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CHAPTER
ONE

INTRODUCTION

Our Standard Model (SM) of particle physics, describing the physics of fundamental parti-
cles and interactions, is built on a long history of fruitful interplay between experimental and
theoretical physics. Starting out from the simple idea that there exist elementary particles
that compose all matter, and aiming to describe nature by one consistent theoretical model,
the SM was gradually built up. New experimental results often challenged our understand-
ing, leading us to develop new models that describe all observations. It is clear that any such
new model should make predictions that allow us to test it experimentally. Therefore, as ex-
perimental results guide the development of more complete theories, theoretical predictions
also guide the development and interpretation of new experiments. It is this interplay that
deepens our understanding of nature. While there exists a multitude of examples in particle
physics alone, a notable one is the development of the theory of electroweak interactions. In
this intoductory Chapter we will introduce the SM and its construction in this context. Dis-
cussing how it was tested and thus established as the standard description of particle physics
will then highlight the success of the interplay between theory and experiment. Many of
the concepts that were vital in the development of the SM description also motivate us to
consider possible extensions. We will first list a few shortcomings of the SM relevant to
the following discussion, and then give an overview of some extended models, discussing
how they can overcome these shortcomings. We will focus in particular on supersymmetric
models, that will be studied in detail in this thesis.

The aim of this thesis is then to examine how we can retain the close connection be-
tween theoretical and experimental particle physics. In fact it is becoming more obscured as
experimental techniques become more sophisticated, while theorists consider highly com-
plex models with a potentially large number of free parameters (to address shortcomings
of the SM without violating experimental observations that are in agreement with SM pre-
dictions to a high level in accuracy). Given these developments it is important to develop
also sophisticated methods and tools that can facilitate relating the model parameters and the
results from experimental tests and searches. In particular, this work will be dedicated to
discussing how we can test extended models of particle physics in high energy collisions at
the Large Hadron Collider (LHC) in the context of so-called simplified model interpretations
(or simplified model spectra, SMS). The concept of SMS has been developed with the aim of
maximal model independence, while capturing the main features relevant to the detection at
collider experiments. As a consequence they can guide the development of search strategies
without introducing large “theory prejudice”. On the other hand, limits obtained in this con-
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text can be interpreted in a number of generic models in a straightforward way, thus allowing
to understand the impact of experimental observations in an efficient manner.

The remainder of this thesis is structured as follows. We will first discuss the strategy and
interpretation of LHC searches in Chapter 2, where the concept of simplified model inter-
pretations will be introduced in some detail. Moreover, different approaches to the reinter-
pretation of LHC searches and the neccessary tools will be listed. Chapter 3 will then focus
on SMODELS, a reinterpretation tool based on the SMS concept. In Chapter 4 we discuss
the assumptions that allow us to translate simplified model interpretations to generic models,
and show that they are valid for some specific cases of particular interest. We then proceed to
discuss how we can use SMODELS to constrain generic models in Chapter 5. While the ma-
jor part of this work will focus on SMS that are inspired by supersymmetric models we will
give an example of a more minimal simplified model description for dark matter searches in
Chapter 6. Finally some concluding remarks will be presented in Chapter 7.

1.1. A Standard Model of Particle Physics

We will start our discussion by reviewing how the theory of weak interaction was devel-
oped, eventually leading to a unified description of electroweak interactions. We then formu-
late the SM of particle physics in Section 1.1.2, again focussing mainly on the electroweak
interactions. This in turn will allow us to discuss experimental tests and measurements,
establishing the SM description, in Section 1.1.3.

1.1.1. From Beta Decay to Electroweak Unification

Let us first recall some major steps in the development of the theory of weak interactions
and its unification with the theory of electromagnetic interactions.! We can trace the devel-
opment of the theory of weak interactions back to 1914 when James Chadwick measured the
energy spectrum of electrons in beta decays [2]. Rather than a well defined value he observed
a continuous spectrum, inconsistent with the assumption that only an electron is emitted in
the decay. To explain energy conservation in the beta decay, Wolfgang Pauli postulated an
additional neutral particle in 1930, today known as the neutrino. The idea was picked up by
Enrico Fermi, who in 1933 proposed a theoretical framework for the description of the beta
decay (“Fermi’s interaction”) [3]. The theory describes a four-fermion contact interaction
and can be considered an effective theory of the electroweak interaction. It is described by
an effective coupling that today can be defined as

V2

G —
E 8 mi,

(1.1)

where g is the coupling constant of the weak interaction and my, the mass of the ¥ boson.
While Fermi initially proposed a scalar interaction, the most general form of the four-fermion
interaction Lagrangian is

5
L= g{th O {3004} (12)
=1

where the operator O; = (1,7, 0y, 1757, 75) (referred to as scalar (S), vector (V), ten-
sor (T), axial vector (A) and pseudoscalar (P) respectively), and v; are the fermion fields.

I'A more detailed account can be found e. g.in[l].

10
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Careful analysis of experimental data (in particular from studying angular distributions) led
to the conclusion that the weak interaction is best described by a V—A theory [4, 5]. This
theory could accurately describe interactions at low energies, but it failed at high energies,
notably above O(100 GeV), thus hinting at an important new scale in particle physics (the
“weak scale”). This shortcoming signalled a cut-off scale for the Fermi interaction and the
requirement of new exchange particles mediating the interaction, to accurately describe weak
interactions at higher energies. In parallel, the theory of quantum electrodynamics (QED)
based on the principle of invariance under a local U(1).,, gauge transformation was well
established in the 1950s. It was in excellent agreement with experimental data, thus con-
sidered as a blueprint for building a consistent theory to describe weak interaction in terms
of massive mediators. Moreover, this also stimulated speculations of a unified theory de-
scribing both electromagnetic and weak interactions. In 1961 efforts to construct a unified
gauge theory of electroweak interactions were advanced by Sheldon Lee Glashow [6], who
recognised that a total of 4 vector bosons are required to describe both the parity conserving
electromagnetic interaction as well as the parity violating weak interactions. This is possible
ina SU(2) x U(1) gauge theory because a mixing between the two neutral bosons can gener-
ate one parity conserving boson (the photon).? An additional neutral boson (Z boson) as well
as the charged bosons (/W) then violate parity. However, in that theory all gauge bosons
are necessarily massless, adding an explicit mass terms for the W+ and the Z boson would
yield the theory unrenomalizable. A way out seemed to be spontaneous symmetry breaking,
that would allow the generation of mass terms. However, according to the Goldstone theo-
rem it would always imply additional massless bosons (“Goldstone bosons™) [7]. This was
unacceptable as they had not been observed experimentally. Upon further inspection of the
problem it turned out that the Goldstone theorem does not hold for gauge theories, where
the massless Goldstone boson is not physical, but instead can be combined with the massless
gauge boson to give a massive gauge boson, as described by the Higgs mechanism [8—11].
In the following a unified electroweak gauge theory incorporating the notion of spontaneous
symmetry breaking was formulated [12] and proven to be renormalizable [13].

In parallel, a gauge theory of strong interactions (quantum chromodynamics, QCD) was
developed, based on an SU (3) gauge group [14,15], where strong interaction between quarks
(carrying so-called color charge) is described via the exchange of color octet vector bosons,
the gluons [16]. In contrast to the electroweak gauge theory the SU(3) symmetry is unbro-
ken, and the gluons are massless. Moreover, only color singlets appear in nature, a conse-
quence of confinement. However at high energies interactions are weaker, and this so-called
asymptotic freedom allows the use of perturbation theory to describe interactions between
quarks and gluons. Factorisation then allows to calculate the perturbative contributions at
high energies, and combine them with non-perturbative low energy contributions in a de-
fined way [17].

1.1.2. Description of the Standard Model

We consider the SU(3)¢ x SU(2) x U(1)y gauge group, and associate the coupling
strengths (gs, g, ¢') to the respective corresponding gauge couplings. SU(3) describes the
strong interaction, the subscript C' indicates that we describe the interactions in terms of
color charges. The quarks are color-triplets, while the leptons are singlets and thus do not
feel the strong interaction. The mediators are massless vector bosons, so-called gluons.
The SU(2);, x U(1)y gauge group describes the electroweak interactions. The subscript L

2Where U (1) is a newly introduced gauge group different from U (1) .

11



1.1

Name |  Symbol | SU(3)¢,SU(2)L,U(1)y
Quarks | Q = (up dp)” (3,2, ¢)
UR (3,1, %)
dr (3,1,—3)
Leptons | L= (v ep) (1,2,—-3)
€R (1,1,-1)
Gluon G (8,1,0)
W boson | (W W?2 W3)T (1,3,0)
B boson B (1,1,0)
Higes | H = (¢7¢")" | (1,2,3)

Table 1.1.: Field content of the Standard Model and their gauge quantum numbers. There
are 3 copies (families) of quarks and leptons, differing by their mass.

implies that only left-chiral fermions are involved in SU(2), gauge interactions. Left-chiral
fermions are described via the projection

L =75
2 )

P, = (1.3)
thus the left-chiral nature of this interaction is equivalent to the V—A description discussed
above. Left-chiral quarks and leptons are doublets under SU(2),, while the right-chiral
counterparts are singlets.> The hypercharge Y of each multiplet can be calculated from the
relation () = T3 + Y, where @ is the electric charge in units of the positron charge, and
T35 the third component of the weak isospin. We also add a complex scalar field H (the
Higgs field) to the description. H is an SU(2),, doublet and color singlet and will give rise
to the spontaneous breaking of the electroweak symmetry. The field content of the SM is
summarized in Table 1.1.

We can now write the gauge invariant, renormalizable Lagrangian of the SM as

Lo —tpe pow

4 W + ZXlDX + ’DMH|2 + ‘CYukawa -

V(H). (1.4)
The first term describes the propagation and self-interaction of gauge bosons, written in terms
of the field-strength tensors Fj,. The second term is a kinetic term for all fermions (quarks
and leptons as listed in Table 1.1). We denote x the Dirac spinors for each fermion species
and generation, and the sum over all species and generations is implicit. Similarly we write a

kinetic term for the Higgs fields /. Gauge invariance is ensured via the covariant derivative

g g 95\ e
D,=0,— ZEYB“ —isoW — z;AaG“, (1.5)

S0
where 0;,j = 1,2, 3 the Pauli matrices and \,,« = 1...8 the Gell-Mann matrices. These
gauge invariant kinetic terms therefore give rise to the gauge interactions of the fermion and

3A commonly used short hand notation identifies left-chiral fileds as left-handed (LH) fields, and right-chiral
fields as right-handed (RH) fields. While chirality and helicity are not striclty speaking equivalent for
massive particles, this notation is often used for simplicity.

12
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Higgs fields. In addition to the kinetic terms we introduce the Yukawa interactions, coupling
the fermion and Higgs fields. They are defined as

ﬁYukawa = _YeE : HeR - YdQ ' HdR - Yuﬁab@aHljuR + h.c. (16)

where €% is the completely antisymmetric SU (2) tensor (€ = i0). Here we have suppressed
the flavor indices of the fermions, generically the Yukawa couplings ye, ¥4, yYu are 3 x 3
matrices in flavor space. The last term is the Higgs potential

V(H)=p?H'H + \(H'H)*. (1.7)

p is the only dimensionful parameter in the SM, and potentially a mass term (if y? > 0).
However, to realize the Higgs mechanism we require p? < 0 and A > 0, thus there is no
explicit mass term in the SM. In this configuration the minimum of V'(H) is not at the origin,
instead we find a continuum of minima at H'H = % = g, where we define v as the vacuum
expectation value (vev) of the Higgs field. As a consequence the vacuum state of the Higgs
field is no longer invariant under SU (2), x U(1)y and thus breaks the electroweak symmetry.

To describe the system as fluctuations around the minimum we shift the Higgs field to

1 0 + 6,
Hx) = — (U h() - 2.93) . (1.8)

Now all fields #; and h have a zero vev. By gauge transformation into unitary gauge we find
that only £ is physical, while the 6; can be transformed away. Considering now the gauge
invariant kinetic term for the Higgs field we find that we have generated mass terms for three
of the electroweak gauge bosons, the charged W and a linear combination of the neutral
W3 and B that we call Z, with

(*+ g% My

= 1.
4 cos? Oy’ (1.9)

2.2
Miy = T, M =

where 0y is the Weinberg angle parametrizing the mixing.Similarly we obtain fermion mass
terms from Ly yxquaq after the electroweak symmetry is broken. Diagonalizing the y;; matrix

we find
_ v

mf,'L \/57
where f = wu,d, e labels the fermion species, and ¢ = 1,2, 3 the generation. The up and
down type quark mass matrices are diagonalized by two distinct sets of unitary matrices
VLi7 r» ¢ = u,d. The mismatch between these matrices gives rise to a flavor changing nature
of the charged-current interactions, described by the Cabbibo-Kobayashi-Maskawa (CKM)
matrix Vogy = VL“VLdT. On the other hand, flavor changing neutral currents are highly
suppressed in the SM. Finally we note that the SM does not include a right-chiral neutrino,
thus it cannot describe neutrino masses.

(1.10)

1.1.3. Establishing the Standard Model Description of Particle
Physics
Given the SM description of particle physics the next step was to test the predictions of the

theory, and eventually measure its free parameters. One important prediction was the exis-
tence of neutral weak currents, mediated by the Z boson. Indeed in 1973 a first observation

13
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3c

LEP 95% CL-|

Tevatron 95% CL|

2c

Theory uncertainty
— Fit including theory errors
---- Fit excluding theory error:

1o

[+ (2] = (5]
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0
M,, [GeV]

Figure 1.1.: Indirect determination of the Higgs boson mass from gFitter [26].

of neutral current induced processes, neutrino-hadron scattering without charged leptons,
was reported [18], and in 1983 the W and Z particles were observed [19, 20]. Moreover,
the thrid generation of fermiones, postulated in 1973 to explain observed CP violations [21]*
was confirmed with the observation of the tau lepton [22] and the bottom quark [23], and
completed in 1995 with the discovery of the top quark [24,25]. In the thus established elec-
troweak theory the Higgs mass was the last free parameter that remained to be measured.

Nevertheless, even before its discovery one could place bounds on the allowed mass range
by considering loop contributions to electroweak precision observables (as well as from theo-
retical considerations). For example the gFitter group evaluated the allowed mass range [26]
from fitting a number of electroweak precision observables, which depend in particular on
the top quark and Higgs boson mass, see Figure 1.1. On the other hand, the mass being the
only undetermined parameter, one could predict the production cross section as well as the
decay branching ratios as a function of the mass, thus allowing experimentalists to pinpoint
the search strategies [27]. Indeed a Higgs boson was finally observed by the LHC experi-
ments in 2012 [28,29], with a mass of 125 GeV, i.e. in the expected range, and with properties
consistent with predictions. This discovery thus allowed to complete the description of the
electroweak interactions.

However, while the standard description of the electroweak theory is now self-consistent
and valid up to large energy scales, we might also conclude that we do not yet have the
complete picture. For one we have seen that loop contributions are vital to the theoretical
description, and as such we should also consider loop corrections to the Higgs mass. Such
considerations would lead us to expect that the Higgs should be much heavier than what
we observed. The successful unification of the electromagnetic and weak interaction further
encourages us to consider that all interactions can be unified at a higher scale. However,
such a grand unified theory would require new physics, not described by the SM. Moreover,
as we have already noted, neutrino masses are not described in the SM, since they might be
generated in a fundamentally different way than the other fermion mass terms. These open
questions will be discussed in somewhat more detailes in the next Section.

4CP symmetry is an invariance under the combination of charge (C) and parity (P) transformations.

14
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1.2. Going Beyond

1.2.1. Hierarchies, Masses and Unification

In contrast to e.g. the Fermi interaction, the SM is a consistent model, and potentially valid
up to high energies. Indeed there is no imperative argument that points to a new mass scale
below the Planck mass Mp ~ 10' GeV (where perturbativity of a quantum theory of gravity
breaks down). However, it raises the question of why there is such a large hierarchy between
the weak force and gravity.

It is instructive to study the SM as a low-energy effective theory of a unified description,
which is also motivated in the context of unified theories. Similar to the electroweak theory
predicting the mass of the W+ and Z boson in terms of the fundamental couplings and
the Higgs vev, we expect that the free parameters of the SM should be predicted by such a
unified theory. As we will see, requiring that the Higgs mass is predicted in a natural way
(i.e. without the need for fine-tuned cancellations) indeed points to a scale much below Mp
at which new physics should appear. Moreover, generating the large hierarchies observed
between various fermion masses can also guide us when constructing theories beyond the
SM (BSM). Finally, we will see that unification of all gauge couplings cannot be achieved in
the SM, thus pointing for example to supersymmetric extensions.

Hierarchy Problem and the Higgs Mass We assume that the SM is valid up to a
high cut-off scale Agy; &~ Mp. The free parameters, in particular also the Higgs mass,
should be determined by the physics at Agy;, and we consider that the SM is an effective
description at lower scales. The Higgs mass is of special interest, since the relevant operator
in the Lagrangian is in fact the only SM operator of mass dimension d = 2. Following the
discussion in [30], in the context of an effective field theory description we are led to assume
that it should in fact be enhanced by the squared cut-off scale

cA% H H. (1.11)

We can further understand this by considering loop corrections to the Higgs propagator, and
integrating the contributions up to Ag,;. We split the corrections as

my; = Sspmi + Opsamiy (1.12)

and from estimating top quark, electroweak gauge boson and Higgs loop contributions we
get

3y? 395, 1 1 3\
2 yt 2 gW( ) 2 A%’M (113)

H ™ Qr2 i SM ™ gra\y Scos2 By’ M g2

We see that d53,m? will be large if the cut-off scale Agy, is large. In that case the observed
light Higgs mass implies that the two contributions (55Mm§{ and ¢ BSMm%I cancel to very
high accuracy, despite emerging from separate energy scales. Such a cancellation implies a

fine-tuning between unrelated terms, that we can quantify e.g. via the fine-tuning parameter
A as

5SM7’I’L

dsam?  3y? A
A < SMTH o, SV (2SM (1.14)
mi; 8T mpy

We note that we have formulated the naturalness problem in terms of cut-off regularisation,
such that the scale dependence is manifest. However, it remains problematic in any regular-

1sation scheme, as the accurate cancellation of high-energy parameters is always required.
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Fermion Masses In the SM the fermion masses (i.e. their Yukawa couplings) are free
parameters, to be measured by experiments. However, there are large hierarchies between the
different masses. Considering in particular the extreme ends of the spectrum, it is interesting
to ask why neutrinos are so light, and why top quarks are so heavy. Let us first discuss
neutrino masses.

Neutrinos are fundamentally different from all other SM fermions, because a right-chiral
neutrino does not have any gauge interaction. Moreover, while the electroweak interactions
are lepton number (L) conserving, L is violated by neutrino oscillation. In the SM we gener-
ally consider only left-chiral neutrinos, while the sterile neutrinos are absent (by choice), and
therefore neutrinos are massless in the SM description. We could generate neutrino-masses
by adding the non-renormalizable dimension five operator (known as the Weinberg operator)

/\ij T ..

M(LiH) (L;H), i,j=e,p,T (1.15)
with H the Higgs doublet, \;; dimensionless couplings and M the cut-off scale. We see that
this will give mass terms after electroweak symmetry breaking, and will break lepton number
by AL = 2. Considering couplings O(1) one finds that with a cut-off scale M ~ 10'* GeV,
the Weinberg operator can account for the observed mass and lepton number violation [31].
However, this is not very satisfactory, and we would like to understand the origin of this
operator. The simplest realization consists in adding right-chiral neutrinos to the SM. We
can then generate a mass term in the same way as for all other fermions, via a Yukawa
coupling. In addition, as the right-chiral neutrino is a SM singlet, we can also write down a
Majorana mass term

MgvEv§ + h.c. (1.16)

Similar to our discussion of the Higgs mass, we are led to assume that My is naturally very
large, and in particular much larger than the Dirac mass mp from the Yukawa coupling.
Diagonalizing the mass matrix we find that a large hierarchy is generated, the heavy state
will have a mass close to Mg, while the mass of the light state will be suppressed as "A}—I’;
The Yukawa interaction can then generate the Weinberg operator when integrating out the
heavy vz. This minimal scenario is called the Seesaw I mechanism. For a more detailed
discussion and non-minimal scenarios, see [32].

On the other end of the spectrum, the top quark is the heaviest particle in the SM, with
a mass at the electroweak scale. On the one hand his means that it drives considerations
about fine-tuning in the SM, see Eq. (1.14). On the other hand we might consider that the
large Yukawa coupling arises from a deeper connection with the mechanism of electroweak
symmetry breaking, we will discuss this possibility in Section 1.4.1.

Unification Inspired by the unified description of electroweak interactions, a unified de-
scription of all SM interactions was proposed in 1974 [33]. A first observation was that
the electromagnetic and weak interaction were not truly unified, as the theory based on the
SU(2);, x U(1) gauge group still contains two independent coupling constants. Moreover,
the assignment of electric charge (controlled by the hypercharge in the SM description, and
thus not necessarily quantised) appears to be arbitrary, and the exact cancellation between
electron and proton charge is not explained in the SM. The quantisation of electric charge
and the necessary cancellation can be achieved when considering a so-called “Grand Uni-
fied Theory” (GUT), that is described by a single (non-abelian) gauge group. The simplest
realisations containing the SM gauge group are the initially proposed SU(5) or an SO(10)
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gauge group.

A necessary condition for realising a GUT description is that it requires all gauge cou-
plings to unify at some energy scale (thus defining the GUT scale). Such unification of all
three SM gauge couplings is not achieved at any scale in the SM description. However, con-
sidering supersymmetric extensions (introduced in Section 1.3) we find that the couplings
might indeed unify at an energy scale around 10'° GeV, i.e. a scale similar to the one we
had found for the description of neutrino masses. This is sketched in Figure 1.2, where we
compare the values of o; = g?/4r for the three SM gauge couplings. Note that as indicated
above, due to its abelian nature the U(1) gauge coupling is not fixed in the SM. On the other

hand it is fixed in an SU (5) GUT description as ¢’ = \/g g1, and we use go = g and g3 = ¢,.

The energy dependence of the gauge couplings is described by the Renormalization Group
Equations (RGEs), and we compare in Figure 1.2 the evolution in the SM and in its minimal
supersymmetric extension (MSSM).
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Figure 1.2.: Two-loop renormalization group evolution of the SM gauge couplings,
from [34]. The dashed lines show the evolution as given in the SM, the solid
lines correspond to MSSM scenarios with a common sparticle mass threshold
of 500 GeV (blue) or 1.5 TeV (red).

1.2.2. Dark Matter

Since Fritz Zwicky first suggested the existence of Dark Matter (DM) to explain the veloc-
ity of galaxies in clusters in 1933 [35] numerous observations have corroborated its necessity.
We will quickly review the evidence for DM and then discuss the particularly appealing sce-
nario of thermal DM and give a brief overview of direct and indirect detection experiments.
LHC signatures will be discussed in the dedicated Chapter 2, and the interpreation of LHC
searches in Chapter 6.

Evidence for Dark Matter

The problem of DM became manifest in the 1970s through detailed studies of galactic
rotation curves. For example it was shown that the velocity of stars in the galaxy is nearly
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constant far from the center [36], despite the expectation that it should fall off as % with
growing distance r from the galactic center. This observation implied the existence of a large
DM halo. Other observations such as measurements of gravitational lensing, or comparing
the mass to light ratio in clusters as derived by different methods further emphasized the
need for DM. A review of the observational evidence for DM was given in [37]. This type of
observational evidence tells us very little about the nature of DM, and we might imagine that
it could be explained by SM physics of very cold and neutral particles. There is however a
different class of observations that give somewhat more insight. In particular measurements
of the power spectrum of the Cosmic Microwave Background (CMB) is a powerful tool
in determining the DM density in the universe. This is because both the baryonic and the
total matter density enter the power spectrum, and we can thus determine the amount of
non-baryonic matter in the early universe. A precise measurement (from fitting the standard
cosmological model ACDM? to various measurements) was recently presented by the Planck
collaboration [38], finding a dark matter relic density of

Qh? =0.1188 + 0.0010 (1.17)

where h is the Hubble constant in units 100km/(s - Mpc), and €2 is the DM density in units
of the critical density of the universe, 2 = pprs/pe-

While we do know the abundance of DM in the universe we note here that all existing
evidence for DM is gravitational, and most properties of DM are unknown. We know that it
should be stable (or at least very long-lived), not charged, not strongly self-interacting and
cold (i.e. non relativistic at ~keV temperatures, so as not to affect structure formation). On
the other hand a wide mass range, from 10722 eV up to the Planck mass, could be imagined,
and we can imagine a large number of different models that could describe DM. One partic-
ularly compelling scenario is however that of thermal DM that will be described in the next
Section.

Note that while we have restricted our discussion to particle DM, as suggested e.g. by
observations of the Bullet Cluster [39], alternative explanations such as modified Newton
dynamics [40] are still discussed. For example the recent proposal of emergent gravity by
Verlinde [41] suggests that the effects attributed to particle DM may arise from an inter-
play between ordinary matter and dark energy. Verlindes proposal has received considerable
attention, however it appears to be in tension with observations [42,43].

WIMP Dark Matter

If massive DM particles can couple to SM particles through some weak interaction they
are referred to as Weakly Interacting Massive Particles (WIMPs). We imagine that WIMPs
could have been in thermal equilibrium with the SM particles in the early universe. As
the universe cools off the production of the heavy DM particles is no longer possible, and
we might expect that all DM particles annihilate into SM particles. However, as the universe
expands the distance between two DM particles grows and annihilation is no longer possible.
This is called the freeze-out, at this point the DM density is stable. If the WIMP describes the
full DM content of the universe the DM density at this point should match the measured relic
density, see Eq. (1.17). For a given model we can calculate the relic density at freeze-out by

>The ACDM model is a parametrization of the Big Bang cosmological model in particular in terms of a
cosmological constant A associated with dark energy, and cold dark matter (CDM).
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Figure 1.3.: Recent 90% CL limits on the spin-independent scattering cross section as a func-
tion of the WIMP mass, taken from [49].

considering the rate equation

i—? = —3Hn — (0anav)(n® — n2,), (1.18)
with n the DM number density, H the Hubble constant, (o,,,v) the thermally averaged
annihilation cross section and n., the WIMP equilibrium number density. In fact it turns
out that for candidates with mass and cross sections around the weak scale, the predicted
relic density can match the measured value, which is often referred to as the “WIMP mira-
cle”. The relic density in a generic model can be calculated numerically, as is done e.g. in
micrOMEGAs [44] or MADDM [45]. Moreover, the relic density in superymmetric models
can be calculated in DARKSUSY [46] and SUPERISO RELIC [47].

Direct and Indirect DM Detection

If DM is indeed a WIMP it could be detected through its interaction with SM particles,
either by scattering with nuclei (direct detection experiments) or by detection of its annihi-
lation products (indirect detection). Direct detection experiments aim to measure the recoil
energy when a WIMP scatters with nuclei. The interaction can generally be split into spin
independent and spin dependent interactions. The advantage of spin independent measure-
ments is that protons and neutrons contribute equally and the total amplitude grows as the
number of nuclei. As the interaction cross sections are typically very low, large detectors
using heavy elements as the target nuclei have been designed to reach good sensitivity. The
most recent limits on the spin-independent scattering cross section are summarized in Fig-
ure 1.3. A detailed review of direct detection experiments was presented in [48].

Compared to direct detection experiments, indirect detection experiments typically have
much higher uncertainties as the results depend for example on the modeling of DM halos
and the propagation of charged particles through the Galaxy. An exception is the observation
of photons from dwarf spheroidal galaxies [50], giving robust constraints for light WIMPs
with masses up to about 100 GeV. Therefore, we use only those limits in the following. For
a recent review of indirect searches for DM see [51].

Predictions for both direct and indirect detection rates can be obtained within mi crOMEGAS,
see [52,53]. Direct detection cross sections can also be calculated in MADDM [54].
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1.3. Supersymmetry

Supersymmetry (SUSY) denotes an invariance under generalized spacetime transforma-
tions connecting fermions and bosons. SUSY transformations are described by anticommut-
ing spinor generators that transform bosons and fermions into one another. This symmetry
protects the Higgs mass from receiving large corrections as each fermionic (bosonic) contri-
bution gets cancelled by a contribution with opposite sign from the corresponding bosonic
(fermionic) degrees of freedom. This cancellation is exact in unbroken SUSY, but as we will
see even so-called “softly broken” SUSY allows to address the hierarchy problem. More-
over, we have already seen that the unification of gauge couplings can be achieved in su-
persymmetric theories, see Figure 1.2. Finally, to suppress proton decays, it is reasonable
to introduce a new type of parity (“R parity”) that should be conserved. This R parity con-
servation has the consequence that SUSY models naturally provide a DM candidate. Thus
the concept of SUSY can address a number of open questions in particle physics, and has
therefore been studied extensively, notably since the 1980s when it was discovered that it
provides a potential solution to the hierarchy problem [55].

Here we first introduce general concepts and notations important to the discussion, con-
crete descriptions are then given for the simplest supersymmetric version of the Standard
Model, the Minimal Supersymmetric Standard Model (MSSM). Finally we will also intro-
duce different extensions of this minimal setup, that will be studied in the following.

1.3.1. Constructing Supersymmetric Theories
Supersymmetric Lagrangian

To construct a supersymmetric Lagrangian it is first necessary to define the superfield
formalism. A superfield should conveniently describe bosonic and fermionic fields as com-
ponents of a single entity. This can be done using the superspace coordinates (z, #), where ¢
is a Majorana spinor with components 6,,a = 1,2, 3, 4 that are anticommuting Grassmann
numbers. Thus we can think of 8 as fermionic coordinates. A superfield S (x,0) is a func-
tion of four commuting spacetime coordinates z* and four anticommuting coordinates 6,.
In the following we will adopt the notation of [56] and describe fermionic fields in terms of
4-component Majorana spinors, i.e.

_ XL
Y= <—z‘azx’z> (1.19)

where x, is a left-handed two component Weyl spinor, and —¢09 X7 transforms as a right-
handed spinor, thus we have constructed a 4-component spinor from one Weyl spinor. As
usual we then define ¢y, p = P r1. A generic Dirac spinor can then be obtained as a
combination of two such Majorana spinors.

Two types of superfields will be relevant here. First, so-called “chiral superfields”, that
can describe matter and Higgs fields. A left-chiral superfield contains a complex scalar field
S, a fermion field 1)1, and an auxiliary field F. Defining &, = z, + %975%0 Wwe can express
the superfield as

Si(x,0) = S(2) 4+ iV20(2) + 00, F (7) (1.20)

The auxiliary field is not physical, i.e. it is not propagating. However, it allows us to conve-
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niently describe SUSY transformations and invariants.® From the chiral superfields we can
construct the function W, the so-called “super-potential”. It describes the interaction be-
tween the chiral superfields. As a product of left-chiral superfields only, the super-potential
is again described as a left-chiral superfield. The contribution to the Lagrangian from the
superpotential are those that change by a total derivative under SUSY transformations, thus
yielding a SUSY invariant action. This is true for the 6 component of a left-chiral su-
perfields. We thus refer to the superpotential contributions as F-term contributions to the
Lagrangian.

Gauge fields are promoted to gauge superfields. In the Wess-Zumino gauge we can write
a gauge superfield containing a vector field V#, a fermion field A (the so-called “gaugino”™)
and the auxiliary field D as

. 1, - - 1
by = 5(975%9)\/: + i0y500X 4 — 1(0%9)2%‘ (1.21)

Supersymmetric gauge kinetic terms can be described defining a curl superfield, that will
give rise to gauge-invariant kinetic terms for the fermion field A as well as the kinetic terms
for the vector fields in terms of the field strength tensor F),,,.

Gauge invariant kinetic terms of the chiral superfields are obtained via the Kihler potential

K = 8le2ta®ag, (1.22)

The resulting supersymmetric contributions to the Lagrangian are the (f56)% components
of K. They give rise to the gauge invariant kinetic terms for the scalar and fermionic fields
of the superfield. In addition we get interaction terms between the gauginos and the scalar
and fermionic components of the chiral superfields that are determined by the corresponding
gauge couplings. Finally there are also contributions to the scalar potential, deriving from
the elimination of the auxiliary field D. Because of their origin these are typically called
D-term contributions, and they are proportional to the gauge coupling g.

Softly Broken Supersymmetry

If SUSY is exact, every bosonic state must have a corresponding fermionic partner with
exactly the same mass and vice versa (i.e. the components of one superfield, that transform
into one another under SUSY transformations). This situation is excluded experimentally,
and we must therefore consider broken supersymmetry. Considering only SUSY breaking
terms that do not reintroduce quadratic divergences, such that SUSY remains a viable solu-
tion to address the hierarchy problem, is referred to as soft SUSY breaking. Linear, bilinear
and trilinear scalar interactions, and scalar and gaugino mass terms break SUSY softly.

It is particularly compelling to assume that SUSY is broken spontaneously. However, no
convincing theory of SUSY breaking has been found, and we therefore parametrize the ef-
fects of SUSY breaking by adding all possible soft SUSY breaking terms to the Lagrangian,
as is done e.g. in the MSSM. On the other hand, specific patterns in the soft SUSY breaking
parameters arise when considering that SUSY is broken in an unknown “hidden sector”, and
studying how the low energy phenomenology depends on how this breaking is mediated to
the observable sector. This is in particular interesting as we can predict the large number of
possible SUSY breaking terms from a much smaller set of free parameters. We will return

6 Auxiliary fields are simply eliminated via their algebraic equations of motion when working out the La-
grangian for the dynamically independent fields.
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Superfield Spin-0 Spin-1/2 | SU(3)¢, SU(2)., U(1)y
Q = (ar dp)" | (ar dp)” | (Yur tar)” (3,2,%)
Ue ik YyeL (3,1,-2)
D¢ aﬁ% Yper, (3*7 1, %)
L=(wper)” | (wer)" | (Wer vur)? (1,2,-3)
ke el VgL (1,1,1)
Hy= (W )| (b )™ | (g tong) (1,2,3)
Hy=(hy BT | (hg 1) | ()= ug) (1,2°, 1)
Table 1.2.: Chiral superfield content of the MSSM with gauge transformation properties and
weak hypercharge.
Spin-1/2 | Spin-1 | SUB)c, SU(2), U(D)y
gluino g gluon g (8,1,0)
wino W=, W9 | W boson W=, W° (1,3,0)
bino B° B boson B (1,1,0)

Table 1.3.: Gauge supermultiplet content of the MSSM.

to this idea after specifying the MSSM.

1.3.2. The Minimal Supersymmetric Standard Model

The MSSM can be considered a direct supersymmetrization of the SM, containing the min-
imal number of new particle states needed. The matter content consists of left-chiral scalar
superfields corresponding to the SM matter fields. To give mass to all fermions two Higgs
doublet fields of opposite hypercharge have to be introduced. They are also described by
left-chiral superfields. The chiral superfields, their components and their quantum numbers
are summarized in Table 1.2.The fermionic fields are written in terms of Majorana spinors
defined in Eq. (1.19), the Dirac fields can be obtained as e.g. ¢ = P, + Pgrtge. In contrast
to Table 1.1 we now defined the field content in terms of left-handed fields only, such that
we can directly construct the superpotential from these fields.

Similarly the SM gauge bosons are promoted to gauge superfields, the components of the
gauge supermultiplets are summarized in Table 1.3.

The superpotential of the MSSM is

W= M]:Iu]:]d + Yueaan]:IZUC + YdQﬁdﬁc + }’e[A/fidEAC (123)
where the chiral superfields are given in Table 1.2, y,,y4,¥Ye are 3 X 3 matrices in fam-
ily space, and ;. a mass parameter for the Higgs superfield, determining in particular also
the higgsino mass. Here we have added explicitly the SU(2) indices in the second term,
reflecting that the antisymmetric combination corresponds to an SU(2) singlet.

We note here that in principle baryon (B) and lepton (L) number violating terms are al-
lowed by both the SM gauge symmetries as well as supersymmetry. They have not been
included in the superpotential defined in Eq. (1.23), as they are strongly constrained by ex-
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periments (in particular through the non-observation of proton decay). These terms can be
forbidden by introducing a new discrete symmetry, R-parity. It can be defined as

R — (_1)3(37[1)4’28 (1.24)

with s the particle spin. It follows that all SM particles and the Higgs bosons are even
(R = 1) while their superpartners are odd (R = —1) under the new parity. This has important
phenomenological consequences as the superpartners can thus only interact in pairs, and in
particular the lightest supersymmetric particle (LSP) is stable. If the LSP is electrically and
color neutral it is an excellent dark matter candidate.

Following Section 1.3.1 we further introduce the soft supersymmetry breaking terms’

1 o~ . I
Lsopt = — §(M3§§ + MWW + MyBB + h.c.)

+ (fiuﬁab(%aszf}r{ + ?—d@Hdd}; — an{’[déE —|: hC) (125)
— Q*mé@ — L'miL — ﬂkm%fm — d%m%dpb — éEmééR
—my, HyH, —m3 HyHy + (bH, Hy + h.c.)

where we have introduced gluino, wino and bino masses Mj3, M, and M, and the trilinear
couplings a; and scalar masses m; for the various fermion species that are in general 3 x 3
matrices in flavor space. We have now fully specified the MSSM Lagrangian and can discuss
the physical implications, in particular for electroweak symmetry breaking, particle masses
and supersymmetric DM. We will then conclude our discussion of the MSSM by considering
how the large number of free parameters, introduced in particular by the generic soft-SUSY
breaking Lagrangian, can be reduced, either by studying specific models of SUSY breaking
mediation, or from phenomenological considerations.

Electroweak symmetry breaking

The Higgs potential now contains as free parameters |u|*,m3;,,m7; and b. These pa-
rameters need to fulfil a non-trivial condition in order to facilitate electroweak symmetry
breaking. Writing the vevs of the neutral fields as

vy = (hY), vy = (hY) (1.26)
such that
vp v = 0" =2mz /(¢ + g?) (1.27)
and introducing
tan f = 2~ (1.28)
Uq

we can write the conditions for electroweak symmetry breaking as

m2, +m2 + 2u?)sin 2
bMZ( H, Hd2 ) ﬁ) (1.29)

2,2 2 2

B T a2 —1 2

(1.30)

"Here we follow sign conventions as used e.g. in [56], note that different conventions are used e.g. in [34] and
in the SLHA format [57].

23



1.3

We see that either all parameters should take values around the electroweak scale, or a sig-
nificant accidental cancellation is needed. This is often referred to as the *“y problem”, since
all other terms can have a common origin (they are SUSY breaking parameters), while the
1 term in the superpotential is SUSY conserving, and a priori independent. Naturally we
would expect it to be either very small or very large compared to the electroweak scale.

Starting from a total of eight degrees of freedom in the Higgs sector, we are left with five
physical states after electroweak symmetry breaking. They are commonly denoted as h, H
(CP-even neutral states, sorted by mass), H* (charged Higgs bosons) and A (CP-odd neutral
state). Commonly the four free parameters are traded for i, m 4, tan 5 and v.

(S)particle Masses

Gauge boson masses By setting v? = v2 + v we recover the W+ and Z boson mass
relations from the SM description, see Eq. (1.9).

Matter fermions The fermion masses now depend on v, the Yukawa couplings y;, but
also on tan . At tree level they are given as

my =yosin B, my = ypvcos B, m,; = y,vcos . (1.31)

Higgs boson masses The mass of the physical pseudoscalar boson and the charged
Higgs bosons are given as

m? = Bu(cot 3 + tan 3), (1.32)
m3+ = Bu(cot B + tan 3) + Mg, (1.33)

Finally the real, neutral components give two physical states with masses

1
mi g = Slm + M) ¥ V (m2 + M2)? — 4m? M3 cos? 26). (1.34)

In particular at tree level we have m;, < My|cos 2|, and therefore large loop contributions
are required to reproduce the observed Higgs mass (m; ~ 125 GeV) in the MSSM.

Gluino mass Because of the unbroken SU(3)¢ the gluino cannot mix with any other
fermion. At tree level the mass can therefore simply be read-off from the soft SUSY breaking
mass term, and mg = |Ms|.

Chargino and Neutralino masses On the other hand, the breaking of electroweak
symmetry implies that all states with the same electric charge, color and spin will mix. In
the MSSM this means that electroweak gauginos and higgsinos will mix and are generically
referred to as electroweakinos. The resulting mass eigenstates are referred to as neutralinos
(neutral mass eignestates) and charginos (charged mass eigenstates). In the gauge-eigenstate
basis (B, wo, whg, o) the neutralino mass matrix can be written as

M, 0 —gva/V2  gu V2

Moo — 0 M, gvd/\/§ —gl)u/\/§
X —gva/V2  gua/V2 0 iz
glvu/\/ﬁ _gvu/\/i H 0

(1.35)
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The mass matrix is diagonalised by a unitary matrix V, as VnT Mo Vi, = Mgieq. The gauge
eigenstates are therefore related to the mass eigenstates as

BY (i
wo X

=V, |21, (1.36)
¢h2 {Cg
() X4

where we denote the mass eigenstates as X!, and i = 1,2,3,4 sorts the neutralinos by in-

creasing mass. Effectively the mixing is often assumed to be only a small perturbation, and

we speak of “bino-like”, “wino-like” and “higgsino-like” mass eigenstates, with masses de-

termined primarily by M;, M, and |u| respectively. This happens when M, Ms and |p| are

very different and is not the case for the well-tempered neutralino scenarios described below.
Similarly for charginos the mass matrix reads (in wino-higgsino basis)

Mg = (_Ag{?} __g;’d> . (1.37)

The chargino mass eigenstates are denoted )Zj»t, with ¢ = 1, 2 sorted again by increasing mass.

Sfermion masses Here we restrict the discussion to the mass of the top squark. Other
sfermion mass eigenstates can be obtained in a similar fashion. After electroweak symmetry
breaking there are four different sources of stop mass terms. Below we list them in the
(1, tr) basis.

* Superpotential terms: the sfermion receives the same mass contribution as the corre-
sponding fermion (Yukawa mass) that is diagonal, as well as an off-diagonal mixing
term that is also proportional to the Yukawa coupling (1, cot 3).2

» SUSY breaking scalar mass: diagonal contribution that can be read off from the soft
breaking Lagrangian (mt?L, mth). These terms are present independent of electroweak
symmetry breaking, therefore there is only one mass parameter for each generation of
left-handed squarks.

* SUSY breaking trilinear term: off-diagonal contribution to the stop mass matrix that is
present after electroweak symmetry breaking. The contribution is commonly written
proportional to the fermion mass by substituting a; by A,y;.

e D-term contributions: the D-terms also give rise to diagonal contributions to the mass
matrix after electroweak symmetry breaking, arising from squark-Higgs boson cross
terms. Due to their origin they depend on the sfermion charges.

Combining all contributions we can write the squared stop mass matrix as

M2 — mtgL +m? + D(Iy) m;(—At —21— ,ucotﬁ) (138)
my(—Ay + peot 8) mg +mi + D(tg)
where generically
D = M2 cos 2B(Ts — Qsin® Oy ). (1.39)

8For down-type sfermions this mixing scales as j tan /3 instead of j cot /3.
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We see that the stop mixing, being proportional to m,, can be large. We can parametrize it

by a mixing angle 6; as
t1\ [ cosb, sin6,\ (i1
(52) N (— sind, cosl,) \ip)’ (1.40)

such that #; is lighter than t5. On the other hand, as the off-diagonal terms scale with
the fermion mass, we conclude that the mixing is negligible for 1st and 2nd generation
sfermions.

Dark Matter in the MSSM

A priori the MSSM contains two possible DM candidates, the sneutrino or the lightest
neutralino. However, the sneutrino of the MSSM is excluded as a DM candidate because it
has a non-zero hypercharge: its couplings to the Z boson makes it annihilate too efficiently
in the early Universe, and hence its final relic abundance is lower than the measured value
of Qpnh?, see Bq. (1.17). Very stringent limits come moreover from direct DM detection
experiments: the vy, scattering off nuclei is mediated by ¢-channel Z boson exchange, giving
a spin-independent (SI) cross section of order 10~3?cm? — a value excluded already a decade
ago for DM particles heavier than 10 GeV. A light 77, with mass below m /2 is also excluded
by the Z invisible width.

On the other hand the lightest neutralino can be a very compelling candidate, reproducing
the observed relic density and in compliance with limits from direct detection experiments.
For example a mixed neutralino LSP can reproduce the observed relic density by appropri-
ately tuning the admixtures, the so-called well-tempered neutralino [58]. Note that a pure
bino neutralino is typically overabundant while higgsino and wino neutralinos are under-
abundant if they are lighter than ~ 1 — 1.5 TeV. For a detailed general review of SUSY DM
see [59], for a recent review of viable neutralino DM scenarios see [60].

Models of SUSY Breaking Mediation

We have now formulated the MSSM writing the most general soft-SUSY breaking La-
grangian. Despite our ignorance of the origin of SUSY breaking, we can study the relation
of the various free parameters by considering how SUSY breaking in an unknown hidden
sector is mediated to the observable sector (described by the MSSM). Here we list some
ideas of how the SUSY breaking is mediated, and what they predict for the parameters.

Gravity-mediated SUSY Breaking We consider that the hidden sector communicates
with the MSSM only via gravitational interactions. The SUSY breaking in the hidden sector
gives rise to a mass term for the gravitino (the superpartner of the graviton), which then gen-
erates soft SUSY breaking mass terms through radiative corrections. The minimal version is
called mSUGRA (minimal supergravity) or cMSSM (constrained MSSM), and is fully de-
termined by 4 free parameters that are defined at the GUT scale, and the sign of p. The free
parameters are

* mg, common mass parameter for all scalars (sleptons, squarks, Higgs bosons)
* my 3, common mass parameter for gauginos and higgsinos

e Ap, common trilinear coupling
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e tan 3

* sign(p).
The MSSM parameters at the weak scale are then determined by considering their RGEs. In
particular we find that the gaugino masses are related as My : My : M3 ~ 1 : 2 : 6, the
third generation squarks are the lightest squarks because of their large Yukawa coupling, and
sleptons are generally lighter than squarks because they do not have strong interaction loop
contributions that considerably increase the masses of the squarks.

Anomaly-mediated SUSY Breaking MSSM soft terms could further be generated
through anomalous violation of a local superconformal invariance (an extension of scale
invariance), such models are referred to as anomaly-mediated SUSY breaking (AMSB). The
minimal version (mMAMSB) is characterized by 3 parameters (scalar mass my, gravitino mass
mg2, tan () defined at the GUT scale and the sign of y. This type of SUSY breaking medi-
ation leads to different gaugino mass hierarchies at the weak scale. Notably M, /M, =~ 3, so
the winos are lighter than the bino in these scenarios.

Gauge-mediated SUSY breaking Assuming that SUSY breaking is communicated to
the MSSM via SM gauge interactions is called gauge-mediated SUSY breaking (GMSB).
We consider that so-called messenger fields, that are charged under SM gauge interactions,
couple also to the hidden sector. The messenger particles will generate SUSY breaking
masses via their gauge couplings (at loop level). In contrast to SUGRA and AMSB sce-
narios, GMSB predicts a light gravitino, which is thus the LSP, giving rise to very different
phenomenology.

pMSSM

Without considering a particular mechanism of SUSY breaking mediation, we can still sig-
nificantly restrict the parameter space by phenomenological observations, this is commonly
referred to as the phenomenological MSSM (pMSSM). While the generic MSSM contains
more than 100 free parameters, experiments tell us that many of them should be related or
very small. The resulting assumptions were summarized in [61] as

* No new source of CP-violation (eliminating all phases in the soft-SUSY breaking po-
tential)

* No flavor changing neutral currents (the sfermion mass and trilinear coupling matrices
are taken to be diagonal in flavor space)

* First and second generation universality

Taking into account in addition the conditions for electroweak symmetry breaking, this
leaves us with 19 free parameters in addition to the SM parameters, namely

» Higgs sector: tan 3, M, p
* Gaugino masses: My, My, M3

Universal first/second generation sfermion mass terms: mg, Mg, mMj _, Mj, Mg
q R dr l R

Third generation sfermion mass terms: Mg, My M M, My

Third generation trilinear couplings: A;, Ay, A,
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Natural SUSY

Fine-tuning considerations in the context of the MSSM may allow us to estimate the
masses of particles related to the Higgs sector [62,63]. SUSY scenarios with low fine-tuning
are referred to as natural SUSY scenarios. In particular the higgsinos has be light, below
about 700 GeV. Moreover the stop mass and the gluino mass (giving important contributions
to the running of the stop mass) should not be much heavier than about 1 TeV. For example a
1.5 TeV gluino is associated with about 1% fine-tuning, and a 1.5 TeV stop with about 10%
fine-tuning [63]. Note that these values depend on the specific definition of the fine tuning
measure, and on the details of the model. Nevertheless they give a useful estimate of the
mass scales expected in natural SUSY scenarios.

1.3.3. MSSM+RN

We have seen that the sneutrino is not a viable DM candidate in the MSSM because of its
non-zero hypercharge. The picture changes dramatically if we include in the MSSM a RH
neutrino superfield which gives rise to Dirac neutrino masses. Besides the RH neutrino, the
superfield also contains a scalar field, the RH sneutrino N (strictly speaking this is a right-
chiral field, but we use the RH notation for simplicity). This field, if at the TeV scale, can
mix with the LH partner 7;, and yield a mostly RH sneutrino LSP as a viable thermal DM
candidate. We denote this extension, first defined in [64,65], as MSSM+RN.’

In the following we adopt the notation used in [7 1, 72], that differs only slightly from the
notation used in Section 1.3.2. The superpotential for the Dirac RH neutrino superfield is
given by

W = e(pH!H — YV HILIR + V]V HILINY), (1.41)
where Y,/ is a matrix in flavor space (which we choose to be real and diagonal), from which
the mass of neutrinos are obtained as m%L, = v,Y!!. Note that lepton-number violating
terms are absent in this scheme. The additional scalar fields contribute with new terms in the
soft-breaking potential

Viete = (MP)Y LI L]+ (M) N N7 —[e; (A HILIR'+ ALV HYLIN ) +he], (1.42)

where both matrices M3 and A’ are real and diagonal, My = diag(m3,) and A}/ =
diag(AY), with k = e, u, 7 being the flavor index. In the sneutrino interaction basis, defined
by the vector ' = (7}, N*), the sneutrino mass potential is

1

Vrrliass = 5 CI)J[LR M%R (I)LR 5 (143)
with the squared—mass matrix M3 .
m?, + +m?% cos(28) + m?2 L Akvsin 8 — ump/ tan B
M2 _ Lk 2!tz D \/§ v D (1 44)
LR \%A’gv sin 8 — ump/ tan 3 ma + mi ' '

9Pure RH sterile sneutrinos can also be viable (non-thermal, depending on the model) DM candidates, as
discussed e.g. in [66—70]. In particular, if the RH neutrino is charged under an extended gauge group, it
can also be a DM candidate. An example for such a scenario, with an additonal U(1) gauge group, will be
introduced in Section 1.3.5.
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Here, mQLk, are the soft mass terms for the three SU(2) leptonic doublets. The Dirac neutrino
mass mp is small and can be safely neglected.

The off-diagonal term determines the mixing of the LH and RH fields. If A% = Y,
that is if the trilinear term is aligned to the neutrino Yukawa, this term is certainly very
small as compared to the diagonal entries and is therefore negligible. However, A% can
in general be a free parameter and may naturally be of the order of the other entries of

the matrix [64, 65], thus inducing a sizable mixing among the interaction eigenstates. The
sneutrino mass eigenstates are then given by
Uk \ [ —sin®f cos6k 74 (1.45)
D, )\ cosff sin@% Nk ) '

The relevant parameters at the electroweak scale for the sneutrino sector are the two mass
eigenvalues m;, and m;,  and the mixing angle 0%, related to the A% term via

14

k .
in 2605 — /32w vSing (1.46)
(ml%kQ - ml%kl)

The sneutrino coupling to the Z boson, which does not couple to the singlet fields, is now
controlled by the mixing angle. This has a relevant impact on the sneutrino phenomenology,
as discussed e.g. in [64,71,73-75].

In the following we consider a common scalar mass and trilinear coupling for all sneutrino
families at the GUT scale. By neglecting all lepton Yukawas but Y in the running of the
masses we find that at the electroweak scale the sneutrino tau, 7, is the lightest one among
the three sneutrino flavors and hence the LSP, while 7., = ,,."° Note that in this setup the
mass splitting between v, and 7, ,, is generally very small, which means that regarding
collider phenomenology they are practically degenerate.

1.3.4. NMSSM

Another simple addition to the MSSM would be a minimal extension of the Higgs sector.
As we have seen the condition for electroweak symmetry breaking in the MSSM gives rise
to the “u problem”. That is, there is no reason why the SUSY conserving u term should be
connected to the SUSY breaking mechanism and scale. This is amended if the p term is in
fact induced by SUSY breaking terms, similar to the Yukawa mass terms of fermions. This is
the case in the simplest possible extension of the MSSM, where a SM singlet chiral superfield
S, containing the complex scalar field S, and its fermionic partner, the singlino S is added.
This model is called the Next-to-Minimal Supersymmetric Standard Model (NMSSM). After
electroweak symmetry breaking the components of the singlet S will mix with H, and H,
to three CP-even and two CP-odd neutral scalars. Similarly, the singlino S will mix with the
higgsinos and gauginos to give five neutralino mass eigenstates.

In the simplest NMSSM scenario with a Z3 symmetry we can add to the superpotential
the terms o o
Wy = ASH, - Hy + 553 (1.47)

1Tn the following we consider only MSSM+RN scenarios where the sneutrino is lighter than the lightest
neutralino, and hence the LSP.
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and thus a vev s of S will generate an effective p-term with
Hefr = AS. (1.48)

The vev s is naturally related to the SUSY breaking scale, thus resolving the p problem.
Moreover, the fine-tuning is reduced as there are additional tree level contributions to the
light Higgs mass. The phenomenology can be significantly altered with respect to the
MSSM, it is in particular interesting to consider the possibility of a singlino-like neutralino
as the LSP. A doublet-singlet mixing can also modify significantly the tree-level couplings
of the light Higgs.

In the following we will not be considering the NMSSM but rather a further extension by
an additional U (1) gauge group introduced in the next section. For details about the NMSSM
we refer the reader to [76].

1.3.5. UMSSM

A less minimal extension, that retains some of the good features of the NMSSM, consists
in adding a new U(1) gauge group to the MSSM, denoted “UMSSM” in the following.
Contributions from U(1) D-terms in addition to those from the superpotential present in the
NMSSM, can further increase the light Higgs mass [77,78] reaching easily 125 GeV without
a very large contribution from the stop sector. Furthermore, because the singlet mass is
driven by the mass of the new gauge boson which is strongly constrained by LHC searches
to be above the TeV scale [79, 80]'!, the tree-level couplings of the light Higgs are expected
to be SM-like, in agreement with results from ATLAS and CMS [82, 83]. Another nice
feature of the UMSSM (as the NMSSM) is that the i parameter, generated from the vev of
the singlet field responsible for the breaking of the U(1) symmetry, is naturally at the weak
scale. Finally, this model is well motivated within the context of superstring models [84—88]
and grand unified theories [89,90].

The symmetry group of the model is SU(3). x SU(2), x U(1)y x U(1)". Following the
description in [91,92] we assume that the UMSSM is derived from an underlying Es model.
In this case the U(1)’ charges of each field F of the model are parameterized by an angle 6,
as

b= COS@EGQ;—FSin@EGQ;, (1.49)
where 0, € [—7/2,7/2] and the charges Q' and Q) are given in Table 1.4 for all fermionic
fields that we will consider [93, 94]. The dependence on 0, of the U(1)’ charge of some

matter fields is shown in Figure 1.4.

The matter sector of the £ model contains, in addition to the chiral supermultiplets of the
SM fermions, three families of new particles, each family containing : a RH neutrino, two
Higgs doublets (H,,, H,), a singlet, and a colour SU(3). (anti)triplet. While the complete
matter sector is needed for anomaly cancellations, for simplicity we will assume that all
exotic fields, with the exception of three RH neutrinos, two Higgs doublets and one singlet,
are above a few TeV’s and can be neglected. Similarly in addition to the MSSM chiral
multiplets we will only consider the chiral multiplets corresponding to these fields, that is
the multiplet with a singlet S and the singlino S and another multiplet with RH neutrinos v,
(1 € {e, p, 7}) and their supersymmetric partners, the sneutrinos, ;.

Finally the UMSSM model contains a new vector multiplet, with a new boson B’ and the
corresponding gaugino B'. The superpotential is the same as in the MSSM with ¢ = 0 but

Tn this work we concentrate on a Z’ above the electroweak scale, for scenarios with light Z' see [81].
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Q 9 9 9 & 9 , U, 9
VA0Q, -1 -1 3 3 5 -1 2 -2 0
V249, 1 1 1 1 1 1 -2 -2 4

Table 1.4.: U(1)’ charges of all matter fields considered.
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Figure 1.4.: U(1)’ charges of some matter fields in the UMSSM as a function of 0g,.

has additional terms involving the singlet,'?

Womssm = Waissu im0 + MSHy Hy + v, LH, 0% + O(TeVs) (1.50)

where y,, is the neutrino Yukawa matrix. The vev of .S, (S)
and induces a p term

5 breaks the U (1)’ symmetry

Us

V2
Note that for 6z, = 0 the U (1)’ symmetry cannot be broken by the singlet field since Qs = 0.
Note also that the invariance of the superpotential under U(1)" imposes a condition on the

Higgs sector, namely Qf; + Qp, + Qg = 0. The soft-breaking Lagrangian of the UMSSM
is

n=A (1.51)

; , 1 ~ -
"%G?\f[tSSM — l\b/losﬂéM|b:0 - (EM{B,B/ + ﬁEaVLHu + h.C.) - D;ngﬁR (1 52)

—m%|S|> — (VANSH, Hy +h.c.) + O(TeVs),

with the trilinear coupling A,, the B’ mass term M, and the singlet mass term mg. The
soft sneutrino mass term matrices a, and m?,R are taken to be diagonal in the family space.
We now describe briefly the sectors of the model that will play a role in the considered
observables.

2Here we follow conventions from [91,92,95].

31



1.3

Gauge bosons

The two neutral massive gauge bosons, Z° and Z’' = B’ can mix through both mass and
kinetic mixing [96,97]. In the following we will neglect the kinetic mixing for simplicity.'?
The electroweak and U (1)’ symmetries are broken respectively by the vev’s of the doublets,
vo/V?2 = (H,), v4//2 = (Hy) and singlet, v,/v/2 = (S). The mass matrix reads

M2, A2
M = ( Y ) : (1.53)
Z zZ!
where
M2, 19—3(02 +v3)
A - u d
4 C%V
M = g% (Q, i+ Qu, vl + Q'5}) (1.54)
/
AL = _gigl (Qy, 0% — Oy v2) (1.55)
w

with go = e/sw, g1 = +/5/3g1, 1 = e/cw and ¢y (sy) is the cosinus (sinus) of the
Weinberg angle. Diagonalisation of the mass matrix leads to two eigenstates

7, = cosayZ’ +sinayZ'
Zy = —sinazZ" +cosayZ’ (1.56)

where the mixing angle is defined as

202
sin20y = —5——2—— (1.57)
M3, — M,
and the masses of the physical fields are
1
M3, 4, = 3 <M§0 + Mz, F \/(Mg0 + M?,)2 + 4A§> . (1.58)

Precision measurements at the Z°-pole and from low energy neutral currents provide strin-
gent constraints on the Z — Z’ mixing angle. Depending on the model parameters the
constraints are below a few 1072 [102, ]. The new gauge boson Z, will therefore have
approximately the same properties as the Z’. As input parameters we choose the physical
masses, My, = 91.187 GeV, Mz, and the mixing angle, ovz. From these together with the
coupling constants, we extract both the value of tan 5 = v, /v, and the value of v,. Note that
as in [104] we adopt the convention where both A and tan § are positive while x (and then
vs) and Ay can have both signs. From Egs. (1.55) and (1.57),

1 sin 2a, (M2 — M2 ew
/ / ( ( 2Z1/ Zz) + Ql : 7
Hy + Q w v 9192

cos’ B =

(1.59)

where v* = v2 + v3.
For each U(1)" model the value of tan /5 can be strongly constrained as a consequence

3The impact of the kinetic mixing on the Higgs boson mass and on the Z’ and DM phenomenology was
examined in the U (1) 5_ 1, extension of the MSSM in [98—100] and recently for the UMSSM in [101].
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of the requirement 0 < cos? 8 < 1. For example for the U(1), case with sinayz > 0 and
My, > My, the value of tan 5 has to be below 1. The reason is that for this choice of 0,
we have

A2 — 9291 2 2
5 = (tan® 5 — 1)v; < 0. (1.60)

For other choices of parameters the value of tan 3 can be very large, O(100). Another
interesting relation is found for the case of small mass mixing between Z° and Z’ namely
ay K M”—; In this limit 3 is determined from the U(1)" charges only,

Z3

/
2 H
cos” B ———. 1.61

One might think that small values of tan 3 are problematic for the Higgs boson mass since
the MSSM-type tree-level contribution becomes very small. However, as we will see below,
additional terms to the light Higgs mass and especially their dependence on a; can help raise
its value to 125 GeV.

Sfermions

The important new feature in the sfermion sector is that the U(1)’ symmetry induces new
D-term contributions to the sfermion masses. These are added to the diagonal part of the
usual MSSM sfermion matrix, and read

1
Ap = 59329; (Qyvi + Qi vl + Qv?) (1.62)
where F' € {Q,u,d, L,e,v}.

For large values of v, the new D-term contribution can completely dominate the sfermion
mass. Moreover this term can induce negative mass corrections, even driving the charged
sfermion to be the LSP. Thus the requirement that the LSP be neutral (either the lightest
neutralino or RH sneutrino) constrains the values of 6, (unless one allows large soft masses
for the sfermions). For example, for — tan*1(3\/%) < 0g, < 0, the corrections to the
d-squark and to LH slepton masses are negative, while for 0 < 0g, < tan~'(1/3/5) the
corrections to the u-squark and RH slepton masses are negative. The latter implies that the
u-type squarks (and in particular the lightest top squark) and the RH sleptons can be the Next-
to-LSP (NLSP). Interestingly for 0, = — tan~'(3,/3/5) ~ —1.16 the LH smuon/sneutrino
can be sufficiently light to contribute significantly to the the anomalous magnetic moment of
the muon and bring it in agreement with the data [105, 106].
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Neutralinos

In the UMSSM the neutralino mass matrix in the basis (B, W:”, ]:Id, I—ju, S ) B ) reads (cg =
cos 3 and sz = sin [3)

M1 0 —MzocﬂSW MzosﬁSW 0 0
0 M, Mzgocgew  —Mzosgew 0 0
Moo — —Mpocgsyw  Myocgew 0 — —)\\”/—“5 Q914
X Myosgsyw — —Mzgosgew — i 0 —)\\% Q. 91Vu
0 0 -\ -2 4 0 Qs g1 vs
0 0 w9iva  Qpgivw  Qsgivs M
(1.63)
Diagonalisation by a 6 X6 unitary matrix Z,, leads to the neutralino mass eigenstates :
Xi = Znij¥),  i.j €{1,2,3,4,5,6}. (1.64)

The chargino sector is identical to that of the MSSM.

The LSP could be any combination of bino/higgsino/wino/singlino and bino’. However,
as will be discussed in Section 5.3.2, the LSP is never pure bino’, the pure bino and singlino
tend to be overabundant while pure higgsino and wino lead to under abundance of DM.

The Higgs Sector

The Higgs sector of the UMSSM consists of three CP-even Higgs bosons h;,i € {1,2, 3},
two charged Higgs bosons H* and one CP-odd Higgs boson A°. Details about the Higgs
potential, minimization conditions and mass matrices can be found in the Appendix A. The
lightest Higgs is usually SM like but can be heavier than in the MSSM. Indeed the tree-level
lightest Higgs boson mass squared, which can be approximated by [107]

1
M} e = Mo cos® 23 + 5)\21)2 sin” 26 + gfv® (QY, cos® B + QY. sin® 6)2

_ Ay? 1 Ay sin? 23 n g_f
97 Q% 2 A2

(1.65)

2
(@i cost -+ Qi 5) Q5 )

receives three types of additional contributions as compared to the MSSM. The first one
proportional to A is also found in the NMSSM, the second one comes from the additional
U(1) gauge coupling ¢} and the last arises from a combination of pure UMSSM and NMSSM
terms. The first term is not expected to play as important a role as in the NMSSM since A is
small. This is because A is inversely proportional to the vev of the singlet Higgs field which
is in turn related to the mass of the new gauge boson, see Egs. (1.51) and (1.54). The strong
dependence of the latter two terms on the U(1)’ charges means that the size of the tree-level
contribution to the Higgs mass will mostly depend on the value of 0.

Typically the Higgs spectrum will consist of a standard model like light Higgs, a heavy
mostly doublet scalar which is almost degenerate with the pseudoscalar and the charged
Higgs, and a predominantly singlet Higgs boson. The latter can be either hs or h3, depending
on the values of the free parameters of the model, in particular M, and A,. The singlet
Higgs is never h; because its mass depends on v which is large due to the lower bound on
My,.
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1.4. Other Extensions of the Standard Model

An alternative, non-supersymmetric, way of addressing the hierarchy problem is the idea
that the Higgs boson is in fact a composite state, arising from a new, strongly interacting
sector. The picture is dual to scenarios of warped extra dimensions, and we will introduce
both the concept and consequences of composite Higgs and extra dimension scenarios.

1.4.1. Composite Higgs

We consider a new composite sector that interacts weakly with the elementary sector
(fermions and gauge bosons of the SM), and is described by an exact symmetry group G
(containing SU(2)1, x U(1)y). If spontaneous breaking of G to a subgroup # gives rise to at
least four Goldstone bosons that can be arranged in a complex SU(2);, doublet, they can be
identified with the Higgs doublet. In addition the interaction with the elementary sector can
give rise to an explicit breaking of G, and the now pseudo Goldstone bosons will develop a
potential, thus enabling electroweak symmetry breaking. As the Higgs is now described as
a pseudo Goldstone boson, it can be naturally light (and in particular lighter than other new
bound states).

Moreover, fermion masses can be described as a result of partial compositeness, i.e.
the physical states are linear superpositions of elementary and composite degrees of free-
dom [108]. The mass of the so-called partners arises from the confinement in the strong
sector, and as a consequence they must be “vector-like”, i.e. have the same quantum num-
bers for both chiralities, such that a Dirac mass term is allowed. We can then describe the
hierarchy in quark masses as a consequence of partial compositeness, the light quark masses
are explained by a tiny compositeness fraction, while a larger fraction gives rise to large
Yukawa couplings for the top quark. In these scenarios the Higgs mass is related to the mass
of the heavy resonances, which thus allows us to put an upper bound on the mass of the
partners. While the exact bound will depend on the specific model, typically the top partner
should have a mass < 1 TeV [109]. For a detailed introduction to composite Higgs models
see [30]. LHC constraints on composite Higgs scenarios were recently summarized in [1 10].

1.4.2. Extira Dimensions

In models with extra dimensions the Planck scale M p is in fact not a fundamental scale, but
can arise from the electroweak scale by considering that gravity propagates in n additional,
compactified extra dimensions. In the ADD model of large extra dimensions [111] we can
relate the fundamental scale (i.e. the Planck scale in 4 + n dimensions) to the 4 dimensional
Planck scale via the radius R of the compactified dimensions as

M ~ MY R (1.66)
The fundamental scale can be around the weak scale for large radius or number of extra
dimensions. The most stringent constraints on ADD models come from astrophysical obser-
vations, and require n > 4 to solve the hierarchy problem [112].

An alternative approach is the Randall-Sundrum model of warped extra dimensions [ 13].
If the four-dimensional metric is scaled by a “warp” factor that rapidly changes as function
of an additional dimension, we can address the hierarchy problem with a single, small extra
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dimension. The metric is defined as
ds?® = 6_2krc¢nm,dx“das” + r2d¢?, (1.67)

where k is a scale of order the Planck scale, z# the four-dimensional coordinates and 0 <
¢ < 7 the coordinate of the extra dimension, and finally r. the finite size of the extra di-
mension. ¢ is therfore an angular coordinate parametrizing the compactified fifth dimension.
We assume that at the fixed points ¢ = 0,7 branes supporting (3 + 1)-dimensional field
theories are located. In this setup the observed 4-dimensional Planck scale Mp is related to
the fundamental parameters as

MB

M;k

[1 — e 2krem] (1.68)
with M the fundamental Planck scale. Here the reduced 4-dimensional Planck scale shows
only a weak dependence on r.. On the other hand the observed symmetry-breaking scale v
as well as masses are described as

m = e Tmg. (1.69)

Thus if e*"<™ ~ 10'® this mechanism produces TeV physical mass scales from fundamental
mass parameters at the Planck scale. Moreover, we can explain the mass hierarchies observed
between the different SM fermions, by considering different localization of the correspond-
ing fields in the 5-dimensional bulk, see e.g. [ | 14]. This class of models are typically referred
to as bulk-RS models.

In models of warped extra dimensions the tensor and scalar fluctuations of the metric
describe a graviton and radion field. The KK graviton GG, and the radion r can couple to a
SM field (or a DM field) 7 via its energy-momentum tensor 7} (and its trace 7;), and in 4
dimensions the effective Lagrangian reads [ 15]

G T
G G

= — TMV v T 1.
EKK AGuV i +\/6AT i) ( 70)

with A the compactification scale determined by the geometry. The coefficient ciG’r is the
overlap of wave functions in the bulk, and thus depends on the localization of the field <.
Such models can be constrained by searching for resonances in collider experiments. A
phenomenological study of the LHC constraints in a universal coupling scenario will be
discussed in Chapter 6. Finally it is interesting to note that we can relate models of warped
extra dimensions with strongly coupled conformal theories, see e.g. [1 16, 117].

A third class of models that is interesting here are models of Universal Extra Dimensions
(UED) [1 18], where all SM fields can propagate in the bulk, and will give rise to so-called
Kaluza-Klein resonances (or KK excited states). The momentum in each dimension is quan-
tized and we can describe it by a new quantum number (KK number j;,7 = 1,...,4, 0 the
number of extra dimensions). Momentum conservation in the extra dimensions then implies
a conservation of the KK number. Similar to R-parity in SUSY this implies that KK exci-
tations are produced only in pairs, and decay to a lightest KK excited state, which is thus a
dark matter candidate. Generically the KK excitations at each level will be degenerate, with
a mass given by M; = %2, where p = j7 + ... + j;. However, loop corrections give rise
to a mass splitting depending on the specific model description. Finally we note that while
the 0O-mode fermions are chiral, all KK excitations are vector-like. LHC constraints on the
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Minimal UED Model were studied recently in [1 19, 120].
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CHAPTER
TWO

LHC SEARCHES AND THEIR INTERPRETATION

In the introduction we have seen several models that can address open questions in par-
ticle physics, in particular supersymmetric models. We next want to study how we can test
their predictions experimentally. Here we focus on direct searches in high-energy collision
experiments, in particular at hadron colliders. For constraints from electroweak precision ob-
servables we refer the reader to [121], for constraints from flavor observables see e.g. [ 122].

We start by giving an overview of potential SUSY signals in a hadron collider, i.e. de-
scribing the main production and decay channels and the resulting signatures in Section 2.1.
As a consequence of R-parity superpartners are always produced in pairs, and then cascade
decay to the LSP. Due to their strong interaction, colored superpartners are expected to be
produced abundantly in hadron collisions if they are light. Electroweak production can also
be relevant, but only if the colored superpartners are much heavier. Therefore the decay
chains of the originally produced particles typically lead to signatures with several hard jets
and/or leptons, while the LSP is stable and escaping the detection.

We then briefly review different seach strategies in Section 2.2, in particular differentiat-
ing between resonance searches and searches with missing transverse momentum from new
invisible particles, i.e. DM candidates. The interpretation of SUSY searches is discussed in
detail in Section 2.3. As we will see, so-called simplified models are a particluarly useful
tool in the interpretation of SUSY searches, and we will introduce them in some detail. A
short review of the current experimental status from LHC search results will be given in
Section 2.4.

Finally Section 2.5 gives an overview of methods for the reinterpretation of the search
results in generic models, introducing in particular the toolchain required for reinterpretation
based on event simulation. Moreover, alternative methods, that allow for a faster evalua-
tion of collider constraints, are also described. They are based either on simplified model
results, generally giving a conservative estimate of the constraints, or on machine learning
techniques. Note that reinterpretation based on simplified model results will be introduced
in detail in Chapter 3, where the tool SMODELS is presented.

The interpretation of DM searches will be disucssed in the dedicated Chapter 6.

2.1. SUSY at Hadron Colliders

As the main focus of this work lies on SUSY phenomenology at the LHC we here give a
short overview of sparticle prodcution and decay channels. We base our discussion on the
MSSM, differences in extended models will be discussed explicitly in the dedicated sections.
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2.1.1. Sparticle Production

We consider here the cross sections in hadron collisions in the parton model framework.
The fractional longitudinal momentum z, of a parton a (constituent of hadron A) is de-
scribed by the parton distribution function (PDF), and will depend on the the squared four-
momentum transfer Q? of the underlying elementary process. The PDF is thus a function
faja(zq4, Q%) and we can obtain a final cross section by convoluting the subprocess produc-
tion cross section do with the parton distribution function,

1 1
do(AB — cdX) = Z/ dma/ dXp fasa(q, QQ)fb/B(iﬂb, Q*do(ab — cd)  (2.1)
— Jo 0

where A, B are the initial hadrons, ¢, d the produced superparteners and X any hadronic de-
bris. The sum over a, b includes all initial partons producing a final state ¢+ d. The PDFs are
universal (they do not depend on the hard process considered) and can be obtained from fit-
ting data from deep inelastic scattering experiments and then evolving them to higher scales.
This QCD evolution of parton densities is described by the splitting equations introduced
by Dokshitzer [123], Gribov and Lipatov [124], and Altarelli and Parisi [125], the so-called
DGLAP evolution. Various PDF descriptions (using different datasets and approximations
for the fits) are available, a standardised access is provided via the Les Houches Accord PDF
(LHAPDF) library [126]. The hard scattering cross section dé can be obtained via a phase
space integral over the matrix element, that can be calculated from the Feynman diagrams.
In the following we will only schematically discuss the main production processes and com-
pare their cross sections in /s = 13 TeV proton-proton collisions. A detailed discussion,
including Feynman diagrams and explicit calculations can be found in, e.g., [56].

Strong Production

If squarks and/or gluinos are light, the dominant production channels in hadron collisions
are from strong production processes. The relevant reactions are

99 = 94, (2.3)
99 = Gidj- (2.5)

Gluon fusion gives rise to gluino pair production either through t-channel exchange of a
gluino or an s-channel gluon. Moreover, gluinos pairs are produced from ¢q either via an
s-channel gluon or a t-channel (or u-channel) squark exchange. Similarly squark-antisquark
pairs are produced via s-channel gluons from gluon or ¢4 initial states, by the exchange of
a t-channel squark (gluino) from a gluon (¢q) initial states, and from a 4-point gluon-squark
interaction. In additon squark-squark pairs are produced from qq initial states through t-
channel exchange of a gluino. Feynman diagrams for squark-(anti)squark production are
shown in Figure 4.1, see also Figure 4.2 for the specific case of top squark production. Since
the top quark PDFs are negligible, only stop-antistop production is relevant. Finally gluino-
squark production from gluon-squark initial states is also possible, either through t-channel
squark or gluino, or via an s-channel quark.

Note that in general all cross sections depend on both gluino and squark masses, as e.g.
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Figure 2.1.: Strong production cross secions at the LHC at /s = 13 TeV, obtained with
NLLfast [127-134] and NNPDF [135] PDFs. The notation ¢ includes all squarks
except stop.

t-channel squark exchange can be important in gluino pair production. An exception is the
production of top squarks that at leading order depends only on the mass of the produced
particle. A comparison of the various production cross sections is shown in Figure 2.1.
While the gluino pair production cross section slightly drops if squarks are also light due
to interference in the ¢q initiated production, the squark-antisquark production cross section
is siginificantly increased profiting from enhancement of ¢¢ induced production in the pres-
ence of a light gluino. Moreover squark-squark and gluino-squark production are possible
if both the gluino and the first generation squarks are light, significantly increasing the to-
tal SUSY cross section. Direct stop production is dominant only if other squarks and the
gluino are much heavier, in particular because of the smaller number of degrees of freedom.
Here all cross sections have been calculated at NLO+NLL (Next-to Leading Order + Next-to
Leading-Log), and we note that K factors can be quite large. For example the correction
from Leading Order (LO) to NLO gives K factors K = oy10/0L0 up to a factor two for
the processes considered in [128] and the K factor is further increased when adding NLL
contributions [131] and NNLL contributions [136].

Elektroweak Production

Electroweakino pairs are produced in the following electroweak processes:

a0 — XiX; X0Xi s (2.6)
ud — XX, di— X X 2.7)

where 7,7 = 1,2 and k,[ = 1...4 enumerates the charginos and neutralinos as a function of
increasing mass. Chargino and neutralino pair production proceeds via Drell-Yan type scat-

41



2.1

tering, charginos are produced via virtual photons or Z bosons, neutralinos via Z bosons.!
In addition t-channel exchange of squarks also contributes to chargino and neutralino pair
production from ¢¢ initial states. Similarly chargino-neutralino production proceeds via W+
bosons or t-channel squark exchange.

The direct production of bino-like neutralinos is typically negligible, because the produc-
tion via Z boson is possible only via the higgsino admixture, and production via t-channel
squark is also supressed because of the hypercharge coupling and potentially also by a large
squark mass. On the other hand the direct production of winos or higgsinos can be important
if they are much lighter than colored superpartners, as they couple to the electroweak gauge
bosons. In particular wino production profits from the large isotriplet coupling to the W=
bosons.

Similarly, sleptons are also produced in electroweak processes as

qq — U715, i (2.8)

and

ud — If iy, dia— I 5. (2.9)
Note that 72,5 = 1,2 for mixed stau mass eigenstates, but only like-type (L or R) slepton
pairs can be produced for the first two generations. Charged slepton pairs are produced via
a virtual photon or a Z boson, sneutrino pairs via Z bosons, while l%l)l production proceeds
via W=,

We compare the cross sections in /s = 13 TeV proton-proton collisions in Figure 2.2,
taken from [137]. All cross sections are calculated at NLO+NLL order. Weakino produc-
tion cross sections are calculated according to [138, ] and using CTEQ6.6 [140] and
MSTW2008n1090cl [141] PDFs, slepton production cross sections are calculated according
to [142] using NLO CT10 [143] PDFs.

2.1.2. Sparticle Decays

We now summarise qualitatively the decay patterns in the R-parity conserving MSSM
with a neutralino LSP Y. In practice decay widths and branching ratios are calculated
numerically using tools like SOFTSUSY [!144] or SPheno [145].

Gluino Decays

Gluino decays proceed exclusively via squarks. If at least one squark is lighter than the
gluino the two-body decay
g —qq (2.10)

is dominant. On the other hand, if squarks are heavier, the decay will generally proceed
through off-shell squarks, resulting in the effective three-body decays
g — qax; . 94'X5 (2.11)

where © = 1...4 and j = 1,2. The preferred channels are determined by the available
phase space and by the couplings involved in the decay. For example third generation final
states can be strongly favoured if the stop is the lightest squark and/or when the decay to

Note that only the higgsino components couple the neutralinos to the Z boson, and consequently neutralino
pair production via this process is relevant mainly for higgsino-like neutralinos.
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Figure 2.2.: Electroweak production cross secions at the LHC at /s = 13 TeV. H} includes
the sum over HY + HJ, slepton cross sections are for one species of left- or
right-handed sleptons.

a higgsino-like neutralino is kinematically allowed. Finally in a compressed scenario the
radiative decay through a quark-squark loop is also relevant, i.e. § — gx’. Long-lived
gluinos may appear in particular in split-SUSY type scenarios where sfermions are much
heavier than the gauginos [146].

Sfermion Decays

Sfermions can decay via their gauge and Yukawa couplings as
f= s f= % (2.12)

where i = 1..4, 7 = 1,2, f = [,v,q, and the chargino couples up-type to down-type
(s)quarks, and (s)leptons to (s)neutrinos. If the LSP is bino-like, decays to intermediat wino-
or higgsino-like neutralinos/charginos are typically preferred when open. In particular left-
handed sferminos strongly prefer decays into wino-like neutralinos and charginos because of
the large gauge coupling, and third generation sferminos can have relevant branching frac-
tions into higgsino-like states due to their sizable Yukawa couplings. Note that the prefered
squark decay channel will impact also the gluino decay branching ratios via oft-shell squarks.
Moreover, if the gluino is lighter than the squark, the dominant squark decay is typically via
strong interaction,

qd— qqg. (2.13)

For third generation squarks more complicated decay patterns are generally possible. For
example a bottom squark can decay to a top squark and a W boson. Finally in scenarios
with small mass difference between stop and LSP the flavor supressed decay ¢ — cx? or the
four-body decay ¢ — bf f'x! can be dominant.
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Chargino and Neutralino Decays

We restrict the discussion to two-body decay modes. Three body decays via virtual bosons
are relevant only if two-body decay modes are supressed or forbidden. We further assume
that only the SM-like Higgs A is light enough to appear in the decays. Electroweakino decays
can then be summarised as

XY — Z0 WX, hxe, U, v, qd, (2.14)

X7 = WX, ZXE, ht i, vl qd (2.15)

where i = 2,3,4, 7 = 1,2, k = 1,2,3 (k < 7) and [ = 1...4. The relative importance of
each decay channel will depend both on the mass spectrum and on the mixing patterns. In
particular wino-like states typically decay via their weak coupling to LH sfermions if this de-
cay is kinematically accessible, while higgsino-like states favor decays via third generation
sfermions.? Decays via Higgs bosons are relevant mainly in decays involving a higgsino-like
and a gaugino-like state. Finally decays via Z boson are important if one of the electroweaki-
nos is largely higgsino-like, and decays via W if one of the electroweakinos is wino-like.
Note that especially in a wino-like LSP scenario the mass difference between {7~ and ! can
be very small, resulting in a long-lived chargino.

2.1.3. Signatures

We have seen that if gluinos and/or squarks are light they will be the dominant production
channel. Moreover there are a large number of decay cascades that can be constructed.
The relative importance of each channel will depend on the mass spectrum, as well as the
mixing patterns. In general we expect SUSY events to be characterised by a number of hard
jets and possibly leptons, and the invisible neutralino LSP escaping the detector. If the 3rd
generation squarks are light (as we would expect from naturalness arguments) we further
expect a number of b-tagged jets in the final state. Other signatures could include boosted
top quarks or same-sign leptons. Qualitatively different signatures can arise in scenarios
with non-prompt decays, leading e.g. to charged tracks of new heavy particles or displaced
vertices. Experimentally most challenging are compressed scenarios, where for example the
gluino is only slightly heavier than the LSP, thus all final state quarks will be very soft [147].

2.2. Searching for New Physics

One of the main objectives of the LHC experiments is the search for BSM physics. In
particular the ATLAS and CMS experiments have an extensive program of so-called SUSY
and Exotics searches. Here we roughly classify these searches into the following categories:

* Resonance searches
* Missing energy searches (SUSY and DM searches)
 Searches for displaced vertices or heavy stable charged particles (HSCP)

and we give a short introduction and example for each of these categories. Note that a
number of searches do not fall in any of the above categories, for example searches for I?

’In particular decays into stops are prefered, and for large tan /3 also decays into staus and sbottoms.
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parity violating SUSY or searches for pair produced vector-like quarks decaying into SM
particles. They are not relevant to the discussion in this thesis, and we refer the reader
to [148] for a comprehensive summary of non-SUSY BSM searches at the LHC.

Resonance Searches

Resonance searches usually target the visible SM final states of a promptly decaying new
state produced in the s-channel. Note that decays into additonal new states are not included
here, in particular mediator decays into DM particles. The mass of the new state can be
reconstructed by calculating the invariant mass of the decay products. A new resonance with
narrow width will thus appear as a sharp peak in the invariant mass spectrum of the final
state particles. A good example are the Higgs boson searches, e.g. we can observe the peak
from the Higgs resonance in the di-photon invariant mass spectrum. Given the data and a
background hypothesis, i.e. the invariant mass distribution expected in the SM, a statistical
procedure such as the BUMPHUNTER algorithm [149] can assign a confidence level (CL)
for the background only hypothesis, or for a given signal+background hypothesis. If the
invariant mass distribution is in agreement with the SM prediction, the result thus constrains
the maximum allowed signal strength of a considered new particle at a selected CL.

Particularly challenging is the search for a dijet resonance in the low mass region, since the
jets are typically not hard enought to trigger event recording. However, new techniques have
recently been developed to enable such searches. For example in [150] additional radiation
from the initial state (initial state radiation, ISR), either an energetic jet or photon, produced
in association with the new resonance, is used for triggering, and [151] is searching for light
dijet resonances in the boosted regime using jet substructure techniques as well as ISR jets.

One might also construct a search for a new resonance decaying partly into invisible final
states (i.e. neutrinos), by considering quantities sensitive to the resonance mass. The trans-
verse momentum of a single invisible particle in a recorded event can be reconstruced, since
initially the momentum in the transverse direction of the beams is essentially zero in LHC
collisions. It is characterized by the so-called “missing transverse energy” E defined as
the magnitude of the negative vector sum of all transverse momenta py observed in the event

Pt ==Y P, (2.16)

where the sum ¢ runs over all reconstructed particles in the event. We can further include the
missing momentum in the definition of the transverse mass

mi = () _E{)? =5, (2.17)
J J

where now j sums over all considered reconstructed final states plus the missing momentum.
The distribution of the m observable will then show a peak at the mass of the new particle.

Missing Energy Searches

Searching for models with a DM candidate implies that the new stable, invisible state will
escape the detector, and similar to a neutrino final state, can be measured via the resulting
transverse momentum imbalance, i.e. the E%liss observable. As described in Section 2.1,
SUSY events typically have hard jets and/or leptons from the cascade decays of the initially
produced superpartners, as well as E35 from the escaping neutralinos. On the other hand
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searching for DM that is directly produced, assuming either an effective contact interaction,
or production via a new mediator particle is substantially different, as there are no cascade
decay products in the events. We therefore further devide the missing energy searches into
SUSY searches and DM searches.

Dark Matter Searches It is not obvious to search for DM direct prodcution at the LHC,
since there are no visible final states, and therefore we can no longer construct the E%‘iss
observable. However, this can be resolved if we consider DM production with an extra hard
jet or electroweak boson, that might be emitted in particular from the initial state. These
types of searches are generally referred to as “mono-X"" searches. Here we take the example
of the mono-jet search, relying on one (or more) hard jets that are produced in association
with the DM production. Such additional jets are typically radiated from an initial state
quark or gluon. If at least one of those jets has a large transverse momentum we can employ
the EI* variable, and we expect that signal events (i.e. DM+jets production) should have
a high E5, On the contrary events with large £ and no lepton in the final state are
rare in the SM, and we can define an event selection that supresses the SM background, but
selects potential signal events with a high efficiency. In each of the so constructed signal
regions (SRs) we can then compare the SM expectation to the number of experimentally
observed events to make a statement about a possible DM signal. Due to the typically low
number of expected background events, a dedicated statistical procedure, the so-called C'L;
prescription, is generally used for limit setting in E3*5 searches. A short description of the
method is given in the Appendix B.

SUSY Searches R-parity conservation implies that superpartners can only be produced
in pairs, followed by a cascade decay to the LSP. Assuming that all superpartners decay
promptly, the signal events are typically characterised by multiple SM final state particles
plus £ from the neutralinos escaping the detector. Signatures with non-prompt decays
are quite distinct, as they would lead to either dispalced vertices or charged tracks of heavy
new particles. We further specify that R-parity violating SUSY scenarios lead to very dif-
ferent signatures, since there is no new source of E{,ﬁﬁss in the events. On the other hand
the term “SUSY searches” can be misleading, as we can consider other BSM scenarios that
will resemble SUSY scenarios (i.e. pair production followed by a cascade decay to a DM
candidate). Thus while this class of searches was initially motivated by SUSY, their results
apply to a more general class of models, for example also to UED scenarios.

Both ATLAS and CMS have designed a large number of SUSY searches, targeting differ-
ent final states, and employing different strategies to supress SM background with respect
to the considered SUSY signal. Typically these searches employ a “cut and count” strategy,
where SRs are defined by a set of cuts on relevant kinematical variables, and in each SR we
can compare the observed event number to the predicted number of SM background events.
An important example, motivated in particular by naturalness, is the search for top squarks.
In a minimal setup a ¢* pair is produced, followed by a prompt decay of each stop into a top
quark and a neutralino. The resulting ¢f + E** signature can be searched for in various final
states, classified by the number of leptons, and using various variables in the SR definition.
This example will be discussed in further detail in Section 4.2.
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Non-prompt Decays

A new particle with a lifetime of the order of the detector scale would decay while travers-
ing the detector, thus giving rise to a displaced vertex signature. Such scenarios can for
example arise in the MSSM when the LSP is close in mass to the NLSP, e.g. the lightest
chargino. On the other hand, if the lifetime is much larger than the detector scale the new
particle will traverse the entire detector. If electrically charged, this new particle will thus
resemble a heavy muon in the measured event. The situation is somewhat more compli-
cated in the case of long-lived new particles with color charge, e.g. the gluino in the split
SUSY scenarios [146]. The initially produced gluino will hadronise, forming charged or
neutral “R-hadrons”. The fraction of charged R-hadrons strongly depends on the unknown
hadronisation model, and can have a strong impact on the interpreation of a search.

We note here that these types of searches have typically very low SM background, thus
despite being experimentally very challenging they give strong constraints on scenarios with
non-prompt decays. However, while the (re)interpretation is fairly straightforward for elec-
trically charged particles traversing the full detector, it is delicate to (re)interpret searches for
displaced vertices or R-hadrons.

2.3. Interpretation of SUSY Searches

As long as width and interference effects are not important, the interpretation of reso-
nance searches is generally relatively straightforward and model independent. In contrast
the situation is much more complex for DM or SUSY searches. For example the collider sig-
natures of an MSSM scenario depend on a large number of free parameters. The number of
parameters can be reduced when considering specific (minimal) SUSY breaking scenarios,
that generally only have a small set of free parameters. Notably, the first LHC SUSY search
results were interpreted in the cMSSM. However, in this way model specific patterns, e.g.
fixing mass correlations between various particles, are introduced. Such an interpretation
cannot be translated to alternative scenarios. Moreover, optimizing searches to test one such
scenario implies that large parts of the more general MSSM parameter space will remain
untested, even if they can in principle be constrained by the available data. To avoid theory
prejudice in the design and interpretation of SUSY searches the notion of simplified models
(or Simplified Model Spectra, SMS) has been introduced. In this section the underlying idea
and the implementation of SMS for SUSY searches are presented. A similar approach for
DM searches, so-called DM simplified models, will be discussed in Chapter 6.

2.3.1. On-Shell Effective Theories and Simplified Models

The general idea of SMS descriptions was proposed in the context of so-called On-Shell
Effective Theories (OSETs) [152], motivated by the fact that SUSY searches should be sensi-
tive in particular to the mass spectrum of the new particles responsible for a signal. An OSET
is determined by the masses and gauge quantum numbers of the new particles, their produc-
tion cross sections and their decay branching ratios into SM and new particles. An OSET
can be illustrated as a set of Feynman-like diagrams where every particle is on-shell. The
assumption is that the OSET description can describe the essential phenomenology of new
physics in terms of only a few free variables that dominate the kinematic structure. While
in general model specifics need to be known to accurately calculate the matrix element, in
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particular to capture angluar distrubutions, it is assumed that the production is characterized
only by a rate, this is indicated by a “blob” in the Feynman-like diagram.

Following the OSET idea the SMS description was developed [153—156] as a model in-
dependent approach to the interpretation of SUSY searches. The simplified models could be
either described as OSETs, or based on an underlying Lagrangian description. In practice an
underlying MSSM description has been commonly used. It is then assumed that only a few
of the new particles are light, i.e. relevant to the experimental signature, and the masses and
decay channels of these light new particles will determine the detector signature. This can
be understood intuitively. For example in gluino pair production followed by a direct decay
into quark pairs and the LSP, a large mass difference between the gluino and the LSP leads
to very hard jets and large E¥S in the final state, making such signal events easy to detect.
As the spectrum gets more compressed, signal events are more challenging to detect, as the
final states will generally be soft. Moreover, the number of (b-tagged) jets and leptons in the
final state will depend on the initially produced particles and their dominant decay channel.

Thus, instead of characterising the new physics model by a small set of high scale pa-
rameters, and introducing large model dependence, it is assumed that the signal can be
parametrized it in terms of weak scale simplified models, where the masses and decay
branching ratios are the free parameters. In addition to the decreased model dependence,
the SMS description has the advantage that there is a clear relation between the free param-
eters and the detector signatures. In practice the decay branching ratios are often fixed to
100%, leaving only the masses as free parameters. A main advantage from an experimental
point of view is that SMS allow to efficiently design and tune search strategies. Moreover
the interpretation is straightforward and allows and easy comparison of different results.

A first set of simplified models relevant to the LHC searches was worked out in [157],
and the approach was quickly adopted by the ATLAS [158] and CMS [159] collaborations.
Moreover, as pointed out in [155], such a generic interpretation with minimal number of
free parameters would be useful for the first characterization of a SUSY-like signal at the
LHC. Otherwise, in the absence of any signal, the limits set on the SMS production cross
sections (times branching ratio) can be used to constrain generic models predicting the same
signature.

Simplified models have become a standard tool, allowing an efficient comunication be-
tween the experimental and theoretical physics community. On the one hand, they allow the
experiments to design new searches inspired by a given theoretical model in a more generic
fashion while presenting and comparing the results in a clear way. On the other hand they
provide an efficient method for the theoretical community to understand the impact of a result
on the parameter space of a given generic model without need for computationally expensive
simulations or detailed understanding of each experimental analysis.

2.3.2. Simplified Models for SUSY Searches

We next give a more detailed description of SUSY-like simplified model interpretations
for the example of top squark searches, i.e. the interpretation of a tf + EX5 search. The
simplest SMS interpretation assumes that only the lighter top squark and the neutralino are
important to the interpretation, while all other new particles are assumed to be irrelevant
for the interpretation and are decoupled.® The main SUSY production channel is then stop

3They are assumed to be too heavy to be relevant at the given collision energy, both in the sense that they will
not be produced or appear as on-shell states in the decay chain, and that they should not contribute to the
production via t-channel exchange.
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Figure 2.3.: Signal selection efficiency for the LM 150 signal region (left) and o x B upper
limit from the full cut-based analsyis (right) for the stop-neutralino simplified
model interpretation of the CMS stop search [160].

pair production, and the only open decay channel for the stop will be ¢x!. In the following
we refer to this topology as the stop-neutralino simplified model. To first order the event
kinematics will be determined by the masses of the stop and the LSP and the underlying
MSSM structure.*

Assuming that the experimental observation is compatible with the predicted SM back-
ground, the result can be interpreted in terms of SMS cross section upper limits. For the
simple example of a cut+count analysis the first step is the evaluation of the “signal selection
efficiency”,’ i.e. the probablility for a signal event to pass all selection cuts, and therefore
enter the count of a given signal region. In the stop-neutralino SMS the efficiencies are
a function of only 2 free parameters, the stop and neutralino masses. For illustration Fig-
ure 2.3 (left), shows the efficiency in one of the SRs of the CMS search [160] as color code
in the mass-vs-mass plane. Given the efficiency in this plane an upper limit on the signal
cross section o, or rather o x B with B the branching ratio into the considered final states, is
evaluated using the C'L; prescription, see Appendix B. Limits are typically set at 95% CL.
The limits from the cut-based analysis of [160] are shown as the color code of Figure 2.3
(right). For the simplified model with 100% B into this final state, this translates directly to
a limit on the masses of the new particles, indicated by the “exclusion line” in Figure 2.3
(right).

However, the limit on o x B is valid in a more general setup, e.g. allowing for alternative
decay channels of the stop, and will in general give a conservative estimate of the true exclu-
sion. The reason for this is that the different simplified models (i.e. decay cannels) will likely
contribute to the same signal region, increasing the total signal prediction. For the example
of the ¢ + E searche, if one chargino is lighter than the initially produced top squark the
decay via an on-shell chargino will in general yield the same decay products as the direct
decay to the neutralino LSP, but the selection efficiencies for this SMS depend on a third
parameter, the chargino mass. The two simplified models are illustrated in Figure 2.4. The
overall limit then depends on the two efficiencies, and on the relative branching ratio into
the two allowed decay channels. Thus a more accurate estimate of the exclusion is obtained

*In fact the polarization of the top quark final state also affects the event kinematics, introducing a dependence
on the stop and neutralino mixing matrix, see Section 4.2.1.

SThis corresponds to A x e, “Acceptance x Efficiency” in the language of ATLAS and CMS. In this work
only the overall selection efficieny is important and we omit this additional distinction.

49



24

b

Figure 2.4.: Simplified model topologies from stop production followed by direct decay to
neutralino (left) or via an intermedate chargino (right), taken from [160].

when considering the various relevant SMS at the same time, evaluating the appropriate ef-
ficiency for each component, and adding the individual signal predictions before comparing
against a total limit on the number of signal events in the corresponding signal region. We
will discuss this further in the following Chapters.

In the spirit of the original OSET proposal, the argument that the particle masses are the
most relevant parameter can be extended, omitting also the dependence on the underlying
MSSM Lagrangian description. Then the limits obtained in the SMS context should be a
good approximation also in alternative scenarios leading to the same final state, for example
the UED scenarios mentioned above. Thus under a set of assumptions a single SMS result
can be used to constrain a broad class of generic models. These assumptions are further
specified and exploited in Chapter 3, and some explicit tests are presented in Chapter 4.

2.4. Experimental Status

The current LHC results as presented at Moriond, March 2017, place strong bounds on su-
perpartner masses in the SMS interpretations. In particular we can consider the mass bounds
in the context of simplified models. The latest ATLAS results are summarized in Figure 2.5,
taken from [161]. For scenarios with a light neutralino LSP, gluino masses up to about 2 TeV
are already excluded, the exact limit depends on the specific SMS under consideration. Stop
masses of about 1 TeV can be excluded in the stop-neutralino SMS. However, limits are less
severe in more compressed regions of parameter space. As an example we show in Figure 2.6
some limits from CMS in the mass-vs-mass plane, taken from [162]. On the left limits for
the stop-neutralino SMS are shown, where pair-produced top squarks decay directly into a
neutralino LSP. On the right limits for a gluino-neutralino SMS are shown, where gluino pair
production is followed by a three-body decay of each gluino into two light quarks and a neu-
tralino LSP, and assuming that all squarks are heavy. We see in particular that limits on the
stop mass in the stop-neutralino SMS vanish for neutralino masses above 500 GeV, and that
the very compressed region (A(m) < 20 GeV) was not tested for the gluino-neutralino SMS.
Note however that this region might still be constrained, as discussed e.g. in the context of
the radiative gluino decay in [163].

Finally we show in Figure 2.7 recent limits on non-promt decay scenarios. Over a large
range of lifetimes chargino masses up to around 600 GeV can be excluded, see Figure 2.7
(left). It is also interesting to note that the limits on the gluino mass depend strongly on
the modelling of the hadronisation, see blue triangles in Figure 2.7 (right). Nevertheless the
mass limits do not strongly depend on it, and gluino masses up to about 1.5 TeV can be
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excluded. This is in agreement with limits from ATLAS, see Figure 2.5. Note however that
these limits rely on the gluino forming charged R-hadrons.
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Figure 2.7.: Recent results from disappearing and charged track searches. Left: limits on
the chargino mass as a function of its lifetime, taken from [161]. Right: limits
on various scenarios, assuming the long-lived particle traverses the full detector,
taken from [164].

2.5. Reinterpretation of Searches

Up to now none of the LHC searches for new physics observe any convincing evidence
for a BSM signal. As a consequence the parameter spaces of many weak-scale BSM sce-
narios are already highly constrained. Some examples of current superpartner mass limits,
in the context of simplified models, were given in Section 2.4. However, these mass limits
are model dependent; they generally illustrate the maximum reach but may be significantly
weaker in more generic scenarios.® Phenomenological studies are required to interpret the
experimental results in such generic models, to identify the allowed parameter space and
potential future probes. In practice such studies rely heavily on sophisticated software tools,
which allow the computation of observables, and test them against experimental results.

Different approaches exist, the most comprehensive being a full modeling of the signal
events and detector response. The detector objects can then be used to calculate the signal
selection efficiency by applying the signal selection cuts used by the experimental analy-
sis. Note that this limits the approach to cut-based analysis techniques, while for example
multivariate analysis techniques [165] cannot be reproduced with the currently provided in-
formation. An overview of the required steps and some available tools for event simulation
based reinterpretation is given in Section 2.5.1. The drawback of this approach is that it is
very CPU-time consuming, and therefore not always suitable (in particular when studying
large parameter spaces). Alternatively simplified model results typically provided by the
experiments can also be used for reinterpretation. Decomposing a generic model into SMS
components allows to directly use signal selection efficiencies or cross section upper limits to
constrain the corresponding signature in the model. This is much faster, however it will gen-
erally give more conservative constraints, as it is limited by the availability of the required
SMS results. We will only briefly discuss this in Section 2.5.2, as a more detailed description

The reach may also extend beyond the SMS mass limits in alternative scenarios with increased cross section.
Squark mass limits extend much further if the gluino is also light and mass limits on fermionic quark
partners generally extend well above the limits on squark masses, see Section 4.1 and Section 4.2.
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will be given in the context of the tool SMODELS in Chapter 3. Finally, new approaches for
fast evaluation of LHC constraints in large parameter spaces are being developped based on
machine learning techniques, see Section 2.5.3.

Note that besides direct searches for new particles, precise SM measurements also provide
important constraints on BSM scenarios. For example the recently presented CONTOUR
framework [166], based on existing RIVET [167] implementations of SM measurements,
allows systematic tests agains a large number of LHC measurements. Since the focus of this
thesis is on BSM searches, we will not consider this approach here.

2.5.1. Recasting based on Event Simulation

Fully studying the collider pheonomenology of a given model (i.e. a Lagrangian descrip-
tion with a set of free parameters) requires the prediction of the visible signal as a function
of the free parameters. Thus it is necessary to calculate both the total signal cross section
and the signal selection efficiency. Modern tools allow to study the collider phenomenology
of a generic model starting from the Lagrangian description, up to the evaluation of signal
selection efficiencies, in an automatised fashion. Given the complexity of the problem, each
tool focuses on solving only a specific task. The full picture is then obtained by linking them
appropriately. This linking is facilitated in a straightforward fashion owing to standardised
formats, allowing to easily pass information from one step to the next. We briefly summarise
this toolchain below, giving also some of the relevant tools and standard formats needed for
each step.

* The Lagrangian can be implemented using e.g. LANHEP [168], FEYNRULES [169],
or SARAH [170]. These tools will return model files in a standardised format (such as
the in UFO format [171]), containing the particles and their quantum numbers (spin,
color, electric charge, ...), the free parameters (masses, coupling constants, ...) and an
explicit description of the interactions in terms of vertex descriptions. A large database
of existing model implementations can be found at [172].

* Specialised tools for the calculation of mass spectra and decay tables from the free
input parameters can be useful if high precision is important, for example SOFT-
SUSY [173], SUSPECT [174] and SPHENO [145] for SUSY models. These tools
return parameter files in the standardised SLHA format [57].

* The Monte Carlo (MC) event generator MADGRAPHS [175] takes UFO model files
and automatically generates matrix elements for a given process in any BSM model.
Other tools follow a similar approach, in particular CALCHEP [176] is used inside
micrOMEGAs. Note however that CALCHEP is limited to LO calculations, while
NLO calculations are also possible in MADGRAPHS. The tools then calculate the
cross sections and simulate events for a given set of input parameters, specified either
in a tool specific parameter card, or in SLHA format. Events are simulated at parton
level, employing a selected implementation of the PDFs, typically via the LHAPDF
interface [126]. The standardised format for parton level events is called LHE [177].

* Higher order inclusive cross sections have been calculated and tabulated for processes
of particular interest, e.g. gluino and squark production cross sections at NLO+NLL
accuracy can be obtained from NLLfast [127-134], and recently also at next-to-NLL
accuracy (NNLL) via NNLLfast [136]. It is often assumed that the kinematic dis-
tributions are not significantly altered by the higher order corrections, and we can
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rescale LO cross sections with a global k-factor from inclusive higher order calcula-
tions. While this is generally a valid approximation in the context of analysis reinter-
pretations, higher order event simulations may be necessary in precision studies, see
for example [178].

* To get realistic full events from the parton level simulations, parton showering, hadro-
nisation and particle decays have to be modeled, using tools like PYTHIA [179] or
HERWIG [180]. Moreover it might be neccesary to simulate events with a variable
number of additional hard jets, e.g. from initial state radiations. The hard jets are best
simulated at matrix element level, while soft radiation is best modeled through parton
shower algorithms. Dedicated algorithms have been developed to merge the different
samples and add parton showering on top without double counting. A comparative
study of various algorithms was presented in [181]. Hadronised events are typically
stored in the STDHEP [182] or HEPMC [ 183] format.

* Analysis objects (jets, leptons, 5, ) are obtained by simulating the detector re-
sponse, using for example the fast detector simulation framework DELPHES []84]
and clustering of jets. A number of jet finding algorithms are implemented in FAST-
JET [185]. Given the analysis objects, analysis cuts can be applied to the simulated
signal events to obtain the corresponding signal selection efficiency. Several tools
are available to facilitate the implementation of analysis object selection and analy-
sis cuts, e.g. CHECKMATE [186, 187], MADANALYSISS [188, 189] or RIVET [167].
Both CHECKMATE and MADANALYSISS use the DELPHES framework for detector
simulation. RIVET originally collected only unfolded data that can be directly com-
pared to simulated events.” From version 2.5 onwards it also allows the user to include
detector effects through smearing and efficiency functions. These analysis recasting
tools generally come with a database of already implemented analyses that is readily
extendible, see [ 189, ].

Running this toolchain will provide the user with the number of predicted signal events, the
expected signal yield ng;gnq:, calculated as the product of total cross section, signal selection
efficiency, and the integrated luminosity analysed by the considered search. Moreover the
number of expected (SM background) and observed events, as well as the error on the num-
ber of expected events are provided by the experimental collaboration. It is thus up to the
user to apply a statistical procedure to interpret the result An implementation of the standard
C L, procedure is included in CHECKMATE and MADANALYSISS, and limits are typically
evaluated at the 95% CL. Commonly the ratio r = % is quoted, where n{?; is the 95%
CL upper limit on the number of signal events, as evaluated with the C'Ls method. Thus if
r > 1 the parameter point can be considered excluded at 95% CL.

While a number of tools are required when studying the collider phenomenology through
this event simulation based recasting approach, we note that this is in fact more and more
opaque to the user. The latest CHECKMATE version [187] integrates event simulation in
MADGRAPHS and PYTHIA as well as the DELPHES detector simulation. Similarly, MAD-
ANALYSISS includes an interface to the DELPHES detector simulation, and can be accessed
from inside MADGRAPHS. Thus it suffices to supply the UFO and parameter (or SLHA)
files to run the remaining toolchain through a single interface.

7SM measurements are typically unfolded, and the results can therefore be compared directly to simulated
events, without any detector simulation. This is however not viable in BSM searches.
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2.5.2. Reinterpretation with Simplified Models

The experiments provide an interpretation of most SUSY searches in the context of sim-
plified models, publishing in particular also efficiency and/or upper limit maps in the mass-
vs-mass plane of the considered SMS (see Figure 2.3). In Section 2.3.2 we argued that these
efficiencies or upper limits to good approximation remain valid in a generic model predicting
the same signature as the simplified model, and o x B into this topology can be compared
directly to the upper limit found for the given mass combination. Alternatively efficiency
maps may be used to directly compute the visible cross section, and thus the predicted yield,
without any event and detector simulations.

This simple idea gets quickly complicated in realistic models with a multitude of relevant
production and decay channels. Therefore specialised tools have been developed to system-
atically decompose generic models into SMS components, keeping track of the BSM masses
and o x B for each topology, and comparing them to the experimental limits. This type of
procedure has been implemented for the interpretation of generic Z, symmetric BSM sce-
narios in SMODELS [191, ], for MSSM scenarios in FASTLIM [193], and for scenarios
with extra heavy quarks in XQCAT [194]. A detailed description of the relevant concepts
and general working principle used inside SMODELS will be given in the next Chapter.

2.5.3. Alternative Approaches

Alternative ideas for the fast evaluation of collider constraints on BSM parameter spaces
relying on machine learning techniques have been proposed recently. While the training
and testing of these methods require considerable CPU time, single points can afterwards be
tested within a few milliseconds.

Several highly efficient methods have been presented. For example SUSY-AI identifies
points as excluded/allowed in the 19-parameter pMSSM [195], based on a neural network
trained on a large number of parameter points tested against ATLAS SUSY searches in [196].
In [197] a method for the prediction of signal region selection efficiencies was presented in
the context of natural SUSY. SCYNET [198] is using a neural network to predict a profile
likelihood ratio (x?) from the model parameters, and the 11-parameter pMSSM was studied
as a showcase.

Note that in general these tools rely on MSSM input parameters and cannot be used to
constrain alternative models. An exception is SCYNET, that also considers a method to first
re-parametrise the model parameters in terms of model-independent objects directly related
to the signature. Similar to the simplified model approach the new physics model is then
characterised through production cross sections, particle masses and decay branching ratios.
The run time is somewhat longer in this case, in particular since cross section calculations
have to be performed. The resulting neural network can then be used to test a wider class
of new physics models. This generic application is however somewhat limited, as in general
the most relevant regions of the re-parametrised parameter space may not be covered after
training the network on a different model.
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CHAPTER
THREE

SMODELS

Various approaches to the reinterpretation of LHC search results have been introduced in
Section 2.5, in particular also the reinterpretation based on simplified models. It allows a
fast, but conservative, evaluation of constraints from collider searches, and is therefore par-
ticularly interesting for the identification of allowed and excluded regions of large parameter
spaces, or to quickly discard excluded parameter points before performing more detailed
studies. Moreover it allows to easily identify the most relevant searches and signatures, and
may even point to relevant signatures not yet considered by the experiments. Another advan-
tage is the availability of a large number of SMS results, as they are the primary interpretation
of ATLAS and CMS SUSY searches.

When describing simplified models in a generic fashion, they can be used to test a large
class of BSM models (not restricted to SUSY models). In particular the tool SMODELS
provides a generic decomposition procedure, matching full models (for example an MSSM
parameter point) onto generalised simplified models without any explicit model dependence,
and can be used for any BSM model with a Z, symmetry. In addition to the decomposi-
tion procedure, SMODELS provides an automated matching of the SMS components to the
relevant constraints in the included database. Moreover, it provides detailed information of
relevant topologies that are not covered by any result in the database.

In this Chapter we first introduce the main concepts relevant to the SMODELS descrip-
tion in Section 3.1. In particular the SMODELS language to describe SMS topologies in a
model independent fashion is introduced, and the different types of results (efficiency and
upper limit map type results) are described. The decomposition procedure and the matching
to the experimental result database work is then presented in Section 3.2. A short sum-
mary of how to run SMODELS, via the executable runSModelS.py or through an interface
to micrOMEGASs , is given in Section 3.3, including a short description of the SMODELS
output. Note that detailed instructions and descriptions of the main run parameters can be
found in the Appendix C. Finally so