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Zusammenfassung

In dieser Arbeit untersuchen wir verschiedene Aspekte von Supersymmetrie Phdnomenologie
an Beschleunigerexperimenten.

Im ersten Teil wird der theoretische Rahmen erlautert: das Standardmodell der Elemen-
tarteilchenphysik, die Prinzipien von Supersymmetrie und das Minimale Supersymmetrische
Standardmodell (MSSM). Als nichstes geben wir einen Uberblick iiber die resultierende
Phénoménologie an Beschleunigern und im frithen Univserum.

Im zweiten Teil préasentieren wir eine Prézisionsstudie zur Produktion und dem Zerfall
von skalaren Quarks (Squarks) am Large Hadron Collider (LHC) im Rahmen des MSSM.
Dabei werden Strahlungskorrekturen zur néchstfiihrenden Ordnung berticksichtigt. Zunéachst
motivieren wir eine solche Rechnung und préasentieren neben technischen Konzepten einige
Details der Rechnung. Als néchstes untersuchen wir die Konsequenzen der berechneten Ko-
rrekturen fiir die experimentelle Signatur 2j + Fp(+X). Dabei nehmen wir an, dass die
produzierten Squark-Paare direkt in zwei leichteste, als stabil angenommene Neutralinos und
Jets zerfallen. Dies ist einer der wichtigsten Kanile fiir die Suche nach Supersymmetrie am
LHC. Speziell berechnen wir differentielle Wirkungsquerschnitte und vergleichen, wie sich
die Form dieser Verteilungen durch die zusétzlichen Quantenkorrekturen verdndert. Zuletzt
untersuchen wir eine weitere Signatur: 2j + 2] + Fp(+X). Hier wird angenommen, dass
die produzierten Squarks in ein leichtestes und ein zweitleichtestes Neutralino zerfallen. Das
zweitleichteste Neutralino zerfallt nun wiederum schrittweise iiber eine elektroschwache Zer-
fallskette. Fiir die sich ergebenden invarianten Massenverteilungen untersuchen wir erneut
die dominanten Strahlungskorrekturen. Solche Verteilungen sind speziell fiir zukiinftige Pa-
rameterbestimmung von grofer Bedeutung.

Im dritten Teil der Arbeit untersuchen wir, erneut innerhalb des MSSM, die dominanten
Beitrage zum Wirkungsquerschnitt hadronischer Paarproduktion von skalaren Taus (Staus).
Wir beriicksichtigen dabei speziell die auftretende links-rechts Mischung der Staumasseneigen-
zustdnde. Im Vergleich zu Vorhersagen, die ausschlieflich Drell-Yan Paarerzeugung beriick-
sichtigen, konnen zusétzliche, von uns eingeschlossene Beitriage diesen Wirkungsquerschnitt
um mehr als eine Grékenordnung erhéhen. Unter der Annahme, dass die produzierten Staus
langlebig sind, untersuchen wir phdnomenologische Implikationen unserer Rechnung, speziell
in Parameterbereichen, die auf Grund von kosmologischen Uberlegungen motiviert sind.






Abstract

In this thesis we investigate different aspects of supersymmetric collider phenomenology with
an emphasis on precision predictions for supersymmetric particle production and decay.

In the first part, we introduce the theoretical framework: the Standard Model of particle
physics, the concept of supersymmetry and the Minimal Supersymmetric Standard Model
(MSSM). Next, resulting collider and early-Universe phenomenology is discussed.

In the second part, we present precision calculations for combined scalar quark (squark)
production and decay in next-to-leading order (NLO) QCD at the Large Hadron Collider
(LHC) within the MSSM. First, the motivation and theoretical approach including computa-
tional details of such a combined calculation is presented. Second, an analysis of the signature
2j + Fr(+X) via squark-squark production and direct decays into the lightest neutralino,
which is assumed to be the lightest supersymmetric particle and hence stable, is presented.
Resulting differential distributions are compared with leading order (LO) approximations
rescaled by a flat K-factor and a possible impact on cut-and-count searches for supersymme-
try at the LHC is examined. Third, the signature 2j + 21 + Fp(+X) from squark-squark
production and decay into a lightest and a second lightest neutralino, with a subsequent elec-
troweak decay chain via an on-shell slepton, is investigated. The impact of NLO corrections
on resulting invariant mass distributions is highlighted. Such distributions can be important
for future determination of supersymmetry parameters.

In the third part, we present a calculation of the dominant cross section contributions
for hadronic scalar tau (stau) pair-production within the MSSM, taking into account left-
right mixing of the stau eigenstates. We find that b-quark annihilation and gluon fusion can
enhance the cross sections by more than one order of magnitude with respect to the Drell-
Yan predictions. For long-lived staus, we investigate phenomenological implications of our
calculation, in particular for parameter regions favored by cosmology due to the appearance
of exceptionally small stau yields.
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Chapter 1

Introduction

Supersymmetry (SUSY) [5-11] is a hypothetical additional symmetry of nature which can
solve several experimental and theoretical shortcomings of the Standard Model (SM) of par-
ticle physics. Actually, supersymmetry is the only non-trivial extension of the Poincaré group
of space-time symmetries |[12], the SM is based on. Indeed, despite the great success of the SM
explaining the electromagnetic, weak, and strong interactions of all known elementary parti-
cles in a consistent renormalizable quantum field theory based on gauge symmetries [13-22]
and predicting a new scalar degree of freedom — the Higgs boson [23-26], several unresolved
issues remain. Amongst others, for a Higgs mass of 125 — 126 GeV, as spectacularly observed
recently by the experiments at the Large Hadron Collider (LHC) |27, 28], the electroweak
(EW) vacuum of the SM cannot be absolutely stable [29] and an unnatural amount of fine-
tuning is necessary to explain such a light Higgs [30]. Furthermore, within the SM gauge
couplings do not unify at some higher scale, there is no possible explanation for the observed
dark matter in the Universe and the SM does not incorporate gravity — the fourth known
force of nature. These issues indicate that the SM should only be seen as an effective theory,
i.e. it explains precisely all phenomena at currently testable energies but has to be embedded
into a more fundamental theory at higher energy scales.

In a supersymmetric extension of the SM all of the aforementioned shortcomings can be
solved rather naturally. In particular, within the Minimal Supersymmetric Standard Model
(MSSM) and its (extended) two-Higgs-doublet Higgs-sectors |31, 132] the electroweak vacuum
is stabilized as the Higgs self-coupling is not a free parameter anymore. Furthermore, no (or
much smaller) fine-tuning is necessary as quadratic divergences are automatically canceled
due to new degrees of freedom [33,134]. In fact, under quite general assumptions the MSSM
predicts a Higgs boson mass at < 135 GeV [35], in agreement with the recently observed
state. In a SUSY theory all known particles of the SM get a partner with spin differing
by one half; the SM fermions get scalar partners and the SM gauge and Higgs bosons get
fermionic partners. In an exact supersymmetric Universe these partners would have the same
mass as their SM counterparts. Therefore, if realized in nature, SUSY has to be broken. Still,
for additional SUSY particles around the TeV scale renormalization group equations (RGEs)
are altered in such a way that gauge couplings unify in one point |36, 137]. Furthermore, in
many SUSY models the lightest new particle is stable due to an additional discrete symmetry
called R-parity and often a viable dark matter candidate. Finally, in a local supersymmetric
theory gravitational interactions can potentially be incorporated consistently.
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Unfortunately, up to now no direct hints for SUSY particles have been observed. Still,
the ongoing search for such particles is one of the prime goals of the current LHC physics
program. Indeed, for the first time the TeV scale can directly be probed. Due to the mentioned
properties of SUSY theories there are still high hopes to find direct evidence in the upcoming
run of the LHC, or already in the currently available data. Eventually, a future linear collider
will conclusively confirm or rule out TeV scale supersymmetry. A discovery would be a major
breakthrough with far reaching consequences also for our understanding of cosmology and the
early Universe. However, also a conclusive exclusion at the TeV scale would be a milestone in
the search program for physics beyond the Standard Model (BSM) in general. Furthermore,
given the LHC (or a future linear collider) observed evidence for BSM physics, nature and
parameters of the new theory would have to be determined.

From a theoretical perspective all these endeavors require, on the one hand, precise and
reliable theoretical predictions of production and decay processes of supersymmetric parti-
cles including higher-order corrections. In this way, experimental searches can be refined and
uncertainties, both for exclusion limits and future parameter determination, can be reduced.
On the other hand, due to the vast size of the SUSY parameter space, theoretical motivated
parameter regions and resulting signatures have to be identified. Also new techniques for
SUSY searches and for parameter determination have to be investigated. All of these goals
are subject of this thesis, which we organize into three parts.

In Part [l we introduce the theoretical framework of this thesis and give an overview over
relevant SUSY phenomenology.

In chapter 2] we first introduce the SM and elaborate on its success and shortcomings.
Second, we offer SUSY as a possible solution and introduce its concepts. Third, the MSSM
and its particle spectrum is introduced together with the idea of R-parity. Also possible
parametrizations are given. All calculations presented in the following parts of this work
are performed within the MSSM. Forth, we raise the issues of supersymmetry breaking and
supergravity. Here, unavoidably the gravitino is brought up as the supersymmetric partner
of the graviton.

In chapter B various phenomenological consequences of SUSY are discussed — both at col-
liders and for the early Universe. First, the currently most powerful collider, the LHC, is
presented. Second, an overview over possible signatures of SUSY at colliders is given. Here
(and in the rest of the thesis), we assume the lightest supersymmetric particle (LSP) to be
stable due to R-parity conservation and focus on two scenarios: 1) the LSP is assumed to be
the lightest neutralino (a mixture of the SUSY partners of the neutral gauge and Higgs bosons
of the Standard Model). This results in signatures with large missing transverse energy, as any
produced SUSY particle eventually decays into a neutralino which in turn escapes the parti-
cle detectors unobserved. 2) The gravitino (or another additional particles with suppressed
couplings outside the MSSM) is assumed to be the LSP, possibly rendering the next-to-LSP
(NLSP) to be stable, with possibly striking consequences. Third, collider phenomenology of
the colored, electroweak, Higgs and flavor sectors are discussed subsequently, with a focus on
important issues for the following parts of this work. Fourth, implications of the different
aforementioned LSPs as dark matter candidates and the early Universe are highlighted.
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In Part [Tl we present a calculation combining scalar quark (squark) pair production with
subsequent decays in next-to-leading order (NLO) of (supersymmetric) QCD at the LHC.

First, in chapter Ml the motivation and theoretical approach for such a calculation including
computational details of production and decay are presented. On the one hand, we present a
general discussion of different approximations for the treatment of unstable particles at higher-
orders of perturbation theory, where we focus on the narrow-width approximation (NWA) as a
limit of the double-pole approximation. In NWA the intermediate SUSY particles are treated
on-shell and the calculation of production and decay can be factorized. However, in this way
only a part of the full NLO corrections can be calculated. Therefore, we present a discussion
of the remaining so-called non-factorizable corrections. On the other hand, we present the
factorized fully differential NLO calculation of squark-squark production and separate squark
decay. Here, details on the treatment of occurring UV, soft and collinear divergences are given.
Also the strategy to avoid a possible over-counting of real quark radiation contributions at
NLO is discussed in detail. In our calculation of squark—squark production no assumptions
on the particle spectrum are made. In particular, all flavor and chirality configurations are
treated independently, as decays of squarks with different chiralities can have very different
decays.

Second, in chapter Bl we apply the discussed approach to squark-squark production com-
bined with two direct decays into a lightest neutralino, which is assumed to be the LSP and
hence stable. Final state gluons and quarks are clustered into partonic jets and, thus, we
investigate the experimental signature of 2 jets + missing transverse energy, 2j + Fr(+X),
via squark-squark production at NLO in NWA, where we assume the gluino (the fermionic
partners of the gluon) to be heavier than all light-flavor squarks. In our numerical evaluation
for different benchmark scenarios we investigate various differential distributions relevant for
current searches and future parameter determination. We demonstrate that at NLO scale
uncertainties of the differential distributions are considerably reduced. Afterwards, we com-
pare leading order approximations rescaled by a flat K-factor (defined as ratio between the
NLO and LO integrated cross sections) with our fully differential treatment at NLO. In this
way, we investigate corrections purely to the shapes of the differential distributions. The
numerical effect of these corrections depend on the differential distribution and parameter
point under consideration and typically are of the order of 10 — 40%, and thus larger than
estimated before |38]. In the same way, we investigate a possible impact on cut-and-count
searches for supersymmetry at the LHC. Here, differences between a flat K-factor and a fully
differential treatment can be as large as 30% for an uncompressed spectrum. On the other
hand, for a compressed spectrum the inclusion of initial state radiation is mandatory for a
reliable prediction.

Third, in chapter [6l we again employ the same approach and we investigate the experimen-
tal signature of 2 jets + 2 leptons + missing transverse energy, 2j + 21 + Ep(+X), at NLO
QCD via squark-left—squark-right production and decay in NWA. The right-handed squark is
assumed to directly decay into a lightest neutralino, which is again assumed to be stable. The
left-handed squark is assumed to decay into a second lightest neutralino, which subsequently
decays via an on-shell lepton in an electroweak decay chain emitting two opposite-sign-same-
flavor leptons and finally also a lightest neutralino. This decay chain is also known as the
“golden” decay chain, as it can be very important for determination of masses and spins of
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the intermediate SUSY particles from various invariant mass distributions. We highlight how
such a determination can be performed and investigate the impact of NLO corrections on
relevant invariant mass distributions for two benchmark scenarios. In particular, the issue of
jet-combinatorics in the presence of more than one final-state jet can only be studied systemat-
ically at NLO. Additionally, we analyze the impact on predictions of inclusive rates and hence
cut-and-count searches at the LHC using the 25 + 2] + F7(+X) signature and appropriate
experimental cuts. Here, differences between a flat K-factor (summed over all chirality com-
binations) and a fully differential treatment are smaller than 10% for the considered scenarios.

In this work we concentrate on the squark—squark channel. This should be understood
as a first step towards a fully differential prediction for all sparticle production channels at
NLO. It is, however, also of practical importance, since from recent searches at the LHC mass
bounds for squarks and gluinos are generically pushed to higher values and here squark—squark
production yields the dominant channel, as discussed in section

In Part [[TI] we present theoretical predictions for direct scalar tau (stau) pair-production at
the LHC focusing on scenarios with large left-right mixing.

First, in chapter [ we present our calculation independently of a possible longevity of
the produced staus. However, we highlight the relevance of parameter regions with large
stau—stau—Higgs couplings, which are motivated either for a long-lived stau from cosmological
consideration or for decaying staus to explain a possible enhancement in the branching ratio
BR(h® — ~7) compared to the SM prediction. In our calculation we include Drell-Yan
processes as well as b-quark annihilation and gluon fusion, where the latter two might become
important in the mentioned parameter regions with large stau—stau—Higgs couplings. Special
attention is given to mixing effects of the staus. In such a regime, the bottom—bottom—Higgs
vertex might receive large radiative corrections, which requires appropriate resummation. We
find in our numerical evaluation that b-quark annihilation and gluon fusion can enhance the
cross sections by more than one order of magnitude with respect to the Drell-Yan predictions
when the production proceeds via an on-shell heavy Higgs. In other regions the additional
gluon-fusion and b-annihilation channels can still be of the same order or even larger than
the Drell-Yan predictions.

Second, in chapter [§ we interpret our calculation for long-lived staus. We investigate the
effect of relevant experimental cuts in the different production channels and propose new
techniques for parameter determination. Within the constrained MSSM we compare direct
production with production from cascade decays. Furthermore, we link regions motivated
by cosmology due to an exceptionally small stau yield with distinct features at the LHC.
Focusing on such regions we present prospects for ongoing searches at the LHC.

Finally, we summarize and draw our conclusions in chapter [

Furthermore, in Appendix [Al details and analytical results of the individual NLO calcula-
tions of squark-squark production and decay are given. In Appendix [Bl relations for relevant
invariant mass distributions used in chapter [ are listed. In Appendix [C] constraints from
the potential occurrence of charge or color breaking minima relevant for chapter [ and [ are
explained.
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Chapter 2

Theoretical framework

In this chapter we want to specify the theoretical framework of this thesis. In section 2.l the
Standard Model is summarized and its success explaining available empirical data is high-
lighted — together with an overview of several theoretical and experimental shortcomings. In
section a solution to several of these shortcomings is offered: the concept of supersymme-
try. We sketch its general construction as an extension of the usual space-time symmetries
and elaborate in more detail in section 23] where we introduce the Minimal Supersymmet-
ric Standard Model. There, we introduce the particle spectrum of the MSSM at tree level
and concentrate on the sectors and couplings most important in this thesis. As discussed
below, supersymmetry cannot be an exact symmetry of nature — thus, it has to be broken.
In section 2.4] we introduce the concept of supersymmetry breaking and sketch most relevant
models. Detailed phenomenological implications of supersymmetric theories are discussed in
the following chapter Bl

2.1 The Standard Model and its problems

The Standard Model [13-19] is a highly predictive, renormalizble [20-22] and successful [39]
quantum field theory describing all known elementary particles and their strong, weak and
electromagnetic (EM) interactions. It is based on the principles of global Poincaré space-time
symmetry and local gauge invariance under the direct product SU(3)c x SU(2)r x U(1)y
of compact Lie groups. In the SM, matter particles — leptons and quarks — appear in three
families. They are chiral spin-1/2 fermions with different charges under the gauge groups.
Here, these fermions are described by left- and right-handed Weyl spinors, facilitating a super-
symmetric extension. In the SM literature often instead an equivalent Dirac spinor notation
is used. If charged, they transform in the fundamental representation of the corresponding
group. All left(right)-handed fermions are doublets (singlets) under SU(2)r; the charge Y
(called hypercharge) of U(1)y for all fermions is determined from validity of the Gell-Mann—
Nishijima relation, Q = I3 + % Here, @ is the electric charge and I3 the third component
of the isospin I, the generator of SU(2)r. In this way SU(2)r x U(1)y unifies quantum
electrodynamics (QED) with a weak theory into the electroweak Standard Model. Finally, all
quarks are triplets under SU(3)¢, the gauge group of quantum chromodynamics (QCD).

As all the gauge symmetries are local symmetries, corresponding spin-1 bosonic vector
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field spin  SU3)c SU2), Y
“ ¢ t 1/2 3 2 1/3
d S b
L L L
quarks UR CR tr 1/2 3 1 4/3
dr SR br 1/2 3 1 -2/3
- () () () 21 2 4
eptons ¢ ), m), T/,
E€R MR TR 1/2 1 1 -2
¢+
Higgs-doublet 40 0 1 2 1
L
Gy, 8 1 0
gauge bosons Wﬁ 1 3 0
B, 1 1 0

Table 2.1: Field content of the Standard Model together with corresponding spin, represen-
tation under SU(3)¢, SU(2)r, and hypercharge Y. Matter fields are shown in their SU(2)
representations.

fields have to be introduced. They transform in the adjoint representation of the respective
gauge group. Thus, there is the octet G}, of QCD, the isotriplet W; belonging to SU(2), and
the isosinglet B, of U(1)y. For these fields no gauge invariant mass terms can be formulated.
Thus, only the Gy, can directly be identified with the physical gluons. The EW subgroup
SU(2) x U(1)y has to be spontaneously broken to allow mass terms, as observed for the W=
and Z9 particles, in a gauge invariant way which thus does not spoil renormalizability. In the
SM this is achieved in a minimal way via the Higgs mechanism [23-26]. Here, an additional
spin-0 complex scalar SU(2)z-doublet field ® with hypercharge ¥ = 1 is introduced with a
potential that spontaneously breaks

SU(Q)L X U(l)y — U(l)EM s (2.1)

and in this way leaves the electromagnetic U(1)gm with the photon A, as a gauge field as a
symmetry of nature. All fields of the unbroken SM together with their spin and group rep-
resentations are summarized in table 21l Here, the subscript L /R denotes left-/right-handed
spinors. The left-handed lepton doublets are built out of left-handed electrons ey, muons ur,
taus 77, and corresponding neutrinos v;;. There are no right-handed neutrinos in the SM.
As already mentioned, also the quarks appear in three families: the up- v and down-type d
quarks of the first generation, charm ¢ and strange s of the second generation, and in the
third generation top ¢ and bottom b.
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2.1.1 Standard Model Lagrangian
In the following we formulate the dynamics of the SM, based partly on [40].

Classical Lagrangian
The Lorentz-invariant Lagrange density of the unbroken SM at the classical level reads
ﬁglf/[ssical = £gauge + ﬁfermion + £Higgs . (22)

The kinetic term of the gauge fields Lgayge is given by

1 a pv a 1 AN e 1 v
Loauge = _ZG "G, — ZW W5, — ZB“ B,,, (2.3)
with the field strength tensors
GS, = 0,G% — 0,GS + g fGhGE (2.4a)
Wi, = 0,Wi— 0,W), + g2 ""WIW} (2.4b)
B,, = 0,B, - 0,B,. (2.4c)

Here, gs = g3 and g9 are the coupling constants of the non-abelian SU(3)¢ and SU(2)1; fabe
and ;5 are respectively the structure constants of the corresponding Lie algebras.
The kinetic terms and gauge interactions of the fermion fields Lfermion on the other hand

follow from minimal substitution of partial derivatives 0, with gauge-covariant derivatives
D

s
. .Y
Dy = 0, +igsT*G), + ig2I'W), + zglngﬂ , (2.5)
and reads
Lrormion = Y 140" Dy}, + uly o# Dyuly +diy 0" Dyudiy + 136" D,y + €y 0" Dyuely .
=1
(2.6)

Here, g; is the coupling constant of U(1)y, T and I¢ are the generators of SU(3)c and
SU(2)1, respectively, and o, 5" are defined as o# = (12,0%) and 6* = (12, —0c'), where o'
are the usual 2 x 2 Pauli matrices. We sum over the three fermion generations. As already
mentioned for the gauge bosons, also for the fermions there is no way to write down a gauge
and Lorentz-invariant mass term for the fermions. As we will see in the following, in the SM
also fermion masses are generated by the Higgs mechanism.

The Lagrange density of the Higgs sector in the SM reads

£Higgs = (DM@)T(DMq)) - V(q)) + EYukaway (27)

where again in the kinetic term the gauge interactions are determined by minimal substitution.
The Higgs potential is crucial for spontaneous electroweak symmetry breaking and reads

V(®) = — 20T + 2(@*@)2 : (2.8)
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with z2, A > 0. Due to the negative quadratic term, minimization of the potential yields a
non-vanishing vacuum expectation value (vev), v = \2/—%, which results in the breaking (2.1])
— electroweak symmetry breaking (EWSB). We can now expand the Higgs field ®(z) around
this vacuum expectation value:

¢" (x)
)= (1o s i ) 29)
The real fields x°(z) and h°(x) and the complex field ¢*(z) have vanishing vev’s. Out of
these the fields x°(z) and ¢ (z) are unphysical degrees of freedom (d.o.f) of the spontaneously
broken theory — the would-be Goldstone bosons or Higgs ghosts. At the classical level they
can be rotated away by a gauge transformation, the so-called unitarity gauge, and only the
massive electrical neutral real scalar field h°(x) with mass mpo = V2u = % remains — the
Higgs boson. Applying the expansion (2.9]) together with the unitarity gauge rotation to
eq. (2.7), the gauge interactions give rise to mass terms for three of the four Wli, B, fields.
However, these mass terms are non-diagonal and particularly the unbroken fields are not
eigenstates of the remaining U(1)gm. After diagonalization, we find as physical fields the

massive Wﬂi, ZB and the massless A, as linear combinations of the unbroken fields,

1
Wi = 5(Wj W), (2.10)
ZB = cos 6?;/[11/1/[;S — sinfw B, (2.11)
A, =sin HWI/V;5 + cosOwB,, (2.12)

where the weak mixing angle 6y is defined by

92 my . g1
cos Oy = = sin Oy =

- Y T S5

Vit Mz Vi + 93
and the masses of WMi and ZS are given by my = %2 and myz = 5/ g7 + g3 respectively. The
electric elementary charge e is now related to the gauge couplings ¢g; and gy via e = —4L2_

Voitad

Finally, Yukawa couplings are realized in the Yukawa part Lyykawa of ([277), which emerges
automatically in the most general ansatz of a renormalizable, gauge- and Lorentz-invariant
theory including the SM fermions and the Higgs doublet,

(2.13)

3
Lyona = — 3 [yib(ab) @y +y5(ap) 0%y +yly() @), +he],  (219)
i,j=1

where ysz with f = {d, u,l} are the Yukawa couplings and ®¢ = io?®*. After EWSB quadratic
f _ v f
i — aYij
transformation with U Z?,;’L for the left-handed and U Z?,;’R for the right-handed fermions, yielding
the physical masses

mass terms for the fermions arise, m These can be diagonalized by a bi-unitary

3
_ v fLf (prhRYT U
myi = Uik Yiem (Umi > Aj s (2.15)
\/izhm V2
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with )\Zf being the Yukawa couplings in the mass eigenbasis. The transformation matrices UiJ;’L
and U Z.J;’R enter also in fermion-gauge-boson interactions as fermion gauge eigenstates do not
match mass eigenstates. However, due to their unitarity they drop out of interactions with
neutral gauge bosons and at tree-level flavor-changing neutral currents (FCNC) remain absent
in the Standard Model [41]. On the other hand, charged currents mediated by W*-bosons
connect up- and down-type fermions and a non-trivial mixing matrix, Voxy = USH(USE)1,
remains. This Cabibbo-Kobayashi-Maskawa (CKM) matrix can be parametrized by four
parameters, three angles and one complex phase, violating charge-parity conservation (CP).

Lagrangian at the quantum level

For a systematic renormalizble treatment of the SM at the quantum level (including higher
orders in perturbation theory) the classical Lagrange density .Cglffsml (22) has to be extended
by gauge fixing and corresponding Faddeev-Popov ghost terms [42],

Lom = LGz 1 Lo 4 Lanost » (2.16)

as the unitarity gauge becomes unfeasible at higher orders. Instead, we add gauge fixing terms
a la 't Hooft via

1
Loix = —5 (Fi+ F} +2F F- + Féu), (2.17)
with
1, 1 i
Fy = é_Aa Ay, Fge = g_ca Gl (2.18)
1 1 .
Fr= @ -maX),  Fe= g @WEEimeet o), (219

and arbitrary gauge fixing parameters 44" Conveniently, they can all be set to & = 1
(the 't Hooft-Feynman gauge). This also fixes the corresponding gauge boson propagators.
When applying this kind of gauge fixing, at the same time we have to add Faddeev-Popov
ghost terms to cancel unphysical degrees of freedom. These ghost terms read
_ oFe

'cghOSt = ua(x) 69[3(33) uﬁ(x) ’ (220)
with the unphysical scalar ghost fields uAZWEGE The term §F /667 (z) denotes the change
of the gauge fixing operators F'® under infinitesimal gauge transformations.

2.1.2 Success of the Standard Model

The Standard Model as sketched above is a very successful theory of elementary particle
interactions which passes many stringent high-precision experimental tests [39]. Here we
want to quickly summarize some of its key achievements:

e The electroweak standard model is the simplest renormalizable theory we know, that
explains in a consistent way all experimentally measured charged- and neutral-current
interactions in a unified framework with QED as low-energy limit.



12

Chapter 2 Theoretical framework

At the same time it predicted the massive W* and Z° gauge bosons before their obser-
vation in high-energy experiments at CERN [43-46].

The QCD part of the Standard Model successfully explains asymptotic freedom in terms
of the running of the strong coupling constant,

1
Bon(p?/Adcp)

as(p?) = g3 (u) /4w ~ (2:21)

with the one-loop QCD S-function, which depends on the SM particle content and is
given by By = —%(11 — %nf), with n; being the number of relevant fermions; Aqcp
is the (scheme-dependent) scale of QCD. At the same time quarks are confined into
hadrons within the parton model and thus form all known baryons and mesons. Various
experimental tests at different energy scales of deep inelastic scattering (DIS), jet cross
sections, and events shapes confirm this picture.

Particularly at the Large Electron-Positron Collider (LEP) at CERN, but also at the
Tevatron at Fermilab and the Stanford Linear Collider (SLC) at SLAC, many high-
precision tests of electroweak precision observables (EWPO) were performed which are
all in good agreement with higher-order predictions of the Standard Model, see ref. |47]
and references therein.

These EWPO observables allowed a robust prediction of the top-quark mass before its
discovery at the Tevatron [48, 49)].

Also the mass of the SM Higgs boson was predicted to mpo = 8932 GeV by EWPQO’s
[47] and agrees nicely with the recently observed Higgs-like boson at the LHC with a
mass at about ~ 125 GeV [27, 28]. After the identification of this new particle with the
SM Higgs boson all parameters of the SM are in principle determined.

Precision experiments particularly in the B- and K-systems allow for various precision
tests of the flavor sector and thus of the CKM structure of the SM. All experiments are
in good agreement with SM predictions [50)].

In the standard picture of the history of the Universe, all light elements heavier than the
lightest isotope of hydrogen (particularly 2H, ?He, 3He, Li, "Be and "Li) were formed
in a process called Big Bang nucleosynthesis (BBN). This process started when the
Universe had a temperature of about T ~ 10 MeV and ended at temperatures below
T =~ 100 keV. Applying calculations within the SM, the theory of BBN yields precise
predictions for the abundance of the light elements, which are in good agreement with
experimental observations.

2.1.3 Shortcomings of the Standard Model

Despite the above mentioned success of the Standard Model, there are various shortcomings,
both conceptually and experimentally. In the following we want to list the most striking ones.
All of them point towards some kind of new physics beyond the Standard Model (BSM).
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e Most evidently, the SM does not include gravitational interactions, which should become
important at energies of about the Planck scale Apjanck > 10" GeV. However, there is
little hope that the standard theory of gravity, General Relativity (GR), can be promoted
to a quantum field theory. Thus, completely new approaches seem to be necessary, string
theory being the most promising one.

e Various cosmological observations point towards large amounts of non-baryonic, non-
luminous and only weakly interacting cold (=non-relativistic) dark matter (DM) in the
Universe, which cannot be explained within the SM. Amongst others, rotation curves of
galaxies and clusters of galaxies, precision measurements of the cosmic microwave back-
ground (CMB), measurements of baryonic acoustic oscillations (BAO), multi-particle
simulations of structure formation and gravitational lensing observations of the “bullet
cluster” (1E 0657-558) give strong evidence for dark matter [39]. The Planck collabo-
ration, measuring the CMB very precisely, recently stated the energy density of dark
matter in terms of the squared Hubble constant, Hy = h - 100 %, as [51]

Qpmh? = 0.1199 + 0.0027 . (2.22)

e Besides dark matter, many cosmological observations, including the CMB and the ob-
servation of distant supernovae, indicate another unknown component of the Universe:
dark energy, which is responsible for an accelerated expansion of the Universe. De-
spite its responsibility for about 70% of the energy density of the Universe [51], there is
currently no compelling model of explaining dark energy.

e From the simple requirements of renormalizability and gauge invariance, the Lagrange
density in eq. (23) can in principle be extended by an additional term

2
9s a ya pv
L [N Cala 2.23

o & 3952 MY ’ ( )
where GZV = %GWJPG‘W is the dual of the gluon field-strength tensor. The resulting
theory breaks C'P in the strong sector. Experimentally only a very small C'P violation is
observed, consistent with the complex phase in the CKM matrix. Additional dynamics,
particularly an additional Peccei-Quinn axion field [52], could solve this strong CP-
problem.

e As already mentioned above, in the SM mass terms for neutrinos are not allowed, as
right-handed neutrinos are absent. However, in neutrino oscillation experiments a small
finite mass for them has been observed [39]. Any model containing mass terms for
neutrinos necessarily requires BSM physics. At the moment mass splittings between
the different neutrinos are well established, the absolute scale remains unknown and
only upper limits exist |[39]. Experimentally even the very nature of the neutrinos is
unknown: it is not clear if they are of Dirac-type or Majorana-type. In principle a
sterile right-handed neutrino could be introduced in the Standard Model, generating
mass terms for the neutrinos via Yukawa couplings with the Higgs field. However, it is
quite unnatural that the neutrinos are so much lighter then all other fermions.
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e The amount of CP-violation in the SM from the complex phase in the CKM matrix is

by far too small to explain the matter—anti-matter asymmetry observed in the visible
Universe. A sufficient amount of CP violation, for example due to new physics, is a
necessary condition for such an asymmetry [53].

The current observable Universe to a large extent appears to be flat, homogeneous, and
isotropic. This fact can elegantly be explained by a phase of exponential expansion of
the early Universe, called inflation, governed by a dynamical cosmological constant (the
inflaton) [54]. At the same time the appearance of large scale structures is explained by
the expansion of quantum fluctuations to macroscopic size by the very same process.
After inflation the Universe enters the thermal Big Bang phase at a temperature Tg.
The details of inflation are currently unknown, however, observations from the Planck
satellite [51] are consistent with the most simple models of slow-roll [55] single field
inflation. More complicated models can be distinguished, e.g., by the appearance of
large non-Gaussianities in the CMB (see for example refs. |56, [57]).

Above we mentioned the good agreement between SM predictions and experimental
measurements, for example for EWPOs. However, there exist a few measurements with
(slightly) significant discrepancies. Here, we only want to mention the discrepancy for
the anomalous magnetic dipole moment of the muon a;® — ath®, which is above the
3-sigma level [58], and the too large top—anti-top forward-backward asymmetry mea-

sured at the Tevatron |59]. These anomalies could be a hint for new physics.

As mentioned above, after the successful observation of a Higgs boson at the LHC
[27, 28], all SM parameters are in principle measured. Now, via renormalization group
equations, their (running) values at a much higher scale p can be calculated. Including
two-loop and leading three-loop corrections, the authors of reference [29] showed that
at some scale p ~ 108 — 10! GeV the Higgs self coupling A, defined in eq. (2.8,
turns negative. Although subject to large parametric uncertainties (of m¢ and «y), this
would dangerously destabilize the EW vacuum of the Standard Model while realizing
a Higgs potential unbounded from below. Nevertheless, we could live in a metastable
EW vacuum with a lifetime longer than the age of the Universe, as also shown in |29)].

Furthermore, also the running gauge couplings g1, g2 and gs can be calculated at some
higher scale p. Within the Standard Model, these couplings do not meet at a common
point. However, the unification of these couplings in one point (typically at a scale
p = Agur =~ 10'® GeV) is a necessary condition for many Grand Unified Theories
(GUTs), where the SM gauge groups are a subgroup of a larger group like SU(5) |60] or
SO(10) [61]. In such GUT theories the quantization of the electric charge can naturally
be explained.

Finally, the Standard Model is a renormalizable theory, which means that any depen-
dance on an ultraviolet cut-off scale can in principle be renormalized and thus vanishes.
However, all of the aforementioned shortcomings of the SM point towards new BSM
physics at some higher scale and thus introduce a physical cut-off scale Ayy. Now,
this can introduces a dependance on Ayy of all low scale parameters. This problem
becomes most severe considering the renormalized mass of the Higgs boson m%. Being
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a scalar this dependance is quadratic (at most logarithmic for all other parameters) and

becomes manifest when calculating higher-order corrections to the (squared) bare Higgs

mass (m9)?. These read at the one-loop level

3A2
mi = (m9)? + ﬁ(m% + 2m¥, +m% — 4m?). (2.24)

Here, the loop-momenta in the dominant contributions due to Higgs—self-interactions,
Higgs-couplings with massive gauge bosons and the (heavy) top-quark, are all cut-off at
the scale Ayy. Clearly, a cut-off scale of the order of Apjanck or Aqur either forces the
Higgs mass and/or the EW scale to be of the same high scale (which is not observed),
or requires an unnatural amount of finetuning of independent parameters at each order
of perturbation theory. Due to the unnatural hierarchy between the EW scale and the
Planck scale this problem is also known as the hierarchy problem.

Many different models have been proposed to solve a number of these shortcomings. In
this thesis we want to concentrate on the framework of SUSY as a compelling solution to the
problems of dark matter, vacuum stability, unification and the hierarchy problems. In the
following we introduce the concept of SUSY and highlight these solutions.

2.2 Supersymmetry as a solution

In this section we first introduce the concept of supersymmetry and state its solutions to
some of the problems of the Standard Model, raised in the previous section. Afterwards we
discuses the MSSM and its particle spectrum. Finally, a short introduction to the unavoidable
breaking of SUSY is given. In this section we avoid detailed theoretical discussions, where we
refer to |62-164], on which this section is based on.

2.2.1 Motivation

From a theoretical point of view the concept of supersymmetry can be introduced in a very
elegant way: it is the only symmetry extending the Poincaré group in a non-trivial way.

According to the Coleman-Mandula theorem [65], any combination of the space-time
Poincaré group with an internal symmetry group can only be built out of direct products
of commuting operators. However, this no-go theorem can be, according to the Haag-
Lopuszaniski-Sohnius theorem [12|, circumvented for symmetries with anti-commuting op-
erators. The resulting fermionic operator Q4 and its conjugate Q4 are the generators of
supersymmetry transformations. They commute with any internal gauge group and in a
two-component Weyl spinor notation [63] they obey the following algebra

{Q4,Qp} ={Q%, Q%) =0, (2.25)
{Qa, QB} =2(c") 45 Py -
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Together with P, and M,,,, the generators of the Poincaré group, they form a super-Poincaré
algebra,

[Qa, P = [Q1, ] =0, (2.26)
1 ~ 1 5 =
Q4 M) = =5 (0w)a” Qp, [Q4 M) = —5(0w) 4" Qp.-

Here, o, are the Pauli matrices defined above and o, = %(Uuﬁy — 0,0,) are their tensorial
extensions. The corresponding particle states form irreducible representations of this algebra,
which are called supermultiplets. From the SUSY algebra it is easy to derive two important
results: first, the number of fermionic and bosonic degrees of freedom have to match for each
supermultiplet; second, particles in the same multiplet have equal eigenvalues of —P? and thus
equal masses. Furthermore, the SUSY generators commute with any internal gauge symmetry
groups, hence, components of a supermultiplet have to be in the same representation of these
internal groups. In principle, it is possible to have N SUSY generators. However, in four
dimensions chiral fermions are forbidden for N > 1; thus, here we restrict ourselves to the
phenomenological relevant case N = 1.

At this point of our discussion these SUSY transformations are purely global and thus
induce constant translations in Minkowski space. Promoting it to a local symmetry, gravity
can be incorporated resulting in so-called supergravity. We will briefly discuss this in section

2.4

Applying the concept of supersymmetry to particle physics, the main result is that SUSY
transformations change the spin of a particle by 1/2. That means a boson is transformed into
a fermion and vice versa, which symbolically reads

@ |boson) = |fermion) , @ |fermion) = |boson) , (2.27)

and the particles related in this way form a supermultiplet. In N = 1 SUSY, there are
two fundamental multiplets: first, the chiral supermultiplet, formed out of a chiral spin-1/2
Weyl fermion and a complex spin-0 scalar; second, the vector multiplet, formed out of a
spin-1 massless vector and a spin-1/2 Weyl fermion. Embedding the Standard Model into
a supersymmetric theory we observe one problem: every SM particle should have a SUSY
(super-)partner with equal mass and spin different by 1/2. Such SUSY partners have not
been observed. Thus, if realized in nature, SUSY has to be broken at some scale, resulting in
different masses for the components of a supermultiplet.

Let us now come to the solution of some of the problems mentioned in section 2.1] offered
by SUSY.

e First, as we will explicitly see in section 2.3l in the simplest phenomenologically relevant
SUSY model, the MSSM, the Higgs mass is not a free parameter. Here, in contrast to
the SM, the quartic coupling of the Higgs is related to the gauge couplings. This is the
main reason why there is no vacuum stability problem in the MSSM.

e Second, the additional SUSY particles contribute to the RGE running of the gauge
couplings. Assuming now that these particles enter around the TeV-scale, the running
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is altered in such a way that all gauge couplings automatically meet in one point at a
scale ~ Aqur.

e Third, many SUSY models can easily provide a weakly interacting, massive particle
(WIMP) stable on cosmological timescales. Such a particle serves as a perfect dark
matter candidate.

e Fourth, we want to discuss the solution of the hierarchy problem. For each contribution
to the Higgs mass, shown in eq. ([2:24]), there is a contribution from the corresponding
superpartner. Due to the opposite spin of the corresponding particles they contribute
with opposite sign and thus, in unbroken SUSY they exactly cancel the SM contribu-
tion. In the phenomenologically relevant class of models with softly broken SUSY (as
explained below), the resulting dependance on the cut-off scale Ayy remains logarithmic
[33, 34]. In such models, at the one-loop level the divergent terms in the correction to
the Higgs mass are proportional to

Am} o (mfc —m?)log Auv (2.28)
and thus to the mass difference m?2 — mg of the fermionic and bosonic degrees in a
supermultiplet. Therefore, a theory with superparticle masses up to a scale ~ O(1 TeV)
solves the hierarchy problem. Looking at eq. (Z.24]), this is necessary in particular for
the masses of the superpartners of the Higgs, the massive gauge bosons and the top.

2.2.2 SUSY Lagrangian

The dynamics of a SUSY theory can most elegantly be derived in terms of superfield and
superspace notation. Here we sketch how a general renormalizable supersymmetric Lagrange
density of a chiral supermultiplet interacting with a non-abelian vector supermultiplet can be
realized. For details we refer to [63]. In section [23] this is used to derive the dynamics of the

MSSM.

Superspace and superfields

The idea of superspace extends the usual four-dimensional Minkowski space-time by two
Grassmannian, i.e. anticommuting, auxiliary dimensions 4 and 6 i~ In this way the number
of bosonic and fermionic degrees of freedom is automatically preserved for every point in
superspace. Now, a superfield is simply a field on superspace, ® = ®(z,6,0), and can be
expanded in the following way:

O =0(x,0,0) = ¢(x) + V200(z) + V20x(x) + 00 F(x) + 60 H(x) (2.29)
+ 00”0 A, () + 00 OX(z) + (00) 0¢(x) + 00(60)D(x) .

Here, ¢, F,H,D are complex scalar fields, A, is a complex vector field and ¥, X, \, C are
two-component complex Weyl spinors. Spinor indices are not written explicitly. Due to the
Grassmannian nature of  and 6, there are no higher order terms in these variables. Invari-
ance under SUSY transformations yield relations between these component fields. Overall, a
general superfield ® has 16 bosonic and 16 fermionic degrees of freedom. Clearly, constraints
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on such general superfields have to be imposed to yield irreducible representations. First, we
define SUSY covariant derivatives on superspace

Dy =04 + (0"0) 40, , D =1id; — (6") ;0. (2.30)

where 94 = 0/004,0 i =0/ 904, These derivatives anti-commute with the SUSY generators
and thus work in analogy with covariant derivatives of gauge theories in order to build SUSY
invariant quantities.

Now left-handed and right-handed chiral superfields and vector superfields can be defined
by

D ®, =0 (left chiral), Da®r =0 (right anti-chiral), o, = <I>;r, (vector) . (2.31)

The product of two chiral superfields is again a chiral superfield, whereas a chiral together
with its conjugate field yield a vector superfield. Expanding as before, the left-chiral superfield
defined in this same way we find

P (z,0) = ¢(x) — i00"00,¢(x) — 300 600"0,¢(x) (2.32)
V2

There are four fermionic (¢(z)) and four bosonic (¢(z), F(x)) d.o.f., which reduce on-shell
to two fermionic and two bosonic ones, as the equations of motion of the (auxiliary) F-term
field F(x) are trivial, F' = F* = 0. For the vector superfield a similar expansion yields in the
Wess-Zumino gauge [66]

+V20(z) + —=00 9,30"0 + 00F () .

_ _ _ 1
@y = 00"0A, (x) + 00 OA(x) + 099A(x) + 500 99D(z). (2.33)

Again, an auxiliary D-term field D(x) is necessary to match the off-shell d.o.f and thus to
preserve SUSY. Here we want to note that the F- and D-term fields always transform as total
derivatives under SUSY transformations. This can be exploited to construct a SUSY invariant
action, where surface terms can always be discarded.

SUSY Lagrange density

The most general combination of left-chiral superfields yielding a renormalizable and SUSY
invariant Lagrangian is given b

Leniral = [(I)TLz(I)Lz]D +[Whelp, (2.34)

with the superpotential VW defined by

1 1
W({(I)Lz}) =h;®p; + §mijCI)LicI)Lj + ?fijkq)Li(I)chI)Lk . (2.35)

'In the notation [...]r/p only the F/D-term component is taken, i.e., [...]r = [d?0... and [...]p =
[d*0d0. .. .
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Here, m;; and f;;, are symmetric couplings and taking only the D- and F-term contributions
ensures SUSY invariance.

In order to formulate a kinetic term for a non-abelian vector superfield we define a super-
symmetric field-strength tensor

1o _
Wa=-7D 4DAe™29VD 4e2V | (2.36)

where V' = ®{, T and g, T are the corresponding gauge coupling and gauge group generators
respectively. This field-strength tensor itself is a chiral superfield. Thus, taking only F-term
contributions, the SUSY invariant kinetic term for the vector superfield is given by

1
Loauge = @Tr(WAWA)+h.c. . (2.37)

Now we have to reformulate the kinetic term (D-term) of Lcpiral to ensure gauge invariance.
Under SUSY gauge transformations chiral and vector superfields transform as

4 _ 1— .
®r; — (e ZQQA)Z.j D, 29V — o7 120AT 20V 1200 (2.38)

Here, A = A*T* and A® are chiral superfields defining the local gauge transformations. Hence,
a gauge and SUSY invariant kinetic term for a chiral superfield is given by

Lrinetic = [@TM (e2V) @ (2.39)

ij Lj] D’
where all derivatives in ([2.32]) are replaced by covariant derivatives. The most general renor-
malizable, SUSY and gauge invariant Lagrange density now reads

£SUSY - ﬁkinetic + £gauge + [W + h-C-]F ) (240)

which can be expanded into component fields for further phenomenological analysis. In section
23 we state the explicit result for the MSSM.

2.3 The MSSM and its particle spectrum

The minimal supersymmetric Standard Model (MSSM) is the minimal realistic anomaly free
supersymmetric theory including all SM fields and gauge groups. It is currently the most
studied SUSY theory and due to its large number of parameters it offers a very rich phe-
nomenology, while still being highly predictive. Furthermore, the MSSM is a renormalizable
theory, thus high-precision predictions of direct and indirect observables are possible. In the
following we study its building blocks and the concept of R-parity; based on the results of
the previous section we state the full MSSM Lagrange density including necessary soft SUSY-
breaking terms. Afterwards we investigate the tree-level particle and mass spectrum of the
MSSM and finish this section with a discussion of possible parametrizations.
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b ic field  fermionic field
type name label ~~oome e crmome et g UB)c SU2)L Y
spin=0,1 spin=1/2
(s)quarks Q  Gu=\(ir,dy) qp=(ur,dp) 3 1/3
(3 families) U Ug ur = up 3 -4/3
D d dr, = d§, 3 2/3
33 (s)leptons L I, = (Pe,6r) I = (Veser) 1 2 -1
(3 families) E s er = €5 1 1 2
H, hy=(ht,h0) hy=(ht, kO 1 2 1
Hy  hg= (A, hy) hg=(h, hy) 1 2 -1
gluon/gluino G Gy, g® 8 1 0
Dy (W)ino w wi W
(B)ino B B, B 1 0

Table 2.2: Superfield content of the MSSM together with corresponding bosonic and fermionic
component fields and representation under SU(3)¢, SU(2)r, and hypercharge Y. Superfields
are labeled with capital letters and component fields of SUSY particles carry a tilde. Family
and color indices for the chiral superfields have been suppressed.

2.3.1 Principles and field content

In table 22l we list the (super)field content of the MSSM. All SM fermionic matter fields sit in
left-chiral supermultiplets and all SM bosonic vector fields sit in vector multiplets. The Higgs
sector is a two Higgs doublet model (2HDM) of left-chiral superfields, as discussed below.

As physical d.o.f., a left-chiral supermultiplet contains a two-component left-chiral Weyl
fermion and a complex scalar. Thus, both the left-handed and the right-handed component of
the SM chiral fermions get scalar partners, the sfermions — scalar quarks (squarks) and scalar
leptons (sleptons). These scalars are still denoted left- and right-handed, f1 /R, Teferring to
their quantum number fixed by the chirality of the corresponding SM fermionic state. They
are named with a prefix s- (for example the left-handed stop 1, is the SUSY partner of the
left-handed component of the SM top).

The physical d.o.f. of a vector multiplet are a massless vector field and a two-component
Weyl fermion. Thus, all SM gauge-bosons (which are massless before EWSB) get a fermionic
partner — the gauginos. They are named with a suffix -ino. The neutral gauginos (gluino
g, bino B, neutral wino W3) are Majorana fermions, while the charged ones (charged winos
W'2) form Dirac fermions.

Within the MSSM, EWSB proceeds similar to the SM: a scalar field spontaneously ac-
quires a non-zero vev and the would-be Goldstone d.o.f. give mass to the gauge bosons of
the broken symmetry. Unlike the SM, the MSSM requires two Higgs doublets instead of just
one because of two reasons. First, for any anomaly free theory the sum of the hypercharge
of all fermions has to cancel |67, 68]. The SM fermions alone yield an anomaly free theory
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and the gauginos have all Y = 0. However, a supersymmetric Higgs sector introduces new
fermions with Y # 0. Hence, at least two doublets are needed. In the MSSM a hypercharge
Y = +1 is assigned to these. Second, the superpotential of a supersymmetric theory has to
be an analytic function of chiral superfields. Hence, the second term in eq. (ZI4]) involving a
®€ could not emerge. Therefore, two Higgs doublets h,, and hy with individual vevs vy, v, are
necessary, one giving mass to up-type fermions, one to down-type fermions. The fermionic
partners within the Higgs superfields are Majorana for the neutral and Dirac for the charged
components and named Higgsinos. Non-minimal supersymmetric extensions of the SM often
involve more complex Higgs sectors. For example the next-to MSSM (NMSSM) includes an
additional gauge singlet Higgs superfield.

The Lagrange density of the MSSM follows from the considerations in section 2.2.2] and is
given by

Lyissy = LMSSM L pMSSM | pMSSM | pMESM (2.41)

gauge int
The kinetic terms of the chiral superfields including the gauge interactions read
LYSSM _ [Q1 201 Bro:WHe:G) g 1 720 Bro:G) [y 4 ie2oBro:O D (242)
J Ll B W) Ly pl 2B
T+ H ORI, g e BV |
D

The kinetic terms of the vector superfields in terms of super-field-strength tensors read

Lyee = [161;]2 Tr(We*Wea) + 16195 Tr(Wiw A Wi 4) + ﬁTr(WBAWBA) o (2.43)
All other interactions follow from the superpotential,
LM = WMSSM L he ], (2.44)
which for the MSSM is defined by
WMSSM — i H, - Hy — y5UiQ; - Hy — yfDiQ; - Ha — y§;EiLj - Hy. (2.45)

Until now, excluding Ei\ngtSM, the parameter p of the bilinear H, - Hy coupling remains the

only newly introduced free parameter besides the ratio of the two Higgs vevs, denoted by
tan 8 — defined and motivated below.

The superpotential of the MSSM WMSSM does not include all terms allowed by SUSY
and gauge invariance. The included terms have been constrained by requiring an additional
symmetry called R-parity. Without R-parity conservation, terms violating baryon number B
and lepton number L would be allowed. Amongst others, this would lead to unwanted rapid
proton decay. R-parity for the component fields of a supermultiplet can be defined as

R = (_1)3(BfL)+2s , (2.46)
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where s is the spin of a particle. In this way all SM particles are even, and all SUSY partners
are odd under this parity. R-parity could emerge naturally in SUSY GUT theories including
a spontaneously broken continuous U(1)p_1 symmetry. In the MSSM, R-parity is an exact
symmetry which has two phenomenologically important consequences: first, the lightest su-
persymmetric particle is rendered stable and thus serves as viable Dark Matter candidate if
it is only weakly interacting. If it is charged, strong cosmological bounds on its relic density
exist. These issues will be discussed in more detail in section 3.7 Second, at colliders SUSY
particles are always produced in pairs and then subsequently decay into the LSP emitting SM
particles. In many scenarios this leads to high-multiplicity signatures.

Many extensions of the MSSM allow for some amount of R-parity violation [69-73]. For
completeness we list therefore in the following the corresponding R-parity violating terms of
the superpotential allowed by gauge invariance and supersymmetry,

WHSSM — L, - H, + )\UkL - LiEy + Ny Li - Q; Dy, + AWUD (2.47)

Soft SUSY breaking

As already discussed, SUSY cannot be an exact symmetry of nature but has to be broken at
some scale. The dynamics of this breaking are far from clear and various models are under
consideration. We will highlight some of the most important aspects and phenomenological
implications in section 24l In the MSSM consequences of this breaking are parametrized
introducing explicit SUSY breaking terms. However, the solution to the hierarchy problem
should not be spoiled by these terms. Hence, only terms that do not introduce additional
quadratic divergences are allowed. Such terms have mass dimension less than four and are
called soft breaking terms. The most general ansatz for soft breaking terms involving chiral
and vector superfields is given by

£soft - _%(M)\a)\a + h-C-) - ¢:(m2)z]¢j + < z]k¢z¢]¢k Zj¢l¢] + Cz¢z +h.ec ) .
(2.48)

Here, ¢; is the scalar part of a chiral superfield and A a gaugino. The trilinear, bilinear, and
linear couplings A;jx, B;j, and C; and the mass terms m? and M are additional parameters of
the theory. The corresponding gauge invariant Lagrangian for the MSSM is given by |74, [75]

LMSSM 5 <M1 BB + My WiW' + M §9G° + h.c.)

- ‘ﬁL(mé)ijqu - a;‘kR(m?j)ijajR - CZ’{R(m%)ichjR
— Il (m Disliz — z‘R(mQE)'jéjR (2.49)
—m3 hlhy —m3 hihg — (b hy - hg + hec.)

— [(a)ijtir Gir, - b + (aV)ijdir @iz - ha + (a9)ijéir ir - ha + h-C-] .

Here, soft-masses for the gauginos M;, My, M3 are introduced in the first line, soft-masses
for the squarks and sleptons in the second and third line respectively, soft Higgs-mass terms
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and bilinear couplings in the fourth line and sfermion-sfermion-Higgs trilinear couplings in
the fifth line. The trilinear couplings with indices 4, j in family space are usually expressed in
terms of Yukawa couplings y?j’d’e,

af, = (yfAf>ij . (2.50)

A linear term (~ C; in eq. (248))) is not included in eq. (2.49) due to gauge invariance.

Counting the number of free parameters introduced in in the MSSM, allowing in general
for complex phases, we end up with 105 new parameters (including p and tan 3). However,
one should keep in mind that this is a mere parametrization and any realistic SUSY breaking
dynamics reduces this number drastically. In section 2.3.3]we introduce a phenomenologically
motivated parametrization with 19 free parameters.

2.3.2 Particle spectrum of the MSSM

In this section we want to introduce the physical particle spectrum of the MSSM at tree-level.
First we explain EWSB within the MSSM, focusing on the differences with respect to the
SM. Afterwards, we discuss the fermion, sfermion and gaugino mass eigenstates including soft
breaking contributions.

EWSB sector

The Higgs sector of the MSSM involves two complex Higgs doublets with hypercharge Y = +1.
This results in eight d.o.f. of which, after both doublets develop individual vevs, three would-
be Goldstone bosons give mass to the W and Z bosons. The remaining five d.o.f. constitute
the five physical Higgs bosons of the MSSM: two are neutral and CP-even, h® and HY, one
is neutral and CP-odd, A°, and two are charged, H*. Still, at tree-level two independent
parameters are sufficient to describe the Higgs sector of the MSSM, as explained in the
following.
The scalar Higgs potential of the MSSM is given by

Vi = (m3, + |p)hih, + (mi, + |p*)hlhy + (bhy - hg + hec.) (2.51)

91 + 93

T3

2
g
(o, = Blhg)? + Z b
In contrast to the SM, here all Higgs self-interaction terms are determined by gauge-couplings.
As in the SM, the Higgs fields of the MSSM develop non-vanishing vevs in their uncharged
components,

<hd>=%<1§>, (hu>=%<g>. (2.52)

In principle, the scalar potential of the MSSM also includes the scalar sfermions. For large
enough couplings these could also develop non-vanishing vevs resulting in dangerous charge
or color breaking (CCB) minima. Hence, non-occurrence of such CCBs can be translated
into theoretical upper bounds on couplings in the sfermion sector and thus on the viable
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MSSM parameter space. This will be discussed in more detail and the special case of large
stau-stau-Higgs couplings in section [.1.4] and Appendix [C] respectively. When ignoring the
sfermion contributions in the Higgs potential (Z.51]), the requirements for non-zero vevs and
a bounded-from-below potential yields the conditions

mp, +mi, +2|ul* > 2[b], (2.53)
(mi, + |ul)(mi, + uf?) < 0. (2.54)
Clearly, in unbroken SUSY (mj =m} =b=0) EWSB would not be possible.
uw d

Now, in analogy to the SM, the MSSM Higgs fields are expanded around their ground
states,

1 : +
—=(vecos B+ ¢1 + ix1) h
ha = ( v hi > ’ i = < %(vsinﬁi¢2+i><1) ) ’ (2:55)

where we introduced the important parameter

tan § = %2 (2.56)
U1

and relate the MSSM vevs vy, ve via v = \/v} +v5 ~ 246 GeV with the SM Higgs ground
state. In this way the masses for the massive SM gauge bosons are determined in the very
same way as in the SM (see section 2.I]). This expansion (255) is plugged into the Higgs
potential (2Z.5]]) and yields the Higgs mass eigenstates after diagonalization of the quadratic
terms. The neutral CP-even Higgses h?, HY are related to ¢, ¢o; the neutral CP-odd A°
and the neutral Goldstone boson G are related to x1, x2; and the charged Higgses HT and
Goldstone bosons G* are related to hf, h;ﬁ via unitary transformations

() -o(2) B(R) o). (8)-u(8)

(2.57)
with a unitary matrix U(7),
_( cosy sinvy
Uly) = (— sinvy cos 7> ’ (2.58)
At tree-level 8/ = 3” = 3 and the mixing angles a and /3 are related by
m2, +m2
tan 2a = tan 23 % . (2.59)
A0 — Mg

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

1
mZO,HO =3 (mio +m% T \/(mio + mj)? — 4mZm?, cos? 25) , (2.60)

m?%o = b(tan B + cot B) = mid +mp +2[pl?, (2.61)

mi. =mio +miy . (2.62)
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For convenience, m 40 and tan § are usually chosen as free parameters in the MSSM Higgs sec-
tor. In this way the masses of the CP-even and the charged Higgses are fixed and particularly
for the mass of the lighter neutral CP-even Higgs mo the following lower bound applies

mpo < min(m 4o, my) . (2.63)

Such a light Higgs boson would have already been excluded by Higgs searches at LEP and could
not explain the observed state at the LHC at ~ 125 GeV. However, higher-order corrections
to these tree-level predictions are large [76], and the leading (top) one-loop contributions
including squark mixing effects shift mjo upwards by (assuming m 40 > myz) |77

3 2 2 X2 1 X2
(Am{}))? = 3 2922 m} |~ log b 4 =L <1 - ——tﬂ ; (2.64)
m4m
A\

where Mg = m o0 > my is the scale of SUSY breaking and particularly of the diagonal
elements of the top squark mixing matrix, as defined below, where also X; is introduced
parameterizing the off-diagonal elements of this mixing matrix. Thus, sizable stop masses
and/or large stop left-right mixing, i.e., large A; are necessary to give myo ~ 125 GeV.
Further implications from the LHC on MSSM Higgs phenomenology are given in section

Fermion sector

Standard model fermions get their masses in a very similar way as in the SM: via a Yukawa
coupling with the Higgs sector. However, at tree-level up-type fermions only couple to h,, and
down-type fermions to hy. Thus, relations between Yukawa couplings and masses are altered
in the following way

Au My My Ad _mg  my Ae  Mme Mg (2.65)
V2 v wsinB’ 2 vy weosf’ 2 v  wvcosf '

Therefore, Yukawa couplings of down-type fermions (relevant particularly for the third gen-
eration bottom and tau) can be enhanced significantly for large 1/ cos 3 ~ tan 3.

Sfermion sector

After electroweak symmetry breaking the soft-breaking terms in the MSSM Lagrangian induce
mixing between the left- and right-handed gauge eigenstates in the sfermion sector. Under
the assumption of minimal flavor violation, as defined below, the sfermion mass matrices
and trilinear couplings are diagonal in family space and no mixing occurs amongst different
flavors. Here we show results for one family — generalization is straightforward. Furthermore,
we assume all parameters to be real. Including all F-term, D-term and soft-term contributions,
the sfermion-mass-squared matrix then reads in the basis of gauge eigenstates ( fr, fR), f=

{a,d,é)}:
m2 + m?2 m X m2 0
Mg:<f LL A f ):(UJ;)T< fi 2>U

2.66
f myXy mfc + mQRR ( )
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with
miy, = m?;L + (IJ‘% — Qysin® Ow ) m2 cos 203,
mig = mng + Qy sin? Oy m3 cos 23, (2.67)
Xy =Ap —pk .

Here, m i and m 7 are the left-handed and right-handed sfermion soft-breaking masses, Ay is
the trilinear coupling and x = cot § for up-type squarks and x = tan 8 for down-type squarks
and electron-type sleptons. The off-diagonal terms are proportional to the fermion mass and
thus negligible for first- and second-generation sfermions. For third generation sfermions we
have to diagonalize their mass matrix and as indicated in (2.66), the mixing matrix can be
diagonalized by an orthogonal 2 x 2 matrix Uj;, parametrized by the sfermion mixing angle
O,

L cosfy sinfy
Us = <—sin6?f cosé?f> ’ (2.68)

The quadrant of 0 is fixed such that fy is the lighter of the two eigenstates. Now, the sfermion
mass eigenvalues squared are given by

1
mi =Mt [mQRR +miy F \/(m%L —mEg)? +4m2| X, 2| (2.69)

and the mixing angle is determined by

2m s X 2m s X
tan20; = # , and sin20; = det(Uf)%. (2.70)
ML T RR TE T

Equation (270) gives a direct relation between the mixing angle, the off-diagonal parameter
Xy and the gauge eigenstates (fr, fr) or mass eigenstates (f1, f2).

The MSSM does only include right-handed (s)neutrinos, thus sneutrinos do not mix and
their mass is given by

1
my = m% + §m22 cos 2. (2.71)

Stau-Higgs couplings

In chapter [ we are in particular interested in the stau sector of the MSSM and in couplings
of the lighter stau with the different Higgs eigenstates. Thus, we discuss these couplings in
detail in the following.

In the MSSM, the sfermions couple directly to the Higgs fields via dimensionful parameters.
The stau-Higgs couplings are given by

Lon=—— 3" #Clif 7r. H 7M. (2.72)
W IJ=LR
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where H stands for any of the neutral Higgs and Goldstone bosons, H = RO, H?, AY GO |78].
In the basis of the gauge eigenstates (71, 7r), the reduced coupling C[7F, 7, h¥] reads

cos 20 s msr s c
O e b2 T (4% )

ClFs, 77, h) = 2 s 2\ o (2.73)
s mr ([ Sa | Ca . 9 5 28a | '
— A — +pu— —sin” Owmzsa45 +m;—
2 cs cs cs

and C[75, 77, H] can be obtained upon the replacement o — a — 7/2. Here and in the rest
of this thesis, the shorthand notation ¢, = cosy and s, = sin~y is used. The reduced coupling
for the CP-odd Higgs boson A% reads

- 0 +i %(ATtanﬁ+,u)

Clit, 71, A% = , 2.74
i | —i%(ATtanﬁ—i-,u) 0 274)
and CN'[?}‘, 77,G°] can be obtained upon the replacement: A, tan 34 p — putan3 — A;.

We are particularly interested in the couplings between the lighter mass eigenstate 71 and
the CP-even Higgs bosons h? and H?. These can be found by diagonalizing the coupling
matrix in (273) with the orthogonal matrix Uz defined in (2.68]):

1
C[r, 71, ho] = (——cg + sin? 9WC2€T> m%saHg + m?s—a + Mz (ATS—a -+ ,uc—a> Sop. . (2.75)
277 cs 2 cs cs
The coupling C[7}, 71, H°] can be read from (Z.75) after the replacement @ — a—7/2, whereas
the diagonal coupling to the CP-odd Higgs boson A? vanishes: C[7}, 71, A°] = 0.
In the decoupling limit (m 40 > mz) where a — 3 — 5 and for large tan 8 the couplings read

m,0>my,tan f>3>1 1 -
C[%ik, 7:1’ hO] A0 é 2 <§CZT — Sin2 9W6297> 625 + m? (,utanﬁ — Aq—) SQ@T s
(2.76)
m,0>my,tan f>3>1 -
Cl7, 71, HO) AL —m?2tan § — % (Artan 8 + p) soq. - (2.77)

Thus, the SUSY parameters p and A, enter proportional to sin 26, and the couplings peak
at 0, = /4. In the coupling with the lighter (heavier) Higgs the term proportional to p (A;)
is enhanced by large tan (.

Gaugino sector

The superpartners of the electroweak gauge bosons, the electroweak gauginos together with the
superpartners of the Higgses, the Higgsinos, can be separated into two classes with identical
quantum numbers and thus possible large mixing. On the one hand, there are the neutral
neutralinos ¥9. They are Majorana fermions and mixed states of (¥°)7 = (B, W3, 19, hO).
Their mass matrix is given by

My 0 —cgswmy  SgSwmyg
Mo = 0 Mo cgew my  —Sgcw myg 7 (2.78)
—cgSwmy  cgcew myz 0 —l

SpSwmz —SpCw mz — K 0
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with sy = sinfy and ¢y = cosfyy. This matrix can be diagonalized by a 4 x 4 unitary
matrix IV yielding the mass eigenstates

Myo = N*MgoNT. (2.79)

On the other hand, there are the positively and negatively charged charginos, mixtures of
(O*)T = (W*,hE ). They are Dirac fermions with a mass matrix
M. = ( Mo ﬂsmﬁmw) . (2.80)

¢ V2 cos Bmy "

This matrix can be diagonalized by a bi-unitary transformation with V for the positive and
U for the negative states, giving the chargino mass eigenstates

Mys =U* Mgz V7. (2.81)

The gluino is the superpartner of the gluon. In the MSSM it is a Majorana fermion and
does not mix with any other particle. Its tree-level mass arises purely from the soft-breaking
SU(3)¢ mass term,

mg = Mg . (282)

2.3.3 Parametrization of the MSSM

The kinetic and gauge-kinetic terms of the MSSM Lagrangian (eqs. (Z42) and (2.43)) are
fully determined by parameters already present in the SM. The superpotential of the MSSM,
eq. (245), only introduces the p parameter and indirectly via EWSB the ratio of the Higgs
vevs, tan 8. However, the parametrization of SUSY breaking via soft breaking terms in
eq. (249) introduces a plethora of new parameters: the gaugino soft-mass terms Mj 23 and
the Higgs bilinear coupling b are in general complex; the sfermion soft-mass matrices m 7 and

the trilinear couplings a/ are hermitian 3 x 3 matrices in family space; the Higgs soft-masses
mp,, , are real. All together without additional assumptions, as already mentioned, 105 new
parameters are introduced in terms of couplings, masses and complex phases. But many
of these parameters are strongly constrained particularly by the non-observation of FCNC
[79, 180] or extra CP violation [81]. This can be solved by the assumption of minimal flavor
violation (MFV), i.e., assuming no new CP violation besides from the CKM matrix (all new
parameters to be real) and assuming all mass matrices and trilinear couplings to be diagonal
in family space. This leaves 33 new parameters in the general MF'V MSSM.

This number can be further reduced to 19 new parameters assuming that soft masses of the
first and second generation are equal and including only the most relevant (third generation)
trilinear couplings A¢, Ap, A-. Thus, the free parameters of this p19IMSSM are

p, mY, tan B, Mi, Ma, Mz, A, Ay, A, (2.83)

mézm{% :md~

. = mgL = mgL, mU = maR = ng, mD = md~R = ng,

Mmj = Mg, = Mp,, Mj = Mgy = Mpp, (2.84)
L

me, = My, =My, Mg, = My, Mp, = MG, Mp =Mz, Mg = Mg .

We will make continuous use of this parametrization in this thesis.
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The constrained MSSM

A further simplification can be achieved assuming additional constraints imposed by the
details of the dynamics of SUSY breaking. In general, this results in different relations between
soft breaking parameters at some higher scale. The weak scale parameters are then obtained by
MSSM RGE running. Such running is efficiently implemented, e.g., in the computer programs
SPheno [82], SOFTSUSY [83| and SUSY-HIT [84]. Aspects of SUSY breaking are discussed in
the next section. Here, we merely want to introduce a benchmark framework inspired by
minimal gravity mediation of SUSY breaking, as discussed below, called Constrained MSSM
(CMSSM).

Within the CMSSM universal gaugino masses my o, universal scalar soft masses mg and
universal trilinear couplings Ay are assumed at the GUT scale Agur,

m1/2:M1:M2:M3,
mo = sz = mUz = sz = miz = mEz = mp, = mhd7 (285)

A=Ay = Ay = A, .

Additionally, tan 8 is defined at the scale of EWSB and the sign of the y parameter has to
be fixed. This leaves four parameters plus one sign to determine the full MSSM low-energy
spectrum.

Such a gaugino mass unification at the GUT scale is present in many SUSY breaking
scenarios. It is motivated by the unification of the gauge couplings, as the (squared) gauge
couplings run in the very same way as the gaugino soft masses. Gaugino unification at the
GUT scale results in an approximate relation of the gaugino mass parameters at the EW
scale,

M3(Agur) = Ma(Aqut) = Mi(Agur)
= M3(my) = % sin? Ow Ma(my) = g% cos? Oy M, (myz) (2.85a)

— Ml(mz) : Mg(mz) : Mg(mz) ~1:2:7. (2.85b)

Therefore, in models with gaugino mass unification the lightest neutralino y? is often both,
bino and rather light.

2.4 Aspects of SUSY breaking

As mentioned already several times, SUSY, if realized in nature, has to be a broken symmetry.
In section 23T SUSY was explicitly broken by soft breaking terms. However, this can clearly
only be a parametrization of the details of an unknown dynamical/spontaneous breaking.
In the following, we first argue that SUSY breaking has to happen outside of the MSSM,
i.e., in a hidden sector. Second, two well-studied models mediating the breaking of SUSY
to the visible are shortly introduced. Namely we discuss (super)gravity mediation (SUGRA)
[85,186] and gauge mediation (GMSB) [87-90] of supersymmetry breaking. However, a detailed
introduction and comparison of these mediation schemes is beyond the scope of this thesis.
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2.4.1 Tree-level SUSY breaking

In order to spontaneously break SUSY, i.e., Q4 [0) # 0 and Q4 |0) # 0, the vacuum has to
have positive energy: (0| H [0) > 0. Thus, one or more of the scalar d.o.f. in the spectrum
must acquire a non-vanishing vev. This is actually only possible for the auxiliary F- and/or
D-term fields of a chiral/vector supermultiplet. Thus, a SUSY theory gets spontaneously
broken at tree-level if and only if the system of equations

F, =0, D=0 (2.86)

cannot be solved for any values of the fields. After spontaneous breaking of global symmetry,
a massless Nambu-Goldstone mode appears in the spectrum with the same quantum numbers
as the broken generator. Thus, in the case of global SUSY breaking, a massless Weyl fermion,
the goldstino appears.

In the literature several models trying to achieve such breaking have been proposed. Here,
we only want to mention the two most important ones and explain their flaws for phenomeno-
logical applications.

e Fayet-Iliopoulos or D-term breaking [91, [92]:

Here, the D-term can acquire a vev due to a linear term in the Lagrangian,
Lrr=—kKD, (2.87)

where k is a constant of mass dimension 1. This term is gauge invariant only for an
abelian gauge symmetry. Thus, in the MSSM the D-term of the U(1)y vector superfield
could have this form. However, such a term (2.87) would then also introduces dangerous
CCB minima for the sleptons and squarks and is thus phenomenologically forbidden.

e O’Raifeartaigh or F-term breaking |93|:

In F-term SUSY breaking a set of chiral superfields and a corresponding superpotential
is chosen in such a way that

W

F= ———
5¢*z

(2.88)

have no simultaneous solution. This can, for example, be achieved with three chiral
superfields ®; 2 3 and the following superpotential

W = k2, + mPy®s3 + %@@3. (2.89)

Such a superpotential is allowed if particularly ®; (the field with the linear term in the
superpotential) is a gauge singlet. The resulting scalar potential is given by

V=R + R+ B2, (2.90)
with

Fi=k =265, Fy=-mgj, Fy=-mo}—ysid;. (2.91)
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Clearly, F} and F5 cannot simultaneously be zero, hence SUSY is broken. The scale of
SUSY breaking is fixed by the parameter k2. However, there is a priori no reason why
k? < Aplanck, which is phenomenologically necessary. Many more sophisticated models
try to explain this hierarchy dynamically. Furthermore, within the MSSM there is no
gauge-singlet chiral superfield which could take the role of ®.

Besides the problems mentioned individually for D- and F-term breaking, there are two
general problems of tree-level SUSY breaking in the MSSM. First, there is no gaugino-gaugino-
scalar coupling in the MSSM. Thus, in general it is difficult to give mass to the gauginos via
spontaneous SUSY breaking. Second, various sum rules can be deduced for tree-level SUSY
breaking, linking fermion masses with the the masses of the sfermion partners. Thus, at least
some of the squarks and/or sleptons would have to be unacceptably light.

2.4.2 Hidden sector SUSY breaking

For the reasons mentioned in the previous section, SUSY, if realized in Nature, is most likely
broken in a hidden sector, i.e., in a particle sector with no or only very small couplings to the
superfields of the MSSM — the wisible sector. The breaking of SUSY is transmitted from the
hidden to the visible sector via a messenger sector with an associated mass scale Ays. In the
following we briefly introduce two models where spontaneous SUSY breaking at a scale Ay is
mediated via (i) gravitational interactions, i.e., Aj; = Apjanck or (ii) gauge interactions with
Aar < Aplanck. However, many more viable models are studied in the literature.

Gravity mediation of SUSY breaking

The necessary ingredients for gravitational interactions mediating SUSY breaking are auto-
matically introduced by promoting SUSY to a local symmetry, which is often denoted super-
gravity |94], due to the following reason: from eqs. (225]) and (226]) we see that requiring
local SUSY invariance also requires local invariance under general coordinate transformations,
which directly leads to General Relativity. Additionally, in the same way as for gauge invari-
ance, promoting SUSY to be a local symmetry introduces a new spin-3/2 gauge fermion. Such
a particle can be understood as the SUSY partner of the graviton, called gravitino, G. The
gravitino is an unavoidable implication of SUSY theories including gravity [31,95]. Similar to
the Higgs mechanism of spontaneous breaking of a gauge symmetry, the gravitino acquires a
mass m in the course of SUSY breaking via the so-called super-Higgs mechanism [94]. This
mass depends on the details of the model and can vary from the eV scale beyond the TeV
scale. Thus, mg can naturally be lighter than any MSSM particle.

Depending on its mass the gravitino can play an important role in early Universe cosmol-
ogy, as discussed in section In this thesis we cannot give a general introduction into
supergravity and resulting interactions. For this we refer to the available literature [96].

If we assume SUSY to be broken in the hidden sector by a non-vanishing (F') # 0, the
soft parameters in the visible sector are expected to be of order

(F)
APlanck ’

Moty = (2.92)
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where their precise value is model dependent. In the simplest ansatz, called minimal super-
gravity (mSUGRA), treating all chiral superfields symmetrically, they are determined by

(F)
APlanck ’

F) 2 F
DR, D)
APlanck APlanck

myy = f mé = me =k (2.93)
at some high scale (below the Planck scale). The parameters f, k,« depend on the details of
the underlying model. Clearly, this motivates the relations in eq. (Z.85]). The framework of
mSUGRA is the simplest ansatz for supergravity SUSY breaking. Indeed, beyond mSUGRA
various non-universality assumptions, e.g., non-universal gaugino soft masses (NUGM) or
non-universal Higgs soft masses (NUHM) might be motivated. Furthermore, the gravitino
mass mg is a free parameter in general.

Gauge mediation of SUSY breaking

In gauge mediation scenarios the soft breaking terms are generated due to radiative corrections
of messenger fields at the loop level. These messenger fields are chiral superfields of mass My,
charged under the SM gauge groups. Thus, soft masses are identical for scalars with equal
quantum numbers (avoiding possible problems with FCNCs) and are expected to be of the
order

9> (F)
1672 My, |

Mgoft (2.94)
where again their precise value is model dependent.

Within GMSB models gauginos acquire masses through one-loop diagrams, while scalar
masses are generated at the two-loop level. Within the simplest GMSB model, mGMSB, the
messenger fields form complete representations of SU(5) and the gaugino and sfermion soft
masses are given by

gi (F) 2 g9 [(F)P
M; ~ . 2.95
g RS 2 o M2, (2:95)
7=1,23

Trilinear couplings A;j;, are also generated at the two loop level, however, as they have
mass dimension one, they are suppressed compared to M; and m o ie.,

Therefore, within GMSB (at least in its minimal version) the lightest Higgs mass is typically
too light to be in agreement with the observation of a Higgs at ~ 125 GeV.
Within GMSB models the gravitino mass is given by

1 (F)
\/3 APlanck .

Thus, the gravitino is usually expected to be much lighter than in gravity mediated SUSY
breaking scenarios.

mé = (2.97)
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Chapter 3

SUSY phenomenology at colliders and
in the cosmos

In this chapter we want to give a short introduction into SUSY phenomenology at colliders
and in the early Universe.

Concerning colliders we focus on the LHC and investigate different production mechanisms
and resulting direct experimental signatures of SUSY particles. At the same time we highlight
recent results from the experiments at the LHC and discuss their implications. First, in section
BIwe quickly introduce the LHC. Second, in section possible collider signatures of SUSY
are mentioned. Third, the different sectors of the MSSM are investigated independently. The
colored sector, i.e., squarks and gluinos, are discussed in section [3.3] the electroweak sector is
discussed in section [3.4] and the Higgs sector in section B.5l In section possible indirect
constraints from the flavor sector are mentioned.

Concerning early Universe phenomenology we investigate two scenarios in section B.7]
First, the lightest neutralino is assumed to be the LSP. Second, an extremely weakly interacting
particle (EWIP) outside the MSSM is assumed to be the LSP.

3.1 The LHC and its experiments

The LHC is a proton—proton collider at CERN. During the first phase in 2010 and 2011 it
operated with a center of mass energy of V'S = 7 TeV and delivered an integrated luminosity
of L~ 5 fb~!. Afterwards the center of mass energy was increased to /.S = 8 TeV and during
the year 2012 an integrated luminosity of £ ~ 23 fb~! was delivered to each of the two general
purpose experiments operating at the LHC. Right now the LHC is being upgraded and will
restart data taking presumably early 2015 with a center of mass energy of v/S = 13 — 14 TeV.
At such energies and with a design luminosity of Lingt = 10%* cm=2s~! =100 pb~'s~! more
than 300 fb~! are planned to be accumulated eventually.

At the LHC two general-purpose detectors are operating: the ATLAS experiment and the
CMS experiment. They are designed to search for a SM Higgs particle and for BSM physics.

!Besides with protons the LHC can also be operated with lead nuclei. However, physics of resulting
heavy-ion collisions and the corresponding experiment ALICE will not be covered in this thesis.
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Furthermore, LHCb investigates B-mesons, in particular their CP properties and rare decays.

3.2 Collider signatures for SUSY

Possible collider signatures of the MSSM or SUSY in general are manifold. Here we want
to briefly discuss the ones relevant for this thesis. For a detailed introduction into SUSY
phenomenology see for example ref. [62].

On the one hand, SUSY particles could be produced directly at collider experiments. Ex-
perimental signatures at such experiments very much depend on the lifetime and nature of
the LSP. In R-parity conserving scenarios the LSP is stable. In such a scenario a neutralino
LSP serves as a viable dark matter candidate and at colliders any produced SUSY particle
eventually decays into the LSP, which in case of the neutralino LSP escapes the detectors
unobserved. In these decays additional SM particles are emitted. Producing colored SUSY
particles, always additional jets are emitted. Thus, the resulting experimental signatures for
neutralino LSP scenarios is “multi-jets plus missing transverse energy (Fr)”. Additionally,
electroweakly charged SUSY particles can be produced directly in the hard process or indi-
rectly in the decays of squarks and gluinos, emitting additional SM leptons or gauge bosons.
These can also be searched for by the experiments. Moreover, in particular decays of stop
quarks yield a large number of b-jets, which can be tagged in the experimental analyses.

However, the neutralino is not the only possible LSP and thus dark matter candidate
within SUSY theories. For example, the gravitino can easily be the LSP. As couplings of
all MSSM particles to the gravitino are Planck-scale suppressed, the next to lightest super-
symmetric particle might become long-lived in terms of detector scales. This has important
experimental consequences. For a neutralino NLSP again missing energy signatures are ex-
pected. More strikingly, for a charged NLSP (e.g. a stau or a stop) signatures of charged
massive particles (CHAMP) should occur. The signature of a CHAMP traversing a detector
is a slowly moving minimal ionizing particle with high transverse-momentum pT. In the exper-
iments, this results in a long time-of-flight (TOF) and an anomalously large ionization-energy
loss rate (dE/dx). Since the CHAMP loses energy primarily through low-momentum-transfer
interactions, it will be highly penetrating and will likely be reconstructed as a slow-moving
muon [97-105]. Again, CHAMP signatures might be accompanied by additional jets and/or
leptons from cascade decays.

On the other hand, indirect contributions of SUSY particles via quantum effects could
alter sensitive observables. Amongst others, EWPOs like Z-pole observables or the mass of
the W-boson myy, the anomalous magnetic moment of the muon, rare decays in the SM,
like b — sy or u — ey, or effective Higgs couplings could all be affected by virtual SUSY
contributions. Thus, such observables can be used to place stringent bounds on the relevant
parameter space or even provide significant indications for physics beyond the SM in case of
deviations.
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3.3 Colored sector

For not too heavy squarks and gluinos, their production is expected to be the dominant source
of SUSY particle production at a hadron collider like the LHC. In the following we discuss
relevant production channels and decay modes at leading order. Afterwards, in section [3.3.1]
corresponding higher-order corrections available in the literature are discussed. In section
the current experimental status is reviewed. Finally, in section B.3.3] the relevance for
future parameter determination is highlighted.

Production

First leading order (LO) cross section predictions for squark and gluino production processes
at hadron colliders were already made many years ago |[106-110] and are reviewed in [39].
These LO predictions yield cross sections at order O(a?), where the following parton processes
contribute:

qq production: ¢;+q; — ¢; +¢q; and c.c.
q(j production:  ¢;+q; — cj;ﬁ—cfl
9+9 —@i+a
Gg production: ¢;+g9g — §; +g and c.c. (3.1)
gg production: ¢;+q — g +g
g+g9g —3g+g
o production: ¢;+q —t +f
g+g —1 +L.

Here, i,7,k,l = {u,d,c,s,b} and all chirality combinations are summed over. Stops are
treated independently. They are only produced diagonally (with equal chiralities) via quark—
antiquark annihilation and gluon—gluon fusion, since the top contribution in the proton is
negligible. Production of squark—squark pairs is possible via t-channel quark—quark annihila-
tion. For first generation squarks, this proceeds via valence-quark contributions. For all other
squarks and all further production channels, sea-quark contributions are necessary. In case
of squark—antisquark production, gluon—gluon and quark—antiquark initial states contribute,
where only from the quark—antiquark initial state via a t-channel diagram flavor and chirality
non-diagonal squarks can be produced. Gluino—squark pairs are only produced from gluon-
quark initial states. Finally, production of gluino pairs is again possible by gluon—gluon fusion
and by quark—antiquark annihilation.

The given classification in different squark and gluino channels is purely organizational.
At higher orders of perturbation theory and/or including the corresponding decays such a
classification is not strictly possible and has to be altered. This will be discussed in detail in

sections A.2.1] and .32
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Figure 3.1: Top: LO cross sections ¢“© inpb (top) for G4, 37, 44, GG and # production; bottom:
ratios between individual channels and the sum of all the considered channels o™© /oQ. Both
shown at the LHC with v/S = 7 TeV (left) and v/S = 14 TeV (right). Cross sections and

ratios are shown as function of a common mass for the gluino and all squarks mg = my.

(0)

The LO hadronic production cross sections for the different channels, O pps3al with § =
{3,4,q,t,t}, can be obtained convoluting the partonic ones
1
0 ~(0
sz)p)—>§§' - / dr Lap(7) Uc(zb)—>§§’(7—)7 (3.2)
70
where the parton luminosity L;(7) is defined by
1 Ldx T
Lop(T) = ax [ : (—, ) o b} : 3.3
o) =155 | 5 [ (o) + @ o) (33

with fo (%, i) being the parton distribution function (PDF) of the quark/gluon a/b at the
factorization scale pup with momentum fraction x inside the proton. 7 denotes the ratio be-
tween the squared center-of-mass energies of the partonic and hadronic processes, 7 = s/,
and the kinematic production threshold corresponds to 79 = (mgz + mz)?/S.

In the upper part of figure B.1] we plot the LO hadronic production cross sections for all
channels listed in (3.I)) as a function of a common squark and gluino mass mg = mg(= my).
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We use the MSTWO08 PDF set |[111] at LO consistently with the strong coupling constant
as(pugr) they provide. Factorization scale pup and renormalization scale ugr are set to the
common mass [t = g = jip = mg = mg. In the left /right plot we show in pb cross sections
for the LHC with 7 TeV and 14 TeV respectively. For the considered mass range cross sections
vary by up to seven orders of magnitude and increase between one and four orders when going
from 7 TeV to 14 TeV.

In the lower part of figure 3.1l we plot the ratio between the individual cross sections and
the sum of all considered channels. We see that for large masses, due to the valence quark
initial state, the squark—squark channel increases compared to all other channels. Stop—anti-
stop production is suppressed compared to all other channels and thus hardly visible in these
ratio-plots.

Additionally, at order O(asa) squarks can be produced in combination with neutralinos
and charginos:

gx° production: ¢i+g —> qi+5<g ) k=1,...,4,
gx* production: g;+g —>(jj+)~<li, 1=1,2, i#j, (3.4)

where the charge conjugated processes are also possible.

Decays

The dominant decay modes for squarks and gluinos depend on the mass hierarchy between
them. For mgz > myg,,, with a = {L, R}, the dominant leading order decays considering
light-flavor squarks (i,j = u,d, ¢, s) are

9= 4 4GrL/R, (3.5)
qiL/R%in27 ]{?:1,...,4,
@i — 4 Xi =12 i#j,

where the first decay is of order O(a;) and the other two of order O(a). For mg,;, > mg, the
dominant decays are

GiL/r — 4 3, (3.8)
g % qi ql 227 k - 17 AR 747 M

where the gluino decays in a three-body decay via an off-shell squark. If kinematically acces-
sible a strong decay always dominates any available weak decays. The ratio of the branching
ratios (BR) between the different decay modes into neutralinos and charginos depends on
their mixing — left-handed squarks dominantly decay into wino-like neutralinos and charginos;
right-handed squarks dominantly into bino-like ones. Decays into Higgsino-like neutralinos
and charginos are suppressed due to the small Yukawa coupling of the light-flavor squarks.
Further decays of the neutralinos and charginos are discussed in section [3.41
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For stops and sbottoms left-right mixing due to large off-diagonal elements in the squark
mixing matrix, eq. (2.60), can lead to large mass splittings between the different mass eigen-
states. Furthermore couplings to Higgses and Higgsinos cannot be neglected anymore. There-
fore, decay patterns in particular of the heavier mass eigenstates ts, by can become much more
complex and are highly parameter dependent.

3.3.1 Precision calculations

Calculation of squark and gluino production including NLO corrections in perturbation QCD
has been performed quite some time ago |38, 112-{114]. These corrections can be large (10% —
70%, depending on the process and the parameters) and have to be included in any viable
phenomenological study due to the otherwise enormous scale uncertainties (including NLO
corrections, the scale uncertainty on inclusive cross sections is typically reduced to around
20%—30%). Besides the scale uncertainty, PDF uncertainties dominate the error of theoretical
predictions of sparticle production processes.

Already in [38], differential distributions at NLO are presented for the produced squarks
and gluinos. Here, NLO correction factors (K-factors) look rather flat in phase space. There-
fore, in the experimental analyses, they are used as a global multiplicative factor to the LO
cross section. However, a systematic study of the differential behavior of these K-factors
has never been performed. Furthermore, in |38] and in the corresponding public computer
code Prospino 2 |115], which can calculate LO cross sections and NLO K-factors efficiently,
NLO corrections for squark-squark production are always summed over the various flavor and
chirality combinations of the produced (light-flavor) squarks. Realistic physical observables
do depend on the chiralities through the decay modes which are in general quite different.
In a recent publication, NLO QCD corrections to squark and gluino production were reeval-
uated treating all flavors and chiralities independently [116]. In a very recent calculation,
squark-pair production was investigated at NLO matched to a parton shower and including
LO decays [117]. Again, all flavors and chiralities were treated independently and results were
explicitly found to be in agreement with the ones presented here.

In figure we illustrate the importance of NLO QCD corrections to squark and gluino
production processes. We show NLO QCD K-factors

NLO

NLO _ O
Y0 = —, (3.11)

obtained with Prospino 2 for all relevant channels defined in (3.1)) as a function of a common
mass for all squarks and gluinos mg = mg. In the left plot we show K-factors for the LHC
with v/S = 7 TeV and in the right plot for v/S = 14 TeV. As in figure B we use MSTWO08
PDF sets. LO and NLO PDF sets and the associated ag are chosen for the corresponding
predictions respectively. In figure we observe in general large K-factors up to 1.8 for gg
production at mg = mgz = 2 TeV and V/S =7 TeV. In the considered mass range all K-factors
yield large positive corrections apart from g production at v/S = 7 TeV where corrections
turn negative for mg = mgz 2 1.4 TeV. In general K-factors decrease going from VS =7 TeV
to VS = 14 TeV.
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Figure 3.2: NLO QCD K-factors for 4§, g, G, GG and # production at the LHC with /S =
7 TeV (left) and v/S = 14 TeV (right) obtained with Prospino 2, shown as function of a
common mass for the gluinos and all squarks mg = mj.

Also results beyond NLO in QCD were calculated, based on resummation techniques [118-
126]. These corrections increase the inclusive cross sections by typically about 2% — 30% and
further reduce the scale uncertainty. Predictions for squark and gluino production including
resummation of soft gluon emission at next-to-leading-logarithmic (NLL) accruacy are avail-
able via grids in the NLL-fast |127] software package. Moreover, electroweak contributions
can also give sizeable corrections. At leading order they were first calculated in [128,129] and
at NLO in [130-136]. In detail, those corrections depend strongly on the model parameters
and on the flavor/chiralities of the squarks.

A similar amount of work has been put into the calculation of higher order corrections to
decays of (colored) sparticles, with focus mainly on integrated decay widths and branching
ratios. NLO QCD corrections to the decay of light squarks into neutralinos and charginos
were first calculated in refs. [137, [138] and to heavy squarks also in ref. [138] and in [139].
Corrections to the total decay width of light squarks are in general moderate (below 10%) and
can change sign, depending on the involved mass ratios. However, for very small mass split-
tings between the decaying squark and the neutralinos/charginos, these corrections increase
significantly. Higher-order corrections to the decay of top-squarks are in general sizeable,
but they depend strongly on the mixing in the heavy squark sector. Related to this mixing
also decays into weak gauge bosons or Higgs bosons can become relevant [140, [141], receiving
large higher order corrections [142-{144]. Decays of a gluino into a light squark and a quark
at NLO QCD together with the decay of a light squark into a gluino and a quark have been
calculated in [145]. Corresponding decays involving stops were presented in [146]. All these
decays including their NLO QCD corrections have been implemented in the public computer
programs SDECAY [147| and SUSY-HIT |84]. Besides NLO QCD, also NLO electroweak correc-
tions to squark decays into neutralinos and charginos have been investigated in the literature
[148, 149] and can give sizeable contributions. These corrections often compensate those from
QCD on the level of integrated decay widths, however, they depend strongly on the model
parameters. Corresponding NLO electroweak corrections for third generation squark decays
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Figure 3.3: Exclusion limits obtained by the ATLAS collaboration in their all-hadronic anal-
yses with “0 leptons, 2-6 jets and F7” using the full currently available dataset at 8 TeV |158].
Left: interpretation in a squark—gluino simplified model with mgo = 0. Right: interpretation
assuming only squark—squark production and a decoupled gluino. Both plots are taken from
ref. |158].

have been studied in [150-153].

As already mentioned before, most of the discussed studies of higher-order corrections
focused on inclusive observables or considered differential distributions in unphysical final
states, like SUSY particles. Few studies were performed investigating invariant mass distribu-
tions of SM particles emitted from cascade chains including various higher-order corrections
[154, [155]. Finally, in refs. |[156, 157] the production of sparticles was studied at tree level
matched to a parton shower including additional hard jets. In these works large deviations
from the LO prediction with or without showering were found particularly in the high-pT tail
for scenarios with compressed spectra. In this thesis we go beyond these estimates and in
chapter @ (and following) we provide a fully differential description of production and decay
of squark—squark pairs at NLO.

3.3.2 Experimental status

A stunning amount of analyses searching for SUSY in various experimental final states have
been presented already during the first phase of the LHC. Unfortunately, no deviation from
SM background predictions has been found so far — as it has been the case for previous searches
at the Large Electron Positron (LEP) collider at CERN and the Tevatron at Fermilab. In
this work we can not give a comprehensive overview on all relevant search-analyses. Instead
we want to highlight the all-hadronic searches most relevant for squark and gluino production
assuming a Y} LSP [158-163], as already motivated in sectionB.2l Here, a significant branching
ratio of squarks and gluinos decaying directly into the Y! is assumed, resulting in an all-
hadronic "multi-jets plus missing energy" signature. Differences in the analyses performed
by the ATLAS and CMS collaborations occur due to alternative strategies for background
rejection, however, the resulting reach in parameter space is comparable. In section we
explore one of such analyses for each of the experiments in detail.
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As an example, in figure 3.3 we show simplified model interpretations of the latest ATLAS
search in the all-hadronic channel [158]. In the left plot of figure 3.3 all squark and gluino
production channels are included. All other SUSY particles but the X! are decoupled. The x!
is assumed to be massless and all branching ratios into the ! to be 100%. In this simplified
model, squark and gluino masses are excluded up to about 1600 GeV. In the right plot also
the gluino is decoupled and only squark-pair productionis considered. Resulting limits are
weaker and for a massless neutralino, squarks up to about 850 GeV are excluded. For heavier
neutralinos these limits become much weaker or non-existing at some point, as jets from the
squark decays become soft and do not pass the cuts applied in the experimental search.

3.3.3 Parameter determination

Once a clear signal for physics beyond the Standard Model is established, the character
and parameters of the underlying model have to be determined. Only a precise and non-
ambiguous determination of TeV-scale parameters allows reconstruction of the underlying
theory [164, [165] and, e.g., in case of SUSY, investigation of different breaking scenarios.
Moreover, different BSM models result in similar signatures at the LHC, so even the deter-
mination of the general model would be a major challenge [166]. In recent years various
techniques tackling these challenges have been developed. Many of those rely on the oc-
currence of cascade decay chains of colored particles. For a review of mass determination
techniques see for example ref. |[167].

However many of these techniques require a rather large sample of signal events. But,
as bounds on SUSY particles (especially light squarks and gluinos) are pushed to higher
values by the experimental searches, many of the proposed sophisticated kinematic methods
for parameter determination might not be feasible with low signal statistics due to a rather
heavy spectrum. Therefore, inclusive quantities like event rates become more interesting |168].
Thus, precision studies for cross sections including realistic experimental cuts are desirable.

3.4 Electroweak sector

Production

For not too heavy squarks and gluinos production of neutralinos, charginos and sleptons from
cascade decays of colored particles is assumed to be dominant. However, they can also be
hadroproduced directly at order O(a?).

0

i

Neutralinos and charginos can be produced diagonally x )Z?, )Zzi)zzi or off-diagonally )Z?)Z?,
)fo(jc, )Z?S(;t. For both processes, two types of diagrams contribute at leading order. On the
one hand, they can be produced in Drell-Yan type processes. On the other hand, t-channel
squark diagrams contribute. NLO QCD corrections have been calculated in [169] and are

included in Prospino 2.

At leading order sleptons are only produced via Drell-Yan-type processes [170] and will
be discussed in detail in chapter [l Corresponding higher-order corrections include NLO
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corrections [169, [171], resummation improved results at NLL accuracy [172-174| and, since
recently, NLO results matched to a parton shower [175, [176]. The NLO QCD results are
available via Prospino 2 and the NLL results via the program Resummino [177]. These
predictions are in principle valid for sleptons of all generations.

Contributions from bb annihilation and from gluon fusion were studied in refs. [178-180],
which assumed no left-right mixing. While this limit is usually a good approximation for
first and second generation sleptons, the mixing between the (third generation) stau gauge
eigenstates can be substantial. Moreover, the bb and gg channels are not included in the
stau-pair production cross section predictions provided by the general purpose Monte Carlo
simulation codes such as Pythia [181]| or Herwig [182|. In chapter [ we present a study
which considers all three of the mentioned direct stau production mechanisms with particular
emphasis on potentially sizeable left-right mixing.

Decays

In 9 LSP scenarios sleptons always decay into a kinematically available lighter neutralino or
chargino state, emitting a lepton

I —=1/vxy, k=1,...,4, (3.12)
I —v/lxE, 1=1,2, (3.13)

where My > My g (+my). In other scenarios, e.g. where the 77 is the lightest MSSM
particle or where a small mass splitting does not allow for an on-shell decay, also three-body
decays of heavier sleptons might become relevant.

Decay patterns of neutralinos and charginos are more complex. If kinematically avail-
able they decay into lighter sleptons (or even squarks), otherwise again into neutralinos and
charginos via three-body decays. For large enough mass splittings they can also decay into
lighter neutralino/chargino states emitting SM gauge bosons or Higgs bosons.

3.4.1 Experimental status

As in the case of strong production, experimental analyses searching for electroweak produc-
tion of SUSY particles at the LHC are manifold. Despite much smaller cross sections they
are very successful in constraining large regions of the parameter space, where before the
LHC, best limits were mostly set by LEP. However, these limits usually depend on various
assumptions, e.g., on-shell decays via sleptons or SM gauge bosons are often assumed, see for
example ref. [183, 184]. Here we only want to discuss current limits on direct production of
staus, as this will be the main subject of chapters [ and &l

Constraints on direct stau production

For decaying staus, i.e., in X LSP scenarios, best model-independent limits are still set by
LEP [39] and for mz — mgo > 10 GeV they are given by

mz 2 82 GeV. (3.14)
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On the other hand, long-lived staus occur naturally in SUSY extensions of the SM in
which the LSP is an EWIP. In such settings, a directly produced stau will usually appear
as a CHAMP. Searches for such long-lived staus at LEP set the following model-independent
limit [39, [185]:

mz 2 87.5 GeV . (3.15)

Moreover, searches for long-lived staus in proton-antiproton collisions with v/S = 1.96 TeV
at the Tevatron [104, [186] have led to the following upper limit on the stau production cross
section |104]:

(V'S =1.96 TeV) < 10 fb. (3.16)

This was the experimental status when the study presented in chapter [ and [8 was published
in [1]. In a recent analysis [187] using an integrated luminosity of £ = 4.7fb~!, the CMS
experiment sets the limit

ms > 223 GeV (3.17)

for directly produced long-lived staus. Furthermore, preliminary results including data from
the 8 TeV run have been presented in [188| and the following limit is given

msz 2 339 GeV, (3.18)

again for direct production of staus only. These limits exclude parts of the parameter region
and benchmarks presented here. However, general results are unaffected and in section
we elaborate on the current status and future prospects.

3.5 Higgs sector

Production channels and decay modes of MSSM Higgs particles, corresponding collider sig-
natures and higher-order corrections are manifold and cannot be discussed here. For a review
within the MSSM and the SM see refs. [189] and [190]. Instead, here we quickly want to
emphasize important implications of the recent Higgs searches at the LHC.

As mentioned in chapter [ both the ATLAS collaboration and the CMS collaboration
recently discovered a Higgs particle h with a mass ~ 125 GeV. Including all currently available
data of various sensitive channels the two collaborations state (preliminary) masses my and
signal strengths p (in terms of the SM rate for a given mass) for the new Higgs boson [191,[192]:

ATLAS : my, = 1255+ 0.2702 GeV, p=143+0.16 +£0.14, (3.19)
CMS: my, =1257+0.3+0.3 GeV, p=0.80%0.14, (3.20)

where if explicitly stated the first and second errors are statistical and systematical respec-
tively. The combined and individual signal strengths for all channels are in good agreement
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with SM predictions. A slight enhancement in the branching ratio BR(h — ~7) is observed
by ATLAS and was observed by CMS in earlier analyses. A possible explanation within the
MSSM is discussed in section[.T.3l In general, the agreement with SM predictions in all Higgs
observables points towards the MSSM decoupling limit m 40 > my, where the lightest MSSM
Higgs particle h° is SM-like and can be identified with k. On the other hand, the observed
Higgs could in principle also be identified with the heavier neutral CP-even H° @] Now,
m g0 ~ Z9 and the lighter h° could have been missed by Higgs searches at LEP due to reduced
couplings to SM gauge bosons.

As already discussed in section the observed mass my, requires that the mass mg re-
ceives sizeable quantum corrections in order to identify the lightest MSSM Higgs h° with the
observed one. As shown in eq. (Z.64]) such large corrections in turn require large stop masses
and/or mixing and hence large X;. In ref. | a global fit in the MSSM (with 7 parameters)
was performed including the Higgs mass measurements and available signal strengths together
with EWPOs and flavor observables as inputs. In that scan the MSSM Higgs masses where
evaluated at the two-loop level with the computer program FeynHiggs |. The resulting
best-fit region in the X¢/ms, — my, plane is shown in figure B.4(left). From this plot we see
that for light stop masses, i.e., mz 2 200 GeV, the off-diagonal element in the stop mixing
matrix has indeed to be large, [X¢/mg, | &~ 2. Furthermore, even lighter stop masses and in
particular m;, < my, are excluded as a result of this fit. For heavier stop masses, mz 2 1 TeV,
stop-mixing has still to be considerable [X;/mg_ | > 1.

Additionally, there are important constraints on the Higgs sector of the MSSM in scenarios
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with large tan 8 and small m 40 from Higgs searches in the 77 and bb channels. As shown in
section 2.3.2] Yukawa-couplings of down-type fermions are enhanced for large tan 8. Currently
most stringent (preliminary) exclusions from the LHC experiments are given in [194] and [160].
As an example, in figure B 4{(right) the 95% C.L. exclusions from searches in the 77 channel
presented in [194] are shown in the m 40 —tan 8 plane of the m*** benchmark scenario (defined
in |196, [197]). Here, e.g., m 40 < 800 GeV is excluded for tan 8 2 50 and m 40 < 500 GeV for
tan 8 2 20.

3.6 Flavor sector

There are important constraints from the flavor sector, and in particular from observables in
the B-sector, on the relevant SUSY parameter space. For example the recent observation of
the decay By — u™pu~ at LHCb points towards a branching ratio [19§|

BR(Bs — ptp™) =325 x 1077 @ 95% CL , (3.21)

which is in good agreement with the SM prediction BR(Bs — putp™)sm = 3.23 £0.27 x 107
from [199] and thus sets stringent limits on the relevant SUSY parameter space. Particularly
parameter regions with large tan S and small m 40, where additional SUSY penguin-diagrams
could contribute strongly to BR(Bs — utpu™), are disfavored. When the results of chapters [7]
and [§ were first published, the most stringent bound on this decay was considerably weaker

BR(Bs; — utp™) <43 x 1078 @ 95% CL . (3.22)
Furthermore, also the measurement [200] of
BR(b — 57) = (3.55 £ 0.33) x 1074 (3.23)

gives relevant constraints, as again additional SUSY contributions, in particular from chargino
and charged-Higgs loops, can be large. Many more rare B-meson and in general flavor changing
decays constrain the SUSY parameter space. See for example ref. [201] for an overview.

3.7 SUSY in the cosmos

Possible implications of SUSY for cosmological processes are diverse. Here we want to focus
on the role of the LSP as a viable dark matter candidate. This possibility is connected with
cosmological bounds obtained from observations of the CMB, implications of the BBN and
structure formation or direct and indirect dark matter searches. Additionally, SUSY particles
might play an important role during inflation (see for example ref. [202] or ref. [203]) and/or
leptogenesis (see ref. [204] and references therein).

Here we want to discuss three viable dark matter candidates provided by supersymmetry:
the lightest neutralino, the gravitino and the axino. The neutralino is a formidable WIMP,
while the gravitino and the axino fall in the class of EWIPs, as discussed below. In the follow-
ing, we briefly explain for these three models how the correct relic dark matter density can be
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achieved and highlight important cosmological constraints. In most of this thesis we assume
a neutralino LSP, however, in chapter [§ possible consequences of an EWIP LSP scenario are
scrutinized.

Other SUSY particles could also be considered as dark matter candidates. Particularly
a sneutrino LSP is weakly charged and could in principle provide the correct relic density.
However, all sneutrinos of the MSSM have already been excluded as dark matter candidates
from direct detection experiments [205]. But a sterile or right-handed sneutrino in extensions
of the MSSM could indeed be a viable candidate [206]. Many other alternative extensions
of the MSSM, not even speaking about non-SUSY models, include interesting dark matter
candidates, see ref. [207] and references therein.

3.7.1 Neutralino dark matter

The prime dark matter candidate within R-parity conserving SUSY theories is the light-
est neutralino. It is only weakly interacting, in many GUT-constrained models its mass is
O(100 GeV) and due to eq. (2.85al) it is naturally the LSP. Despite these compelling features
there is one major obstacle: the thermal relic abundance of neutralinos typically exceeds the
observed value, given in eq. (2:22)). Thus, efficient annihilation mechanisms had to take place
in the early Universe in order to save the neutralino as dark matter candidate. Such efficient
mechanisms can for example be found in the

e bulk region, where sleptons are relatively light and two neutralinos can efficiently anni-
hilate via a t-channel slepton exchange into a pair of leptons,

e coannihilation region, where the neutralino is very close in mass with, e.g., a light
stop, stau, or chargino, and the neutralino and the particle close in mass can efficiently
coannihilate into SM particles,

e heavy Higgsino / focus point region, where the neutralino is relatively heavy and due to
large higgsino components it can efficiently annihilate into massive SM gauge bosons,

e Higgs or Z resonance region: for 2m>2(1) ~ m 40, my efficient annihilation is possible via

a pseudoscalar Higgs boson A° or Z boson resonance,

e light Higgsino region, which is the only viable annihilation mechanism for very light
neutralinos (mfc? < 30GeV). Here, the neutralino annihilates efficiently due to non-
vanishing Higgsino components via a t-channel stau exchange into a pair of taus.

All these annihilation mechanisms select different MSSM parameter regions and result in dis-
tinct collider signatures.

Furthermore, direct dark matter detection experiments set limits on spin-independent and
spin-dependent elastic neutralino-nucleon scattering cross sections, see for example ref. [20§]
and ref. [209]. Current neutralino annihilation in our galaxy (and its satellites) can be searched
for in gamma-ray or neutrino experiments, see for example ref. [210-212| and ref. |213, 214]
respectively. Also, post-freeze—out annihilation in the early Universe could have left observable
imprints in the CMB |215] or could have altered the predictions of BBN [216].
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3.7.2 Gravitino and axino dark matter

The gravitino falls into the class of extremely weakly interacting particles as its couplings to
MSSM particles are suppressed by the Planck scale Apjanck; it is (almost) always the LSP in
GMSB models and easily the LSP in SUGRA models. Another EWIP, the fermionic axino,
is introduced in Peccei-Quinn extensions of the MSSM. Its mass mg is a model dependent
parameter and can be smaller than all MSSM particles; couplings to MSSM patricles are
suppressed by the Peccei-Quinn (PQ) scale fpq 2> 6 x 10% GeV |39, 217], i.e., the scale where
the Peccei-Quinn symmetry is broken.

Both EWIPs are viable DM candidates. There is even the possibility that the gravitino
and axino are both simultaneously lighter than the lightest MSSM particle. We refer to
refs. [218-222] for studies of resulting cosmological and phenomenological implications.

The correct relic density of gravitino dark matter can be achieved from thermal production
in the hot SUSY-QCD plasma right after inflation or non-thermally from NLSP decays [223—
227]. The thermal relic gravitino density for a standard cosmological history, i.e., without
additional release of entropy, is given by

3
M2(TR) k; ma Tr
QLF = 92(Tr) |1 . 1 : G 3.24
¢ izlwg’( R) |1+ 3mZ | (gi(TR)> <100 GoV ) \ 1010 GoV (3:24)

with wy 23 = (0.018,0.044,0.117) and ki 23 = (1.266,1.312,1.271) for U(1)y, SU(2)r, and
SU(3)c¢ respectively |225]. Thus, it scales essentially linearly with the reheating temperature
Tr and depends quadratically on the ratio between the gaugino mass parameters M; at the
scale of reheating and the gravitino mass mz.

For the axino, viable parameter regions with the correct relic density from thermal and/or
non-thermal axino production are model dependent and investigated in refs. [221, 228-231].

In both EWIP dark matter scenarios the NLSP might become long-lived due to suppressed
couplings. Thus, the NLSP can then decay during or after BBN and the emitted SM particles
can reprocess the primordial abundances of deuterium, helium, and lithium [232-235], spoiling
the agreement between predictions of BBN and observations of light element abundances.
Resulting constraints in the 7y NLSP case are discussed in detail in section [Z.1]
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Chapter 4

Combining production and decay

In this and the following chapters we want to present a calculation of combined squark—
squark production and decay at NLO in SUSY-QCD. In this chapter, we first motivate such
a calculation in section Il Second, in section the theoretical approach of the combined
calculation is presented. Third, in sections 4.3 and [4.4] we explain the calculation at NLO of,
respectively, separate squark—squark production and decay, both being part of the factorizable
NLO corrections to the combined process. In the following chapters, two phenomenological
applications are presented. On the one hand, in chapter Bl squark—squark production is com-
bined with direct decays into two lightest neutralinos. On the other hand, in chapter [ for
the same production process one squark decays directly into the lightest neutralino and the
other one into the second-lightest neutralino, which subsequently decays into two leptons and
the lightest neutralino via an on-shell intermediate slepton.

4.1 Motivation

In section B3] an overview of the current status of theoretical predictions for squark and
gluino processes including higher orders was given. Such precise and reliable theoretical
predictions are necessary for several reasons:

e corrections (particularly NLO QCD to the production) are large, so inclusion of higher-
order corrections is necessary for a reliable phenomenological prediction,

e similarly, inclusion of higher-order corrections drastically reduces theoretical uncertain-
ties,

e thus, such corrections are needed to set accurate exclusion limits,
e to possibly refine experimental search strategies in problematic parameter regions, and

e in case of discovery, to precisely determine the parameters of the underlying model, as
explained in section [3.3.3

Until now precision studies of sparticle production at the LHC, as discussed in section
B3l have focused on inclusive cross sections, without taking into account phase-space cuts
that have to be applied in any experimental analysis. Although these inclusive quantities are of
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fundamental interest, both for exclusion limits and for parameter determination, they are not
directly observable in high-energy collider experiments. Thus, a fully differential prediction
including higher-orders in all relevant stages of the process (eventually matched to an NLO
parton shower) is desirable. This requires the calculation of NLO effects for processes with
intermediate massive unstable particles. Thus, off-shell effects of order O(I'x /mx), where
I'x is the width of the intermediate particle X and mx its mass, might become important
and should be investigated.

In this work, we systematically study squark—squark production and subsequent elec-
troweak decays at NLO in QCD. This calculation is performed within the narrow-width ap-
proximation (NWA), thus treating intermediate squarks on-shell. In this approximation, at
NLO, virtual and real corrections factorize into corrections to on-shell production and decay
subprocesses. However, the NWA neither includes off-shell effects of the intermediate unstable
squarks nor the full NLO corrections: besides factorizable corrections also non-factorizable
contributions have to be considered where a separation into production and decay is not
possible. Furthermore, single-resonant or non-resonant contributions, which correspond to di-
agrams with a sub-dominant pole structure but an identical final state, are also not included
in the NWA. Still, in the narrow-width approximation a fully differential description of final
states (jets, leptons, LSPs) including well-defined (factorizable) NLO QCD corrections is pos-
sible and realistic kinematic cuts on the momenta of the final state particles can be applied.
These corrections are expected to yield the dominant part of the NLO contributions.

In the following section we discuss several approximations at LO and NLO for calculating
processes involving unstable particles. There, we introduce a gauge-invariant splitting into
factorizable and non-factorizable NLO corrections, where we also explain the general proce-
dure, applied in the following chapters, for calculating factorizable corrections in the NWA as
a formal expansion in the strong coupling. Besides the discussed approximations, many more
can be found in the literature, particularly in the context of 4-fermion predictions for LEP2

236).

4.2 Methods

In this section we want to introduce the methods applied in our calculation of squark—squark
production and decay at NLO. Although we consider this particular process in the following
chapters, the methods explained in this section are general and can in principle be applied to
any process with intermediate massive unstable colored particles and in particular to other
squark/gluino production channels and decay modes.

Since unstable particles cannot be described as asymptotic states, also no S-matrix ele-
ments exist for them. Therefore, from a theoretical point of view such particles should only be
interpreted as intermediate states, appearing as poles in the S-matrix with finite imaginary
part. Technically, in any calculation of massive unstable particles on-shell singularities have to
be regularized by a finite width. Such a width is automatically introduced in the propagator
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Figure 4.1: Illustration of the process under consideration. The circle illustrates all lowest
order hadronic contributions to the given final state.

of an unstable particle via Dyson summation of self-energy contributions

1 = =2k \" 1
= 4.1
kz_Mzz<k2_Mg> RS yEESSEI (41)

0 n=0

where My is the bare mass of the intermediate particle and ¥ its self-energy contribution,
which is related to its width I' via the optical theorem: I' ~ ﬁ Im X(M?). However, via
a simple replacement of propagators with their regularized version, only parts of higher-
order contributions are included, and results might become gauge dependent. l.e. , Ward
identities can be violated. A consistent calculation, e.g., within the complex mass scheme,
manifestly preserves gauge invariance at any order of perturbation theory (see for example
ref. |237| for a definition of the complex mass scheme at leading order), however such a
calculation is technically involved, often computationally prohibitive and will not be pursued
here. Approximations used in this work at LO and NLO are discussed in the following.

4.2.1 Born approximations

To be specific, we want to consider the process illustrated in figure [1], i.e. the hadroproduc-
tion of two jets j = {q,q, g} and two electroweak gauginos x; = {)Z?,)Zli} at LO,

pp — jixiX; (+X). (4.2)

The two gauginos are assumed to be stable for the moment. If unstable they decay via an
electroweak decay chain which is unaffected by NLO QCD correction. For x;,; = XY this
processes directly contributes to the experimental signature pp — 2j + F7(+X), which chap-
ter Bl is dedicated to.

Within the MSSM the dominant contribution to process (£2) comes from on-shell or
nearly on-shell intermediate squarks, if kinematically available. Thus, the complete leading-
order matrix element for the corresponding partonic process can be expanded in poles of
different orders and is given by

(k% o Mgl)(k% o M(i22) k% - Mt§21 k% - Mti22

M= N(k%7k%7{61})7 (4'3)

'From three-body decays or from the decay of SM gauge bosons or Higgs bosons in the electroweak decay
chain, colored objects can still be emitted. However, corresponding QCD corrections are sub-leading.
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Figure 4.2: Illustrative single-pole (left) and non-resonant (right) diagrams not contributing
in DPA.

where ki, ko are the momenta and masses of the intermediate squarks ¢1, G2. Here, for sim-
plicity we do not specify flavor, chirality or charge of these squarks. {6;} denotes all other
kinematic variables and Rj2, R; and Ry denote the corresponding residues; N is a regular
non-resonant contribution. The residues and the position of the poles (cf. Appendix [A.T))

M(% = (Mgi )2 — Eqi(M(%) = méi —img Ty, (4.4)

are gauge invariant quantities, where mg, are the physical (real) masses of the unstable squarks

and I'g, their finite width.

In the double-pole approximation (DPA) only the first term in the pole expansion of

eq. (£3) is kept:

Rio(ki, k3,{0:})
(kQ +qu1 q1)(k2 mg"i"i_imtbrlb)

AMDPA _ (4.5)

Diagrams that contain only one pole (~ Ry 2) of g; are suppressed by O(I'z; /mg;) and diagrams
without a squark pole (~ N) by O(I'g,T'g,/mg,mg,). On the one hand, this can be seen as an
approximation for the calculation of process ([@.2). On the other hand, taking into account
the organizational classes of hadroproduction of SUSY particles, as explained in section B.3]
the terms proportional to the single poles (~ Rj2) can be considered as NLO contributions to
squark—gaugino production including the squark decay (a corresponding example diagram is
shown in figure 2] on the left); and the non-resonant term (~ N) as NNLO contributions to
gaugino—gaugino production (a corresponding example diagram is shown in figure on the
right). Still, in a general off-shell calculation, only including all these contributions ensures a
gauge invariant result.

In the resonant scheme the residue in eq. (43 is put on-shell via a mapping of the full
four particle space dIlss. In this scheme the LO partonic cross section of (4.2) is given by

0) _ /dH |R12( ql’ ql? {9 })|2 (4 6)
Ores — 5. 4 .
Tk —m2)2+m2T2) (k] —mZ)2 +m2T2)’

where s is the squared total energy of the process in the center of mass system. The resonant
scheme defined in this way always gives a gauge invariant result, however, such a procedure is
not valid below threshold, i.e., we require v/s > mg, +mg,. Furthermore, the applied mapping
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is not uniquely defined and resulting predictions depend on its details.

In the limit Iy, /mg, — 0, the narrow-width approximation, the resonating contributions
in eq. (£6) can be approximated for each squark by

—+00

dk? _
Z - Ok} —mg; 47
/ (k’? — qu)2 + mg: Fél mg, Fql ( i ’I’I’qu) , ( )

B 7 %
neglecting terms of order O(I'g,/mg,). For intermediate squarks (i.e. scalar particles), in
NWA the phase-space integration of the squared amplitude for the total cross section of the
2 — 4 processes trivially factorizes into production and decay parts, unambiguously defined.
At the hadronic level (convoluted with PDFs as in eq. (8:2))), the LO cross section for process
([A2) gets the form

(0)

~ o~ ~ ~ 0 0 0
JNWA(pp - Q192 — QXiC]IXj) = O-I(?P)—Nil@ ’ BRt(h)—NDZi ) BRl(b)—ﬂl’ij ’ (4'8)
with the LO hadronic production cross section &I()?)qu i and the LO branching ratios BR(

for the squark decays into gauginos. For a decay into a neutralino the flavor of the emitted
quark matches the flavor of the decaying squark; for a decay into a chargino the emitted quark
is of the flavor of the corresponding SU(2) partner.

A direct generalization of eq. (L8] yields the cross section in a completely differential
form, which can be written as

0 . . 0 1 0 1 0)
oo 05) = iy oy T8, T 0
q1 G2

Therein, I‘f,j?) and I‘f.jg) denote the LO total widths of the two squarks; dFé?L 0 and dFéqu/Xj
are the respective differential decay distributions boosted to the moving frames of ¢; and ¢o.

4.2.2 NLO approximations

The narrow-width approximation can directly be extended to NLO performing a formal ex-
pansion in the strong coupling a; of all terms in eq. (£.9),

() 2 & 3
dUppHihdé - dapp—ﬂhtig (Ozs) + dapp—njlqg (Ocs) T, (4-10)
_ g7 0 (1)
dr‘jk_"ﬂl - drdk%w&(aé’) + drdk*lliz(as) e (4.11)
_ 10/ 0 1)
D, =T () + T () + ... (4.12)

Thus, the NLO prediction of the process ([4.2) via resonant squark-squark production, i.e.,

pp — @132 — qq' xix;(+X) (4.13)
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Figure 4.3: Illustration of the factorizable NLO corrections to (I3). The circles indicate all
contributions to the production up to O(a?) and the decays up to O(a).

can in NWA at the hadronic level be written as

oD (pp = @13 — a0 RA(+X)) =
rO o

1 (0) (0) (0) Q@ 3
©0) 1(0) |:d0pp—>§1¢i2 drqﬁqxg drqﬁq@zg <1 o r© o r©
q1 q2 q1 q2

+do® __grW dr;f;’ N +do® __qr @ gr®
J

Pp—=d1d2 " G1—qx? —q P13z 7 G1—qx) T G2a—a'X)

T dU;;LﬂldQ(X) drt(i?LQ)Z? dP‘ggLQ'f(?] ’ (4.14)
which is again manifestly gauge invariant. The LO term in the first line of eq. (£I4) gets a
global correction factor from the NLO contribution to the total widths; the second and third
line involve the NLO virtual and real radiation corrections to the decay distributions and the
production cross section, respectively. In this way corrections to the production and to the
decays factorize and can be calculated independently, as illustrated in figure L3l In NWA the
intermediate squarks in figure 3] are on-shell and the blobs indicate higher order corrections
including real gluon radiation. The factorized calculations are presented in section [£.3] for the
production and section 4] for the decay. An analogous treatment has been used, e.g., for the
calculation of NLO corrections to top pair production and decay in the SM [238, 239] and re-
cently for scalar top production and decay in extensions of the SM, including the MSSM [240)].

The NWA, however, can only account for a subset of the complete NLO QCD correc-
tions of the given process. For example, interactions between initial and final state quarks,
interactions between final state quarks of the two decays and (clearly) general off-shell effects
are not included. Still, corrections of the former type can both give large double resonant
contributions in the soft gluon limit and could thus be numerically important compared to
general off-shell corrections, which are suppressed at NLO by at least O(asI'g/mg). In the
following we sketch how such non-factorizable corrections can be calculated as an independent
gauge-invariant subset.

Non-factorizable corrections

Starting from the double-pole approximation, two classes of diagrams contributing at NLO
can be identified. First, contributions already illustrated in figure [£.3] belong to the class of
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Figure 4.4: Illustration of manifestly non-factorizable NLO corrections to (AI3]). The circle
indicates the lowest order contribution to the hadronic production of a squark-pair.

Xi Xi

Figure 4.5: Illustration of non-manifestly non-factorizable NLO corrections to (AI3]). The
circle indicates the lowest order contribution to the hadronic production of a squark-pair.

factorizable corrections. These corrections can be attributed either to production or to one of
the decays. In the on-shell limit of the intermediate squarks the resulting cross section is given
by eq. (£I4). For the second class of diagrams, the non-factorizable corrections, such a sepa-
ration is not possible; a set of (virtual) example diagrams for this class is shown in figure .41
Superficially, such diagrams do not yield an overall double-pole. Indeed, corresponding real
radiation diagrams (obtained by cutting a gluon line) are clearly not double-resonant for
hard gluons. However, this is very well the case in the soft-limit of the exchanged/radiated
gluon. From a physical point of view such soft gluons induce relatively long range forces
and thus allow for interactions between different stages of the process. In this soft-limit the
non-factorizable corrections can be written as

do™NF = do(8) SN, (4.15)
i.e., by multiplying the resonant differential cross section, defined in eq. ([£.6]), with a scalar

factor 6NF. As already mentioned NWA cannot be applied here. The complete NLO correction
to (AI3]) in DPA then reads

do 0+ = dal(\?VJ\r,B + do™F (4.16)

The just given classification into factorizable and non-factorizable contributions can only
be illustrative. The summed matrix elements at NLO in DPA themselves are not gauge-
invariant. Thus, also a general gauge-invariant splitting between factorizable and non-factorizable
contributions has to be performed carefully. This is not possible on a purely diagrammatic
basis. Diagrams interconnecting different stages of the process, as already illustrated in fig-
ure 4] always yield non-factorizable corrections — called manifestly non-factorizable. Ad-
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ditionally, further diagrams, illustrated in figure [£.5] contribute to factorizable and to non-
factorizable corrections — called non-manifestly non-factorizable. For example the left diagram
in figure 5l can be understood as part of the factorizable corrections in the production stage if
the two propagators attached to the decays are resonant, otherwise it gives a non-factorizable
correction. On the other hand, the diagram on the right of figure can be understood as a
factorizable correction in the decay stage if the propagator close to the production is resonant
and otherwise as a non-manifestly non-factorizable contribution. Again, similar arguments
hold for the corresponding real radiation contributions, obtained cutting a gluon line. A gauge
invariant splitting between factorizable and non-manifestly non-factorizable contributions is
explicitly illustrated in the following.

Gauge invariant splitting

The key point in the splitting between factorizable and non-factorizable corrections is that in
the soft limit contributions from non-manifestly non-factorizable diagrams can be split into
different currents which contribute either to the production, to one of the decays, or yield
non-factorizable contributions [241, 242].

Considering for example the emission of a virtual gluon from a squark-line in diagrams
like the ones shown in figure 3] the two adjacent squark propagators can be written in a
partial fraction decomposition

1 1 1 1
D) D) T — - 3 B} . . (417)
(k2 — MZ)[(k + q)* — M7 +ie]  2kq +ie <(k+q)2—Mq k2—Mq-+ze>

Here M, 112 includes the width of the squark, as defined in eq. (£4). The momentum of the
radiated gluon is given by ¢, such that k£ + ¢ is the momentum of the squark inside the loop
and k the one outside of the loop. The € prescription is needed to ensure causality in any step
of the calculation.

Applying such a decomposition, the right diagram in figure can for example be ma-
nipulated in the following way

d'q k1p1
M = il6ma,C MDPA/ , , , 4.18
(2m)* (¢* + i€)(2p1q + i€) (K} — Mqu + 2k1p1 + i€) (4.18)
2 2
= i16ma,C MPPA / A il 1- b My,
(2m)* (q2 + i€) (2k1q + i€)(2p1q + i€) ki — MZ 4 2kiq +ic )

(4.19)

where C' is a color factor, irrelevant for our discussion, that depends on the color structure of
MPPA The momentum of the external quark the gluon is attached to, is denoted by p;. The
non-factorizable corrections are only relevant in the soft limit. Therefore any g dependance
was dropped in the numerator of eq. (£I8). Now, the first term in eq. ([AI9]) can directly
be identified with a factorizable correction to the corresponding squark decay. The second
term remains as non-factorizable correction, which is enhanced in the soft limit ¢ — 0. The
singularity in this limit is partly regulated by the squark width.

A similar procedure including a partial fraction decomposition is possible for correspond-
ing real radiation diagrams. Summing virtual and real contributions of all non-factorizable
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contributions (manifestly and non-manifestly), only a small number of diagrams yield non-
vanishing contributions. Actually, only non-factorizable contributions from the left diagram
in figure [0 the left diagram in figure [£.4] and the diagram in the center of figure 4] (plus
the one where the gluon is attached to the other squark/final state quark) together with their
real radiation interferences yield a non-zero contribution to the correction factor 6™F.

The gauge independence of this procedure can be checked projecting the gluons in the
corresponding real contributions onto their longitudinal component and verifying that their
contribution vanishes when the factorizable and non-factorizable corrections are combined
separately (in fact also when separating factorizable corrections into production and decay).

Alternatively, the non-factorizable corrections can be defined simply subtracting the on-
shell factorizable corrections from the full O(ay) corrections in DPA [243]. Both procedures
are equivalent in DPA.

In this thesis we do not present results for non-factorizable corrections to (AI3]). How-
ever, numerical effects seem to be small (below 1 %), both on the level of distributions and
integrated cross sections. A detailed study is under way and will be presented elsewhere.
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4.3 Squark—squark production

In this section we calculate on-shell squark—squark production at LO and NLO, which is an
essential prerequisite for combining production and decay in the calculation of factorizable
NLO contributions to squark—squark production processes. In the following we present an-
alytical LO differential partonic cross sections and explain details of the NLO calculation.
Here, special care is given to the treatment of soft and collinear singularities and to addi-
tional quark radiation, including the discussion of different schemes for avoiding an important
double counting problem.

4.3.1 LO squark-squark production

Amplitudes and cross sections for squark production depend on the flavors (indices i, j) and
on the chiralities (indices a,b) of the squarks. Here, we only consider light-flavor squarks.
Thus, corresponding quarks can be treated massless.
_-rqi'a' Qia ’
a4 4G |7
g ~ gl L .
ajb PEEERN /17

T

a;j ai
Figure 4.6: Tree-level Feynman diagrams for squark-squark production.
If the two produced squarks are of the same flavor, ¢- and wu-channel gluino exchange

diagrams, shown in figure L6 contribute. For squarks of the same chirality, the partonic
cross section reads

o) o ra? 1 1 2/3
9i9i—GiaYia S 2 n2
= m=s + + R (420)
dt 9s2 9\ (t— m§)2 (u— m§)2 (u— mg)(t - mg)

where s,t and u are the usual Mandelstam variables for a 2 — 2 process. For different
chiralities and m, = 0, the interference between the ¢- and u-channel diagrams is absent,
yielding

~(0
o) g 2ma2 [—st—(t—m2 )(t—m2) —su—(u—m2 )(u—mZ)
= g + 5 . (4.21)
dt 9s2 (t —m3) (u—m3)

On the other hand, if the two squarks are of different flavors, there is no u-channel exchange
diagram; hence, the partonic cross section for equal chiralities is given by

. (0) 2
gz _ 2m05 MG (4.22)
2 — 22 '
dt 9s% (t —m3)
and for different chiralities by
~(0) 2 2
daqz'qj%dmi]'jb _ 277043 —(t- mliz’a)(t — mqib) — st ) (4.23)

2 2)2
dt 9s (t —mz)
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Besides the dominating QCD contributions, there are also tree-level electroweak produc-
tion channels [128, [135] with chargino and neutralino exchange, which can interfere with the
QCD amplitude providing a contribution to the cross-section of O(aay). In principle these
terms can be numerically of similar importance as the NLO QCD O(a3) corrections we are
investigating here. However, those contributions are neglected for the presented study.

Now, the LO hadronic differential production cross section, dol?) can be obtained as

. pp—4q"
in eq. @),

1
daé(;)—)qli’ = / dr EQQ’(T) da—égzﬁqq' (7_) ) (4.24)

0

where the parton luminosity L,y (7) is defined in eq. (3.3).

4.3.2 NLO squark—squark production

The NLO QCD corrections to squark-squark production have been known for many years
[38] and an efficient public code (Prospino 2) is available for the calculation of inclusive cross
sections at NLO. However, for a systematic study including the decay of the squarks, also the
complete differential cross section is necessary. To this purpose, we perform an independent
(re)calculation of the NLO QCD corrections, where we treat the masses for ¢z, g and all
chirality and flavor configurations independently. In the previous calculation [38] different
squark chiralities are treated as mass degenerate and NLO contributions are always summed
over all chirality and flavor combinations.

NLO calculations, in general, involve treatment of infrared and collinear divergences in
intermediate steps. Since our calculation does not involve any diagrams with non-Abelian
vertices, infrared singularities can be regularized by a gluon mass (A). Collinear singularities,
in analogy, can be regularized by a quark mass (my), that is kept at zero everywhere else in
the calculation. The cancellation of these two kinds of singularities is obtained by summing
the virtual loop contributions and the real gluon bremsstrahlung part, with subsequent mass
factorization in combination with the choice of the parton densities.

The complete NLO corrections to the differential cross section can be written symbolically
in the following way:

(1) _ virtual+-soft coll hard real-quark
dappw’id’(X ) dgpp%dd/(g) +doppi7(9) T Wppsazrg + dappﬁqqqm : (4.25)

With da;’;rfgﬁ;‘;& we denote the summed contributions from the renormalized virtual correc-

ions and soft gluon emission; do< .
tions and soft gluon e sso,dappﬁqq,(g)

including the proper subtraction term for the collinear divergences; da;;rjqq/ g denotes the

remaining hard gluon emission outside the soft and collinear phase space regions. dapp—)qq/q(’)
is the contribution from real quark emission from additional quark—gluon initial states con-
tributing at NLO. All these terms are discussed in the following paragraphs.

Technically, the calculation of the loop corrections and real radiation contributions is

performed separately for every flavor and chirality combination, g¢;q; — Giaqj,, Where we

corresponds to initial state collinear gluon radiation

real-quark
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employ the computer codes FeynArts [244] and FormCalc [245, 246]. Appendix [A.3]shows a
collection of the contributing Feynman diagrams. In the numerical analysis presented in the
following chapters loop integrals are numerically evaluated with LoopTools [247].

Renormalization of the virtual contributions

For a UV finite result, the virtual contributions have to be calculated including appropriate
NLO counterterms. They can explicitly be found in Appendix [A.Tl The necessary mass and
field renormalization constants are determined according to the on-shell scheme, as also shown
in Appendix [A.1l

The renormalization of the QCD coupling constant (dgs = gs9Z,,) has to be done in
accordance with the scheme for g in the PDFs, the MS scheme with five flavors. Thus,
contributions from the top-quark, the squarks and the gluino have to be excluded from the
running of oy, i.e. eq. (ZZI]) with 5y evaluated with the MSSM field content. This corresponds
to the renormalization constant [3§]

R

67y, = 32| A ~log 2 + log —2 1 ] 4.26
9 7 4y 2 +3Og,u%+ 2 12Zog ( )
with the UV divergence A = 2/e —vg + log(4n) and the renormalization scale up. BYSSM is

the leading term of the S-function of the QCD coupling in the MSSM,

11 2 2 2 ne+1
MSSM _ f

—N¢ — = —— —=N¢ — =3. 4.27
Bo < 7 Ne 3nf> + ( 3~ g 3 ) (4.27)

Here, ny = 5 is the number of active flavors and No = 3. The first term corresponds to
contributions from light degrees of freedom, the gluon and the light quarks; the second term
to heavy particle contributions from the top quark, the gluino and the squarks.

In our calculation we choose to use dimensional regularization for the calculation, in ac-
cordance with the MS scheme employed for the PDFs we use. This breaks the supersymmetric
Slavnov-Taylor identity that relates the qqg vertex function and the ggg vertex function at
one-loop order. However, this identity can be restored (see ref. [38, 247]) by an extra finite
shift of the g5 coupling in the gGg vertex with respect to g, in the gqg vertex,

Qs

s = gs(1+92Z;,), 0Z5, = 0Zy, + I (4.28)
Virtual corrections and real gluon radiation
In the term dav;fgl;ét;‘;ft virtual and soft contributions are added at the parton level, i.e.,
A Vir 1 fi AV 1 ~ sof
ot (n) = Aoyt (g )+ o (N AE), (429

which yields after convolution with PDFs

pp—4q'(9) q9'—4q'(9)

do_virtugprsoft — /1 dr qu ( )d0v1rtual+soft (7_) (4.30)
70
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ng;qQ/(g) in eq. (£29]) contains the contributions from real gluon emission

integrated over the soft-gluon phase space with F, < AE. In this regime the eikonal approx-
imation [248, 249| can be applied, i.e., a generic real emission matrix element, where a gluon

The second term d&

is attached to an external particle with momentum p; can be written as

, €p; .
Mg = gS%M;},H@, : (4.31)
where € denotes the polarization and k& the momentum of the gluon; ./\/lgiq, _,sm 18 the born
matrix element including the color structure of the gluon radiation, which depends on the
particle emitting the gluon; as does the sign in the denominator: a plus sign refers to initial
state radiation, a minus sign to final state radiation. In this way, the soft gluon contribution
factorizes and can be written as a multiplicative “eikonal” correction factor to the LO cross
section. The denominator of this eikonal factor can be written as

1 1
p-k  pOkO(1 — |p]/p° cos 0ig)

where 0,4 is the angle between the emitter and the gluon. Integrating over the gluon phase-
space, this term diverges in the soft limit, kX — 0 and for a massless emitter, i.e., |p] = p° also
in the collinear limit cos #;; — 1. Both singularities cancel against similar divergences in the
virtual contributions and/or appropriate mass factorization. However, in the course of the
calculation these divergences have to be regularized. Here, both singularities are regularized
via a mass parameter; soft ones via a fictitious gluon mass A and collinear ones via a finite
quark mass m,. Alternatively, e.g., the dipole subtraction method can be used [250)].

(4.32)

The differential cross-section in the soft limit is obtained by summing all soft gluon matrix
elements, squaring them, summing over gluon polarizations and integrating over the soft gluon
phase space (E4 < AE). This can be done analytically [251,1252]. Defining €; = 1 for incoming
and ¢; = —1 for outgoing particles, the soft gluon contribution at partonic level can be written
as follows, using the label assignment {q,¢’,q,q'} < {1,2,3,4}:

4
~ soft _ G ~(0)
doo0r s (g) (May A AE) = —%{ Z €i€j Iij}daqq/ﬁqq,. (4.33)
i,j=15i<j
The I;; involve the bremsstrahlung integrals Z;; of [252] and weight factors Cé?,’m’uu) due to
the color structure. In our calculation the color structures are different for emission from ¢
and u channel diagrams. Hence, the various appearing bremsstrahlung integrals enter the
cross section with different weights. Accordingly, we decompose the partonic LO cross section
for gq¢’ — ¢¢' in the following way in obvious notation,
~(0) _ A (tt) ~ (ut) ~(uu) | ~(t) (ut) (uu)| 44(0)

A5\0) s = do%) + ol + ol = |+ Clat) o] dol) (4.34)
where the coefficients C’%ﬁ’unuu) for the individual channels can be easily read off from the
LO cross sections in eqs. ([£20)-(£23]). Explicit expressions for I;; including the color factors

are listed in eq. (A.9) of Appendix[A2] Summing &) (mg, \, AE) and dg¥5tual (m, \)

qq’'—qq’ qq’'—qq’
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the dependence on A cancels analytically, leaving a residual logarithmic dependence on the
cut-off parameter d; = 2AE/ /s.

Additionally, the term da;;rfgét;)ft still depends on the quark mass m, owing to the initial-

state collinear singularities. This dependence cancels by adding the real collinear radiation
term da;giqq,(g) resulting from hard gluon emission into a cone with opening angle Af around
the two quarks 1n the initial state and mass factorization for the PDFs via addition of a proper

subtraction term,

coll coll-cone sub-pdf
dappw’ifi/(g) do pp—qd’ (g) (mq,AH) + do O pp—iq’ (mmAE)' (4.35)
Here the color factor is trivial, (T¢)? = Cp = , as only squared matrix elements produce

collinear divergences. The collinear gluon emission into a narrow cone around the emitting
particle yields the following contribution that corresponds to the results of [253| with the
replacement an — Crag,

dr (7% d
do coll-cone mq,AG / dT/ 3:/ ZZ ﬁcoll T x z) da,coll coneg)(T’ Z) (4.36)

T pp—qd’ (g) qq'—qq'(

The partonic collinear cross section can be written as

4 1422 5 2
dAcoH cgr}le(T Z) _do.(o) (7_) — |: Tz 10g< 59 ) — 1 i :| , (4.37)

Tqq'—4q qq' —Gq’ 3 1—2 2m2z -z
q

with dg = 1—cos Af ~ A#?/2. The variable z is the ratio between the momenta of the emitter
parton after and before the emission. The z-dependent luminosity is given by

Lo, @, 2) =

fo(Zone) fo (ome) + £ Cone) S (Sonr)| - (438)
i [fa(Gonr) fu (o) (5 0r)]

The collinear PDF subtraction term for phase-space slicing in accordance with the MS
scheme, can be written as

1—6s
sub-pdf _ dx dz coll subl
do,, ez = 2/ dT/ . — Loy (1,2, 2) Aoy 60 (T, 2)
0

e e (430
70
where at parton level, the z-dependent part of the subtraction term for one quark is given by
2 2 2
Asubl _ 4(0) 2 1+ 2 5 142z
dGgg 5 (T 2) = daqq,_)qq/(f) 3.0 [ 1T log (1= 2)Pm2 “T | (4.40)

involving the factorization scale pp, whereas the z-independent part

~su 0 4 3
A5 (1) = 053] g0 (7) -0 |1~ Tog(8) — log?(d.) + (Iog(d) + 7 ) o (&

Qm‘;]:“
N———
| I
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Figure 4.7: Resonant (a) and non-resonant (b) diagrams contributing to ¢;g — Giaq;G;-
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Figure 4.8: Resonant (a) and non-resonant (b) diagrams contributing to ¢;9 — Giaq;pGi-

. virtual+soft coll
contains also the soft-gluon phase space cut §;. In the sum do i (9) + dUppﬁqq/(g) any

_ Pp—4q
dependence on m, is canceled.

Finally, we have to add da;l;r_cqu,(g) from the residual hard gluon emission outside the
collinear region, which cancels the dependence on the slicing parameters d, for the soft and
dg for the collinear region. The used 2 — 3 phase-space for the real radiation is adapted to

efficiently map around the singular regions.

Real quark radiation

At NLO also contributions from gluon-initiated subprocesses ¢;g — Giaq;5q; and ¢;9 — GiaQjb
open up and have to be included for a consistent treatment of NLO PDFs. Diagrams for these
two subprocesses can be divided into resonant (figure f.7(a) and .§(a)) and non-resonant
(figure A7(b) and [£8(b)) diagrams, where in the resonant diagrams the intermediate gluino
can be on-shell. The appearing on-shell singularity is regularized including a decay width for
the gluino in its propagator:

1 1

H

—m?2 2 —m24im;l;
p; —m; p; —ms +imgl';

(4.42)

As discussed below this width is a pure regulator and not the physical gluino width. This
resonant production channel via on-shell gluinos corresponds basically to LO production of a
squark—gluino pair with subsequent gluino decay. Such contributions are generally classified
as squark—gluino production (see section B.3)) and have to be removed here to not double-
count their contributions in the complete calculation including all channels. The same type
of problem is discussed, e.g., in [254] in the context of NLO corrections to single top quark
production, where quark radiation creates configurations corresponding to top quark pair
production.

In a general context, combining production and decay for all colored SUSY particles (g, ¢*
and §), also off-shell configurations from resonant diagrams appear. In this context, the off-
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shell contributions from resonant diagrams in figure [f.7((a) and [L.§(a) can in the same way be
classified as production and decay of squark—gluino pairs.

The most important difference in calculations with and without including decays is the
role of the colored supersymmetric particles. In one case they belong to the final state, in the
other one they are intermediate states. Thus, due to the quark radiation at NLO, a separa-
tion of squark—gluino and squark—squark channel contributions to a particular final state is
only an intermediate organizational instrument. It is important to remember that our NLO
calculation of the production of squark—squark pairs is meant as a necessary ingredient of
eq. [@I4). Our primary goal is the consistency of the calculation at NLO of the full process
with decays included and not only of the production of squarks.

In the following, we address the structure of the various terms contributing to the real
quark radiation and explain the subtraction of arising collinear divergences. Afterwards, we
introduce different approaches to perform the subtraction of the resonant contributions cor-
responding to squark—gluino production (with a subsequent gluino decay).

In the case of different flavors i # j, there are two parton processes which provide NLO
differential cross sections for real quark emission, given by

2+2Re</\/l M )+(M

2
nonres,t” " ‘res,s res,i :| ’ (443)
2
da—‘]jQ"diadjb‘ji ~ dH(2—>3) “Mnonresyj‘ + 2Re <M M, > + ‘M

2
nonres,j res,j ’

do—ﬁ]igﬁ@aquq]' ~ dH(Q%B) [‘Mnonres,i

res,j

where owverline represents the usual summing and averaging of external helicities and colors
and dIl(;_,3) is the usual phase-space element for three particles in the final state. Myes;
and Myonresi correspond to the diagrams of figure A.7(a) and figure L7(b), respectively, and
Mies j and Mhpgnres j to those of figure i8(a) and figure E|(b).

For the case of equal flavors ¢ = j the partonic contribution is
. 2 YV B PR 2
do—ﬁ]igﬁ@’a(jib@ ~ dH(2~>3) [ |Mnonres| + 2l%e(-/\/lnonres-/\/lres) + |Mres| ] ) (444)

with M,es from the diagrams of figure d.7)(a) and figure .8|(a), which we will call M, 1 and
Mies,2 in this case; Myonres is the part from the diagrams of figure EL7((b) and figure E8(b).

The term 2Re (Mres71M;kes72) appears only for equal chiralities (¢ = b) and flavors of the
squarks. We describe the subtractions for the case with equal flavor; analogous arguments

apply to the different-flavor case.

In the practical calculation of the real quark radiation contributions, one has to integrate
over the phase space of the final state quark. The squared non-resonant terms lead to initial
state collinear singularities. As in the gluonic case, these singular terms have to be subtracted
since they are factorized and absorbed into the PDFs. Like in the case of gluon radiation, we
divide the emission of a quark into a collinear and a non-collinear region. Since no IR singular-
ities occur a separation into soft and hard quark emission is not required. The corresponding
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hadronic cross section reads

real-quark o 1 coll-quark noncoll-quark
dapp%qmquq(’) - Z 1+ 5ij [dappﬂqz'a@jb% (A@) +d0pp%dm§jb§k (AQ)] ) (4'45)
k=i,j
Here, the non-collinear contribution, i.e. 8 > A#, given by
11 k ! 11 k
noncoll-quar _ noncoll-quar ~
do_pp—)qiaquqj/i(Ae) - /7— dr ‘Ci/j (1) dUQi/jg‘)qiaquQj/i(T)’ (4.46)
0

is obtained convoluting the partonic cross section dé,, 19— Tiadind; with the parton luminosity
for non-collinear quark radiation

1o - I 1 dx T
ﬁZ(T) oncoll-quark __ 2/ ? g(m,,up)fl-<;,,up> . (4,47)

Resonant contributions in d6g, . g-,44,,4,,:(T) have to be subtracted as explained below.

On the other hand, collecting in one formula the collinear cone emission of a quark and
the subtraction term for the PDFs one finds

coll-quark ! ! dx ! dz coll-quark ~ coll-quark
do A0)y= [ dr | — | —L (1,2,2) dé (1,2),
T0 T €T xX z

PP—Giad;vd;/i ifj 4i/;9~GiadibT; /i
with
G Sinind, (T2) =000 g,
- ;‘—W Pyy(2) [log (%) +22(1 - 2) — log (%)] . (4.48)
where Py4(2) is the gluon-quark splitting function
Py(2) = 5l2% + (1= 27 (4.49)
and the parton luminosity for collinear quark radiation is given by
Li(r,m,2)e ek = 2 g <§,MF> fi(%aﬂF) ; (4.50)

involving the gluon distribution function g(x, ).

Individually the collinear and non-collinear contributions depend on the residual slicing
parameter d9p = 1 — cos Af. In the sum any dependence cancels.
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Subtraction schemes

Here we want to introduce two strategies to avoid the double-counting of terms in da;;igl_wgiq(/)
iaqj
already contained in the LO contribution from the squark—gluino channel to the same final

state:
e DS: Diagram Subtraction,
e DR: Diagram Removal.

The DR and DS schemes defined in the following are almost equal to the approaches exten-
sively studied in [254)].

In the DS scheme the contribution from the LO on-shell production of a squark—gluino
pair with the gluino decaying into a squark is subtracted:

~DS 2 A Ax ) 2
do ~ M + 21%e(-/\/lnonres/\/lres) + Mres

49— qiaqibi

:| dH(Q%B)

nonres

_ “Mres,l‘z—i- ‘./\/lresg‘z] dll(2 49)x(152) - (4.51)

In eq. (E51), dll(a_y2)x(1-2) 1s the phase-space with three particles in the final state apply-
ing consistently the on-shell condition (p; + py)? = mg for the two different resonant cases.
Eq. (AE]]) is conceptually equal to the DS scheme explained in [254] and the “Prospino scheme”
in |38, 255]; in practice our approach is slightly different. This is explained in more detail in
Appendix [A14l We subtract at global level exactly what we would obtain from LO on-shell
production of a squark—gluino pairs with the gluino decaying into a squark. This is done by
producing two different sets of events corresponding to the two lines of eq. (AL5]]), respec-
tively. In |38, 254, [255] a local subtraction of the on-shell contribution involving a mapping
or reshuffling of momenta from the general dIl,_,3 phase-space into an equivalent on-shell
configuration is performed. These two implementations of the DS scheme give slightly dif-
ferent results even in the limit I'; — 0. The DS scheme, both in the local approach and in
the global approach, defined in eq. (#51)), is gauge invariant in the limit I'; — 0. Therefore,
the decay width of the gluino is used as a numerical regulator and not as a physical parameter.

In an extreme approach, the quark radiation contribution could even be completely ex-
cluded from the NLO corrections in the squark—squark channel. Then, all diagrams, resonant
and non-resonant, constituting a gauge-invariant subset, have to be included in the squark—
gluino production and decay channel (in this way, we would alter the organizational separation

of squark/gluino channels). Since the term |./\/ln(,m«es|2 contains initial state collinear singu-
larities, also the subtraction term of the PDFs has then to be excluded and computed within
the squark—gluino channel. It is worth mentioning, that even if we want to include only
on-shell configurations in all production and decay channels for the resonant intermediate
supersymmetric particles (as intensively discussed in section [£.2)), quark radiation in the NLO
corrections unavoidably introduces off-shell contributions.
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Figure 4.9: Dependence on the residual slicing parameters d; and dy of the vir-
tual4-soft+collinear (blue) and hard gluon and quark radiation (green) contributions of the
NLO corrections ANLO to the partial decay width I'z, 0 for the parameter point SPSla

as introduced in section (.21l Also shown is the sum of these contributions (red) and the LO
contribution (black).

The DR scheme represents, in a certain sense, an intermediate step between the DS
scheme and a complete removal as explained above. Here, one removes, from a diagrammatic
perspective, the minimal set of contributions in the squared amplitude that contain a resonant
gluino. In our calculation this results in

49— GiaGibqi

da-DR ~ dH(2—>3) |Mnonres|2 + 2Re(MnonresM;kes) + 6ab 2Re (Mres,lM:esQ) :| .
(4.52)

In the different flavor cases the third term in eq. (.52 does not appear. Comparing eq. (£.52))

with eq. (£44), it is clear that the resonant terms |./\/lres,1|2 and |/\/lres72|2 are removed. In
the definition of DR given in [254] also the interference term 2Re(M,  0sMies) is Temoved
(with a study of the impact of this contribution), whereas in our definition of the DR scheme,
we keep this interference term. Although the DR scheme formally violates gauge invariance,
a consistent description is achieved when the procedure presented here is combined with off-
shell contributions of all channels. In any case, the narrow-width approximation, both in the
DR and the DS scheme is not an exact description; as an approximation it has a natural
uncertainty arising from missing off-shell contributions and non-factorizable NLO corrections.

In our numerical results we basically employ the DR scheme, however, we compare it with
results in the DS scheme, both for inclusive K-factors and for differential distributions.

Independence of unphysical regulators

1)

Here we want to demonstrate that our final results for dap; L7 (X) do not dependent on any
unphysical regulators. As an example, in figure €9 we plot the dependance on the slicing

parameters d, (left) and dy (right) for @y, production at the LHC with v/S = 14 TeV for the
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Figure 4.10: Differential distributions in pgl and 7, for @y ur-production and benchmark point

SPSla at the LHC with v/S = 14 TeV. Shown are the LO (black), virtual+soft-+collinear
(blue), real gluon and quark radiation (green) and summed NLO (red) contributions. Here,
slicing parameters are chosen to s = dg = 107%.

benchmark scenario SPSla. This parameter point and all other input parameters are defined
below in section (.21l In figure 4.9 virtual, soft and collinear contributions for gluon radia-
tion and collinear contributions for quark radiation are shown together in blue; real gluon and
quark radiation contributions are shown together in green; the LO cross section is shown in
black and the sum of all contributions, i.e., the NLO result is shown in red. For the calculation
of the real quark radiation the DR scheme is used. Despite large cancellations between the
different contributions, the NLO result is independent of the slicing parameters. We explicitly
checked that this also holds at the differential level, where a similar amount of cancellations
takes place. In figure [£10] we show the different contributions to the full NLO predictions on
the differential distributions in the transverse momentum qu1 and pseudorapidity 7;, (defined
in eq. (5.0)) of the first squark in @r @y production. As before the parameter point SPSla
and /S = 14 TeV is chosen. The used regulators are chosen to 5, = §p = 10~4.

Again for the benchmark scenario SPSla, in figure 21Tl we investigate the dependence on
the total decay width of the gluino I'j for @gtr production. We show the LO prediction in
black, the NLO prediction in the DR scheme with a straight red line and in the DS scheme
with a dashed red line, where the left scale is used. As can be seen, the different contributions
are independent of the gluino decay width used as a regulator. The difference between the
DR and the DS scheme predictions is given by the squared resonant diagrams calculated with
an off-shell phase-space subtracted by the same on-shell diagrams, cf., eqs. (£51]) and (£352]).
In figure A.17] these contributions are shown individually: the resonant off-shell contribution
is shown in blue and the resonant on-shell contribution in green. For these, the right scale is
used.
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Figure 4.11: Dependence on the decay width of the gluino I'; used as a regulator for the
on-shell gluino contributions. Shown are the LO prediction in black, the NLO prediction in
the DR scheme with a red straight line and the NLO prediction in the DS scheme with a red
dashed line, where for these three predictions the left scale is used. The difference between the
resonant off-shell (blue) and resonant on-shell gluino production (green) yields the difference
between the DR and DS NLO predictions. For these resonant contributions the right scale is

used.
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4.4 Squark decay

4.4.1 Squark decay at LO

The LO partial decay width for a squark decaying into a neutralino and a quark, §;, — qif((])»,
depends on the flavor and chirality of the squark. For light-flavor squarks and thus m, = 0,
the width can be written as

2

(0) _a ( _
Féia—wdg - 4mqia 1

)2 (4.53)
2 ) .
Qia
The coupling constants f, can be expressed in terms of the isospin Ig ; and the charge e, of
the quark, together with the neutralino mixing matrix (Nji) defined in eq. (2.79),

1
fo =V2|eqNjy + (I, = eqsty)——Np] | (4.54)
W SW
S
fR = — \/§|:€q ]{1 — eq—WN],‘Q] s (455)
cw
Nj; =ewNj1 + swNja, Njp = —swNj1 + cw Njs - (4.56)

For a scalar particle decaying in its rest frame there is no preferred direction, and hence the
differential decay distribution is isotropic. For squark decays into a neutralino and a quark,
the decay distribution is thus simply given by

1
ar®” = —r19 deost do (4.57)

d—ax9 — 4x a—ax)

with polar angle § and azimuth ¢ referring to the quark momentum.

4.4.2 NLO squark decay distribution

The differential decay width for § — q;Z(])» at NLO is obtained in analogy to the steps in section
by adding the virtual loop corrections and the real gluon bremsstrahlung contribution
from the soft, collinear, and hard non-collinear phase space regions, yielding the full NLO
contribution in the form

(1) _ virtual soft coll
AT qz0 = Wsgzo T T35 0009 T T i50x000)

hard
+dl e, (4.58)

qi ~ q
q/ 3
B e X
% q ‘%%%
g

Figure 4.12: Loop and counterterm diagrams (a) and gluon radiation diagrams (b) for squark
decays.
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I’Yirtu;}) for mg = 0 correspond to the two vertex loop diagrams in
j

figure L12(a) and the vertex counterterm (indicated by the cross in figure f12{(a)), which
consists of the wave-function renormalization constants of the external quark and squark
lines. As for the production amplitudes, the renormalization constants are determined in
the on-shell renormalization scheme. Details on the vertex counter term can be found in

Appendix [A.]] and the explicit analytical expression is given in eq. (A.19) of Appendix [A.5l

The term dIs°ft
G—ax;(9)

production, yielding

The virtual corrections d

can be calculated by an analogue strategy as for squark-squark

2
2c
soft A% A ' (0)
drq—ﬂli?(g) - 3T {“_Eudezfl I@l} drq—w;z?’ (4_59)

where the Z;; are explicitly given in eq. (AI0) of Appendix[A2]
In the decay collinear divergences emerge from gluon emission off the massless final state
quarks.

Making again use of the results of [253], the collinear emission of gluons with energy larger
than AFE into a cone with opening angle A# yields the contribution

dFCPH 0 _ dF(O) (460)

d=ax5(9) — 7T G—axd

20, |9 2, 3 2E7 L ax 00 2F2 .. 0
R S S | __gmax 7 2log (65) |1 =1 __—gmax 77
37 {2 3" T2 °g< mz ) T2l (0 1 -log | ’

where 05 = 2AE/mg, 0g = 1 — cos (Af) ~ A§?/2, and

m2 —m2,
E XN (4.61)
gq,max 277'1/5(0 .
J

the maximum energy available for the quark in the squark rest frame. Gluons with 8 < A#
are recombined with the emitter quark into a quark with momentum precomp = pg + pg- In
general, differential distributions in the quark momenta are dependent on the slicing param-
eter AG. However, this dependence will disappear once a jet algorithm that is much more
inclusive in the recombination of quarks and gluons, is applied (see descriptions in section [5.2]).

The contribution dfgirfpzq from real emission of hard gluons (E; > AFE) at large angles
J

(0 > A0) is evaluated by numerical integration of the squared matrix elements obtained from
the diagrams in figure [L.12(b).

Independence of unphysical regulators

)

Again, we want to demonstrate that our final results for d Fé’:qfco do not depend on any

unphysical parameters. Here, as an example, in figure E.13] we show the dependence on the
slicing parameters d5 (left) and dy (right) of the partial decay width T -0 for the benchmark

UR—UX]
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Figure 4.13: Dependence on the residual slicing parameters d; and dg of the vir-

tual4-soft+collinear (blue) and hard radiation (green) contributions of the NLO corrections
ANLO to the partial decay width I'z, ,,z0 for the parameter point SPSla as introduced in

section (.21 Also shown is the sum of these contributions (red) and the LO contribution
(black).

scenario SPSla. In figure 13| the sum of virtual, soft and collinear gluon contributions is
shown in blue; real hard gluon contribution is shown in green; the LO partial decay width is
shown in black and the sum of the NLO contributions, i.e., the NLO correction to the partial
decay width, is shown in red. Despite large cancellations between the different contributions,
the NLO result is independent of the slicing parameters. Again, we explicitly checked that
this also holds at the differential level — once jets are defined in an infrared-safe way, i.e., using
a well defined jet clustering algorithm.

4.4.3 Total decay width

The total squark decay width F((io) at LO is obtained by summing the partial decay widths
of the 6 different possible decay channels into neutralinos and charginos (assuming always
mg > m,;):

4 2

0) _ N0 (0)

rd = §' 1:F(Hqig+ > 1:1“&%,)@,[. (4.62)
J= J=

The partial decay widths into neutralinos Féoquco are given directly by eq. (£E3). For
i

charginos, the partial decay widths ngq’xi are also described by formula ([A53]), with the
i

specification fr = 0 and
L= Vit

Sw

o Uj1
q=u,Cc, fo=—-

(4.63)
SW

for §=4d, 3,

for the coupling constants. Here, U,V are the mixing matrices in the chargino sector, defined

in eq. (2.81).
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For the total decay width at NLO, one has to calculate the NLO QCD corrections for
each decay channel. This can be done analytically performing the full phase space integration

over the three-particle final state with the radiated gluon and adding the corresponding loop
(0+1)
q

in terms of their respective LO result and an NLO form factor FQCP which depends only on
the mass ratios of the involved massive particles:

(0+1) _ 14 das poop (T0AF mg (4.64)
§—ax% /a5 i—~aX9/a'%; 37 mg mg)| " '

contributions. The six partial decay widths contributing to I at NLO can be expressed

The result for FRCP | explicitly given in eq. (A23), first calculated in [138] is confirmed by
our independent calculation, which can be found in Appendix [A5]

TR0/
In the threshold limit x = —2—
q
large and the given fixed-order calculation is not reliable. Relative corrections remain finite
only after proper resummation, see for example ref. [155]. However, for all parameter points
considered in the numerical evaluation in sections and [64] NLO corrections are still
sufficiently small and threshold problems are negligible.

— 1 the corrections from eq. (A.23) become very
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Chapter 5

The simplest decay chain: direct decay

In this chapter we present an analysis of the signature of 2 jets 4+ missing transverse energy,
2j + Er(+X), from squark-squark production combined with the direct decay into lightest
neutralinos, pp — ¢4 — jiXIx}(+X), at NLO QCD. As explained in chapter E in this way,
we provide a consistent, fully differential calculation of the NLO QCD factorizable corrections
to the given processes. In our calculation final state partons are clustered into jets and thus,
we provide, a fully differential description of the physical signature 2j + Fr(+X) via on-shell
squark—squark production and decay. In principle, our calculation does not depend on the
hierarchy between the squarks and the gluino. However, in our numerical evaluation we only
consider benchmark points where the mass mg of all light flavor squarks is smaller than the
gluino mass (mg > mg); otherwise the decay of a squark into a gluino and a quark would be
dominant.

Investigating here the squark—squark channel should be understood as a first step towards
a fully differential prediction for all sparticle production channels at NLO. It is, however, also
of practical importance, since from recent searches at the LHC mass bounds for squarks and
gluinos are generically pushed to higher values and, as discussed in section B3] here squark—
squark production (initiated from valence-quarks) yields the dominant channel.

In the following, in section Bl we first explicitly apply the considerations of the last
chapter to the given process. Afterwards we present corresponding numerical results in section
There, we compare resulting differential distributions and inclusive rates with leading-
order approximations rescaled by a flat K-factor. We also examine a possible impact for
cut-and-count searches for supersymmetry at the LHC. Results and discussion of this chapter
are largely based on ref. [3].

5.1 Method

We investigate the production of squark—squark pairs induced by proton-proton collisions,
with subsequent decays of the squarks into the lightest neutralinos. Since we are interested
in the experimental signature 25 + Fr(+X), all contributions from light-flavor squarks have
to be included. Hence, the cross section is given by the sum over all independent flavor and
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XY
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p ™ q
d ~0
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Figure 5.1: General structure of the factorizable NLO QCD corrections to the signature
2j + Fp(+X) via squark-squark production and direct decay into the lightest neutralino.
The circles indicate all contributions to the production up to O(a?) and the decays up to

O(ay).

chirality configurations,

do =Y [do(pp = Giadjp — X3¢ X3 (+X)) + do(pp — GGy — GG (+X))] - (5.1)

GiaGjb

Indices i,j denote the flavors of the (s)quarks and a,b their chiralities. At LO, the only
partonic subprocesses that contribute to a given intermediate configuration g;qqGj, or cjfacjjb
arise from quark and anti-quark pairs, respectively, ¢;q; — GiaQjp — qif((l)qu(? and q;q; —
@@y = GXITXY-

For simplifying the notation, we will write q¢' — G§’ — gx}¢'X} whenever the specification
of flavor and chiralities is not required . Moreover, we will perform the discussion without
the charge-conjugate subprocesses; they are, however, included in the final results.

The differential cross section for on-shell production of squark—squark pairs and subsequent
decays at leading order is directly given by eq. (d9]). Following eq. (AI4), at NLO the
factorizable corrections, illustrate in figure 5.l can be written as

dooh (op = 47 — g 9 (+X)) =
1) (1)
1 © o o i Tg
1 O Aoy iy drq—wi? drqf—>q'>zg) < 1O O
a - q q q

1do® __ar®  gr©® o 4 ge©®  gr©@ gp®)
1

PP—Gq’ G—qx9 G —q'X PP—qq G—qx) 7 —q'xy

+do'V ar® _ ar® } (5.2)

pp—4q (X) 7" G—ax? T @ —a' Xy

with the NLO contributions to cross section and widths do™@, T ... in obvious notation.
All terms in eq. (B.2]) were calculated in sections 3] and A4l

'In this notation ¢ = ¢’ implies ¢ = ¢’, but not vice versa.
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5.1.1 Combining production and decay

In order to evaluate the terms contained in eq. (5.2]), we produce, for all different combina-
tions of light flavors and chiralities, weighted events for squark—squark production and squark
decays. Production events for pp — G¢'(X) are generated in the laboratory frame. Decay
events for § — qx)(g9) and @ — ¢'x{(g) are generated in the respective squark rest frame.
Finally, pp — q¢'X}X}(+X) events are obtained by boosting the decay events from the squark
rest frames, defined by the production events, into the laboratory frame. The weights of
the pp — qg'xX)%}(+X) events are obtained combining the different LO and NLO weights
of production and decay according to eq. (B.2). Phenomenological results derived by these
combinations are presented in the following section.

5.2 Numerical results

Let us now turn to the numerical evaluation. In the following, we first specify the input
parameters and benchmark scenarios we consider in [(.2.1l Then, in a brief introduction
to all considered distributions and observables is given. Finally, we present our numerical
results in three different ways. Firstly, in section [(.2.3] we compare our results for inclusive
production of squark—squark pairs with Prospino 2 and investigate inclusive K-factors for
different chirality and flavor combinations. Secondly, in section B.2.4] we present several dif-
ferential distributions for various benchmark scenarios and center-of-mass energies. Thirdly,
in section we investigate the impact of the considered higher-order corrections on total
event rates and thus on cut-and-count searches for supersymmetry at the LHC.

5.2.1 Input parameters

Standard Model input parameters are chosen according to [256],

My =91.1876 GeV, My =80.399 GeV,  Gp = 1.16637-107° GeV,
mMS(my) = 4.2 GeV | my = 173.3 GeV, my = 1.777 GéV . (5.3)

We use the PDF sets CTEQG6.6 [257| interfaced via the Les Houches Accord PDF (LHAPDF)
interface [258] both for LO and NLO contributions. The strong coupling constant oM (ug) is
also taken from this set of PDFs. Factorization scale pr and renormalization scale pup are, if
not stated otherwise, set to a common value, yu = ur = g = mg, with mg being the average
mass of all light-flavor squarks of a given benchmark point.

For SUSY parameters, we refer to three different benchmark scenarios. First, we inves-
tigate the well studied CMSSM parameter point SPSla [259]. Although being practically
excluded by recent searches at the LHC [159, [161, 260], this point still serves as a valuable
benchmark to compare with numerous numerical results available in the literature. Second,
we study the CMSSM benchmark point 10.1.5 introduced in [261]. Due to its larger my
parameter, compared to SPSla, squark and gluino masses are considerably larger, resulting
in a generally reduced production cross section at the LHC. It was not excluded when this
study was first published in [3], however it got excluded by most recent searches, which are
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| mo [GeV] my /2 [GeV] Ag [GeV] tanp sign(p)

SPS1a 100 250 —100 10 +
10.1.5 175 700 0 10 +
10.1.6 187.5 750 0 10 +

Table 5.1: High energy input parameters for the two considered CMSSM scenarios.

| My [GeV] M, [GeV] Ms [GeV] A; [GeV] tanB sign(u)
pl9MSSM1A ‘ 300 2500 360 0 10 +

Table 5.2: Low energy input parameters for the pl9MSSM1A scenario. The first two gen-
eration sfermion soft-masses (apart from the right handed sleptons) equal the gluino mass

TN fist/2nd gon = Ms. All other parameters are at a higher scale Mo gen = Mep i = fb =
L/R L/R
My = M.

mentioned in section The overall spectrum of 10.1.5, though shifted to larger masses,
is very similar to the one of SPSla. Third, we consider a phenomenological benchmark point
defined at the scale Q =1 TeV. We follow the definitions of [261], where such a point sits on
a line called p19MSSM1. It can be parametrized by essentially one parameter, the gaugino
mass parameter Mp. A unified parameter for the gluino and the light-generations sfermion soft

masses Mz = MM fist/2nd gen is fixed to M3z = TN fist/2nd gen = 1.2 Mj on this line and we choose
L/R L/R
M7 = 300 GeV for our benchmark scenario pl9MSSMI1A. All other masses and parameters

as well as the soft masses for the first two generation right-handed sleptons are at a higher
scale and irrelevant for our analysis. This benchmark point is chosen to study a particular
parameter region with rather light squarks and gluinos, which is difficult to exclude experi-
mentally. Due to a small mass splitting between the ¥ and the light squarks (and gluino),
resulting jets tend to be very soft and thus escape the experimental analyses. Particularly in
such parameter regions precise theoretical prediction of the resulting SUSY signal including
higher orders on the level of distributions seems to be necessary for a conclusive study.

Parameters of the CMSSM benchmark scenarios are defined universally at the GUT scale
and are shown in table 5.1l Also listed are parameters for the CMSSM point 10.1.6, which is
used in chapter [6l These input parameters act as boundary conditions for the renormalization
group running of the soft-breaking parameters down to the SUSY scale Mgysy. This running is
performed with the program SOFTSUSY [83] which also calculates physical on-shell parameters
for all SUSY mass eigenstates. We use the resulting on-shell parameters directly as input for

ur, UR dr, dr g %81
SPSla 563.6 546.7 569.0 546.6 608.5 97.0
10.1.5 1437.7 1382.3 1439.7 1376.9 1568.6 291.3

pI9IMSSM1A | 339.6 3948 348.3 392.7 4147 299.1

Table 5.3: On-shell masses of the squarks, the gluino, and the lightest neutralino within the
different SUSY scenarios considered. All masses are given in GeV.
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ur, UR dr, dr g
SPSla r© 5.361 1.148 5.253 0.287 6.849
o+ 5.357 1.131 5.255 0.283
10.1.5 r© 12.47 2.854 12.46 0.710 10.04
r©+1) 12.31 2.821 12.30 0.702
plOMSSMIA TO | 2414.-107% 0.1625 3.411-10~% 3.917-10"2 3.441
O+ | 2497.1073 0.1621 3.503-10"3 3.912.102

Table 5.4: Leading order I'® and next-to-leading order I'©t1) total widths of light squarks
and gluino for the considered SUSY scenarios. All widths are given in GeV.

our calculation. Low scale soft input parameters for the pl9MSSM1A benchmark scenario
are given in table The physical spectrum is equivalently calculated with SOFTSUSY. For
all considered benchmark scenarios we summarize relevant low energy physical masses in
table B3l Due to non-vanishing Yukawa corrections implemented in SOFTSUSY, the physical
on-shell masses for second-generation squarks are slightly different from their first-generation
counterparts. To simplify our numerical evaluation we set all second-generation squark masses
to their first-generation counterparts. We checked that in the results this adjustment is
numerically negligible. However, the general setup of our calculation is independent of this
choice. For all considered benchmark scenarios the gluino is heavier than all light flavor
squarks mg > mg. Thus, these squarks decay only into electroweak gauginos and quarks. For
SPSla and 10.1.5, right-handed squarks dominantly decay directly into the lightest neutralino
% (due to its bino nature). In contrary, left-handed squarks decay dominantly into heavier
(wino-like) neutralinos and charginos, which subsequently decay via cascades into a x{, and
only a small fraction decays directly into a x!. In this chapter we only investigate the direct
decay of any light flavor squark into the lightest neutralino. For point pl9MSSMI1A all
neutralinos and charginos, but the lightest one, are heavier than any light-flavor squark.
Thus, only the direct decay is allowed and all channels contribute equally to the signature
under consideration.

In table 5.4l we list all needed total decay widths of the squarks at LO and NLO, calculated
as explained in section 4.4l NLO corrections in the total decay widths are of the order of a few
percent for all three benchmark scenarios. The total decay width of the gluino is calculated
with SDECAY at LO and also listed in table (.4l In the calculation presented here this width
is not used explicitly. Instead, we numerically employ the limit I'y — 0. However we checked
that, using the physical widths, all the results showed in the following present negligible
differences.

Besides physical quantities, in our calculation phase-space slicing and regulator parame-
ters enter as inputs in the calculation of virtual and real NLO contributions, as explained in
sections .3 and €4l In the results shown in this chapter we set § = 2- 1074, §p = 10~*
and my = 10~15 GeV, both for production and decay. Numerically we checked carefully that
varying their values our results remain unchanged on the level of individual distributions once
jets are recombined using a clustering algorithm, as explained below. We made sure that this
holds for all terms of eq. (5.2) individually.
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5.2.2 Observables and kinematical cuts

The physical signature we have in mind when calculating on-shell squark production and decay
into the lightest neutralino is 25 + £7. Numerical results of our calculation are presented in
this spirit. In order to arrive at an experimentally well defined two-jet-signature we always
employ the anti-k7[262]| jet-clustering algorithm implemented in FastJet [263]. Thus, we
provide a realistic prediction on the level of partonic jets E In general we use a jet radius of
R = 0.4, as in the SUSY searches performed by the ATLAS collaboration [159]. CMS instead
uses a radius of R = 0.5 [161]. We employ R = 0.5 in the distributions and signatures used by
CMS (i.e. particularly the ap distribution as described below). Although we did not perform
a systematic study, our results seem to be independent of this choice. After performing the
jet clustering we sort the partonic jets by their transverse momentum pT, and in the following
analysis we keep only jets with

pjTl/Q >20 GeV,  |n;] < 2.8, (5.4)
pﬁ > 50 GeV, |n;| < 3.0 (for CMS observables) . (5.5)

Cuts of eq. (54) are used everywhere but in the observables used specifically by CMS (ar,
as defined below), where cuts of eq. (B.5]) are applied.

Before showing results for the experimental signature 2j+ Fp(+X), we compare in section
(.23l values for NLO total cross sections of squark—squark production, without decay included,
with results obtained from Prospino 2. In section [(.2.4] we investigate the effect of NLO
corrections, for different benchmark points, on the following differential distributions:

e the transverse momentum of the two hardest jets prlf/2,

e the pseudorapidity of the two hardest jets 7,2, which is defined by

o). e

where 6 is the angle between p and the z-axis,

e the missing transverse energy Fr,

e the effective mass meg = > p} + Pr,
i=1,2

e the scalar sum of the p' of all jets (visible after cuts of eq. (55)), Hr = »l,

e the invariant mass of the two hardest jets miny(77),

e the cosine of the angle between the two hardest jets cos ©;;, which depends on the spin
of the produced particles and therefore might help to distinguish SUSY from other BSM
models [264],

2With the term partonic jets we mean that the jet-clustering-algorithm has been applied to events as
produced from our calculation. No QCD showering or hadronization is included in the simulation.
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Am‘j)
D) )
early spin determination at the LHC,

e cos© = tanh ( Anj;j = m — 12, introduced in [265] as a possible observable for

e the ap variable, first defined in [266] as

Py

i (G7) (5.7)

arp =
For events with more than two hard jets, i.e., for hard real radiation events with three
jets and p3T > 50 GeV, these jets are reclustered into two pseudojets by minimizing
the difference of the respective Hp of the two pseudojets, as explained in [267, 268].
Furthermore, in all ar distributions we require Hy > 350 GeV as in |267]| and also use

where mp(jj) is the transverse mass

the definition of ap given in [267]: ap = %’

of the two (pseudo) jets defined as

(i) = (EZJE) - (Esz) - (ij) (53)

Searches for sparticle production performed by ATLAS are based on pT, Fr and meg cuts;
CMS instead uses ar to reduce SM backgrounds. In section[5.2.5we examine NLO corrections
in the resulting event rates after cuts. Explicitly we employ the following cuts used by ATLAS,

pj, > 130 GeV, pj, > 40 GeV, |nj, | < 2.8, Ad(jyy2, Er) > 0.4, (5.9)
Meg > 1 TeV, Ep/meg > 0.3,

in their two-jet analysis [159]. Here, A¢(jy /2, ET) denotes the angular separation between the

two hardest jets and the direction of missing energy ET' Instead the CMS signal region [267]
is defined as

p;rl/z > 100 GeV, ‘njl‘ < 2.5, !771‘2’ < 3.0, (5.10)
Hr > 350 GeV, Hr/Fr < 1.25, ar > 0.55,

where Hr is calculated from Hr, ie., including any jet with p;r > 50 GeV.

5.2.3 Inclusive cross sections

In table 5.5 we list inclusive LO cross sections and corresponding NLO K-factors for the three
benchmark scenarios SPSla, 10.1.5, pl9MSSM1A, varying the LHC center of mass energy
VS =7,8,14 TeV. K-factors, here and in the following, are always defined as ratios between
NLO and LO predictions, where both, as stated above, are calculated using the same NLO
PDFs and associated as. On the one hand, we list inclusive cross sections, U;(;quu and K-
factors for just the production of squark—squark pairs summed over all flavor and chirality
combinations. These K-factors are calculated in the DR scheme defined in section If
not stated otherwise this scheme is used in the following. On the other hand, we list cross
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benchmark +/S [TeV] 01(7(1)7)—> a7 K prli G Ué(;'zl- B K2itEr

7 1.02pb 137 0.37pb 141

SPS1a 8 1.49pb 1.35 0.53 pb 1.40

14 531pb  1.28 1.74pb  1.36

7 0.90 fb 1.57 0.451b 1.61

10.1.5 8 2.621b 1.52 1.241b 1.56

14 50.041b 1.40 20.411b 1.44

7 7.90 pb 1.40 6.31 pb 1.50

plOMSSM1A 8 10.48pb  1.39 8.35pb 150

14 29.01 pb 1.34 22.60 pb 1.47
Table 5.5: LO cross sections J;Z)_)qq, and NLO K-factors for inclusive squark—squark produc-
tion, Kgﬁ, PoE LO cross sections of inclusive combined squark—squark production and decay

50)4_ Br and corresponding K-factor Ky; ., for the three benchmark scenarios SPS1a, 10.1.5,

pl9MSSMIA and center of mass energies v/S = 7,8,14 TeV. In the combined predictions
cuts of eq. (5.4 are applied.

(0)
2j+r
NLO K-factors Kjy;, . calculated using eq. (5.2]), again summed over all flavor and chirality

combinations. Here, cuts defined in eq. (5.4]) are applied and cross sections strongly decrease
due to the branching into the lightest neutralino. All K-factors of the combined process are
bigger than the corresponding K-factors of inclusive production. For point 10.1.5 (and thus
rather heavy squarks) these increments are less than 5 %. For the other two benchmark points
(and thus smaller squark masses) increments in the K-factors can be of the order of 10 % and
increase with higher center of mass energies. In general, however, K-factors decrease with
higher center of mass energies and increase with higher masses, both, for inclusive production
and combined production and decay.

section predictions for combined production and decay at LO o and the corresponding

In table we compare the inclusive production with combined production and decay
for benchmark point 10.1.5 and v/S = 14 TeV. Here, we list results for individual flavor
and chirality combinations. In general, our calculation is set up to treat all 36 + c.c possible
flavor and chirality combinations independently. However, for simplicity and to save com-
puting time we always sum combinations with identical masses and matrix elements into 16
channels, both, for production and in the combination. This categorization follows the four
possibilities discussed in section 3.l For example, the channel 47y, also includes ¢z.¢y, (and
as everywhere else in this chapter, the charge conjugated processes). Similarly, the channel
U Ld 1, also includes ¢1, 51, 4,57, and ch 1.; and the channel %y, also includes @rcy,. K-factors,
both, in just the production and in the combined result, vary by up to 15 % between different
channels. Thus, an independent treatment seems adequate, as in general, squarks of different
chiralities and thus different channels have very different decays and kinematic distributions.
This can be seen from the order of magnitude differences of O'éq)_’_ . in table As already
seen in table Bl K-factors increase comparing inclusive production and the combined result
(where the cuts given in eq. (5.4]) are applied).
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N ey KPR | ohp, S Kajp
[b] [b] [£b] [£b]
Uiy, 7.08 9.44 1.33 1.22-107%  1.68-1073 1.38
URlR 8.64 11.5 1.33 8.25 11.36 1.38
drdy, 1.07 1.44 1.36 2.82-107%  3.96-104 1.40
drdr 1.39 1.88 1.35 1.33 1.84 1.39
UriR 6.00 8.49 1.42 7.78-1072 11.33-1072 1.45
drdp | 8.20-107! 1.19 1.45 1.32-1072  1.96-107° 1.49
ardr, 8.25 11.9 1.44 1.76 - 1073 2.62-1073 1.49
trdp 10.5 15.1 1.44 10.00 14.92 1.49
arér | 3.28-1071 4.33.107! 1.32 5.65-107° 7.73.107° 1.37
Uptr | 4.29-1071 5.74-107! 1.34 4.09-107"  5.68-107! 1.39
drsp | 1.95-1071 2.75.1071 1.41 5.16-107° 7.5097 - 107° 1.46
drsp | 2.71-1071 3.87-107! 1.42 2.59-1071 3.82 1.48
ardp 2.44 3.50 1.44 3.16-1072  4.67-1072 1.48
Ggdr, 2.40 3.46 1.44 3.87-1072  5.70-102 1.48
arér | 1.69-107t 2.39.1071 1.41 2.19-1073% 3.18-103 1.46
drsp | 9.51-1072 1.39-107! 1.46 1.52-1073  2.29.1073 1.50
sum 50.04 69.86 1.40 20.41 29.32 1.44
Table 5.6: For the benchmark point 10.1.5 and a center of mass energy of v/S = 14 TeV inclu-
sive production cross sections at LO al()o)_)qq, and NLO a;?):lgq, together with the corresponding

K-factors K,y are listed for all different flavor and chirality channels (as explained in the

text). Also listed for all channels are LO 052)4_ Pr and NLO Ué(J]:}Z)T predictions of combined

production and decay and the corresponding K-factor Ky; p,., where the cuts of eq. (B4) are
applied. All cross sections are given in fb.

In table 5.7 we compare the different schemes defined in .32 In order to also consis-
tently compare with Prospino 2 results, we set, just here, the mass of all squarks to the
average mass myg for all benchmark points. In table .7 we show LO cross-sections and NLO

s DR : DS
K-factors from our calculation in the DR scheme, Kpp G and in the DS scheme, Kpp 2 G

We also list K-factors obtained from Prospino 2, K;;fgé?o, which we adjusted to use the

same set of PDFs and definition of the strong coupling as(ug) as in our calculation. The use
of an average mass results in a small shift in the LO cross section and in the NLO K-factor
K ;l;?;li g7 between table and table (.71 Numerical differences between K-factors in the DR
scheme and the DS scheme are of the order of a few percent for SPSla and pl9MSSM1A
and negligible for 10.1.5, as, for a heavier spectrum the gluon contribution in the PDFs is
suppressed. Differences between Kzf;;i G and K ;;ffggfo originate in the different on-shell sub-
traction approach. We checked numerically, excluding real quark radiation altogether, that
inclusive NLO corrections from our calculation and results from Prospino 2 are in perfect

agreement.
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benchmark +/S [TeV] 0'1(12))_> g K prli a7 K pri a7 K ggff’ég?

7 1.01pb 1.37 1.39 1.41

SPS1a 8 1.48 pb 1.35 1.38 1.40

14 5.31pb 1.28 1.34 1.38

7 0.89fb 1.58 1.58 1.59

10.1.5 8 2.59fb 1.53 1.53 1.54

14 49.87fb 1.39 1.40 1.41

7 7.65pb 1.39 1.41 1.37

pl9IMSSM1A 8 10.17pb 1.37 1.41 1.37

14 28.34 pb 1.31 1.39 1.38
Table 5.7: LO cross sections Uz(f;?)ﬂ P and NLO K-factors for inclusive squark—squark produc-
tion from our computation in the DR scheme, Kgfiqq,, in the DS scheme Kz%iqq‘/ and also

. Prospino e
from Prospino 2, Kpp G All squark masses taken to the average squark mass mg.

5.2.4 Differential distributions

Now we turn to the investigation of differential distributions.

First, we compare the differential scale dependence between our LO and NLO predic-
tion. We do this by varying at the same time renormalization and factorization scale between
p/2 < p < 2pu, with p = mg. For SPSla and an energy of V'S = 14 TeV resulting LO and NLO
bands are shown in blue and red in figure for differential distributions in p{,pa, 1,12, Fr
and Hp, and in figure B3] for meg, miny(jj) and cos ©;;. In all considered distributions the
scale dependence and thus the theoretical uncertainty is greatly reduced by our NLO calcu-
lation. At the same time, one should also note that large parts of the NLO bands are outside
the LO bands. Still, for example in the p* distributions, in the high-p” tail the NLO bands
move entirely inside the LO bands.

Second, in figure 5.4l we illustrate the difference between the schemes introduced in section
for the benchmark point SPS1a and a center of mass energy v/S = 14 TeV. In figure [5.4]
we show distributions in F7 and Hp. These are the distributions where we observe the largest
deviations between the DS and DR schemes. The upper part of these plots show the same
band plots as already displayed at the bottom of 5.2l however in a log scale. In the lower
part we show, for the DR scheme, the ratio of the NLO results at ;1 = 2mg and p = mg/2
over the LO results at u = mgz. We also display the ratio between the NLO result in the
DS scheme and the LO result, both at the central 4 = mg. In these two distributions the
difference between the two schemes increases in the tail of the distributions. However the
DS scheme remains within the theoretical uncertainty of the DR scheme. As explained the
chosen distributions 7 and Hp show the largest differences we observe for the benchmark
points and energies considered.

Third, we investigate the change in the shape of distributions relevant for searches for
supersymmetry at the LHC when going from LO to NLO. Here, we present distributions for
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Figure 5.2: Differential distributions in p{,pa (in fb/GeV), n1,m2 (in pb/GeV), Fr and Hr
(in fb/GeV) for SPSla and v/S = 14 TeV, where for, both, LO (blue) and NLO (red) the

common renormalization and factorization scale is varied between /2 and 2, with p = mg.



88 Chapter 5 The simplest decay chain: direct decay
FrTr—TT { T 1 T T { T T T T { T 1 T T { T 1 T T { T T T 13 4;T T T T { T 1 T T { T T T T { T 1 T T { T 1 T T { T 1T T;
sk SPSla;14TeV ] c SPSla;14TeV ]
F PP~ a0 - 2J+E™ T 35 PP~ G - 2 +E1™
N — L0 E F — L0 ]
r — NLO ] 3 — NLO -
2.5 - .
% C i %2,5 i
Q Lt 1 0o 3]
2,0 3 £ ]
5 C 1 =2 3
s F 13 g
815 - ©is -
1= = 1 —
0.5} 5 05 {
E ol by R TN AT . e = — | 3

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
m. [GeV] my [GeV]
24 L { L { 1T { LN { L { L { L { L { L { L

SPSla; 14 TeV

22 P
PP - G0 - 2j+ E

0
cosQ;

Figure 5.3: Differential distributions in meg, miny(jj) (in fb/GeV) and cos ©;; (in pb) for
SPSla and v/S = 14 TeV, where for, both, LO (blue) and NLO (red) the common renormal-
ization and factorization scale is varied between p/2 and 2u, with p = myg.



Chapter 5 The simplest decay chain: direct decay 89

e, : —————— —

C SPS1a; 14 TeV ] F SPS1a; 14 TeV .

pp - qq - 2j+ET 10 PP -4 — 2j+ET

= — L0 — E > —LO 3

s E — NLODR 3 F — NLO DR 3
© E 3 = — NLO DS

0] 7 3 1 =

e w o E 7 3

E — rs) F -

2 E 3 = 101 7 —

E r 7 3] T E 7 E

B r : ] 3 E 7 3

k) 5 F ]

B 10'e 722 = 107 . =

kel E 3 E 77 — E|

= | = /7 piiiad

= C 71

r 10° 4

102 B e e e E I I — I I A

185 —
. 16— - g 3 =
e s 2E 5
12 =
1= - - 7
0 100 200 300 400 500 600 700 800 900 1000 0 500 1000 1500 2000 2500
ETmiss [GevV] H; [GeV]

Figure 5.4: Differential distributions in £r and Hp (in fb/GeV) for SPSla and v/S = 14 TeV.
In the upper part the common renormalization and factorization scale is varied between p/2
and 2y, with p = Mg for LO (blue) and NLOP® (red). In the lower part we show in red the
ratio of the NLOP® uncertainty band and the LO result (at scale p = mg). We also show in
black the ratio of the NLO result in the DS scheme and the central LO result.

a center of mass energy V.S = 14 TeV. Lower center of mass energies show qualitatively
the same behavior. For benchmark point SPSla plots are shown in figure 5.5 for 10.1.5 in
figure and for pl9MSSMIA in figure 571 We present distributions in prlf, p;f, Mett, T
(all in fb/GeV), where the ATLAS jet choice R = 0.4 and cuts of eq. (5.4)) are applied. Also
distributions in Hy (in fb/GeV) and in ap (in pb) are displayed, where the CMS jet choice
R = 0.5 and corresponding cuts of eq. (.4 are applied. In the ap distribution, events are
reclustered into two pseudojets and a cut of Hp > 350 GeV is applied. In the upper part of
any plot we show each distribution at LO in black, NLO in red and in blue the LO prediction
rescaled by the ratio, KNFO between the integrated NLO and LO result. In the lower part
of any plot we show the NLO divided by the rescaled LO - KNFO distribution. In this way we
present corrections purely in the shape and not in the normalization of the distributions. For
SPSla and 10.1.5 corrections are qualitatively very similar and rather flat for pl, p3 and Fr,
as expected from [38]. Corrections in the (inclusive) Hr distribution grow for larger Hp and
can be sizeable. This can be explained from the high-p™ behavior of the contribution from
hard real gluon radiation to this observable. Corrections to the shape of the ar observable
change sign at the physical boundary [266] ar = 0.5 and fall off continuously in the signal
region ar > 0.55.

Looking at the distributions of pI9MSSMI1A in figure 5.7 a completely different behavior
of the NLO corrections cannot be missed. The tail of the p{, p3, meg and Fr distributions
completely departs from the LO predictions. This can be understood from the following con-
siderations. Due to the small mass splitting between squarks and the ¥ for benchmark point
pl9IMSSMI1A, jets from squark decays tend to be soft. Now, the pT of an additional jet (which
can not be distinguished from the decay jets) from hard gluon radiation in the production can
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easily be of the same order as the ones from squark decays and result in the given distortions.
Such a behavior for compressed spectra was already partly discussed in [157], where sparticle
production and decay including additional hard jets matched to a parton shower was investi-
gated. We verified our findings by comparing LO predictions plus real hard gluon radiation in
the production stage with a corresponding calculation performed with MadGraph [269]. The
tail of the considered distributions can be described adequately only by inclusion of additional
gluon radiation, which should thus be seen as the LO prediction for these phase-space regions.
Still, only our full NLO calculation allows a consistent treatment of the entire distributions.
Turning to the ar distribution, shapes of the LO and NLO prediction are different and, here,
we refrain from showing explicitly corrections in the shape or a rescaled LO prediction.

Next to the distributions shown in figures [5.5] and 0.7, we also investigated pseudo-
rapidity distributions of the two hardest jets 7;,,. Here, in the relevant region I /2\ < 3.0
corrections in the shapes are always smaller than about 5 % for all benchmark scenarios and
energies.

In figure 5.8 we turn our attention towards angular distributions between the two hardest
jets. On the left we show distributions in the invariant mass of the two hardest jets miny(j7),
on the right distributions in the cosine of the angle between the two hardest jets cos ©,; are
presented. Again results are shown for all three benchmark points and a center of mass energy
VS = 14 TeV. Corrections in these distributions can be quite large. In general, in the full
NLO results one observes an increase for small angles between the two hardest jets (up to 20 %
in the cos ©;; distributions). In the high-invariant-mass tail for SPSla and 10.1.5 corrections
are negative and grow to 40 % in the considered invariant mass range. Such corrections could
potentially be absorbed into a dynamical renormalization/factorization scale definition, e.g.,
i = Hrp; in-detail investigation is left to future work. In the invariant mass distribution of
p1IMSSMI1A we observe the same deviation of the NLO result from the LO shape as already
discussed above.

Finally, in figure [5.9 we investigate NLO corrections to the cos© distribution for the
benchmark points SPS1a (top left), 10.1.5 (top right) and pl9MSSM1A (bottom) at a center
of mass energy of v/S = 14 TeV. Corrections up to 15 % are observable. Still, the general
shape and thus the potential for extraction of spin information about the intermediate squarks
seems to be robust under higher order corrections.
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Figure 5.5: Differential distributions of benchmark point SPSla at a center of mass energy
VS = 14. In the upper part of the plots we show in black LO, in red NLO and in blue
LO distributions rescaled by the ratio KNYO between the integrated NLO and LO results.
In the lower part of the plots NLO corrections in the shapes are shown, defined as the full
NLO divided by the rescaled LO - KNO distribution. From top left to bottom right we show
differential distributions in p{, pa, meg, £r, Hr (all in fb/GeV) and in ar (in pb).
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Figure 5.6: Differential distributions of benchmark point 10.1.5 at a center of mass energy
VS = 14. In the upper part of the plots we show in black LO, in red NLO and in blue
LO distributions rescaled by the ratio KNYO between the integrated NLO and LO results.
In the lower part of the plots NLO corrections in the shapes are shown, defined as the full
NLO divided by the rescaled LO - KNO distribution. From top left to bottom right we show
differential distributions in p{, pa, meg, £r, Hr (all in fb/GeV) and in ar (in pb).
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Figure 5.7: Differential distributions of benchmark point pl19MSSM1A at a center of mass
energy v/S = 14. In the upper part of the plots we show in black LO, in red NLO and in blue
LO distributions rescaled by the ratio KNYO between the integrated NLO and LO results.
In the lower part of the plots NLO corrections in the shapes are shown, defined as the full
NLO divided by the rescaled LO - KNO distribution. From top left to bottom right we show
differential distributions in p{, pa, meg, £r, Hr (all in fb/GeV) and in ar (in pb).
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Figure 5.9: Distributions in cos © (in pb) for the benchmark points SPS1a (upper left), 10.1.5
(upper right) pI9MSSM1A (bottom) at a center of mass energy of v/S = 14 TeV. In the upper
part of the plots we show in black LO, in red NLO and in blue LO distributions rescaled by
the ratio KNYO between the integrated NLO and LO results. In the lower part of the plots
NLO corrections in the shapes are shown, defined as the full NLO divided by the rescaled
LO - KNEO distribution.
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5.2.5 Event rates

After investigating inclusive cross sections and differential distributions, we now proceed to
event rates, i.e., cross sections integrated on signal regions defined to reduce background
contributions. By this study, we want to quantify a possible impact of our calculation on
current searches for supersymmetry and future measurements of event rates at the LHC.

In table we list cross sections after applying cuts of eq. (.9) and in table [5.9] cross
sections after applying cuts of eq. (5I0). We show LO and NLO cross sections for all three
benchmark points and all three energies together with resulting K-factors. For comparison
we again list inclusive K-factors of just production, already shown in table From these
results, a fully differential description of all squark and gluino channels including NLO effects
in production and decay seems inevitable for a conclusive interpretation of SUSY searches
(or signals) at the LHC. Numbers in table 5.8 and table again show that, for compressed
spectra like pI9MSSM1A, a pure LO approximation is unreliable for a realistic phenomeno-
logical description of the experimental signatures considered here. Furthermore, as already
suggested in [270] and expected from the differential distributions shown in section (.24} in
particular interpretations based on ar seem to be highly affected by higher order corrections.
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benchmarkpoint | Energy [TeV] H N[(;})L AS Ng{i)s KNyrias H Kpp—rgq

7 0.066pb | 0.083pb | 1.26 1.37

SPS1a 8 0.097pb | 0.121pb | 1.25 1.35

14 0.347pb | 0.424pb | 1.2 1.28

7 0.313fb | 0.503fb 1.61 1.57

10.1.5 8 0.861 fb 1.344 b 1.56 1.52

14 13.821fb 19.77fb 1.43 1.40

7 0.140fb | 20.76fb ~ 150 1.40

p1I9IMSSM1A 8 0.339fb | 37.96fb ~ 110 1.39
14 0.0044pb | 0.264pb | ~ 60 1.34

Table 5.8: LO ng()T)L ag and NLO Nz(xOT+Ll/iS cross section predictions and K-factors K, ;s
for the three benchmark scenarios SPSla, 10.1.5, pl9MSSMI1A and center of mass energies
V'S = 17,8,14 TeV where the cuts of eq. (B9) are applied. For comparison we also list is the
inclusive NLO production K-factor K, .45 already shown in table

benchmarkpoint | Energy [TeV] H N((j?\/)[S N((j?vgl) ‘ KnNeys H Kppsg4

7 0.112pb | 0.141pb | 1.26 1.37

SPSla 8 0.157pb | 0.197pb | 1.25 1.35

14 0.488pb | 0.614pb | 1.26 1.28

7 0.201pb | 0.261pb | 1.30 1.57

10.1.5 8 0.542fb | 0.674fb | 1.24 1.52

14 8.129fb | 8.884fb | 1.09 1.40

7 10=%pb | 0.095pb | O(10%) 1.40

plOMSSMIA 8 10=5pb | 0.151pb | O(10%) 1.39
14 2-1075pb | 0.687pb | O(10%) 1.34

Table 5.9: LO Né?\)/ls and NLO Néol\g ) cross section predictions and K-factors Ky, for the

three benchmark scenarios SPSla, 10.1.5, pl9MSSMI1A and center of mass energies v/S =

7,8,14 TeV where the cuts of eq. (5.10) are applied. For comparison we also list is the inclusive
NLO production K-factor K,,_,s5 already shown in table
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Chapter 6

The “golden” decay chain

In this chapter we present an analysis at NLO QCD of the contribution from squark-squark
production to the experimental signature of 2 jets + 2 leptons + missing transverse energy,
2j + 11~ + Fr(+X), with opposite-sign same flavor leptons, taking into account decays and
experimental cuts. We consider the case in which one squark is left-handed and decays via
the “qll-chain”, also known as “golden” decay chain,

iL— ax3 =gl ,—ql* 17X, (6.1)
i.e., the squark decays into a quark and a second lightest neutralino xJ, which subsequently

decays via an intermediate slepton into a pair of opposite-sign same-flavor (OS-SF) leptons
and a lightest neutralino YJ; the other squark decays directly into the lightest neutralino

dr— q¢Xi - (6.2)

Thus we provide, for the first time, a fully differential description at NLO QCD of the con-
tribution to the signature 2j + {1~ (OS-SF) + F7(+X) from the process

pp — GLdn — aX1q IR (6.3)

On the one hand we study the effects of the NLO corrections on invariant mass distributions
which can be used for future parameter determination. On the other hand we analyze the
impact on predictions for cut-and-count searches using the given experimental signature.

The outline of this chapter is the following. In section we first give an overview on
the relevance and phenomenology of the considered decay chain. Afterwards, in section
we explicitly apply the considerations of chapter d to the given process and explain details of
the calculation of the considered decay chain at NLO in section Finally, in section [6.4] we
present the numerical results. Section [6.4]is divided in three subsections: the discussion of the
considered benchmark scenarios, the analysis of NLO corrections to the isolated decay chain,
and finally the discussion, for combined production and decay, of NLO effects on invariant
mass distributions and also on event rates after kinematical cuts. Results and discussion of
this chapter are largely based on ref. |4].
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i CMSSM 10.1.6 il
CMSSM SPSla Mj\(high) - Mil(high)
Miltow) Miltow)
6 100 200 300 400 500 6 200 400 600 800 1000 1200
[GeV] [GeV]

Figure 6.1: Shapes of the myji, mjinign) and mjjow) distributions for SPSla and 10.1.6 at
LO.

6.1 Overview

The decay chain ([6.I]) was introduced in [271),272| and studied in many subsequent works [155,
273-289|]. These analyses showed that measurements of resulting invariant mass distribution
endpoints and shapes can be exploited to determine the masses of the intermediate SUSY
particles. Relations between the most important endpoints and the intermediate masses are
given in Appendix [Bl Shapes of various relevant invariant mass distributions have first been
calculated analytically at LO in [276] and they might be important to resolve ambiguities in
mass measurements from kinematic endpoints [290]. In figure [6.1] for illustrative purposes,
normalized invariant mass distributions in mj;, mjimign) and mjiow) are displayed for two
benchmark points (with details given in the corresponding sections of this chapter). At this
point we only want to emphasize that such shapes are very sensitive to the model parameters.
For a precise analysis higher-order corrections have to be investigated, as they can distort
shapes and affect the accuracy of endpoint determination techniques.

Such invariant mass distributions, due to correlations between particles in the decay chain,
can also be used for spin measurements of the intermediate sparticles [291]. In this way, e.g., a
SUSY model can be discriminated from an Universal Extra Dimension (UED) model, see e.g.,
[292, 293| and [294-304]. Additionally, besides observables based on invariant mass distribu-
tions, the signature 2j + 111~ (OS-SF) + £ (+X) can be used for SUSY searches at the LHC.
Basic kinematical cuts can reduce SM backgrounds significantly and already now stringent
bounds on relevant parameter regions have been obtained [305, |306]. Furthermore, resulting
rates can also be used for parameter determination within a global fit [168].

In all these analyses a detailed understanding of theoretical uncertainties and effects from
higher-order contributions is necessary, requiring precise predictions at a fully differential
level including NLO corrections in production and decay. In [155] the “gll-chain” was inves-
tigated at NLO QCD in the squark rest frame. There, real gluon radiation contributions
are given in a fully analytical form and leading soft and collinear gluon contributions are
resummed. Furthermore, for the LHC a combined analysis using LO production matrix ele-
ments is presented. In their numerical analysis the authors of [155] concentrate on the effect
on distributions sensitive to spin correlations. In the present chapter we continue the analysis
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of higher-order corrections of the “qll-chain” by combining the production of squark pairs and
their subsequent decays at the NLO level in a consistent way. This allows for a systematic
study of the important jet combinatorial issues in the presence of more than one final-state jet,
emerging from both real radiation at NLO and the combination of decay and production [286].

The study of the signature 2j+171~(OS-SF) + f7(+X) presented here includes the contri-
bution from squark—squark production, which constitutes the dominant production channel in
the case of heavy squarks and gluinos, as already pointed out in the previous chapters. Thus,
this work should be understood as a first step towards a calculation including all channels
and also off-shell and non-factorizable corrections.

In our analysis we assume Y| and X3 to be mainly bino- and wino-like respectively, as
they appear in large parameter regions of models with unified gaugino masses at the GUT
scale (see eq. (2.85a))). In such scenarios the other decays, e.g., G — X{q and gr — X3¢, are
highly suppressed for squarks of the first and second generation. Furthermore, in the bench-
mark scenarios we consider, all relevant squarks are lighter than the gluino g, so squarks can
exclusively decay into neutralinos and charginos.

6.2 Method

The combined process we investigate here is illustrated in figure The considered factor-
izable NLO QCD corrections only affect the production stage and the QCD part of the two
squark decays. The electroweak decay chain is unaffected.

At LO the only partonic subprocess that contributes to a given intermediate ¢r.q% (G5d5)
configuration arises from a quark (anti-quark) pair ¢¢’ (g7’) in the initial state. We will
perform the following discussion without referring to the charge-conjugate subprocesses; in
the final results, however, we include the charge-conjugate processes explicitly. Indeed, due to
chirality-dependent interactions, the decay of an anti-squark has to be treated independently
from the corresponding squark decay.

Using the theoretical framework explained in chapter @ and applied for two direct de-

q £ IF
R X5 I Xt
D qrL - = -
=1
K) = QR
~ o <0
X1
q/

Figure 6.2: General structure of factorizable NLO QCD corrections to the given process.



102 Chapter 6 The “golden” decay chain

cays in chapter Bl we include here the NLO factorizable corrections in the narrow-width-
approximation to the process defined in eq. (63). Reproducing again [14] for any flavor
configuration, a systematic expansion of the differential cross section in the strong coupling
a; yields

0+1 ~ ~ ~ _ -
do\n (o0 = 10k = a0q TR (+X)) = (6.4)
(1) (1)
1 [ © O ) <1 P
1© 10 pp—andp - GL—gxNtT T dp—d' X @ O
ar * ir i
(0) (1) (0) (0) (0) (1)
+ dopp%deh dFdL%qfc‘fl* - drdﬁgﬁq/féf + dapp%fhd}c drfhﬂqi‘f“l‘ drq}%q’i‘f
(1) (0) (0)
o) o AT dr%%q,ﬁ] .

The calculation of the ingredients of eq. (6.4]) is presented in sections 3] and [£.4l However,
(0,1)
ar—qx{iti-
tion On the basis of eq. (6.4]) intermediate events for production and decay are combined
in analogy to the strategy explained in section BTl

details of the treatment of the decay chain, i.e., terms dI’ are addressed in sec-

6.3 Calculation of the squark decay chain

The structure of the decay chain is illustrated in figure With I* and ZJT we indicate,
respectively, the lepton emerging from the X3 decay, the near lepton, and the lepton emerging
from the slepton decay, the far lepton. Experimentally these leptons are indistinguishable.
Figure [6.3] represents, in a compact notation, the four Feynman diagrams contributing to
the tree level amplitude for the decay G, — ¢lTI=x). They correspond to the two cases
qr, — ql;t lj? )2(1] and ¢r, — ql; l;f)z(l] with a left- or right-handed intermediate (anti)slepton.

For non-degenerate left- and right-handed sleptons, as in the scenarios investigated in this
chapter, in NWA the structure of the squared amplitude of this decay chain becomes much
simpler. In the limit % — 0 for the sleptons and for Y9, the interferences between different
diagrams vanish and the phase-space of the intermediate particles can be treated on-shell.
In this way LO and NLO contributions to the differential distribution for the decay chain in

Figure 6.3: Structure of the decay chain. NLO QCD corrections involve only the first step
~ 0
qr — 9xa-
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m [GeV] | 4t iR dr, dr g I Ir N X
SPSla | 563.6 546.7 569.0 546.6 608.5 2024 144.1 180.2 97.0
10.1.6 | 1531.7 1472.2 1533.6 1466.1 1672.1 536.6 340.6 592.4 313.3

Table 6.1: On-shell masses of the first generation squarks and sleptons, the gluino and the
lightest and second lightest neutralino within the different SUSY scenarios considered. All
masses are given in GeV.

Figure can be written as follows,

(0,1)
N 0
©0,1) — _ 7.
moat = 2. T | M s T sy s (6.5)
o=+1/2 X3

The index o represents the helicity of 5. In our calculation we keep, at LO and NLO, the
full helicity dependence. Technically this is achieved using, both at LO and at NLO, ma-
trix elements for the entire chain and setting consistently the different on-shell conditions
according to the intermediate states for the various contributions. In this way, the sum over
the helicity states is automatically performed and off-shell effects can be switched on easily
in a further study. The two terms contained in the square brackets of eq. (G.5]) correspond
to the two different charge configurations for near and far leptons in the decay of 9. Both
configurations, in general, get contributions from left- and the right-handed sleptons.

As mentioned above, we concentrate on scenarios where the Y9 is dominantly wino-like.
Thus, in the considered decay chain the coupling to a right-handed slepton, I, is heavily
suppressed compared to the corresponding decay chain via a left-handed I Only if the decay
into a left-handed slepton is kinematically forbidden, mp, > mge > My, the decay via a I
can contribute substantially. Basically also the decay of the Y3 into a OS-SF lepton pair via a
Z boson contributes when kinematically allowed; these effects are, however, numerically not
significant for the benchmark points considered here.

The calculation of dF((;L)_)in is performed following the procedure explained in sec-
2,0

tion [4.4.21 The rest of the electroweak decay chain is not affected by NLO QCD corrections.

6.4 Numerical results

In this section we present the numerical results of our calculation. First, we specify input
parameters and relevant observables. Second, NLO corrections to the decay chain, eq. (6.1]),
not combined with the production, are investigated in the squark rest frame. Third, we
present the combined results.

6.4.1 Parameters and observables

Standard Model input parameters are again as listed in (B.3). As PDF set we also again use
CTEQ6.6 [257] with the associated oMS(ug) at NLO; and as before, renormalization scale
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BR[%] | Gr > X dr=%) =X = =0 N0 %7
SPS1a 98.5 1.0 1.5 31.2 — 13.1 —
10.1.6 99.8 0.03 1.5 32.1 28.4 0.2 0.2

Table 6.2: Branching ratios for the decay of squarks into ¥} and %3 and for the decay of a Y9
into right- and left-handed sleptons. Squarks and leptons of the first two families are consid-
ered, where branchings into second and first generation sleptons and their charge-conjugate
contributions are summed.

pr and factorization scale pp are both set to the average mass of all light-flavor squarks,
B = pF = LR = Myg.

Numerical results in this chapter are presented for two representative benchmark scenarios
and the LHC with a center of mass energy of v/S = 14 TeV. We choose the two CMSSM
scenarios SPSla and 10.1.6 defined in table Bl The scenario SPSla was already used in
the numerical evaluation of chapter B Both scenarios, SPSla and 10.1.6 are experimentally
excluded by now. However, 10.1.6 only by the latest searches performed by the experimental
collaborations at the LHC. Very similar parameter points with slightly heavier squark masses
will be tested in the near future. Sparticle on-shell masses, as obtained with SOFTSUSY, relevant
for our analysis are listed in table As in chapter B we set all second-generation masses
equal to their first-generation counterparts, ignoring finite shifts due to different Yukawa
interactions.

In both benchmark scenarios the gluino is heavier then all light flavor squarks. Thus,
all these squarks decay exclusively into charginos and neutralinos. In table corresponding
branching ratios, calculated with SDECAY, are listed, where we average the value of the branch-
ing ratios for up and down type squarks, which, however, differ at most by ~ 1%. Differences
between branching ratios at LO and NLO for squark decays are negligible (less than per mill)
for the considered scenarios and so not shown. The right-handed squarks decay dominantly
directly into the bino-like X9, the left-handed squarks into the Y9 and the lighter chargino,
X

In table[6.2] we also list branching ratios for the second lightest neutralino into light flavor
sleptons. Branching ratios into first and second-generation sleptons are identical, and in ta-
ble we sum those contributions. For benchmark point SPSla only the right-handed [ is
lighter then the 9. Thus, next to the decay into a 7-slepton, this is the only available two-
body decay. In our numerical analysis of SPS1a, both for the decay chain alone and combined
with the production, only the decay via a right-handed slepton is considered. In contrast, for
10.1.6 both sleptons are lighter than the 9. Due to its wino-like nature the Y9 here decays
dominantly into the left-handed [ despite the smaller mass of the lp. For simplification in
our numerical analysis of 10.1.6 only the decay via a left-handed slepton is considered. As
can be seen from table 5.2 the contribution from the decay into a Iz (and also into ¥Z) can
be safely neglected.

In all numerical results presented in the following we employ the anti-k7 jet clustering
algorithm with a jet radius of R = 0.4 implemented in FastJet. Furthermore we define a jet



Chapter 6 The “golden” decay chain 105

to fulfill the cut conditions
p;‘c > 20 GeV, ;| <2.8. (6.6)

When analyzing combined production and decay in section [6.43] the following realistic
experimental cuts are applied:

pi, > 150 GeV, pl, > 100 GeV,
Injil < 2.5, pl,, =20 GeV (OS-SF),
Er > 100 GeV, (6.7)

where we implicitly require the two leptons to have opposite charge and same flavor (OS-
SF). Such cuts efficiently reduce SM backgrounds [274, 1305, 1306]. Furthermore, we assume
that contributions from leptonic decays of 7-leptons (from remaining SM processes or from
the signal decay chain with an intermediate tau sleptons), and from SUSY decay chains
involving charginos or W+ bosons, are removed in the standard way by subtracting events
with opposite-sign different-flavor (OS-DF) lepton pairs, see e.g. [167, 271, 273-275|.

6.4.2 Squark decay chain

Here we want to investigate NLO corrections to the isolated decay chain eq. (6.1]) evaluated in
the squark rest frame. In figure we show various invariant mass distributions at LO and
NLO in the final state leptons and jet(s) for the benchmark scenario SPSla. As explained in
section [6.1], shapes of such distributions are very important for the determination of masses
and spins of sparticles. In order to highlight NLO corrections purely in the shapes, here and
in section we show all distributions, both at LO and at NLO, normalized to unity.

Two kinds of combinatorial problems arise in studying invariant mass distributions involv-
ing the final state leptons and jet(s). First, from an experimental point of view we cannot
distinguish between the near and the far lepton on an event-by-event basis. This is a well
known problem and many solutions have been suggested in the literature, see e.g. [167]. Sec-
ond, it is not obvious which jet to choose to build the desired invariant mass distributions.
Considering only the isolated decay chain starting with ¢r,, at LO only the jet from the squark
decay is present in the final state. But at higher orders, due to real gluon radiation, further
jets can be present. Here we always choose the hardest available jet to build the invariant
mass distributions, as done in [155].

In the upper left/right part of figure we show (unobservable) distributions in the
invariant mass of the hardest jet and the negatively /positively charged near/far lepton from
the decay chain ur, — ji,; l}r)z(l). Here and in the remainder of this section we do not apply
any cuts, but the jet definition cuts in eq. ([6.6). In the center left/right part, on the other
hand, we show (again unobservable) distributions in the invariant mass of the hardest jet
and the negatively /positively charged far/near lepton from the decay chain with the opposite
charges for far and near leptons, ay — jl;° lj?f(?. Finally, in the lower part of figure we
show, in some sense, the sums of the two previous contributions. These distributions are
in principle experimentally observable (after combination with the corresponding production
process). The lower left/right panel shows the invariant mass of the hardest jet and the
negatively /positively charged lepton summed over near and far contributions (m ;- and m;+).
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Figure 6.4: Normalized differential distributions for SPSla in m 5o My, for the two unob-

servable decays @y — jl;l;{fg? (upper two) and ay, — jl;;lf X! (central two) and in mj+ and
m ;- (lower two) where contributions from the two decays are summed.
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In the case of the decay of a left-handed anti-squark, all the distributions introduced so far
are equal to the charge-conjugate ones of the corresponding squark, e.g., the m, it distribution
from an @} decay chain is equal to the m, - distribution from an 1y, decay chain. Hence,
the analogue of figure [6.4] for ¢; would present the shapes of the distributions of the left
column exchanged with the ones of the right column. These differences between squarks and
anti-squarks do not appear for quantities that are inclusive in the different charges of the
leptons.

In all of the plots in figure NLO corrections tend to shift the distributions to smaller
invariant masses, however, locations of endpoints are unaffected. Kinematical edges in the
NLO predictions are rounded off compared to LO, still, overall shapes of the considered con-
tributions seem to be unaltered. Results and distributions of the same type, as already stated,
have been calculated in [155]. In their numerical evaluation the slightly different parameter
point SPS1a’ was investigated resulting in LO shapes somewhat different from those presented
here. Qualitatively the NLO corrections shown in [155] for SPS1a’ and ours for SPS1a agree.
Moreover, we also investigated distributions and corrections for SPS1a’ and found agreement
with [155], though, in reference [155] a different jet algorithm is used. Still, results for SPS1a’
presented there for y. = 0.002 agree nicely with our results obtained using the anti-kp jet
clustering algorithm.

In figure we look at a different set of invariant mass distributions again for SPSla:
M ji(low)s Mji(high)s il aRd My (thresh)- FOT Myjj1ow) and myjmign) We select on an event-by-
event basis the smaller and higher invariant mass between one of the leptons and the hardest
jet. myjy is the invariant mass between the hardest jet and the two leptons and mjy(tnresn) 18
the same distribution where the additional constraint on the invariant mass of the two leptons

max

< my is applied. Here, mj® is the well measurable endpoint of the dilepton invari-

1
ar\l/ti mass distribution, for which in our numerical analysis we use the theoretical endpoints,
mp* = 80.0,203.8 GeV for SPSla and 10.1.6 respectively, cf. eq. (B.2)) in Appendix [Bl All
these invariant mass distributions are in principle experimentally measurable and have been
discussed extensively in the literature |167, 271, 274, 275] (and references therein). From a
measurement of their upper (and in case of 7 (thresh) the lower) endpoints one can extract
relations for the masses of the intermediate sparticles. These relations often show ambiguities
and particularly measurements like the threshold of mj(ihresn) might help to resolve these.
Alternatively, shapes of the presented invariant mass distributions might help to overcome
these difficulties. Let us now look at the NLO corrections to these invariant mass distribu-
tions. Overall, again, distributions are shifted to smaller invariant masses. Also, upper kinks
of myjy and 1M j(thresh) are rounded off. These shifts might result in a slightly lowered accuracy
in the measurement of the upper endpoints. Furthermore, the threshold of the m iy thresn) 1
diluted due to NLO corrections, as the theoretical lower endpoint of the 1 (thresh) distribu-
tion is given by m]ll(thresh) 215.4 GeV for SPSla and mﬁll?thresh) = 437.1 GeV for 10.1.6,
cf. eq. (B.9) in Appendix [Bl Thus, a precise measurement of this observable seems to be
questionable.

The same set of invariant mass distributions, miiow), M;ji(high)> Mju and My thresh), 18
shown in figure [6.6] for the parameter point 10.1.6 and the corresponding decay chain involving



108 Chapter 6 The “golden” decay chain

0.006F- SPsla 4 0014F  spsia ]
C ~ - iss | [ ~ L[t =miss ]
F U, - I EFs] oot2f U ~ilTEy .
0.005— — F— ]
5 F —LO ] = g LO E
H C ] =) 0A017_NLO 7
£-0.004 —NLO = Eé c ]
kS r 1 5 0.008- J
5 0.003 - C [ ]
© F E S 0.006] 4
< F ] = r ]
1 0.002[~ 3 = [ ]
: C b 0.004j -
0.001 . 0.0021 4
07\\H‘\\H‘\H\‘\\H‘\\H‘HH\HH‘HH‘HH: 07\\\ b b b b bkl 1
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Myow) [GEV] My (righy [GEV]
0.008F SPSla = ooil SPSla B
C = S =miss ul L~ s =miss e
0.007E u - jIME7 3 [ u - JITE] ]
F—LO ] — [—LO ]
00061 E £0.008- ]
£ E-NLo E £ [-nLO ]
- il = = L i
= 0.005¢ 1 £ 0.006— -
5 E ] e r 1
0.004[~ 3 P L 1
|-
= E ] © E i
S E 1 [ ]
0.003[ = L 0.004f |
C J — L 4
0.002F - r R
r ] 0.002— ]
0.001F - [ ]
ob S RN RN U] YRR olom bt b e ]
0 100 200 300 400 500 0 50 100 150 200 250 300 350 400 450
my, [GeV] Migresty [GEV]
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a l. For the main part, again, NLO corrections shift the differential distributions to smaller
invariant masses and round off the upper kinks. Particularly for mjoy) this might result
in a smaller possible experimental accuracy for determining the upper endpoint. Apart from
the rounding off of the kinks, general shapes of the distributions are mostly unaltered by
NLO corrections. Also, a possible dilution of the lower endpoint of mjy(thresn) due to NLO
corrections seems to be less severe for 10.1.6 compared to SPSla.

6.4.3 Combination of production and decay

Now the combined process, eq. (6.3]), should be investigated, where cuts defined in eq. (6.7))
have been applied.

As already pointed out, the considered NLO QCD corrections only affect the first step
of the decay chain directly. Nevertheless, indirectly these corrections can indeed change the
boost of the intermediate Y3 and thus also affect, e.g., the kinematics of the final state leptons.
In figure we show the pT distribution of the hardest lepton for 10.1.6 at 14 TeV as an
example. As before, in the upper panel LO is shown in black, NLO in red and LO rescaled
with a flat K-factor in blue; corrections of the NLO compared to the LO rescaled by a flat
K-factor are shown in the lower panel. Corrections in the shape of p;l; are rather mild — about
5% in the tail of the shown range. Consequently, in the following we want to investigate if this
also holds for more complex observables. First, we analyze various differential distributions
important for parameter determination. Afterwards, we examine the impact of the corrections
on inclusive OS-SF dilepton observables and thus on searches currently performed at the LHC.

——
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Figure 6.7: Differential distribution in pz of benchmark point 10.1.6 at a center of mass
energy VS = 14. In the upper part of the plots we show in black LO, in red NLO and in blue
LO distributions rescaled by the ratio KNYO between the integrated NLO and LO results. In

the lower part of the plots NLO corrections in the shapes are shown, defined as the full NLO
divided by the rescaled LO - KNYO distribution.
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Invariant mass distributions

When combining production and decay, already at LO a combinatorial problem arises when
looking at invariant mass distributions. As already mentioned in section it is not clear
which jet to choose for building the different invariant masses. Just choosing the hardest
jet as was done in section does not seem to be sensible, since the jet from the second
decay, present already at LO, is often the hardest one. This is a well known problem in
the application of the endpoint methods for mass determination and various methods have
been developed to reduce this ambiguity. The easiest method is to always use the jet which
gives, e.g., the smaller m;; value. In this way one improves the measurements of the upper
endpoints without losing statistics. However, shapes are heavily distorted already at LO. In
principle there are advanced techniques to solve this problem, amongst others, full kinematic
event reconstruction [307] or hemisphere techniques [308-310]. However, these techniques are
quite involved, parameter point dependent and not generically applicable. Here, we apply
consistency cuts, also discussed in [275] to reduce the impact of the jet combinatorics ambi-
guity. Applying such consistency cuts means that we accept only events where one jet j; out

of the two hardest jets j;, jr gives an invariant mass smaller than my™ and the other jet ji

an invariant mass larger than m,

myu < m?lllax <mj.u - (6.8)

Now j; will be used in the following to build the invariant mass distributions. This tech-
niqu is very efficient in reducing the jet combinatorics ambiguity, however, event rates are
also reduced (see section [6.4.3 and particularly table [6.3]).

In figure we show for SPS1a the same invariant mass distributions as already shown in
figure[6.5l Here, production and decays are combined at NLO and cuts of eq. (6.7]) and further
consistency cuts are applied. Due to the NLO corrections, distributions are in general shifted
to smaller invariant masses. Comparing just LO predictions in figure and figure [6.5] par-
ticularly myjy; and m(hresh) Show a slightly different behavior introduced by the consistency
cuts: the plateau is less prominent in figure Here, again we observe a dilution of the
threshold in the 1 (thresh) distribution at NLO. Similar observations can be made looking at
figure (and comparing with figure [6.0]) for the combined results of parameter point 10.1.6.
Overall, changes to the shapes are moderate and, concerning the measurements of the upper
endpoints only for m .y an experimentally detectable effect is expected. Here we want to
note one thing: the consistency cuts, eq. (6.8)), are based only on mj; and this is why, already
at LO, we observe contributions also beyond the theoretical upper endpoint. This effect is
enhanced at NLO.

From the discussion above, usefulness of the threshold of mj(thresh) Seems questionable.
Additionally, a measurement of a lower endpoint is always subject to large experimental
backgrounds 277, 282|. As this threshold was introduced to solve ambiguities in the mass
determination due to the near-far indistinguishability, new techniques for this purpose have

'From an experimental point of view the endpoint mj;;™ is assumed to be measured in a first step where for
example always the jet yielding the smaller my;is chosen. Here, we use the theoretical endpoints, eq. (B3],
my; = 450.6,1147.7 GeV for SPS1a and 10.1.6 respectively.
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Figure 6.8: LO and NLO normalized differential distributions for SPS1a in miiow), Mji(high)>
mjy and 1My (ehresh) (from top left to bottom right) for combined production and decay.

been invented. In [282] the authors argue that all invariant mass distributions used for mass
determination from the given decay chain should be build symmetrically under the interchange
[near «y [far T this spirit they introduce a new set of invariant mass distributions,

M) = Mo, UM, (6.9)
m?l(d) = ’m?ln - m?zf\ ) (6.10)
m?l(s) = m?ln + m?lf and (6.11)
m?l(p) = myi, - My, (6.12)

where the distribution m?l (w) is build simply adding the distributions in m?ln and m?ln. In fig-

ure [6.10l we show the normalized LO and NLO distributions in m?l(u), m?l(d)’m?l(s) and m?l(p)
against a quadratic scale. Shapes of these distributions are shightly changed due to NLO
corrections, however, the possibility of measuring their upper endpoints (both endpoints in
the case of mj(,)) seems to be unaffected.
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Figure 6.11: LO and NLO normalized differential distributions for SPSla (top) and 10.1.6
(bottom) in the asymmetry A for combined production and decay.

Besides for mass determination, the given decay chain can also be used for spin determi-
nation or, more precisely, for spin distinction. As pointed out in [291] and many subsequent

works, the asymmetry between the mj+ and mj ;- distributions defined as

g~
_do/dmj+ —do/dm-
 do/dmj+ + do/dm;;-

(6.13)

can help to discriminate between a SUSY model and other models like Universal Extra Di-
mensions (UED) with a similar decay chain where the intermediate particles have different
spins [292]. In figure we show LO and NLO predictions for this asymmetry for SPSla
(left) and 10.1.6. Again, cuts of eq. (6.1 and consistency cuts have been applied. The poten-
tial for spin determination and/or model discrimination seems to be unaltered by NLO QCD
corrections. For SPSla at NLO there is a contribution beyond the upper endpoint not present
for this observable at LO. This NLO contribution passes the consistency cuts which are based
on the endpoint of the m;; distribution. However, expected event rates in this region of the
asymmetry distribution are experimentally negligible.

Inclusive observables

The experimental signature of two jets, two OS-SF leptons and missing energy can, besides
for parameter determination, also be used for searches for supersymmetry. At the LHC, using
this signature, cut-and-count searches have been performed in the analyses of the 7 and 8
TeVruns [305, 1306] and will be performed also at 14 TeV. Consequently, precise calculations
of inclusive cross sections for the specific signal region used in the cut-and-count searches are
necessary for reliable interpretations and derived limits.

First, we discuss the differences between predictions in our approximation and rescaling
LO with a flat K-factor from NLO corrections to squark-squark production without including
decays and cuts. Second, we look at the impact of the additional consistency cuts defined in

eq. (63).
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(0) (0),cons. cuts cut
‘ Nojvorrpr  Nojtorrpr | BNojranp, BN aipy ‘ Kppsirdy, Kpposar
SPS1a 38.21b 23.0fb 1.36 1.23 1.34 1.28
10.1.6 0.628 fb 0.243 fb 1.46 1.39 1.44 1.41

Table 6.3: LO N© and NLO N+ ¢ross section predictions and K-factors K for the two
benchmark scenarios SPS1a, 10.1.6 at a center of mass energy v/S = 14 TeV where the cuts
of eq. (G1) are applied. For comparison we also list the inclusive NLO production K-factor

Kpp—sqg and Ky, g, 4. -

In table various integrated quantities at 14 TeV for the parameter points SPSla and
10.1.6 are listed. Starting from the first column on the left we display: the total cross section

(0)
at LO N2j+2l+ET

LO after consistency cuts

K cons. cuts
Nojioirpr
channels K, A and including also all other chirality configurations K, g .
The difference between the K-factors including the cuts defining the signal region, KN2j+2l+ET’
and the K-factors for production of §r.Gr pairs, K, ,4, 7,., is small, namely 2%. This difference
increases to 8% for SPSla and 5% for 10.1.6 if the K-factor for just the production includes
also the other chirality configurations, K, 5. Thus, for the scenarios analyzed here, NLO
corrections can be safely approximated rescaling LO predictions with the K-factor obtained
for the production part, provided that only the contributing chirality configurations are in-
cluded in the calculation of the K-factor. This feature, however, cannot easily be generalized;
for example, as can be seen from table [6.3] applying consistency cuts increases the differences
between these two approximations.

Consistency cuts are designed for the study of distributions relevant for parameter de-
termination, as the ones discussed in the previous section. However, they decrease the cross
sections, as can be seen comparing NQ(?ZFZZ By and Nz(jo»l;(l)i};uts, without adding any obvious
benefit in the context of searches. On the other hand, so far, we did not discuss the different
normalization of the LO and NLO distributions shown in the previous sections. The values
of fgji;}r‘z are exactly the ratios between the normalization of the LO and NLO results.
These values are smaller than the K-factors obtained without consistency cuts. As discussed,
such cuts are introduced to solve the jet combinatorial problem. Doing so, they also reduce
(positive) contributions from real radiation of a gluon or a quark at NLO and consequently
reduce the resulting K-factors. Thus, in contrast to the case without consistency cuts applied,

fully differential factorizable corrections have to be taken into account for a precise estimation

of NLO effects.

in the signal region defined by the cuts of eq. (6.7), the total cross section at

N(O),cons. cuts
254204 Py

. Furthermore, we list the K-factors for the production only including all §7.¢%,

, together with the corresponding K-factors K'n,;, o, .
and
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Chapter 7

Direct production of staus

In this chapter we present a calculation for direct 7;-pair production cross sections and kine-
matical distributions at hadron colliders. Our calculations include Drell-Yan (DY) processes,
b-quark annihilation, and gluon fusion, with all third generation mixing effects taken into
account. The obtained cross sections are independent of the lifetime of the produced stau.
Still, in chapter B we interpret our findings with a special focus on scenarios with long-lived
staus.

First, in section [Tl we want to review the motivation for studying direct stau production.
Interesting parameter regions are highlighted and relevant constraints are discussed. Collider
limits for direct stau production were already discussed in section B.4.1l Second, section
presents our calculation of direct stau production at hadron colliders. Here we show our
cross section results for the Tevatron and the LHC and compare the Drell-Yan contributions
to those from bb-annihilation and gluon fusion. Results and the discussion of direct stau
production presented here and in the following chapter are largely based on refs. [1] and [2].

7.1 Motivation

There are well-motivated scenarios in which the lighter stau 7y is central, both, for cosmology
and collider phenomenology. In fact, in large regions of the parameter space of many SUSY
breaking models, the lighter stau 7| is very light due to large Yukawa contributions in its
RGE running from the GUT scale down to the EW scale. It is even often the lightest SUSY
particle in the MSSM spectrum, to which we refer as the lightest ordinary SUSY particle
(LOSP). The phenomenology, both, for colliders and for cosmology depends crucially on the
nature of the LSP and the resulting lifetime of the stau. In the following we first elaborate
on the case of a 71-LOSP and EWIP LSP. Second, the )2(1) LSP and 7y NLSP case is considered.

While restrictive upper limits exist on the abundance of a stable charged massive particle
(CHAMP) [39], the 71 LOSP becomes a viable possibility in scenarios in which the LSP is
an EWIP, such as the gravitino or the axino, see section B.7.2] (or in scenarios with broken
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Figure 7.1: Iso-lifetime contours of a 7 from the decay 77 — GT as a function of the stau
mass my and the gravitino mass mz. In the gray area in the bottom right the 71 is the LSP.

R-parity). For example in the gravitino LSP case, the lifetime of the stau is given by M]
- 48mm% M3 m2\
7 =T7(7 — Gr) = — G Tk ( -4 (7.1)

and shown in figure [[[]] as a function of the stau mass mz and the gravitino mass mg. Due
to a suppression by the reduced Planck mass Mpjanac = 2.4 101 this lifetime is generally
large on the scale of detector experiments and can even easily exceed 77 > 10* s relevant for
BBN constraints as discussed below. Consequently, the 71 LOSP appears long-lived in the
collider detectors as a quasi-stable muon-like particle. Such scenarios will come with distinc-
tive signatures that are very different from those in the x{ LSP case [@@] In fact, direct
T1-pair production events will be easier to identify experimentally if the 77 is quasi-stable. It
may even be possible to stop initially slow staus within the main detectors , ] or
in some additional dedicated stopping detectors m, @@] for analyses of their late decays.

The cosmological implications of a long-lived 71 depend on its lifetime 75, its mass msz,
and its primordial relic abundance prior to decay

Yz =ns/s, (7.2)

where njz is its comoving number density prior to decay and s the entropy density. For
example, in the R-parity conserving case with an EWIP LSP, each 7| NLSP decays into one
LSP which contributes to the DM density Qdpn. Moreover, 73 can exceed 1-100 s in scenarios
with a gravitino or axino LSP, as discussed above. Hence, as explained in sectionB.7.2] the stau
might decay during or after BBN, releasing dangerous amounts of electromagnetic or colored

'In case of an axino LSP the decay of a stau is similarly suppressed by the PQ breaking scale f, Iﬂ, @,

22d].
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energy. Negatively charged 71’s may even form bound states with the primordial nuclei leading
to catalyzed BBN (CBBN) of lithium-6 and beryllium-9 [329-334]. The DM abundance and
the observationally inferred primordial abundances of the light elements thereby impose 7z -
dependent upper limits on the yield Yz which translate into cosmological constraints on the
parameter space of the respective SUSY models; cf. [221), 226, 235, 1330, 1332, 1334-1339] and
references therein.

The cosmological constraints on scenarios with long-loved staus 7o are often quite re-
strictive with potentially severe implications for collider phenomenology and cosmology. For
example, the CBBN constraints on gravitino LSP scenarios can point to heavy colored spar-
ticles, such as a gluino with mass mgz 2 2.5 TeV [226, 1330, 1332, 1337|, so that direct stau
production would be particularly important for SUSY discoveries at the LHC. Moreover, to-
gether with Qpy limiting the thermally produced EWIP density [223-227, 230, 1231] from
above, the CBBN constraints can restrict the post-inflationary reheating temperature to
Tr < 10° GeV [226,339], which disfavors the viability of thermal leptogenesis with hierarchi-
cal heavy Majorana neutrino masses [340-344]. In light of those findings, it is remarkable that
parameter regions exist in which one finds an exceptionally small relic 7; abundance 345, 346]
which may respect the (C)BBN limits on Yz so that the above restrictions do no longer ap-
ply. Details of such exceptional yields and resulting favored parameter regions are discussed in
section In this work we address the question whether such a scenario with efficient pri-
mordial stau annihilation can be identified by considering direct 74-pair production at hadron
colliders.

Before proceeding, let us comment briefly on direct stau production events in the neu-
tralino dark matter case. While the 71 with its electric charge cannot be DM, it can be the
next-to-lightest SUSY particle (NLSP) in an R-parity conserving realization of SUSY. If the
lightest neutralino x! is the LSP, a stau NLSP, that is almost as light as the X9, can partici-
pate via coannihilation in the primordial freeze-out of the Y{. In fact, such a coannihilation
scenario might be the key for an agreement of the relic ¥ density Q)Z? with the DM density
Qpwr; cf. |63, 164, 1347-350] and references therein. The direct pair production of such light
71’s can then have a sizeable cross section at hadron colliders even if the colored sparticles are
substantially more massive, as indicated by recent searches at the LHC.

In an R-parity conserving realization of SUSY, each of those produced 7;’s will decay
rapidly into a ¥ and a tau. Thus, an excess in missing transverse energy together with lep-
tons and/or reconstructed tau jets is the expected signature of such a scenario. However, for
small mass splittings between 7; and Y, as required in coannihilation scenarios, the decay
products might be soft and thus experimentally challenging to detect. Leaving such studies
for further work, we focus in the following more on scenarios with a long-lived 71 LOSP.
Nevertheless, our calculations of direct stau production cross sections apply also to Y dark
matter scenarios.

In the following we explain the possibility of particularly efficient primordial stau anni-
hilation processes leading to an exceptionally small thermal relic stau abundance such that
restrictive cosmological constraints can be evaded. Subsequently, a second motivation is given:
a light stau with large 7, 77h° couplings can lead to an enhancement in the branching ratio
BR(h® — ~v) [351, 1352] together with enhanced direct stau production cross sections. We
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Figure 7.2: Left: contour plot of CBBN abundance yields of °Li and ?Be as a function of
Tx- = T#. The y-axis on the right-hand side indicates the yield Yz . Right: cosmological
constraints on mg and m; = ms for a yield Yz given by eq. (Z.3). Due to CBBN, the region
below the (red) solid and the long-dash-dotted lines is disfavored by observationally inferred
abundances of Be and %Li, respectively. Both plots taken from: [334].

summarize the conditions required for such behaviors and emphasize that the potential oc-
currence of a (color and) charge breaking (CCB) vacuum, besides general limits from flavor
observables, as discussed in B.0] can give restrictions in the relevant parameter regions.

7.1.1 Cosmological constraints

Let us now turn to long-lived staus in the early Universe, the potential cosmological implica-
tions and associated constraints. The relic stau abundance Y3 prior to decay depends on m;,
the left-right mixing of the 71 and other details of the SUSY model, and on the early thermal
history of the Universe. For a standard thermal history with a reheating temperature T that
exceeds m# /20, there was a period in which the 7; LOSP was in thermal equilibrium with the
primordial plasma. At the freeze-out temperature Ty < m# /20, at which the 77 annihilation
rate equals the Hubble rate, the by then non-relativistic staus 7;’s decouple from the thermal
plasma. Taking into account all possible (co-)annihilation channels, the associated Boltzmann
equation can be solved numerically [353, 354]. For a dominantly right-handed stau, 7, ~ 7y,
the annihilation is dominated by the electroweak processes illustrated in figure [[3[(a). The
resulting yield is found to be governed mainly by ms,

M~

Vi, =~ (0.4 — 2.0) x 10713 <#) 7.3

= ) 100 GeV (73)

where larger values of the prefactor account for possible mass degeneracies and associated
effects such as stau-slepton and/or stau-neutralino coannihilation 226, 1355-357].

Confronting the yield (Z3) with the CBBN constraints, shown in figure [.2(left), the
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following upper limit on the stau lifetime emerges [329, 334|

75 SHx10% s . (7.4)
For the cases with the gravitino LSP and the axino LSP, this implies m# -dependent upper
limits on the gravitino mass mg [334] , as shown in figure [L.2(right), and the PQ scale f, (cf.
figure 5 in ref. [358]), respectively. In particular, a Peccei-Quinn scale fpg around the scale of
grand unification Agyr is in conflict with the CBBN constraint for the mz range accessible
at the LHC [358]. Moreover, these CBBN limits on m 5 and fpq tighten also the upper limits
on the reheating temperature Tg imposed by Qrpwrr < Qpwm, as discussed in section
Furthermore, they disfavor the kinematical mg determination [335] and thereby both the
mentioned Apjanec determination |[311] and the probing of Ty at colliders [225]. The resulting
TR limits can then be in considerable tension with TR > 10? GeV required for viable thermal
leptogenesis with hierarchical heavy Majorana neutrino masses [340-344].

For CMSSM scenarios with a gravitino LSP, as introduced in section B.7.2] the CBBN
constraints have been found to be particularly restrictive [226, 1330, 332, 336, 1337|. Here, the
71 LOSP case occurs in a large region of the parameter space and in particular for mg < m% /2
The CBBN constraint (7.4]) — which emerges for Yz given by (3] — can then be translated
into the following m z-dependent limits [332, 1337]:

m= 2/5
> 0. G .
myy > O9TeV<1O GeV> , (7.5)
~ \1/5
Ta < 4.9 %107 GeV (10mGGv) , (7.6)
€

where the latter accounts also for Qé < Qpwm. For me at the GeV scale, the lower limit (Z.5])
then implies heavy colored sparticles that will be difficult to probe at the LHC. As already
mentioned above, this provides additional motivation for this work since a SUSY discovery
could still be possible via direct stau pair production.

7.1.2 Exceptionally small thermal relic stau abundances

The Ty limit (Z.6) illustrates the mentioned tension with thermal leptogenesis being a viable
explanation of the baryon asymmetry in the UniverseH In fact, this tension has motivated
studies of scenarios with non-standard thermal history in which Y% is diluted by significant
entropy production after decoupling and before BBN [226, 1331, 359] and scenarios with R-
parity violation |71] such that ((Z4]) is respected. Nevertheless, even with a standard thermal
history and R-parity conservation, there is a way to evade the CBBN constraintsﬁ: efficient
stau annihilation mechanisms which allow exceptionally small yields

Yz <2x10715 (7.7)

2In scenarios that are less constrained than the CMSSM, the Tr limit will be more relaxed if the ratio of
the masses mg and msz, is smaller than mg/m# > 6 encountered in the 71 LOSP region of the CMSSM |[335].

3There are other cosmological constraints on Yz in addition to the considered CBBN constraints. The Yz
limits imposed by these other constraints are typically at most equally restrictive and are usually evaded also
for Yz, satisfying (Z7)); cf. section 1 in ref. [346].
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Figure 7.3: Illustrative Feynman diagrams for stau annihilation dominated by (a) EW pro-
cesses, (b) large 7177 h° couplings and (c) a HY resonance.

For such a yield, the 7z limit (7)) is no longer applicable and the larger values of mg or
frq are not disfavored. In this way TR 2 10° GeV and standard thermal leptogenesis may be
viable. For the G LSP case, also the region 0.1mz < mg < ms;, in which the kinematical
mg determination [311] is expected to be viable, is no longer disfavored.

Such efficient stau annihilation mechanisms require

e enhanced 777 hY couplings [345, 346], where diagrams like the one shown in figure [Z.3|b)
contribute dominantly,

e and/or the pattern 2mz =~ mpyo [346], where the staus annihilate via a heavy Higgs
resonance, as illustrated in figure [73|(c).

In light of these appealing features, let us discuss the conditions that lead to enhanced
stau-Higgs couplings. As shown in detail in section .32 the stau-stau-Higgs couplings are
governed by tan 3, u, and the trilinear coupling A,. These parameters determine also the
admixture of the left-handed and right-handed gauge eigenstates, 71, and 7gr, in the lighter
stau mass eigenstate

71 = cos 0,71, +sinfO, 7R . (7.8)

Thereby, there is a relation between the size of the stau-Higgs couplings and the stau mixing
angle 6,. This becomes more explicit in the decoupling limit [360] in which the light CP-
even Higgs boson h® is much lighter than H" and the CP-odd Higgs boson A". As given in
eq. (Z76)), the 7171 h° coupling is proportional to sin 26, and the off-diagonal term in the stau-
mass squared matrix, X, = A, — ptan 3, while, as given in eq. (2.77) the 717 H® coupling is
proportional to (A, tan 8 + u)sin260,. Thus, the absolute value of these couplings becomes
maximal for 6§, — 7/4, which corresponds to maximal left-right mixing in (Z.8), and sizeable
for large tan 8 and large absolute values of p and/or A;. In the corresponding parameter
regions, on which we focus in this work, one then finds enhanced stau-Higgs couplings and
the mentioned efficient stau annihilation that can lead to (Z.7]).

Here, we investigate whether it can be possible to find manifestations of an exceptionally
small yield (7Z.7)) when studying the direct production of quasi-stable staus in current collider
experiments. As we will see in the next sections, for this purpose it is crucial to consider not
only the Drell-Yan process but to also include the additional channels from bb annihilation
and gg fusion in the cross section calculation.
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Figure 7.4: Illustrative Feynman diagrams for the decay h® — v+ mediated by a stau loop.

7.1.3 Possible enhancement in BR(h — ~v)

Without direct hints for new particles, deviations from SM predictions in sensitive observables
could be an indirect hint for new physics at the TeV scale. A prime example is the possibility
to measure and test the Higgs boson rates in the different production and decay channels at the
LHC. Given enough data, in such a way the Higgs boson couplings can eventually be measured
[361]. Already the dominant SM Higgs production channel at the LHC, gluon-fusion, is loop
induced and thus in principle sensitive to new physics. Instead, here we want to highlight the
possibility for an enhancement of the branching ratio BR(h? — 77) due to a strongly mixed
light stau. Within the SM, the decay h® — ~v is dominated by top-quark and W boson
loops, both contributing with different signs, and is of the order BR(h? — y)sm ~ 1073, In
[351, 1352 it was shown that a light stau 90 GeV < mz < 150 GeV with large stau-stau-Higgs

~

couplings, as discussed above, can lead to an enhancement of the Higgs branching ratio,
R,y = BR(h® = vy)mssm / BR(RY = 77)sum (7.9)

of up to R, ~ 2, via diagrams like the ones shown in figure[Z.4l The relevant parameter region
is very similar to the one discussed above with a large stau mixing due to large X, ~ ptan S.

First measurements from both experiments, ATLAS and CMS, indicated such an excess
compared to the SM prediction, R,, > 1.5 @ 95% C.L. [27, 28, 1362]. A stau as light as
required for such an excess, 90 GeV < msz < 150 GeV, is excluded in scenarios where the
stau is long-lived, however viable in scenarios with a YJ LSP.

In a very recent study using a larger data set and a refined analysis, CMS did not find
any excess [363]. At the moment the experimental situation is not clear and more data and
new analyses are needed to settle the issue, however, after the latest results by CMS it seems

unlikely that new physics is hiding in the A — 7 channel.

7.1.4 Constraints from CCBs

In the considered parameter region, theoretical constraints might become important for large
stau-Higgs couplings. These regions can be associated with unwanted deep charge breaking
minima in the scalar MSSM potential [345, 1346, 1364-367|. Still, this will be a viable scenario
if the quantum transition rate to the CCB minimum is so small that the lifetime of our
electroweak vacuum exceeds the age of the Universe. By studying the decay of the electroweak
vacuum with the ‘bounce method’ [368| in an effective potential approach [369], as explained
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Figure 7.5: Left: CCB bound on the stau-stau-heavy-Higgs coupling Aoz 7 as a function
of the stau mass for 2mz = mpo. Right: stau yield Y; as a function of mz for Aoz

1.3 x mz and myo = 2ms . Both plots taken from [370].

T

in Appendix [C], it has been found from a fit in the relevant parameter space that a viable
scenario with large 7, 71 h® coupling has to respect the followingi metastability condition [365]:

ptan 8 < 2135, /mz mg —17.0(mj, +mp,) (7.10)
+4.52 x 1072 GeV ™' (mj, +mp)? —1.30 x 10* GeV,

where mj; and mpg, are respectively the left-handed and right-handed stau soft breaking
masses. However, this condition is not as rigid as, for example, bounds from direct SUSY
particle searches or flavor changing decays, since only the exponential contribution to the
decay of the electroweak vacuum can be evaluated easily, while a calculation of the full width
of the decay into the CCB minimum is highly non-trivial. Nevertheless, scenarios in which
an exceptional yield (77) results only from enhanced stau-Higgs couplings [345, 1346 can be
disfavored by the CCB constraint (Z.I1]), if taken at face value (cf. sections and R3] and
ref. [364]).

In scenarios with 2msz =~ mpyo, primordial stau annihilation can proceed efficiently via the
H? resonance and thereby lead to an exceptionally small Yz . Here, the annihilation channel
717 — bb turned out to be the most relevant one, which also benefits from enhanced stau-
Higgs couplings. However, because of the H” resonance, an exceptional yield (Z7) is already
possible with more moderate values of tan /3, u, and A, [346]. Thereby, such scenarios can lead
to (L7) and still respect the discussed CCB constraints — even for rather large mz as shown
in |370]. In [370] the maximal 7171 H® coupling, Aoz 7 = -.-C[7, 71, H°] is determined as
a function of mz for 2mz = mpgo. We show this result in figure [C5(left). For example, a
coupling Aoz 7z = 1.3 x mz is safe from potential CCBs and the resulting stau yield Yz
as a function of ms, again for myo = 2ms, is shown in figure [[B(right). Clearly, yields

“In an earlier version of [365] the authors stated the result ptan 8 < 76.9 VLM, +38.7 (mp, +mg,) —
1.04 x 10~* GeV , which was used in |1]. Numerical differences between the two results are at most 15%. The
updated result, in general, relaxes CCB constraints.
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respecting (.7 can in principle always be achieved, given mpgo ~ 2ms,, 0, ~ 7/4 and large

enough A, (cf. eq. 277)).

7.2 Direct production of staus at hadron colliders

In this section we calculate the cross section for direct stau pair production at hadron colliders.
We describe the relevant production channels and the methods used in our calculations. In
the numerical results we show the dependence on the relevant SUSY parameters and provide
predictions for the Tevatron and the LHC. The obtained cross sections are independent of the
stau lifetime and thus also applicable for scenarios where the stau is unstable.

Within the MSSM, stau pairs can be produced directly at hadron colliders,
pp(pp) = 7,75, (7.11)

where 7; denotes any of the two stau mass eigenstates. After electroweak symmetry breaking
the soft-breaking terms in the MSSM Lagrangian induce a mixing among the particles of
identical color and electric charge. In the sfermion sector, left-handed and right-handed
gauge eigenstates mix to form mass eigenstates, as explained in section The mixing
is proportional to the mass of the SM partner fermion and can thus be sizeable for sleptons
of the third generation. In the following, we concentrate on the production of the lighter
7,71 pairs. Results for 7,75 and 7; 75 production can be obtained in close analogy. Their
production cross sections, however, are suppressed by the heavier 7 mass. Additionally, non-
diagonal 7; 75 production requires a chiral coupling and thus, e.g., photon-mediated channels
are absent.

7.2.1 Direct 7, 7/ production channels

At hadron colliders the leading contribution to direct 7, 77 production arises at O(a?) from
the ¢ induced Drell-Yan type process, see figure [I.6](a).

On the partonic level the differential cross section is given by

~DY 4 2 2 2
9G—nn _ 271'042 ut — mz 62 97171 (ggl + g/qk ) . 26(] gg/ 917 (7 12)
dt 54 a (1—M2/s)? 1—M2/s |’ '
where
2
Grm = (4sfy — 1) — cos 20, gl = M gl = i (7.13)
nn 4CWSW ’ v QCWsW A QCWsW ’

with sy = sin Oy, ey = cos Oy and u, t, s being the usual Mandelstam variables for a 2 — 2
process. ¢ denotes the annihilating quark flavor, Ig 1, its isospin and e, its charge. Clearly, the
Drell-Yan production cross section only depends on the stau mass mz and the stau mixing
angle 6.



128 Chapter 7 Direct production of staus

Figure 7.6: Feynman diagrams for stau pair production (a) via the Drell-Yan process and
(b) via bb annihilation. Here, ¢ = {u,d, ¢, s}.
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Figure 7.7: Feynman diagrams for the gluon fusion contribution to stau pair production. The
quarks ¢ and squarks ¢;, 2 = 1, 2, running in the loops can be of any flavor.

At the same order of perturbation theory, stau pairs can also be produced from bb annihi-
lation, mediated by the neutral gauge bosons (y, Z) and by the neutral CP-even Higgs bosons
(h°, HY). Corresponding Feynman diagrams are displayed in figure [.6(b). This channel is
suppressed by the low bottom-quark density inside protons, but can be enhanced by on-shell
Higgs propagators and by large bottom-Higgs and stau-Higgs couplings in certain regions of
the SUSY parameter space. Note that the CP-odd Higgs and Goldstone bosons, A° and G©,
do not couple to a diagonal 7,7;" pair at tree-level and, in absence of CP violating effects in the
MSSM, there is also no induced mixing between the CP-even and the CP-odd Higgs boson
states at higher orders of perturbation theory. The A? and G° bosons thus do not enter our
calculation.

Gluon-induced 7, 7{ production is only possible at the one-loop level, mediated by a quark
or squark loop, as shown in figure [.7l Even though these contributions are formally of higher
orders, O(a2a?), they can give sizeable contributions at the proton-proton machine LHC at
high center-of-mass energies, where the gg luminosity is significantly higher than the ¢q lu-
minosity.

Let us note again that the additional bb and gg channels are not included in the general
purpose Monte Carlo event generators like Pythia |181] or Herwig [182]. We use the programs
FeynArts [244] and FormCalc with LoopTools [245] to generate and calculate the amplitudes
corresponding to the Feynman diagrams of figures and [[71 The Higgs boson masses and
the H° width are computed with FeynHiggs. We include O(a2a?) QCD and SUSY-QCD
corrections at NLO for the Drell-Yan channel predictions calculated with Prospino 2, by
scaling our cross sections with the respective K-factors, K = onpo/oLo. Furthermore, we
use resummed effective bbh? and bbH? vertices for the gluon fusion and bb contributions, as
explained below in section We do not include higher-order QCD and SUSY-QCD cor-
rections to the Higgs-mediated channels. These are expected to be positive and similar to
the results for on-shell Higgs production, see ref. [189] and references therein. In this way our
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analysis gives a conservative estimate of the enhancement effects from the bb and gluon fusion
production channels. Note also that additional contributions to the direct 7, 7 production
can arise from WW ™ fusion. Those however would be smaller by at least one order of mag-
nitude compared to the discussed channels [178] and are not included in our analysis.

At hadron colliders, the gluon-fusion and bb-annihilation processes with an s-channel Higgs
boson can become resonant in regions of the SUSY parameter space in which the Higgs boson
is heavier than the two produced staus. For intermediate 7; masses respecting the robust LEP
limit mz > 82 GeV [39], the lighter CP-even Higgs boson, h, is expected to be too light to
go on-shell (particularly identifying it with the recently observed state at ~ 125 GeV). This is
different for the heavier H° boson. In parameter regions with mpo > 2ms we regularize the
on-shell singularity including the total decay width of the H° boson, F%, in its propagator,

1 1

2
HO

p2—m p?—m2, +impolpo

From the partonic production cross sections, hadronic results are obtained convoluting
with PDFs, as shown in eq. (3.2)).

7.2.2 Resummation in the sbottom sector

As motivated in section [.1], we are particularly interested in parameter regions with enhanced
stau—Higgs couplings and thus typically in scenarios with large tan 8. It has been known for
a long time [371-375] that radiative corrections to the bbh®/bbH? vertex can be important
especially for large tan § and drive down related cross sections compared to the tree-level
results. As shown in 375, 1376] the leading tan S-enhanced corrections can be resummed to all
orders in perturbation theory by using an appropriate effective bottom-quark mass, ml’iff, and
effective bbh® /bbH® couplings. We adopt this approach, as explained in detail in the following.

The Higgs sector in the MSSM corresponds to a two-Higgs doublet model, where the
down-type quarks couple to hg and the up-type quarks to h,. After spontaneous symmetry
breaking, the up- (down-)type quarks gain masses by coupling to the non-zero h, (hg) vacuum
expectation values vg (v1). At tree-level, the bottom-quark mass my, is given by

my = )\bvl, (7.14)
where )\ is the bbhg Yukawa coupling. However, radiative corrections induce an effective bbh,,
coupling A\, that can significantly alter the tree-level relation |[371-375|. These higher-order
contributions do not decouple at low energies and are enhanced by tan (3,

AN
mp = A1 + AXpvg = A\pvq <1 + )\—bb tan ﬁ)

(7.15)
= 1 (1 + Amb) .

As shown in ref. [375], the leading tan 8 enhanced terms can be resummed to all orders via an
effective bottom-quark Yukawa coupling )\gﬁ = mgﬁ/ v1. The dominant contributions to Amy,
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arise from gluino-sbottom and chargino-stop loops,

2« \?
Amy = 3—7:M3,u tan 3 I(mgl,mBQ,mg) + w#,uAt tan 8 I(mg, , mg,, i), (7.16)
with the gluino mass Ms, the lighter (heavier) sbottom mass my, (m;}g) the trilinear coupling
Ay in the stop sector, the lighter (heavier) stop mass mz (mg, ), and the loop function

1

I(a,b,c) = @ — )2 — ) (a2 — 2)

2p2] a’ b2 1 b* 2,21 c?
a og§+ c ogc—2+ca g3 (7.17)

Further neutralino-sbottom contributions are proportional to the weak coupling g?> and thus
subleading. Here we follow refs. [136, 1376] and use a DR definition of the effective mass to
take large logarithms from the running Yukawa coupling into account. The effective Yukawa
coupling )\gﬁ is then defined as follows,

DR DR, eff
\eff _ 1 (ur) +my Amy _my (7.18)
b n 14+ Amy v

where the second term in the numerator is necessary to avoid double counting of the resummed
terms. The DR bottom mass at the renormalization scale up can be obtained from the on-
shell bottom-quark mass, m,?s, and the UV-finite parts of the bottom-quark self-energy (here
in Lorentz decomposition),

PR m
my® (1) = my® + 7b (SE (mp) + S (me) + 258" (my)) (7.19)
with -
— . . s 4 mMS M 2
ml(;)S — mMS(Mz) bShlft’ bShlft =14+ O‘? (g _ log [ b ]\(42 Z)] ) ) (7.20)
Z

Further tan 8 enhancement effects arise in the trilinear couplings involving Higgs—bottom
interactions. They can be resummed and taken into account by modifying the bbH couplings
Gppp> With H = {h°, H?, A°}. The combined effect of the resummation in the relation between
Ap and my, and of the resummation in the Higgs—bottom vertices is accounted for by performing
the following substitutions in the couplings,

1 Amy 1 Amy
Gpbh0 — Jvbh0 |>\b‘>>\§ﬂ - tanﬂtana ) 9bbAO — 9pbAO ‘)\b*))\ﬁff - tan2 5 )

(7.21)

tan o

tan 3

IbbHO —7 GbbHO | Ap—Aet (1 + Amy, ) ) IbbGO 7 bbGO -

The coupling involving the Goldstone boson G° is not modified since the contribution from
the vertex corrections exactly compensates the contribution of the bottom-Yukawa coupling
resummation.
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7.2.3 Numerical results

Let us now investigate numerical results for direct 7, 7] production at hadron colliders. Here,
our focus is on the impact of the bb-annihilation and the gluon-fusion channels, in comparison
to the contribution from the Drell-Yan process.

The cross section for direct stau production depends mainly on ms, mpgo, tan 8, and on
0, (or equivalently on p and A,). It also depends on the H® boson width, I'jo, and thus
indirectly on the entire SUSY mass spectrum. In addition, squark masses enter indirectly via
the loops in the gluon-fusion channel and, as e.g. the trilinear coupling A; in the stop sector,
via the effective bottom couplings.

We use the following input parameters in our numerical study. As a starting point, we
choose a 71-LOSP scenario with moderate squark masses and a large stau-Higgs coupling,
fixed by the following soft-breaking parameters at the low scale:

M1 = M2 = M3 =1.2 TeV, At = Ab = AT = 600 GeV,

(7.22)
mQZ = ’I’)’LUZ = sz =1 TeV, mil/Q = mE~,l/2 =500 GeV.
If not stated otherwise, we choose
0, = 45°, mz = 200 GeV,
; i (7.23)

tan 8 = 30, 1 =500 GeV, ma = 400 GeV,

as inputs for the third-generation sleptons and for the Higgs-sector. With these parameters,
the considered scenario falls into the decoupling limit of the MSSM [360] where m o ~ m4.
Note that the chosen value of tan 8 (and also of p) is rather moderate compared to the cos-
mologically motivated scenarios considered in ref. [346] and discussed in section

From the input parameters (.22) and (.23]), we calculate the physical MSSM parameters
using tree-level relations for sfermions, neutralinos, and charginos. Physical masses are then
passed to Prospino 2 to calculate the Drell-Yan K-factors at NLO in QCD and SUSY-QCD.
The NLO corrections to the Drell-Yan channel typically amount to 20-40% in the considered
parameter space. SM input parameters are chosen according to [256],

My =91.1876 GeV, My = 80.4248 GeV,  Gp = 1.16637 x 107° GeV,
my'S(Myz) = 2.936 GeV, my = 173.1 GeV, m; = 1.776 GeV. (7.24)

We use the MSTWOSLO set of PDFs consistently with the strong coupling constant o (pg)
they provide. Factorization and renormalization scales are set to the mass of the produced
stau 1 = pip = pp = ms# . ~

At this point we want to mention again that our calculation of the bb and gg channels
is formally at LO. By using an effective bottom-quark mass, mgff, and effective bbh®/bbH"
couplings, however, the dominant tan 5 enhanced corrections are included in our results. Nev-
ertheless, we do not consider non-tan 8 enhanced higher-order corrections, and the remaining
renormalization and factorization scale dependence yields a large theoretical uncertainty to
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Figure 7.8: Cross section of direct 7171 -pair production (solid lines, blue) and the Drell-Yan
prediction (dashed lines, red) at the LHC with v/S = 14 TeV as a function of (a) msz,, (b) 6;,
(¢) myo, and (d) tan 8. No kinematical cuts are applied. SUSY input parameters are as given
in (C22) and (723)) if not varied or unless stated otherwise in the legend of the respective
panel. Note that mygo &~ m4 (decoupling limit) holds in most of the shown regions.

our cross section predictions. A more detailed study at NLO would be desirable, taking also
uncertainties due to the dependence on the PDF set, and the bottom-quark PDF in particu-
lar, into account.

In figure [T.8 we show the direct production cross section for 717 pairs at the LHC with
V'S =14 TeV as a function of (a) mz, (b) 6, (¢) mpo, and (d) tan 3. The remaining SUSY
parameters are basically fixed according to (7.22)) and (T.23]). In figures [[.8(b) and [T8(d),
we move to mz = 190 GeV, where stau production is possible via on-shell H? exchange. The
dashed (red) lines show the Drell-Yan (DY) cross section at NLO, whereas the solid (blue)
lines include the additional bb and gg contributions. The Drell-Yan cross section depends
only on msz and 0, as already mentioned above. It decreases strongly for increasing 7
masses and varies with @, by a factor that can be at most slightly larger than 2. As shown in
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Figure 7.9: Cross section of direct 7171 -pair production (solid lines, blue) and the Drell-Yan
prediction (dashed lines, red) at the LHC with v/S = 14 TeV as a function of (a) 6, and
(b) tan 5. No kinematical cuts are applied. SUSY input parameters as given in (7.22]) and
([T23)) if not varied or stated otherwise. Note that here mpyo ~ my4 = 1 TeV (decoupling
limit).

figure [ 8(b), this factor takes on its largest value for 6, =~ 0, i.e., for an almost left-handed
71. The factor of ~ 2 difference between the Drell-Yan cross sections at 6, ~ 0 and 6, ~ 7/2
can be deduced from eq. (.I2)) and is determined mainly by different gauge couplings of the
left-handed and right-handed states. It is independent of mz and hardly affected when going
from /S = 14 TeV to 7 TeV.

The impact of the bb and gg channels depends strongly on the mass hierarchy between 7
and H, as can clearly be seen in figures [7.8(a) and [Z.8(c). If mpyo > 2ms,, these additional
channels can change the direct production cross section by more than one order of magnitude
with respect to the Drell-Yan result. At the threshold mgo = 2ms,, the bb and gg contribu-
tions drop steeply and are less important for myo < 2ms.

Figures [.8(b) and [(.§(d) illustrate the dependence of the total direct production cross
section on the parameters 6, and tan S that govern the stau-Higgs-coupling strength. Here,
the total direct production cross section is dominated by on-shell Higgs production. Thus, the
dependence on 6, and tan 3 reflects the 717 H? coupling, discussed in section and given
in section As shown there and illustrated here, this coupling is basically proportional
to sin26, and also to tan 3 (or more precisely to A tan3). The additional contributions
from the bb and gg channels are tiny in cases of very small mixing, 6, — 0,7, whereas this
minimum is not exactly at 6, = 0, 7 but slightly above/below, as can be seen from eq. (2.75]).
In turn, they become most important for maximal mixing, i.e., at 6, ~ w/4. There, the
additional contributions push up the total direct production cross section by up to two orders
of magnitude for very large tan 8 and are already sizeable for small tan 3.

Let us now turn to a scenario where the HY is very heavy and thus almost decoupled,
mpo = 1 TeV. We again investigate the dependence of the total cross section on 6, and tan j3,
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Figure 7.10: Direct 7;7{-pair production cross sections as a function of mz for the SUSY
scenario with (Z22) and (Z23) at the LHC with /S = 14 TeV (top, red) and 7 TeV (middle,
blue) and the Tevatron with /S = 1.96 TeV (bottom, green). The Drell-Yan predictions are
shown by the dashed lines and the full cross section, including bb and gg channels, by the
solid lines.

shown in figure [0} where we focus on parameters that allow for enhanced 717;h° couplings.
As discussed in section and shown in section 232 this coupling is basically propor-
tional to ptan 8. Indeed, in figure [[.9(a) we consider u = 800 GeV and tan 8 = 50 while the
other parameters are fixed according to (Z.22) and (7.23). Again, the contribution from the
additional bb and gg channels can be sizeable. The enhancement amounts to a factor between
two and three when considering very large values of tan 8 and maximal mixing 0, ~ 7/4.
However, here dominant contributions come mainly from off-shell 2 exchange together with
large stau-Higgs couplings. Thus, the relative importance between the gg channel and the bb
channel can be different compared to situations with dominant contributions from on-shell
HY exchange since the two Higgses couple differently to the quark and squark loops. Clearly,
for a larger contribution of the loop-induced gg channel, a stronger dependence on the squark
masses is introduced in our calculation. This does not only concern the overall mass scale but
also the mass splitting between the squarks, as is well known for on-shell Higgs production
via gluon fusion, see ref. [377| and references therein. For example, contributions from squark
loops get small when squarks within one generation are almost degenerate. Additionally, slight
enhancements in the gg channel can appear at thresholds where the resonance requirement
2mg &~ mpyo is fulfilled between squarks in the loops and the heavy Higgs H?, as shown in
ref. [180]. We want to note that, despite the large couplings, all parameter points considered
here are in agreement with the CCB constraint (7.11]).
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We summarize the potential impact of the bb and gg channels for the SUSY scenario with
parameters given in (7.22]) and (7.23)) in figure [[.I0] where the Drell-Yan predictions (dashed
lines) and the full cross sections (solid lines) are shown for 7, 7{ production at the LHC for
VS = 14 TeV (top, red) and for 7 TeV (middle, blue). When going down from 14 TeV to
7 TeV, the cross section decreases by up to about a factor of 5. The relative importance of the
bb and gg channels however are similarly important in the region where on-shell H? exchange
contributes. Thus, for both V'S = 7 TeV and 14 TeV, the bb and gg channels should not be
neglected in a precise cross section prediction. We also show the direct 7; 7{" production cross
section expected at the Tevatron with /S = 1.96 TeV (bottom, green). Due to the higher
parton momentum fractions = needed at the Tevatron, the gluon and the bb luminosities are
reduced compared to the LHC case. Thus, the respective gg and bb contributions to direct
stau production are, as illustrated, also smaller.
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Chapter 8

Phenomenology of long-lived staus

In this chapter we address aspects of LHC phenomenology of long-lived staus, i.e., 75
1076 5. We focus on parameter regions, where the additional production channels, b
annihilation and gluon-fusion, calculated in the previous chapter, become important.

2
b

First, in section we investigate production cross sections including appropriate exper-
imental cuts, associated prospects for SUSY parameter determination and stopping of staus.
Second, in section 8.2l we consider, as an example, the CMSSM. Here we perform a scan in the
relevant parameter space and study representative CMSSM benchmark scenarios to explore
the relative importance of direct stau production with respect to the stau production in cas-
cade decays. Third, in section B3] we explore ways to probe the viability of an exceptionally
small relic stau abundance at colliders. As exemplary models we consider the CMSSM and a
model with non-universal gaugino masses (NUGM) to illustrate our main points. Finally, in
we review the current experimental status and discuss future prospects.

8.1 Collider phenomenology with directly produced long-lived
staus

At collider experiments, pair production of long-lived staus will give a clear CHAMP signal
in the detectors if kinematical cuts are applied to discriminate between signal and muon
background. Here, we study the impact of these kinematical cuts on the direct production
cross section prediction and differential distributions. We show that experimental observation
of direct stau production could provide important insights into the SUSY model realized in
nature. For particularly well-motivated cosmological scenarios, we find that relatively large
numbers of staus are expected to get stopped already in the main detectors at the LHC.
Thereby, analyses of stau decays may become a viable crucial tool to identify the LSP and/or
to probe high scales such as the Planck scale Apjancc or the Peccei-Quinn scale fpq in the
laboratory.

8.1.1 Kinematical cuts

For a realistic experimental analysis, we need to include kinematical cuts on the phase space
of the staus to reduce possible backgrounds to the CHAMP signal. At hadron colliders,
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experimental CHAMP searches have been performed by the CDF [104] and the DO [186]
collaborations at the Tevatron and at the LHC by CMS [187] and ATLAS [378]. In accordance
with those analyses, we apply the following kinematical cuts on the produced staus:

pl >40 GeéV, 0.4<3<0.9,

8.1

In| < 0.7 (Tevatron), In| < 2.4 (LHC), (1)

where the cuts have to be fulfilled by at least one of the 71’s. Here n = —In(tan6/2) is the

pseudo-rapidity and 8 = |p|/E the stau velocity. This should reduce the background from
very slow moving muons to a negligible level [187, 1378-38()].

For our theoretical predictions, we use the same inputs as in section [[.2.3] In particular,
we include the inclusive NLO K-factors provided by Prospino 2 for the Drell-Yan channel,
also when cuts are applied. Since QCD and SUSY-QCD corrections only affect the hadronic
part of the considered 7, 7{ production, the cut dependence of the K-factors is expected to
be small. Note that here we furthermore assume direct 7; 7 production to be the domi-
nant 7; production source and do not include 7’s resulting from cascade decays in our signal
definition. Otherwise, an additional jet and/or lepton veto can be used to separate directly
produced staus from ones produced at the end of a decay chain. Limits for long-lived stau
production from cascade decays of squarks and gluinos have been discussed in [381] in a sim-
plified model approach. We briefly investigate the relative importance of these concurrent
production mechanisms for representative CMSSM benchmark scenarios in section

In figure B] we compare the full direct production cross sections with (solid lines) and
without (dashed lines) the kinematical cuts (8I) applied as a function of mz for the LHC
with v/S = 14 TeV (top, red) and 7 TeV (middle, blue) and the Tevatron with v/S = 1.96 TeV
(bottom, green). At the LHC, the cuts shift the excess slightly away from the mpo threshold
and towards smaller values of m# and reduce the overall cross section by some tens of percent.
The reduction is stronger at the Tevatron, where in particular the bb and gg channel contri-
butions get significantly cut , so that the Drell-Yan channel provides a good approximation
for the full cross section.

Assuming the produced 71’s to be stable on the scale of the detectors, our results for the
Tevatron shown in figure 8] can directly be compared with the CHAMP-cross-section limit
from the CDF collaboration [104] given in (B.16). This comparison does not allow to exclude
any mz > 100 GeV for the considered parameters. By now, dedicated studies have been
performed by the experiments at the LHC [187, 378|. They already probe large parts of the
small-mz, parameter space, where the stau can be produced via on-shell H? exchange with
only a relatively small amount of integrated luminosity. However, any robust exclusion would
require a full simulation including detector effects, which we do not perform here. We would
like to refer to a paper |380] on direct stau production at the LHC, where the authors focus on
the Drell-Yan-production mechanism and study the LHC discovery potential by performing
a Monte Carlo analysis including detector simulations of the signal and the main dimuon
background.
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Figure 8.2: (a) Transverse momentum p? and (b) velocity 3 = |p|/E distributions of direct
7177 -pair production at the LHC with V'S = 14 TeV. The Drell Yan predictions are shown
by dashed lines and the full cross sections, including bb and gg channels, by solid lines. We
consider mz = 190 GeV (red line) and msz = 210 GeV (blue line), whereas the other SUSY

input parameters are as given in (7.22)) and (7.23).
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So far we have concentrated on integrated cross sections. In order to further illustrate
the importance of the bb and gg channel contributions and to investigate the impact of the
cuts ([8J]) on the different channels, we show in figure the differential distributions with
respect to the transverse momentum p' and the velocity B of the directly produced staus.
We give results for the LHC with /S = 14 TeV only, however, results for the LHC with
V'S =7 TeV are qualitatively identical. We use the basic parameter inputs (Z.22) and (7.23)
and consider two distinct scenarios, mz = 190 GeV (red line) and msz = 210 GeV (blue line).
Here myo = 400 GeV, i.e., in the first scenario the intermediate H® boson can go on-shell
while in the second scenario it can only be produced off-shell. We apply the cut |n| < 2.4
on the pseudo-rapidity of one of the staus to ensure that not both of the pair-produced staus
leave the detector outside of the sensitive region. Cuts on p* and 3 are not applied. We show
the Drell-Yan-cross-section prediction (dashed lines) here without any K-factors and the full
cross section including also the bb and gg channel contributions (solid lines). Clearly, in both
scenarios, staus produced in bb and gg channels are softer and slower than their counterparts
from the Drell Yan-type production. The pT distributions for the Drell-Yan channel peak
at around msz and only few staus are produced with very low p'. In contrast, the bb and
gg channel contributions peak for low pT and fall off rapidly. The velocity distributions for
pure Drell-Yan production rise towards fast moving staus, 3 ~ 1, while adding the bb and
gg channels results in a rather flat distribution for intermediate values of 8. This behavior is
more pronounced for scenarios in which an on-shell H? exchange is possible (red lines) since
here the relative importance of the bb and gg channels with respect to the Drell-Yan channel
is higher. In the case with 2mz > mpyo with 2msz, still very close to mpo (blue lines), the bb
and gg channels still contribute significantly and generate a large amount of events with very
slow staus.

At this point we want to comment again on scenarios with a heavy, decoupled H" boson
such as those considered in figure [91 The contributions from H°-boson-mediated processes
are suppressed in this case, and the same is true if the H° boson is far off-shell (myo < 2ms, ).
Still, the bb and gg channels can be sizeable if h%-mediated processes are important. For large
717 h° couplings (large left-right mixing, large |u|tan 8 and/or large |A,|), we find that the
additional production mechanisms, and predominantly the gg-fusion channel, can give cross
section contributions of the same order of magnitude as the Drell-Yan induced process. The
shapes of the corresponding pT and f distributions are found to be similar to those of the
Drell-Yan prediction but have a slightly softer pT spectrum.

To summarize, cuts on pT or § affect the three production channels to a very different
extent and thus change the relative importance of each of the contributions considerably. If
the cuts (8.I)) are applied, large parts of the additional bb and gg channel contributions can be
lost. We therefore recommend to relax these cuts in future experimental searches to increase
the sensitivity especially for cosmological motivated scenarios with 2msz ~ mpyo, even when
this implies that increased backgrounds have to be taken into account. A more detailed study
of the interplay between different cut values and expected backgrounds would be required but
is beyond the scope of this work.
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8.1.2 Prospects for SUSY parameter determination

In this subsection we want to demonstrate how one can exploit the fact that the Drell-Yan
production cross section depends only on the stau mass and mixing angle, whereas the bb and
gg channels also depend on other SUSY parameters. In fact, the interplay of the Drell-Yan
cross section and the additional channels might turn out to be helpful to determine SUSY
parameters.

If signals of a quasi-stable stau are observed at the LHC, one of the first measurements
will be the determination of the stau mass mz by using time-of-flight data from the muon
chambers. The expected accuracy of such an mj; measurement has been estimated to be
< 1% [313, 1382]. With such a precise knowledge of mz,, there are high hopes that further
SUSY parameters can be extracted from the cross section and differential distributions by
comparing experimental results and theoretical predictions. Clearly, such measurements are
possible in the case of decay chains with several MSSM particles involved [313-322]. How-
ever, in the following we show, how such measurements could also be possible just from direct
production. To disentangle those channels, appropriate jet and/or lepton vetoes are assumed.
Moreover, such measurements require more integrated luminosity than needed for a potential
stau discovery.

First of all, once the stau mass is known, the Drell-Yan production cross section can be
given as a function of the stau mixing angle 6, alone. If also the direct stau production cross
section can be identified experimentally, this will allow us to determine 6, in a scenario in
which the stau pair production cross section is governed by the Drell-Yan channel. As shown
in figures [L.8(b) and [C9(a) and as already discussed, the Drell-Yan cross section is maximal
in case of an almost purely left-handed 77 and minimal for 6, ~ 7/2. An excess of the experi-
mentally obtained cross section over the Drell-Yan expectation at 6, ~ 7/2 would thus point
to 0, < m/2 and non-negligible mixing between the left-handed and right-handed eigenstates
in Drell-Yan-channel-dominated scenarios. Furthermore, a sizeable deviation from 6, ~ 7 /2
may support also the hypothesis that the observed CHAMP is indeed a stau and not a quasi-
stable dominantly right-handed selectron or smuon.

However, in general, an experimental cross section larger than the minimal Drell-Yan
expectation for a certain mass could imply both 6, < 7/2 or also sizeable contributions from
bb annihilation and gg fusion; cf. figures [Z8(b) and [[9(a). On the other hand, a significant
excess of the measured cross section over the maximal Drell-Yan cross section prediction may
provide a first hint for the importance of the bb-annihilation and gg-fusion processes calculated
in this chapter; see also section B.3] below.

These possible ambiguities in the interpretation of experimental findings on the integrated
cross section could be resolved by studying also the differential distributions. As we have seen
above, the pT and § distributions differ strongly from the Drell-Yan prediction when the bb
and gg channels are important. Also the distribution with respect to the invariant mass of
the produced stau pair, msz 7+, can be helpful in this respect. In fact, the invariant mass
distribution might allow even for the determination of the mass mygo and the width I'go of
the H? boson: If 2mz < mpo, i.e., if the H® boson can go on-shell in the bb and gg channels,
there is the possibility to see the resonance of the H% boson in the invariant mass distribution
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Benchmark point « I3 ~y €
my /o [GeV] 600 1050 600 440
mo [GeV] 800 30 600 20
tan 3 55 55 55 15
Ag [GeV| 1600 60 1200 —250
ms [GeV] 193 136 148 153
0, 81° 73° 77° 76°
m o [GeV| 402 763 413 613
T o [GeV] 15 26 16 2.2
mg [GeV| 1397 2276 1385 1028
avg. mg [GeV] 1370 1943 1287 894
w [GeV| 667 1166 648 562
A, [GeV] 515 —143 351 —275
BR(b — s7) [10~9] 3.08 3.03 2.94 3.00
BR(B? — ptu™) [1078 1.65 1.04 2.44 0.30
a, [10719] 13.2 11.5 16.8 18.7
CCB [365] v - v v
Yz [10717] 3.5 2.5 37.7 164

Table 8.1: Benchmark CMSSM scenarios «, 3, 7, and € defined by the given values of m, s,
my, tan 8, and Ag. For all points, ;1 > 0. Low-scale masses and parameters and quantities that
are subject to the constraints discussed in section [[I] are listed. The CCB constraint (Z.11]),
as obtained in [365], is respected by the scenarios «, 7, and €, whereas point /3 is in tension
with this constraint.
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Figure 8.3: Invariant mass distributions of directly produced 77; pairs at the LHC with
V'S = 14 TeV for the benchmark points (a) a, (b) 8, (¢) 7, and (d) e. Drell-Yan predictions
are shown by the dashed lines and the full cross sections, including the bb and gg channels,
by the solid lines.

of the staus at mz 7+ ~ mpyo with a width given by I'po.

To illustrate this procedure, we consider four benchmark points, «, 3, v, and € within
the framework of the CMSSM with parameters listed in table Bl These benchmark points
are in conflict with recent observations at the LHC (particularly they yield a too small Higgs
mass and are excluded from direct searches). This will be discussed in detail in section
However, for the purpose of this section they are still useful. The low-energy SUSY spectrum
is obtained using SPheno 82|, while the Higgs sector is recalculated with FeynHiggs. We also
refer to the constraints discussed in section [T} evaluated with SuperISO |383], and provide
the thermal relic stau yield Yz as calculated with micrOMEGAs [354|. Benchmark points «
and [ are equivalent to points B and C' of ref. [346], respectively, but we have adjusted mg
for point o and my /5 for point 8 so that SPheno provides low-energy spectra that are similar
to the ones of those points B and C. Point « is very similar to point « but has a much larger
stau yield. Point € was already introduced in ref. [379]. Here, we are mainly interested in
the ratio of mz and mpgo. In all four benchmark scenarios, stau production via an on-shell
H? exchange is possible. We have 2mz = mpyo for point o, 2mz < mpo for point v, and
2mz < mpyo for points S and e. The stau-Higgs couplings are smallest for point €, where
tan 8 is relatively small.
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In figure B.3] we display the invariant mass distributions for the four benchmark points at
the LHC with /S = 14 TeV. The kinematical cuts (BI) are applied, with the requirement
In| < 2.4 for both staus. The invariant mass distributions show a resonance peak at the mass
of the H® boson on top of the Drell-Yan continuum in all four considered scenarios. For
point « considered in figure [B3|(a), the peak is close to the threshold, msz 7+ & 2mz, and
the distribution falls off steadily at higher invariant masses. Such a Higgs resonance at the
beginning of the invariant mass distribution is a strong hint towards efficient stau annihila-
tion in the early Universe, as further discussed in section B3] below. In the invariant mass
distribution for point  shown in figure B3](c), the H" resonance lies on top of the maximum
of the Drell-Yan contribution and the peak is very pronounced. For points § and e, the
Drell-Yan continuum is dominant and the resonance appears as a small bump at the tail of
the distribution as can be seen in figures B3l(b) and (d). Note that although the bb and gg
channels do not distort much the shape of the Drell-Yan curve in scenario 3, they increase
the differential cross section sizeably. This typically happens for large left-right mixing and
large tan 3 even in the case of an heavy decoupled H? boson, see figure [.9]

Both the o and v scenarios would allow for a determination of the mass mpyo and also
the width T'zo (especially in case of point ) with a few fb™! of data at the LHC with
V'S = 14 TeV. Nevertheless, also in scenarios with a rather heavy H® boson (such as point )
and in scenarios with small tan 8 (such as point €), the LHC might eventually be able to
determine the mass mgo from the invariant mass distribution of the directly produced long-
lived 717{ pairs. Such a procedure only requires 2msz < mpgo and is thus generic in large
parts of the MSSM parameter space and within the CMSSM. Here a future study of theoretical
and experimental uncertainties including detector effects and the possible contamination with
SUSY backgrounds from cascade decays is necessary to allow for more precise predictions.

8.1.3 Prospects for the stopping of staus

Quasi-stable staus may allow for an intriguing non-standard collider phenomenology. Because
of ionization energy loss, staus will be slowed down when traversing the detector material. In
this way, staus that are produced with a relatively small initial velocity of

ps /ms = By < 0.45 (82)

are expected to get trapped, e.g., in the calorimeters of the ATLAS detector [324] or in some
additional dedicated stopping detector outside of the CMS detector [328]. This can allow
for experimental studies of the stau decays. Measurements of 7z could then probe the cou-
pling strength that governs the stau decays and thereby mg [311] or the Peccei-Quinn scale
frq 221, 1229]. Moreover, one may be able to determine the mass of the EWIP LSP by analyz-
ing the kinematics of the mentioned two-body decays [221),1229,1311,1323,328]. In the gravitino
LSP case, a kinematically determined me would allow us to test the Planck scale Apjanqc mi-
croscopically [311] and to probe at colliders the reheating temperature T and thereby the
viability of thermal leptogenesis [225]. Also studies of three-body stau decays, which could
give further insights into the nature of the EWIP LSP are conceivable [221, 229, [311), 1328].
The success of such studies will depend sensitively on the number of staus that can be stopped
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Figure 8.4: Directly produced staus as a function of 8y = |p|/m at the LHC with v/S =
14 TeV for an integrated luminosity of L = 1 fb~!. The full results, including bb and gg
channels, are shown by the solid lines and the Drell-Yan predictions by the dashed lines.
Staus with v < 0.45 are expected to get stopped in the LHC detectors. Distributions are
shown for the benchmark points (a) o and (b) ~y, which are defined in table Bl

for the analysis of their decays and thereby on the initial velocity distribution.

In the following, we show that staus produced directly via the bb and gg channels provide
a large additional source of potentially stopped objects, especially in the cosmologically mo-
tivated scenarios discussed in section [(.1.2]

In figure B.4] we give the number of directly produced staus for an integrated luminosity
of L =1 fb~! at the LHC with /S = 14 TeV as a function of 8y = |p|/m for the benchmark
points « and S introduced above and defined in table We only require the pseudo-rapidity
of a stau to fulfill || < 2.4 to be included in the shown histograms. No other kinematical
cuts are imposed as we are especially interested in very slow moving objects. We count each
produced stau individually.

In both scenarios « and 3, the number of potentially stopped staus, i.e., those with
By < 0.45, is enlarged when the bb and gg channels are included in the cross section prediction.
This enhancement is particularly substantial in scenario o where 2mz ~ mpgo and where the
staus at the H? boson resonance are thus produced almost at rest in the center of mass frame.
Indeed, from the Drell-Yan process alone, one would expect less than one stopped stau. For
an account of the experimental prospects, it is thus crucial to consider also the bb and gg
channels.

8.2 Direct stau production within the CMSSM

As a benchmark study, in this section we investigate the direct pair production cross section
of light staus within the CMSSM. We are interested in parameter regions with a quasi-stable
71 LOSP, where the 7, 7{ cross section is of particular importance. We consider the mo-my o
plane of the CMSSM with Ay = 2my, tan 8 = 55, and p > 0, which is cosmologically moti-
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vated by the possible occurrence of exceptional small stau yields [346]. In this plane, tan 3 is
large and the 71 prefers to be right-handed, i.e., 8, > 7/4; this is generic in the CMSSM due
to the different running of the left-handed and right-handed soft masses. For the CMSSM
benchmark scenarios introduced in section [8.I] we compare our results for direct stau produc-
tion with indirect stau production mechanisms via the production and decay of other heavier
SUSY particles. We find that direct stau production is often the dominant source of staus at
colliders, in particular, at lower center-of-mass energies when the production of other SUSY
particles is suppressed by their heavier masses.

The following CMSSM results are shown as an important benchmark example. However,
the CMSSM parameter plane discussed here is mainly excluded due to the recent observation
of a Higgs particle with myo & 125 — 126 GeV, the observation of BR(Bs — p ™) found in
agreement with SM predictions and partly due to the new limit, eq. (317)). In general, within
the CMSSM it became impossible to fulfill these constraints in regions where at the same
time exceptional stau yields are realized. This has important consequences: for a standard
cosmology the gravitino dark matter scenario within the CMSSM is excluded for SUSY masses
allowing thermal leptogenesis or being accessible at the LHC. Nevertheless, this should rather
be seen as a problem for the CMSSM where parameters are tightly related. In general,
within the MSSM, m 40 is essentially a free parameter and a heavy Higgs resonance together
with large enough A, can allow for exceptional small relic stau abundances, while all other
constraints are independently fulfilled. In section R.3] we show examples how this can be
achieved in generalizations of the CMSSM, namely in a model with non-universal gaugino
masses.

8.2.1 CMSSM scans of the direct stau pair production cross section

In figure we show in a mg-my/p plane of the CMSSM the direct stau production cross

section at the LHC with v/S = 7 TeV (top) and /S = 14 TeV (bottom), as well as mass
contours and excluded/disfavored parameter regions. For Ay = 2my, tan 3 = 55 and p > 0,
we consider the region in which the 77 is the LOSP. Again, we compute the low-energy
SUSY spectrum with SPheno, while the Higgs sector is reevaluated with FeynHiggs. Flavor
constraints are evaluated using SuperIS0. The cross section prediction includes the Drell-Yan
channels with NLO K-factors, the bb annihilation and gg fusion contributions. The cuts (81)),
adequate for a long-lived stau, are applied. The white area in the lower left is excluded by
a tachyonic spectrum, impossible electroweak symmetry breaking (EWSB), or a stau mass
msz < 82 GeV below the conservative LEP limit (8.15]). In the upper left white area, the LOSP
is the lightest neutralino ! (as indicated). In the gray area around mg ~ m, /2 ~ 500 GeV
shown for VS = 14 TeV, BR(B? — utu~) exceeds the upper limit given in (322). The
hatched area is disfavored by the CCB constraint (Z.IT]). Contours for a constant Higgs mass
of mpo = 113 GeV and 114 GeV are shown as thin solid black lines. The dashed black lines
are ms contours and the solid white lines myo contours, where the associated mass values
are indicated on the respective contours in units of GeV.

The cross section depends mainly on mz and mpgo and varies over several orders of mag-
nitude in the given parameter ranges. At the LHC with /S = 14 TeV, it reaches 10° fb in
the region with mg < 700 GeV and my/, < 500 GeV and drops to < 2 x 1072 fb for, e.g.,

~
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Figure 8.5: Contours of the total direct 717; production cross section (shaded, colored) at
the LHC with v/S = 7 TeV (top) and 14 TeV (bottom) after the cuts (8I) in the CMSSM
mo-my /o plane with tan 8 = 55, Ag = 2myg, and p > 0. The white region in the lower left is
excluded because of a tachyonic spectrum, impossible EWSB, or mz < 82 GeV. In the upper
white area, the lightest neutralino X9 is the LOSP. Parameter points in the gray area around
mo ~ mys; ~ 500 GeV do not respect the constraint BR(B? — putp™) < 4.3 x 1078, The
lower hatched area is in tension with the CCB constraint (ZII]). The thin solid black lines
indicate myo, the dashed black lines mz,, and the white lines mgo, where the mass values are
given in units of GeV at the respective contour. For a naive estimate of the discovery potential
at v/S = 14 TeV, thick black lines show regions in which at least one 7171 -pair-production
event is expected for integrated luminosities of £ =1 fb~! and 10 fb~!. The striped area at
small 7, masses is excluded by CMS by searches at /S = 7 TeV.
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mo ~ my o ~ 2 TeV, as can be seen in the lower panel of figure When going down from

VS = 14 TeV to 7 TeV, considered in the upper panel of figure B3, we observe a decrease
of the cross section by up to about a factor of 5 (see also figures [.I0] and BT]). To give a
naive estimate of the discovery potential, we also show contours (thick lines) on which one
7177 -pair-production event is expected for integrated luminosities of £ =1 b=t and 5 fb!
at VS =7TeVand £L=1fb ! and 10 fb~! at v/S = 14 TeV. A more realistic determination
of the discovery reach and/or the exclusion limits should be performed in the context of a
detailed study including detector effects. Such a study has been performed in the case of
direct Drell-Yan production [380].

The actual shape of the cross section and mass contours in the mg-m /o planes can easily be
understood. We focus here on parameter regions with a 71 LOSP, where typically my /5 > mo.
For tan 8 > 20, the A° mass can (neglecting Yukawa interactions) approximately be written
as |384]

mio ~ m§ + 2.5 m%/2 (8.3)

and thus m 4o is mainly determined by my /5. For my 5 > 0, the Higgs sector is then typically
in the decoupling limit, where mpo ~ m 4o, and thus mpyo also mainly determined by my o.
The dependence of mz on mg and m; 5 is less intuitive in the considered parameter range
(71 LOSP, large tan 3, sizeable Yukawa couplings), but the relation [384]

2

mz, o mé + 0.15 m%/2 (8.4)

still holds. Thus, one finds for my /3 > mg that always mpgo > 2msz . For the stau production
cross section, this means that there can be important contributions from the bb and gg channels
in the region my o > mg, where the H Y boson can go on-shell. Towards large mg and m; /2 (as
for example required for myo &~ 125 GeV), however, the 7; and (even faster) the H° become
heavy. Then, contributions from the bb and gg channels become less important compared to
the Drell-Yan channel. If the Drell-Yan contributions dominate, the overall production cross
section is basically a function of the 7; mass and decreases strongly for higher ms, .

Close to the boundary of the ¥ LOSP region, where mg ~ m; /2, the 71 gets heavier
relative to the H° boson so that 2msz > mpyo. This means that the direct stau production
via an on-shell H® boson is no longer possible. However, the position of the transition at
2mz, = mpygo depends strongly on tan 8. For large tan 3, bottom and tau Yukawa couplings
can be sizable and drive down the masses of the heavy Higgses. For small tan 3, this transition
lies mostly within the ¥? LOSP region and only for very large values of m; 2 within the 7,
LOSP region. Thus, for smaller values of tan 3, contributions from on-shell H? exchange are
a generic feature of the CMSSM, as one usually finds 2mz, < mpgo.

Let us emphasize that even if the bb and gg contributions are not necessarily large in
parameter regions with myo > 2ms,, i.e., when the HY boson is heavy, this configuration still
opens the channels for stau production via on-shell H? exchange. As discussed in section B 1.2
this could allow us to determine the H° boson width and mass by investigating the 7 75
invariant mass distribution.
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Benchmark point Q 15} ~y €
LHC 7 TeV

o(A7)py bl 3.2(2.3)  12.5(7.3) .0(5.6) 7.95 (5.00)
o (717 ) [fb]  9.8(5.1)  0.03(0.02) 19 2( 5)  0.07(0.06)
o (7177 ) g [fb]  0.1(0.1) 3.3(24)  0.32(0. 25) 0.01(0.01)
o(717)an [fb]  13.1(7.5)  15.8(9.7)  28.5(22.4)  8.03(5.07)
a(59) [fb] 0.05 1076 0.06 2.57
o(3q) [fb] 0.63 4x 1074 0.99 37.36
o(Gq) [fb] 1.18 0.006 2.41 77.25
o(Xq)+o(xg) [fb] 0.481 0.007 0.72 12.77
o(XX) [fb] 20.4 0.29 19.8 91.78
LHC 14 TeV

o(A7)py  |fb] 11.2(5.64) 37 5(15.9)  28.0(12.4) 24 7(11.2)
(7177 )up [fb] 58 4(27.0) 7(0.2)  113.3(87.1) 5(0.4)
o (F17]) g [fb] 7(0.4) 17 4( 1) 1.8(1.3) 0. 07 (0.05)
o (7171 )an [fb] 70.3 (33.1)  55.6 (27 2) 143.1(100.8) 25.3(11.6)
a(59) [fb] 20.2 0.12 20.8 232.19
o(34) [fb] 104.4 2.46 133.2 1328.4
o(4q) [fb] 92.5 6.46 139.0 1301.1
o(xq)+o(xg) [fb] 16.9 1.08 22.4 175.12
o(XX) [fb] 134.5 6.40 131.1 422.2

Table 8.2: Hadronic cross sections for various SUSY pair production processes at the LHC
with VS = 7 TeV and 14 TeV. For direct 7177 -pair production, we list our cross section
results before and after applying the kinematical cuts (81]), where the latter are given in
parentheses. The other cross sections are inclusive NLO results obtained with Prospino 2,
where no kinematical cuts have been considered.
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8.2.2 Direct stau production vs. staus from cascade decays

So far we have focused on the analysis of direct stau production. But in a 74 LOSP scenario,
staus will also be generated in any process where heavier sparticles are produced. These
cascade down to lighter sparticles and eventually into the LOSP, emitting SM particles. At
hadron colliders, the largest contribution to the overall SUSY cross section is usually expected
to originate from the production and subsequent decay of color-charged SUSY particles, i.e.,
squarks and gluinos. However, also direct production of neutralinos and charginos (e.g., X?)Zji)
and associated production of a neutralino or chargino with a gluino or squark can give sizeable
contributions in large parts of the allowed SUSY parameter space.

In table we compare our predictions for the direct 7;7{-pair production cross sections
contributions from the Drell-Yan, bb annihilation, and gg fusion channels with the inclu-
sive cross section for other SUSY particle production cross sections, calculated at NLO with
Prospino 2, for the benchmark points defined in table BIl We sum over all possible combi-
nations of squark, neutralino, and chargino eigenstates. For simplicity, we consider inclusive
cross sections without any kinematical cuts. For the direct stau production channels we ad-
ditionally give the cross sections after applying the cuts (8J]) in parentheses. Considering the
LHC, each cross section is listed for V.S = 7 TeV and 14 TeV.

From a comparison of the inclusive production cross sections, we can see that direct stau
production is an important source of staus for the benchmark points «, 5, and v at the
LHC with v/S = 7 TeV. Only electroweak neutralino/chargino pair production (YX) can
give comparable contributions. We even find that direct stau production can constitute the
dominant part of the overall SUSY cross section together with yx production. The other
cross sections are suppressed at v/S = 7 TeV by the heavier masses of squarks and gluinos.
The situation changes for v/S = 14 TeV, where the center-of-mass energy is high enough so
that strongly interacting SUSY particles can be produced copiously. However, for point §3,
where my , is particularly large, the gluino is so heavy that direct stau production is always
the dominant source for staus at colliders.

Benchmark point 3 is considered to illustrate the impact of a large 777h° coupling.
However, such very large couplings are in strong conflict with CCB constraint (see eq. (ZI1])).
For this point, the H° boson is very massive and bb annihilation and gluon fusion into an
intermediate H® boson is suppressed by the heavy particle’s propagator. Stau production is
thereby dominated by the Drell-Yan channel and gets sizeable contributions from the gluon
fusion channel, where especially processes mediated by the h? boson are important.

Finally, benchmark scenario e differs from the above scenarios by much smaller values of
my /o and tan 8. It could be considered a ‘typical” 71 LOSP scenario, without an exceptional
stau yield. In this case, the direct stau production cross section is well described by the
Drell-Yan process, whereas the bb and gg channels are basically negligible. Moreover, the
indirect stau production mechanisms are much more efficient than the direct ones.

8.3 Collider tests of an exceptionally small relic stau abundance

In the preceding sections we have considered various aspects of stau production at hadron
colliders with emphasis on parameter regions that allow for an exceptionally small yield of a
long-lived stau (7). In the following we discuss the testability of such an exceptional yield
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in collider experiments.

Excess of direct stau production cross sections over Drell-Yan predictions

Based on our results in sections[.2.3] and B2l we already know that bb-annihilation and gluon-
fusion processes can lead to direct stau production cross sections that exceed the Drell-Yan
predictions significantly, in particular, for 2mz < mpo and/or enhanced stau-Higgs couplings.
This motivates us to explore the ratio

R =o(f17)an / o(T17{)DY (8.5)

as a potential indicator for a cosmological scenario with an exceptionally small stau yield.
Here the total direct stau production cross section, o (7171 )an, and the Drell-Yan prediction,
o(T177)pY, are considered after applying the cuts (8] for scenarios with a long-lived stau.

Before presenting and discussing our theoretical results for R, let us comment on its ex-
perimental determination, which has to rely on measurements of mz and o (7171 )an. While
an accuracy of < 1% is expected for a m# determination at the LHC [313, 1382], o(7177)an
measurements may be more difficult, as mentioned in section Bl If indirect stau production
is significant, they will require jet/lepton vetoes and/or additional kinematical cuts. With a
precisely known msz , o(717])py can be calculated theoretically with an uncertainty of about
a factor of 2 that is related to its dependence on 6; see figures [.8(b) and [7.91(a). To obtain
a conservative estimate of R, one will then evaluate (85) with the maximum o (7177 )py at
0. = 0. In fact, as already addressed in section B.1.2] a measurement of 8, based on direct
stau production is conceivable only if the Drell-Yan contribution dominates, i.e., for R ~ 1.
On the other hand, studies of staus produced in cascade decays may help to indirectly probe
0 1319] and thereby to determine R more precisely. Thus, we present in the following re-
sults for R that are not conservative estimates but theoretical predictions taking into account
o(717f)py with its full #; dependence. For an unknown 6., R > 2 will then be a required
indication for sizeable contributions of the bb and gg channels.

As an example we again turn to the CMSSM. In figure the shaded (colored) contours
indicate our theoretical predictions for R at the LHC with /S = 7 TeV (top panel) and
14 TeV (bottom panel) in the mg-m;/, CMSSM plane with Ag = 2mg, tan 3 = 55, and
@ > 0. The white lines show contours of Yz, = 4 x 10715, 107, 4 x 107* as obtained with
micrOMEGAs [354]. The labeled (red) stars indicate the location of the benchmark points «,
B, and ~, defined in table Bl The region disfavored by the CCB constraint (ZII]) is now
indicated by the gray hatched region.

The R contours show very explicitly that the Drell-Yan prediction can underestimate the
direct 717 production cross section by up to a factor of 10 (20) for v/S = 7 TeV (14 TeV).
This demonstrates again the potential importance of the bb and gg channels included in our
calculations.

In table B3 we list the R values at the LHC with v/S = 7 TeV (Rpucr) and 14 TeV
(Rruci4) and the stau yield Yz for the benchmark points «, 3, 7, and €. We see again that
R increases when going from v/S = 7 TeV to 14 TeV. This effect is most pronounced for the
points o and ~y for which bb annihilation dominates the direct stau production cross section. A
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Benchmark point Q@ I3 y €

Rincr 3.3 1.3 4.0 1.01
Riucia 5.8 1.7 8.1 1.04
Yz [10719] 3.5 2.5 37.7 164

Table 8.3: The stau yield Yz, and R = o(717)an/0 (717 )py at the LHC with /S = 7 TeV
(Rrucy) and 14 TeV (Rppci4) for the benchmark scenarios «, 8, v and ¢, defined in table
and partially indicated in figure The stau yield is obtained from micrOMEGAs and the R
values from the respective cross sections after kinematical cuts (8J]) given in parentheses in

table

considerable 30% increase of R is predicted also for point 3 for which gluon fusion contributes
up to about 40% of o (7171 )an; cf. table

Let us now turn to the main aspects of the Yz contours in figure B.6 for additional
details we refer to |346] in which those contours were studied in the same CMSSM plane.
An exceptionally small yield (Z7) can be found in the two separate regions enclosed by the
Yz = 4 x 107% contour. The region, to which point « belongs, allows for primordial 7
annihilation via the H® resonance, and the region, to which point 3 belongs, for efficient 7
annihilation via enhanced stau-Higgs couplings. While the latter region is in conflict with
the CCB constraint (Z.IT), we still include this point in our discussion of the testability of an
exceptionally small Yz at colliders.

Comparing regions with R > 2 to those with Yz < 4 x 1071%, we find that there is no
one-to-one link between a sizeable R value and an exceptionally small yield. For example,
while the point 3 is associated with such an exceptional yield, we obtain R < 2, even at the
LHC with v/S = 14 TeV, as can be seen in table B3l Moreover, in figure B8] also moderate
values of R ~ 2-3 occur in the 2mz =~ myo region enclosed by the Yz < 4 x 107!® contour.
On the other hand, point v is associated with R ~ 4-8 while the yield at this point exceeds
the limit (Z7)) by more than one order of magnitude. Only for points such as «, one finds
both an exceptionally large R ~ 3—-6 and an exceptionally small stau yield. Thus, a sizeable
R could very well be a first hint for the possibility of efficient stau-annihilation in the early
Universe but additional investigations will be crucial to clarify the situation.

8.4 Exceptional Yz and R in NUGM models

The resonance condition 2msz ~ mpyo is found in mo-my; CMSSM planes only in a small
horizontal region and for specific combinations of parameters. Furthermore, as mentioned
above, within the CMSSM such regions are experimentally excluded by now. In less con-
strained models with non-universal gaugino masses (NUGM) or non-universal Higgs masses
(NUHM) this mass pattern occurs in a more generic way and also in experimentally still viable
parameter regions.

In figure 87 we consider a scenario in which the three gaugino soft masses are free pa-
rameters at the GUT scale, My # My # Ms, which is a framework denoted NUGM. We
vary M; and set the other parameters to mg = 400 GeV, My = 1100 GeV, M35 = 1100 GeV,
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Figure 8.6: The ratio R = o(7177)a/0 (7171 )py (shaded contours, colored) for the LHC with
V'S = 7 TeV (top panel) and 14 TeV (bottom panel) and Yz, = 4 x 10715, 107, 4 x 107
(white lines) in the mg-m;/, CMSSM plane with Ag = 2mg, tan 8 = 55, and p > 0. The
CCB constraint (gray hatched region) and excluded /unconsidered regions are as in figure 85l
The labeled (red) stars indicate the location of the benchmark points «, 3, and ~, defined in
table
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Figure 8.7: Masses mz , myo, and mpgo (top panel), the stau yield Yz (middle panel), the cross
sections o (7171 )an and o (7177 )py and R at the LHC with V'S = 14 TeV (bottom) in a NUGM
model as a function of the bino soft mass parameter M, defined at the high scale together
with My = 1100 GeV, M3 = 1100 GeV, mg = 400 GeV, tan 5 = 25, Ag = —2000 GeV.
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tan 8 = 25, Ag = —2000 GeV, and g > 0. In the top panel, myo is indicated by the solid
(red) line, myo by the dashed (green) line, and msz by the dotted (blue) line. The middle
panel shows Yz . In the bottom panel, o(717])py is shown by the solid (red) line, o (717} )an
by the dashed (green) line, and R by the dotted (blue) line.

Considering the top panel, one sees that myo only slightly increases with M; compared
to the dependence of mz which is more sensitive to M;. For M; ~ 2500 GeV, one finds the
resonance condition 2mz = mpgo. In a region around this point, a significant depletion of
the stau yield Yz by more than two orders of magnitude can be seen in the middle panel.
At the resonance the light Higgs has a mass myo =~ 124 GeV and is thus consistent with the
recently observed state at the LHC. Furthermore, we want to note that the flavor constraints,
eq. (323) and eq. (8:21) and the constraint from non-occurrence of CCBs are satisfied around
the resonance region. To the left of this resonance point, i.e., for M; < 2500 GeV, 2mz < mpo
so on-shell H%-boson exchange can contribute to direct stau production. Thereby, this leads to
a significant contribution of the bb and gg channels to (77} )an and R increases significantly
up to about R ~ 8. However, due to kinematical cuts (81 the maximum of o (717 )an and
of R is shifted away from the resonance point at which Y; approaches its minimum, and
towards this resonance point, (7177 )an and R decrease significantly.

At the resonance, mz ~ 760 GeV and o (7171 )an =~ 0.05 fb. Direct production of such a
heavy stau will be testable at the LHC with 14 TeV and an integrated luminosity of about
£ =200 fb™'.

8.5 Current status and future prospects

For a long-lived stau the best limit on direct production is set by CMS using 4.7 fb~! at
7 TeV, see (BI7). With the currently available data from the 8 TeV run, exclusions for the
production of a pair of staus produced via the Drell-Yan process up to msz 2 330 GeV can

~

be expected, assuming no significant excess in the data. A preliminary study yields the result
given in (BI8]).

Such an exclusion eliminates the possibility of exceptionally small stau yields from en-
hanced 7171hY couplings, as described in section Due to CCB constraints the 77 h°
coupling can not be large enough to allow Yz, < 107 for mz > 300, as shown in [364].

This leaves the occurrence of the mass pattern 2msz =~ mpyo together with moderate stau-
stau—heavy-Higgs couplings, as only possibility to allow for exceptionally small stau yields.
As discussed above, in such scenarios the direct stau production cross section can, but does
not have to, be significantly enhanced compared to the pure DY prediction.

Within the CMSSM large values of tan 8 together with not too big my 5 is required to
allow for 2msz =~ mpyo, as shown in section R.2.1l Therefore, the possibility of a heavy-Higgs
resonance is excluded due to a recent measurement of BR(Bs; — p*u7), given in (3:21)), and
the observation of a SM-like Higgs at mjo =~ 125 GeV. However, within less constraint models
this scenario remains viable.

On the other hand, in a i NLSP and Y LSP scenario any direct stau production limits
are still set by LEP, see (3.I5). Using 20.7 fb~! at v/S = 8 TeV, ATLAS took a first look

at direct stau production, where the staus directly decay into two neutralinos and two taus,
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which both decay hadronically |385]. For a stau mass of mz = 140 GeV they exclude cross
sections larger than 0.17 pb, where the theoretical DY cross section for a purely left-handed
stau is 0N (m;z, = 140) = 0.04 pb.
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Chapter 9

Conclusions

Supersymmetry remains one of the most appealing scenarios for physics beyond the Standard
Model, which the ongoing experiments at the LHC are searching for. Most of the solutions
to the shortcomings of the SM offered by SUSY require new particles around the TeV scale.
Out of these predicted new states squarks and gluinos are strongly interacting and thus
their production is expected to be dominant if they are not too heavy. But also electroweak
production of sleptons, neutralinos and charginos can be sizable. The experiments at the LHC
already performed many analyses exploiting various channels with the data collected during
the first run, both for calored and electroweak production. They set impressive new limits,
as until now no deviations from SM predictions have been observed. Nevertheless, there is a
good chance that after the current energy upgrade there will be first hints for SUSY at the
LHC.

In any case, a precise knowledge of SUSY particle production and decay processes in-
cluding higher orders and detailed studies of motivated parameter regions and signatures are
indispensable to exploit and guide current and future searches in the best way. This holds
particularly for searches in difficult phase space regions and for future parameter determina-
tion. Both topics were covered in this work.

In this thesis we investigated how production of squarks can be combined with their
decays including consistently NLO QCD corrections in all stages of the process. To this end we
investigated different approximations at LO and NLO for processes with unstable intermediate
particles. In particular, in the narrow-width approximation NLO corrections to production
and decay factorize and can be calculated independently. Therefore, we provided calculations
at NLO for squark—squark production and squark decays. These calculations have been
implemented in a fully differential Monte Carlo program and soft and collinear divergences
have been regularized via the phase-space slicing method. Different strategies to avoid a
possible double-counting in the quark radiation contributions to the production have been
investigated. Special care was given that integrated and differential results are independent
of unphysical regulators. Additionally, we analytically calculated NLO corrections to the
integrated total decay width of electroweakly decaying squarks. In this way we calculated all
ingredients for the combined process in NWA at NLO.

As a first application of the explained procedure we presented a study of squark—squark



158 Chapter 9 Conclusions

production and subsequent decays into lightest neutralinos at the LHC within the MSSM. In
this way we provided fully differential predictions for the experimental signature 2j+ Frp(+X)
at NLO in QCD. The considered squark—squark channel should be understood as a first step
for the calculation of all colored SUSY particle production channels. However, for heavy
squarks and gluinos this is also the dominant channel. In contrast to previous calculations,
we treat each flavour and chirality configuration of the squarks individually, allowing the
combination of production cross sections and decay distributions in a consistent way. In any
case, K-factors between different channels vary by up to almost 20%, which is not taken into
account in studies performed until now. For the given signature we studied inclusive cross
sections, differential distributions for jet observables, and experimental signatures with cuts,
illustrating the effect of the NLO contributions. In general, the NLO corrections are important
and, by our calculation the theoretical uncertainty on the level of differential distributions is
reduced from about +30% to £10%. Furthermore, fully differential NLO effects compared to
a rescaling with a global NLO K-factor can differ by up to 40%, depending on the differential
distribution and parameter point under consideration. Thus, such corrections should in gen-
eral not be neglected for setting precise limits on the sparticle masses and model parameters.
In model classes with compressed spectra such higher-order contributions become mandatory,
as otherwise a reliable phenomenological prediction is not possible.

As a second application we provided an analysis at NLO of the contribution from squark—
squark production and a subsequent “golden” decay chain to the experimental signature
2j + 1T~ + Pr(+X), taking into account experimental cuts. We focused on the impact
of NLO corrections on invariant mass distributions that can be used, in case of discovery
of supersymmetric particles, for parameter determination. We observe that general shapes,
besides smoothing of edges and kinks and a shift towards smaller invariant masses, are not
strongly altered. This seems to be an universal behaviour despite the strong dependence of
shapes on the parameter region.

We also analyzed the impact of NLO corrections including decays on the predictions for
cut-and-count strategies used in discovery searches in the jets + 20(OS-SF) + Fp channel.
The impact of the corrections depend on the cuts applied and in general can be different
from the result obtained rescaling LO predictions with flat K-factors obtained from the cross-
section of just production without decays and cuts included. However, in particular cases,
results obtained in this approximation can be in very good agreement with those from our
calculation, provided that only the contributing chirality configurations are included in the
calculation of the flat K-factor.

In our framework, results can be easily extended including off-shell effects in the elec-
troweak decay chain. Also different kinds of experimental signatures emerging from different
decay chains can be analyzed easily. In general an analogue calculation of such signatures
from the other production channels of squarks and gluinos is desirable. Furthermore, also
electroweak contributions of LO and NLO in production and decay should be merged in the
calculation at some point. Additionally, off-shell effects in the strong part of the process and
non-factorizable O(a;) corrections, which cannot be calculated in NWA, should be investi-
gated.
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Furthermore, we have studied the direct hadronic production of a pair of staus within the
MSSM. In addition to the well-known Drell-Yan process, we considered production processes
initiated by bb annihilation and gluon fusion, with all third-generation mixing effects taken
into account. This allows us to provide reliable predictions of hadronic slepton production at
O(a?a?). In parameter regions with non-negligible mixing these contributions can enhance the
direct production cross section significantly and should always be included. This enhancement
can be even larger than one order of magnitude. Particularly significant corrections are found
when direct stau production can proceed via the exchange of an on-shell heavy CP-even
Higgs boson H? and when the left-right-stau mixing is sizeable. Moreover, the contributions
of the bb and gg channels are enhanced also in the case of large stau-Higgs couplings which
are associated with large values of tan 3, |u|, and/or |A;| and thereby again with a sizeable
left-right-stau mixing.

These predictions are independent of the stau lifetime and applicable in X} LSP scenarios
as well as in settings in which the 7y is long-lived, due to an EWIP LSP (for example a
gravitino or axino). In long-lived stau scenarios sizeable left-right-stau mixing is motivated
by exceptionally small relic stau yields, and in ! scenarios by a possible enhancement in the
branching ratio BR(h? — ~7) compared to the SM prediction.

Assuming the 7y being long-lived on the scale of colliders, we have provided cross section
predictions for direct stau production at the LHC where necessary experimental cuts are
applied. Once a deviation from SM backgrounds is observed, the parameters of the underlying
theory have to be determined. We offered various ideas how, here, direct stau production can
be of utter importance. For example, our results demonstrate that measurements of the
distribution of direct stau production events as a function of the invariant stau-antistau mass
can give ms , independently of time-of-flight measurements, and, more importantly, the mass
of the heavy CP-even Higgs boson myo.

Also for a long-lived stau, we have provided cross section predictions for direct stau pro-
duction at the LHC with v/S = 7 TeV and 14 TeV within the CMSSM. Here, we compared
direct production with production in cascade decays and interpreted recent exclusion limits
from the experiments at the LHC. From this, at least within the CMSSM, the possibility of
exceptionally small stau yields seems to be excluded. Finally, we have explored the testability
of the conditions that allow for an exceptionally small stau yield at the LHC. Within the
CMSSM and for a still viable NUGM scenario, we have studied whether an excess of the
direct stau production cross section over the Drell-Yan prediction can be used as an indicator
for the possibility of an exceptional yield. Although no one-to-one link is found, a large excess
over the Drell-Yan prediction can very well be a first hint of efficient stau annihilation in the
early Universe.
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Appendix A

Squark production and decay

A.1 Renormalization constants and counter terms

Here, we list the counter terms for the renormalization of vertices and propagators in the
NLO QCD one-loop amplitudes for squark—squark production and considered decays. These
results follow [131]. We only consider squarks of the first two generations. Thus, L-R mixing
can be neglected and the squark mixing matrix remains diagonal also at NLO. Feynman rules
for the counter terms can be expressed in terms of field renormalization constants of squarks
Zg,a» quarks Z,, - and gluinos Z3, which are defined by

1 ~bare ~ren 1
pe(hn), area (i),
~bare ~ren 1
g =g 1+ 552@ , (Al)

together with renormalization constants for the strong coupling g,, the strong Yukawa coupling
Js, the squark masses and the gluino mass, defined by

g = g (1+02,), 3 = G (1+62). (A2)
m?ji;are — m?]_i:en + 5m§ia , mSare — m;}en + 5m§’ (A3)

where i = {u,d,c,s} and a = {L, R}. These definitions relate bare and renormalized fields,
masses and couplings.

All mass and field renormalization constants are determined according to the on-shell
scheme. In the squark sector they read (see for example [386]),

%4, (p*

875, = —Re # : smz =Re{Zz.(m2 )}, (A.4)
ap ‘p2:m2_' ia ia

for Gio = {Gur,Gur, Gar} and g, is the self energy of the squark G;,. The renormalization

constants for the left-handed down-type squarks are related (equal at order O(as)) to the

up-type ones due to SU(2) invariance:

2

5m@dL

= om2 (A.5)

qurL *
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For the quarks the field renormalization constants are given by [252],

. ) ) )
(Squ = — Re {qu(mg)} — mg Re {a—p22§;( ) + quz( ) + QWES (p2)} (A6)

=

with 3¢ being the self energy of the a = {L, R} component of quark g; in the general Lorentz
decomposition of a fermion f, defined by

£7(0%) = pPLEF(07) + PPREF (%) + mpSF (7)), (A7)
with the usual chiral projection operators P p = %(1 F v5). Here, the mass mg
actual mass of the quark (light-flavor quarks are considered massless), but the necessary reg-
ulator for collinear divergences.

is not the

Using again the decomposition defined in eq. (A7), for the gluino, mass and field renor-
malization constants are fixed by

dmg = mgRe {SL(m2) + £5(m2)} (A.8)

§Z; = —Re {Sk(m2)} — 2 m2 Re{aa2 (Z5 ) + Eg(zﬁ))}

)

202
=m=
=

where due to the Majorana nature of the gluino X3, = X¥g,.

The renormalization constant for the strong coupling Z, is defined in eq. (£20)) in the MS
scheme and Z; in terms of Z; in eq. (4.28).

The actual expressions of the counterterms relevant for squark-squark production and
squark decay into neutralinos and charginos are given in the following.

e Self energy counter terms:

ﬁm .
,,,;77*7—r——7 - Z[(pQ_mgia)(SZqia_dméia]
g .
— - il(p = mg)dZz — dmg]

e Vertex counter terms:

g[
—»—x/ = —gds [ ((5Zq,L +2(SZ§S —i—(SZg—l—(SZqiL) Py

qi \:\ V2
[N (025, + 2075, + 025 + 024,,) Pr ] TC

9iR
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025

9iR

—(62;

qiL

251

+ 252@5 + 5Z§ + 5ZQ¢L

ie[Aj—(qi) (5Z¢L'L + 5ZQ7;L) Py,
+AJ+(%) (6Z§iR + 5ZQ1'R)PR]

ie[A;f_,_ (i) (0Zg,r +0Z4,) Pr
+A;— (ql) (5Z§iL + 5ZQ7;L)PL]

~ieZ9 (57, +52, ) Py

2sw

_ . Big)
e

+2024, + 025 +0Zq,,) Pr

) P | T¢
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A.2 Formulae for soft radiation

The soft-bremsstrahlung correction factor in eq. (£.33)) involves the kinematical factors C ég’m’uu)
from ([@34)) and phase space integrals |[135, 252|. We keep a finite quark mass mg only in the
mass-singular terms, which yields the following expressions for Z;; in the production process
qq — qq', where the labels i,j correspond to the assignment ¢ — 1, ¢ — 2, ¢ — 3, and

q =4,
Zi; —% [ln (4(A)\2E)2> +1In (?—é)] for i = {1,2}, (A.9)
Zi; zg [111 <4(A)\f)2> + éln <1 ;g: } for 1 = {3, 4},
(i ) T () (28) - (3) 3]
ZM:<—%%?—%Q¥”—2é?)i;g;IM<itg>m<qﬁfy>—ﬂ@<1T%)

L. o (10

L <—1+ﬁi>],
I AR PN N e s3; 4(AE)? 1o, (15 _7T_2
LJ—<60@/ +Cin” = 5Cii [m T In (== (7 ) 3

1 29970 29970
——W(ﬂa—m@<yﬂﬁﬁu+@0—m@<y-E%
- .

i

Si]
AR P NP N g St AAEP\ 1, (s

(1—@0} fori+j =5,

with  s;; =2p;-p;, Bi= \ﬁi]/p?, vi; =4/1— 4m3m§/sfj

For the decay process § — g X°, the corresponding expressions for Z;; in the decay width
eq. (E5T) read as follows (using the the label assignment § — 1, ¢ — 2, X° — 3),

4(AE)?
In:ln<()\2)>—2,
o (Ap)° AAE?N 1., (4py)? _ w?
112 =In < mg In )\2 - 5 In mg - ? s (AlO)

m2
Z@:dn<qﬁfﬁ>4dn<ﬂéﬁ>.
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A.3 Diagrams of NLO corrections to squark—squark production

In the following we display all relevant virtual and real radiation diagrams used in our NLO
calculation of squark-squark production. The contribution of some of them vanish under the
assumption my = 0. For example, this is the case for the 5% diagram on the first line when
a # b, as any helicity state of the quark in the propagator can interact either with §;, or with

qjb, but not with both of them.

qi dia i
-
4
Tk AGrL k
gl . g
4 Gjb 95 Gjv 4y Gjb 4 9 qp 4j g qp

Figure A.1: Loop diagrams contributing to all flavor and chirality structures of squark—squark

production.
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(jia / dib (jia /
> / [ /
\ ’ \ ’

N N

¢ pe 4

/ /‘\ g g <
)/ \ / \

~ \ - — - ~ \

b N B b N

G ” P

Figure A.3: Real gluon radiation diagrams contributing to all the flavor and chirality struc-
tures. Additional u-channel diagrams contributing only for equal flavor squarks are obtained
from the above ones by a simple crossing of the initial state quarks.



Appendix A Squark production and decay 167

A.4 Comparison between local and global diagram subtraction
schemes

Here, expanding the discussion in section [£.3.2] we want to elucidate the differences between
the implementations of the DS scheme in the global approach, as used in this paper, and in
the local approach, as used e.g. in [38, 1254, 255]. In the following discussion we consider the
contribution from the resonant diagrams of figure [4.8(a). In a notation similar to the one
of Appendix B.1 of |38], the contribution to the partonic cross section emerging from these
diagrams can be written as

Tonax flq?
. @ )
0:/ dg? 5 g = (A.11)
mgm (q _mg) +mgrg

where f(q?) is the differential cross section in ¢? (the squared invariant mass of §;, and ¢;)
without the squared gluino propagator. Given the squared total energy in the partonic center
of mass s, the maximum allowed value for ¢? is ¢, = (v/5 — mq].b)Q.

In the global approach the contribution from on-shell G;,g production is subtracted by

substituting 6 with
N A A L' Jia
AbGGiobal = 0 — G5 g;q ; (A.12)
g

i.e. subtracting exactly the total cross section for on-shell production of ;g multiplied by
the branching ratio of § — G;q;.
In the local approach, before phase-space integration, f(q?) evaluated in the on-shell gluino

configuration
Mgl Tgdia

2 R
f(mg) = 0gug o Fg (A-13)
is subtracted in the numerator of the integrand of eq. (A1),
q?nax 2 - mg qa}ax 7’)’1/g
A&Localz/ dg? Qf(‘”“f( gg s =06—1, with I:/ dg®— f§ 29) S .
mg (¢ —m3)* + mzl's mg. (¢* —m3)? + mgl';
(A.14)

In this parton level example the integral I can be calculated analytically. For mg > mg,, and
Vs > mg + Mg,,, 1.e. in the region where subtraction is required, it yields

2 2 2 2 2
mg ax — MZ mg —mz
I = fmg) arctan max ~ g ) _ arctan | —2e 9 (A.15)
Pgmg Pgmg Tgmg
. Pg_ni. Pgmg qI2nax - mé
- ia ] _ ia o).
Ty | \ W mpom —wz )| O

Comparing in this way the global and local approach for the DS subtraction we find

2 2
R R R mg Tmax — M3,
AdGiohal ~ AdLocal = ~07,,7T 51— ( @ o T S > +0(Ty).  (A.16)
max

—mg)(m; Gia)
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Hence, even in the limit I' — 0, the two approaches differ by a finite term depending on the
physical phase space boundaries, see also [387]. This can be understood from the fact that the
approximation of the Breit-Wigner distribution mzI'z/[(g* —m2 ) + mQFQ] — m(q? mg) in
the integrand of [ is strictly valid only for an integration over the entire real axis. Moreover,
the result in eq. (AI6) can be altered if the mapping ¢> — mg in the local subtraction is
performed before the integration of the other phase space variables. This mapping is not
uniquely defined and can lead to further differences. At the hadronic level the numerical
differences between the two approaches can be of the order of a few per mill of the on-shell
gjpg production. Thus, depending on the parameter region, few per-cent differences can
appear for the g;qq;, NLO relative corrections. For example, for SPSla and VS = 14 TeV,

corrections for the drdp cross section arising from eq. (A.16) amount to 0.08% of Jéo)~ and to

o R
19%0f0£id’ de

corrections vary, they are however, of the same order. Finally, we want to note that both the
local and the global approach can be extended to a fully differential level.

since a~) / o%’~ & 23. For different flavor and chirality configurations these

A.5 NLO corrections to the integrated squark decay width

In eq. (AI4) and accordingly in section .4.3] we need the NLO corrections to the decay width
I'(q — g X), where Y is either a neutralino or a chargino, and ¢ a light quark. In this appendix
we sketch the derivation of the NLO form factor FQCP following the steps of the former
calculation [138], but keeping explicitly the dependence on the masses m, for regularizing the
collinear singularities and X for the IR singularities. The NLO form factor FQCP | eq. (64,
receives four contributions,

FAP = F, + F; + Fo + Freal (A.17)

namely loop corrections involving gluons and gluinos, Fy and Fj, a counterterm contribution
Fit, and a contribution from real gluon emission Fiey).

Keeping a quark mass m, and a gluon mass A as independent parameters regularizing the
singular terms, in dimensional reduction Fy and Fy; can be written as,

A 1 m2 m2 1 m? 1 A2 m;
Fy =5 —glog |~ | +1-log | ¢ |+ Jlog* ( 1 | — log log | —5
2 2 ,u ms 4 ms mq mg

+ log (:;i) log(1 — k) — log?(1 — k) +log(1 — k) — Liy (k) , (A.18)
A1 mZ ; v 15
ST IVERNE
e g (221 4 L o
507 - Dlog (12 ) 4 7 [T+ ]1g<> (A19)

where k = m?2 /m v =m? 5/ m , and A denotes the UV divergence, cf. eq. (£.20).
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Fj is free of soft, collinear, and UV singularities, hence it is not affected by the choice of
regulators; it is identical to the result in [138] and given by,

Eg:Vﬁﬂ%mu—my+T%;hmw—C%—DmW—lﬂ+%%%5;f}’ (A.20)

where for Ky < 1 the function Iis given by

. —1 —1 ) —9
I =Tig [ A DLy (RS g, (k2
vk —1 vk —1 vk —1 vk —1

and for Ky > 1 by

A -1 -1 -1 -1
P L (% > Ly <L> L, (L) i (L)
v-1 v+ K2 K(y—1) k(Y + K —2)
Y+ K—2
-1
The real gluon emission Fi.,, integrated over the full phase space, can be expressed with

the help of the bremsstrahlung integrals given in [252|. Evaluated in the limit m, = 0, except
for the mass-singular terms, the fully integrated decay width for ¢§ — gxg can be written as,

—log(k) log

0 4o
Fq’~>qxg = F((]qu 3 —= Freal s (A21)
2
Frea = P — [2(m3 — mg) (mZ Ioo + m I + Io + It) — 2(m% — mg)* Ioy — I — 17
7 X

with T(® from eq. (I53) and (Z63). The phase space integrals I = I(mg,mg, myz), cf. [252],
are given by

2 2 2

1 , , , m2 — ) )\m>~<
Ioo :m |:m)~<—mq+mql()g |: A ] +m>210g {mg’.—mqm%}

q / *

1 2
111 :W (mg — {log ( ) 1]

q
1

A
= 1 4 40 am2m21 X
=55 |Mmg — Mg +4mimglog oo ,
q

1 ~
Iy =—— [m% — m?j — 2m§2 log (Z

<) ‘X
N———
[E—

2 X
4mq~
1 MgMy mMeMg
2 2 2 q'mx 2 q'"g
I =——F|my —mg+ 2m)~< log —— | — 2mq log ——— ,
4ms ms — m2 msz —m2,
q q X q X9

L MMy
I? = 62 [5mf‘~< — 8m§m§ + 3m25 + 4(m;12 — mezmg-) log (‘IiXQ)
q

+ ot log (M)} | (.22

mq - mg
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With these expressions, Fea in eq. (A2I]) can be simplified to,

—5+ 8k — 3k — 8klog(k) + 6k? log(k)

F real —

8(1— k)2
72 5 9 9 (Mg mg
+4— T3 log(1 — k) +log(1 — Kk)* — log <T> + 2log (T)
1 Myq _ mq 2 (Mg .
+ 5 log <mq> +2log(1l — k) log( X ) + log < 3 > + Lis (1 — k) . (A.23)

Combining all four contributions in eq. (A7) we obtain a compact analytical expression for
the form factor FQCP | independent of mg and A, which agrees with the result in [13§],

1492 —-27y+25 3k-5\ =2 _ 1 v
FQCD: 1 e 1 2_1 |
8( v -1 +n—1> 3 (k) =5 (07 = Dlog | =
39° — 4y +2 3 1 3k2—4k
w log () — B log(l — k) + ZW log (k) — log (k) log(1 — k)



171

Appendix B

Invariant mass distribution endpoint
relations

In this appendix we list relations for the endpoints of various invariant mass distributions
built from the following decay chain 273, 275]:

c b a

D C B A

Here, massive particles are denoted with a capital letter and massless particles with a
small letter. The particle A and all massless particles are assumed stable, the other mas-
sive particles are unstable and decay in two-body decays, where intermediate particles are
treated on-shell. This decay chain corresponds to the “golden” decay chain (G1I), with
D:qL,C:)Zg,B:ZL/R,A:)Z(f andc:q:j,b:lril,a:ljf

Using the dimensionless squared mass ratios

Rij s Z',j € {A,B, C,D} . (B.l)

I
CIES

the endpoints of the four primary invariant mass distributions are given by

(mip)? = (m}}™)* = m} Rop (1 — Rpe) (1 — Rap); (B.2)
(mpe)? = (m52)* = md (1 - Rep) (1 - Rpc) ; (B.3)
2

(mi)? = ()" = m (1= Rop) (1 - Rap): (B.A)

mp (1 — Rep)(1 - Rac), for Rop < Rac,
2
max\2 __ max\2 __ mD(l - RBC)(l - RABRCD)v for Rpc < RapRep,

(mape”)” = (mj” ) - mQD(l — Rap)(1 — Rpp), for Rap < Rpp, , (B.5)

m% (1 —VRap )2 , otherwise.
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The two secondary invariant mass distribution endpoints are given by

2
(mg;gx> . for 2—Rap) ' <Rpc<1, (1)
2 2
<m?ll?l);)) - (mﬁ&)) , for Rap < Rpc < (2—Rag)™", (2) (B.6)
2
(mﬁ?;;)) , for 0 < Rpc < Ras, (3)
2
(mzfll?") , for (2— Rap)™' < Rpc <1, (1)
2 2
<m?ll?f)z(2)> - (m?llix) , for Rap < Rpc < (2—Rag)™", (2) (B.7)
2
(m;‘l‘:") , for 0 < Rpc < Ras, (3)
where
2
(mﬁ?;z)) =m} (1= Rep) (1 — Rap) (2 — Rap) ™. (B.8)

The lower endpoint of the mjgsr/2) threshold distribution is given by

min 2 1
(mju(e>g)> = Zm%{(l — Rap)(1 — Rpc)(1 + Rep) (B.9)

+2(1 = Rac)(1 — Rep) — (1= Rep)y/ (14 Rag)*(1+ Rpe)? — 16RAC}-

The endpoints of the distributions first introduced in [282] are given by

( ﬁ&’?)z = maX{(m??Zx)Q,<m;?}j$>2} (B.10)

<mﬁ(u)>2 = min { (mﬁ:m)Q ) (mﬁ?x)z} ) (B.11)

<mﬁa5>2 = ( ]%)2 ) (B.12)

(mis)” = mb(1 — Ren)(1 ~ Rac), (B.13)
2 1m3(1 — Rep)V1 — Rag, for Rpc < 0.5,

(m;;?;)) - (B.14)

m%(l — RCD)\/RBc'(l — Rgc)(l — RAB), for Rgc > 0.5.

2 2
Here, <M;”l&“)”) is the larger and <m§’}8f)> the smaller upper endpoint of the distribution of

the union, m?l(u); in the experimental reconstruction the larger endpoint (in the tail of the

distribution) can be tagged via the endpoint of the m?l( d) distribition.
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Appendix C

Constraints from CCBs for large stau
left-right mixing

The occurrence of a charge or color breaking (CCB) vacuum in the scalar potential is not
necessarily a problem, as long as the electroweak vacuum is metastable with a lifetime longer
than the age of the Universe. This lifetime can be calculated using the semiclassical, so called,
“bounce action” method [368, 1388, [389|, where the decay rate I" of the false vacuum per unit
spacetime volume V' is given by

I/V =Ae o8l (C.1)

Here, the “bounce” action Sg[¢] is the corresponding four-dimensional Euclidean action, which
in terms of a radial coordinate r can be written as

Suld] = 27T/dr 3 [i (%)2 + V(@)

i=1

(C.2)

V(@) is the scalar potential of all N relevant scalar fields. The “bounce” action Sg[¢] has to
be evaluated on the “bounce” solution ¢, i.e. the solution connecting the two vacua. Often
this solution is approximated by a straight line. However a full analysis can for example be
achieved applying the computer code CosmoTransitions [39(].

In eq. ([CI) the factor A can in principle be calculated. However, this is a difficult problem
and its precise value is irrelevant for obtaining an approximate transition rate, as its value is
expected to be of the order A ~ (100 GeV)?*, 100 GeV being the electroweak scale. Asking
the lifetime of the metastable electroweak vacuum to be longer than the age of the Universe,
we must have

oV (Hi0>4 <1, (C.3)

with the Hubble constant Hy =~ 1.5-10742 GeV. Therefore, the potential V (¢) must allow for

Spld] = 400. (C.4)
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This can be used to place upper limits on the parameters in the scalar potential V' (¢).

In [365] a numerical study was performed concentrating on large 717;h’ couplings and
thus large stau left-right mixing and large ptan 5. Using an effective one-loop scalar potential
the authors of [365] state the approximate limit given in eq. (CI1). In [366] this limit was
confirmed and additional corrections due to a resummed effective tau Yukawa coupling were
found to be small.
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