Ref. [81].

In this section we stated the full result for 6, up to NLL accuracy. It can be translated into
a function for the hadronic cross section in Eq. (4.15]), because the divergent parton-in-parton
distribution functions appearing in Eq. (4.18) will be absorbed into the PDFs (cf. Eq. (3.14))).

4.5 The soft anomalous dimension

In the resummation formulas of the previous section we have encountered the soft anomalous
dimension and its modified version, which is needed for the soft wide-angle emission. In this
section we address its definition and show how it can be computed.

So far, we have assumed that all UV divergences appearing in the soft and hard function

have been already removed by renormalization. Going one step back we can write the bare
soft function as

Ssz?fij,u = <Z;b—>ij)JK Sab—ij, KL (Z;b_,ij)m . (4.76)

Here, a and b are labels for the initial and 7 and j for the final state particles, J, K, L and
I denote a certain color representation and Z,;,;; denotes a multiplicative renormalization
constant for the soft function and is also referred to as the renormalization constant for
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the Wilson-line (or eikonal line) operator. Since the bare function is independent of any
renormalization scale we can derive a RGE given by

d
M@Sabﬁij,l‘] = _Flb_anKSab%ij,KJ — Sab—ij, kL ab—sij KT 5 (4.77)

where we have introduced the soft anomalous dimension I'yy—;j 77 which can be computed
from the renormalization constants by taking the residue of their ultraviolet poles in e = 4 — D
in D dimensions as

0

Cap—ijrg = —OésaReSHoZab%j,U(%ﬁ) . (4.78)
S

In order to get the one-loop soft anomalous dimension for the DY process we have to compute

the virtual correction where the two initial state quarks exchange a soft gluon via an eikonal

line, leading to the so called eikonal integrals [78]. Solving these integrals in the axial gauge

leads to

Tw=5- > G (1 ~In (2(”’“ : Z)2> - m) , (4.79)

k—{a,b} 7]

where we sum over the incoming particles k. Here, n is an axial gauge vector fulfilling
In|? = —n? — ie [78,[79] and C} is a color factor which is Cg for incoming quarks and C4 for
incoming gluons. The dimensionless vector vy is defined by the momentum of the incoming
particle k divided by /2/s. To get NLL accuracy for the associated production means we
have to compute

_ o Ve N 2 .
Cap—ijrg = Lab—sijrg — ﬁ > Gk (1 —In (2%’2) —am | o1y (4.80)
k={a,b}

at the one-loop level. We have subtracted the DY contribution to prevent double counting of
the initial state soft wide-angle emission. For an example calculation of the one-loop modified
soft anomalous dimension we refer to Sec. [6.3.1]

4.6 The hard matching coefficient

The final resummation formula in Eq. (4.66)) contains the process dependent hard function
Hap—sij Which can be computed perturbatively in ay. It is common to write it as

as\" . (n
,Hab—wlj(MQ’/ﬂ) = Z <27‘(’> H((zb)_>ij(M2au2)
n=0

= 5£2L¢jcab—>ij(M2,M2) ; (4.81)
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(0)

where & absij denotes the Mellin transform with respect to z of the LO differential cross section
do(©® /dM? and

as\" (n
Corig(M222) = 3 (52 ) €30, (2 ) (45
n=0

is the so called hard matching coefficient function. Its coefficients are defined as

n [ &)
(n) 2 2y 27 Jab—m’j
Cabﬁij(M M ) - <> [:(0)

«
5 O ab—ij

(4.83)

N —ind.

Here, N-ind. means that we only take the finite N-independent terms of the ratio of the
n-th order cross section to the LO one. Hence, the first order hard matching coeflicient is

¢ . =1 and the LO hard function is " (M2 %) = &0 Before we specify the Mellin

ab—ij ab—ij ab—ij*
transform of the first order contribution it is worth noticing that

(0) ol 2
6—ab—>Z] = dTQJ = O—Gb—)ij(s)d(s - M ) (484)

Then the Mellin transform leads to

5 1
50 / dzzN 1o (5)d(s — M?)
0

Oab—ij = ab—ij

(0)
_ Jab—>ij(M2) 485
=T 2 (4.85)

where we have used z = M?/s. For the NLO hard matching coefficient we need the Mellin

transform of the full NLO contribution. According to Eq. (3.22)), it can be written as

de® d / {daR - dO’A}
3)

M2~ dM?

d .
+m/0 dz/(2)da( )(25) ® (P + K)(2)

d

+dM2

/ {dov +do® I} , (4.86)
2

where the labels (1), (2) and (3) denote the one-particle, two-particle and three-particle phase
spaces, respectively. In the relevant phase space region, i.e. z — 1, the real emission cross
section dof gets completely canceled by the Catani-Seymour dipole do#*. In the remaining
phase space region the Mellin transform only leads to suppressed terms. Hence, the first line
of Eq. does not contribute to the hard matching coefficient. It turns out that the real
emission near threshold is almost completely governed by do(® @ I and by the second line,
the collinear remainder [79, [83) 8I]. In the following we denote the second line of Eq.
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by 6¢ and the third line by 6V, The Mellin transform of the virtual contribution can be
obtained analog to the LO cross section, yielding

< ir O_Virt.(MQ)
o = (4.87)

where for the sake of convenience we dropped the indices a, b, 7 and j labeling the initial and
final states. The collinear remainder can be written in the following way [72]

d /!
~C _ 0
6% = dM2/0 dz/(Q) do(zs) © (P + K)(z)

= 000 @ (P+K)(2). (4.88)

Next, we can perform the Mellin transform leading to

) (172 1
o oV(M7) N
o = W®/(] dZZ (P-‘-I{)(Z)7

©) (M)

o

Thus, we just need the Mellin moments of the insertion operators P and K. Finally, the NLO
hard matching coefficient reads

W _ 270 ' ([zc Zvirt.
Cabyij = o (Gab—>ij) ([Uab—n’j}N_ind + UZbiij) (4.90)

and the NLO contribution to the hard function is H((l}))—ﬂj = ‘:7((1(11)—% jC(SII))_)i ;- By including this
function the resummation of logarithmically enhanced contributions can be improved, because
beyond NLO in ay these finite terms are multiplied by threshold logarithms.

4.7 Matching and inverse Mellin transform

Threshold resummation is only a valid approximation near threshold and thus needs to be
matched to the fixed order result in a consistent way in order to give a reliable prediction
over the whole phase space region. This is obtained by

Oab = UC(LZES') + Ué%o') — U(?)Xp') ) (4.91)

a
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where the resummed cross section aézes') in Eq. 1' has been expanded to NLO, yielding

a((lz}{p'), and subtracted from the fixed-order calculation ag)'o') in order to avoid the double

counting of the logarithmically enhanced contributions. For the expansion we obtain

a(‘;fp‘) — 4O (M2,2) + %srﬂ(l) (M2 %) + X5 9,(0) (M2 1)

a ab—ij ab—ij 1t ab—ij
D 42 D 4y PR (1) S
x [(AY + A7) In? N + ((A3>+Ab JIn 35— QDG,HU) lnN] : (4.92)

where H(® and H(® are the first and second order parts of the hard function. After the
matching the resummed and the perturbatively expanded results in Mellin space must be
multiplied by the N-moments of the PDFs according to Eq. . A technique to get the
PDFs in Mellin space is shown in Appendix [Dl To get the final result of the hadronic cross
section as a function of 7 = M?/S we have to perform an inverse Mellin transform:

doap(N)
dmM? -

do 1
2U0AB _
o) = o

/ dNTN M2 (4.93)
Cn

Special attention must be paid due to the singularities in the resummed exponents G(%’Q),

which are located at A = 1/2 and are related to the Landau pole of the perturbative coupling
. Furthermore, also the Mellin moments of the PDFs exhibit divergences (see Eq. (D.2)))
which are related to the small-x (Regge) singularity fa/A(a:,u%) o 2%(1 — x)? with o < 0.
Therefore, we choose an integration contour Cy according to the principal value procedure
proposed in Ref. [84] and the minimal prescriptiorﬂ proposed in Ref. [68]. We define two
branches

Cn: N=C+ 2z with z € (0,00, (4.94)

where the constant C' is chosen such that the singularities of the N-moments of the PDFs lie
to the left and the Landau pole to the right of the integration contour. Formally, the angle ¢
can be chosen in the range [7/2,7[, but the integral converges faster if ¢ > 7/2.

4.8 Improved threshold resummation

For DY-like processes we use a collinear improved version of threshold resummation that
allows us to resum additional subleading terms [25] [85] which have so far been neglected.
Dominant 1/N-terms of the form a,L?"~!/N arise from the universal collinear radiation of
the initial state partons [86] and are expected to exponentiate as well. This can be achieved by
modifying the second order hard function for DY-like processes in the following way [86] [82]

a

Hey — Hiy +Hy (A + V) L/N . (4.95)

"For a pedagogical discussion see for instance Ref. [69, Ch. 4.6].



64 Threshold Resummation

where we have included the corresponding subleading terms of the diagonal AP splitting
functions (see Egs. and (4.23)). It has been shown that this can be further improved
by including terms stemming from the off-diagonal splitting functions as well [87, [63]. This
leads to a modified version of the resummation formula which explicitly contains the one-loop
approximation of the QCD evolution operator &, and has been defined in Eq. . It
drives the parton-in-parton density functions with the energy and encompasses collinear
radiation [73]. Incorporating the evolution operator leads to the following modification of our

result in Eq. (4.66)):

Gab (N, M2 i i) = S Hea( M2 M2 i p1%) exp (Gea (N, M2 i 13,) )
cd

x EG)(N.M? [N i)y (N.M? N i) (4.96)
The first two coefficients of the hard function are given by [25]

Ay =68, (4.97)

~ ~ 2 ~ .
Ay =50 l” (AL + A1) | + G (4.98)

6

In contrast to the full NLO contribution to the hard matching coefficient (see Eq. (4.90)), the
hard function for DY-like processes in Eq. (4.98]) does not include factorization scale dependent
terms. The expansion of the Sudakov exponential up to NLL accuracy is now given by

1) A
0 = 53 2\ +In(1-2))] (4.99)
4@ B
GO = =22 120+ In(1 — 2)0)| + ——In(1 — 2X
40y 2B3[ (12| + ——In(1 - 2))
A((zl) M2
2 27\ +1In(1 - 2))] lng
+ Bi AL [22+1 (1—2)) 41 2(1-2))] (4.100)
ZﬁS’ n 5 n , .

(

where the coefficient Bal) has been introduced to avoid double counting of the NLL terms

(1)

comprised in the one-loop approximation & ai of the evolution operator. They are given by

Bél) = 3CF and Bél) = —20y [25]. In comparison to Eq. 1) the whole factorization
scale dependence is now governed by the evolution operator. Due to this modification of the
resummation formula, we get a different expansion:

exp. 0
UC(Lb P )(N7M2aﬂ%7 :U’%?) = %((zb)(MZ’/ﬁ%)
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(M2,3) [(ALD) + AD) In? N

+ AR (M2 pd) [ + ) I N (4.101)

(1)

where the quantities Pa; are the full Mellin moments of the one-loop approximation of the AP

splitting functions in four dimensions given in Egs. lb to l) 'yc(bl) is the field anomalous

dimension corresponding, in axial gauge, to the virtual, N-independent, pieces of Pécll) [88].
For quarks and gluons they read

3Cr
%51) — and %(]1) =0 . (4.102)
The additional subtracted terms stem from the expansion of the QCD evolution operator up
to NLO.






5 Reuvisiting Slepton Pair Production at the
Large Hadron Collider

Sleptons are considered to be among the lightest SUSY particles. Their masses are expected
to be of O(100GeV) and thus we assume that they can be discovered at the LHC. Finding
appropriate mass limits for sleptons is not only relevant for slepton searches themselves, but is
also crucial for the study of possible chargino and neutralino signals. The reason is the decay
pattern of a low mass slepton, which most likely decays into its corresponding lepton and a
gaugino. Vice versa, a gaugino can decay into a slepton and a lepton. Due to this connection
of the decay patterns, slepton searches at the LHC are of great interest.

Most of the phenomenological and experimental studies for sleptons so far rely on either
LO [89, 90, OI] or NLO [92] computations, which may lead to large theoretical uncertainties.
For more accurate results we include threshold resummation effects of soft gluon emission
matched to the NLO predictions. This has already been done in the past up to NLL4+NLO
accuracy [93), [94]. In this chapter we update these results for a center-of-mass energy of 7,
8 and 13 TeV and we discuss the effect and significance of the inclusion of NNLL terms.
Furthermore, we derive new mass limits for sleptons in the light of simplified SUSY models
with different benchmark scenarios.

This chapter is structured as follows: first, we briefly review the fixed order computations in
Sec. before we define the simplified models in Sec. Afterwards, we show resummation
predictions and study their scale and PDF uncertainties (see Sec. [5.3). Finally, we discuss
the reanalysis of CMS and ATLAS results for the simplified models using our resummation
predictions and considering different benchmark scenarios in Sec.

Some of the analytical and numerical results presented in this chapter have been published
in Ref. [54].

5.1 Fixed order computations

At the LHC, sleptons are most likely produced in pairs via the process pp — II"* + X, where
p denotes a proton, [ (l~’ *) a general slepton and X soft and collinear jets and the remnant
of the protons. The underlying LLO partonic process can only occur by an annihilation of an
incoming quark and antiquark and only s-channel diagrams, as shown in Fig. including
different electroweak mediators are possible. A general solution for the Born matrix element
can be written as

AN, e?
2

MpMyh =
BB T (s —mi) (s —m,)

CC. (LL. + RR,) (tu - ml?ml%*) : (5.1)

67
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q(pa) l(p1)

e

7 (pv) I"*(ps)

Figure 5.1: Leading order Feynman diagram for slepton pair production. The symbol ¢ (I’*) stands
for any generation of sleptons, ¢ (¢') for any of the five light quarks (antiquarks) and the symbol V' for
any electroweak vector boson.

where N. = 3 is the number of quark colors, e the electromagnetic charge, m; (mj.) the mass
of the slepton (antislepton) and my denotes the mass of an electroweak vector boson V. The
appearing coupling constants L, R and C can be found in Appendix [A] and the label ¢ in the
subscript of the couplings and the vector boson mass refers to those appearing in the complex
conjugated diagram. Common Mandelstam variables s, ¢ and u have been defined as

s = (pa +P)* = 2Pa - Pb (5.2)
t=(pa—p1)° = —2pa - p1 +m?, (5.3)
w=(pa — p2)* = —2pa - p2 + M3, , (5.4)

using the labeling of the momenta according to Fig. [5.1} Since we consider the incoming
quarks as massless, the relation s +¢ 4+ u = mlg + mlg,* must hold. Finally, a summation over

all spin and color degrees of freedom has been performed.

The partonic differential color and spin averaged Born cross section is given by

11 .
dO'g) = %m Z MBMBCdPS(2) s (55)
¢ Ve

where 1/(2s) is the flux factor, 1/(4N2) the averaging term, dPS®) = dt/(8xs) the common
two-particle phase space and the labels a and b refer to the different incoming partons. The
summation is performed over all possible electroweak gauge bosons V' and V. in the propagator.

NLO predictions include the virtual contributions depicted in Fig. [5.2] where the first row
shows the contributions to the quark self-energy and the second row the vertex corrections.
The corresponding analytical results can be found in Appendix [B] Summing over all virtual
contributions interfered with the Born diagrams leads to

= m Y Y 2Re(MoMy) dPS®?) (5.6)

€ V,V. virtuals

da"”
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* /

Figure 5.2: Feynman diagrams depicting the virtual corrections for slepton pair production. The first
row shows the QCD (left) and SUSY-QCD (right) corrections to the quark self-energy and the second
row the QCD (left) and SUSY-QCD (right) vertex corrections.

ol

Figure 5.3: Feynman diagrams representing real gluon (left) and quark (right) emission which have
to be taken into account for the NLO cross section.
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where M, denotes a diagram including a virtual correction. To get an IR finite cross section
real emission diagrams, as shown in Fig. have to be taken into account as well. We
distinguish between real gluon, quark and antiquark emission:

R R R R
do™ = dUgluon + quuark + daantiquark . (57)

After averaging over the initial state color, spins and polarizations we can write

1 1
doB = R 124pg(3) .
O gluon %25 4Nc(N52 _ 1) |Mgluon’ S ) (5 8)
of e = L ME L 2APS®) (5.9)
quark — 25 4 NCQ quark ’ .

where dPS®) is the three-particle phase space which is for instance given in Ref. [95]. To
get the real antiquark emission cross section we just have to replace the matrix element in
Eq. . The full NLO contribution to the partonic cross section can now be computed by
employing Eq. . All the necessary dipoles, i.e. the insertion operators I, P and K and
the real emission dipole do?, can be found in Ref. [34]. Finally, we perform a convolution of
the partonic cross section with the PDFs of the two incoming protons according to Eq.
to obtain the hadronic cross section up to NLO accuracy.

Table 5.1: Total cross sections for pp — [I"* at /S = 13 TeV using CTEQ6L1 [96] and CT10NLO [97]
as LO and NLO PDFs. We show a comparison between PROSPINO2.1 [98] [99] and RESUMMINO [85].
As the benchmark scenario we use BP II (see Sec. [6.4.1)).

Final state LO (10~%fb) NLO (10~%fb)
RESUMMINO PROSPINO RESUMMINO PROSPINO
€rer, 3.681 3.680 4.154 4.154
ERER 1.567 1.567 1.789 1.790
T 1.671 1.671 1.915 1.915
1Ty 0.726 0.726 0.805 0.806
Vg, ﬂg‘L 3.193 3.191 3.542 3.542

All matrix elements have been computed by employing a self-written FORM [100] script.
UV and IR finiteness have been checked separately. In order to verify the fixed order results we
perform a comparison between the public code PROSPINO2.1 [98,[99] and our code RESUMMINO
using benchmark point (BP) II (see Sec. as the benchmark scenario. For this scenario
PROSPINO2.1 can only compute approximate NLO results, because it makes the assumption of
degenerate squark massesﬂ Only the LO result can be computed for non-degenerate squarks
and is then scaled by the NLO K-factor of the degenerate computation in order to obtain
an approximate NLO result. RESUMMINO [85] is able to use non-degenerate squark masses,

'PROSPINO2.1 takes the average over the masses of all squarks, except the stops and sbottoms.
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but for the comparison we also use averaged squark masses. The electroweak gauge couplings
have been computed by using Fermi’s coupling constant and the masses of the W and Z
boson. For as(ur) we use the evolution provided by the PDF sets, where for LO we use
the CTEQG6L1 [96] and for NLO the CT10NLO [97] PDF. Factorization and renormalization
scales are set to the average mass of the final state sleptons. The resultﬂ for different slepton
final states are listed in Tab. [5.1] showing a perfect agreement.

5.2 Simplified models for sleptons

Due to the very large parameter space of the MSSM, simplified models only containing a
few physical parameters are widely used for searches of SUSY particles. These models are
extensions of the SM, where only a minimal content of new particles and interactions is
included. This leads to a simplified production and decay scheme for the SUSY particles,
but allows us to test some generic features possibly common to many other SUSY models.
Furthermore, this framework aims for an easy comparison of theoretical prediction with data
and a reinterpretation of the experimental results in case of more complete theories.

To develop such a model, we focus on a very specific final state topology as shown in Fig. [5.4]
As sleptons are assumed to be among the lightest particles, we follow a very simple decay
chain, where the slepton [ decays into its corresponding lepton ! with the same flavor and
the lightest neutralino x). The decay pattern has motivated many different experimental
searches, where the signal contains two leptons and missing energy, due to the undetectable
neutralino. In our scenario the SM contains only two additional SUSY particles, the slepton [

by
] _ o

A
_ o

Figure 5.4: Leading-order Feynman diagram depicting slepton pair production and decay in the
simplified models under consideration. The symbol ¢ stands for any generation of (s)leptons.

and the LSP ¢{. The whole colored SUSY sector has been decoupled from our model. This is

2Note that for this scenario the cross section for slepton pair production is actually too small to be observed.
This BP is just used for a comparison and later for the associated production of gauginos and gluinos.
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reasonable, because the mass limits of the colored sparticles are of O(1TeV) and therefore
SUSY-QCD loop-corrections are negligible compared to the ordinary QCD corrections. We
consider the remaining electroweak sparticles to be heavier than the two included sparticles
and hence they decouple from the decay chain. In this work we define different benchmark
scenarios where we distinguish between the left- and right-handedﬁ nature of the sleptons and
the gaugino or higgsino-nature of the LSP.

Next, we describe the simplified models in more detail. The third generation of sleptons
will be treated separately, because left- and right-handed mixing effects have to be taken into
account.

5.2.1 First and second generation sleptons

The two Lagrangians in Eqgs. and describe a simplified model for L- and R-
type sleptons. The first ingredient is the SM Lagrangian, denoted by Lgn. Secondly, a
four-component Majorana field ¥ has been added, representing the lightest neutralino %Y,
together with a slepton field [, (l~ Rr), which can either be a selectron or a smuon. The subscripts
L and R denote the chirality of the corresponding lepton ;.

LY = Loy + 8,00 0", + %@mﬂaﬂw +ie [aMETLEL - Z*LaMEL] A,

ie

(0,000, — 10,01] 2, + [2 Uye\P Pl + h.c} . (5.10)

Swew CwsSw

LB = Loy + 0,05,0"05 + %@m#aﬂw +ie| 0,0}, Tr — T0ulr] A,

s U PR, i, + h.c.] . (5.11)

O (0,04 — T0,0r) 2, + [ .

Swew CwSw

As interaction terms we have only added the gauge couplings between the sleptons and a photon
A or a Z-boson and the coupling between the neutralino, slepton and lepton. The latter leads
to the decay of the slepton if it is kinematically allowed. Additional interactions, such as four-
scalar or neutralino-gauge interactions, are allowed by gauge invariance and supersymmetry.
Moreover, contributions to the neutralino-lepton-slepton vertices proportional to the muon
or electron Yukawa couplings are also present in the MSSM. However, in the context of the
current work these couplings are either phenomenologically irrelevant or negligibly small and
thus have been omitted for simplicity. The coupling constants in Egs. and are
given by

1
C(ZL) - -3+ sh (5.12)
) = Vae[swNi + ew N3] | (5.13)

3As the slepton is a scalar particle it does not have any chirality. When we say left- or right-handed sleptons
we actually refer to the chirality of their superpartners.
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o2 (5.14)
¢ = —2v2esy Ny | (5.15)

where NNV; denotes an element of the neutralino mixing matrix (see Sec. , sw = sin Oy
and cy = cos Oy with 6y the Weinberg angle and e the electromagnetic charge. N1 and Ny
denote the bino and wino components of the neutralino, whereas N3 and N4 refer to the two
higgsino components. The unitarity condition for the mixing matrix leads to

IN1[? + [ N2f? + [N3f® + [ N> = 1. (5.16)

For a particular benchmark model we have to define the flavor and chirality of the slepton.
Additionally, we have to fix three of the four elements of the neutralino mixing matrix, whereas
the fourth one is given by the unitarity condition in Eq. . The remaining parameters
are the slepton mass M and the mass of the lightest neutralino, M>~<(1)’ whereas the neutralino
must be lighter than the slepton to allow the slepton decay.

5.2.2 Simplified models for staus

For the third generation of sleptons mixing effects between the left- and right-handed compo-
nents are expected to be large. Therefore, our simplified model has to be slightly modified.
We can parameterize the mixing matrix by one mixing angle 6z. Thereby, the transformation
from interaction eigenstates 77, and 7 to mass eigenstates 7 and 72 can be written as

T cos 0= sinf: T
= . (5.17)
To —sinfz cos 0Oz TR

Incorporating these mixing effects in the previous simplified model leads to

tou. L=
L7 = Lom + 3MTI8“71 + 5\111\77”8“\11]\7

. S ie I
+ ze[@uTzﬁ — Tfam}Au — 7(3(27) O I7'1 — TI@,JJZM
Swew
1 = T ~ = T ~
+ {\IJ NP P A + BT Prw A + h.c} . (5.18)
2cw sw
The coupling constants are now given by
1
C(ZT) = [— 3 + S%/V} cos® 0z + [S‘Q/V} sin? 6z , (5.19)
(7'7L) _ * * * .
Cy'/' = V2e [Sle + cWNQ} cos Oz — [QCWszg)yT} sin6; , (5.20)

C](\?’R) = [— 2ﬁesWN1} sin 0z — [QCWSWNgyT] cos 0z , (5.21)
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where the Yukawa coupling y, is no longer negligible. Note that this is only a model for the
lightest stau, namely 77, whereas the heavier 75 has been decoupled from the model.

Simplified models for the third generation of sleptons are now defined by two mass parameters,
namely the mass of the lightest stau M7 and the mass of the neutralino M)Z(f’ three of the
four elements of the neutrino mixing matrix and the mixing angle ;.

5.3 Precision predictions for slepton pair production at the LHC

In this section we present total cross sections for direct slepton pair production for the previous
introduced simplified models. For the resummation predictions we employ the formulas given
in Sec. We focus on improved threshold resummation up to NLL accuracy and state
results for both past LHC runs at center-of-mass energies of 7 TeV and 8 TeV.

5.3.1 Total cross section computations

This section is dedicated to an overview of the total cross sections for the three generations of
sleptons. The electroweak gauge couplings have been computed by using Fermi’s coupling
constant and the masses of the W and Z boson, which additionally fix the Weinberg angle. For
the LO predictions we use the LO PDF CTEQ6L1 [96], whereas for the NLO and NLL+NLO
predictions we use the CT10NLO [97] fit. The strong coupling is provided by the PDF sets,
where CT10NLO uses a two-loop computation for the S-function. For an easy access of the
PDFs we make use of the LHAPDF6 [I01] library. In all cases we fix the renormalization and
factorization scale to ur = pr = Mj. The slepton mass region is chosen in such a way that
the resulting cross sections together with the integrated luminosity of 5 fb~! and 20 fb=! for
the 7 TeV and 8 TeV run of the LH(fL respectively, lead to an observable number of events.

In Fig. we present results for a restricted mass range of M; € [50,450] GeV at 7 TeV
(upper panel) and 8 TeV (lower panel). We observe the common, approximately exponential,
decrease of the cross section for larger masses. The maximal cross section is roughly 500 fb
and the minimal value is 0.1 fb. This region leads to at least two possible events for the 8 TeV
run, although these events are hidden in the overwhelming SM background. Light left-handed
(right-handed) sleptons with a mass below 200 GeV (150 GeV) give rise to cross sections over
10 fb leading to a possibly feasible amount of events. Due to the reduced gauge couplings of
the right-handed slepton compared to those of the left-handed one, the total cross section is
significantly smaller.

Going from LO to NLO predictions we find a large K-factor going up to 1.25 in the low mass
region (M; < 50 GeV) and 1.15 in the heavier mass region (M; < 200 GeV). The difference
between the NLO and NLO-+NLL results for the total cross sections at the central scale is
negligible. This is reasonable, since there is still plenty of phase space far from threshold
available for the production of rather light sleptons. Together with the steeply falling PDFs
close to the threshold region, we get only minor contributions by adding NLL corrections.
However, by varying the scale by a factor of two around its central value we see a significant
reduction of the scale uncertainty. This will be addressed in Sec. in more detail.

“Looked up at https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults. (last vis-
ited: 2nd of October, 2016.)
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Next, we investigate the production of the lighter 7. In Fig. we show the dependence of
the total cross section for 7i-pair production on the sine of the mixing angle 0z and the stau
mass M5, for the center-of-mass energies of 7 TeV (upper panel) and 8 TeV (lower panel). As
for the first and second generation of sleptons we set the factorization and renormalization
scales to Mz . Total cross sections of 10 fb are expected for stau masses between 150 and
200 GeV, similarly to the previous results for selectrons and smuons. However, signals of
staus are much more complicated to observe due to tau reconstruction efficiencies. If 7 is
constituted mostly of left-handed contributions (6 < 7/4), the cross section is larger than
for mostly right-handed staus (67 > 7/4), which agrees with previous results for left- and
right-handed sleptons of the first and second generation. For the rest of this work we choose
a scenario with maximal mixing for staus, i.e. 6z = w/4. Thereby, a sizable cross section of
10 fb is found for M3z ~ 190 GeV. For maximal mixing significant loop-induced contributions
can appear for the production of staus with bottom-antibottom and gluon-pair initial states.
This has not been included in this work and we advise to have a look at Ref. [102].

5.3.2 Theoretical uncertainties

We have already mentioned the reduction of the scale uncertainty by adding NLL contributions
in the previous subsection. Here, we want to discuss this property in more detail. In Fig.
we show the scale dependence of the total cross section for three different processes, namely
left-handed and right-handed first or second generation sleptons, and the lighter staus with a
maximal mixing angle at a center-of-mass energy of 8 TeV. The slepton masses have been
fixed to M; = 300 GeV. We separately vary the renormalization and factorization scales by a
factor of four around the central value.

In the upper panel of Fig. [5.7] we have kept the factorization scale fixed to the central value
and only varied the renormalization scale by a factor of four around the central value. At
LO the cross section does not include any renormalization scale dependence, since the strong
coupling and loop corrections do not appear. By including QCD corrections, logarithms of
the renormalization scale appear due to the strong coupling constant as(ppr) involved in the
virtual and real emission diagrams. Thus, the total cross section at NLO decreases for larger
renormalization scale values and shows a similar scaling behavior as the strong coupling itself.
Matching the fixed order NLO results to NLL predictions, we find a reduction of the scale
dependence. The inclusion of soft gluon emission attenuates the scaling behavior due to the
inclusion of threshold enhanced logarithmic terms explicitly depending on up (see Eq. )

Next, we turn to the factorization scale dependence, shown in the lower panel of Fig.
The factorization scale behavior of the LO prediction is completely driven by the factorization
scale dependence of the LO PDF. Using NLO PDFs instead this uncertainty is reduced. At
NLO only the collinear remainder includes additional logarithms of the factorization scale,
changing the scaling behavior as well. We achieve a further reduction of the factorization
scale dependence by taking into account NLL contributions. Further logarithms of up are
contained in the one-loop approximation of the QCD evolution operator, which is used for the
collinear improved NLL resummation formula (see Sec. [4.8).

As a second theoretical uncertainty we investigate the dependence of the cross section on
different PDF fits. We compare uncertainties for three different PDF sets, namely CT10NLO,
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Figure 5.5: Total cross sections for slepton pair production at the LHC, running at center-of-mass
energies of 7 TeV (upper panel) and 8 TeV (lower panel). We present predictions as functions of the
slepton mass M; at LO (gray) and NLO (green) of pQCD and after matching the NLO results with
threshold resummation at the NLL accuracy (red). The uncertainty bands correspond to variations
induced by a change of the unphysical scales in the [1/2M}, 2M;] range.
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Figure 5.6: Total cross sections for stau pair production at the LHC, running at center-of-mass
energies of 7 TeV (upper panel) and 8 TeV (lower panel). We present predictions as functions of the
stau mass and the stau mixing angle after matching the NLO results with threshold resummation at

the NLL accuracy.
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Figure 5.7: Total cross sections for the production of a pair of left-handed first or second genera-
tion sleptons, right-handed first or second generation sleptons and maximally mixing staus at the
LHC, running at a center-of-mass energy of 8 TeV. We depict the dependence of the results on the
renormalization (upper panel) and factorization (lower panel) scales at the LO (dashed blue), NLO
(dashed-dotted green) and NLL+NLO (plain red) accuracy.
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MSTW2008NLO90CL [103] and NNPDF23 [104]. Since the two former are Hessian-like PDF
sets, the uncertainties are computed as

Aoy = [max (04 — 00,0-i — 00)], (5.22)

n

~
—

M=

AGdown = [max (o9 — 041,00 — 0—i)], (5.23)

Il
i

\i

where o4; and o_; denote predictions when employing a PDF set including a positive and
negative variation along the i*" eigenvector of the covariance matrix, respectively. og is the
cross section obtained by using the central fit. CT10NLO provides n = 26 eigenvectors of the
parton density fit covariance matrix and as(Mz) = 0.118001, whereas MSTW2008nlo90cl
includes n = 20 and as(Mz) = 0.120179. Applying Egs. and on the different
fits leads in both cases to a 90% confidence level for the PDF uncertainty.

For NNPDF23 the uncertainty is evaluated in a different manner. The NNPDF collaboration
suggests to compute the standard deviation of the 100 replicas and multiply the result by the
common factor of 1.645 in order to get the 90% confidence level [104, [105]. The value of the
strong coupling at the reference scale is as(Myz) = 0.118.

Since it turned out that with our approach we could not get a proper Mellin transform of the
NNPDF23 PDF set (for more details see Appendix @[), which is needed for our resummation
approach, we instead rely on the ratio x of the NLL+NLO to NLO results which is expected
to be largely independent of the parton density choice if the two calculations employ PDF
sets evaluated at the same perturbative order. Therefore, the results for NNPDF23 are based
on pure NLO results rescaled by the average x-factor of MSTW2008NLO90CL and CT10NLO
PDF sets. All PDF sets use a two-loop running of the strong coupling «.

Our obtained results in Fig. 5.8 show the three PDF uncertainty bands for the previously
mentioned PDF sets, where all NLL+NLO predictions have been normalized to the one for the
CT10NLO central PDF. We focus on the process for the production of left-handed sleptons
at a center-of-mass energy of 8 TeV over a mass range M; € [50,500]. First, we notice the
difference in the symmetry of the upper and lower uncertainties. While the NNPDF23 band is
completely symmetric around the central value due to the standard deviation method, the two
other uncertainty bands are not symmetric due to the Hessian method. We further observe
that up to these uncertainties, all predictions agree over the whole slepton mass range at the
percent level. The PDF uncertainty for low slepton masses is about a few percent, whereas
for larger masses it goes up to 10%, since the relevant regions of the (m,u%) parameter space
lead to PDFs which are less constrained by data.

There is another source of theoretical uncertainty, namely the one on «. The value of the
strong coupling is strongly correlated with the PDFs. PDF fits are performed with different
values of a(My) leading to additional provided PDF sets of the collaborations which have to
be taken into account. However, this uncertainty has not been considered in this work and
is left for further investigations. Finally, all three theoretical uncertainties should then be
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Figure 5.8: Total cross sections for the production of a pair of left-handed sleptons at the LHC,
running at a center-of-mass energy of 8 TeV. We study the dependence of the results on the parton
density fits by showing predictions obtained with the central PDF fits as provided by the CTEQ
(plain), MSTW (dashed) and NNPDF (dotted) collaborations, normalized to results obtained when
using the best CT10 NLO fit. We indicate additionally the associated theoretical uncertainties for all
PDF choices.

added up in quadrature to give the full theoretical error [106]. For the significance of the as
uncertainty we refer to [56]|ﬂ

5.3.3 Comparison between NLL, improved NLL and NNLL

Before closing this section about total cross sections for sleptons and discussing their uncer-
tainties, we want to show a comparison between the improved NLL resummation formalism
(see Sec. and ordinary NLL and NNLL resummation. Formulas for the additional NNLL
terms are stated for instance in Ref. [69]. For the collinear improved resummation we use the
hard matching coefficient in Egs. and , whereas for the ordinary NLL and NNLL
results we use the one discussed in Sec. 4.6l They only differ in the terms arising from the
Mellin transform of the collinear remainder, which is given by

+ 0(%) : (5.24)

:271'

Qs 3 2 2 B
(Ppy(N)) = — l—ch In (E;) +2CF1In (J‘\‘ﬁ) In N

°In contrast to Ref. [56], which deals with the production of squarks and gluinos, the LO cross section for
slepton pair production is independent of as and hence the uncertainty is expected to be less significant.
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, _ 1
(Kpy(N)) = == | ZCp = (7 + K,) + 2Cr 0 N| + O(~), (5.25)
2m | 2 N
with
o w= (- )e (5.26)
’YQ - 9 Fy q — 2 6 Fy .

for the initial quark and the same result for the initial antiquark. Only the N-independent
parts contribute to the hard matching coefficient. For the collinear improved version the
factorization scale dependent term in Eq. is comprised in the QCD evolution operator
and hence not included in Eq. . Note that also for NNLL we use a NLO hard matching
coefficient and match the result to the NLO predictions.

Since these results have been obtained relatively recently we focus on a center-of-mass
energy of 13 TeV for left-handed slepton pair production and use the more recent PDF fit of
the CTEQ-collaboration, namely CT14NLO [107].

In Fig. 5.9 we present the three different resummation predictions together with the
NLO result for slepton masses of 500 GeV. First, we observe only a minor improvement
of the NLL-+NLO scale dependence compared to the NLO result. This is due to the still
large amount of available phase space far from threshold. Going to the collinear improved
NLL+NLO results we see a significant improvement which is due to the inclusion of the
subleading terms contained in the one-loop approximation of the evolution operator. The
evolution operator contains more ur dependent terms, leading to a difference especially for
the variation of the factorization scale only. By adding NNLL terms to our result we observe
an improvement compared to the ordinary NLL result and the typical behavior of an increase
in the lower scale region. However, here the off-diagonal splitting terms contained in the
improved resummation formula are more important than the NNLL corrections. Furthermore,
we find for all three resummation predictions the typical inverse behavior for a variation of the
renormalization scale compared to the variation of the factorization scale. The contributions
for the separate variations compensate each other leading to a much smaller scale dependence
for the simultaneous variation of the scales. The situation slightly changes when we increase
the slepton masses to 1 TeV, which is shown in Fig.[5.10] The inclusion of the subleading terms
in the evolution operator still leads to a significant improvement compared to the ordinary
NLL+NLO predictions, whereas compared to NNLL+NLO the next-to-dominant logarithmic
terms start to become more important, since the available phase space is restricted closer to
the threshold region. As expected, we find that an increase of the slepton mass strengthens
the effect of the NNLL results leading to the lowest scale dependence.

In Figs. and we find that the cross section predictions at the four precision levels
leads to differences at the percent level for the central value. For slepton masses of 500 GeV
the four results agree at one point, whereas for heavier slepton masses all results except the
one of the improved resummation agree at one point which has now been shifted closer to
the central scale. The improved resummation result is a bit smaller due to the included
off-diagonal splitting terms. However, the shift of the intersection towards the central scale
indicates that the choice of the central scale reduces the contributions of the appearing scale
dependent logarithms at higher orders.
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Figure 5.9: Analysis of the scale dependence for the process pp — [, L[z at a center-of-mass energy
of 13TeV. The upper panel shows the total cross sections for NLO (blue), NLL+NLO (green),
NNLL+NLO (orange) and collinear improved NLL+NLO (violet) while varying the factorization
and renormalization scale simultaneously (top), only the renormalization scale (central) and only the
factorization scale (bottom). The lower panel is a close-up of the simultaneous variation of the two
scales. Vertical lines mark the usual variation region of a factor of two. For the benchmark scenario
the simplified model with decoupled squarks has been chosen with slepton masses of 500 GeV.
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Figure 5.10: Same as in Fig. but with slepton masses of 1000 GeV.
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Figure 5.11: Total cross sections for NLO (blue), NLL expansion (green) and collinear improved NLL
expansion (red). Slepton masses have been set to 500 GeV (upper panel) and 1000 GeV (lower panel).
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Finally, we compare the expansion of the NLL and improved NLL predictions up to NLO
in Fig. We remark that the resummation result contains the complete IR finite virtual
correction and the threshold enhanced terms of the collinear remainder due to the hard
matching coefficient. Hence, by an increase of the mass, which shifts the available phase
space closer to the threshold, the expanded resummation results are expected to be a good
approximation of the NLO predictions, since the threshold logarithms constitute the major
part of the NLO corrections. For the variation of the renormalization scale only, we find a
very good agreement between the ordinary NLL expansion, the improved version and the
NLO results, whereas for the pure factorization scale dependence we do not. This is due to
the improved NLL formula including subleading terms. Since these terms are proportional to
logarithms of pp they mainly improve the dependence on the factorization scale. Thus, the
agreement between NLO and the expansion of the improved NLL version is distinguished,
especially for the factorization scale dependence. Furthermore, we see that the agreement
between the expansion of the ordinary NLL result gets worse especially in the region of small
factorization scales, where the off-diagonal splitting becomes more important due to the
increase of the importance of the gluon PDFs.

It turns out that, for the current low mass limits of sleptons (and also gauginos), the
improved NLL resummation formula leads to the best improvement regarding the scale
dependence. Nevertheless, if the mass limits are shifted to higher values, NNLL corrections
can lead to significant corrections, especially for scales different from the central one.

5.4 Sensitivity to slepton pair production at the LHC

Prior LHC searches for SUSY particles were mostly focused on the colored sector, i.e. on the
production of squarks and gluinos. As a consequence of the negative search results and mass
limits driven to very high values of O(1TeV), the interest in searches for the possibly lighter
electroweak SUSY particles has increased.

This section deals with a reinterpretation of ATLAS [108] and CMS [109] results for direct
slepton searches at the LHC with center-of-mass energies of 7 and 8 TeV. For their analyses both
collaborations have focused on signal regions with two final state leptons, electron-positron or
muon-antimuon, in association with missing energy. Thus, these signal regions can be used to
extract mass limits for the first and second generation of sleptons from their direct production
and subsequent decay into the corresponding leptons and missing energy. For these searches
simplified models, as introduced in Sec. have been investigated [108, 109], but with a
very specific scenario in terms of sleptons and neutralinos. Here, we want to extend these
results and distinguish between different compositions of neutralinos (bino, wino or mixed
bino—win(ﬂ) and sleptons (left- and right-handed). Additionally, we study the dependence of
the mass bounds on different slepton flavors. For the analysis of stau pair production it turned
out that it was not possible to find mass limits due to the complicated tau reconstruction
together with the small signal cross section and the former luminosities.

To simulate the signal events, we employed the Monte-Carlo event generator MADGRAPH5 [110]
together with its interface to PYTHIA6 [62] for the hadronization of the parton-level events,

SFor the first and second generation of sleptons we have neglected the Yukawa coupling and hence there is no
coupling to the higgsino-component of the neutralino-field. Therefore, this scenario has not been considered.
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which contain up to two hard jets. For the decay of the tau we employed the package
TAvoLA [I11] and for the detector simulation we used DELPHES [112], using the CMS detector
description explained in Ref. [113] and the built-in ATLAS detector setup. The simplified
models have been designed with FEYNRULES [114] and added to MADGRAPH via the UFO [115]
interface. RESUMMINO has been used for the reweighting of the events to the NLL+NLO
results. Before analyzing the events with MADANALYSIS 5 [116], we reconstructed the jets
with the anti-kp algotithm (using a radius parameter set to R = 0.5) as implemented in the
FasTJET [117] package.

Since our original publication of this work dates back roughly two years [54], new analyses
have been performed in the meantime with the complete data of the 8 TeV run and some
of the new data of the 13 TeV run. For this reason, we will briefly state updated results
and mass limits at the very end of this section. Newer results can for instance be found in
Refs. [118, 119, 120].

5.4.1 Revisiting ATLAS searches for first and second generation sleptons

This section deals with the recasting of the ATLAS results [108] for the first and second
generation of sleptons at a center-of-mass energy of 7 TeV. Signal events have been generated
as stated above. Afterwards, we apply the following selection criteria designed by the ATLAS
collaboration [108]:

e Final state events must contain exactly two isolated leptons of the same flavor. Their
transverse momentum is required to be larger than 10 GeV and their pseudorapidity
has to fulfill |n| < 2.47 (Jn| < 2.4) for electrons (muons). The isolation is enforced
by constraining the transverse activity in a cone of a radius R = /Ag? + An? = 0.2
centered on the lepton to be less than 10% of the pr for electrons and less than 1.8 GeV
for muons, where ¢ is the azimuthal angle with respect to the beam direction.

e Events including at least one jet with a transverse momentum pr > 30GeV and a
pseudorapidity |n| < 2.5 are discarded.

e The invariant mass my of the lepton pair is constrained to be off the Z boson peak,
my ¢ [80,100] GeV in order not to be compatible with a Z boson.

e We demand the final state to contain a significant amount of relative missing transverse
energy E?l > 40 GeV, where it is defined as the missing transverse energy £, when
the azimuthal angle ¢ between the direction of the missing momentum and that of the
nearest reconstructed jet object is larger than /2 and by E?l = P sin ¢ otherwise.

e Finally we exploit the properties of the mpy variable [121] and select events for which
mmro Z 90 GeV.

In Fig. [5.12] we present results for the production of left-handed selectrons decaying into an
electron-positron pair and two neutralinos leading to missing transverse energy. We have
defined three different scenarios for the composition of the neutralino. The panel on the left
shows the results for a bino-like neutralino (N7 = 1, No = N3 = N4 = 0), whereas for the results
of the central panel we use a pure wino state of the neutralino (N =1, Ny = N3 = Ny = 0)
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and for the panel on the right we consider a mixed state (N7 = No = 1/v/2, N3 = Ny = 0). We
show the visible cross section oV for the (Mg, MX?) parameter space at a center-of-mass energy
of 7 TeV, defined as the fraction of the cross section leading to events that can be observed by
ATLAS when using the analysis described above. Furthermore, contour lines have been added
for the 95% confidence level which can be extracted from the ATLAS limits by requiring a
visible cross section ¢¥® < 1.5fb. Due to the scalar nature of the selectron, we expect its decay
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Figure 5.12: 95% confidence exclusion limit for left-handed selectron pair production, given in the
(M Z’MX‘{) mass plane of the simplified model of Sec. for different choices of the neutralino nature
taken as bino (left), wino (center) and mixed (right). We present the visible cross section after applying
the ATLAS selection describes in the text. The limits are extracted for an integrated luminosity of
4.7 b= of LHC collisions at a center-of-mass energy of 7 TeV.

into an electron and a neutralino not to be sensitive to the composition of the latter. The
outcome of the three panels of Fig. [5.12]is in agreement with these expectations. Selectrons
with masses ranging up to about 175 GeV are excluded for almost massless neutralinos by
4.7 b~ of the 7 TeV LHC data. This exclusion limit holds for a neutralino mass going up to
100 GeV, whereas for larger neutralino masses the sensitivity drops so that no constraints can
be derived. It can be seen that SUSY with a compressed spectrum, i.e. the selectron mass
being slightly heavier than the neutralino mass, evades these limits. For such a spectrum the
signal electrons are too soft to be detected.

The independence of the neutralino nature on the mass limits is supported by Fig. [5.14]
where we show different kinematical observables for the bino, wino and mixed state of the
neutralino. We present the transverse momentum distribution of the two final state leptons Iy
and [y (first row of the figure), the missing transverse energy distribution (left panel of the
second row of the figure), the transverse mass of the lepton pair My (l1l2) (right panel of the
second row), the angular distance in the azimuthal plane between the two leptons A®(l;l2)
(left panel of the third row of the figure), the angular distance in the azimuthal plane of the
missing momentum with the lepton pair A®(l1ls, ) as well as the one with the hardest
lepton A®(l1,E7) (last row of the figure). Slepton and neutralino masses have been set to
100 GeV and 60 GeV, respectively. Different mass values lead to similar results. We observe
that all distributions are independent of the neutralino nature. From now on we only consider
mixed wino-bino states of the neutralino.

Next, we analyze the dependence of the mass limits on the left- and right-handed nature
of the sleptons as well as on their flavor. Hence, we show the visible cross section ¢"* in



88 Revisiting Slepton Pair Production at the Large Hadron Collider

Fig. for left-handed smuons (left panel), right-handed selectrons (central panel) and
right-handed smuons (right panel) for a center-of-mass energy of 7 TeV and a mixed wino-bino
neutralino composition. Due to the larger production cross sections for left-handed sleptons
compared to the right-handed ones, we observe a significant difference for the exclusion limits.
It follows that the masses of the right-handed sleptons are less constrained. For almost
massless neutralinos, we find right-handed selectrons of masses up to 150 GeV to be excluded.
This holds for neutralino masses up to 60 GeV, whereas for larger neutralino masses we again
lose the sensitivity, because the leptons carry too little energy in order to be detected. Turning

pp - [ B - uE atelHC@Tey) PP - BB - ceFrathelHC(TTeY) oo - b - wuE atelHC@Tey)
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Figure 5.13: Same as in Figure5.12] but for the production of a pair of left-handed smuons (left),
right-handed selectrons (center) and right-handed smuons (right).

to the direct production of smuons, decaying into muons and neutralinos, visible cross sections
larger than 1.6 fb are excluded by the ATLAS collaboration. Exclusion limits in the neutralino
and smuon mass plane are shown in the left and right panel of Fig. [5.13] Different selections
of muon and electron candidates together with a slightly different detector acceptance lead to
a significant difference for the exclusion limits of selectrons and smuons. For almost massless
neutralinos, masses ranging up to 220 GeV and 180 GeV are found to be excluded for left- and
right-handed smuons, respectively. Similar as before, we lose all sensitivity for a neutralino
mass going up to 130 GeV for left-handed and 100 GeV for right-handed smuons.

The properties found here are illustrated by the series of distributions shown in Fig. [5.15]
The kinematical observables are the same as in Fig. but this time we investigate the
results for different flavors and chiralities of the sleptons with a fixed neutralino composition.
We find that the shapes of these distributions differ for the electron and muon spectra. These
figures have been obtained prior to the application of the event selection criteria for the Z
boson veto, missing energy selection and the myo selection steps.

5.4.2 Revisiting CMS searches for first and second generation sleptons

This section is dedicated to the recasting of the CMS analysis [109] for the direct production of
first and second generation sleptons at a center-of-mass energy of 8 TeV. Several signal regions
are contained in their analysis, where one of them is expected to be sensitive to direct slepton
pair production followed by their decay into the corresponding SM leptons and neutralinos.
The applied selection criteria are the following:
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Figure 5.14: Properties of the dilepton plus missing energy final state arising from the production
and decay of a pair of left-handed selectrons, for a benchmark scenario where the neutralino mass is
set to 60 GeV and the left-handed selectron mass to 100 GeV. The distributions are shown for different
choices of the neutralino nature.
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Figure 5.15: Same as in Fig. but with the neutralino nature fixed to a bino-wino mixed state
and for the production of different types of sleptons.
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e Jets are required to have a transverse momentum larger than 30 GeV and a pseudorapidity
|n| < 2.5. Events containing at least one b-tagged jet are discarded. The b-tagging
efficiency and mistagging rates are described in Ref. [I13].

e Isolated signal electrons (muons) are defined with a transverse momentum larger than
20 GeV and a pseudorapidity fulfilling |n| < 2.4. For the isolation criteria we additionally
require the activity in a cone of a radius R = 0.3 around the lepton to be smaller than
15% of the lepton pr.

e Signal leptons are required to have the same flavor and opposite electric charge. Moreover,
we demand the dilepton invariant mass to be larger than 12 GeV (to discard events with
a leptonically-decaying hadronic resonance) and not to be compatible with the mass of
the Z boson, my & [75,105] GeV.

e We remove each jet lying within a cone of radius R = 0.4 around an electron from the
analysis.

e Final state signals should at least contain a missing transverse energy of 60 GeV and a
transverse contransverse mass Mcor, [122] larger than 100 GeV.

Results of our reanalysis are shown in Fig. for the production of left-handed (left panel)
and right-handed (right panel) sleptons after summing over both selectron and smuon channels,
where the sleptons have been considered as degenerate in mass. For the predictions we have
used an integrated luminosity of 9.2fb~! of LHC collisions with a center-of-mass energy
of 8 TeV. As for the ATLAS analysis we show the visible cross section in the (A, MX?)
parameter space, which is the fraction of the cross section after employing the above stated
selection criteria. The exclusion contour with a 95% confidence level is obtained by the
CMS observations of six data events. We compare this number with our predictions of the
signal contribution, summed to the SM background, which has been computed by the CMS
collaboration and is 14.2 4 4.5 events.

For almost massless neutralinos we find left-handed (right-handed) sleptons being excluded
for masses up to 310 GeV (250 GeV). For neutralino masses beyond 150 GeV (100 GeV) we
lose all sensitivity due to the leptons being too soft. The CMS analysis is insensitive for mass
differences Mj — M)Z? < 70 GeV and hence a compressed SUSY spectrum of the electroweak
SUSY sector is still allowed.

5.4.3 Conclusion and outlook

The ATLAS collaboration was able to derive mass limits for simplified models for staus in
a more recent analysis [120], by using the full data set of the 8 TeV run. In their scenario
mixing effects of left- and right-handed components of the stau have been neglected. They
have excluded a scenario for combined 77,7 and 7g7j production, with an almost massless
neutralino and a mass of the 7r of 109 GeV. No further constraints could be made since the
theoretical predictions were nearly always below the observed limits [120].

For the first and second generations of sleptons new limits have been derived by ATLAS
in Ref. [123] by using an integrated luminosity of 20.3fb~! of proton-proton collisions with
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Figure 5.16: 95% confidence exclusion limit for left-handed (left) and right-handed (right) slepton
pair production, given in the (Mj;,Mgo) mass plane of the simplified model of Sec. [5.2.1] for a mixed
bino-wino neutralino and after summing over both first and second slepton generations. We present
signal cross sections ¢V that are obtained after having applied the CMS selection strategy described
in the text. The limits are extracted for an integrated luminosity of 9.2 fb~! of LHC collisions at a
center-of-mass energy of 8 TeV.

a center-of-mass energy of 8 TeV. The selectron and smuon have been considered as mass-
degenerate and there has not been an analysis distinguishing the two different flavors. For
almost massless neutralinos they found left-handed (right-handed) sleptons to be excluded for
a mass range of 90 GeV to 250 GeV (325 GeV). They lose all sensitivity for neutralino masses
beyond 90 GeV (150 GeV) allowing for a compressed spectrum.

We conclude from our results that for future analyses it might be useful to distinguish
between direct smuon and slepton production and hence not to sum over both signal events.
Due to the larger production cross section of left-handed sleptons we were able to exclude a
larger parameter space in the slepton-neutralino mass plane. With the data of the 13 TeV run
we expect that stronger constraints can be made in the future.



6 Associated Production of Gauginos and
Gluinos

The recent searches for SUSY particles have shifted the mass limits of the colored sparticles
to higher and higher values. For instance, in the constrained MSSM (¢cMSSM) gluinos and
squarks are excluded with masses up to 1.85 TeV with an integrated luminosity of 20.3fb~! of
the 8 TeV LHC run [124]. In simplified SUSY models gluinos are ruled out with masses heavier
than 1.52 TeV by 3.2fb~! of Run II, assuming the lightest neutralino as massless [125]. These
limits vary slightly for different simplified benchmark scenarios and different signal searches,
but they all point to the same direction: shifting the mass bounds of colored sparticles to
values beyond 1 TeV. This stands in contrast to the neutralinos and charginos, which are still
allowed to be light due to the weaker electroweak coupling involved in their direct production.
Direct electroweak searches in the light of simplified models still allow the gaugino masses to
be in the range of a few hundred GeV in most of the considered scenarios [123, [126].

As a result of the high mass limits for the gluinos, their direct pair production could be
beyond the current reach of the LHC. For this reason, the associated production of gluinos
together with the relatively light electroweak gauginos becomes phenomenologically relevant
because it could be a possibility to produce gluinos at the LHC. Such a scenario could very well
be realized in nature. For example, in GUTs the gaugino mass parameters M; are expected to
unify at the GUT-scale. After employing the RGEs, to evolve the masses to the electroweak
scale, the relation M3 ~ 6M; follows. Therefore, the gluino with a mass of mz ~ Mj is
typically much heavier than the gauginos with masses of the order of the bino (M), wino
(My ~ 2M7) or higgsino (u) mass parameters.

For these reasons, we dedicate this chapter to the associated production of gauginos and
gluinos at the LHC. Cross sections at NLO have already been computed in the past [127,
128, 129, [130]. We perform an independent NLO computation and compare the numerical
results with those previously obtained. Due to the expected large mass of the gluino, threshold
effects of soft gluon emission may become crucial. Hence, we go beyond the pure fixed order
computations and compute cross sections at the NLL4+NLO accuracy level, which has not
been done for this process yet.

The outline of this chapter is as follows: first, we review the fixed order computation of the
cross section up to LO in Sec. and NLO in Sec. Second, we address the relevant parts
needed to compute NLL4+NLO resummation predictions in Sec. i.e. the soft anomalous
dimension and the hard matching coefficient. Finally, we present numerical results in Sec.
where we start by defining the chosen benchmark scenario followed by the discussion of the
resummation predictions.

Some of the analytical and numerical results presented in this chapter have been published
in Ref. [131].

93
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6.1 Leading order computations

At the LHC the process for the associated production of a gluino ¢ and a gaugino )Z?’i occurs
on the partonic level at LO through an annihilation of a quark ¢ and an antiquark ¢’. This
can be written as

. - ~0,+
4(pa)d (pv) — §(p1)X; ™ (p2) (6.1)
where the subscript j (7 = 1,...,4 for neutralinos and j = 1,2 for charginos) labels the mass

eigenstate of the gaugino and the prime at the antiquark label distinguishes between possible
different flavors of the incoming quarks. The corresponding Feynman diagrams are shown
in Fig. and the squared matrix elements and interference terms are stated in Egs.
to , where we have summed over all spin and color degrees of freedom.

q(pa)

...... q(pa)

‘‘‘‘‘‘

0,4
X5 (p2)

Figure 6.1: Tree-level t- (left) and u-channel (right) Feynman diagrams for the associated production
of a gluino and a gaugino at hadron colliders. The dashed line represents squark exchanges.

MM, = : T%Af’gﬁ(ﬂ%a)_et) (L'L, +R'RL)(LL. + RR:)(m2 — t)(m2 — t) (6.2)

M M, = (mgﬁCj)g(;(gf)_eu) (LLe+RRe)(L'LL + R'RL)(m2 — w)(m? — u) (6.3)

MM, = (m?—cgﬁ%i Rzeu) {(—32 + 2 u? 4 (m + m2)(s — t — u) + 2m2m?)
(LLL'L, + RRR'R,) + 2mgmys(RRL'L, + £LCR’R’C)] (6.4)

Here, £, R(), L") and R(") are coupling constants specified in Appendix mg and my are
the gluino and gaugino mass, respectively, mg denotes the squark mass and the label ¢ refers
to the squark masses and couplings appearing in the complex conjugated diagram. We have
used the common Mandelstam variables s = (p, +pp)% = (p1+p2)%, t = (pa —p1)? = (o —p2)?
and u = (pg — p2)? = (pp — p1)? satisfying s + ¢t +u = m_%] + m%( for massless incoming quarks
using the labeling of the momenta according to Fig. [6.1] The SU(3) color factors are Cy = 3
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and Cp = 4/3, e is the elementary charge and g5 is the strong coupling, where its scale
dependenceﬂ is indicated by its argument, the renormalization scale pp.

Adding all contributions accordingly and averaging over the initial state color and spin
degrees of freedom leads to the total squared amplitude

1
M = 157 D0 (MaME, + Mu M, = 2Re(MMG)) | (6.5)
A G
where we have inserted a relative minus sign between the ¢t- and u-channel for the crossing of
a fermion line. The differential cross section is given by

1
ok (s) = [ a0 = [ - IMPaps®), (6.6)

where dPS®) = dt/(8ms) denotes the two-particle phase space and 1/(2s) is the flux factor.
In order to get the hadronic cross section at LO we have to perform a convolution between
the partonic cross section and the PDFs according to Eq. (3.21]).

6.2 Next-to-leading order computations

To include the NLO corrections we need all the contributions of Eq. . These are the
virtual corrections comprised in do’, the cross section do’t, which contains an additional gluon,
quark or antiquark in the final state, and all the corresponding Catani-Seymour dipoles. The
latter are the insertion operators I, P and K and the dipole do# which are listed in Ref. [35].
A useful tool to generate all dipoles for a specific process is SUPER AUTODIPOLE [133]. In
the following two sections, we address the relevant pieces of the virtual and real emission
corrections.

6.2.1 Virtual corrections

The virtual corrections for the associated gaugino-gluino production include self-energies of
quarks, squarks and gluinos as shown in Fig. [6.2] vertex corrections for the quark-squark-
gaugino and quark-squark-gluino vertex depicted in Fig. [B.4] and box-diagrams for the t- and
u-channel, where the former are shown in Fig. [6.4] Here, we briefly summarize the results
for the self-energies, which have been computed in Appendix [Bl and where we have used the
mass and field counterterms of Sec. 3.4, We remark that we use field counterterms in the
MS-scheme and mass counterterms in the on shell scheme. For the vertex corrections we refer
to the analytical results in Appendix [B] and for the construction of their counterterms to
Sec. [3:4 However, further finite counterterms are needed for these vertices, which we address
in this section. The box diagrams do not need counterterms, because they are UV finite.
All results are written in terms of tensor or scalar integrals according to LoopTooLs’ [134]
conventions. The complete virtual contribution is then obtained by employing Eq. .

'For the electroweak couplings we use fixed values. Their change in the interesting scale region is rather small.
To be specific, in a scale range of 1 GeV? to 10? GeV? the value of 1/qem changes only from 135 to 127
[132).
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Figure 6.2: Self-energy diagrams for the quark (top row), the squark (central row) and the gluino
(bottom row). The arrows describe the charge flow.

Self-energies of massless quarks: Here, we state the analytical results for the pure QCD

self-energy contribution 99 and the SUSY-QCD correction ¥.(99) together with their corre-

sponding counterterms. Their labels in the exponent denote the particles which are involved

in the loop correction. Both Feynman diagrams are depicted in the upper row of Fig. [6.2]
In general the self-energy of massless quarks can be written as

% = SapSv = dap (SHPL + S Pr) | (6.7)

where P;, and Pr are the common left- and right-handed projectors and a and b are color
indices of the fundamental representation. This leads to

2
95CF
Z&/QQ) - 82 (1 - G)Bl(p2a070) ) (68)
Lga) _ 92Cr 2 9 9 L
EV n 1672 E Bl(p 7m§7m[ji)Rh£1i7 (69)
Gi
»ieD) _ 95Cr § B (p*m2m2) LR, (6.10)
14 167T2 g T v

where mg denotes the gluino mass and mg, the squark mass of the squark mass eigenstates
q7l The coupling constants £() and R() are specified in Appendix [Al B is a scalar integral

2These sates are either left- or right-handed since the squark mixing matrix is diagonal for the superpartners
of massless quarks (see Sec. [2.3.4).
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and € = (4 — D)/2, with D being the dimension of the Minkowski-space. The corresponding
field counterterms are

2
(99) — _9:CF

32} oA (6.11)

2

Ly _ _9sCF

Y4 A, (6.12)
R(34) _ s7L(54

57, (39 — 87} 99) (6.13)

with A = ¢! 4+ In4m — yg,where 7 is the Euler-Mascheroni constant. For the associated
gaugino-gluino production the quarks are external particles and hence we have to multiply
their external spinors by the square root of the propagator’s residue VR ~ 1 + 1 J20R, as
defined in Eq. . It yields

~ g:Cp

SR = T AR (6.14)
SRYD — LD, (6.15)
SRYD = $F0D| . (6.16)

We remark that Eq. (6.14]) is a pure IR divergent term, indicated by the subscript IR, and
has to be kept for a check of IR finiteness. The results in Eqgs. (6.15) and (6.16) are IR finite,
because only massive particles appear in the loop correction.

Squark self-energy: Next, we state the self-energies of the squarks which enter the squark
propagators (see Fig.[6.1). Due to flavor conservation, only scalar superpartners of massless
quarks appear in the propagator. Hence, there will be no left- and right-handed squark mixing
and the self-energies for ¢ # j vanish. The result of the first contribution reads

_ g2Cp

(94:) (, 2 2

(p2311 + DBy + 4p2(Bl + Bo)) 5ij , (6.17)

where the arguments of the scalar B-integrals are the same as those of the self-energy. The
corresponding field and mass counterterms are

. 2c
(5Z£gql))2m§l — _ '?-567775 Re (mgiBll + DBOO + 4m§(B]_ + BO)) ) (618)
pr=mg,
_ 20 -
5Zz.(z:qql) = ggTQFA’ (SZi(qu’) =0 (fori##j). (6.19)
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For the second self-energy contribution we get

2
- sC
299 (p%,m2,0) = QSWZF S (RuL); + L1Ry;) (0*(Biy + Bi) + DBo) (6.20)
qr

where we have summed over all possible internal quarks ¢;. The corresponding mass and field
counterterms are

_ N2 2Cc
(5289)" m?, = _QLTQF Re (p*(Bu1 + B1) + DBoo) Pz (6.21)
a;
2
@Gq) _ 95CF Ga) o

For the two field counterterms we find the relation 67 (99) _ —(5Zi(igq>

P . The two last self-energy
contributions in the central row of Fig. vanish (see Appendix . Since the self-energy
corrections appear only for virtual squarks, i.e. inside the propagators of the LO Feynman

diagrams, they do not lead to any IR divergences.

Gluino self-energy: The remaining self-energy diagrams are those for the gluino shown in the
bottom row of Fig. [6.2] Here, we state the solutions in terms of the following decomposition

S = 0a(pSy + S§) P+ (L R), (6.23)

where, in contrast to the quark self-energy, a and b are color indices of the adjoint representation.
Furthermore, we have the additional terms Eé’R.

Due to the Majorana nature of the gluino, we have to take the first and the second self-energy
contribution of the last row in Fig. [6.2] into account. Their sum yields

) 2
BHI = o S Ry L1+ RisLh) B, ). (6:24
Girq1
Eg(@) _ E‘L/_(fifﬁ ’ (6.25)
L(gq) gs
D500 = {6 3 maLiLrBow ) (6:20)
Giar
Thereby, we get
2
(qd)L 9s (@R _ ¢>(qd)L
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for the field counterterms and the mass counterterm yields

: 2
6Z = " 5 Re [Bl (RbLri + Rillhy + LR i + LriRY,)
qi,91
Ma; o1 '
—2By— (LT Lri +Rlz’Rli)] . (6.29)
mg p2:'mf7

Here, ny = 5 and my, denotes the quark mass and is only non-zero for the top quark, which
can be created in the loop together with a stop, where mixing effects between the left- and
right-handed stop will then be taken into account. The last self-energy contribution yields

2
_ 2C
n? = _ggmA (e = 1)B1(p*m,0), (6.30)
N 20
Z‘ggg) = ngf (2 — e)mgBo(pQ,mg,O) ) (6.31)

leading to the following counterterms

2
; C
5Z7(1gig) — 9572‘4 Re[(e —1)B1 + (e — 2)Bo]p2:m§ ) (6.32)
2
7] gsCA
629 = —Te A (6.33)

Similar to the quarks, we have to multiply the external gluino field by the square root of the
residuum R according to Eq. (3.42). The residuum of the third contribution (see bottom row
of Fig. is IR divergent.

Vertex corrections

The coupling counterterms for the vertex corrections depicted in Fig. [B:4] are connected
via supersymmetric Ward identities to the gaugino and gluino self-energies [135]. As the
gaugino is a non-colored particle it does not receive any QCD or SUSY-QCD self-energy
corrections at NLO. Hence, the gaugino-quark-squark vertex does not require any further
renormalization and only the squark and quark field renormalization counterterms will enter
the vertex counterterm. The gluino-quark-squark vertex is connected to the self-energy of
the gluino which does receive corrections at NLO and therefore leads to a non-zero coupling
counterterm.

We construct the vertex counterterms as discussed in Sec. Yet, our vertex corrections
need further finite counterterms which we address now.

Dimensional reduction and finite shift: Using techniques of dimensional regularization
(DREG) for the computations of the vertex corrections followed by the renormalization in
the MS-scheme leads to complications in SUSY theories. For D # 4 dimensions DREG
introduces a mismatch between the (D — 2) gluon and two gluino degrees of freedom. Thus,
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Figure 6.3: Virtual correction diagrams for the gaugino-quark-squark (top row) and gluino-quark-
squark vertex (bottom row).

this regularization technique breaks SUSY. One way to overcome this problem is to use the
modified dimensional reduction scheme (DR). It is closely related to the ordinary dimensional
reduction (DRED), where all the four-momenta are defined in D dimensions, but the y-matrices
and gauge fields are kept in four dimensions. It has been shown that also those two schemes are
mathematically inconsistent. Especially the combination of the four-dimensional ~-matrices
and the e-tensor with the D-dimensional metric tensor g"¥ leads to inconsistent results with
non-integer values for D. Fortunately, it turned out that by making slight modifications,
e.g. by dropping the Fierz identities, DRED and the related DR-schemes can be used in a
consistent way [136].

As it is more feasible to use DREG and besides the Catani-Seymour dipoles have been
regulated by using DREG, we stick to this regularization technique and convert our result
to the DR-scheme. The relevant mismatch is encountered in the two Yukawa-like couplings
between a gaugino-squark-quark and a gluino-squark-quark, which we denote by ¢ and gs,
respectivelyﬂ SUSY requires that these couplings are equal to the associated SU(2) and
SU(3) gauge couplings up to all orders in perturbation theory, which is not valid in DREG in
combination with the MS-scheme. Finite counterterms have to be introduced which remove
the non-supersymmetric contributions. They are given by [137, [13§]

o (2 1 Qg
Js = gs |1 — |3 -3 =gs |1 -— > .34
ds=g [ -2 (3CA QCFH p [ *377] (6.34)
ng{l—%cp (6.35)
81

Decoupling heavy (s)quarks from the running coupling: The counterterm dgs can be
computed by the transverse part of the gluon self-energy and is also connected via SUSY
Ward identities to the gluino self-energy. Hence, in SUSY theories it receives contributions
from SM and SUSY particles. However, we use a SM QCD running coupling gs; which has
been obtained by including only the contributions of the five light quark flavors and the gluon.

3Note that in Appendix [A|we do not make these distinctions since the couplings coincide at LO anyway.
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To assure that only these particles contribute in our computation and to avoid artificial large
logarithms a finite counterterm has to be added. Implementing this subtraction term assures
that only the gluon and the five light quarks contribute to the running of o, [139, [I37]. It
removes the contributions arising from the heavy colored particles, namely the squarks, gluino
and top quark, and can be written as

2 2 12

msz 3 m 1 mg
5 (heavy) _ Qs —92] 9 = 7’5 E _ 7‘11 6.36
9s o he, 5! ~ 6 wh (6.:36)

where pp is the renormalization scale and my, mgz and mg, are the masses of the top quark,
gluino and squarks, respectively [137].

Box diagrams

The last remaining virtual contributions are the box diagrams depicted in Fig. [6.4 Analytical
expressions can be found in Ref. [I30]. These diagrams do not exhibit any UV divergence
and hence no counterterm is needed. However, the first and the last diagram suffer from IR
divergences, which cancel by the inclusion of the insertion operator I.

Figure 6.4: Box diagrams for the t-channel. Diagrams for the u-channel are similar and can be
obtained by crossing the external quark legs.

6.2.2 Real corrections

Next, we have to include the real corrections in order to obtain the full inclusive NLO cross
section. Similar to the real emission diagrams for sleptons, we split the contributions in
real gluon, quark and antiquark emission. For the partonic cross section we can then apply
Eq. .

A selection of Feynman diagrams for real gluon emission is depicted in Fig. The
diagrams in the first row suffer from soft, collinear and soft-collinear divergences. For the
emission of the gluon by the final state gluino (second diagram of the last row) we encounter
only soft divergences, because the collinear divergence is screened by the mass of the emitter.
No divergence occurs if the gluon is emitted by an internal virtual particle (first diagram
in second row). All divergences cancel by subtracting the corresponding Catani-Seymour
dipoles [35].

We illustrate the cancellation of these divergences in Fig. [6.6] where we show a transverse
momentum distribution for the process pp — §xy at a center-of-mass energy of 13 TeV
using CT10NLO as the PDF and the SUSY benchmark scenario BP II (see Sec. [6.4.1)).
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Figure 6.5: Selection of Feynman diagrams showing real corrections to the associated gaugino-gluino
production with an additional gluon in the final state.

Here, pr denotes the transverse momentum of the emitted gluon. Additionally, we show the
corresponding dipole term. First, we observe an increase of the cross section for decreasing pp
which indicates the divergence for pr — 0. Furthermore, the corresponding dipole reproduces
the cross section of the real gluon emission over the here shown pp-range with a maximal
deviation of 1% at a transverse momentum of 50 GeV. In particular in the collinear region
(pr — 0), the ratio of the dipole to the real gluon emission cross section approaches one.
Hence, by subtracting this dipole from the total cross section of the real gluon emission, we
achieve a cancellation of the IR divergences.

The IR divergences of the real quark and antiquark emission cancel in the same manner.
Sample diagrams for the real quark emission are shown in Fig. |6.7, where diagram a) suffers
from IR divergences and the diagrams b), c¢) and d) are IR finite. Still, the gluon initiated
channels ¢) and d) give rise to another kind of divergence. If mg > my+m, and s > (mg+mg)?
the squark in diagram d) can be on shell leading to a resonance in the squark propagator.
Similar for diagram c), where mg > mg + mg and s > (mg + mg)? has to be fulfilled in order
to possibly produce the intermediate squark on shell. These divergences can be regularized by
introducing a finite width I'y in the squark propagator. For this reason, we replace

1 1
7 —
q

Sgq — M Sgq — Mg + imglg (6:37)
in the matrix element of diagram d), where sy, = (pg + py)? and proceed analogously for
diagram c) with the replacement syq — sgq.

Considering all SUSY production processes, the resonance of the diagrams c) and d)
correspond to the LO cross section for squark-gaugino or squark-gluino production with a
subsequent decay of the squark to a gluino and quark or to a gaugino and quark, respectively.
As a result, these resonant contributions have to be subtracted in order to avoid double
counting. To achieve the subtraction in a consistent way, we follow a similar approach as
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Figure 6.6: Transverse momentum distribution for real corrections to the associated gaugino-gluino
production with an additional gluon in the final state and for the corresponding Catani-Seymour dipole
term.

Figure 6.7: Selection of Feynman diagrams showing real corrections to the associated gaugino-gluino
production with an additional quark in the final state.
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presented in Ref. [I39] which is called diagram subtraction (DS). First, we split the squared
matrix elements in regular, resonant and interference terms:

|Mquark|2 = |-/\/lnonres|2 + |-/\/lres,1|2 + |Mres,2

21+ 2Re (Mres,l r*es,2>

+2Re (Muonres Mies,1) + 2 Re (MuonresMius 2) - (6.38)

Here, Mponres refers to the diagrams a) and b), whereas Myes1 and Miyes 2 represent the
diagrams of type c) and d). The subscript 1 and 2 distinguishes between the two different

. . 2 2 . . . .
resonant regions, i.e. sy, — m3 and sz, — mg. The inclusion of the squark width is only

used for the resonant propagators in order not to spoil the cancellation of the IR divergences.
Similar to the Catani-Seymour dipoles, a local counterterm

do® = O(v/5s — mg — mz)O(mg — myg) gLy M |2d158(3)
d g 4 X (Sgq — m%)2 + mgfé res

(6.39)

can be constructed, where for the sake of convenience we only focus on one resonant region.
Here, Mres denotes the squared resonant matrix element with reshuffled momenta. The
reshuffling sets the intermediate squark on shell. Furthermore, momentum conservation should
be preserved and the reshuffling should be an identity transformation for sg¢, = mg-. The phase

~(3
space dPS( ) is the restricted on shell phase space. If all integrations have been mapped to
the interval [0,1] it can be computed by

A

dm@:§@W% (6.40)

where J and J denote the Jacobians of the restricted and complete three-particle phase space,
respectively. Note that this approach is only gauge invariant in the limit for I'y; — 0 for which
the local counterterm in Eq. (6.39)) will turn into

Jim do?® = dogg BR(§ — qX) - (6.41)
Nonetheless, the width should not be too small in order to avoid numerical instabilities,
especially for the interference of the IR divergent and resonant diagrams and for the interference
diagrams of the two different resonant regions. Therefore, we choose a value of I'; = 10_3mq~. It
could also be set to the physical width of the squarks, but here it acts solely as a mathematical
regulator of the divergence. We call the remnant of the on shell contributions the on shell
remainder. We remark that the same treatment has to be performed for the real emission of
antiquarks.

Finally, we can apply Eq. (3.26]) together with the on shell subtraction counterterms and
convolute the results with the PDFs to obtain the finite NLO corrections to the hadronic cross
section.
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6.3 Soft gluon resummation

So far, Eq. (4.66)) cannot be employed for the associated gaugino-gluino production. First, we
have to compute the missing process dependent ingredients. For this reason, we dedicate this
section to the modified soft anomalous dimension and the hard matching coefficient.

6.3.1 Soft anomalous dimension for gaugino-gluino production

In order to achieve the NLL accuracy for the associated production we have to compute the
diagonal modified soft anomalous dimension (f‘abﬁij, 1) (see Eq. ) The result for the
Drell-Yan part is given in Eq. . In Fig. we show the one-loop corrections from which
the soft anomalous dimension can be extracted by rewriting the definition in Eq. as

Taposijy = — Y C"! lim ewk (6.42)
kl

where k£ and [ denote eikonal lines, between which the virtual gluon is exchanged, C’% are
color mixing factors and w* denotes the kinematical parts of the virtual corrections. These
Feynman diagrams are in general computed in an irreducible s-channel color basis with tensors
cy (see e.g. Refs. [72, 83, [69] [70]). For only one colored final state particle there is only
one tensor ¢y = Tr (TiTil) = Trd;ir, where ¢ and ¢ are adjoint color indices of the gluino
and Tp = 1/2. Hence, we drop the associated index. In the eikonal approximation the LO
contribution factorizes (see Sec. and the color mixing factors C*¥ are thus defined as the
color factors of the loop diagrams divided by the LO color factor Tr (TiTi) =Trdy; = CaCp.
Here, the needed color factors are given by

Te(T'TITTY) Cy Te(TTY T f9 (i) Cq

ab _ A al _ - £
o = Te(TTY) Cr=7%. ¢ Te(TTY) 2
Tr(TiTjTi/)fii/j(—i) CA Tr(TiTi/)fii//jfz’//i/j(_i)2
bl 11
= I = -4 = L = 4
cC T 5 C T (T Ca, (6.43)

where we have used the color operators stated in Tab. for the eikonal vertices. The
kinematical parts of the loop corrections, the so called eikonal integrals, can be written in a
general way as

W — 2/ dPq  —i [ Ap Ay - vy
Is | 2m)D @ 1 ie | (pvr - q + i€)(Ov1 - q + 7€)

Akvk n P Al'l)l n P 2 P

C (Opur-q+i€) (n-q) (6 -q+ie) (n-q) n (n-q)2]’

(6.44)
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Figure 6.8: Generic diagrams for the virtual corrections including a gluon exchange. The final state
particles (1,2) are considered as massive and the initial state particles (a,b) as massless and therefore
their gluon self-exchange diagrams (quark self-energy) vanish (due to the scalar product v - v = 0 for
massless particles in the integrand which is therefore zero). The arrows on the lines represent the
chosen fermion flow.

where ¢ is the loop momentum, v} = p!’\/2/s is the rescaled momentum of particle i, Ay
and J,; are signs associated with the eikonal Feynman rules (see Tab. 4.1)) and P stands for
the principal value [78] [79]:

rp__1 (( 1 +(_1)ﬂ1) _ (6.45)

(n-q)f 2\ (n-q+ie)P (—n - q+i€)B

The integrals can be solved [78, [72] (also for two colored final state particles with unequal
masses [(9]) leading to

w® = ab% l— In (Ua : vb) + lln <<Ua -n)? (vy - ")2> T 1] , (6.46)

e 2 2 In|? In|?
al as | 1 (vq - v1)%s 1 (v - m)?
w = a1 [—2111 <2m§> + L+ 5111 (W) — 1] , (6.47)
W =, l—l In (W) f L+ i <W> - 11 , (6.48)
e | 2 2m; 2 |n|?

W =81, =220, — 2. (6.49)
me
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Here, the signs have been combined to Sy = ArA;0r0;, so that Sgp = 1, Se1 =1, Sp1 = —1,
and S1; = —1. The double poles in € in the first three integrals involving at least one massless
particle have canceled among themselves. As one can easily see, the scalar products are

2Da - Py _

Vg " Vp = 1, (6.50)

Vg - V] = pas PL_ gs , (6.51)
2pp - m2 —u

v vy = p”s br_ . (6.52)

The function Ly = [Lx(+n) + Lx(—n)]/2 depends in a rather complicated way on the gauge
vector n [78, [72]. However, all gauge-dependent terms disappear after the inclusion of the
self-energies of the two incoming Wilson lines. Combining color factors, signs and soft integrals
and simplifying the result leads to

T S0 24 ir—1+1 mg —t 1 mg —
G—i% = = n 1T — n|——— n|————
949X 27 A ﬂmg\/g ﬂmgﬁ
Qs
= TCA (Tar + Tin) (6.53)
s
with
S m2 —t +m—1 S m2 —u +m—1 (6.54)
“ T mg/s 2 T Cngs 2 '

Due to the LSZ reduction formula, only half of the self-energy contribution w'! has been taken
into account. All terms proportional to C'r have vanished, so that only terms proportional to
C4 remain. In the massless limit and before subtracting the initial state self-energies, one
recovers the well-known result for associated gluon-photon production, i.e. the C's4-term in
Eq. (2.26) of Ref. [80]. Our modified soft anomalous dimension can also be compared to the
one obtained for associated top quark and W boson production in Eq. (3.8) of Ref. [140] after
adjustments of the color factors.

The final result for the one-loop coefficient, which governs the soft wide-angle gluon emission
for the associated gaugino-gluino production, is therefore

Dyg-gx = Re[Ca (Ta1 + Tin)] - (6.55)

At the production threshold, where the final state particle velocities vanish and

8= \/ - (mg £ my)* *S my)® L, (6.56)

we find Dgggy = —Ca, in accordance with Ref. [79].



108 Associated Production of Gauginos and Gluinos

6.3.2 The hard matching coefficient for gaugino-gluino production

In Sec. we discussed that the resummation of logarithmically enhanced contributions at
threshold can be improved by including in the hard function Hap—ij,1(M 2 4?) in Eq. (14.66)
not only the Mellin transform of the LO cross section

HG (M2 i) = 5% (M), (6.57)

ab—ij ab%z]

but also the N-independent contributions of the NLO cross section

H(l) (M ,,u,) () (MQ)C()

ab—1j ab—m] ab—ij

(M?p?), (6.58)

which beyond NLO are multiplied by threshold logarithms. Just as a reminder, the hard
(1

ab—ij

matching coefficient function C (M?,1i%) is obtained by computing the Mellin transform of

the full NLO corrections U((lbLZ (M? ;%) and dividing it by the LO contribution Uébe (M 2).
As shown in Sec. the Melhn transform of the virtual correction and the insertion operator
I are straightforward, since they are proportional to (1 — z) and thus constant in N. The
corresponding analytical results can be found in Refs. [I30] and [35], respectively. The
remaining ingredients are the Mellin transforms of the P and K operators. We recall that

they belong to the so called collinear remainder, which can be written as

€=

1
oG =3 /0 dz /2 (408 cpam) & @|P+ Kla)() + (@ e b)] . (6.59)

with a, @’ and b denoting different parton types. For the initial quark a, after evaluating the
color factors and transforming to Mellin space we obtain

2 2
_ ~ HE M v_3 1
(P(V)) = 2 [(2CF Ca) 5 4 0y = _t] [lnN 4} L0 (N> (6.60)
and
« — 2 I
(K(N)>:2;{2CF1D2N+CA In gi +1 IDN—F?CF—’)/(]—K(] (6.61)
g

2m2 —t m2 m2 m2
411 4 4L, =2 +(1+4ln S )m 2
m m mz —t

2mg mg 1
+3ln(1—|—g mg — \/2m2 — ¢ >+6 g —3}}+0(),
m?,_t< g ) mg+,/2m§—t N
with

3 7w
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and similarly for the incoming antiquark b with ¢ — u. Non-diagonal operators give only
1/N-suppressed contributions, and there are no initial state gluons at LO. In the limit of
C4 — 0, one recovers the well-known results for Drell-Yan like processes [141].

For the hard matching coefficient, only the N-independent parts of the above results are
needed. Still, we can use the N-dependent terms to check the resummed cross section when
expanded to NLO. As the potentially large logarithms in the exponent of the resummation
formula in Eq. emerge from the soft and soft-collinear regions, we can compare the
threshold enhanced terms of the Mellin transform of the insertion operators P and K with
the expansion of the resummation result up to O(«y), which gives

O_(exp.) — H(O) (MQ,,LLQ) + ;‘7;7_[(1) (M2,,u2) + % H(O) (M2,,u2)

ab ab—ij ab—ij 1t ab—ij
1 Y 1 M2 1 N
x [(AD + A Im? N + (@453) + A EE wgbgij) In N] : (6.63)
S

where H((l%)_n- j and ”Hg?_m ; are the first and second order parts of the hard function, respectively.

Inserting AW = Agl) = 2CF (cf. Eq. ), the leading logarithms «,/(27) In*> N have the
coefficient 4C'r. This agrees with the leading logarithmic contribution to the hard matching
coefficient arising exclusively from the K-operators in the collinear remainder in Eq. .
The coefficient 4Cr also governs the scale- and more precisely the In(u2/s)-dependent part
of the next-to-leading logarithms «,/(27) In N, which agrees with the corresponding parts
of the quark and antiquark P-operator expectation values in the collinear remainder in
Eq. . As expected, the Cs-terms depending on upg cancel since they are proportional to
soft wide-angle contributions and hence no factorization scale-dependent term should be left
over. The remaining NLL terms are

5 — ms —u

s s
Ca lln - t—i—ln 7 ] . (6.64)

From the K-operators in Eq. (6.61]), we get in addition the NLL contributions

m2 m2
Cy|ln——+In——+2|, (6.65)

which together correctly reproduce the contribution from the soft anomalous dimension in

Eq. (6.55) and Eq. (6.63)).

6.4 Numerical results

In this section we present the numerical results for the associated gaugino-gluino production
at a center-of-mass energy of v/S = 13 TeV. All matrix elements have been computed by
employing a self-written FORM [I00] script. For the numerical calculations we use the
following setup (if not mentioned otherwise): the SM parameters are set to the values of the
Particle Data Group (PDG) [142]. The running of the strong coupling is provided by the
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PDF data sets. As our central PDF for the LO calculations we use CTEQ6L1 [96] which
uses one-loop approximations for as and for the DGLAP evolution equations. For NLO and
NLL+NLO predictions we use CT10NLO [97] which uses two-loop approximations. To be
consistent with the PDFs, we take all light quarks including the bottom quark as massless.
The top quark is decoupled. Its (pole) mass enters only in the gluino self-energy and has
little numerical influence on the production cross sections. Moreover, the CKM matrix, which
enters in the production cross section of charginos, is assumed to be diagonal. As our central
values for the factorization and renormalization scale we use the average mass of the two final
state particles, i.e. p = (mgz + my)/2. The remaining parameters of the SUSY sector are fixed
by the SUSY benchmark scenario which we address in the following section.

6.4.1 SUSY benchmark scenario

Our chosen benchmark scenario is inspired by the benchmark point IT (BP II) of Ref. [143],
that has been obtained with a Markov Chain Monte Carlo (MCMC) scan using also PDG
values for the Standard Model parameters. Originally, this scan included 19 parameters with
a focus on non-minimal flavor violation (NMFV) which has been described by flavor violation
parameters. They checked in particular the most stringent flavour-changing neutral current
(FCNC) constraints from rare B- and K-decays. As we are not interested in NMFV, we set
these parameters all to zero. Moreover, we have changed the sign and increased the absolute
value of the trilinear coupling Ay to obtain a Higgs boson mass compatible with the measured
value. For the bino and wino mass parameters we impose the GUT relation M; ~ My/2,
whereas we allow the gluino mass parameter M3 to vary independently. This brings us to
19 — 7+ 1 = 13 free parameters listed in Tab. Still, our default scenario imposes the GUT
relation for M3 ~ 6.M;.

Table 6.1: Higgs sector and soft SUSY breaking parameters in our pMSSM-13 benchmark model. All
values except the one for tan 5 are in GeV.

tan g ma ‘Ml M ‘MQL2 Mg, My,, My, Mp, Mp, M, Ay
21 773 1300 |315 1892 | 2288 425 1758 2754 552 714 1553 -2200

The SUSY mass spectrum is then obtained by employing SPHENO 3.37 [144] and is
schematically shown in Fig. The exact mass values are listed in Tab. In our scenario
the neutralino ) with a mass of 314 GeV is the LSP. Together with a light top squark
this benchmark leads to a viable dark matter candidate and allows in general for sufficient
stop coannihilation to reproduce the observed dark matter relic density [145] 146} 147, [148].
Moreover, this scenario reproduces the observed value of the anomalous magnetic moment of
the muon, which is unaffected by the gluino mass. In addition, it satisfies the increasingly
stringent constraints that are imposed on the masses of the SUSY particles from direct search
results at the LHC. For example, with the 2015 data from Run II, ATLAS and CMS exclude
gluino masses up to 1400 and 1280 GeV, assuming masses of the lightest neutralino of up to
600 and 800 GeV, respectively [149, [150]. Mass-degenerate light charginos and second-lightest
neutralinos produced electroweakly have been excluded at Run I up to 465 and 720 GeV in
the case of massless lightest neutralinos [123, [I5I]. These exclusion limits are, however, not



6.4 Numerical results 111

valid within the general pMSSM, as they have been obtained assuming direct production cross
sections and simplified decay scenarios.

The SUSY parameters at the electroweak scale which affect the cross section for the
associated gaugino-gluino production are the masses of the gauginos and the gluino, the
neutralino and chargino mixing matrices, the squark masses and the squark mixing matrice
In Egs. and we show the neutralino and chargino mixing matrices. From these
we can deduce the following compositions of the neutralinos and charginos: x{ is mainly the
bino, ¥J is wino-like and {9 and ¥ consist mostly of higgsino components. )Zf and )@t are
mainly made of wino and charged higgsino components, respectively.

SUSY particle spectrum generated with SPheno
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Figure 6.9: Visualised mass spectrum for the benchmark point defined in Tab. Particles are
grouped in Higgs particles, gauginos, first-, second- and third-generation sfermions (left to right).

—0.9972  0.0083 —0.0681 0.0306
—0.0343 —0.9292 0.2841 —0.2337

N = , (6.66)
—0.0261 0.0384  0.7048  0.7079

—0.0615 0.3674  0.6465 —0.6658

(6.67)

~ (—0.9394 0.3427 - —0.9099 0.4147
03427 0.9394) "’ ~\ 0.4147 09099/

We remark that the squark masses span a wide range from about 500 GeV for the light

4The stop contribution is actually negligible, since the stop takes only part in the gluino self-energy correction.
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Table 6.2: SUSY mass sprectrum for the benchmark point defined in Tab.

Particle m (GeV) | Particle m (GeV) | Particle m (GeV)
ér 1558 | 2318 g 1958
R 1552 iR 1797 b%l 314
78 1555 | dp 2319 | 8 627
fiL 1558 | dp 565 | X3 776
iR 1552 ér 2318 be 799
s, 1555 | ég 1797 | %5 628
7 1544 5L 2319 | x4 800
7o 1564 | g 565 ho 125
Uz, 1555 | by 515 |  Hy 1300

br 736 | Ag 1300
t 521 | HT 1303
ta 2774

squarks to 2.8 TeV for the heavier ones. By neglecting the sbottoms and stops we obtain the
averaged squark mass mg = 1.75 TeV.

6.4.2 Fixed order comparison

For the validation of the fixed order computation we compare our results with those obtained
by employing the public code PrROSPINO2.1 [I52], 98, 99]. We compute the cross sections for
all the different gaugino-gluino final states at 13 TeV using CTEQ6L1 [96] and CTEQ66 [153]
for the LO and NLO PDFs, since these two are the default PDFs implemented in the public
version of PROSPINO2.1. For the SUSY spectrum we use BP II with averaged squark masses
mg = 1.75TeV. This is due to the reason that PROSPINO2.1 only allows for NLO results with
degenerate squark masses. Still, the code is able to compute approximate NLO results for a
non-degenerate mass spectrum. Therefore, the LO cross section is computed by using freeﬂ
squark masses and then scaled by the NLO/LO K-factor obtained by using degenerate squark
masses.

Results for the mass-degenerate squarks are presented in Tab. Additionally, we show
scale uncertainties which have been calculated by varying the central values simultaneously
by a factor of two. First, we observe that for the LO cross section the discrepancy is below
1%. As expected, the results for the scale variation agree, since at LO the scale dependence
is completely driven by the PDFs and the strong coupling. At NLO the difference is a bit
larger, but still around the one percent level. By setting the gluon PDFs to zero we found

5Here, free means non-averaged squark masses.
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Table 6.3: Total cross sections for pp — § X?’i at /S = 13 TeV using CTEQ6L1 [96] and CTEQ66 [153]
as LO and NLO PDFs, respectively, and BP II (see Sec. [6.4.1)) with averaged squark masses for the
SUSY spectrum. We show a comparison between PROSPINO2.1 and RESUMMINO.

Gaugino LOT3ak (107" fb) NLOTZ3 (107 fb)
Resummino Prospino Resummino Prospino
0 1470340327 1468170327 1.456070:028  1.4741+30%)
%9 1233670250 1.2316702%5  1.25487004  1.2642100%2
X5 | 0.0089700078  0.008970:00%0  0.008574000s  0.00860:0005
%! 0.117075:05%  0.116870931Y  0.1211799%8  0.122010:059
e 2.248370-534 9 945370983 1 968240995 1.979170-074
e 0.56097013%  0.559970132  0.632475:022  0.6380700ae
e 0.24505:960  0.2449%5:9%  0.21375:9%  0.215575-0%
X; | 0.0603%00110  0.0603*0:0130  0.07031000%  0.070610 0035

a perfect agreement, similar to the agreement of the LO results. Hence, we follow that the
discrepancy originates mainly from the slightly different on shell subtraction approaches and
their implementations. Furthermore, the agreement gets better for higher scales, since the
gluon initiated channels become less dominant. If the spectrum gets harder, i.e. the SUSY
particles become heavier, the discrepancy decreases. This is due to the decrease of the on
shell remainder. We remark that we had to increase the number of evaluations of the integrals
in PROSPINO2.1, in particular those of the gluon initiated processes in order to obtain a more
stable result. All numerical errors for the cross sections presented here are slightly below 1%.

Next, we investigate the difference between degenerate and non-degenerate squark masses.
Moreover, we compare both results with PROSPINO2.1. It is only able to compute approximate
NLO cross sections for free squarks, as stated above. We use again BP 11, but vary the gluino
mass from 500 GeV up to 3 TeV. The results are shown in Fig. for the specific process
pp — x99 at VS = 13 TeV using CT10NLO as the PDFﬂ. First, we observe a very good
agreement (below 1%) over the whole gluino mass range for degenerate squarks. The slight
differences originate from the on shell remainder. The total cross section for free squarks is
significantly lower than the one for mass-degenerate squarks. This is already the case at LO
(not shown here) and is due to the reason that especially the most relevant left-handed up
and down squarks are much lighter (600 GeV) than the average of the squark masses. For the
free squark scenario we find a larger discrepancy, where our result exceeds the approximate
PROSPINO2.1 result by almost 5% at a gluino mass of roughly 1.8 TeV. One reason is the wide
range of the squark masses for BP II going from roughly 500 GeV to 2.8 TeV. Computing the

STherefore, we used a modified version of PROSPINO2.1, which has been interfaced to the LHAPDF [I01]
library.



114 Associated Production of Gauginos and Gluinos

K-factor by using degenerate squark masses (mg ~ 1.75 TeV) neglects the possibility of those
produced on shell and subsequently decay into a gluino and a quark or antiquark. The on shell
remainder of these resonant squared diagrams can be sizable. Thus, K-factors for free and
degenerate squark masses differ. This is the main reason for the here observed discrepancy.
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Figure 6.10: Gluino mass dependence on the total cross sections for the process pp — Y97 at
V'S = 13 TeV using CT10NLO as the PDF, central scale values for the renormalization and factorization
scale and BP II for the SUSY spectrum. We show the results for averaged and free squark masses
obtained with RESUMMINO and PROSPINO2.1. For free squark masses PROSPINO2.1 can only compute
approximate NLO results (see main text of Sec. [6.4.2). The lower panel shows the ratio of the
RESUMMINO results to the corresponding PROSPINO2.1 results.

After the successful verification of the fixed order result we can now move on to include
threshold resummation effects.

6.4.3 Total cross sections for benchmark point Il

In this section we present total cross sections for all possible gauginos in the final state. In
contrast to Tab. we use free squark masses, include resummation effects and use the 7-point
method for the scale uncertainties, i.e. we vary the central scale value for the factorization
and renormalization scale independently by a factor of two, excluding relative factors of four.
Additionally, we include PDF uncertainties for the NLO predictions. They will be discussed
in more detail in Sec. Our results for the LO, NLO and NLL+NLO cross sections
are shown in Tab. The cross section for ¥ is the largest one due to its low mass and
mostly bino composition. The Y9 is mostly a wino and hence the strength of the couplings
appearing in the LO diagram is smaller compared to those appearing in the production of V.
Furthermore, the mass of X3 is twice the mass of X}. This results in a cross section which is
roughly three times smaller. The cross sections for ¥ and ¢ are much smaller, since they are
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Table 6.4: Total cross sections for pp — )Zg’i § at v/S = 13TeV using CTEQ6L1 as the LO and
CT10NLO as the NLO PDF. The SUSY scenario is BP II. We show the scale uncertainties obtained
by using the 7-point method (see text) and the PDF uncertainties according to Eqs. (5.22)) and (5.23))

for the NLO cross sections.

Gaugino | LOTE () NLOTIRR ppr (fb) - NLL + NLOTIZE (fb)
M| 01024250 020085550 g 0.21717 5%
X3 0.07407335%  0.08121F 5% 1T 2% 0.083579-3%
X3 | 0.0007307225% 0.0009081 5 5% TH5-0% 0.000959™%-5%
X 0.00744723:9%  0.0084159% +19-9% 0.0087010-5%
M| 04839NERE 0270 R0 0.130875%
Y| 0.0333TRNE 0040373050 0.0415% 5%
G| 001505 0.0141 EE s 0.014753%
Xo | 0.00368T352%  0.004607%2% +30.1% 0.0047515 5%

mostly higgsino-like and the Yukawa couplings are small compared to the gauge Couplingsﬂ
The cross section for ¥ is roughly ten times larger than for Y9, although both have similar
masses. However, ¥} has a larger wino component leading to a larger cross section. This is
similar for the charginos, where the cross section for Xfc is larger than the one for Xét, since
the former has a larger wino component and additionally a smaller mass. Furthermore, the
production of the positive charged final state is more likely than the production of the negative
charged counterpart, since we have two protons in the initial state.

Going from LO to NLO we do not only observe a difference to the LO central value, but
also a reduction of the scale uncertainties to values below +8%. This is further reduced by
including threshold resummation effects to values below 42.2%, except for the production
of ¥J. Nonetheless, we find that the scale uncertainty for the production of ¥J is reduced if
we consider a wider scale range. For this process the resummation result changes less in the
higher scale region, compared to the NLO result. We address the scale uncertainties in more
detail in Sec. [6.4.5] The resummation contributions to the central value are around 2.5% to
5%. Finally, let us mention that cross sections below 0.01 fb are too small to be observed
with the current luminosity of the 13 TeV run of the LHC. Hence, the cross sections for x3,
1Y and x5 would not be observable. In addition, the associated production of a gluino and
the lightest neutralino will be difficult to observe at the LHC, as the latter escapes directly
undetected. It is therefore more promising to study the associated production of a gluino
with the second-lightest neutralino (or the lightest chargino of often equal mass), since it will

"We recall that the Yukawa couplings are proportional to the quark masses and the PDFs for the heavier
quarks are rather small.
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decay into an additional Z (or W) boson, whose leptonic decay products will then lead to
an identifiable signal and better background suppression. For these reasons, we focus on the
associated production of a gluino together with the second lightest neutralino in the following
section.

6.4.4 Invariant mass distribution

In the upper panel of Fig. we show the invariant-mass distribution given for the production
of a gluino with a mass of 1958 GeV and a second-lightest neutralino with a mass of 627 GeV.
We find that the cross sections peak at about 3.2 TeV and then fall of toward higher invariant
masses M. The maximum is shifted from LO (blue) to NLO (green) and NLL+NLO (red)
towards slightly smaller values of M, due to the additional radiation of gluons, quarks and
antiquarks. At the same time we observe a significant reduction of the scale dependence from
LO to NLO. We obtain a further reduction of the scale dependence for NLL+NLO which is
more clearly visible in the lower panel of Fig. In particular for high invariant masses, for
which most of the available phase space is close to the threshold, we find a change from +12%
to £3% by including threshold effects. Here, the scale errors have been obtained by using
the 7-point method, but using the invariant mass as the central scale value. In the high-mass
region, the NLL+NLO cross section is roughly 10% larger than the one for NLO.
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Figure 6.11: Upper panel: Invariant mass distribution for the process pp — gx3 at the LHC with a
center-of-mass energy of v/S = 13 TeV at the LO (blue), NLO (green) and NLL4NLO (red) accuracy.
Lower panel: Corresponding relative scale uncertainties and the NLL+NLO/NLO x-factor (black line).
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6.4.5 Scale uncertainty of the total cross section

This section is dedicated to the scale uncertainties of the process pp — §x3. In Fig.
we show the total cross section while varying the factorization and renormalization scale
simultaneously (upper panel), only the renormalization scale with fixed factorization scale
(central panel) and vice versa (lower panel) around the average mass of the final state. For a
process that depends already at LO on the strong coupling constant, one expects the significant
(approximately logarithmic) scale dependence to be already reduced at NLO. This has already
been seen in the invariant mass distribution. Here, the NLO result (green dashed curve)
shows the characteristic maximum at approximately half the central renormalization and
factorization scale (upper panel). Including resummation effects (red full curve) the scale
dependence is further reduced. This is due to the inclusion of dominant scale dependent terms
belonging to higher orders of the perturbative series. When the resummed result is expanded
to NLO (blue dotted curve), it becomes a good approximation to the full NLO result especially
for large scale choices, when the logarithmic terms dominate the cross section. One major
difference between NLO and the expansion is that the former includes gluon initiated channels
and hence can receive large corrections from the on shell remainder. This leads to the larger
discrepancy for low factorization scales (lower panel) due to the more relevant gluon PDF for
lower scale values. For the individual scale dependence (two lower panels) the expansion is also
a good approximation. The two lower panels demonstrate the interplay of the renormalization
and factorization scale dependence in the NLO and NLL+4NLO cross sections, that together
produce the stabilized scale behavior in the upper panel with a large plateau in particular at
NLL+NLO.

We observe similar results in Fig. [6.13] where the gluino mass has been set to 3 TeV. For
this reason, most of the available phase space is close to the production threshold which leads
to a larger k-factor at central scale and to a reduction of the scale dependence for the cross
section at NLL+NLO accuracy. In addition, the expansion of the resummed cross section
to NLO approximates the full NLO cross section better compared to the results shown in
Fig. since the NLO cross section is now dominated by large logarithmic contributions
which explicitly depend on the factorization and renormalization scale. In particular for
higher scale values we observe a perfect agreement, whereas for decreasing scale values the
discrepancy increases. This mainly originates from the factorization scale dependent terms (see
lower panel), since the independent renormalization scale variation shows a perfect agreement
over the whole scale range. Here, the reason is again mostly the gluon initiated processes,
which become more dominant for lower factorization scale values due to the then increasing
relevance of the gluon PDF.

6.4.6 Gluino mass dependence of the total cross section

Since the gluino mass is unknown, it is interesting to compute the total cross section for
associated gluino-neutralino production as a function of the gaugino or gluino mass. In this
section we focus on the latter, whereas the former will be addressed in the following section.

The total cross section for the gluino mass dependence is shown in the upper panel of
Fig. As expected, the cross section falls steeply with the gluino mass from 3 to 0.01
fb in the range mg € [500,3000] GeV. With integrated LHC luminosities of currently a few
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Figure 6.12: Total cross section for the process pp — §x9 at the LHC with a center-of-mass energy
of V'S = 13TeV at NLO (green dashed curve), NLL+NLO (red full curve) and after the re-expansion
of the NLL result to NLO (blue dotted curve). We vary the renormalization and factorization scale
together (upper panel), only the renormalization scale with fixed factorization scale (central panel)
and vice versa (lower panel) around the central scale ficentral = (Mg + mgg)/2. For the PDF we use
CT10NLO and for the benchmark scenario BP II.
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Figure 6.13: Same as in Fig. but with mz = 3.0 TeV.
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fb~! and in the near future of a few 100 fb=! at /S = 13 TeV, these cross sections will soon
be observable. It is expected that in the high luminosity phase of the LHC an integrated
luminosity of 3000 fb~! can be reached and even larger gluino masses can possibly lead to
observable events, whereas the direct strong production of gluino pairs may kinematically no
longer be accessible.

As the lower panel of Fig. shows, the NLO scale uncertainty (green band) on the
total cross section of £10% at 500 GeV decreases only slightly towards higher gluino masses.
This is in sharp contrast to the NLL+NLO prediction (red band), that has already a smaller
scale error of £7% at 500 GeV and that becomes much more reliable with an error of only
a few percent at large gluino masses. At the same time, the NLO cross section is increased
at NLL+NLO by 7 (black line) to 20% for gluino masses of 3 to 6 TeV (not shown here),
respectively.

3 T T T T ]
LO mmmm _
NLO ===
14 NLL + NLO === -
)
©  0.1F
0.01
R (NLL + NLO) /NLO ——
= 1
o
0.9 1 1 1 1
500 1000 1500 2000 2500 3000
mg~ (GeV)

Figure 6.14: Upper panel: Total cross section for the process pp — §x9 at the LHC with a center-
of-mass energy of VS = 13 TeV in LO (blue), NLO (green) and NLL+NLO (red) as a function of
the gluino mass. Lower panel: Corresponding relative scale uncertainties and the NLL+NLO/NLO
r-factor (black line).

In the previous section we have observed that for heavier gluinos the relevance of the
threshold enhanced terms is increased and the expansion of the resummed result up to NLO
leads to a good approximation of the NLO cross section. This behavior is substantiated in
Fig. [6.15], where we compare the gluino mass dependence of the expansion to the full NLO
cross section. At a gluino mass of 500 GeV the discrepancy is still 20% since the threshold
enhanced terms are not dominant yet. Here, the difference originates mainly from the gluon
initiated channels. Due to the lower mass of the gluino compared to most of the squarks, the
latter can be produced on shell leading to a sizable contribution to the on shell remainder.
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Figure 6.15: Upper panel: Total cross section for the process pp — g9 at the LHC with a center-of-
mass energy of v/S = 13 TeV in NLO (green dashed) and the resummation result expanded to NLO
(blue dotted) as a function of the gluino mass. Lower panel: Ratio of resummation result expanded to
NLO to the full NLO cross section.

This changes at a gluino mass of 2.5 TeV, where this resonant region is now kinematically
forbidderﬁ and furthermore the distance to the production threshold is reduced. By increasing
the gluino mass the discrepancy decreases further to 1.2% at 3.5 TeV.

6.4.7 Gaugino mass dependence of the total cross section

Similarly to the gluino mass dependence, the total cross section falls steeply by increasing
the gaugino mass. The mass of the second lightest neutralino does depend on the SUSY
breaking parameters My, Mo, p and tan 3. Only after a diagonalisation of the neutralino
mass matrix with the mixing matrix N one obtains its physical mass. Hence, we vary the
bino mass parameter M7 instead, which fixes immediately also the wino mass parameter My
through the GUT relation My ~ 2 M; (see Sec. .

In the upper panel of Fig. we show the dependence of the neutralino mass eigenvalues
on the gaugino mass parameter Ms. The mass eigenvalue of the second-lightest neutralino
increases linearly with My up to My = p = 773 GeV, where a typical avoided crossing occurs.
At higher values for My its eigenvalue remains constant and the mass eigenvalue of ¥ depends
linearly on Ma. The mass eigenvalue of the lightest neutralino increases linearly over the whole
M, range, whereas the mass eigenvalue for Y3 does not change. Accordingly, the decomposition
of X3 (lower panel) changes from wino-type (large mixing matrix element Nao, red curve) to

8Note that the other resonant region, where the squark decays into the neutralino and a quark or antiquark,
is still kinematically allowed.
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higgsino-type (large mixing matrix elements Nog and Noy, yellow and blue curves). Both
features will of course influence the production cross section of the process pp — §x3.
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Figure 6.16: Dependence of the neutralino mass eigenvalues (upper panel) and mixing matrix elements
of the second-lightest neutralino (lower panel) on the wino and bino mass parameters My ~ 2 M;. All
other Higgs and soft SUSY-breaking parameters have been kept fixed and set to the values of our
benchmark scenario.

In Fig. we show the dependence of the cross section on the wino mass parameter Mo.
As expected, it falls exponentially as long as the physical mass of X3 changes. For My > p,
the neutralino becomes higgsino-like and couples mostly via quark Yukawa couplings, hence
the cross section falls even faster than before, despite the fact that the gaugino mass remains
constant. Interestingly, for My > 1150 GeV the cross section starts to increase which is due to
the slightly increasing bino component (see Fig. [6.16]). The scale uncertainty is drastically
reduced by going from LO (blue shaded band) to NLO (green shaded band). As long as the
mass of the neutralino increases, i.e. until My = u = 773 GeV, the scale uncertainty of the
NLO result increases due to the rising contribution of the large logarithms. Beyond this value
of M> the scale uncertainty remains constant, as expected, since the distance to the threshold
does not change. Going from NLO to NLL+NLO (red) results we observe a similar trend of
the scale dependence, but on a much lower level. To be specific, it rises only from +1 to £3%
compared to a scale dependence at NLO that rises from +3 to £6%. The s-factor (black line)
increases also with Ms from 1.02 to 1.07.

6.4.8 Parton densitiy uncertainty of the total cross section

Finally, we analyze the PDF uncertainty. In contrast to the scale uncertainty which is expected
to reduce due to the resummation of large logarithms, the PDF uncertainty is normally not
improved by this procedure. For the computations of the PDF uncertainties we employ
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Figure 6.17: Upper panel: Total cross section for the process pp — g9 at the LHC with a center-of-
mass energy of v/'S = 13 TeV in LO (blue), NLO (green) and NLL+NLO (red) as a function of the
wino mass parameter Ms. The bino mass parameter has been varied simultaneously using the GUT
relation My ~ My/2. Lower panel: Corresponding relative scale uncertainties and the NLL+NLO/NLO
k-factor (black line).

Egs. and for the Hessian-like PDFs and compute the standard deviation as
explained in Sec. for the NNPDF-like PDFs. We remark that we observed no significant
difference between the PDF uncertainties for the NLO and NLL+NLO results. We compute
the PDF uncertainties for the NLO cross sections and study them together with the NLL+NLO
results obtained with the central fit. As our method for the transformation of the PDFs to
Mellin space is not yet satisfying for NNPDF-like PDFs,; we estimate the NLL+NLO result
using the x-factor method explained in Appendix

In Fig. we show the dependence of the PDF uncertainties for NNPDF30 [105],
CT10NLO [97] and MSTW2008NLO90CL [I03] on the gluino mass. All results have been
normalized to the cross section obtained by the central fit of CT1IONLO. As one can see,
the estimates by the three groups overlap to a large extent. The central cross section for
MSTW is the largest, which is due to the larger value of the strong coupling. To be specific,
as(Mz) ~ 0.120 for MSTW and as(Mz) ~ 0.118 for the two other PDFs. For the two
Hessian-like PDFs we find an asymmetric uncertainty band, whereas for NNPDF30 it is
symmetric due to the symmetric standard deviation. At low masses of the gluino the three
individual PDF uncertainties are still relatively small and comparable to the scale uncertainties
with about +5%. In contrast to the scale uncertainties, they increase rather than decrease
with the gluino mass and reach an uncertainty of +20% at 3 TeV. This is due the fact that the
PDFs are much less constrained at large than at intermediate values of the parton momentum
fraction x. The increase of the uncertainty towards larger x is less pronounced in MSTW2008
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Figure 6.18: Relative PDF uncertainties of the total cross section for the process pp — §x3 at the
LHC with a center-of-mass energy of v/S = 13 TeV in NLL+NLO. The uncertainties are shown for
three different PDFs, CT10NLO (red), MSTW2008NLO90CL (green) and NNPDF30 (blue), as a

function of the gluino mass mg.
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Figure 6.19: Same as in Fig. [6.18) but uncertainties are shown for CT14NLO (red),
MMHT2014NLO118 (green) and NNPDF30 (blue).
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and more pronounced in NNPDF30. It will therefore be interesting to study the impact of
threshold-improved PDFs in future work, as it was done for squark and gluino production
[154, 57].

We show similar results in Fig. but for two newer PDF fits, namely CT14NLO [107]
and MMHT2014NLO118 [I55]. As the MMHT2014NLO118 PDF set is only available for
a 68% and not for a 90% confidence level, the corresponding error must be multiplied by
the standard factor of 1.645 for compatibility. By comparing the results of CT10NLO and
CT14NLO, we find only a small reduction of the PDF uncertainty, if at all. While the PDF
uncertainty of MMHT compared to MSTW is rather similar in the low gluino mass region,
it changes drastically in the high mass region. To be specific, the PDF error is reduced by
a factor of two. The possible reason is that scaling the 68% confidence level band by the
standard factor of 1.645 underestimates the PDF uncertainty, especially in the high z-region,
where the PDFs are much less constrained. Moreover, the central value of the MMHT gets
smaller in the high z-region, compared to CT14NLO, NNPDF30 and MSTW.

We remark that the scale uncertainties computed in the previous sections and the PDF
uncertainties computed in this section are independent and therefore usually added in quadra-
ture. Besides, the uncertainty on a, should be taken into account as well to get a reliable
estimate of the total theoretical uncertainty.



7 Conclusion

In this work we have updated the precision predictions for slepton pair production and
associated gaugino-gluino production at the LHC by including resummation effects. First, we
have discussed the theoretical background of perturbative QCD, the MSSM and of resummation
in order to apply resummation techniques to these two processes.

Simplified models, which are now widely used by the experimental collaborations, have
been used as the benchmark scenario for our predictions of direct slepton pair production.
These models allow for a more feasible parameter space of the corresponding SUSY sector
of the MSSM and the production cross section depends only on a few physical parameters.
The inclusion of dominant logarithmic terms reduced the renormalization and factorization
scale uncertainties of the total cross sections. For slepton masses of the O(1 TeV) we pointed
out that NNLL terms should be considered in the future. To study the impact at full NNLL
accuracy the second order hard matching coefficient of the direct slepton pair production
should be added and the complete NNLL result should be matched to a full (or approximate)
NNLO computation. As in our simplified models SUSY-QCD corrections are negligible, these
computations will be very similar to those of the DY process. Investigated PDF uncertainties
for the PDF sets CT10NLO, MSTW2008NLO90CL and NNPDF23 overlapped to a large
extent. For slepton masses of 500 GeV we found a PDF error slightly below +10% at a center-
of-mass energy of v/S = 8 TeV. When increasing the slepton masses, the PDF uncertainties
increase due to the fact that PDFs are much less constrained at large values of the parton
momentum fraction x. The updated results were then employed in a combination with
modern Monte Carlo techniques in order to reanalyze ATLAS and CMS searches for direct
slepton pair production in the light of simplified models. We focused on a signal of two high
energetic leptons and missing energy. For our analysis we made different assumptions for the
composition of the sleptons and their decay products, the lightest neutralino. As expected,
the visible cross section is independent of the neutralino nature. By reanalyzing ATLAS
results we derived mass limits for left-handed (right-handed) selectrons of 175 GeV (150 GeV)
for almost massless neutralinos by an integrated luminosity of 4.7 fb~! of the 7 TeV LHC
data. The difference for the limits in the left- and right-handed case originates from the larger
production cross section of left-handed sleptons. Due to different detector acceptances for
different lepton flavors we found different exclusion limits for the second generation of sleptons.
Left-handed (right-handed) smuons are excluded for masses below 220 GeV (180 GeV) for
massless neutralinos. No mass limits have been derived for the third generation of sleptons,
because of the complicated tau reconstruction together with small signal cross sections. In
contrast to the ATLAS searches, CMS did not distinguish between selectrons and smuons. In
our reanalysis we found that left-handed (right-handed) first and second generation sleptons
are excluded for masses up to 310 GeV (250 GeV). For a compressed SUSY spectrum we lost
all sensitivity due to too soft and therefore undetectable leptons and no exclusion limits could
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be derived. With the data of the 13 TeV run of the LHC we expect that stronger constraints
can be made in the future.

Furthermore, we have presented a threshold resummation calculation at the NLL4+NLO
accuracy level for the associated production of gluinos and gauginos at the LHC at a center-
of-mass energy of 13 TeV. In contrast to the direct slepton pair production, this process is
of intermediate strength, since both the electroweak and strong couplings are involved in
the computation of the Born cross section. This process might become phenomenologically
relevant should the gluinos prove to be too heavy to be produced in direct pair production at
the LHC. This scenario is not unexpected, if one imposes the GUT relation for the gaugino
mass parameters which predicts My = My/2 = M3/6 after renormalization group running at
the weak scale. We performed an independent recalculation of the full NLO corrections, which
we generalized to the case of non-universal squark masses. For our benchmark scenario, where
the squark masses span a wide range, we found a maximal discrepancy of 5% compared to the
approximate NLO computations obtained by PROSPINO2.1 for non-degenerate squark masses.
Our update of the fixed order computation matched to resummation at the NLL accuracy
required the computation of the process-dependent soft anomalous dimension and the hard
matching coefficient function, which we could show to be consistent with each other. The then
obtained resummation of NLL contributions increased the NLO cross section at large invariant
mass by up to 10%. The total cross sections at central scale values have been increased due to
threshold resummation by 7 to 20% for gluino masses of 3 to 6 TeV. Similar to the sleptons,
we found a stabilization of the factorization and renormalization scale dependence. While the
scale uncertainties reduce at higher masses, the PDF uncertainties increase, as expected. It
would therefore be interesting to study threshold improved PDFs in the future.



A Feynman Rules

In this chapter we list the Feynman rules which have been used for the computations of the
associated gaugino-gluino and direct slepton pair production up to NLO in «,. The couplings
have been generalized as shown in Fig. The explicit expressions for the coefficients are
stated below and are based on Refs. [156, [7]. We remark that we have adapted these couplings

o ; (]ILL\P<P<P<P<’Xk‘ qlaka
+ i(LypPr+ Ry Pr)0sa + i(L1jiPL+ RijkPr)oug
N N
gl djs djs
QGQJl) /(j§<p2>
—Z'gb.< )Tiu 195 £1JPL + R[7PR Tm 10 ﬁ]]PL + R]]PR)
~*I i |
94 s s
Jia , q/(i
N 7
N v
N 7
PEaIN (Xijribapdns + Yijri0asOpy + Zijk10ar0ss)
” N
7 N
Ny
QA d;p
qiq, lj]d
ieCijr(pl — ph) —iey" (L1 Pr + Rk Pr)0sa

Figure A.1: Generalized Feynman rules for the vertices. All momenta are directed into the vertex.
The arrows describe charge and fermion flows. Greek letters «,3,y and § denote color indices of the
fundamental representation, whereas 1 denotes a Lorentz index. Latin letters a,b and ¢ denote color
indices of the adjoint representation, I and J are generation indices, i and j label different sfermion
states and k labels different neutralinos, charginos or electroweak gauge bosons.

to Refs. [24] [I57] in order to read the needed parameters directly from input files in the SUSY
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Les Houches Accord (SLHA) format. The primed and unprimed couplings are related to each
other, e.g. L'r; =Ry, ,R'1j = L},

Quark-antisquark-gluino

The coefficients for the coupling between a quark of generation I, an antisquark j and a gluino
are given by

Ri} = \@S?(IM) ’ q* ~V251 Sirs (A1)

where ¢ = u,d denotes the quark type and S9 is the squark mixing matrix rotating the mass
eigenstates to interaction eigenstates (see Sec. [2.3.4]). We recall that these are in general
matrices in generation and left- and right-handed space which act on mass eigenstates like

fa (U17017t17u2,02,t2 (see Eq. .

Quark-antisquark-neutralino/chargino

The coefficients for the coupling between a quark ¢y, an antisquark q;f and a neutralino )22 are

—€ I ot *
L;Ia;;(k \[CWSW (3Nk1sw+Nk20W) Yo Sitr+3)Nea (A.2)

2v/2e
/ = o Sir5 Vi1 = Y, ST Nia (A.3)

~%.c0
UIt ;X 3ew

o —€ S (
dIdJ*';(k \fCWSW 3

_\/§€ - -
/ _ d I ad
Rd,d 2= 3o Sitr+3) Nk — Y4 Sj1Nes (A.5)

Niysw — Nigew) — YdISg(I—i-?))NI::}? (A.4)

where ¢y = cos Oy and sy = sin Oy with @y being the Weinberg angle, S7 is the squark
mixing matrix, N the neutralino mixing matrix (see Sec. ) and YqI are the diagonal
Yukawa couplings

I I
em em,
v \/iSWMW sinﬂ d ﬂSWMW COSﬂ ( )
with tan 5 = vy /v1. For the charginos the coefficients read
L;IJ;X]C — < S Ukl + Yd S (J+3)uk2> KJI’ R Id* Y S JVkQKJI, (A?)
—€ Li * I ot *
L/dﬂl;f)(: = <$VV ;-‘JVM + Y S (J+3)Vk2> KJ], R&Iﬁ;Xz = Yd S}J‘JquKJ[, (A8)

where V and U are the chargino mixing matrices (see Sec. [2.3.3]) and K is the CKM matrix.
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Sfermion-antisfermion-electroweak vector boson

The coefficients for the coupling between a slepton ¢ (I), an antislepton j (J) and an electroweak
gauge boson k are

1

T ol 2
C[Z.[;w = 0ij, CZJ;Z = m (Si?SjI - 23W5z’j) ) (A.9)
-1 —1 T%

Here, S is the left- and-right handed mixing matrix for charged sleptons. For the squarks we
get

) en A

Caigsy = —Qf0ij0ap Cuurz = QSWO;BW <5%‘§ i~ 3512/1/52‘]‘) ; (A.11)
=0, ok od 7% 0 Ix od 2

Cudgw = Ty SSRGS Ciiyy = 5o (Sish—gotvb) . (A12)

where « and [ are color indices of the fundamental representation for the antisquark and
squark, respectively, S7 is the left- and right-handed squark mixing matrix and Q 7 is the
fraction of the electric charge of the squarks with flavor f.

Quark-antiquark-electroweak vector boson

For the coupling between a quark ¢7, an antiquark ¢y and an electroweak vector boson k& we
get the following coefficients:

Lg,q,y = Qf617, Ryq,v = Qf017, (A.13)
Lyya,z = 2S;CW(1 - gs%/vﬁu, Rua,z = %Vicw(—gsﬁv)éu, (A.14)
Lad,z = —QS;CW(l - %3%1/)51J7 Raya,z = _QSViCW(—;S%V)fsU, (A.15)
Lya,w = \/;SWK?‘]’ Ry,a,w =0 (A.16)

Squark-antisquark-squark-antisquark coupling

These coupling coefficients can be rather complex and contain parts proportional to the strong
coupling g, the electromagnetic charge e and the Yukawa couplings Yq] . For the associated
gaugino-gluino production they only enter the squark self-energy diagrams. However, for
non-mixing squarks these contributions get completely canceled after renormalization and
hence the explicit expressions are not needed. The interested reader may have a look at
Ref. [156].
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Propagators

In Fig. we state the analytical expressions of the used propagators in Feynman-t’Hooft
gauge.

1) Z(p-l-m)&ug

« _

[ > ® pzfm?
@ Vb —iguubap
€O00000000000® — 2

P

« B _ Mm’f
— —— > —— -0 p2op?

a b i(ptm)ig
©O0006000660% —  pP-m?
1% v —’l.gﬂl/

LAVAVAVAVAVAVAV BERNTET

Figure A.2: Feynman rules for propagators in Feynman-t'Hooft gauge. Momentum flow goes from
left to right. Index notation is the same as in Fig.

Here, m is the mass of the particle, p the four-momentum, « and 8 are color indices of the
fundamental representation and a and b of the adjoint representation.



B Virtual Corrections

In this chapter we present our computations of the self-energies and vertex corrections needed
for direct slepton pair and the associated gaugino-gluino production. For the analytical results
of the box diagrams we refer to [130].

Due to the fact that the gluinos and gauginos are Majorana fermions, we use for some
of the Feynman diagrams an arbitrary fermion flow bearing in mind some additional rules
which are given in Ref. [I58]. Furthermore, care has to be taken for the definition of s,
since we compute the virtual corrections in D = 4 — 2¢ dimensions. It has been shown that
in anomaly-free computations it is possible to use the anticommuting property {vs,7,} =0
and the relation Tr [y5y#~yYyP~7] = —4ie!P?, despite the fact that this scheme is in general
inconsistent [44].

All results are stated in terms of tensor or scalar integrals. The former can be reduced to the
latter by the so called Passarino-Veltman reduction. For the definition of the scalar and tensor
integrals we use LOOPTOOLS’ [I34] conventions. Before going to the actual computations
we address the common prefactor of the scalar loop integrals and show how to match it to
LoorTooOLS’ conventions. We define our generic scalar loop integrals as

D
Ir—/(;lﬂ)un“DI(q), (B.1)

where the factor y*~”, with p having the dimension of mass, has been introduced to keep
the dimension of the integral fixed in D dimensions and Z(gq) denotes the scalar integrand.
For the evaluation of the scalar integrals we use the LoopTooLs [134] library which uses a
slightly different convention:

= [ 50 irrg) (B.2)
iﬂD/QTF ’

with]
[(1—e€)?I(14+e¢)

rr =

I'(1 —2e¢)
2 2
=1—yge+ (77}1 — 5)62 + (9(63) ) (B.3)

'Note that the expansion of 1/T'(1 — ¢) gives the same result up to order O(e?).
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132 Virtual Corrections

For this reason, we need the following conversion factor in order to use the integrals of that
library:

I = (i(47r)_2+eTr) ILT

- €

_( i i(ye —ln(4n))
-~ \ 1672 1672

i(67% — 2 — 12y In (47) + 6 In(47)?)
19272

+ 62> Iy + O(e) . (B.4)
Here, we have expanded the prefactors for ¢ — 0 up to O(e?). As the maximal power of
divergence of the scalar integrals Iy is two, all further terms of the expansion vanish in the
limit € — 0. Usually, a whole factor (47)¢/I'(1 — €) can be factorized. Then the expansion of
the scalar integrals multiplied by the expansion of this prefactor gives rise to the common
finite parts In 47 — g which get subtracted in the MS-scheme. In RESUMMINO we multiply the
integrals I just by the factor i/(1672). After adding counterterms in the minimal subtraction
scheme we immediately obtain the finite result in the MS-scheme. By following this approach
a similar factor should be factored out in the expression of the insertion operator I in order to
obtain the correct finite terms after the cancellation of the IR divergences. However, in this
thesis we state the field renormalization counterterms in the MS-scheme and assume for our
analytical computations that the prefactor (47)¢/T'(1 — €) has been absorbed by the scalar
integrals Itp.

For the sake of convenience we do not always state the arguments of the scalar integrals
explicitly. They are the same as those of the self-energies or vertex corrections, unless stated
otherwise.

Self-energies

In this section we present the computations for the self-energy diagrams. We start with the
quark self-energy, followed by the squark and gluino self-energies.

To get the field renormalization counterterms in the MS-scheme it is useful to know the
UV divergent pieces of the following scalar integrals:

— — 1

TV[Bo] = A, UV(BI] = —3A,

_ 1 — 1

UV[BOO] = _EAp27 UV[DBOO] = _gAp27 (B5)

1
UV[Bu] = 3A.
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Self-energies of massless quarks

Figure B.1: Quark self-energy diagrams for QCD (left) and SUSY-QCD (right) corrections. The
momentum and fermion flows go from left to right.

Gluon-quark contribution:

dPq i%(—iguu)

_iz(gq) (pQ’Ovo) = /1’4_D(_Z-gsr7“ gﬂ)/ (27T)D 2 (_igsrnyg'y)

¢*(¢ —p)
_ arpa qu g
= PG (TT) 0y (2 D)/ (2m)P ¢%(q — p)?
ng
B Crd2(e 1)) By ()

Using the general decomposition in Eq. (3.30) we get

2
2$/gq) (p27070) = 897:2 CF(]- - 6)B1 : (B7)
By employing Eq. (B.5)) we obtain the field renormalization counterterm

g2Cp

162 (B.8)

52{53(1) - _

As the quarks are external particles we need to multiply the external spinors by the square
root of the propagator’s residue VR ~ 1 + 1/20R. According to Eq. (3.42) and by using
By (0,0,0) o'e (1/613 - 1/6UV) this yields

gs CF
1672

We remark that Eq. is IR divergent. It is also common to use the fact that B;(0,0,0) = 0,
but we prefer to keep the IR and UV divergences separately.

SR = Z5=C Ay (B.9)

Squark-gluino contribution:

dPq (L1iPL + R1iPr)(¢ + mg) (L} PL + R} Pr)
2

— i (9a) pQ,mZ’m%) _ M4—Dg§CF5a
wm; 7 @mp @ —md)((q—pP —m2)

q;
_ iggCF(Scw

6.2 (L1iPL 4 RriPr)(—pB1 + mgBo) (L} Pr + R, Pr)
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ig2Créa

— g 1652 24 (—ﬂBl (R[iﬁlh-PL + E[{RIHPR) =+ mgB()(E[iﬁ/[iPL + RliRiﬁPR))
- 2
ng CF(SCM"}/ / /!

= Yo Ln (~pBu(R1iLyPr + LR Pr)) (B.10)

Eq. (B.10) only holds for massless quarks because of the zero off-diagonal elements of the
squark mixing matrix. For the parts of the decomposition we get

9s CF

E‘L/(éﬁi)(p27m§7m§i) 7 BlRIZ b (B.11)
Gd 2C
25(941)(p27m527,m§i) - 91867:; Bi1L; /Iz ) (B.12)

This leads to the following field renormalization counterterms:

LGa) . 9:Cr L L@Ga) . 95Cr
0700 = —ZFRiLEA, §ZL9D } 0700 = 25 A,
2 2
R(§G;) _ 9;Cr R(j Z R(53;) _ 9:Cr
5Zq1(gq ) — —Wﬁlelle, (SZ 5Z (gq — —WA . (Blg)

Figure B.2: Squark self-energy diagrams.

Gluon-squark contribution:

_ 1o gh)Te WY + g¥\T®
—izgng)(p2,07m~ _ 4 D 251]/ g/U/ p q ) a'y][( p2 q ) fyﬁ]
’ ¢((q+p)? —mg,)

dPq ¢® +4q-p+4p°

4—-D 2
= — 1 P g2 Crapdi;
! 7] @m)P (g +p)? —m2)

- 716 52035 (Bl +4B"p, + 4p° By
g2Cré,
= TQﬁézJ (p Bi1 + DBy + 4p*(B1 + BO)) (B.14)
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Thereby, we get

Gi 2Cré,
S (p2,0,m2)) = 95’16#5” (p Bi1 4+ DBy + 4p?(By + Bo)) (B.15)

which leads to the following counterterms:

; 20
(029%)2m3, = 9136 5 Re ((p2B1 + DBoo + 4m2(B1 + By)) , (B.16)
pr=mg,
N 2
57098) _ 9:CF 5 (B.17)
w 82

The counterterms for ¢ # j vanish.

Gluino-quark contribution:

_ qr Tr[(ﬁlleL + R PR)TS, (¢ +mg)(LriPL + RiiPr)TS5(¢ _i_%)]
—i2 0 (p?m?2,0) = u4‘D92/ :
) 110G S (27T)D (q2 _ mg)(q +p)

o, Tr[ C1iPa -+ RiPL)(E], Py -+ Rl P+ gp)|
= —u""PgiCréag /
(4> =m3)(q+p)?

g Tr {(RhﬁleL + Ly /[‘PR)(q2 + W)}

=t Pt [ o @ = mD)a+ P
— A D20 s / dPq 3(Rull; + L1iR};)(4¢% +4q - p)
(2m)P (¢* —m; )(q +p)?
= ig‘g;gswmu -+ L1R7;)(p*(Bi1 + B1) + DBy) - (B.18)
This leads to
S (2 m2,0) = gsciéaﬁ (Rl + LriRY,)(p*(Biy + By) + DBy) . (B.19)

qr

The counterterms for ¢ = j are

2Cré;

g g
((5Z9 m~ = Z 587r2

m

Y Re ((Rh’ﬁ}j + LriRYy;) (0°(Bu + Bi) + DBOU)’pz_ 2 )

2Ck8;;
— gs F jR <(p2(BH—|-Bl)—|-DB(]0)

472

oz ) , (B.20)

Ll



136 Virtual Corrections

i 20
( iC (B.21)
For i # j we get
2
; 95CF
5Zz-(qu) T 8r2(m2 —m2) > (Ruill;+ LiR7;)A =0
q; qj qr
_ (ga)*
— 5700 (B.22)

This counterterm is only zero for zero off-diagonal elements of the squark mixing matrix.
Squark and gluon tadpoles: The remaining two self-energy contributions are the squark
and the gluon tadpole. The former gets completely canceled by the mass renormalization

counterterm and the latter is proportional to Ag(0) = 0 and hence vanishes as well [128].

Gluino self-energy

<(EQ) /—“\ /‘)"\

Figure B.3: Gluino self-energy diagrams. Fermion flow goes from left to right.

Squark-quark contribution: The first two contributions only differ in the charge flow. For
both contributions we fix the fermion flow going from left to right. The sum of both
contributions yields

—in @) (p2 ;2 2 ) = M4—D/(

dPq [QE(QZPL + Ry PR)TS(¢ + mg, ) (Lri P + Rri Pr)T},
qr’"""q;

D
27) (¢ = m2) ((g—p)? —m2)
N 95(LriPr + RriPR)TE, (¢ +mg, ) (LT, Pr + R,IiPR)Tabﬁ:|
(¢ —m2,) ((¢—p)2 —m2)

_ig3o”
3272

[(EQZPL + R Pr)(—pB1 4+ mq,; Bo)(L1i P + R1iPr)

- (L1:Py + RyiPr)(—pB1 + mag Bo) (L} PL + R'IiPR)}

—2my, Bo (L L1iPrL + R R1iPR) | - (B.23)
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This gives the following vector and scalar parts of the self-energy decomposition:

L@a) _ 9
quzfﬂ _ _Js ( IIZ-,C[i'FRIi‘CIIi)Bl’

3272
R(Gar) _ 93
EV q:q1) __ 32 2( Rh —+ ﬁIzRI'L)Bl s
L(G:iqr) 92
ES q:iqr1 = 16 2qu£I7,£I’LBO s
R(Giar) gz
Yo = ~ 162 5Mq, RTRr1iBo -

The mass and field counterterms are

2
(527(;{‘1) S Z 6er2 [Bl ('R/HEIZ‘ + R Ly + LRy + ,C]ﬂ?,/]i)

Gi,qr

q1 /‘Ei R,RZ:|
mg([zl+ Iv I) ’

2

L(G; Js
5Z§ (Gigr) _ _ = (R/HEH + Rh’»clli)A )

2

R(q; s

Summing over the internal quarks ¢y and left- and right-handed squarks §; yields

2

5Z~ (Gq) Z(;Z (Giqr) _ 12 2(nf_|_1)A
qi qr1
i . 2
5Z§(qq) _ Z 5Z§(‘1i‘11) = _1(‘;] 5 (ng+1)A.

Gi»q1
Gluino-gluon contribution:

—ixn99) (p?, m 0) =

2m)P (¢ —m2)(qg — p)?

i 2( ab
— 95(1607:2‘5) [(2 — D)(—p)B1 + DmgBo}

B zgsCAéab )
= oAl [2(e = 1)pB1 — 2(2 = )mg B

H4_D/(qu (gsfbdc'yu)(_igw/)i(ﬂ+m§)(gsfdac7y)

(B.24)

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)

(B.31)

(B.32)

(B.33)
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We get the following parts of the self-energy decomposition:

2
(g9) _ _95Ca
ZV = — 32 (e - 1)B1 , (B.34)
N 2¢
Eggg) - g§7T2A (2 - E)mgBo . (B'35)

The mass and field counterterms are

2
. 95Ca
52499 — s Re((e=1)B1+ (€= 2)Bo)yp_ye (B.36)
2
(39) _ _gsCA
621 = —0A. (B.37)

Vertex corrections

In this section we present the results of the vertex corrections. The momentum configuration
is defined in the left Feynman diagram of Fig. [B:4 The argument set of the resulting scalar
and tensor integrals is a = p?.p2,(p1 + pg)z,m%,mg,mg. Different contributions to a vertex
correction are labeled by the particles appearing in the loop. We remark that a sum over all
particles inside the loop is implied and hence not written explicitly. No top quark can appear
in the loop correction due to flavor conservation. Therefore, we set the quark masses to zero.
For the sake of convenience we do not show the indices of the coupling coefficients. They can

be inserted by using the Feynman rules of Fig.

Antisquark-quark-gaugino vertex

P P3

q+pr+Dp2

Figure B.4: Virtual correction diagrams for the antisquark-quark-gaugino vertex. All external

momenta are directed into the loop. The argument set of the resulting scalar and tensor integrals is

a = pi,p3,(p1 4 p2)?,m3,m3,m3. For the diagram on the left this leads to a = p2,p2,(pq +pg)?,m2,0,m?.
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Quark-gluon-squark contribution:

o [ 4P o (UPp A+ RPR)(—4)(97") (= = 2p2 — P1)u
A= / (27T)Dgs(T/Bo¢ Ta a) q2(q+p1)2 ((q+p1 _|_p2)2 _m(%)

dPq <q2 + ¢(2¢2 + p1)) (L'Pp + R'Pg)
2m)P g2(q + p1)? ((q +p1+p2)® - mg)

= CF56QQ§N4D/(

- 7
1672

92Crisa (C’“‘ + 7, CH (2P, + pl)) (L'Py, + R'Pg)

.9
1672

Cr (O + 7,C*(2p, +p,) ) A©). (B.38)

Here, A®) =i (I'Pp, + R'PR) §go denotes the LO vertex (see Fig. |A.1)). We remark that this
contribution is IR divergent and contains 1/err poles.

Squark-gluino-quark contribution: For the sake of convenience we use the abbreviation
Iy =CL P+ CEPR for the vertices, where ¢ denotes the external particle going into the loop.
In addition, we define I', := C};LPL + C’EPR and fix the fermion flow in such a way that it is
aligned with the charge flow of the external quark.

A— 47D/ qu QQC’F (’LFX)Z(g +p1 +p2)(2Fq)Z(g +¢1 + mg)(ZFq)Z
CmPT T g m) ((a+p1)2 =m2) (a+p1+p2)?

_ _,4-D dPq 208 Fﬁrlq(ﬁ + P +¢2)(¢ +p, + mg)ly
H /(2TF)D93 F ﬂa(q2_m§,) ((q —|—p1)2—m§) (q+p1+p2)2

—1
— s Cr Bl ST [ O (e} + (9, + ma)y)

+C° (p% PPt mg(pl +¢2)) ]F‘I

2
= 1679:2 CrAY (R'Pp + L' Pg) [C““ + O (2p1 + (B + m5) )

+C° (p} + pop, +my(p, +9,)) } (L'P,+R'Pg) . (B.39)

Here, {u,p,} = 2p1, is the anticommutator and A©) is the LO coupling. This diagram is IR
finite.
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Antisquark-quark-gluino vertex

Figure B.5: Virtual correction diagrams for the antisquark-quark-gluino vertex.

Quark-gluon-squark contribution: This vertex correction is similar to the result in Eq. (B.38)).
We only have to adapt the color factor and the coupling coefficients. This yields

_ ¢ 2 armbra
A= Jpg6s [TTT°] (O +2C"(2p, + p,)) (L'Pr + R'Pr)
. —Tb

b2 TBa (o m , ,
16727 20, (CH¥ 4 3uC™(2p, + p,)) (£'PL + R Pr)

g2
" 167220

(Crr + 7. (2p, +p,) ) A (B.40)

Squark-gluino-quark contribution: By adapting the color factor we can reuse the result in

Eq. (B.39). This yields

2
1
= 1g;2 EA(O) (R/PL + E'PR) [C’W + CH (2p1u + (p2 + mg)’yu>

+CO (0 -+ pyp, + malpy + )| (€PL+RPr) (B.41)

Gluon-quark-gluino contribution:

V(g + Py + Py +mg) (L' P+ R Pr)(d + p,) v
g+ p1)? ((a+p1 +p2)* — m?)

A= 4—D qu 2 (—i)[fbb/a b T ]
=W 27T)Dgsgs Ba’+a'a

(

4—D/ %, Tga0A7ﬂ(¢+p1+1¢2+m§)(¢+p1)7ﬂ(£/PL+R/PR)
( e

2m)" 2 ¢*(q +p1)? ((q+p1 + p2)? — mf,)
~ T C
? & A vV v
= 163020 O OV, )+ (y + mg)w) + COWE 4 popy 4 pym)]

X VM(KIPL + R/PR)
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1 C vv 14
= Toa9i 5 1" [+ O (2pa + Py +vmy) + OO0 + popy +pymg) | b
(B.42)

This diagram is IR divergent and contains 1/e;g and 1/ e% R Poles.

Gluino-squark-gluon contribution:

A_ o [ 47 e v (=")i(—g + mg)i(L' Py + R'Pr)(—i)(q + p1 — p2)u(—1)i
/(2 )Dgsg 7 Tl (¢ —m2 )((q+p1) 3) (q+ p1 + p2)?

—tn [ 00 Tso (¢, — ) = ms)(L'Pr + R'Pr)
(2m)P7 20, (2 — m2) ((q 4 p)?— mg) (g +p1 + po)?

i Cy
~ 1672 ngagsgs (CW + Cﬂ(% Py mg) Y + Comg(% - p2)) (L'Pp+ R'Pg)
93CA (o o "
= L2 (O 4 P (p, — p, — ma)y+ Coma(p, — p) A (B.43)

This diagram is IR finite.

Quark-antiquark-electroweak vector boson vertex

4

Figure B.6: Virtual correction diagrams for the quark-antiquark-electroweak vector boson vertex.

Gluon-quark-quark contribution:

. dPq V(g + p, + P )V (LPL +RPR) (¢ + p,)7"

A = D/(z D 5¢95Crdsa 1 (qip1)2(q+p1 + p2)? :
e dPq Yo(d + P, + P)7" (¢ + p,)y" (LPL + RPR)
=-u D/(2 )DeggCFdﬁ“ 1 (qipl) Q+1PI + p2)?

__M4,D/ dPq L og 2050 Yo' Y (q + p1 + p2)?(q + p1) y (LPL + RPg)
B ?(q+p1)%(q + p1 + p2)?
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g:Cr

— W%%A(O)Mﬂ’fyv [C;} + Cp(p1 4+ p2)” + CPp1y + Col(p1 + p2)Pp1p,]} . (B.44)

This diagram is IR divergent and contains 1/e;z and 1/€7, poles.

Gluino-squark-squark contribution:

M = P g2eCo5,CF

/ dPq (2¢" + 29! + ph) (LPL + RPr) (—f +mg) (£'PL + R'PR)

1T P2
(2m)P (q2 — m%]) ((q +p1)?— mg-) ((q +p1+p2)? — m?j)
ig2eC

= g2 Crosa (LPL + RPR) [% (2C* 4 C” (20} + 15))

—2mzCH — my (2]9"1‘ + pg) Co} (£/PL + R/PR) . (B.45)

This diagram is IR finite.



C Plus-Distribution

The plus-distribution is defined by its action on an integrand as

1 1
[lgt@), f@de = [ g(a) (f(a) - £ da (1)
0 0

and can be represented as [38, Eq. 4.73]

1-p
9@, = lim | g(@)0(1 ~ B~ 2) (1~ -2) [ g(w) (c2)
0

This distribution is often introduced after the cancellation of the IR divergences among the
virtual and real corrections (see Sec. [3.2). We encounter it in terms of the collinear remainder,
which contain diagonal parton splitting functions. If we have massive final state particles the
lower integration boundary will not be zero, but z = (m1 +m2)?/s, where m; and ms are the
masses of the final state particles and s is the invariant mass of the initial state. Hence, we
have to subtract a finite term in order to make use of the definition of the plus-distribution.
This leads to
1
[ls(@)
z

z

o)de ~ [ lg@)sf(z)da

0

O\H

z

9(@)[f () ~ F)dr — [ g@)f(1)da. (€3)

0

I
o —__

The subtraction term can lead to complicated integrals which often contain the dilogarithmic
function Liy defined as

Lig(z / dt In(1 —t)/t = Z KR (C.4)

k=1

For instance, in the insertion operator K we encounter the integral

/OZ 2 ln<1;$>dz:7;2—1n2(1—z)—2Lig(1—z). (C.5)

1—=z
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D Mellin Transform of the PDFs

In order to use the resummation formula in Eq. (4.17) we need the Mellin transforms of
the PDFs. These are obtained by fitting the functional form used by the MSTW [103]
collaboration

flx) = Agz™ (1 — 2)™ (1 + A3V + Agz + A5$% + Agz® + A7x%) , (D.1)

to the parameterizations tabulated in z-space. Eq. (D.1]) has the advantage that it can be
transformed analytically with the result

1
F(z) = Aol (y) [B/(Al + N,y) + A3B’ <A1+N+2,y> + A4B (A1 + N +1,9)

3 5
+ AsB’ <A1+N+2,y) + AgB' (A1 + N +2,y) + A;B’ <A1+N+2,y>] , (D.2)

where y = Ay + 1 and B/(z,y) = B(z,y)/T'(y) = I'(z)/T(x + y). Here, B and T" are the
Euler beta and Euler gamma functions, respectively. In Fig. [D.I] we present our obtained fits

T H ! u vdlence qUark pdf + i ! ! ! ! " uvalence qlark pdf’ +
L “H‘H‘H‘H-H—H-H.F ° guar gdi b HIHIHW s guark gdf o
01 H—\-H-H.H_M gluon pdf /10 O 0 Py, gluonpdf /10 O
. Pk cquark pdf A . b cquark pdf A
i H‘H=LH_ u valence quark fit Feby u valence quark fit
™ s quark fit o s quark fit
0.01 *%:h_gluon fit /10 —— 0.01 | 1""% gluon fit / 10 ——
“H,C quark fit ", © quark fit
= s = y
= 0.001 = 0.001 .
x ", x H,
g H
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Y
+ i
1€-05 e o oo PEy Ry + - 1€-05 bo oo TR THR I
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Figure D.1: Upper panel: Momentum distribution of MSTW2008NLO90CL PDF at ur = 500 GeV
(left) and gy = 3500 GeV (right) for the up valence quark, the strange and charm sea quarks and the
gluon as points and their corresponding performed fits as solid lines. Lower panel: Ratio of the fits to
the PDFs.

for different partons using the MSTW2008NLO90CL PDF and factorization scale values of
pr = 500 GeV (left) and pup = 3500 GeV (right). We observe a very good agreement for z
values up to 0.7. The ratio (lower panel) starts to get worse for higher . However, in this
region the momentum distribution has already dropped to a value below 10~ and hence this
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discrepancy is negligible. We obtain similar results for CT10NLO fits (see Fig.|D.2)), even
though they use an ansatz including an exponential function. We have also verified that we
obtain good fits for the more recent CT14NLO and MMHT2014NLO118 PDFs.

The fits to the NNPDF30 PDFs are depicted in Fig. [D.3]and are less stable compared to
the previous ones. We find a large discrepancy in the large z-region for lower scales and in the
small and large z-region for higher scales. Further investigations are needed to improve these
fits. For instance, one could try to scan different weights or use another parameterization.
Since our fits for NNPDF-like PDFs are not satisfying yet, we use another approach: we
compute only NLO results and scale them with an (approximately PDF-independent) k-factor,
i.e. the ratio of NLL+NLO over NLO cross sections using stable (e.g. CTI0NLO) PDFs and
then multiply with it the NLO calculation convoluted with NNPDFs directly in z-space.

T T

u valence quark paf’

HHH b ' u valence qliark pdf'

S Qhark ot FEHH HH S guark gdf
Pty

b i gluon pdfk / 1d9
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Figure D.2: Same as in Fig. but using CT10NLO as the PDF.
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Figure D.3: Same as in Fig. but using NNPDF30_nlo_as_ 0118 as the PDF.

There are also other approaches like a numerical Mellin transform of the PDFs which is
discussed in Ref. [69]. This method could be used in the future as it has been shown that it
also works with NNPDF-like PDFs. However, for the collinear improved resummation formula
where the DGLAP-equations are solved in Mellin space it is much more feasible to have an
analytical Mellin transform of the PDFs.
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