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Abstract

The search for Beyond the Standard Model (BSM) physics is one of the main challenges for both
experimentalists and theorists in particle physics. Astrophysical observations show that around
25% of the total energy content of the universe includes a form of particle dark matter (DM), that
cannot be explained by the Standard Model (SM). Other shortcomings, like the hierarchy problem,
suggest that the SM might not be the final theory of particle physics.

Supersymmetry (SUSY) is one of the most appealing extensions of the SM, able to solve both
the DM and hierarchy problems. Despite the extensive experimental efforts, SUSY particles have
not been discovered yet. The results of SUSY searches at the LHC are frequently interpreted
with simplified model spectra (SMS). They aim at reducing the complicated parameter space of
generic SUSY models to just a handful of new particles. Owing to their largely model indepen-
dent assumptions, SMS allow to use the results for SUSY searches to constrain other BSM theories.

This thesis summarizes the contribution in the developments of three different tools designed to
study the phenomenology of arbitrary BSM theories. First, the implementation of CMS-SUS-16-033
in the MadAnalysis 5 recasting tool is described. This analysis represents the first "all hadronic"
final state search at 13 TeV centre-of-mass energy implemented in this framework. Then, the
version v1.1 of the SModelS tool is introduced, with emphasis on the extension of the database
of SMS results with homegrown recast results. As a concrete example it will be demonstrated
how SModelS can efficiently constrain the parameter space of a specific SUSY model by taking full
advantage of these new results. Finally, the new features of v.3.0 of MadDM, such as the newly
developed modules for DM indirect detection predictions and for the comparison with the latest
experimental results, are discussed.
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Kurzfassung

Die Suche nach Physik jenseits des Standardmodells (Beyond the Standard Model BSM) is eine der
groSSten gegenwartigen Herausforderungen sowohl fiir Theoretiker als auch fiir Experimentatoren
in der Teilchenphysik. Astrophysikalische Beobachtungen zeigen, dass etwa 25% des Energiege-
halts des Universums aus einer unbekannten dunklen Materie besteht, die nicht innerhalb des
Standardmodells der Teilchenphysik erklart werden kann. Andere Probleme, wie etwas das Hier-
archieproblem des Higgsbosons, legen ebenfalls nahe, dass das Standardmodell nicht der Weisheit
letzter Schluss ist.

Die Supersymmetrie (SUSY) ist die wohl attraktivste Erweiterung des Standardmodells, liefert
sie doch eine mogliche Erklarung sowohl fiir das Rétsel der dunklen Materie als auch fiir das
Hierarchieproblem. Doch trotz eines umfangreichen Suchprogramms am LHC wurden bislang keine
SUSY Teilchen gefunden. Das Ergebnis der SUSY Suchen wird h&iufig im Rahmen sogenannter
vereinfachter Modelle (Simplified Model Spectra — SMS) publiziert. Diese Modelle reduzieren den
komplizierten Parameterraum generischer SUSY Modelle, indem sie sich auf eine handvoll neuer
Teilchen konzentrieren. Aufgrund ihrer groSSteils modellunabhéngiger Annahmen erlauben es diese
Modelle, die Resultate fiir SUSY Suchen auf andere BSM Theorien umzulegen.

Die vorliegende Arbeit umfasst die Beitrage zur Entwicklung dreier Softwarewerkzeuge, die alle da-
rauf ausgelegt sind, die Phdnomenologie verschiedener BSM Theorien zu disseminieren. Zuerst wird
die Implementierung der CMS-SUS-16-033 Analyse im Softwarepaket MadAnalysis 5 beschrieben.
Diese Analyse beinhaltet die erste Suche nach rein hadronischen Endzusténden bei einer Schwer-
punktsenergie von 13 TeV, die in MadAnalysis 5 implementiert wurde. Danach stellt diese Arbeit
die Version 1.1 des Softwarewerkzeugs SModelS vor, mit einer Betonung auf die Erweiterung der
Datenbank der SMS Resultate mit selbst produzierten Resultaten. Als konkretes Beispiel wird
gezeigt werden, wie SModelS unter Zuhilfenahme der neuen Resultate den Parameterraum von bes-
timmten SUSY Modellen effizient einschrinken kann. Zuletzt werden die Neuerungen von MadDM
Version 3.0 diskutiert, wie z.B. das neu entwickelte Modul, das Vorhersagen fiir die indirekte
Detektion dunkler Materie mit den letzten experimentellen Ergebnissen vergleicht.






Chapter 1

Introduction

The announcement in 2012 of the discovery of the Higgs boson, or better of a scalar particle com-
patible with the Higgs Boson’s properties as predicted by the Standard Model (SM) of particle
physics, was probably the biggest achievement in the particle physics community in the recent
years. After about 50 years from the first theoretical formulations, and after years of searches
at various collider experiments, the last missing piece of the SM was finally found at The Large
Hadron Collider (LHC). The SM in an incredibly successful theory, able to predict with extreme
precision the properties of all known particles and their interactions. Nevertheless, there are still
several open questions that cannot be answered without proper extensions of the SM to account
for "new physics".

One of the most compelling evidences of the limitation of the SM is found in astrophysical mea-
surements. The cosmological ACDM model seems to point to the existence of new particles that
cannot be accommodated in the SM, adding up to around 25% of the total energy budget of our
universe. Since this form of matter does not emit electromagnetic radiation, it is commonly called
Dark Matter (DM). The gravitational potential due to DM is crucial for the formation and growth
of the cosmic structures populating the universe, and gravity is so far the only established interac-
tion between these new particles and ordinary matter.

Stringent limits on the cross section of elastic or inelastic scattering processes involving DM and
SM particles could be set, for example, by several ‘direct search’ types of experiments, that look for
scattering events of heavy nuclei with DM particles forming the galactic halo. Another possibility is
to search for an increase of the cosmic rays flux, for example of gamma rays, due to the annihilation
of DM into SM particles, which is expected to happen in regions of the universe with high DM
density; such measurements are at the basis of ‘indirect searches’ type of experiments, able to set
upper limit on the DM annihilation cross section. Moreover, by colliding particles at accelerators,
we are given access to high energy regimes possibly allowing for the production of new particles,
and hints of physics Beyond the Standard Model (BSM) might be observed in some deviations of
particle properties as predicted by the SM.

So far no significant deviations from the SM predictions were found in the large amount of data
collected by the various experiments, and upper limits on the cross sections of many processes
involving DM or other BSM states could be obtained. By interpreting the results of the searches
in the context of specific models, it is possible to point out the regions of the parameter space of
the BSM theories which still survive the experimental constraints. This also suggests which regions
should be investigated further by future searches, or eventually by building more sensitive and
powerful experiments.
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Ultimately, the goal of experimentalists is to provide the data necessary to verify or falsify possible
new theories. Most of the BSM theories often possess a large number of free parameters, introduc-
ing challenges when trying to use the experimental results to constrain their parameter spaces. In
fact, if such results are interpreted in the context of specific models assuming certain values of the
parameters, it is problematic to re-use the results to constrain different models. A more practical
way is instead to use model independent limits, and then derive the constraints on the parameters
of some particular BSM theory. In this respect, a special class of models, called simplified models
spectra (SMS), was developed and has become the standard way for the interpretation of searches
for new physics, for example Supersymmetry at the LHC. These models depend only on a few basic
quantities such as the mass spectra of the particles and their production cross sections. Results
obtained within the SMS framework can thus be re-interpreted to constrain more general theories,
once the theories are decomposed into their SMS.

This thesis work summarises the contributions to the developments of three tools for the re-
interpretation of BSM searches, namely MadAnalysis 5, SModelS and MadDM v.3.0. These tools
are designed to provide an interface between the worlds of experiment and theory. While the first
two deal with results from the LHC experiments, the latter is designed to study the phenomenology
of DM with astrophysical type of experiments.

Beside presenting the technical features of these tools, the other important aim of this work is to
show concretely how simplified models can be efficiently used to constrain generic BSM theories.
To this end, this thesis is structured as follows.

Chapter 2 is a short summary of our understanding of particle physics, listing the main properties
of the SM as well as the most intriguing questions that this successful theory cannot answer. The
theory of Supersymmetry (SUSY) and specifically the minimal supersymmetric Standard Model
(MSSM), which will be the main BSM theory discussed throughout all this work, is presented as a
potential extension of the SM.

Chapter 3 starts with a description of the Large Hadron Collider and the CMS experiment, used
as an example of modern particle detector built for the discovery of new physics. The description
of how searches for SUSY are performed is then outlined, together with the current status of the
SUSY searches.

In Chapter 4 the MadAnalysis 5 tool for the re-interpretation and recasting of BSM searches by
the LHC experiments is described. Then follows the detailed description of the implementation
and validation of the recent CMS-SUS-16-033 analysis, which searches for SUSY events in the
‘all-hadronic’ final state; the code was published in [1]. The theoretical framework of simplified
model spectra is then introduced, as well as SModelS, a tool designed to make systematic use of
LHC results interpreted with SMS. My personal contribution in this Chapter includes the imple-
mentation and validation of the aforementioned CMS analysis in MadAnalysis 5. Regarding the
SModelS tool, my focus was the implementation and validation of a large part of the experimental
results in the database from the LHC Run 1 (mainly at 8 TeV centre-of-mass energy, and some
recent results at 13 TeV), under the form of upper limit and efficiency maps. The development of
an infrastructure for the creation of homegrown results constitutes the basis for the extension of
the database to include a plethora of new efficiency maps results. Most of the maps were made
publicly available with the release of version 1.1 in [2], and in the recent version 1.2 documented
in [3].
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Chapter 5 describes how SModelS can be used to study a specific SUSY model, called phenomeno-
logical MSSM (pMSSM), by means of simplified models results. This exemplifies the power of the
SModelS tool, highlighting the possibility to extend its database of experimental results to better
constrain specific theories. This work was possible thanks to the inclusion of the complete set of 8
TeV results in the database available from the LHC experiments. While part of the work presented
can be found in [4], the majority of the results shown is still unpublished, such as: the classification
of the most important simplified models, divided for each analysis in the database; the impact of
the simplified model results produced by the FastLim Collaboration; the study of the effects of
including quarks and gluons in SModelS generic ‘jet’ definition; the production, implementation,
and test of the impact of gluino-squark simplified models on the pMSSM (which constitutes an
original publication in preparation).

In Chapter 6 an important assumption at the basis of the philosophy of the SModelS software
is analysed. SModelS is able to extract results for arbitrary mass combinations of BSM states
by interpolating between the fixed set of masses available. The concept of interpolation is here
discussed, focussing on quantifying the related uncertainty in the case of specific analyses and sim-
plified models. This study is a novelty for the SModelS tool, as the effects of interpolation could
not be investigated prior to the extension of the database with homegrown efficiency maps.

The final Chapter 7 turns to astrophysics, by introducing the latest MadDM v.3.0 [5]. This extends
the abilities of the previous versions 1.0 and 2.0, namely the calculation of the DM relic density
and the rates for direct detection experiments, to the calculation of theory predictions for DM an-
nihilations. The prediction for gamma rays fluxes are then compared with the latest upper limits
provided by the Fermi-LAT experiment. The contribution to this project mainly concerns techni-
cal aspects of the development of the code: the inclusion of annihilation spectra of DM candidates
into SM channels in pre-computed tables, and their validations by comparison with the spectra
simulated with Monte Carlo generators; the update of recent experimental limits for direct and
indirect detection; the extension of the Fermi-LAT limits to new SM channels; the module for the
propagation of cosmic rays, such as neutrinos accounting for the flavour oscillation, and positrons
from existing tables; and the development of the general structure of the outputs, both in single
run and scan mode.

The following published documents include part of the work presented in this thesis:

e F. Ambrogi and J. Sonneveld - MadAnalysis 5 recast of CMS-SUS-16-033 (https://inspirehep.
net/record/1685439/);

e . Ambrogi, S. Kraml, S. Kulkarni, U. Laa, A. Lessa, V. Magerl, J. Sonneveld, M. Traub,
and W. Waltenberger - SModelS v1.1 user manual: Improving simplified model constraints
with efficiency maps, Comput. Phys. Commun. 227 (2018) 7298 (https://arxiv.
org/abs/1701.06586);

e F. Ambrogi, S. Kraml, S. Kulkarni, U. Laa, A. Lessa, and W. Waltenberger - On the coverage
of the pMSSM by simplified model results, Eur. Phys. J. C78 (2018), no. 3 215
(https://arxiv.org/abs/1707.09036);

e . Ambrogi, J. Dutta, J. Heisig, S. Kraml, S. Kulkarni, U. Laa, A. Lessa, P. Neuhuber, H.
Reyes-Gonzalez, W. Waltenberger and M. Wolf - SModelS v1.2: long-lived particles, combi-
nation of signal regions, and other novelties (https://arxiv.org/abs/1811.10624);

e . Ambrogi, C. Arina, M. Backovic, J. Heisig, F. Maltoni, L. Mantani, O. Mattelaer, and
G. Mohlabeng - MadDM v.8.0: a Comprehensive Tool for Dark Matter Studies (https:
//arxiv.org/abs/1804.00044).
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Chapter 2

The Standard Model of Particle Physics
and Beyond

Contents

2.1 The Standard Model . ... . ... ... it i 5
2.1.1 QFT Formulation of the SM . . . . . ... ... .. ... ......... 6
2.1.2  Is the SM the Final Theory of Particle Physics? . . . . . . ... ... ... 8

2.2 Going Beyond the Standard Model: Supersymmetry . ... ... ... 10
2.2.1 Basic Principles . . . . . . . ... 10
2.2.2 The Minimal Supersymmetric Standard Model . . . . ... ... .. ... 11
2.2.2.1 Solving the Hierarchy Problem . . . . .. ... ... ... .... 12

2.2.2.2 GUT Unification . . . . . . .. ... 13

2.2.2.3 R-Parity Symmetry and DM Candidate . . . . . ... ... ... 13

2.2.3  Other Supersymmetric Models . . . . . ... ... ... ... .. ..... 14

Everything that we know about particles is condensed in a very elegant theory called the Stan-
dard Model (SM) of particle physics. This theory can successfully explain almost the entire rich
phenomenology that we observe at the sub-atomic level, and most notably predict the values of
observables that can be experimentally measured. It is the summary of the work of almost a cen-
tury of investigation, both from the theoretical and the experimental worlds. The two worlds were
indeed complementarily pushing each other, from one side to develop new theories to interpret
the new puzzling experimental results, and from the other to build more powerful and sensitive
experiments to verify fascinating and intriguing conjectures.

But the SM alone is not enough to explain the entire microscopical world. In particular there are
several experimental evidences that suggest we are still missing one or more pieces to complete
the puzzle. This Chapter provides some theoretical and experimental motivations for Beyond the
Standard Model (BSM) physics. I will first give in Section 2.1 a very concise summary of our present
knowledge of the SM of particle physics, listing its main building blocks. Then I will introduce
some of the most important open questions that the SM is not able to answer. In Section 2.2 I will
introduce the theory of Supersymmetry (SUSY), an extension of the SM that is able to solve some
of the most striking problems of modern particle physics.

2.1 The Standard Model

The SM has its basis on the relativistic formulation of quantum mechanics, called relativistic
quantum field theory (QFT). This mathematical framework links together the two big families of
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particles that we so far know, represented by the families of bosons (with integer spin) and fermions
(with half-integer spin). In fact, SM fermions constitute what we call ‘matter’, while bosons are
responsible for mediating the interaction between particles. In the SM, only three out of the four
known fundamental interactions are described: the electromagnetic, the weak and the strong force.
The gravitational interaction cannot be still successfully included in the SM, and quantum gravity
is currently a very active field of research. Nevertheless, gravity should play a role in particle
physics only at the very beginning of the history of the universe, i.e. at the Planck scale, with no
substantial impact on most of the particle physics experiments.

The forces between the particles are mediated by bosons: the photons () are responsible for the
mediation of the electromagnetic interaction, the gauge bosons W~, W+ and Z mediate the weak
interaction, and the gluons (g) the strong interaction. Finally, the Higgs boson H plays a special
role, since it is the only spin-0 or scalar particle, and it is responsible for giving mass to all the
massive fermionic particles through the Yukawa coupling.

Surprisingly, only a few particles of the SM form what we consider regular matter that is the fun-
damental constituent of everything stable in the universe: neutrons and protons are made of up
and down quarks (uud and udd respectively), that in atoms are surrounded by clouds of electrons.
Due to the color confinement of quantum chromodynamics, quarks cannot exist in isolated form,
and they combine together to form hadrons: mesons, formed by two quarks, and baryons, made of
three quarks. Differently from electrons, muon and tau leptons are unstable, and they decay; in
particular, the mass of the tau lepton allows it to decay to quarks through an off-shell W boson,
i.e. via charged weak interaction. For the latest observed values of the masses of particles together
with a detailed summary of the physics of the SM and beyond, see e.g. the latest Review of Particle
Physics of the Particle Data Group at [6].

2.1.1 QFT Formulation of the SM

Both the matter content and the allowed interactions of the SM are embedded in its symmetry
groups, based on a local SU(3)c x SU(2)r, x U(1)y gauge symmetry and a space-time symmetry
described by the Poincaré group. All the fermions and the bosons with their corresponding gauge
quantum numbers are listed in Tab. 2.1, where only one of the three families of quarks/leptons is
listed.

The SU(3)c symmetry is governed by the laws of quantum chromodynamics (QCD), the theory
that describes the strong interactions between colour-charged fermions, i.e. the colour-triplets
quarks, and the eight massless gluons. The three leptonic families are colour chargeless and do not
interact through the strong interaction.

The electroweak interaction is described by the group SU(2);, x U(1)y, where the subscript "L"
refers only to particle doublets with left chirality. The right-handed singlets do not interact via
weak interaction. The definition of the weak hypercharge is such that the electric charge Q can be
calculated as Q = T3+ Y, with T3 being the third component of the weak isospin. The weak
interaction is mediated by massive vector bosons, the W*(~ 80,3 GeV) and the Z° (~ 91,2 GeV).

The full SM Lagangian that described the all the possible interactions between all the fermionic
and bosonic fields is quite complicated. For illustration purpose, I will take as an example the
Lagrangian describing the electroweak interaction Lgy for a fermionic field ¢, that can be written
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Field SU(3)C,SU(2)L,U(1)Y

1= (ve 1,1,-1
,» Leptons (I; L) (_ 2)
= eR (17 ) 1 )
9
E qr = (urdr) (3,2:-¢)
£ t 31 .2
Quarks Up (3,1,-3)
dj (3.1,3
Gluon g (8,1,0)
2 w (WTWOow-) (1,3,0)
§ B B (1,1,0)
M .
Higgs @ = (¢7¢") (1,2, 3)

TABLE 2.1: Bosons and fermions of the SM in terms of Weyl spinors. The hypercharge is defined
so that the electric charge is calculated as Q = T3 + Y , with T3 being the third component of the
weak isospin. Note that only one of the three families of leptons and quarks is listed.

as:
1 - o 1 . .
Lpw = _ZW/“/M/”V - ZBNVB;W + Ly DL + iRV DR <2~1)

where the B,, and the W are the U(1)y and SU(2)L, gauge fields respectively, and the covariant
derivative

D, = (au - ig% - zg’YBH> (2.2)

is introduced to preserve the invariance of the Lagrangian under gauge transformations; ¢’ and g
are the coupling constants for U(1)y and SU(2)y. Note that 7; for i = 1,2, 3 represent the Pauli
matrices, that are identically zero the case of right-handed fermions. This implies that there are
no interactions between right handed fields mediated by charged currents.

A more general Lagrangian can be written by extending the Ly described above to include the
strong interaction, represented by the SU(3)c group, and the Yukawa interaction with the Higgs
field. The covariant derivative is extended to include the strong interaction as

’LW . . .Js
D, = (a,t - ig% —igYB, — Z%AQG@ (2.3)

where g is the strong coupling constant, the A\, are the Gell-Man matrices and G, are the gluon

fields.

In a short form, the SM Lagrangian can be decomposed into different components as

LSM = [fgauge + »Cfermz'on + »CHiggs + ['Yulmwa + VHiggs- (24)

The last two terms in Eq. 2.4 are related to the Higgs potential Viig9s = V() given by
V(®) = 20Td + A(®TD)? (2.5)

and the Yukawa interaction that couples the Higgs field to the fermions. The Higgs potential V (®)
assumes the shape of the ‘Mexican hat’ for u?<0 and A>0, with a local maximum at ®=0 and
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degenerate global minima for

olp = —% =2, (2.6)

where v is the vacuum expectation value of the Higgs field, related to the Fermi constant G by:

v = (V2Gp)2 ~ 246 [GeV] . (2.7)

The shape of the potential is responsible for the spontaneous electroweak symmetry breaking
(EWSB) or Higgs mechanism (developed thanks to the studies of Higgs|7], Englert and Brout|8]
and Guralnik, Hagen and Kibble[9]) a process that gives masses to the W~, W and Z° bosons.

The scalar Higgs field itself assumes a mass of my = /2, while the photon remains massless. For
a complete treatment of the Higgs mechanism see e.g. [10].

With the announcement of the discovery of the Higgs boson in 2012 |11, 12], the particle content
of the SM is complete. The SM includes 19 free parameters:

e fermion masses: six quarks, three charged leptons;

e four parameters for the Cabibbo-Kobaiashi-Maskawa mixing matrix (allowing flavour chang-
ing neutral currents);

three coupling constants (gs, g and ¢’ for the SU(3)¢,SU(2)1,U(1)y respectively);
p? and X\ (the parameters of the Higgs potential);

the QCD vacuum angle 6 (allowing CP violation in the strong sector).

2.1.2 Is the SM the Final Theory of Particle Physics?

Despite the huge number of experimental evidences of the validity of the SM, there are a series of
anomalies and measurements that the SM fails to explain without introducing extra free parameters,
new interactions or new particles. In the following I provide a list of what are commonly called the
‘shortcomings’ of the SM.

A Dark Universe: Dark Matter There is compelling evidence that a form of electrical and
color charge-neutral form of matter constitutes more than 25% (from the latest Planck measure-
ments in [13]) of the matter content of the universe, if the ACDM model for the thermal evolution
is assumed. Without this form of matter, called ‘dark’ since it does not emit electromagnetic radia-
tion, the evolution of the universe, the structure (cluster of galaxies and galaxies) formation and the
observed matter distribution cannot be explained. Very little is known about dark matter (DM); all
the information available comes from astrophysical observations and cosmological assumptions (see
the introductory part of Chapter 7 for more details). I conclude here by reminding that, strictly
from a particle physics perspective, there are no convincing indications of the existence of such
elusive particles, except for the claim from the DAMA experiment|14] of detecting a phenomenon
called DM annual modulation, linked to the motion of the Earth within the DM galactic halo.
While the excess in the event counts is still present, other similar experiments failed to reproduce
any signal compatible with the modulation.

At present, all our knowledge coincides with observation of gravitational anomalies and phenomena
that cannot be explained by the SM physics and by Einstein’s general relativity.
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Grand Unification The electroweak theory described by the SU(2) x U(1)y symmetry group is
an example of a successful unification at higher energies of two theories that behave very differently
after the process of symmetry breaking, i.e. below the EWSB scale. The concept of a possible
unification of distinct forces, indeed, was born with Maxwell who at the time unified the electric
and magnetic forces in his theory of electrodynamics. The very appealing idea of extending the
unification of forces to include also the strong interaction has been pursued for several decades
by the theory community. This was particularly motivated by the observation that by running
the coupling constants (electromagnetic, weak and strong) through the Renormalisation Group
Equations (RGE), they all seem to converge to a common value at a scale of O(1016) GeV, called
Grand Unification Theory (GUT) scale. The exact unification however cannot be realised within
the SM. A common way to allow for such unification are to extend the gauge groups of the SM to
more large symmetries like SU(5) or SO(10) (see also Section 2.2.2.2 for the unification of forces
in Supersymmetric models).

Neutrino Masses and Oscillation Neutrinos come in three different flavours, identified with
the flavour of the charged leptons that are produced via weak-interaction. However it was found
in several experiments that during their free propagation, neutrinos can change flavour i.e. the
flavour eigenstates are not constant during propagation. The probability of changing the flavour, a
process known as flavour oscillation, depends primarily on the length of the path considered, on the
neutrino energy and on the squared difference of the mass eigenstates. More details will be given in
Section 7.3.1.4, where the implementation of neutrinos oscillation in MadDM v.3.0 is described. For
now it suffices to remember that all the experimental observations regarding neutrino oscillations
are compatible with the assumptions that at least two neutrino mass eigenstates have non-zero value
(see e.g. [15] for a review). The exact mechanism that produces the neutrino mass is still object
of research and, in some sense, requires an extension of the SM for which neutrinos are massless.
Among the theories introducing mass terms for neutrinos, we find e.g. the ‘seesaw’ mechanism,
that postulate that there exist companions of the SM neutrinos with very large mass, possibly
around the GUT scale, which can explain the very small mass of O(eV') of the SM neutrinos [16].
This argument is sometimes used as a motivation for GUT models.

The Hierarchy Problem and Naturalness One question which is, in some sense, more aes-
thetic than driven by unexplainable phenomena is the extremely large difference between the en-
ergy scale at which the EWSB takes place, and the Planck scale (Mpank = 1/vV8TG Newton ~ 108
GeV). If we consider the mass of the heaviest know fundamental particle, the top quark (around
173 GeV|6]), no other SM particle is expected to exist before the O(10'¢) GeV, which is believed
to be the scale where new physics should appear, e.g. through the unification of forces and large
quantum gravity effects. The very large gap in the energy scales between O(10%) and O(10')
GeV is considered somehow ‘unnatural’, and ultimately the question is why the weak scale and the
Planck scale are so different.

The Higgs boson couples to each massive SM fermion f through the Yukawa coupling Ay, with an
interaction of the form Ly = —\ypH1p where ¢ and H are the fermionic (Dirac) and Higgs fields
respectively, and the Yukawa coupling is proportional to the fermion mass. The mass of the Higgs
boson can be expressed as:

mp = mY + Amy. (2.8)

The equation above shows that the bare Higgs mass m% receives quantum corrections; for example

the 1-loop radiative corrections due to the couplings to fermions is given by:

AfI?

o3 A3y + (2.9)

2 _
AmH—_
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where the scale Ayy represents the scale at which the SM ceases to be valid and new physics
is expected, and regulates the calculation of the corrections, that otherwise will be quadratically
divergent. This is often taken to be the Planck scale, or the GUT scale where new interactions
and mediators are predicted, leading to corrections that are indeed of O(Ayy). Note that the
largest contribution from SM fermions come from the top quark, due to its large Yukawa coupling
(yr = 0.94). Since the physical Higgs mass is the sum of the bare mass and the various loop contri-
butions, the latter must cancel out up to incredible precision in order to obtain the observed value
of the Higgs mass ~ O(100) GeV. This can be achieved only by a fine tuning of the parameters of
the new physics appearing at the scale Ayy, that must cancel the corrections deriving from SM
particles.

A possible solution of the fine tuning problem would be the presence of BSM particles at O(1) TeV
scale, which then would cancel out the contribution from SM particles without excessive tuning of
the parameters. Such particles are predicted by theories like Supersymmetry, which introduce a
fundamental symmetry between bosonic and fermionic particles that naturally solves the problem.
The main characteristics of Supersymmetry, which will be the main BSM theory discussed in this
thesis, will be now introduced, highlighting how this extension of the SM can solve the principal
shortcomings that have been discussed.

2.2 Going Beyond the Standard Model: Supersymmetry

We have seen that the SM is incomplete, for example it does not accommodate any suitable DM
candidate compatible with the astrophysical observations, and it has some unpleasant features from
a theoretical point of view related to the unification of forces at higher scales and to the hierarchy
problem. An extension of the SM, based on an additional symmetry of space-time that extends the
Poincaré group, is able to elegantly solve the three problems above as well as provide a new rich
particle phenomenology that can be potentially observed at various types of experiments, is called
Supersymmetry (SUSY).

2.2.1 Basic Principles

The theory of Supersymmetry is based on the extension of the Poincaré group; the Supersymmetric
algebra can be expressed in terms of Weyl spinors ; with the anti-commutating relation:

{Qa, Qs} = 2(0") .5 Pu (2.10)

where o# are the Pauli matrices and the P, = —i0,, are the generators of the translations; the
indices with dots refer to the components of the complex conjugated spinors, while all the other
anti-commutating relations between the ) and the P vanish.

These anticommuting relations transform bosonic and fermionic states into each other, i.e.

Q|Boson >= |Fermion >
(2.11)
Q|Fermion >= |Boson > .

This has the direct consequence that in SUSY the number of particles is at least double the particles
in the SM: we call Minimal Supersymmetric Standard Model (MSSM)[17, 18] a SUSY theory that
adds the minimum number of new particles to the SM.
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Gauge Superfield spin 1 spin % SU(3)¢,SU(2),U(1)y
Gluon, gluino g g (8,1,0)
W, Wino W, WO w-) (W, W' w-) (1,3,0)
B, Bino B BO (1,1,0)

TABLE 2.2: Gauge superfields in the MSSM.

In SUSY the notion of superfield S(z*,6,) is introduced, describing each field as constituted by a
fermionic and bosonic component; the coordinates xz* represent the space-time coordinates, while
the 0,,a = 1,...,4 are Grassmann anticommuting coordinates.

The left and right handed components of SM fermions and their Supersymmetric partners are con-
tained in "chiral superfields". Chiral superfields can describe spin 1/2 as well as spin 0 particles,
and this include SM leptons, quarks and the Higgs boson. Analogous to this chiral superfields
representation is to consider the spin up and down states of fermions (see e.g. [19]).

In the same way, "gauge superfields" can be introduced, describing the SM gauge bosons (spin
1) and their Supersymmetric fermionic partners. With the notion of superfields, superpotentials
are then introduced, which describe the interaction between the various chiral superfields. The de-
scription of the SUSY algebra and the derivation of the SUSY Lagrangian can be found e.g. in [20)].

Contrary to what its name suggests, even Supersymmetry is not a perfect symmetry: so far, no
particles with the same mass of any SM particle but with half-integer spin difference were found.
This means that SUSY must be broken, i.e. there must be a SUSY breaking mechanism so that
the superpartners acquire a mass that is different from the SM value. Unfortunately the theory
does not predict the scale of the masses of the SUSY particles.

SUSY, despite being motivated primarily by abstract principles, has a solid theoretical appeal, and
the modern formulation of the theory was developed by many theorists during the last 40 years. It
is also very interesting from an experimental point of view, since the existence of SUSY partners
provide a rich phenomenology to be studied and searched for with many types of experiments; in
fact, all the searches for DM can be interpreted in the context of SUSY, since it can provide a
natural DM candidate, as it will be explained in the next Section. In this work I wish to focus
primarily on the phenomenological aspects of SUSY, in particular how it could be detected at
particle colliders. In the following I will describe the particle content of the MSSM, and briefly
demonstrate how SUSY can successfully solve some of the problems of the SM introduced in the
previous sections. The next Chapter 3 will describe in some detail the phenomenology of SUSY at
colliders, and how indeed the results of the searches for SUSY offer the opportunity to investigate
other generic BSM theories, thanks to the use of simplified models.

2.2.2 The Minimal Supersymmetric Standard Model

The most general realisation of Supersymmetry that is constructed as an extension of the SM is
called Minimal Supersymmetric Standard Model, or MSSM. The content of the MSSM in terms of
chiral and gauge superfield is shown in Tables 2.2 and 2.3.

Given the extremely large dimensionality of its parameter space, the interpretation of searches in
the context of such general model is an extremely hard achievement. This lead phenomenologists
to comsider special subsets of such a generic model, by requiring that some of its parameters are
constrained by scaling relations or other assumption inspired for example by Grand Unification
theories.



12 Chapter 2. The Standard Model of Particle Physics and Beyond

Chiral Superfield spin } spin 0 SU(3)¢,SU(2).,U(1)y

Q (ur dz)  (ar dr) (3,2%)
(S)quarks U u% Up (3,1, '%)
D ury, dL (&L CZL) (ga 27%)
L 7 e 17 Za'l
(S)leptons B vz e1) 7z &) ( 2)
F 6}; é*R (171a1)
H H+HO H+Ho 1, 2’_l
Higgs(inos) U (Hy Hy) (~U ~U) ( 12)
Hp (HyHp) (HRHp) (1,1-5)

TABLE 2.3: Chiral superfields in the MSSM (left-handed superfields).

2.2.2.1 Solving the Hierarchy Problem

As seen in Eq. 2.9, the fermions couple to the Higgs and give corrections to the 1-loop calculation
of its bare mass. This term is mostly sensitive to massive particles, and the top quark loop leads
the various correction terms, with Ay ~ 0.94, due to its very large mass of m; ~ 173 GeV. Let
us now consider two spin-0 complex scalar particles S coupling to the Higgs as Ay = |A f\2, and
contributing to loop corrections as:

A
Am% =2 x mﬁA%JV + ... (2.12)

This term looks exactly like Eq. 2.9 but with positive sign, meaning that by introducing a bosonic
(scalar) partner to any SM fermion, the sum of the contributions of the loop corrections will vanish,
since all the particles and their partners will contribute with diagrams such as the ones sketched
in Fig. 2.1. This also means that SUSY naturally solves the hierarchy problem thanks to the
additional content of scalar partners to fermions, and in particular with the scalar partner of the
SM top quarks (i.e. the stops). Note that the cancellations induced by these new particles hold
at every order in perturbation theory for unbroken SUSY. However we know that SUSY must
be broken; for SUSY to solve the hierarchy problem with a reasonable level of fine tuning of the
parameters, the mass of the top squark m; should be of order O(1) TeV.

Fermionic Loop Bosonic Loop

S
/ N

[R—— —_— - —_—_ — — = =

t

FIGURE 2.1: Loops correction to the Higgs mass by a fermionic (left) and bosonic (right) partner.
In particular, the top quark and its scalar supersymmetric companion are considered since they.
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2.2.2.2 GUT Unification

Finally, SUSY has the very pleasant feature of allowing for the unification of fundamental forces
at higher scale (see e.g. [21]). This is shown in Fig. 2.2 that shows how for a specific realisation of
the MSSM, the coupling constants unify at O(10'®). Here the coupling constants are expressed in
units of oy = g2 /4.

60_ T T T T T T T T T T T T T T T T 1
505‘ Tl ,:: =
40F

a-1 305 el _i

20k E

%46 8 10 12 14 16 18
Log,,(Q/GeV)

FIGURE 2.2: Evolution of the SM gauge coupling constants through the RGE. The dashed lines

represent the evolution in the case of the SM, while the coloured lines show the case of the MSSM,

where the different colours correspond to models with a common threshold of the SUSY masses of
500 GeV (blue) and 1.5 TeV (red). See Ref. [20] for more details.

2.2.2.3 R-Parity Symmetry and DM Candidate

An additional discrete symmetry that can be imposed on the MSSM, that enforces the conservation
of the baryon and lepton numbers B and L, is called R-Parity. The B and L symmetries in the
SM are ‘accidental’, but have the effect to prevent protons decay, so that protons have a lifetime
greater than 1033 years (see e.g. the results from the SuperKamiokande experiment [22]). In the
MSSM however these symmetries are absent, and B and L might be violated by extra terms present
in the SUSY superpotential. The R-Parity symmetry is able to fix this problem. For each particle,
the quantum number R is defined by:

where s is the spin of the particle. The two possible eigenvalues are R = 1 for any SM particle,
and R = —1 for SUSY particles. Due to the discrete nature of this symmetry, for a set of particles
the total R is calculated as the product of the R-Parity value of each particle in the set. The
requirement that the total R is conserved by any particle process considered leads to three important
phenomenological consequences:

1. an even number of SUSY particles must be produced in processes with SM initial particles;
2. each SUSY particle decays to an odd number of SUSY particles;
3. the lightest SUSY particle is stable.

From point (1) it follows immediately that at colliders, through any e.g. e~e™/pp/pp collisions
only pair productions of SUSY particles are expected (or even 4-SUSY particles production, though
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kinematically disfavoured); the same holds for the decay of any resonant SM particle, like e.g. the
Z bosons, or the Higgs/Heavy Higgses.

From (2) and (3), the decay of SUSY particles to other SUSY states ends with the lightest SUSY
particle (LSP) that has to be stable. This makes the MSSM particularly interesting since it readily
provides possible DM candidates. Models where the lightest of the neutralino species x| or the
gravitino G are the LSP are the most searched for at the LHC; though there also exist SUSY
models where right-handed sneutrinos g constitute a viable DM particle.

2.2.3 Other Supersymmetric Models

cMSSM and mSUGRA  Minimal Supergravity (mSUGRA) and the Constrained MSSM (cMSSM)
are subspaces of the MSSM parameter space; they are based on the assumption that there exists a
hidden sector that can communicate with the SM only by gravity, and where SUSY is spontaneously
broken (see e.g. [23|). The models have 4+1 free parameters at the GUT scale: the universal mass
mgo common to all the scalar particles, the ratio of the Higgs vacuum expectation values tang, the
sign of the Higgsino mass parameter sign(u) that can be positive or negative defined, the gaugino
mass parameters M o, and the universal trilinear coupling Ag. From the GUT scale, the masses of
the SUSY particles at low energies can be calculated by running down the renormalisation group
equations. Thanks to the small parameter space and its predictive power, it has been largely stud-
ied both by theorists and experimentalists. Its parameter space is now tightly constrained due to
the discovery of the Higgs boson mass as wells as constraints from collider experiments, precision
measurements in flavour physics, and astrophysical observations (see e.g. [24, 25]). Note that, while
nowadays the cMSSM and the mSUGRA models are considered equivalent, in the early literature
the mSUGRA model required that also the gravitino parameter is unified (with m s = my, see [6]

for more details).

pMSSM The phenomenological MSSM[26] (pMSSM) will be the object of an extensive study
in Chapter 5, where a detailed characterisation of the model will be presented. Very briefly,
experimental measures that constrain additional sources of CP violation and flavour changing
neutral currents, plus theoretically appealing motivation such as the first and second generation
universality (for sleptons or squarks), reduce the total free parameters of the MSSM to O(10)
parameters.

nSUSY Another extensively studied SUSY class of models is represented by ‘natural’ SUSY (see
e.g.[27]). In this case, there are not fixed relations between any of the free parameters in the MSSM,
but a requirement regarding the level of fine-tuning, in attempt to solve the hierarchy problem.
A model is considered natural when the level of fine-tuning required is below a certain threshold
(for example, see the Barbieri-Giudice measure [28]). However how much fine tuning should be
considered acceptable is an arbitrary definition. It follows that also natural models include a large
parameter space, depending also on the specific details of the model considered. In general, a low
level of fine-tuning is obtained when the LSP and NLSP are Higgsino-like, and the lightest stops,
which gives the largest contribution to the radiative correction to the Higgs boson mass, are not
too heavy, roughly around the O(T'eV) scale. Also gluinos should not be too massive, since they
contribute to the corrections at loop level to the stop mass. The masses of the other sparticles
are less relevant. While current simplified models results at 13 TeV constrain the stop mass to be
roughly above the TeV scale (|29],[30] and Section 3.2.4), in the context of full models this limit is
much weaker, due to more complex decay patterns.
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Phenomenology of Supersymmetry at
the LHC
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As introduced in the previous Chapter, there are some questions that the SM cannot answer, and
many theoretical considerations suggest that some new physics might be hiding at the TeV scale.
If the theory of Supersymmetry is true, already within the MSSM, which is the most economical
Supersymmetric extension of the SM in terms of new particles, a rich phenomenology can be tested
experimentally.

This Chapter summarises the main distinct signatures of SUSY candidates at the Large Hadron
Collider (LHC), the most powerful machine for high energy particle physics ever built. First, the
main characteristics of the LHC are described (Section 3.1), followed by the description of the
Compact Muon Solenoid (CMS) experiment, one of the two multi-purpose detectors able to look
for new physics at O(TeV) mass scale.

Then the main concepts at the basis of BSM searches are introduced, with a focus on searches for
Supersymmetry (Section 3.2). On the one hand, owing to the complex phenomenology offered by
SUSY and its vast parameter space, the results for the searches are hard to interpret in the context
of the full MSSM. On the other hand, many searches target final states which are common to many
different BSM theories, and it is extremely useful to re-interpret the results of such searches to
constrain several new models. I will then introduce simplified model spectra (SMS) (Section 3.2.2),
which represent the standard way of the LHC collaborations to present the results of their searches
for SUSY. Finally, the status of the current constraints on the most common simplified models will
be summarised in Section 3.2.4.

3.1 The LHC and the Hunt for New Physics

The Large Hadron Collider (LHC) at the European Organisation for Nuclear Research (CERN) is
the most powerful ‘discovery machine’ ever built, able to reach an unprecedented 7-8 TeV (LHC
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Run 1, 2010-2012) and 13 TeV (2015-ongoing) centre-of-mass energy, or /s, with proton-proton
collisions. It is built at the border of France and Switzerland between the Jura Mountains and Lake
Geneva; it uses the 26.7 km tunnel constructed for the Large Electron-Positron collider (LEP), at
depths ranging from 50 to 150 m below the ground level.

The technical design foresees a future run at y/s=14 TeV in the last years of operation, before an
upgrade of the main components of the collider. These high energy collisions allow to investigate
an unexplored energy regime in particle physics at colliders, and in particular they give access to
the on-shell production of hypothetical new particles with masses at the O(TeV) scale. Beside the
hunt for new physics, at the various LHC experiments the properties of the SM can be probed
with very high accuracy. Indeed, deviations from the SM predictions os some observable found
in precision measurements of rare processes might suggest the presence of new physics, that give
additional contributions to the known SM processes. Finally, thanks to the heavy ions program, for
which heavy lead ions are circulated inside the beam pipe, the properties of QCD can be studied
at its extreme in the form of a novel state of matter called quark-gluon plasma, which is supposed
to constitute the primordial universe at the very beginning of its history (O(107%) s after the Big-
Bang, with a temperature around 175 MeV).

So far, the biggest achievement of the LHC is the discovery of a particle compatible with the
properties of the SM Higgs boson, announced in 2012 (|11, 12]), which had been hunted for more
than 50 years and was one of the most compelling arguments for the construction of the machine.
In the next Sections the main characteristics of the LHC and of the CMS particle detector, designed
for new physics searches, will be described.

3.1.1 The Journey of the Protons

The LHC is a collider where two separate protons or heavy ions beams, circulating in opposite
directions inside the tunnel, are made to collide in four specific interaction points, at the centre
of the detectors of the experiments. The LHC is the very last accelerator in the journey of the
particles, which is schematically represented in Fig. 3.1. Here I briefly summarise the main steps
for the protons(for more details, see e.g. [31],[32]).

The preliminary phases of the proton injections into the LHC start with the Linear accelerator 2
(LINAC2) and the Proton Synchrotron Booster (PSB), that boost the protons to an energy of 1.4
GeV. The PSB, composed of four stacked rings, continues accelerating the protons and split them
into four bunches into the Proton Synchrotron (PS); this increases the energy of the protons up to
26 GeV, before entering the Super Proton Synchrotron (SPS), the last step before the LHC tunnel.
At an energy of 450 GeV, the protons finally enter the two parallel beams in the main LHC ring,
travelling in opposite directions.

The beams are accelerated up to their nominal centre-of-mass energy of 7 TeV by eight radio-
frequency resonant cavities, which oscillate at 400 MHz. The final beam is composed of around
3000 bunches of protons, each containing 10'' protons. The ultra relativistic protons require a
strong magnetic field to bend in the ring, as well as to focus at the interaction points and to max-
imise the collision cross section. The two tasks are achieved by 1232 dipole and 392 quadrupole
magnets respectively, made of Niobium-Titanium alloy. The magnets are kept at a temperature of
1.9 K by superfluid Helium, that enables them to work in the superconducting regime and produce
a 8.33 Tesla magnetic field. Two different configurations of the magnetic field are needed, since the
protons have the same charge but they need to travel in opposite directions in two separate beam
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FIGURE 3.1: A schematic overview of the The Large Hadron Collider accelerator complex.
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pipes.

Currently, during the last LHC Run 2 phase, the separation in time of each proton bunch is 25 ns;
at each turn in the ring, the bunches gain an energy of 485 keV, meaning that the centre-of-mass
energy of 13 TeV is achieved after around 20 minutes.

LHC Parameters, Event Rate, Luminosity

One of the crucial LHC parameters for physics studies is the total number of proton-proton inter-
actions. The quantity controlling the total number of collision in the unit time is called luminosity

(£) and it is defined as:

2
- 77”2]\[ *f’“@” (3.1)
TB*ep,

where v is the proton beam energy in unit of rest mass, n is the number of bunches for each beam
(which is 2808 for 25 ns bunch spacing); N is the number of protons in each bunch (1.15 x10! at
25 n8); frey is the revolution frequency (11.2 kHz); 5* is the focal length of the beam (around 0.55
m at the collision point); €, is the transverse emittance (3.75 um); R is the reduction parameter
that accounts for the angular separation of the beam crossings. All the values represent the design
nominal values.

The total number of collisions over a time 71" can be finally calculated by integrating Eq. 3.1:

L= /T Ldt (3.2)

The luminosity enters the calculation of the total rate IV for a given physics process of cross section
o, as:

N=o¢- L (3.3)

For Run 1, a maximum instantaneous luminosity of £ = 7.7 x 10?3¢m 257! was achieved, and a

total luminosity of around 23 fb~! was delivered to the two general purpose experiments (ATLAS
and CMS), at 8 TeV centre-of-mass energy.

The LHC is designed to operate at /s=14 TeV; the bunch crossing rate will be 40 MHz, at the
peak instantaneous luminosity of £ = 103*em=2s~!. A total integrated luminosity of 300 fb~! is
expected to be collected by the year 2023 (LHC Run 3)[33].

3.1.2 The CMS detector

The LHC houses six principal particle detectors and experiments: A Toroidal LHC Appara-
tuS (ATLAS)[34], the Compact Muon Solenoid (CMS)[35|, LHC-beauty (LHCD)[36], A Large
Ion Collider Experiment (ALICE)[37], TOTal Elastic and diffractive cross section Measurement
(TOTEM)|38| and LHC-forward (LHCf)[39]. In particular the first two, the ATLAS and CMS ex-
periments, constitute the biggest scientific collaborations in the world, each with more than 3,000
among scientists, technicians and students. These multi-purpose detectors are designed to cover
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the largest range of physics goals, from precision measurements of SM properties to the discovery
of new particles.

Both the generic purpose detectors have a similar design, typically referred to as ‘onion shape’: they
surround hermetically the interaction point of the beams, and guarantee an almost most complete
coverage of the 4w steradians solid angle. From right the interaction point outwards, a series of
subdetectors, each one aiming at measuring different particle species, is located. Especially when
searching for new physics, it is important to collect the data of all the particles produced in the
event, since an imbalance in the conservation of the total momentum or energy can point to the
existence of new physics. For example, in R-Parity conserving SUSY, a large imbalance in the
transverse momentum (see Section 3.1.2 ) is expected to appear due to the presence of the neutrali-
nos, that escape detection. In the following I will shortly describe the CMS detector and highlight
its main features.

As the name suggest, the design of the CMS detector is very compact, with a diameter of around 15
m, a maximum length of 29 m and a weight of around 14,000 tonnes (for comparison, the ATLAS
detector has a length of 46 m, a diameter of 25 m and weights ‘only’ 7,000 tonnes), making it the
heaviest particle detector ever built. Almost 80% of its volume is occupied by the muon chamber,
that surrounds the solenoid.

The ‘onion’ like structure develops as follows. The inner part hosts the solenoid, which extends
up to a radius of 6 m. This is surrounded by the inner tracker, which extends to the proximity of
the interaction point. Going outwards, we find the electromagnetic (ECAL) and hadronic (HCAL)
calorimeters. Then the large system of muon trackers is located. A sketch of the CMS detector
can be seen in Fig. 3.2. The coordinate systems used to describe the positions of the sub-detectors
and the particles inside CMS will be now introduced, before describing the various sub systems.

Coordinates System

To describe the coordinates inside the CMS detector, a possible choice is to define a right-handed
Cartesian system centred at the collision point. In this case, the x-axis is directed towards the
center of the LHC circumference, the y-axis points upward, and the z-axis is aligned with the beam
direction. The x-y plane is called transverse plane (with respect to the beam direction). However
a more natural choice that follows the symmetry of the detector is to define a cylindrical system of
coordinates (r,n, ¢), where r is the radial distance of the point from the beam, ¢ is the azimuthal
angle measured from the x-axis, and 6 the polar angle measured from the z-axis.

The variable 7, called pseudorapidity, is related to the polar angle 6 by the following relation:

n=—lIn [t(m (Zﬂ (3.4)

The pseudorapidity n can be obtained in the limit of massless particles from the rapidity y defined

as:
E+p.
=lIn , 3.5
Y \/E_pz (3.5)

and in the case of highly energetic particles, the two definitions converge. It is preferred to use the
pseudorapidity as a coordinate since the rapidity takes into account the Lorenz boost, while the
angular difference Af is not a Lorenz invariant quantity. The reference systems and the values of
the pseudorapidity for a set of polar angles are shown in Fig. 3.3
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FIGURE 3.3: The coordinates system for the CMS detector. Figure a) shows the (z,y, z) Cartesian
system with black lines. The pir vector (blue) is the projection in the transverse mass plane of the
momentum p (blue). Figures b) shows the value of the pseudorapity for some polar angles 6.
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Due to mechanical reasons, particles with high pseudorapidity that fly almost along the beam line
cannot be detected since they fall out of the detector region, or cannot be reconstructed efficiently.
Typically the particle objects considered by the CMS analyses require n < 5.

The azimuthal angle and the pseudorapity are used to define a measure of angular separation:

AR = \/(An)* + (A¢)? (3.6)

which is frequently used to discriminate if the tracks of two particles fall inside the same isolation
cone (see Section 4.1.4.1).

Tracking System

The tracking system is the first detector encountered by the particles originating from the collisions,
placed right around the interaction point. It is composed of a set of 1,440 silicon pixel and 15,148
silicon strip detectors, covering a surface of around 200 m?. The system is designed to measure
the trajectories of charged particles, i.e. tracks, such as electrons, muons and charged hadrons,
or sufficiently long-lived new BSM charged particles. Charged particles are bent by the almost
uniform 3.8 Tesla magnetic field present in the volume of the tracker due to the Lorentz force, and
their curvature radius is used to determine their momentum. Tracks originating directly from the
collisions of the two proton bunches converge into the primary vertex; secondary vertices can also
be found, for example caused by the decay of B-mesons (mesons containing bottom quarks), that
can fly with a certain life-time before decaying, of order O(107!2) s. The charged particles coming
from such decays will all point to a secondary vertex.

The CMS tracking system allows to efficiently record and measure tracks up to |n| < 2.5. In the case
of non-isolated particles with || < 1.4 and transverse momentum 1 < pp < 10 GeV, the tracker
system can measure the pyr with a relative uncertainty of 1.5 %; for isolated particles with pr=100
GeV, the uncertainty is around 3 %. More details about the tracking efficiencies and uncertainties,
as well as a complete description of the tracking system in the barrel and in the endcap regions
can be found in [40].

Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is designed to measure the energy deposited by electrons
and photons. This is achieved by inducing a cascade electromagnetic shower of low energy secondary
particles. Photons will produce pairs of ete™, and electrons and positrons will emit bremsstrahlung
radiation. The electrons produce scintillation light inside a dense, thick layer of lead-tungstate
crystals (PbWOy): the atoms of the scintillator are ionised, and the de-excitation light emitted is
collected by photodiodes which convert the photons to electric signals. The shower develops until
the energy of the particle fall below a critical threshold energy. The radiation length (i.e. the
average distance traveled by an electron before losing (1 — 1/e) of the total initial energy) for this
material is 0.89 cm; the total thickness of the ECAL in the barrel and in the endcap is 23 (25.8
times the radiation length) and 22 cm (24.9 times the radiation length) respectively, so the ECAL
contains almost the entire energy of the photons and electrons.

The ECAL covers the pseudorapidity range up to n < 3, with a gap between 1.479 < |n| < 1.653.
61,200 crystals form the ECAL of the barrel region, and 7,324 form the ECAL in the endcap region.
Beside a high resistance to radiation damage, the PbWQOy crystals offer a very quick response, and
emit around 80 % of the light before the next bunch crossing.

A complete description of the CMS ECAL is given in [41].
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Hadronic Calorimeter

The measurement of the hadronic activity is carried out by the hadronic calorimeter (HCAL). The
CMS HCAL is a sampling calorimeter; it consists of 16 different pairs of an absorbing material
(brass), which causes the formation of hadronic showers due to nuclear interaction, followed by
plastic layers which again produce scintillating light in the blue-violet range and allow to collect
the energy deposit. The initial and last layer of absorber are made of steel, for structural reasons.
The HCAL is almost entirely contained inside the solenoid, extending from just outside the ECAL
(r = 1.77 m) to the inner radius of the magnet coil (r = 2.95 m). This compact design is achieved
thanks to the short nuclear interaction length of brass, which is only 16.4 cm.

The HCAL is divided into four parts: the hadron barrel (HB), the hadronic endcap (HE), the
hadronic outer barrel (HO) and the hadronic forward calorimeter (HF). All the absorbing layers of
the HB add up to 5.8 at n=0, and up to 10.6 at »=1.3 in units of total radiation lengths. Since
some hadronic showers cannot be confined in the HB or have a late development, the HO uses the
material of the coil as an absorber, extending the total absorbing length to 11.8 radiation lengths.
Finally the HF is placed in the very forward region surrounding the beam, with 2.85 < |n| < 5.19.
This subdetector is made of steel absorbers, followed by quartz fibers that collect the Cherenkov
light produced by the passage of highly energetic charged hadrons.

The technical report of the HCAL can be consulted at [42].

Muon System

The CMS experiment carries in the name the importance of its muon system, which covers the
external part of the detector up to n < 2.4. Muons have highly penetrating power: they leave
traces in the tracking systems but then propagate without energy loss through the calorimeters.
Energy loss via bremsstrahlung is limited and less important than in the case of electrons, since
the radiated power is proportional to e.g. m~% in the case of circular motion, and muons are about
200 times more massive than electrons.

The muon system comprises three sub-systems, consisting of drift tubes (DT), cathode strip cham-
bers (CSC) and resistive plate chambers (RPC). The four cylindrical layers of DT are placed in a
region of an almost uniform magnetic field, between the plates of the magnet return yoke, extend-
ing up to |n| < 1.2 . Each layer contain several tiny tubes filled with a gaseous mixture of argon
and carbon dioxide. When the gas is ionised by the passage of muons, an electromagnetic cascade
is produced. The induced electric signal is collected by positively charged metal wires placed in-
side the tubes. The signals from the electrical current allows to measure the position of the particle.

For the region 0.9 < |n| < 2.4, CSC are used to take advantage of their fast response; in this region,
in fact, the magnetic field is stronger and inhomogeneous, and the particle flux is typically higher.
The CSC consist of a series of wires, positively charged, crossed with negatively charged copper
strips. The wires attract the electrons that are scattered off by the impact with the muons, while
the copper attracts the positive ions; the radial position of muons can thus be reconstructed.

Finally, the RPC extend up to |n| < 1.6; despite their low resolution, they provide a very fast
response (around 1 ns), so they are used as a muon triggering system, independent from the other
sub-detectors. They are made of positively and negatively charged metallic plates, placed in be-
tween a gaseous volume. The electric signals from the ionisation of the gas is collected by metallic
strips parallel to the beam.
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Since muons tracks are also reconstructed by the tracking system, the combination of the informa-
tion of the tracker and the muon system allows to achieve the highest resolution of 1.3 —2 % in for
transverse momenta in the range 20 < pr < 100 GeV in the barrel region.

The design of the muon system is documented in [43].

Triggers and Data Acquisition System

In addition to the main components of the CMS detector, complex triggers and data acquisition
systems are used complementarily to filter the enormous amount of events that are produced at
each bunch crossing, at the rate of 40 MHz (or 25 ns spacing) at the current Run 2 configuration.
In fact, each single event requires from 1 to 2 Mb of disk space after zero removing, adding up to 40
Terabyte/s of data that would have to be recorded, an enormous quantity that cannot be handled
by the system. Since the majority of the events are produced in soft collisions or minimum bias
events, which are not the main target of any CMS physics study, an efficient system to discriminate
interesting events was developed.

A two-tiered trigger system [44] is employed to reduce the initial frequency of nominal bunch cross-
ing rate of 40 MHz to O(1) kHz. This is achieved in two following steps. The first trigger system,
called Level - trigger or L1, is built with low latency hardware. It uses the information from the
calorimeters and muon system to decide if the event should be analysed further, in around 4 mi-
croseconds. The L1 trigger was specifically designed to work with 25 ns bunch spacing. If the event
is considered interesting from the L1, the data acquisition system reads out the data and passes
it to the software-based HLT trigger, at a rate of O(100) kHz; this is the maximum rate that the
detector front end electronics is able to sustain. The HLT uses a series of complex reconstruction
algorithms to finally discriminate if the event is to be recorded or discarded, analysing fully re-
constructed particle objects such as jets (i.e. hadronic particles contained in an arbitrarily defined
narrow cone) and muons. The task is performed running several thousand of CPUs in parallel. The
HLT includes also the information from the tracking system. The description of the algorithms
used for the reconstruction of the event are included in the trigger menu. The events passing the
two trigger systems are then recorded and stored for physics analysis.

3.2 Basic Principles of SUSY Searches

In this Section I wish to briefly describe how searches for BSM physics, with a particular focus on
SUSY, are performed by the ATLAS and CMS collaborations. However BSM searches are typically
generic, and could be potentially sensitive to a broad spectrum of new theories. This is why the
re-interpretation of existing searches is a very active field of investigation by phenomenologists;
common approaches for re-interpretation will be discussed in Chapters 4 and 7, while a concrete
example of a re-interpretation study will be the subject of Chapter 5.

3.2.1 Supersymmetry at the LHC

Since the LHC is a proton-proton machine, the production cross sections for coloured sparticles are
dominant with respect to electroweak processes. This means that, for a given mass scale, squarks
and gluinos have a much larger cross section than gauginos and sleptons. The cross section for
some relevant strong processes are shown in Fig. 3.4. The plot shows processes at /s = 8 TeV
since results for SUSY searches at this energy will be largely discussed and used in the following
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Chapters, but cross sections behave similarly at /s = 13 TeV, exponentially falling with increasing
mass (the values are in logarithmic scale).

Note that the gg and ¢’ processes have the largest cross section among all SUSY production pro-
cesses at the LHC, owing to the strong interaction; for the same reason, gluino-squark associated
production cross section is also important. Here squarks ¢ include only the first and second genera-
tions, which benefit from the parton distribution function (PDF) of light quarks inside the protons.
Sbottoms and stops, on the opposite, have lower cross sections since they are penalised by small
or almost null PDFs for bottom and top quarks. The cross section shown in Fig. 3.4 assumes that
all the other particles are decoupled. In realistic models, where the masses of all sparticles can be
comparable, the cross sections might get enhanced or decreased by additional t-channel exchange
of light sparticles and interference terms.

We also how much electroweak production is less important compared to the strong processes. For
the same mass of the SUSY particles, typically the cross section is reduced by more than O(10~2).
This makes electroweak processes more challenging to be constrained at the LHC, and the current
limits on gauginos and sleptons are around 1 TeV weaker than the limits for gluinos (see Section
3.2.3).

3.2.2 Simplified Models for SUSY Searches

Hunting for SUSY and in general for new physics at the LHC is a challenging task. From the
experimental point of view, a deep understanding of the detector performance and particle object
reconstruction is needed, in order not to miss potentially interesting signs of new physics and at
the same time not to mistake rare SM events with something exotic. From the theoretical point
of view, even within the MSSM, an excess of events with some particular signatures does not in
general point unambiguously to the existence of specific SUSY particles. In fact the opposite is
quite true: given the large number of free parameters in the MSSM, in primis the unknown masses
of the sparticles, the same signature can be produced by several SUSY signals. This makes it hard
to identify which particles are responsible for the signals, how these particles decay to the LSP,
and if other particles are simultaneously produced so that the signal is indeed a mixture of final
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FIGURE 3.4: Production cross section for a selection of processes at the LHC for /s =8 TeV. The
expected number of events for the various processes corresponding to an integrated luminosity of
20 fb=! is shown on the right. Taken from [45].
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states from several production modes.

To ease the characterisation of hypothetical signals, theorists have developed a framework that
reduces the complexity of the parameter space of generic BSM models to a handful of new pa-
rameters. The new models, which represent only a subset of the full theory, are called simplified
models, and the sets of new particles constitute the simplified models spectral46, 47, 48](SMS).
Beside the reduction in the number of parameters, the quantities describing simplified models can
be often related directly to collider physics observables, such as the masses of the particles and the
production cross sections. In addition, SMS assume a specific branching fraction for the particle
decays. These three parameters completely describe the results of SUSY searches in the context of
SMS. While making use of a limited set of parameters, results interpreted with simplified models
can be be used to reconstruct the limits of a full theory (see Section 4.2.2 when efficiency maps
results are introduced).

Finally, the sensitivity of the searches of the LHC experiments depend mostly on the mass spectrum
of the model tested, that affects directly the energy of the SM particle in the final state, for example
jets, leptons, and the magnitude of the missing transverse energy of the events, which can point
to the presence of the charge neutral LSP escaping detection. This dependency on the mass array
makes SMS results largely model independent, in the sense that any BMS theory with similar mass
spectra and final states will leave the same signature in the detector. In particular, any other
quantum number is expected to produce only minor effects in the final state. SMS limits can
thus be used for the re-interpretation of searches for a variety of other BSM theories; this will be
discussed in Section 4.2 when the SModelS tool is introduced.

3.2.3 Searches for R-parity conserving SUSY at the LHC

Searches for R-parity conserving SUSY at the LHC typically rely on signatures with a large imbal-
ance in the total transverse momentum; the magnitude of such vector is called transverse missing

energy E&Z”SS :
>_ri’
i

This is mainly due to the presence of the neutralinos, which escape detection. Note however that
events with missing energy are also expected in the SM, such as events with Z bosons that decay
to neutrinos. Particles that fall outside the acceptance of the detector will also result in missing
energy of the events.

Eg_‘u'ss — |ﬁ5ﬂni33| _ (37)

The visible SM final state can be categorised as:

e large hadronic activity without any leptons (for example in the case of squark production
that decay directly to the LSP);

e large hadronic activity and leptons (for example gluinos that undergo cascade decays via
gauginos);

e leptonic final state without significant hadronic activity (as it is expected for example in
slepton decaying to the LSP).

Photons are typically used to constrain specific models of SUSY, with the LSP being a massless
gravitino.

It is also frequent to consider reconstructed vector bosons (W or Z) as final state particles. Due to
the different branching fractions of the W and Z bosons, that can decay hadronically or leptonically,
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FIGURE 3.5: Example of results from the LHC experiments interpreted with SUSY simplified

models. Left: upper limit map from the analysis CMS-SUS-13-012[49] for the TT1ttt¢ simplified

model. Right: efficiencies for one signal region of the ATLAS-SUSY-2013-11[50] analysis for the
TSlepSlep (pp — 1-1F,1 — 1XY) simplified model, where I = (e, ).

the same simplified models can be constrained by looking at different experimental signatures. A
simple example is the search for stop pair production, where each stop decays to a top quarks and
the LSP. The top quark will then decay to a bottom quark and a W boson. The search for this
simplified model can be performed e.g. in the all hadronic final state (for hadronically decaying
W bosons), where two jets should be identified as originating from bottom quarks (b-tagged jets).
However final states with a single lepton or opposite-sign leptons final state are also possible, in
addition to two b-tagged jets.

Generally the SUSY analyses select interesting events by applying cuts on the kinematic variables
of the particle object of interest, or on their multiplicity, in order to separate the potential SUSY
events from the SM background. For example, searches for gluino typically require a high number
of jets, large missing energy, b-tagged jets if in the decay chain of the gluino stops appear, and then
a certain number of leptons. This analysis strategy is usually called cut-and-count, since it aims
at removing the uninteresting events from the SM background and then counting the surviving
events to determine the efficiency of the analysis. This strategy will be described more extensively
in Section 4.1.4, where it will be shown how a simple analysis can be reproduced with sufficient
accuracy outside the LHC collaborations. A series of cuts define a specific signal region (SR); in
each search there are typically several SRs (from a few tens up to a few hundreds), since different
kinematic selections might improve the analysis sensitivity to different SUSY models, or different
mass spectra of the same model, that share the same final state. By comparing the number of
events taken from the collision data with the expectation of the SM background and an hypothet-
ical SUSY signal, limits on the production cross section can be computed.

Examples of two types of results from the LHC results are shown in Fig. 3.5. On the left we see
an upper limit map for the TItttt (pp — §§,§ — ttx}) model, where the gluino decays via an
off-shell stop, from the analysis CMS-SUS-13-012[49]. This simplified model is described by the
two masses of the gluino and the LSP, the theoretical production cross section for the gluino, and a
fixed branching ratio of 100% of the gluino in the way described above. These four parameters are
sufficient to describe the simplified models; all the rest of the SUSY particles are neglected. For
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each mass combination, i.e. for each choice of (mg, mx?), the experimental limit on the production
cross section is calculated, and indicated by the temperature map.

Note that the values of the upper limit cross section provided by the experimental collaborations
do not depend on the theoretical cross section of the specific simplified model taken into consider-
ations. On the contrary, the black lines or exclusion curves delimit the region in the mass plane
that this particular analysis can exclude, at a 95 % confidence level; these curves are indeed derived
assuming a specific value of the production cross section. The regions that a specific analysis can
exclude depend then both on the sensitivity of the analysis to the model, and on the value of the
production cross section. For the non excluded regions, either the search is not sensitive enough,
for example because the SM final state are below the CMS detector acceptance, or the theoretical
cross section is so small that too few SUSY events are expected to be found in the total dataset
collected. The last case can be understood by looking at the vertical edge that almost all the
simplified model present for high SUSY mass: at increasing SUSY particle masses, the value of the
cross section drops as shown e.g. in Fig. 3.4.

The results on the left of Fig. 3.5 is an efficiency map of a specific SR of the analysis, which
shows the number of events that survive all the cuts of the analysis, for the simulated simplified
model T'SlepSlep (pp — =1, — IX?) simplified model, where | = (e, 1). The number of events
is normalised by the total number of events generated in the simulation. In practise this number
corresponds to the fraction of the simulated SUSY events that the analysis is able to detect. This
information is used by the experimentalists, and also by the theoreticians (in specific and simple
cases), to calculate the upper limit like the one show in the left plot. Likewise, the analysis shows
a different sensitivity for each mass point (mj,myo).

3.2.4 Statuts of SUSY Searches

Here I briefly summarise the status of SUSY searches at the LHC when this thesis was written
(Winter 2018). The CMS results are taken as an example, but ATLAS analyses show similar reach
in the exclusion of the various SUSY models.

Figure 3.6, produced for the CMS collaboration, represents one of the standard ways of summaris-
ing the status of the searches for specific SUSY particles and decay modes. The left plot shows the
exclusion curves for the T1tttt simplified model, where § — t + X\, with 100% BR. With the Run
1 data, gluino masses of up to ~1.4 TeV could be excluded under the simplified model assumptions.
Different analyses targeting different final states show different exclusion power through the mass
plane, demonstrating the importance of performing multiple searches, targeting the same model. It
is to be noted, in addition, that even in the regions where many analyses exclude a specific model,
the cross section UL might be different; this information can only be extracted from the UL maps
provided by the collaborations.

The right plot of Figure 3.6 represents the summary of the results for the T2¢t simplified model
pp — tt,t — t;}?; the dashed oblique lines separate the mass plane into three regions, depending
on the A(my, mx?) mass gap, that might induce the stop to decay via off-shell tops, i.e. 3-body
decays (t — bW XY) or 4-body decays(t — bW*x}). Flavour changing neutral current mediated by
the neutralino can also favour the stop decay to a charm quark and the LSP. Each analysis often
targets a limited region of the mass plane. We see that stops can be excluded up to almost m; =

800 GeV for a massless LSP; however, for lighter stops, a large part of the mass plane cannot be
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excluded, due to the small mass gap between the stops and the LSP.

~ o~ d . ~ - ~0 ~n~ . ~ ~0 ~0
g-g production, g—tt . t-t production, t—t% /c¥.
; 1 000 C { T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T ; 700 N L ‘ L ‘ L ‘ L ‘ L ‘ LA ‘ L { T L
(3 000 ECMS —— SUS-13-012 0-lep (E,+H,) 19.5 fb"1 ] & - CMS _ Observed .
- Fis = —— SUS-13-007 1-lep (n,__=6) 19.3 fb" — @ L - - - Expected 1
3 r s=8TeV — SUS-13-013 2-lep (S84b) 195 tb™ B & 600-VS = 8 TeV -
E 800 | Observed —— SUS-14-010 3-lep (31+b) 19.5 fb™' — DE_ | —— SUS-14-011 0,1,2-lep (Razor) 19.3 fb" . ]
@ [~ Expected —— SUS-14-010 24ep(05) 195 b ] B [ T SUSA501 Tep (2 and 5 bocy decays) 105 b ]
700 SUS-14-010 0+1+2(SS,08)+>2-lep 19.5 fb™H 500 — ggg:zgfg g-lzer (Z(godz c;e;gzs) d18-9 'b)“19 s -
— -14- ,2-ley an ecays) 19.!

E B [ == SUS-14-001 O-lep ?2 body decay:) 19.4y|b" ]
600 ) i L SUS-14-006 (> ¢ 7,)18.5 fb™! ]
E TS \ ] 400 |- —— sus-14-021 1-lep (4'body decays) 19.7 fo! .
C <" \ ] [ —— SUS-14-021 2-lep (4 body decays) 19.7 fb" i
500 = L SUS-14-001 Monojet (1 ¢ 7,) 19.7 fb” B
E 7 300 -
400 ;’/ ' — r ]
300 | = 200~ ]
200 ; = F ]
2 B 1004 a
100 0 - [ ]
] ] 7] 1
0 [ vy [ | 4 V2 ALl |

600 800 1000 1200 1400 1600 900 200 300 400 500 600 700 800

gluino mass [GeV] stop mass [GeV]

FIGURE 3.6: Run 1 results for the CMS collaboration for the T1itttt(pp — §g,g — ttx}) and
T2tt(pp — tt,t — tx") simplified models. The dashed lines indicate the kinematic region where
the SM tops are off-shell.

In Fig. 3.7 the production cross section for selected EW processes is shown (left), as well as the
summary of the EW searches for charginos, neutralinos and staus from the ATLAS collaboration|51]
(right). The highest reach in the exclusion for massless LSP is obtained by interpreting the searches
with cascade decays simplified models, in this case where the mass of the intermediate sparticle
is equal to the average of the mother and the LSP (i.e. calculated with the parameter 2=0.50 ).
However some care should be taken when interpreting the results for such cascade decays simplified
models; in fact, contrary to the gluino and stops described above, where only two particles appear
in the SMS, in this case we have a third one, which assume a fixed value that depends on the
first two. The results are then projected onto a slice of the 3-dimensional mass parameter space of
the model. In general, by assuming a different relation to fix the intermediate mass, very different
limits and exclusions will be obtained. Also note that this mass relations are completely arbitrary,
and do not reflect the properties of the mass spectra of any realistic model. Whenever upper limits
or efficiencies for several mass combinations are available, one can interpolate to obtain the results
for arbitrary mass combinations. The interpolation procedure and its related uncertainty will be
extensively discussed in Section 4.2.4, in Chapter 6 and in Appendix F.

Figure 3.8 represents the summary of the results of the CMS searches, interpreted with simplified
models, for early 13 TeV (Run 2) CMS analyses, up to Moriond 2017 results, with the full dataset
available at the time (35.6 fb™!), with blue bars. Only a few results have been published after-
wards. A comparison with the preliminary results obtained with a smaller dataset (around 14 fb=1)
is also shown, with orange bars. Additional results, categorised by their production channels, can
be found at [52] for the CMS and at [53] for the ATLAS experiments.

We see that currently the most constraining result for gluino simplified models come from T1bbbb,
where § — bb + XY, pushing the exclusion for mg up to 2 TeV and improving the previous Run 1
limit by almost 700 GeV 1.

"https://twiki.cern.ch/twiki/pub/CMSPublic/SUSYSMSSummaryPlots8TeV/T1bbbb_ICHEP2014.pdf
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FiGURE 3.7: Run 1 summary plot of the EW SUSY searches results from the ATLAS

collaboration[51]. Left: cross section for relevant electroweak processes and different nature of

the neutralinos (Bino,Higgsino or Wino-like). Right: exclusion curves from the various ATLAS
searches. The parameter z is set to 0.50 in the case of cascade decays.

As for the stops, the limits were pushed up to 1.1 TeV, from the previous 800 GeV.

Finally, the current simplified model limits for electroweak particles lies in the 1.1 TeV range, in
the case of cascade decays. For chargino-neutralino production the limit is much lower, sightly
exceeding 200 GeV for the models with ¥ — HxY and 400 GeV for ¥ — Zx{ . The limits
obtained from the combination of several searches reaches around 500 GeV (See [54]).
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Presenting the results of searches for BSM physics in terms of simplified models has become the
standard method adopted by the ATLAS and CMS collaborations. However the re-interpretation
of such results in the context of full and more realistic models is a non-trivial task. Re-interpreting
existing searches is extremely useful, since they are often sensitive to a large variety of models that
share similar signatures. The experimental results from those searches can be efficiently used to
constrain the parameter space of different models without the need of a separate analysis. How-
ever, due to limited computing resources, the collaborations are forced to limit their interpretation
efforts to a few selected (simplified) models.

As it was shown in the previous Chapter, so far there have been no exciting discoveries of new
BSM physics from the plethora of LHC searches, so that the "allowed" parameter space of many
theories has sensibly shrunk, pushing further and further the hope to find new physics at the LHC,
at least for the most popular BSM theories. However there are many theories that are still poorly
constrained.
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Many tools have been developed by phenomenologists to re-interpret the LHC searches in the con-
text of arbitrary BSM models. On one side, there are tools that make efficient use of the simplified
model results provided directly from the experimental collaborations. By mapping a general BSM
model onto its simplified model spectra, direct comparison between the theoretical cross section of
the tested model and the experimental results is possible, for example using the upper limits or
the efficiency maps provided by the LHC experiments. This is the basic philosophy of tools such
as Fastlim [55], XQCUT|[56] and SModelS [57|. This method of re-interpretation is efficient and
fast, since no Monte Carlo sample generation is involved. However, by definition, simplified models
constitute only a fraction of the total signal of a complete model, that might be too complex to be
reconstructed by means of simplified models results.

Other frameworks called recasting tools overcome the restrictions imposed by simplified models
by re-running a fast version of the experimental analysis to constrain arbitrarily complex models,
and derive cross section upper limits. The recasting procedure is more convoluted and lengthy,
since it requires the production of simulated events at various levels of accuracy depending on the
study to be performed. The advantage is that this method is more flexible and it usually leads to
more constraining results. Tools of such types are CheckMATE[58], GAMBIT(ColliderBit)[59] and
MadAnalysis 5 [60]. Unfortunately the full recasting process involves the Monte Carlo generation
of samples, followed by the simulation of the detector effects, and finally the proper analysis recast.
The complete chain is computationally expensive, so it is not suitable for testing very large scans
of parameter points.

A large part of this thesis involved the development and extension of three different re-interpretation
tools: SModelS, MadAnalysis 5 and MadDM. In this Chapter the main features of the first two tools,
which are designed specifically for the re-interpretation of the LHC searches for BSM physics, are
introduced, as well as the novelties developed in this work. The entire Chapter 7 is dedicated to
present the new features of the latter, which is designed for phenomenological studies of DM from
an astrophysical point of view.

This Chapter is structured as follows: first, the recasting tools are introduced in Section 4.1, with a
particular focus on the MadAnalysis 5 package and the validation of a recent 13 TeV CMS analysis,
searching for SUSY particles in events with jets and missing transverse energy. The implementation
of this analysis constitutes an important piece in the MadAnalysis 5 database of analyses, since it
is the first one targeting all-hadronic final state BSM signals using the full dataset available at 13
TeV. Then, the tool SModels is introduced in Section 4.2. While this tool has already been used in
several publications (see [61] for a complete list), it is worth to describe in detail the new features
of v1.1, in particular regarding the extension of the capabilities of the database to include efficiency
map types of results. A major effort of this work was the update and maintenance of the database.
Thanks to the usage of efficiency maps, the SModelS database can incorporate also results produced
by phenomenologists, for example with the usage of recasting tools. Even more importantly, new
results can be produced by oneself to extend the constraining power of SModelS in the case of specific
BSM theories tested. To this end, Section 4.3 describes the automated framework I developed to
recast SUSY results for new simplified models and increase the number of efficiency maps available
in the database. This procedure represents a synthesis between the approaches of full-recasting
and the fast reinterpretation philosophy, and allows to extend the SModelS database significantly.
The physics cases studied in Chapters 5 and 6 will show concretely the application of the entire
SModelS procedure and the benefit coming from the newly created results.
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4.1 Recasting Tools

As stated in the introduction, a few tools have been developed to re-interpret the searches for new
physics performed by the LHC collaboration with generic BSM models. The experimental analyses
typically provide only a few interpretations of searches in the context of simplified models. Also
models with a limited set of free parameters, e.g. the cMSSM and mSUGRA models, are at times
used as benchmarks to show the impact of the presented analysis on more complete models (see e.g.
[62]). Both the ATLAS and CMS collaborations, at the end of the Run 1 of the LHC, performed a
dedicated study paper to analyse the constraints on the pMSSM-19 (this will be treated extensively
in the Chapter 5).

Specialised tools have been developed that allow, from outside the experimental community, to
reproduce the basic workflow of the experimental analyses and thus constrain new theories with
existing analyses. Starting from a Monte Carlo sample containing any generic BSM signal, they
are able to extract the signal efficiency for the various signal regions of the analysis and set upper
limits on the production cross sections of the BSM particles. External tools like Delphes|63]| are
then used to simulate the detector response.

The signal (e x A)! is defined by the product of the efficiency € (defined by the cuts of the analysis)
times the acceptance A (that accounts for the detector response). It is calculated as the ratio
of the events surviving each signal region selection divided by the initial number of events gener-
ated. Reimplementing the analysis workflow is usually possible for relatively simple experimental
searches based on a cut-and-count approach. For this type of analyses, the selection of the events
is based on simple cuts on specific kinematic variable or quantities (such as the transverse momen-
tum, angular separation, object multiplicities, etc.) of the objects in the final state (e.g. leptons,
photons, jets). Each signal region is thus unambiguously defined by a series of cuts. When more
complicated analyses are considered, for example ones based on multivariate analysis techniques,
the results cannot be so easily reproduced outside the LHC collaborations. Fortunately a large
number of experimental searches, both targeting SUSY or more exotic signals, are based on this
simple cut-and-count approach.

Among the recasting tools, we find e.g. the CheckMATE|58| and MadAnalysis 5 [64, 60| frame-
works. They are both written in C++, and offer a python interface as well. They allow the users to
either develop their own analysis implementation and to design new analyses, or use the available
recast analyses to test any input BSM model. In conclusion, they are essentially a compact and
simplified version of the big software packages used by the experimentalists from ATLAS and CMS
to perform their searches.

In the following I will give a brief overview of the various steps involved in the recasting procedure.

4.1.1 Basics of Analysis Recasting

It is useful to briefly remind here the typical workflow of an analysis recast, divided into three main
steps: the Monte Carlo sample production, the simulation of the detector response, and finally the
proper analysis recast.

'For the rest of the thesis, unless otherwise specified, the term ‘efficiency’ will always refer to the product (e x A).
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Monte Carlo Simulation

Monte Carlo generators are needed to produce the events that will then be analysed by the recasting
tools. MadGraph[65], Pythia[66] or Herwig|67] are only some known examples. Generally the
generators accept standardised input files containing the implementation of the Lagrangian of
desired BSM model, for example in a UFO[68] file format. The MadGraph tool calculates the matriz
elements (up to NLO accuracy) for the processes involved, using the Feynman rules at different
order of the coupling constant involved (e.g. as). The other tools are based on the parton shower
formalism, based on the application of subsequent QCD evolution equations and splitting functions
to 2-to-2 types of process.

It is well known that the matrix-element formalism is advantageous to describe highly energetic or
well separated partons, which is the case for example of extra parton emission. At the same time
it poorly describes soft and collinear partons and the structure of jets, which are on the contrary
better modelled by the parton shower formalism. It is then advisable to use the two methods
in combination and simulate the most accurate events for the entire phase space. In this case, a
matching procedure is needed to avoid the double counting of events. The partonic events are then
hadronised and showered.

Detector Simulation

Tools like DELPHES 3.4.0 [63] are designed to quickly simulate the detector response to the various
simulated particles. Such tools make use of simplified parametrizations of the various subdetectors
(tracker, electromagnetic and hadronic calorimeter, etc.) and simple equations that describe the
efficiencies of object reconstruction. Typically the efficiencies of electrons and muons depend pri-
marily on their energy and on their coordinates inside the detector. At this time also the clustering
of hadrons into jets is performed, e.g. by FASTJET[69]. Jets can be further classified according to
the flavour of the initial quark. I mention here briefly the b-tagging class of algorithms, which aim
at identifying jets originating from a bottom quark. Each experimental analysis uses different jet
selection criteria as well as different clustering and jet flavour tagging algorithm, so in general no
unique parametrization universally suitable for all the different analyses.

Analysis Recast

After the detector simulation, the events are ready to be passed to the proper analysis recast, which
extracts the values of the efficiency for each SR. The efficiency, or precisely the (A X €) is used to
calculate the estimated yield y (or number of BSM events), defined as:

y=Axe)xLxo (4.1)

where L is the total integrated luminosity, and ¢ is the production cross section of the process
considered. This yield can then be compared to the SR cross section upper limit, to determine
if the signal is compatible with the observed data. This procedure is described in the following
Section.

4.1.2 Limit Setting: the CLs Method

For each SR of an analysis, it is possible to calculate a model independent cross section UL (‘signal
region UL’), also called upper limit on the visible cross section s, usually calculated at 95% con-
fidence level. ULs for the various SRs are often quoted in the publications of the LHC experiments;
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otherwise, it is possible to calculate an approximate limit using the total number of estimated SM
background events g, its total uncertainty Any,, and the number of observed events in the data
Nobs-

The accurate estimation of the SM background is indeed one of the main challenges for any ex-
perimental search for new physics. This complicated evaluation can make use of Monte Carlo
simulations, or can be based on a ‘data driven’ approach. The latter is typically the case when
the simulation of the background might not be well performed by the Monte Carlo generators,
for example when the signals considered are expected to lie in the extreme tails of the kinematic
distributions.

The procedure used to calculate the UL is based on the CLs method|70, 71|, and it is summarised
below.

The simplified likelihood used in SModelS is defined as:

Ls+b(05i97 Npkg; A X e, E) = P(nobslnbkg + Osig X (.A X 6) X ,C) X g(nbkg\ﬁbkg, Anbkg) (4.2)

where £ is the total integrated luminosity, o4, is the hypothetical production cross section of a
BSM signal, and the G and P functions are respectively a Gaussian and Poissonian distribution.
Additionally, if available, one can implement other terms which account for the uncertainty of L,
of the cross section o and of the A X ¢, typically using Gaussian approximations.

By fixing ¢ = 0, one obtains the likelihood for the background only or null hypothesis L, which
explains the data without the need of introducing new physics. On the other hand, the hypothe-
sis Ls1p is needed to understand the data in case of a signal, i.e. when the null hypothesis is rejected.

One can use the likelihood functions to define a test statistic T as:

Ls+b

T:
Ly

(4.3)

Using the test statistic T, it is possible to set a limit on the signal strength of the hypothetical
signal that is still compatible with observation with a confidence level:

CLs+b = Ps+b(T < Tobs) (44)

where P,y is the probability distribution of the test statistic. This formula implies that the signal
hypothesis can be rejected at the (1 — C'Lgyp) confidence level, so that e.g. a 95% CL corresponds
to CLgtp = 0.05.

However, this procedure does not take into account cases that are not well explained neither by
the signal nor by the background hypothesis. To account for those, a modified limit is often used:

_ CLs-i-b
- CLy

CLs (4.5)

where CLy is evaluated using the background only hypothesis. One can thus calculate a cross
section upper limit at the 95% by requiring that C'Lg = 0.05.

Numerically, the test statistic T' is constructed using Monte Carlo toy experiments. The CLjg
method can be used for two distinct purposes. On the one hand, given a certain BSM process with
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a specific cross section og, it is possible to calculate at which CL the model is excluded by the
LHC data. On the other hand, one can extract the value of the visible cross section o,;s upper limit
calculated at a given CL, for a given SR (since the Likelihood includes the value of the efficiency).
These afg will be used by the SModelS tool to determine if an input BSM model is excluded by
the efficiency maps results, as will be described in Section 4.2.2.

The procedure just described can be applied to each signal region of the analysis, but can be
extended to derive a global limit using the results of all the different SRs. This can be done by
calculating the product of the likelihoods for all the SRs when they are statistically uncorrelated,
i.e. the series of cuts that define them are exclusive, so that events cannot belong to multiple signal
regions, and the background estimates are uncorrelated (which is never exactly true). The caveat
is that correlations between the SRs are neglected, both in terms of (A X ¢€) and in the estimation
of the background events. Recently, the CMS collaboration has started providing the covariance
matrices and prescriptions [72] to enable outside users to combine the results. The recent release
1.2 of SModelS [3] includes the ability of combining signal regions, if such information is available.
In this thesis, only the limits for individual SRs will be considered.

4.1.3 The MadAnalysis 5 Recasting Tool

I wish now to introduce briefly the MadAnalysis 5 package, which was extensively used for this
thesis. In addition, Public Analyses Database or PAD|73] was extended with the implementation
and validation of the recasting code for the analysis CMS-SUS-16-033, presented in Section 4.1.4.

The PAD is a fundamental part of the tool; it contains a large set of recast codes of experimen-
tal searches from the ATLAS and CMS collaborations, together with detailed notes that validate
the results of the implementation (see e.g. [74, 75]). An analysis is considered validated if, in
general, the recasting procedure can reproduce the results provided by the experimental collabora-
tions within 20% discrepancy. Among the results, cutflow tables (reporting the number of events
surviving after applying a specific cut), kinematic distributions for the most significant variables,
efficiency maps and cross section upper limits are often provided.

Reaching the desired 20% level of accuracy is, at times, impossible, mainly due to the lack of suf-
ficient information of the experimental analyses, regarding for example the selection efficiencies of
objects, or details regarding the generation of Monte Carlo samples. The validation note serves as a
guideline for the user to decide if the level of accuracy of the recast results are sufficient for his/her
intentions, and eventually highlight which step of the analysis implementation is problematic. By
recasting the analyses included in the PAD, the user can confront the prediction of his/her model
with the current experimental limits from the LHC.

The extension of the PAD with a new 13 TeV search from CMS will be the centre of the following
discussion.

4.1.4 Implementation and Validation of CMS-SUS-16-033 in MadAnalysis 5

This Section focusses on the implementation and validation of the analysis CMS-SUS-16-033[76].
There are three main reasons that made the recasting of this analysis quite interesting among all
the available published by the ATLAS and CMS collaborations. First, as it will be thoroughly
explained in Chapter, searches for coloured SUSY particles in the generic hadronic final state (also
called inclusive searches) can provide strong constraints on full models like the MSSM. The second
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reason is the availability of the covariance matrix, which enables tools like SModelS v1.1.3 to
combine the contributions of the signal in different signal regions; more constraining limits, with
respect to the usage of a single signal region, can thus be obtained. Third, the analysis is well
documented and provides extensive validation material.

4.1.4.1 Analysis Description

The analysis CMS-SUS-16-033|76| searches for SUSY particles in the ‘all hadronic’ final state, a
generic description that will be used for SUSY analyses searching for events with large hadronic ac-
tivity, a high jets multiplicity and veto the presence of isolated leptons. The search was performed
using data collected with proton-proton collisions at a centre-of-mass energy of 13 TeV, with a total
integrated luminosity of 35.9 fb~!.

All the information used for the recasting and the validation is available in the official wiki page of
the analysis?.

The search is performed using four main variables: the light flavour and b-tagged jets multiplicity,
the hadronic transverse energy (Hr) and the missing transverse energy (M ). The variable Hr is
defined as the scalar sum of the pr of the signal jets:

Hrp = Z 7| (4.6)

Jjets(pr>30)

where only the ‘tight signal jets’ with pp > 30 GeV and |n| < 2.4 are used.

The variable H; on the other hand considers the jets momenta’s vectorial sum

Hr=|Hr=| Y 5 (4.7)

Jjets(pr>30)

for jets with |n| < 5.0 .

Events with isolated leptons (electrons or muons) are rejected; the radius of the isolation cones
depends on the pr of the lepton considered. The isolation requirements are imposed to discriminate
true leptons originating from the decay of hadrons and jets that are erroneously identified as leptons.
For each lepton, an isolation variable I; is defined as:

I _ > arPr(h,c) +pr(h,n) +pr(y)
l pr—
pr(l)

where the sum at the numerator includes the scalar pr of the charged (h,c) and neutral (h,n)
hadrons and the photons, divided by the transverse momentum of the considered lepton pr(l).
The sum is performed over all the objects included in a radius

AR = /(A¢)* + (An)?

2http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-033/index.html
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arund the lepton direction. The size of the radius considered depends on the lepton momentum,
accounting for an increase in the collimation of the decay product depending on the Lorentz boost
of the mother particle:

e AR <0.2 for pr < 50 GeV ;
e AR < (10 GeV /pr) for 50 < pr < 200 GeV ;
e AR <0.05 for pp > 200 GeV.

Electrons and muons are considered isolated if I, <0.2 and 1, <0.1, respectively.

The analysis also vetoes isolated tracks, with again isolation requirements depending on the type
and momentum of tracks being considered. In particular, the isolation requirement is applied to
tracks with a transverse momentum exceeding 5 GeV, and a the transverse mass mT(E%”iSS , pr(track))
below 100 GeV to eliminate tracks compatible with the decay of a W boson. The isolation variable
calculated for a track of transverse momentum prp is:

ZAR§0.3 |pr(all tracks)|
pbr

Itrack =

and the isolation must satisfy:
® lirackelectron < 0.2;
® lirack,muon < 0.2;
® lirackother < 0.1;

where these requirements on tracks help discard events with hadronically decaying tau leptons, and
events with electrons and muons that do not pass the identification requirements.

Additional event selections require an angular separation of the azimuthal angle A¢(H 1, p7) be-
tween the jets up to the fourth highest pr jet: the two-highest pr jets must satisfy A¢ >0.5, while
for the 3rd and 4th-highest, if present in the signal jets collection, A¢ >0.3 is required.

The results are interpreted in the context of simplified models, targeting both squark (light and
3rd generation) and gluino production. A total of 174 exclusive, non-overlapping signal regions
are defined according to different values of the four kinematic variables above. In addition, 12
‘aggregated signal regions’ are also defined, for the sake of easing the usage of the analysis for
re-interpretation purposes. These signal regions are defined in an inclusive way, so that the same
events might fall in more than one signal regions. These aggregated regions were implemented in
the recast code and validated.

4.1.4.2 Samples Generation

The CMS collaboration did not provide any specific details about the production of their SUSY
Monte Carlo signals, hence it was not possible to tune the sample production. The matrix-element
based generator MadGraph5_aMC@NLO v.2.6.2 |77] was used to simulate the hard scattering pro-
cess with up to 1 additional parton, and Pythia 6 took care of the hadronization, showering
and decay of the particles. The MLM merging scheme|78, 79] was used, and the parameters
(X Qcut, Qcut) = (30,65), (30,135) were chosen for the case of squark and gluino production re-
spectively. Processes with up to 2 additional partons were also tested and validated, but they
did not change sensibly the final results; moreover the production of 2 additional partons lower
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FIGURE 4.1: CMS data (full dots) and simulation (empty dots) for the b-tag misidentification
probability, used to extract the indicated fitting formulas, implemented in DELPHES 3.4.0.

the merging efficiency, reducing the sample statistics (for a fixed initial number of matrix element
events generated), and more computational time is required to produce enough events to be passed
to the analysis recast.

The simulation of the CMS detector response was performed with DELPHES 3.4.0 [63], using FAST-
JET 3.2.1[69] for the jet clustering. The analysis requires jets clustered with the anti — kp [80]
algorithm, with the requirement AR = 0.4. The b-jet tagging efficiency was described with the
fitting formula suggested from the CMS collaboration®, which parametrises the b-tagging efficiency
as a function of the jet transverse momentum. The b-jet misidentification probability, was obtained
from Fig. 18 in [81] by digitising the data and extracting the fitting formula. The b-jet misidenti-
fication probability accounts for the incorrect identification of light jets (especially jets originating
from initial charm quarks) or leptonic signatures.

Fig. 4.1 shows the b-tagging misidentification probability using two different fitting formulas ex-
tracted from CMS data, as a function of the jet ppr. It can be seen that in the region of low pr, the
probability is around 1 %, while it goes up to around 3% in the region of highly energetic jets. The
two fitted formulas, one parametrized with an exponential and the other one with a polynomial
curve, show a similar behaviour up to jet pr ~ 300 GeV, while a deviation of around 20% arises
when considering the high pr region. In any case the formulas were obtained based on the CMS
simulation which is performed internally by CMS, and both curves show a good level of agreement.
For 8 TeV results, as well as more recent 13 TeV, a value of 1% is quoted as the standard magnitude
of the misidentification probability. Given the simpler analytical formula, the exponential function
was implemented in the DELPHES 3.4.0 card. Nevertheless, also the polynomial formula was tested
and compared against the validation data, giving similar results.

4.1.4.3 Validation

In the case of the CMS-SUS-16-033 analysis, the validation material available is quite extensive, and
the basic cuts of the analysis with the definition of the key kinematic variables are well described.
Details regarding samples generation are however missing, but the overall validation seems in good
agreement with the results from CMS. The validation material includes cutflow tables (for the
preselection cuts common to all the signal regions), the yields in the aggregated signal regions, and

3https ://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSICHEP20160bjectsEfficiency.
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txName Model Particles | Uncompressed | Compressed
T2 4d,q — qxi  (mg, m;c(l]) (1000,800) (700,400)
T2bb bb,b — byY  (my, myo) (650,1) (500,300)
T2tt tht—tx)  (mgpmgo) (700,50) (300,200)
T1 33,9 — qax)  (mg, mﬁ)) (1400,100) (1000,800)
T1bbbb  §§,§ — bbx?  (mg, m;(g) (1500,100) (1000,900)

TABLE 4.1: Summary of the simplified model used for the validation of the MAS5 recast code for
CMS-SUS-16-033. Masses are expressed in GeV.

the kinematic histograms for Hy, H 1, jets and b-tagged jets multiplicity after the preselection cuts.
The recast code was validated against the simplified models listed in Tab. 4.1.

For each model the data for two different mass points is available, the first including particles
with a large mass splitting between the mother and the LSP, the second with a more compressed
mass spectrum. Whenever the LSP is close in mass to the mother, the tuning of the Monte Carlo
production becomes more and more important, but unfortunately the CMS collaboration does not
provide detailed information about the generation of the samples. Also the systematic error typi-
cally increases in this region, due for example to lower experimental sensitivity to soft (low energy)
objects, so typically it is difficult to obtain good agreement between official data and recast results
in this regions of the parameter space. This is also true for the regions of the tails of the kinematic
distributions, where simulations are often problematic.

I omit to include here the complete set of validated results, which can be found in the official valida-
tion document [82] on the MadAnalysis 5 PAD webpage [73], focussing on the T2 and T2tt results.

The comparisons of the kinematic distributions are shown respectively in Figures 4.2 and 4.3, for
the njet, ny, Hrand H pvariables. Similarly to the calculation of signal yields, for each bin of the
MadAnalysis 5 distributions, the normalised bin counts bin, were obtained with:

) bin x o x L
bin, = ———
Nevents

where ¢ is the production cross section, £=35.9 fb~! is the total integrated luminosity, and Neyents
the total number of Monte Carlo events entering the analysis recast after the detector simulation
step. The official CMS distributions are plotted with dashed lines, while the MadAnalysis 5 recast
results are superimposed with dots. The distributions are obtained by applying all the pre-selection
cuts except the one regarding the variable shown. For example the Hy distribution includes all the
cuts in the pre-selection cutflow but the one on Hp itself.

In Fig. 4.2 the results for light squarks are shown, and overall they are in good agreement with
the official results, for both the compressed and uncompressed mass scenario. However, a big dis-
crepancy can be seen in Fig. 4.3, where this time the model with large mass gap T2tt(700,50)
GeV shows very good agreement, while the compressed case T2tt(300,200) GeV shows a large dis-
crepancy. To date there is no understanding of the source of this discrepancy. Despite producing
samples with large statistics, the MadAnalysis 5 histograms suffer from lack of events in the tails
of the distributions. On a purely speculative level, the mass compressed point data provided might
not correspond to (mj, m;(cl)):(?)OO,ZOO) GeV as indicated by the collaboration, since for all the
other models no large difference was found between the compressed and uncompressed mass points.
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The validation of the pre-selection cutflow, i.e. cuts common to all the signal regions (aggregated
or not), and the aggregated SRs are presented next. Each aggregated SR is defined by a specific
requirement for each of the four kinematic variables. Tables 4.2 reports the comparisons of the pre-
selection cuts; the numbers report the absolute number of events passing the cut, and the relative
drop with respect to the previous cut. In particular, an agreement at the level of O(%) is found for
the absolute values of the efficiency, as well as the relative % drop of each cut in the pre-selection
cuts. The only exception is the cut regarding the isolation of leptons for the T2¢t model, which
can be due to the lack of specific information from the CMS collaboration, which does not provide
the efficiencies for lepton-veto, but only for the selection of signal leptons. This information is not
available and hence the agreement for this cut cannot be improved.

Finally, the Tables 4.4 and 4.5 list the yields in the aggregated signal regions for the T2 and
T2tt simplified models. Again, a good overall agreement is found in most of the signal regions,
while the discrepancy reaches up to 50% for a few SRs, e.g. the SRI of the T2(700,400) GeV
model point. The discrepancy is not understood, since there is good agreement in the kinematic
distributions, and it does not systematically affect all the SRs for all the models. The recast code
is now available on INSPIRE at [1] and is implemented in the current version of the MadAnalysis
5 PAD; the validation note is available at [32].
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FIGURE

4.2: Validation of the kinematic distributions of the MadAnalysis 5 implementation of

the analysis CMS-SUS-16-033 for the T2 model.
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FIGURE 4.3: Validation of the kinematic distributions of the MadAnalysis 5 implementation of
the analysis CMS-SUS-16-033 for the T2t model. See the text for the discussion regarding the
large discrepancy for the compressed point (my, mi?):(300,200) GeV.
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T2=(700,400)

T2=(1000,100)

Absolute Relative Absolute Relative
Cut | Mas | cms | Di%) | Mas | ems || mas | oms | Dis%) | MAs | oms
Njet >2 96.18 98.00 1.86 -3.82 158.58 97.82 98.90 1.09 -2.18 45.66
Hp >300 87.85 91.30 3.78 -8.66 -6.84 97.12 98.60 1.50 -0.72 -0.30
Hr >300 43.63 43.80 0.39 -50.34 | -52.03 79.16 80.00 1.04 -18.49 | -18.86
NolsoMuons 43.63 43.80 0.39 0.00 0.00 79.16 79.90 0.92 -0.00 -0.12
NoMuonsTracks 43.61 43.70 0.20 -0.04 -0.23 79.14 79.80 0.82 -0.03 -0.13
NolsoElectrons 43.61 43.50 -0.26 0.00 -0.46 79.14 79.60 0.57 0.00 -0.25
NoElectronsTracks | 43.59 43.40 -0.45 -0.05 -0.23 79.12 79.30 0.23 -0.03 -0.38
NolsoTracks 43.44 43.00 -1.03 -0.35 -0.92 78.96 78.70 -0.33 -0.20 -0.76
Ad(H1,j1)>0.5 43.41 42.90 -1.19 -0.07 -0.23 78.89 78.60 -0.36 -0.09 -0.13
Ad(H1,2)>0.5 40.97 41.10 0.32 -5.62 -4.20 73.58 74.50 1.24 -6.73 -5.22
Ap(H1,i3)>0.3 39.57 39.60 0.08 -3.41 -3.65 70.24 70.60 0.50 -4.53 -5.23
Ad(H1,j4)>0.3 38.46 37.90 -1.46 -2.82 -4.29 67.65 67.90 0.36 -3.69 -3.82
TABLE 4.2: Pre-selection cutflow for the 72 simplified model.
T2tt=(300,200) T2tt=(700,50)
Absolute Relative Absolute Relative
Cut ‘ MAS5 ‘ CMS ‘ Diff(%) ‘ MAS5 ‘ CMS H MAS5 ‘ CcMS ‘ Diff(%) ‘ MAS5 ‘ CcMS
Njet =2 72.96 86.90 16.05 -27.04 | 11804.11 98.90 99.80 0.90 -1.10 213.84
Hr >300 15.71 23.30 32.58 -78.47 | -73.19 92.30 96.40 4.25 -6.67 -3.41
Wy >300 3.34 2.84 -17.64 -78.73 | -87.81 54.13 57.80 6.35 -41.36 | -40.04
NolsoMuons 2.69 2.16 -24.38 -19.58 | -23.94 48.16 46.60 -3.35 -11.02 | -19.38
NoMuonsTracks 2.61 2.10 -24.17 -2.94 -2.78 47.74 46.10 -3.55 -0.88 -1.07
NolsoElectrons 2.17 1.60 -35.65 -16.77 | -23.81 43.32 37.40 -15.82 -9.26 -18.87
NoElectronsTracks | 2.07 1.52 -36.13 -4.66 -5.00 42.78 36.90 -15.94 -1.23 -1.34
NolsoTracks 1.97 1.41 -39.88 -4.68 -7.24 42.16 35.80 -17.77 -1.45 -2.98
Ap(H7,j1)>0.5 1.97 1.40 -40.58 -0.21 -0.71 42.03 35.70 -17.74 -0.30 -0.28
A¢(HT,j2)>O.5 1.40 1.03 -36.04 -28.80 | -26.43 40.03 34.00 -17.73 -4.77 -4.76
Ap(H1,i3)>0.3 1.15 0.85 -35.35 -17.89 | -17.48 38.77 33.10 -17.13 -3.14 -2.65
Ap(Hi1,j4)>0.3 1.06 0.73 -45.34 -7.78 -14.12 35.45 31.80 -11.48 -8.56 -3.93

TABLE 4.3: Pre-selection cutflow for the T'2tt simplified model.
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T2(700,400) T2(1000,100)
Aggregated Signal Region || MAs | cms || MAs | cms
SR1-Njet2-Nb0-HT500-MHT500 1620.33 1055.38 988.50 729.30
SR2-Njet3-Nb0-HT1500-MHT750 || 22.23 | 25.55 || 84.27 | 58.40
SR3-Njet5-NbO-HT500-MHT-500 || 279.11 | 337.33 || 152.72 | 179.20
SR4-Njet5-NbO-HT1500-MHT750 || 14.51 | 18.24 || 2050 | 27.98
SR5-Njet9-NbO-HT1500-MHT750 || 0.15 1.03 0.68 | 1.16
SR6-Njet2-Nb2-HT500-MHT500 || 17.75 | 1687 || 9.41 | 11.60
SR7-Njet3-NbI-HT750-MHT750 || 17.44 | 21.71 || 46.10 | 50.15
SR8-Njet5-Nb3-HT500-MHT500 || 0.62 0.94 049 | 0.56
SR9-NJet5-Nb2-HT'1500-MHT750 0.31 0.78 1.24 1.13
SR10-Njet9-Nb3-HT750-MHT750 || 0.00 0.05 0.01 | 0.04
SR11-Njet7-Nb1-HT300-MHT300 || 39.52 | 59.26 || 10.06 | 16.50
SR12-Njet5-Nb1-HT750-MHT 750 10.19 13.41 17.30 21.82

TABLE 4.4: Aggregated signal region yields for the 72 simplified model.

T2tt(300,200) T2tt(700,50)

Aggregated Signal Region H MAS5 ‘ CMS H MAS5 ‘ CMS
SR1-Njet2-Nb0-HT500-MHT500 254.46 | 133.03 || 65.04 59.80
SR2-Njet3-Nb0-HT1500-MHT750 22.55 4.11 1.96 1.38
SR3-Njet5-Nb0-HT500-MHT-500 132.06 | 81.48 39.23 38.63
SR4-Njet5-Nb0-HT'1500-MHT750 22.55 3.84 1.45 1.08
SR5-Njet9-Nb0-HT1500-MHT 750 9.66 0.58 0.23 0.26
SR6-Njet2-Nb2-HT500-MHT500 48.32 10.15 106.59 | 95.29
SR7-Njet3-Nb1l-HT750-MHT750 41.87 7.26 22.58 21.46
SR8-Njet5-Nb3-HT500-MHT500 6.44 0.92 17.76 11.34
SR9-NJet5-Nb2-HT'1500-MHT750 || 0.00 0.83 2.44 2.29
SR10-Njet9-Nb3-HT750-MHT750 0.00 0.06 0.29 0.30
SR11-Njet7-Nb1-HT300-MHT300 296.34 | 192.22 183.37 | 152.21
SR12-Njet5-Nb1-HT750-MHT 750 32.21 5.60 16.44 15.66

TABLE 4.5: Aggregated signal region yields for the T2tt simplified model. See the text for a
discussion of the large discrepancy found for the compressed T2tt(300,200) GeV model.
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4.2 Making Systematic Use of Simplified Models Results with SModelS

Section 3.2.2 described how the LHC collaborations make extensive use of simplified models to
interpret the outcome of the searches for new physics. The big limitation of such interpretations
however lies in the rigid assumption that the decay pattern of the model is fixed with 100% BR,
while the contributions of all the remaining decoupled sparticles can be neglected. This does not
apply in generic models, where the complex particle spectra increase the number of allowed decays.
It is thus nontrivial to use SMS results to constrain generic BSM theories.

Nevertheless, since SMS represent a small subset of a full model, it is possible to decompose a
theory into a set of simplified models. Taking as example the R-Parity conserving MSSM, for each
SUSY process, e.g. gluino pair production, all the possible decay patterns of the gluino to the LSP
must be considered; each of them map onto a specific simplified model. This is called decompo-
sition procedure, and it consists of extracting all the possible simplified models from the general
theory considered, by taking into account all the possible possible production channels and all the
possible decay modes. Each mode will have a proper theoretical cross section times branching ratio
o X BR, called weight. Once the correct weight of each simplified model has been calculated, it
is straightforward to compare the theoretical prediction with cross section upper limits from the
LHC experiments.

The procedure described above in an automatic fashion is the central idea behind SModelS . This
tool, written in python, allows to automatically decompose an input BSM model with a Zs sym-
metry into its SMS components, calculate the proper theory prediction and confront it with the
results from BSM searches from the LHC experiments. Contrary to the method of a full recast,
this procedure has the big advantage that if the input model can be provided in a standard SLHA
format, no Monte Carlo simulation is required. This is very practical when testing high-dimensional
parameter spaces, like in the case of the MSSM.

Before detailing on the main characteristics of SModelS , the concept of ‘SMS assumptions’ must
be introduced, since it lies at the very basis of the SModelS idea. It is assumed that the sensitivity
of searches for SUSY, or BSM particles, mostly depends on the masses of the new states. Effects
coming from other properties such as the color structure, the spin, or other quantum numbers can
be neglected and should not strongly affect the sensitivity of an experimental search. This is a valid
approximation for SUSY analyses with a classical cut-and-count approach, since most of the time
the selection cuts only depend on global properties such as the momentum or multiplicity of SM
particles, that are expected to depend primarily on the masses of the BSM states they originate
from. SModelS approach relies strongly on the SMS assumption for the decomposition and com-
parison with the experimental limits, restricting the number of important properties of the model
to the oy, x BR and mass array of the model considered.

For the rest of the discussion the R-parity conserving MSSM will be used, but the concepts can be
extended to any model with the required Zo, i.e. any model with pair production of BSM particles
that decay promptly in the detector up to the stable DM candidate. SUSY particles are Zs-odd
states, while SM particles are Zo-even; this means that for SModelS, the vector bosons and the
top quarks are considered final state particles, as well as bottom and charm quarks, muon and tau
leptons.
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A complete description of the SModelS tool and database can be found in [83](v1.0) and [2](v.1.1)*
In the following I will only introduce the main aspects of the SModelS working principles, and will
focus on the new features introduced in v1.1 of the database.

Txnames Convention

SModelS uses a naming convention which was borrowed and adapted from the CMS collaboration[46],
as seen for example in the summary plots in Section 3.2.4; simplified models are called ‘Tznames’.
All the ‘Trnames’ that will be relevant in this work are summarised in Appendix A; a more com-
plete characterisation of the SMS in SModelS can be found on the dedicated wiki page [85].

Models where the particle produced by the proton-proton interaction decays directly to the LSP
are referred to as direct decays; models where the SUSY particles produced decay via intermediate
states with several steps up to the LSP, are called cascade decays. In particular, in 1-step cascade
decays, the produced SUSY particles decay to one intermediate SUSY state, that must then decay
to the LSP.

While there are no strict prescriptions to build Txnames for given simplified models, a general set
of rules that help identify the models is the following:

e squark simplified models are named ‘T'<number>_SM _SM’  where number—(2,6) for direct
and 1-step cascade decays respectively;

e gluino simplified models are named ‘T'<number>_ SM _SM’ | where number=(1,5) for direct
and 1-step cascade decays respectively;

e slepton simplified models are named ‘T slepton_ slepton’, where slepton include either com-
bination of particles like selectrons and smuons, or can be one specific species like ‘stau’;

e gauginos simplified models are named ‘T Chi’, followed by various gauginos/SM bosons or
sleptons/leptons.

Note that the CMS collaboration defines also models starting with 78 and T4 for asymmetric
gluino and squark models, where the first branch has a direct decay while the second branch has a
cascade decay to the LSP. Such models however are not present in the database.

To give a few examples, the T2bb Txname refers to a squark pair production for which the squark
decays directly to a bottom quark and the LSP; T6ttWW refers to a pair production of squarks
that decay to a top quark and intermediate SUSY particle, that then decays into a W boson and
the LSP. In both cases, a possible model could be a sbottom production followed by a direct decay
(former), or that undergoes a 1-step decay to a top plus chargino (latter). Note that, since in the
SModelS framework and in the simplified model assumption all the quantum numbers are neglected,
there could be several SUSY processes mapping onto the same Txname.

The Txnames for gauginos and sleptons simplified models are less intuitive; the simplest model
‘TChiWZ’ corresponds to a charginos/heavy neutralinos production, followed by the direct decay to
W/ Z vector bosons and the LSP, while ‘T'SlepSlep’ to a generic slepton pair production (selectrons,
smuons or staus), decaying to the corresponding SM lepton and the LSP. All the Txnames will be
explained when introduced, as well as the names of asymmetric models which do not follow any
particular rule.

*An extension of the database, including the latest CMS results at 13 TeV was made public in [84].
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4.2.1 The SModelS Principles

I will now give a general description of the basic principles at the basis of the SModelS tool. The
workflow of the entire procedure is schematically depicted in Fig. 4.4.

The chain starts with an input model that can be provided in the form of an SLHA[86] or LHE[87]
file. The former contains the mass spectrum of the BSM particles, together with information on
the quantum numbers, decay widths, branching ratios etc.; the latter is a standardized type of file
containing events at the parton level produced by Monte Carlo generators. While SLHAS files are
certainly the preferred format, since they do not require long computing time for the Monte Carlo
simulation, they cannot be used for completely arbitrary BSM models.

The LHE files produced by generators typically contain the information of the production cross
sections, while in the case of SLHAs, the information must be added to the files. For this purpose,
SModelS provides a utility called xseccomputer: it calculates the cross sections of the relevant
SUSY processes and adds them to the files in separate blocks for each production mechanism,
according to the established convention for the SLHA format. The cross sections are calculated
using PYTHIA6(88] or PYTHIA8|G6] at leading order in perturbative expansion, while NLLfast[89, 90]
can be used for strong production up to next-to leading logarithmic order. If the files contain cross
sections at different order of perturbative expansion, the highest order will be considered. The cross
section information is required for the calculation of the weights and thus the final comparison with
the experimental limits.

The input file must first pass a series of preliminary checks, for example the absence of stable
charged BSM particles that would produced characteristics signature in the detector. Then the file
is decomposed into its SMS. The SUSY pair production cross section are read, and for each mother
particle in the two branches, all the possible decay modes up to the LSP are considered. The value
of the w = ¢ x BR is calculated and updated at each sparticle decay. The parameter sigmacut can
be set by the user to discard elements with w = 0 x BR< sigmacut, that will not be decomposed
further; because of their very low weights, these SMS could not be anyhow constrained by any
experimental search. The default value is sigmacut=0.03 fb. This parameter is important since it
majorly influences the computational time required to complete the decomposition, otherwise the
full decomposition might take several minutes in the case of complex mass spectra.

Finally, the theory prediction is compared against the results contained in the SModelS database,
in the form of upper limit (UL) or (A X €) maps (EM), to determine if the model can be excluded
by one or more SMS results.

In Appendix B, more details about how to run SModelS with a concrete example can be found, as
well as the main parameters that can be set by the user in the parameters.ini input card.

The entire SModelS procedure makes use of important objects called elements, that will be now

described.

Elements

The main building block of the SModelS decomposition procedure is called element, of which an
example is sketched on the left diagram in Fig. 4.5. An element is characterised by two branches,
one for each of the pair-produced SUSY particles, with an associated oyy,.



48 Chapter 4. Methods for Reinterpreting BSM Searches at the LHC

1. Decomposition

2. Element Combination

o1 xBHw
>< X %; /\ 3. Comparison with
o1x BRi

\L LHC constraints

-. b
o2x BR4 .:_ bt
O2 ,.° L 0 [([[0']1, [T
x BR4

. . X
Input model | —— > > o1 b
\ ' o2 X B\FQLN W= 03, e X BR (5—b50)

Database results:

ooxBR N\ ATLAS-SUSY-2013-05
\ ~ CMS-PAS-SUS-12-024
0k, CMS-SUS-13-012-eff

FIGURE 4.4: Workflow of the SModelS working principle. The input file (SLHA or LHE), containing

the BSM particle spectrum, the pair production cross section and the branching ratio information,

is decomposed into a set of elements, each of them characterised by a proper w = ¢ x BR . The

elements are eventually clustered and the theory prediction is calculated. Finally the element are
confronted against the experimental results in the database.

jet  jet Jet  jet

M, 3 il en e

uﬁx = [[jetT]

jet

[[[jet'].[Tet’]].['let']]]
[[[M1,M2,Ms]],[M2,Ms]]] ([[mg, ma, mgol, [ma, myol])

FIGURE 4.5: On the left, an example of element, the building block of SModelS decomposition
procedure. The structure underneath the element, characterised by the mass array and the vertices
with the insertion of the SM particles, is called topology. On the right, one of the possible simplified
models that can be mapped to the described element, with the corresponding identification by the
bracket notation of each branch. The parameter space of the model consists of three dimensions.
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According to the sketched element, the mother particle (M;) will decay with a 100% BR, to some
SM hadronic particle forming a jet particles plus other intermediate SUSY (/) in the upper branch,
while (M) decays directly to the LSP in the lower branch. Under the SMS assumption, this model
is completely determined by the mass arrays [Mother,Intermediate, LSP| and [Mother,LSP], the
branching fractions (M — I,I — LSP) and (M — LSP), and the pair production cross section.
In terms of masses, it covers a 3-dimensional parameter space. Each branch is also characterised by
a number of vertices, holding the information of the SM particles that originate in the decay. These
SM particles form the targets of the searches at the LHC (for example, leptons, jets, photons etc.),
along with the missing energy due to the LSP. The branches, the vertices and the SM particles
identify a structure called topology.

A dedicated bracket notation, consisting of a 3-level nested series of squared brackets, was developed
to unambiguously identify the elements by listing the particles in the vertices of each branch. For
the case illustrated here, it is an asymmetric model where in each vertex the SUSY particle decays
to a jet, written as [[[“et’],[*jet’]],[’jet’]]]. This notation is called constraint, and it corresponds to
the SM final state of the simplified model. The v.1.1 of SModelS can only deal with signatures with
missing energy, which is omitted in the constraint.

The diagram on the right of Fig. 4.5 shows a concrete simplified model that can be identified
by that element and constraint, for example a gluino-squark associated production decaying to
hadronic particles and the LSP. However this is just one of the possible simplified models that can
be mapped to the [[[%et’],[*et’]],[’jet’]]] constraint. In fact, one simplified model can be mapped to
strictly one constraint, but one constraint can correspond with multiple simplified models. From
an experimental point view it means that the same signature can constraint several different BSM
signals. The upper branch [[“et’/],[‘jet’]] can map to the gluino production followed by the decay
into the intermediate squark, where the [“et’/ is inserted, and the decay to the LSP with the last
[4jet’] insertion.

Before comparing with the experimental limits, a series of procedures are applied to the decom-
posed elements. Depending on the mass spectrum of the BSM particles appearing in an element,
and on the type of SM particle in the vertices, it is possible to compress elements. The mass
compression reduces a complex element to a simpler one, reducing by one unit the dimensionality
of the BSM mass array characterising the element; for example, a compressed 2-steps decay model
will reduce to 1-step decay. This is helpful due to the intrinsic limitation of the number of free
parameters reasonable for simplified models. Currently there are no models with more than three
free mass parameters implemented in SModelS; examples of such 3-dimensional mass parameters
models are e.g. all the TH5**
the asymmetric gluino-squark associated production T3GQon.

models for gluino production, T6** models for squark production or

Mass compression

If an element includes the decay of two BSM states close in mass, the SM particles in the vertex
will have a small momentum. They will fall outside the detector sensitivity and will act for all
practical purposes as invisible particles; in this case, one element can be mass compressed. This is
schematically drawn in Fig. 4.6.

In the compressed element, the BSM state of mass M; is replaced by the element of mass M, 1
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FIGURE 4.6: Mass compression of an element: if M; — M, < minmassgap, the SM states P are
considered too soft for detection. The BSM states with M is then replaced by M

#
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v v
S~

Invisible final state

FIGURE 4.7: Invisible compression of an element, only possible at the end of the decay chain.

which followed in the original decay chain, and the intermediate state M; as well as the invisibile SM
particle P are removed. The user is allowed to choose if the mass compression should be activated,
with the parameter doCompress, and to specify the value when it is applied with the parameter
minmassgap in the parameters.ini input card. By default, minmassgap = 5 GeV, meaning that
whenever M; 1 — M; <5 GeV, the element will be mass compressed. However it should be noted
that in case of boosted (high pr) BSM particles, the validity of the assumption should be verified.
More details can be found in Appendix B.

Invisible compression

The other type of element reduction is called invisible compression; this happens when the particles
appearing in a vertex are invisible, for example neutrinos, acting as missing energy of the events
(Fig. 4.7). This compression is only possible at the end of a decay chain. The invisible mass
compression is activated by parameter dolnvisible in the input card parameters.ini.

4.2.2 Theory Predictions and Comparison with Experimental Limits

After the decomposition procedure, a series of elements is obtained. While each element owns a
specific w = 0 X BR , additional steps have to be taken to obtain the total theory prediction to be
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compared with the limits in the database. In particular there are differences in the calculation of
predictions for the UL and EM results.

Upper Limits Results

To compute the theory prediction, elements must be first selected and then clustered. The element
selection procedure is common for both UL and EM results, and it consists of selecting the elements
that can be mapped to an experimental result in the database. As an example, frequently the results
for sleptons searches are interpreted combining electron and muon signatures, and the constraint
can be written as [[[‘U]],[[V]]] with | = (e, u). The elements [[[‘¢’]],[[‘¢’[]] and [[[‘’]],[[1’]]] in the
decomposition can be constrained by such results but only if combined together, so that effectively
one has to calculate the sum of the two elements [//‘¢’/],[[‘¢’]]]+[[[‘w’]].][‘1’]]].

However this is possible only if the mass arrays of the elements are equal, or almost equal, since
the results in the database assume that the mother particle mass is the same for all the elements.
Nevertheless small mass differences should be allowed since they are not expected to have a large
impact on the limits. The definition of ‘similar’ mass array is implemented by requiring that the
quantity:

Element A (M4 = [[M1,M2,...],[m1,m2,...]]) = Upper Limit(M4) = ua
Element B (Mp = [[M1',M?2',...],[m1",m2',...]]) = Upper Limit(Mp) = up

lua — up|
(uA —|—uB)/2

(4.8)
= mass distance(4, B) =

is smaller than an arbitrary maximum value called maxDist. The quantity above takes into account
the limits for the two different mass arrays extracted from the database, and if the condition mass
distance(A,B)<mazDist is verified, then the elements are clustered and the corresponding weights
added together. It is also checked that masses with very different values but similar upper limits
are not clustered together.

The final step is the comparison with the results with UL maps. Trivially, the 95%CL upper limits
on the production cross section are looked up in the database (one for each experimental results
that can be applied to the clustered element), and compared with the total theory prediction. The

parameter r-value is calculated as:
Oth

= 4.9
"=Or (4.9)
and if » >1 | the model is considered excluded at 95% CL by the specific experimental result. The
SModelS output will report the r-value and the theory prediction for each different cluster.

Efficiency Maps Results

Contrary to the case of UL, which can be used to constrain only one specific topology at a time,
EMs results from a single signal region can be combined together, to reconstruct the total signal
efficiency by adding up the contribution of the different simplified models.

As explained Section 4.1, the (A x €) of a BSM signal is defined as the number of events passing all
the cuts characterising a specific signal region, normalised by the number of generated events. The
expected yield of a signal can be calculated as the product of the efficiency times the luminosity
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and the production cross section:
eX L X (0 X BR) = 0yis X L (4.10)

where o, is called visible cross section.

The total efficiency of an input model can be decomposed in the product of A x ¢; of each simplified
model appearing in the decomposition. After selecting the elements that can be constrained by the
EM results, the total number of SUSY events of the model in each SR can be reconstructed as
NR =3 "€ x (0i x BR) x L= 00 x L, (4.11)
i
where ) . = ) over all the topologies . In other words it is possible to "reconstruct" the total signal
of a SUSY model, and a better signal reconstruction is obtained if, for a given analysis, efficiency

maps are available for several SMS. The combination of the signals is possible only within each
signal region of each analysis®.

In the case of EM, there is no need for clustering of the element according to their mass arrays,
since the mass difference of the various elements are accounted for by the different values of the
efficiencies. Once the visible cross section o,;s has been computed, it is possible to compare this
value with the observed upper limit on the visible cross section for each SR. Such UL is either
provided directly from the experimental collaboration, or can be computed with the simplified CLs
procedure(see Section 4.1.2), using for each SR the information of the observed number of events
Nobs, the number of expected background events n, and its uncertainty Ang,. By assuming
Nobs = Nikg, 1-€. by considering no BSM signal, the expected UL is calculated, based only on
the SM background estimation. Both the expected and observed upper limits are stored in the
database, and calculated at the time of implementation of the analysis in the database if not pro-
vided directly in the experimental papers.

Finally, the r-value:

SR = Zg’; (4.12)

ul
is computed. Among the several search regions that are available, the one which maximises the
ratio oyis /o7 is called best signal region (best SR). The observed UL for this best SR will be used
to determine the exclusion of the point. The ratio oy;s/ 0["}’5 for the best SR is computed, and if
r > 1 the model points is considered excluded the analysis. To summarise: the point is excluded if

Ovis exceeds the value of the observed UL for the signal region providing the best expected UL.

Currently the SModelS database contains EMs results from three different sources:
e official ATLAS and CMS results;
e EMs produced by the Fastlim collaboration;

e ‘homegrown’ EMs (described in Section 4.3).

5The combination of signal regions is possible for a few selected 13 TeV CMS analyses starting from SModelS v1.1.3.
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4.2.3 Missing Topologies

Testing the input model against the available experimental results in the database is the essential
feature of SModelS , but it is not the only relevant physics information one can obtain. Equally
interesting is in fact the characterisation of the elements that currently escape simplified model
constraints, due to the lack of the relevant topologies in the database: we call this class of models
missing topologies. A dedicated coverage module, selected by assigning testCoverage=True in the
parameters.ini input file, returns a list of the most relevant missing topologies, sorted by weight
w = o0 X BR . Elements are further classified into two categories:

e [ongCascade: elements that have more than two intermediate sparticles in one of the branches
(i.e. equal or longer than 2-steps cascade decays);

o asymmetricBranches: elements where the two branches are different.

Note that these two categories are exclusive, meaning that longCascade models do not enter the
asymmetricBranch category, and vice versa.

How the information from the coverage module can be used for extending the SModelS database
and improve the constraints on a tested model will be concretely shown in Chapter 5. There I
will stress how EMs for a specific simplified model, created with recasting tools, provide additional
constraints to the pMSSM. However the available recast analyses might not be sensitive enough
to the signatures of the missing topologies to constrain the model. Missing topologies, neverthe-
less, could be used as a guide by the experimental collaboration for testing new simplified models
interpretation for existing searches, or desirably for designing new searches that cover unexplored
regions of the parameter space.

Finally, the mass array of the decomposed element might fall outside the interpolated grid of some
experimental results in the database. In this case, the model will appear in the outsideGrid list,
i.e. simplified model results for which the parameter space is not sufficiently well covered by the
available results.

4.2.4 SModelS Database

In this Section the content of the SModelS database is described. The database is a structured
collection of text files, organised in a fixed scheme of nested directories, that contain both the ex-
perimental results, in the form of upper limits and efficiency maps, and useful accessory information

regarding the analysis. The schematic structure of the directories in the database is shown in Fig.
4.8.

The database is divided according to the centre-of-mass energy of 8 and 13 TeV, and further split
into ATLAS and CMS results. In v1.1, all the 8 TeV results from the ATLAS and CMS collab-
oration are included, with the following requirements. Whenever a cascade decay is considered,
only results with at least three mass planes are included, with the exception of a few topologies for
which we allowed the presence of two mass planes only, for reasons of backward compatibility with
previous releases. Several mass planes are necessary to ensure that the interpolation procedure
is performed between points that are reasonably close in mass, so that the limits or efficiencies
are supposed to vary linearly with no large fluctuations. However in some cases even when three
mass planes are available, large fluctuations can be found; this will be discussed for EM results in
Chapter 6.
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FIGURE 4.8: Schematic view of the structure of the SModelS database.

Taking as an example the 8 TeV CMS sub-directory, a list of folders named after the official CMS
analyses names can be found. In the case of EMs results, the suffix -eff’ is attached to the analysis
name, so that e.g. the directories ‘CMS-SUS-13-012° and ‘CMS-SUS-13-012-eff’ contain the UL
and EM results respectively. For UL results, only two files are found in each analysis directory:
the ‘data’ folder and the ‘globallnfo.txt’ text file. The ‘globallnfo.tzt’ file contains the general
information about the analysis, e.g. the official wiki page or hepData urls where the information was
collected, the arXiv or publication links, the luminosity, the name of the person who implemented
the analysis:

id: CMS-SUS-13-012

sqrts: 8.0%*TeV

lumi: 19.5/fb

url: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13012
arxiv: http://arxiv.org/abs/1402.4770

publication: JHEP06(2014)055

contact: cms-pag-conveners-sus@cern.ch

implementedBy: Federico A

lastUpdate: 2016/9/29

The ‘data’ directory contains the UL results for each Txname available in text files named as
‘<Txname>.txt’.

In the case of EMs, the summary file ‘globallnfo.txt’ contains the same information as in the case
of UL results. The ‘data’ folder however is replaced by a series of ‘datasets’ directories, each of
them named after a specific signal region defined by the analysis. Inside each dataset directory, a
file called ‘datalnfo.txt’ summarises the most important information regarding the dataset:

datald: SR_3NJet6_500HT800_200MHT300
dataType: efficiencyMap

observedN: 6159

expectedBG: 6088
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bgError: 665
upperLimit: 69.5%fb
expectedUpperLimit: 67.3*fb

The values of the observed number of events, the expected background and its uncertainty are in-
serted (taken from the official publication), and used to calculate the expected and observed signal
region (‘datald’) upper limits if not provided in the experimental papers. Note that this file is
also present in the ‘data’ folder for UL results, with only the entries ‘dataType: upperLimit’ and
‘datald: None’ since the datasets are not defined for UL results.

As an example, the ‘T2.txt’ efficiency maps data looks like:

txName: T2

constraint: [[[’jet’]],[[’jet’1]]

condition: None

conditionDescription: None

figureUrl: https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSUS13012/Fig_7a.pdf
source: CMS

validated: True

axes: [[x, yl, [x, yl]

efficiencyMap: [[[[3.1250E+02*GeV,1.2500E+01*GeV], [3.1250E+02*GeV,1.2500E+01*GeV]],0.025849],
[[[3.1250E+02%GeV,6.2500E+01*GeV], [3.1250E+02%GeV,6.2500E+01*GeV]],0.024862], (...)

The first lines report the Tzname naming convention used by SModelS , and the corresponding
constraint in the bracket notation language. The ‘condition’ and ‘conditionDescription’ are used
whenever restricting conditions should be applied when using these constraints to generic BSM
models according to the details of the search. The ‘source’ field describes the origin of the results,
that can be ATLAS or CMS, Fastlim or SModelS for homegrown efficiency maps. Finally, the field
‘efficiencyMap’ (‘upperLimits’) contains the values of the efficiency (cross section upper limits) for
the mass points available, according to the convention described in ‘azes:[[z, y/, [z, y/]’, where in
this case z and y are the mother particle and the LSP respectively.

Interpolation

The first time the database is loaded, a series of operations is performed as a first step before
using it for testing models. In particular a pickle file is built out of the text files contained in
the database providing the values of the upper limits and efficiencies. Not only will this render
the loading of the database much faster for the follow-up use of SModelS, but it also includes the
preparatory steps necessary to interpolate between the discrete grid of mass points contained in
the files. Specifically, a principal component analysis and Delaunay triangulation are performed.
The results for arbitrary mass vector belong to ‘convex hull’ individuated by the simplices can be
computed via linear interpolation. More detailed information can be found on the online manual
at 6.

List of 8 TeV Analyses Included in v.1.1

A list of 8 TeV analyses implemented in the SModelS database v1.1 is provided in this Section. The
ATLAS directory contains many preliminary results, that were superseded by final publications;
the published analyses are listed in Tab. 4.6. For several CMS preliminary analyses however more
updated results are not available, and the complete list can be found in Tab. 4.7. Both lists of
analyses include official results in the form of UL and EM, and homegrown results.

Shttp://smodels.readthedocs.io/en/latest/DatabaseStructure.html
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Published ATLAS Analyses in SModelS Database v1.1

Analysis Ref. ID
Gluino and Squark
0-lepton + 2-6 jets + Emiss [91] SUSY-2013-02
0-lepton + 7-10 jets + EMiss  [92] SUSY-2013-04
SS/3-leptons + jets + ERiss  [93] SUSY-2013-09
0/1-lepton + 3b-jets + Emiss  [94] SUSY-2013-18
1-lepton + jets -+ Emiss [95] SUSY-2013-20
Sbottom and Stop
2b-jets + Fmiss [96] SUSY-2013-05
Stop with Z boson [97] SUSY-2013-08
1-lepton stop [98] SUSY-2013-15
0-lepton stop [99] SUSY-2013-16
2-leptons stop [100] SUSY-2013-19
Monojet stop [101] SUSY-2013-21
Electroweak
2-leptons [50] SUSY-2013-11
3-leptons [102] SUSY-2013-12
th [103] SUSY-2013-23

TABLE 4.6: Run 1 ATLAS analyses implemented in the SModelS database. Only the final published
analyses are listed.
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CMS Analyses in SModelS Database v1.1

Analysis Ref. ID
Gluino and Squark

jets + BRI qp [104] SUS-12-028

3(1b-)jets + Emiss [105] SUS-12-024

jet multiplicity + Hmiss [49] SUS-13-012

> 2 jets + EWISS My [106] SUS-13-019

> 1b + EWsS. Razor [107] SUS-13-004

1 lepton + > 2b-jets + Emiss [108] SUS-13-007

2 OS lept. + >4(2b-)jets + EWss  [109] PAS-SUS-13-016

2 SS leptons + b-jets + EWiss [110] SUS-13-013

b-jets + 4 Ws + Emiss [111] SUS-14-010
Sbottom and Stop

0 lepton + > 5(1b-)jets + Emiss  [112] PAS-SUS-13-015

0 lepton + > 6(1b-)jets + Emss  [113] PAS-SUS-13-023

1 lepton + > 4(1b-)jets + EXiss  [114] SUS-13-011

b-jets + Emiss [115] PAS-SUS-13-018

soft leptons, few jets + EIIss [116] SUS-14-021
FElectroweak

multi-leptons + Eiss [117] SUS-13-006

TABLE 4.7: Run 1 CMS analyses implemented in the SModelS database. The analyses named with

PAS provide preliminary results.
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Fastlim Results in SModelS Database v1.1
Analysis Ref. ID

Gluino and Squark
O-lepton + 2-6 jets + EMsS  [119] ATLAS-CONF-2013-047
O-lepton + 7-10 jets + Ess [120] ATLAS-CONF-2013-054
I-lepton + jets + Emiss [121] ATLAS-CONF-2013-062
0/1-lepton + 3b-jets + EXss  [122] ATLAS-CONF-2013-061
Sbottom and Stop

O-lepton stop [123] ATLAS-CONF-2013-024

1-lepton stop [124] ATLAS-CONF-2013-037

2-leptons stop [125] ATLAS-CONF-2013-048

2b-jets + Episs [126] ATLAS-CONF-2013-053
Electroweak Production

th [127] ATLAS-CONF-2013-093

TABLE 4.8: Results recast by the Fastlim collaboration included in v1.1 of the SModelS database.

Fastlim Efficiency Maps

The Fastlim collaboration|[118] produced several efficiency maps for a set of simplified models
targeting a natural SUSY scenario 7. Similar to what is done systematically by SModelS with
EMs results, Fastlim [55] tests an SLHA input model against a database of results for a set of
preliminary Run 1 F7"*° based ATLAS searches for SUSY with the full luminosity dataset (20.1
fb=! - 20.7 fb~1). The theory cross section for the set of available simplified models are read from
pre-computed tables. Finally, for each signal region, Fastlim computes the visible cross section
by interpolating the values of the efficiencies from the grids available, compares the value with the
theory prediction and calculates a quantity like the SModelS r-value.

The results converted into SModelS format and implemented in the version 1.1 of the database are
listed in Tab. 4.8. The steps for the production of the results follow the usual chain of producing
the Monte Carlo samples with a matrix-element generator followed by a tool for the showering and
hadronization, while the detector simulation and analysis recast was performed with a dedicated
tool called ATOM (Automated Tests of Models), which however is still not publicly available. All
the implemented analyses have a validation note on the Fastlim website [118]. Note that, due
to very low efficiency and correspondingly large statistical error, the efficiencies with uncertainty
above 25% are set to zero, and discarded. This is due to the fact that the recast analyses were not
sensitive to the simplified models tested.
The available Txnames are:

e gluino direct decay: T1, T1bbbb, T1bbbt, T1bbqq, T1bbtt, T1btbt, T1btqq, T1bttt, T1qqtt,
T1tttt;

o gluino 1-step cascade decay: T5bbbb, T5bbbt, THbtbt, THtbtt, T5tttt;
o squark: T2, T2bb, T2tt, T2bt;
o gluino asymmetric: TGQ , TGQbbg , TGQbtq, TGQqtt ;

"Here, natural spectra are defined as spectra with the masses of §, fL/R, I;L, iLu, ha are below the TeV scale
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Despite being obtained with the recast of preliminary analyses, these results contain many topolo-
gies that still today, after Run 1 and in the middle of Run 2, have never been provided officially
neither by ATLAS nor CMS.

The gluino asymmetric topologies deserve a particular mention. These were produced considering
gluino pair production in which the BR was shared between 2-body decay to gluon-LSP (via a
loop decay) and a 3-body decay through an off-shell squark (light or 3rd generation). These must
not be confused with the T3G(@) topologies that will be discussed thoroughly in Chapter 5, cor-
responding to gluino-squark associated production. As will be shown, the hadronization of gluon
and quark and successive clustering into jets has an impact on the efficiency of certain analyses;
currently SModel$S treats gluon and quark jets equally, and it will be shown how much this affects
the exclusion of a realistic model.

4.2.5 SModelS Validation of the Analyses

Irrespectively of the sources, only the experimental results that successfully pass a dedicated vali-
dation procedure enter the database. The SModelS validation procedure follows the working flow
of a usual SModelS run over a specific set of SLHA files for a specific Txname. The grid of SLHA
points is created from a template by varying the masses of the particles appearing in the simplified
model considered, while all the other masses are decoupled.

For each SLHA, SModelS calculates the decomposed spectra and confronts the theory prediction
with the experimental limit from the database. Finally the r-value is calculated. By connecting
the points for which r-value =1, an exclusion curve is produced. Fig. 4.9 shows four selected
validation plots for the analyses ATLAS-SUSY-2013-04(T5WW), ATLAS-SUSY-2013-05(72bb),
ATLAS-SUSY-2013-11( T'Chip ChimSlepSnu, TSlepSlep), for homegrown EM results. The complete
set of validation plots for all the analyses released with public versions of the SModelS databases
can be found on the official validation webpage®. A result is considered validated if the exclusion
obtained is contained within the uncertainty bands of the official curve if available, or if it looks
reasonably close to the official central value curve.

Validating the analyses is especially important for recast results, due to the additional uncertainties
involved in the recasting procedure. The validation plots shown here are indeed relative to home-
grown efficiency maps results. Note that in the case of EM results, the best signal region is used to
calculate the exclusion, so it is also possible to obtain a ‘best SR map’. This type of information
will be used in the next Chapters 5 and 6 to highlight possible recasting-related discrepancies that
affect the limit calculation. In fact, differences in the efficiencies might lead to different choice of
best SR, and this affects the limit calculation.

4.3 Extending the LHC SMS Results: EM Bakery

In Section 4.1 recasting tools were introduced, describing how they can be used to extract (A X €)
for arbitrary BSM models; then, in Section 4.2, it was shown how SModelS makes systematic use of
these efficiency maps. This is possible both with maps provided by the experiments, as well as with
the ones produced from phenomenologists like the Fastlim group. It was then natural to consider
the idea of extending the SModelS database with recast results and fill the gap for missing simplified

8http://smodels.hephy.at/wiki/Validationv112
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FIGURE 4.9: Validation plots for selected ‘homegrown’ efficiency maps results implemented in

the SModelS database. The color map shows the r-value(ratio of the theory predictions over the

experimental limit); the solid lines compare the SModelS exclusion (grey), obtained by connecting

1, and the official ATLAS exclusion curve (black). The dashed lines

correspond to £20% variation in the SModelS cross section normalisation, or the ATLAS +10 band

the points for which r-value

uncertainty.
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FiGURE 4.10: Workflow of the EM Bakery machinery. For each SLHA file extracted from a

grid, the signal Monte Carlo samples are produced; the output file is then passed to the detector

simulation, and to the analysis recast. The EMs for the set of points are finally created and
converted to a SModel$S friendly format.

model interpretations. A large part of this thesis work was dedicated to the development of an
infrastructure, friendly called EM Bakery, to systematically recast EM results and implement them
in the SModelS database. The general working flow and a summary of the EM results obtained will
be now described.

4.3.1 The EM Bakery Workflow

The working flow of the EM Bakery closely follows what was described for generic model testing
with recasting tools: it is composed of the Monte Carlo sample production, the simulation of the
detector effects, and the proper analysis recast. This is done in a systematic and automated way
so to take advantage of the use of scientific computing clusters. The overall scheme is drawn in
Fig. 4.10, and can be divided into the following steps:

1. creation of the SLHA files grid to be processed;
2. Monte Carlo event generation;

3. detector simulation;

4. analysis recast;

5. extraction of EMs.

The first ingredient necessary for the production is the definition of a grid of points of a given
simplified model to be processed. Since quantum numbers are neglected according to the simplified
model assumptions, no SUSY spectrum calculators are needed for the creation of SLHA files. For
each model, a template SLHA file is written with arbitrary mixing matrices for the neutralinos and
charginos, and branching fractions correspond at 100% to the fixed model. Typically Bino-like LSP
and Wino-like charginos are assumed, but this should not effect the results for the final analysis
efficiency. The masses of the SUSY particles involved are the only free parameters to be replaced
in the template, while all the other SUSY masses can be set to large values so that they do not
contribute to the production cross section. The decay widths must however be compatible with
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the narrow width approximation.

The mass grids adopted for homegrown maps production used a binning in the (mother,LSP)
mass of (50,40) GeV and (60,50) GeV for squark and gluino production respectively. In the case
of coloured sparticle production, the maximum mother mass considered for gluinos was 1.5 TeV,
while for squark 1 TeV was chosen; the LSP mass considered went up to 700 GeV. These mass
limits identify roughly the area of the mass planes excluded in the simplified model context. In the
case of electroweak models, since the Monte Carlo production is typically faster, a finer grid was
used.

Currently the automatised implementation of results in the SModelS database requires that in the
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case of cascade decays, only two mass parameters can be varied freely (and read from a file source)
while the third mass must be expressed as a function of the former two, or fixed to a constant value.
This follows the habit of the LHC experiments to project the results onto a ‘slice’ of the parameter
space when considering simplified models with more than two free mass parameters. The issue of
parametrization of cascade-decays simplified models is the subject of Chapter 6. For the rest of
this discussion, it is enough to remind that SModelS requires the mass of the third particle to be
expressed as a mathematical function of the other two, or to assume a fixed value.

In Fig. 4.11, an example of the mass grids used for the production of the recast EMs for the
T6WWitt model is shown. This model corresponds to a 1-step decay of sbottoms to intermediate
stops. Since all SM particles are considered final states in SModelS , the case of off-shell particles
must be treated separately; this means that according to the mass splitting between the sbottom
and the chargino, the first vertex might contain on- or off-shell W bosons, while the second vertex
on- or off-shell top quarks. The case of 4-body decays of the stop, including also an off-shell W
boson, is not considered. Several mass parametrizations of (mj, mﬁ,mﬁ)) where employed; this
allows the interpolation procedure to extract efficiencies for generic mass combinations. In the top
row, the parametrization z = (0.25,0.50,0.95) is used for the case of on-shell SM particles, i.e.
the proper T6 WWitt model. For the parametrization of the T6 WWtt and T6W Witoff, the choice
of fixing the mass difference between the sparticles involved in each vertex was adopted. For this
model, the SLHA grids for nine mass planes were defined and processed.

The grid of SLHA is the input for the EMs creation. The next step is the actual production of the
event files. All the external tools used by the EM Bakery, i.e. MadGraph, Delphes,CheckMATE 1/2
and MadAnalysis 5 and must be compiled in a dedicated directory.

The events are generated by MadGraph v.2.4.3 and Pythia 6.4. The input parameters to be
chosen are the specific SUSY process to be generated (e.g. gluino pair production, gluino-squark
associated production, squark pair production etc.), the number of extra partons emitted, the cen-
ter of mass energy of the collision (all the results were produced at 8 TeV), the numbers of events
to be generated (all the samples were produced with a minimum of 100k events at the parton
level), and the (XQcut,Qcut) relevant for the jet matching. The parameters can be directly set
in the basic input card read by the EM Bakery, and will be replaced inside template cards created
for the two generators. Once the sample has been generated, it is passed to the recasting tools;
both MadAnalysis 5 and CheckMATE have dedicated modules for the detector simulation based
on Delphes.

The analysis recast is then performed; in the case of CheckMATE, all the analyses compatible with
the centre-of-mass energy chosen for the sample production will be run, since the ATLAS or CMS
detector simulation is performed only once, and a fast smearing procedure is then applied to account
for the specific object efficiencies of each analysis. In the case of MadAnalysis 5 , each analysis
requires a specific , so a dedicated detector simulation for each analysis, which takes several hours,
is needed. Since it is expected that only few analyses are sensitive to the signature of the simplified
models considered, the user can choose the analyses to be recast.

Finally, the standard output files from the two recasting tools are stored in a centralised directory,
that at the end of the process will contain the efficiencies for each one of the SLHA point selected
at the beginning. Then, the efficiency for each signal region and analysis is extracted and written
to a text file suitable for implementation in the SModelS database.
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Recast Results Included in SModelS v1.1 database
Process txName Decay Mass Plane Analyses
pp — 39 T1bbbb g — bbxi - [1],[2]
T1btbt G — bty - [1],[2]
T5 9= 94,4 — qxt z = (0.05,0.50, 0.95) [1],[2]
T5bbbb G — bby, by — bYY x = (0.05,0.50,0.95) [1],[2]
T5tttt g — tt, 11 — X z=0.5 [1],[2]
AM (§,%1) = 177 GeV
AM(t1,%Y) = 177 GeV
T5WW G — q@XE, xE - wEY z = (0.05,0.50, 0.95) [1],2]
AM (X7, %3) = (10,75) GeV
T5Z7 §— qqxs, X3 = Z%8 x = (0.05,0.50,0.95) [1],[2]
pp — bib} T2bb by — bx? - [1],[3]
pp — t1Et T2tt i =t - (1],[2]
T6bbWW b —=bxt, X =Wt x = (0.10, 0.50, .090) [1],[2]
AM (%, %9) = (10,75) GeV
pp = X{ Xy | TChiWw Xi = WERE - [11,[4]
TChipChimSlepSnu & — IF () (iF), (1) = vi()x) = = (0.05,0.25,0.50,0.75, 0.95) [4]
AM(XE,1) = (5,10,15) GeV
AM(I,%9) = (5,10,15) GeV
pp— XiX5 | TChiwz XE = WER, 28— 238 - [1]
pp — X5x5 | TChiZZ X5 — ZX1 - [1]
pp— IT1° \ TSlepSlep * =0 - [4]

TABLE 4.9: Summary of the recast EM results included from v1.1 in the SModelS database.
Numbers for AM mass differences are expressed in [GeV]. The recast analyses used are: [1]: CMS-
SUS-13-012 (MAS5) , [2]: ATLAS-SUSY-2013-04 (MA5), [3]: ATLAS-SUSY-2013-05 (CM), [4]:

ATLAS-SUSY-2013-11 (MAS5).

All of the described steps are performed in an systematic way, so that by changing only a few input
parameter files, all the relevant parameter cards of the tools involved in the chain are automatically
updated. Since the code is used internally by the SModelS developers and kept private, specific

details about how to run the scripts will not be provided.

4.3.2 Summary of Homegrown EM Results

This EM Bakery was extensively used to produce several EM results, summarised in Tabs. 4.9 and
4.10. The first lists results available from v1.1 in the SModelS database; the second contains several
additional models, mainly regarding third generation SUSY particles with 1-step cascade decays.
The T3GQon model will be treated extensively in the next Chapter 5; the EMs for this topology
were published in [3].
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Additional Recast Results
Process Txname Decay Mass Plane Analyses
pp = 3§ T5WW §—=ad'xXi, Xt =W @ =(025) [1]
pp — GG T6WW = dxE, F-owyd x = (0.50,0.95) [1]
[G = (ii,d,¢,3)r,R] AM (X7, %3) = (5,40,75) GeV
pp — b1b] T6bbZ7Z by — b%3, %3 — Z%0 x = (0.25,0.50,0.95) [1]
AM (X3, %Y%) = (5,50,75) GeV
T6WWtt by — 5, XF = Wi x = (0.25,0.50,0.75) [1]
AM (by,11) = (5,40,75) GeV
AM (t1,%7) = (90,130, 165) GeV
T6ttWW by — Wiy, t1 — tx? x = (0.25,0.50,0.75) 1]
AM (b1, XE) = (130,165) GeV
AM (X7, %1) = (5,40,75) GeV
pp — babi T6ZZbb by — Zby, by — by z = (0.10,0.50,0.95) [1]
AM(bz,b1) = (5,50,75) GeV
pp — t1l} T6ttZZ f1 = %3, X3 — Zx8 z = (0.50,0.70) [1]
AM (X3, %9) = (5,45,85) GeV
AM (1, %3) = (200) GeV
T6WWhb 1 — Wby, b1 — by! z = (0.05,0.50, 0.75) [1]
AM (b, X3) =5 GeV
AM (£1,b1) = (10,40, 75) GeV
pp — tals T6ZZtt to = Zt1, t1 — tx3 z = (0.10,0.50,0.95) 1]
AM(EQ, 51) = (5, 40, 80) GeV
AM (t1,x9) = (90,160) GeV
pp — IF1 TSlepSlepWW 0% — xE, xi = W*g? 2z =(0.2,0.50,0.90) [1],[4],[5]
AM(X7, X1) = (10,40, 75) GeV
pp — GX1 TGN 7 — q@xt - [1],[5]

TABLE 4.10: Additional unpublished EM results. See caption of Tab. 4.9 for details.
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Summary

In this Chapter, two of the main methods for the re-interpretation of BSM searches at the LHC
were presented: the recast approach, based on the full simulation of the signal, and the simplified
model approach, that aims at constraining a full model by looking at its SMS decomposition. The
former is certainly more constraining, since it can be applied to any generic BSM model that can be
simulated with Monte Carlo generators. Nevertheless it suffers from long computing time needed
in order to completely process the input model up to the final recast.

As for the simplified model approach, the positive aspect is that it can directly make use of the
constraints provided by the LHC experiments, without any further processing or event simulation:
it is enough to extract the elements from the full model that can be mapped onto existing SMS
results from the experiment. This approach is however limited on the one hand by the number of
results provided by the collaborations; on the other hand, it fails to efficiently constrain models
with complex mass spectra, for which the description with simplified models might not be accurate
enough.

Both approaches can be combined together: EMs for new simplified models can be recast and
implemented in the SModelS database to extend the number of the available experimental results.
This will be demonstrated in the next Chapter with a concrete example, for how the pMSSM can
be probed by SModelS to highlight unconstrained elements, and how the production of EMs for
such SMS can then improve the exclusion power. It was also shown that SModelS flexibility allows
to use results produced by other groups of phenomenologist, as is the case of the Fastlim EM
results, which cover interesting simplified models not investigated by the official LHC experiments.

Finally, for the future extensions of the database with more /s = 13 TeV results, the CMS-SUS-
16-033 analysis was implemented in the MadAnalysis 5 framework. This is the first inclusive
analysis searching for coloured SUSY particles implemented in the framework; the importance of
this particular type of searches will be demonstrated in the next Chapter. It will also serve as an
interesting test case for the combination of different SR available from SModelS v.1.2[3], thanks to
the available covariance matrix from the CMS collaboration that accounts for the correlation of
the background systematic uncertainties.
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Chapter 5

Constraining the pMSSM with
Simplified Models
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After discussing the technical aspects of the SModel$S software, this Chapter is dedicated to testing
the performance of the simplified model machinery with a realistic SUSY model. Specifically the
phenomenological minimal supersymmetric model[26], or shortly pMSSM, will be used as a bench-
mark. This model was used by the ATLAS experimentalists to re-interpret several Run 1 SUSY
searches, and to analyse how well the full parameter space of the theory is constrained[128]. They
performed a large scan in the parameter space, and selected around 300k points, for which they
produced the Monte Carlo signal events and re-ran the selected analyses. Since both the SLHA files
as well as a detailed summary of the constraints provided by each analysis considered were made
publicly available, it was possible to compare the official ATLAS results with the ones obtained
with SModelS. Part of the material discussed in this Chapter was published in [4], which focused on
the study of the global coverage of the pMSSM, and pointing out the relevant missing topologies
found by SModelS .

However in the SModelS paper|4]| several interesting aspects were not covered. For example an
interesting question regards the performance of the different analyses targeting the same SMS in-
terpretation, or so to say, which search strategy provides the best limits for a given SMS. Moreover,
it is interesting to highlight which are the most useful results in the context of re-interpretation of
new theories with simplified models.
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The published results, based on the database in v1.1, used three types of EMs:
e official results from ATLAS and CMS;
e homegrown results;
e Fastlim results

The results produced by the Fastlim collaboration (introduced in Section 4.2.4) are noteworthy
since they contains several topologies for which no official results exist. Understanding the impact
on the pMSSM of these maps, despite being designed for a natural SUSY scenario, can constitute a
concrete guideline for the future production of ‘homegrown’ results. On the other hand, the anal-
ysis of the missing topologies appearing in the SModelS pMSSM study demonstrates which are the
most constraining signatures that must be prioritised for improving the coverage of the model. Both
pieces of information are necessary and complementary for the future development of recast results.

This Chapter is structured as follows. In Section 5.1 the pMSSM is introduced, followed by a
brief description of the ATLAS study and results in Section 5.2. Section 5.3 shows an in- depth
comparison between the ATLAS and the SModelS results as already published in [4]. The rest
of the Chapter contains unpublished results. First, a detailed analysis of the most constraining
experimental results contained in the database is presented. In particular the most constraining
simplified models will be highlighted, both for the official (ULs) and recast (Fastlim and homegrown
EMs) results. This study can be used as a guideline to extend the coverage of the pMSSM using
the recent 13 TeV recast analyses, e.g. the CMS-SUS-16-033 analyses described in the previous
Chapter.

The final Section 5.4 concretely shows that using iteratively SModelS to first identify important
missing simplified models, and then using the EMs Bakery machinery to produce dedicated results,
improve the coverage of the pMSSM and the constraining power of the SModelS framework.

5.1 The pMSSM interpretation of SUSY searches

The full MSSM possess a too large parameter space to be considered for any reasonable phenomeno-
logical study, not only from a computational point of view, but also since the outcome of such a
complicated study would be difficult to interpret. At the same time, simplified model results do not
give a clear understanding of the current constraints on the parameter space of the full MSSM; for
this, we then need to re-interpret the searches in the context of a full realistic model and abandon
the naive SMS assumptions.

Contrary to simplified models, where typically only a few SUSY particles have masses accessible
at LHC energies while all the other particles are decoupled, in realistic models a rich spectrum
of SUSY particles opens many possible production modes with possibly complicated decay chains.
This decreases drastically the weight w = o x BR of each single decomposed simplified model,
since the total production cross section is shared between several competing decay modes.

When considering complex decay chains, the sensitivity of searches might also decrease: on the
one hand, since many SM particles are found in the final state, there might be limits in the usage
of exclusive searches, looking e.g. for a fixed number of leptons or jets. Typically searches are
designed to look for very distinct signatures of some simplified models, and might not be effective
in constraining general models. Inclusive hadronic searches benefit from very general definition of
the selection cuts, which make them sensitive to a multitude of simplified models for squark and
gluino prompt decays. Thanks also to the large production cross section of coloured particle at the
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LHC, they prove very effective to constrain the pMSSM.

On the other hand, in case of small mass differences in the SUSY mass spectrum, all the SM
objects will become low energetic and possibly fail to pass the selection cuts of the analysis. It is
no surprise that SUSY particle with masses below the current naive exclusion limits provided by
some SMS results can be unconstrained by the same search when considering a full model with a
full particle spectrum. In synthesis, realistic models are needed to capture "the complex effects that
can result from large numbers of competing production and decay processes” (quote from[128]), but
they come with serious experimental challenges as well as a non trivial theoretical interpretation.

Parameters of the pMSSM-19

tan 8 Ratio of the Higgs vacuum expectation values
M4 Mass of the pseudoscalar Higgs boson
W Higgsino parameter
M, My, Mg Gaugino mass parameters for Binos, Winos and Gluinos

mg , MaR , Mjp , M , Mer | Masses of 2nd generation sfermions
me s My, My, Mj 5 MER Masses of 3rd generation sfermions

Ay Ay, A Trilinear couplings for 3rd generation sfermions

TABLE 5.1: Description of the free parameters in the pMSSM-19 used by the ATLAS and CMS
Collaborations for the re-interpretation study of LHC Run 1 analyses. The label ¢ denotes left-
handed squarks, [ denotes left-handed sleptons and @ left-handed stops and sbottoms.

Given the above considerations, an interesting model that is more complex than the SMS but
that still possesses a reasonable number of free parameters is the phenomenological supersymmet-
ric standard model, or pMSSM|26]. It is defined as subspace of the MSSM in which the number
of free parameters is reduced by experimental constraints on new sources of CP violation and
neutral currents producing large flavour violation. The former are avoided by imposing that all
the elements in the soft SUSY breaking potential are real (i.e. the phases are zero); the latter, by
requiring that the matrices of the sfermions and the trilinear couplings are diagonal in flavour space.

The pMSSM realisation considered in this thesis is described by a set of 19 parameters, listed in
Table 5.1. All these assumptions are independent on any mechanism of SUSY breaking or unifica-
tion of SUSY masse at higher (GUT) scales, and are mostly motivated by a pure phenomenological
point of view and theoretical simplicity.

Owing to the large reduction of parameters from the complete MSSM, the pMSSM-19 is suitable
to make phenomenological studies; the number of parameters can be reduced further by looking for
example at individual sectors of the model, characterised by only a selection of a few parameters.
Since this will acquire a certain relevance in the next sections, I stress the fact that there are three
different values of the masses of light squarks, specifically left-handed up and down type, right
handed up type and right-handed down type. This gives a rich phenomenology when considering
SMS with gluinos and squarks, depending on the specific mass hierarchy. R-Parity conservation
ensures the presence of a viable DM candidate, which is the lightest neutralino 3.
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5.2 ATLAS Run 1 Results on the pMSSM

Both the ATLAS[128] and CMS[129] Collaborations published an extensive study of the constraints
on the pMSSM-19 by re-running many Run 1 analyses on a large set of pMSSM parameter points.
They re-interpreted several SUSY searches from the LHC Run 1, with data collected with collisions
at 7 and 8 TeV, with the addition of other searches for more exotic signatures. What renders
the ATLAS pMSSM study special is the quantity and quality of information made public by the
Collaboration on the HepData website [130], including all the SLHA files of the point tested, and
information on the constraint provided by each of the 22 analyses with an integrated luminosity
of up to 20.3 fb~! used for the re-interpretation. These include the majority of classical SUSY
searches plus searches for monojet-like signatures, disappearing tracks and Heavy Higgs resonant
searches. The list of such analyses can be retrieved in Table 1 in [128].

Definition of the ATLAS scan

Due to the large number of parameters, only a sub-space of the full pMSSM can be probed, and
some criteria to define the set of points that will be simulated with Monte Carlo generators and
tested against the selected ATLAS searches need to be defined. A model point is defined by a
specific choice of the 19 free parameters. Due to the rapid drop of the production cross section
at the LHC with increasing mass, as shown in Fig. 3.4, a 4 TeV upper bound on the masses was
applied for all the sparticles. The model space was sampled with a flat probability distribution for
all the parameters. After the SUSY parameter selection, the SLHA files were created using various
SUSY spectrum calculators, such as SoftSUSY[131] and SUSY-HIT|[132]. Finally, several exper-
imental constraints from e.g. electroweak precision measurement, flavour physics, Higgs physics,
LEP results, DM relic density and direct detection limits etc. were applied to the points.

Three separate sets of LSP, according to the nature of the YV, were defined. If N;; are the entries
in the neutralino mixing matrix, the three LSP sets are defined as:

e Bino-like LSP when N7 > max(N%, Ni + NZ,) [103,410];
e Wino-like LSP when NZ, > maz(N}, N4 + N32,) [80,233];
e Higgsino-like LSP when (NZ + N2,) > max (N}, N%) [126,684],

where the number in square bracket is the total number of parameters points tested by the ATLAS
collaboration.

ATLAS Results

Because of the high dimensionality of the model, results can be presented only by projecting the
results onto specific mass planes (i.e. single slices of the full parameter space) e.g. using the (g, X3)
and (g, min(q)) mass planes. Although such planes give immediate information on the reach in the
mass limits for gluinos and squarks, the mass spectrum of the other particles are left unspecified.
Examples of plots from the ATLAS pMSSM interpretation study can be found in Fig. 5.1, showing
the fraction of excluded points as a function of the masses of light squarks vs LSP and gluino vs
light squark. The corresponding exclusion curves from the analysis ATLAS-SUSY-2013-02(01,2-
Gjets) are also drawn as a comparison.
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FIGURE 5.1: ATLAS results on the pMSSM interpretation for light squarks (left) and gluinos vs

light squarks (right). The exclusion curve for the T2 simplified model is superimposed as a reference

on the left plot; the exclusion curve on the right is obtained by considering a set of pMSSM points

where only gluino and squarks are light, and the other sparticles are decoupled. Both lines are
taken from [91]).

Such plots however do not provide information about the source of the constraint, or in other words,
why the model can be constrained. For example, even if a gluino is reasonably light, depending
on the full mass spectrum, it can undergo complicated cascade decays to the LSP, and analyses
targeting gluino production might have low efficiencies and exclusion power. At the same time,
if other particles are sufficiently light, the point can be excluded by other dedicated searches, e.g.
for sleptons or stops. As a consequence, the model point with the light gluino is excluded, but
not because of gluino searches. This information is not encapsulated in such plots, unless only
results for specific analyses are considered e.g. targeting third generation squarks or electroweak
production. However this becomes crucial when considering simplified models results alone, as it
will appear evident in the following discussion regarding SModelS constraints on the pMSSM.

5.3 SModelS Coverage of the pMSSM

The scope of this Section is to analyze how well a full model like the pMSSM can be constrained by
SMS results only, as compared to the full analysis re-interpretation performed by ATLAS. This work
was recently published in [4]; there, a great importance was given to highlight the most important
SMS missing topologies (defined in Section 4.2.3), i.e. the topologies with a large (o x BR) weight
that are not included in the database. After a general discussion of those findings, I will focus on
discussing in detail the additional constraining power from recast EMs, either coming from new
signatures implemented in the database (some of them never used for the official ATLAS and CMS
interpretations) or from the combination of multiple signal topologies.

5.3.1 Analysis Setup

The main ingredients for the study are the complete set of SLHA files used by ATLAS, and a
detailed list of the analyses which excluded a specific parameter point (provided at [130]). In the
SModelS analysis only points that:

e were excluded by at least one of the ATLAS SUSY analyses , and
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e did not include long lived charged particles

were considered. Points excluded only by heavy Higgs searches were removed from the tested
sample since no corresponding simplified models are implemented in the database, as well as the
Wino-like LSP set, which implied numerous long lived charged particles (the Bino and Higgsino-
like LSP dataset contained only a few thousands long-lived sparticles that were excluded from our
study). Even though a customised version of SModelS was used in [133] to study constraints on
long lived BSM states, a public version of the tool is still in preparation. The total number of points
passing our selection is 38575 for the Bino and 45594 points for Higgsino-like LSP respectively.

Version v1.1.1 of SModelS was employed, including both UL and EMs results (see 4.2.4). The
SModelS cross section calculator, which provides a useful interface with Pythia 8 (v.8.226)[66|,
Pythia 6.4 [88] and NLLfast [89, 90, 134, 135, 136, 137, 138, 139] was used to compute the
production cross sections, up to NLO+NLL order for strong production, and LO for electroweak
processes; Pythia 6.4 was instead used for slepton production. The other two relevant parameters
selected in the configuration file parameters.ini are the sigmacut = 0.03 fb (controlling the
minimum weight for a decomposed elements) and minmassgap = 5 GeV (standard value for BSM
particles mass compression, below which the SM products in the vertex are considered invisible).

5.3.2 SModelS Results: pMSSM Coverage

I begin the comparison between the SModelS and ATLAS results with the discussion on the global
coverage of the pMSSM parameter space; additional results obtained after the publication will be
the last topic of this Chapter. The results for the Bino and Higgsino-like LSP datasets are presented
separately, since they exhibit interesting peculiarities that depend on the nature of the LSP. Table
5.2 shows a summary of the total numbers of points excluded in the two categories: when using only
UL results from the ATLAS and CMS Collaborations, SModelS reaches around 44% and 55% of the
exclusion (obtained by ATLAS), which rises up to 55% and 63% when considering the full database
containing official and recast EMs results, for the Bino and Higgsino-like LSP case respectively.

We see that on average in the Higgsino case the coverage looks more effective, and that the impact
of EMs results is less relevant compared to the Bino case (425% versus +14%). We proceeded then
by analysing the coverage for specific SUSY particles, and here only gluinos will be treated. Fig.
5.2 shows the distribution of the number of excluded points as a function of mgz. The differently
coloured histograms show the contribution from the different types of results used, namely the
official UL and EM results, the homegrown and Fastlim EMs. The coverage of the SMS results is
not able to match ATLAS reach even in the very low mass region mg < 1.4 TeV. This is surprising
for the reason that simple decay chains of gluinos to the LSP are expected (i.e. the gluinos BR
should not be split between several decay modes), and the SMS results for direct gluino decays to
the LSP in the database, such as T1 and T1bbbb, plus several cascade decays models such as T9J,
TSWW and T5ZZ naively should constrain the points with low gluino mass.

Number of Points | Bino-like LSP Higgsino-like LSP

Total 38575 45594
Excluded by UL 16957 (44 %) 25024 (55 %)
Excluded by UL+EM | 21151 (55 %) 28669 (63 %)

TABLE 5.2: Summary of SModelS constraints for the Bino and Higgsino-like LSP. EMs include
official, homegrown and Fastlim results.
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A trivial consideration regards the grid of points defined in the experimental results in the database.
First, as already noted before, an experimental analysis might not be sensitive in regions of com-
pressed mass spectra, e.g. where the mass gap between the mother particle and the LSP is small.
Ultimately this implies large systematic uncertainties and difficult background estimations. For
this reason, the easiest choice from the experimentalists is not to provide results for regions where
uncertainties are large or difficult to estimate accurately. Other times, simply the Monte Carlo
signal samples were not available for the full simplified model parameter space. Whenever this
happens, it is identified by the contribution of the elements falling outside of the available mass
grid in the SModelS output (see Appendix B). This is to say that the mass compression between
the gluino and the neutralino might make it problematic to constrain those points with gluino
simplified models, and the actual constraints should come from other channels. In fact, the points
are considered excluded if, for any analysis and any SMS, at least one result gives r >1. Strictly
speaking, a low mass gluino can be constrained thanks to SMS results that do not originate from
gluino decays. Clearly the majority of points excluded for high gluino mass must be excluded by
some other simplified models.

Figure 5.3 shows a direct comparison between the naive exclusion of a T'I simplified model from
the analysis ATLAS-SUSY-2013-02 [91], and the exclusion in the full pMSSM parameter space,
projected in the (m§7m>2?) mass plane. It is clear that the coverage, even using the full sets of
SMS results, is far away from the naive SMS interpretation exclusion, at least for the Bino-LSP
case. A better coverage in the Higgsino-like LSP case can be seen, which can be explained by
the mass compression between the X3/ )Zli and Xy. In the Bino-like LSP, the direct decay of the
gluino to the LSP is quite rare, while decays to quarks and intermediate gauginos are more likely,
resulting in long cascade decays. In the Higgsino-like LSP case, on the contrary, the mass compres-
sion functionality in SModelS will simplify most of the long cascade decays. The Fastlim dataset
contains several asymmetric gluino decay, that can be combined together, explaining the increase
in the coverage in the low gluino mass region. This improves the coverage wrt UL results, since
efficiencies for models of the type T'1btbt-T1bttt-T1bbbt (i.e. models where the gluino decays via
intermediate chargino in at least one of the branch),T7-T1bbbb- T1tttt(direct decays of the gluino
to the LSP via off-shell squarks), etc. can all be added up.
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FIGURE 5.2: Distribution of the excluded points for the Bino (left) and Higgsino-LSP (right) dataset

as a function of mg. The yellow colour represents the number of points excluded by UL results,

while the remaining represent the additional constraints provided by official (green), homegrown
(blue) and Fastlim (red) EMs results.
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Missing Topology in the pMSSM

One of the main features of SModelS is the ability of identifying the most important missing topolo-
gies. They are a useful guideline to understand which SMS results could potentially improve the
constraints on the tested model. However, in general, only the presence of a SMS in the database
does not guarantee a proper and complete coverage of a particular experimental signature, since the
extracted upper limit may be weak. Different analysis targeting similar final states have different
sensitivity with respect to the mass spectra of the SMS, so by recasting a different analysis for an
already available SMS might already improve the exclusion.

The most important missing topologies for the Bino and Higgsino-like LSP, sorted by frequency, are
shown in Fig. 5.4. We see that in both cases the leading one is identified by the "[[[‘jet’],||‘jet’],[‘jet’]|]"
constraints or "TGQ" in SModelS Trnames convention, that can come from gluino-squark associ-
ated production via two different cascade decays depending on the mass spectrum:

o pp — G4, G — Gq,G — qx) if mg > mg;

e pp— 34,5 — 9x3, 4 — §q if mg > my;
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FIGURE 5.5: Total (o x BR) for the "[[[jet’],[[jet’],[jet’]]]" constraint for the Bino (left) and
Higgsino-like LSP(right), projected in the (mg, min(mg)) mass plane, for SModelS allowed points.

The relevance of this missing topology is understandable since the cross section for gluino-squark
associated production is large at the LHC, and there are three different mass parameters for the
left-handed, up-type right-handed and down-type right-handed squark in the pMSSM, so that one
of the two decay chains can have a large BR. This is visible in Fig. 5.5 showing, for the non excluded
points, the value of the (¢ x BR) , which is quite sizeable especially for light gluinos and squarks.
This topology belongs to the poorly covered category of asymmetric SMS, that includes either
models with different SUSY mother particles, for example the TGQ pp — G, or models where the
same SUSY particle decays in different ways in the two branches, for example pp — §3, 3 — qgx}
or § — bbx}. Most frequently all the SMS results provided by the experimental collaborations
assume symmetric topologies; due to this, a large (0 x BR) cannot be constrained.

The constraining power of the TG(Q) (or more precisely T3GQon) simplified model will be exten-
sively treated in Section 5.4.2.

The importance of asymmetric missing topologies is shown in Fig. 5.6. For each un-excluded model
point with o4, > 10 fb, the total unconstrained weight (o x BR) coming from asymmetric models,
normalised to the total 8 TeV cross section, is shown. Only the asymmetric model with at most
1-step decay are considered. It can be immediately seen that for a large number of points the
fraction of missing cross section from asymmetric topologies is above 50%, with peaks at over 90%.
Whenever the production cross section of a particle, e.g. gluinos, is shared among several decay
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FIGURE 5.6: Total contributions of asymmetric branches to the full 8 TeV cross section (for points
with o10t>10 fb) for the Bino (left) and Higgsino-like LSP (right).
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FIGURE 5.7: Total contributions of long decay chains, defined as supersymmetric models with more
than one-step decay to the LSP, to the total cross section for the Bino (left) and Higgsino-like LSP
(right).

patterns, asymmetric topologies (from the same mother particle) become automatically relevant.

I conclude this Section on the global coverage of the pMSSM with Fig. 5.7, showing again for
not excluded points with o, > 10 fb, the fraction of the total cross section missed by SMS with
long decay chains (defined as topologies with more than one intermediate BSM particles, i.e. de-
caying to the LSP in more than one step). This is a very important and useful outcome of this
study: it shows that indeed one of the assumptions at the basis of simplified models, i.e. that
signals can be efficiently described by only a few parameters, does not largely reduce the ability to
reconstruct a full model, since only a small number of points has long cascade decays contributions.

I remind that the maximum number of free parameters considered by SModel$ for a feasible simpli-
fied model characterisation is three, corresponding to [mother,intermediate, LSP| masses in one-step
decay models, or [mother1,mother2,LSP| in models with asymmetric branches. The main reason
for this limitation is the required number of mass planes to properly cover the mass parameter
space of the SMS.

5.3.3 Constraints from ATLAS and CMS Official Results

This Section and the following are meant to provide a detailed characterisation of the constraints
provided by the different SMS results included in the SModelS database. For this reason, the atten-
tion is now shifted to the points that can be excluded by the SMS results. This is done to highlight
the most interesting topologies already available, as well as the most powerful analyses providing
the best limits. In fact, contrary to the expectation coming from the large variety of SMS results
implemented in the database, most of the constraints come from only a few results. This analysis is
useful since it gives a concrete guideline to produce additional recast results and further extending
the database. Specifically the results produced by the Fastlim Collaboration include simplified
models that were never employed by the LHC Collaborations, so it is worthy to quantify in detail
their impact on the pMSSM.

The exclusion by official ATLAS and CMS results wills be treated separately. For the ATLAS case,
I will include only the results from published analyses, since they supersede the preliminary results
also available in the database. In the case of CMS, four preliminary results are also considered since
the corresponding published results could not be implemented in the database. Given the limited
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is given in Appendix D.
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number as well as the small contribution to the SModelS exclusion as seen in Fig. 5.2, EMs results
will be omitted. Finally, only UL results for the most common and most constraining simplified
models are shown.

The exclusion provided by each UL result is presented in Fig. 5.8; note that the plots are in log
scale. It can be immediately seen that the exclusion power in terms of simplified models come
essentially from analyses designed to look for gluinos and squarks in the hadronic final state, also
known as the inclusive SUSY searches: ATLAS-SUSY-2013-02(01,2 — 6jets)[91], CMS-SUS-12-
024(cr)[104],CMS-SUS-13-012(Hr, H1)[49], and CMS-SUS-13-019(m12)[106]. This is compatible
what was found also by ATLAS pMSSM study, showing that the ATLAS-SUSY-2013-02 analysis
is the one providing the best constraining power in terms of number of excluded points. Note that
this does not mean, in general, that the UL provided by these analyses are the best for each point
tested. In terms of SMS, the T2 : pp — G4,G — gX) drives the exclusion for both LSP datasets,
and is the most constraining SMS. In addition, for the Bino-like and the Higgsino-like LSP, the
T1: pp — G§,3 — qqx; and T1bbbb : pp — §g,d — bbx} models respectively become relevant.
SMS results for EW models, either sleptons or gauginos (charginos,neutralinos) searches, are able
to exclude only a few hundred points in total. This can be understood by considering that the
SMS interpretation provided for the TChiWZ or TChiWH (pp — xf;zg, )Z{E - WX, Xy — Z/HY)

always assume that Mgy = My, a condition that is seldom satisfied in the general pMSSM model.

A full summary of the exclusion provided by all the UL results included in the database v1.1 is
given in Appendix D, including one-step cascade decays for gluino, stop and slepton production.
Due to the specific mass assumptions for the SMS interpretation and the limited availability of
mass planes, models with cascade decays cannot constrain efficiently within the pMSSM. Note
however that, in the spirit of simplified models, it is worth to include all the possible signatures in
the database, since other BSM models might be indeed constrained by such results.

The exclusion provided by the four T7 results implemented in the database, targeting gluino
production, is shown in Fig. 5.9; the presence of various patches of points excluded by a specific
analysis highlight how different types of searches are sensitive to different regions in the mass space.
It is difficult however to make more precise quantitative statements. Many CMS analyses combine
several SRs to calculate the UL, so a single SR might not prove sufficiently constraining, and even
if EMs were available, it would be impossible from the outside to combine them within SModelS .
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FIGURE 5.9: Distribution of the points excluded (dark shade) by the T1 SMS for the ATLAS and
CMS analyses. The analysis providing the best limit is shown in different color. Non-excluded
points, in lighter shades, have 0.1 < r < 1.0.
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Nevertheless it shows that, in general, the best UL is not necessarily given by the analysis with the
highest exclusion power (in terms of higher gluino mass) over the whole mass plane. Indeed often
the searches are designed to push the exclusion to higher and higher masses. Finally note that
UL maps might be defined using different grids of simulated points, e.g. the CMS-SUS-13-012 and
CMS-SUS-13-019 results are not given for Am(g, G) < 400 GeV, making the analysis CMS-SUS-12-
028 (which does not use the full luminosity dataset of Run 1) more constraining in the low gluino
mass region. It is impossible to state if those analyses could provide better limits in the same region.

5.3.4 Constraints from Fastlim Results

As explained in detail in Section 4.2.4, the SModelS database was enriched with homegrown
EM results, as well as several EMs created by the Fastlim Collaboration and adapted to the
SModelS format. In this Section I aim at characterising the simplified models results contained in
the Fastlim datasets that provides the best exclusion. This is of interest since the Fastlim SMS
interpretation was specifically meant for a ‘natural SUSY’ scenario, while homegrown results tar-
geted mostly gluino pair production. Both these classes of results include SMS interpretation that
were not provided by the experimental collaboration, hence understanding the impact in detail
gives a powerful indication on how to proceed further for future extensions of the database.

ATLAS-CONF-2013-047

From the list of Fastlim analyses included in the database (Tab. 4.8), I will focus on the ATLAS-
CONF-2013-047|119|, which is the preliminary analysis later superseded by the ATLAS-SUSY-
2013-02. This inclusive search looks for events with a large jet multiplicity and missing transverse
energy while vetoing isolated leptons. The key kinematic variable of the analysis is the effective
mass M.y, defined as the scalar sum of the pr of the leading jets and the missing transverse energy:

mesr = > [pr?| + BT (5.1)
J

This variable helps reduce the QCD background by requiring the quantities £ /m, ff or BT /\/Hr,
where Hr is the scalar sum of the jets pr, to lie above a certain threshold; this threshold is differ-
ent for the different signal regions. The signal regions are defined by selecting signal jets with low,
medium, or high transverse momentum and different jet multiplicities.

The distributions of excluded points for this analysis, as a function of the gluino mass, is given in
Fig. 5.10 . The histogram shows the contributions of each SMS results: each colour corresponds to
the points excluded exclusively by the SMS considered. For clarity, consider the T2 model distribu-
tion. Those points can be excluded only by 7’2, meaning that the r(7'2) > 1 while ZSMS;éTz r<l,
or in other words, those points are excluded only because the T2 results is available. The grey
area of the plot shows instead the points excluded only by the combination of signals coming from
at least two different SMS, i.e. the maximum r-value of any SMS does not exceed unity. The
total number of points is also reported inside the brackets in the legend. It is evident that in
the Higgsino-like LSP case, the exclusion gains significantly from the signal combination with EM,
while this is more modest in the case of the Bino-like LSP case.

The other consideration regards the 72 model, that maps to the "[[[‘jet’]],|[‘jet’]]]" SModelS con-
straint notation. This is again is confirmed to be the most powerful results, constraining alone
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FIGURE 5.11: Distribution of the topologies providing the SModelS best (left) and second best
r-value (right) the Bino-like LSP dataset in the (mg, mgo) mass plane.

60% of the points. The aim of the rest of the Section is to analyse which models can be effectively
combined together to improve the exclusion, one of the most important benefits of using efficiency
maps. Figures 5.11 and 5.12 show, for each point excluded by ATLAS-CONF-2013-047, the distri-
butions of the topologies providing the best limit, i.e. the highest r-value. Besides the T2 model,
also the T'I model is important, and for a large number of points the T7 and T2 models are the
respectively the most and second-most constraining models.

5.4 Extending the Coverage with Gluino-Squark Simplified Models

In this final Section dedicated to the pMSSM coverage I will discuss the improvement in the cover-
age on the pMSSM from to the inclusion of TG results constraining the "[[[‘jet’]],[|‘jet’],[jet’]]]"
or 3jets+E§3iss signature, which was found to be the most important missing topologies in both
the Bino and Higgsino-like LSP scenarios (see Fig. 5.4 and related discussion). This model will be
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FIGURE 5.12: Same as Fig. 5.11 for the Higgsino-like LSP dataset.

labelled T3GQon for the reason soon explained. Note that also other missing topologies from the
pMSSM include generic gluino-squark associated production, but they involve more complicated
decay patterns.

Along with the results from TG (@, the power of combining the T2 and 75 models will be explored.
In fact the asymmetric TG@ model is the combination of one branch from the T2 and one from
the 75. The branch with the [“et’] constraint requires a SUSY particle decaying to a jet and the
LSP, while in the second [[“et’],[*jet’]] branch there is a cascade decay to the LSP via an inter-
mediate SUSY, producing a jet in each of the two vertices. Since the aim is to constrain points
for which the total gluino+squark associated production is large, both the squark and gluino pair
production cross section will be large, and the T2 and T'5 models will naively constrain models in
the same region of the parameter space where the TG(Q is important. With EMs results, where
the contribution coming from different signals is added up, the full reconstruction pf the signal
T2+ T5+TGQ can be obtained. As summarised by Tab. 5.1, in generic pMSSM points there are
three free squark mass parameters plus the mass of the gluinos, that can result in different allowed
mass hierarchies. When considering one single squark mass with mg > m; (and the other third
generation squark set to a high scale), then the gluino will decay to an on-shell intermediate squark,
and the squark directly to a quark plus the LSP. However, for inverted hierarchies where all the
squarks are heavier than the gluino, the squark will decay to an on-shell intermediate gluino, while
the gluino will decay either via loop decay to the LSP, or for a small enough mass gap between the
gluino and the lightest squark, via a three-body decay from off-shell squark § — ¢gx?. This model

qa g [

.?’..I_ 9
q
T3GQon: [[[jet']l.[jet]], [[jet]]]  T3GonQ: [[['jet']].[[jet], ['jet']]]

q~.

FIGURE 5.13: Diagrams for the simplified models T3GQon (left) and T3GonQ (right).
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will not be considered here, and it gives a 4-jets "[[[‘jet’,‘jet’]],[[‘jet’],[jet’]]" signature. In another
possible case, the gluino mass is set as intermediate between two squark families: the heavy squark
will decay to intermediate on-shell gluinos, the gluino will decay to a lighter on-shell squark, and
this will decay directly to the LSP.

In Fig. 5.13 the diagrams for the models with gluino-squark associated production that produce
the "[[[‘jet’]],[['jet’],[‘jet’]]]" or Sjets+EFs* signature, for the two different gluino-squark mass hi-
erarchies, are shown. Only the lightest squark family is considered for simplicity.

An assumption underlying the SModel$S framework is that the analysis efficiencies primarily depend
on the mass array of the BSM particles involved, while all the other parameters of the theory only
produce negligible effect.

However the case illustrated has a subtle difference, since it is basically assuming that the experi-
mental constraints cannot distinguish between jet originating from gluons of jets originating from
quarks. This means to assume that the hadronization and subsequent clustering in jets of gluons
and quarks is equivalent at the level of Monte Carlo production. This assumption will be tested
in the following part of the Chapter for a similar but simpler simplified model producing quark or
gluons in the final state. Then, in Section 5.4.2, we will see how the pMSSM constraints improve
significantly when the 72,75 and T3GQon are combined.

5.4.1 Gluon vs Quark jets under SModelS Assumptions

As introduced when discussing the constraints provided by official UL results in Section 5.3.3, the
most powerful analyses, in terms of number of excluded points of generic pMSSM scans, are the
searches for SUSY in events with large jets multiplicity and E?m , such as the two multijets
analyses described above. Additionally, the CMS-SUS-13-019 mq9 analysis alone is able to exclude
roughly 9,900 and 17,800 points of the Bino and Higgsino-LSP dataset with the T2 UL results
(from Appendix D).

The first important point to be stressed is that in SModelS formalism, the class of particle de-
fined generically as ‘et’ in the experimental constraints include both jets originating from light
(1st and 2nd generation) quarks, and jets coming from gluons. This implies that a constraint like
[[[5et’]],][Get’]]], will be applied to any decomposed element with two jets in the final state irre-
spectively of weather they are light quarks or gluons. More concretely, the same constraint applies

to [II'ILIFC T T TLITe N and [[['9°]LI[¢’]]] where “g’ (gluon) and *q *(quark).

The distinction of the three above cases is not currently applied in the SModelS framework, hence
for the pMSSM study all the generic 2-jets elements were mapped onto the 72 simplified model
results described by [[[4et’]],[[jet’]]]. Like the case of the T3GQon and T3Gon@, I introduce a
different nomenclature for simplicity: the model T2, currently available in the database and used by
the LHC experiments, will be called T'2qq; this corresponds, strictly speaking, to the [/[‘¢’]],[[‘d’]]]
constraint. The model T2¢gg, which was never used by the experiments to interpret searches, corre-
sponds to the [/[‘¢’[],[[‘g’]]] constraint. To briefly recap, SModelS uses the T2¢q results to constrain
also the T2¢g gluino loop decays.

The task of quantifying how much this assumption impacts the limits is the object of this Sec-
tion, as well as investigating the large exclusion power of the generic T2qq results. I start the
discussion with Fig. 5.14, that compares the exclusion provided by the T2 UL results available
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in the database for the analysis ATLAS-SUSY-2013-02(07,2 — 6jets, CMS-SUS-12-028(ar), CMS-
SUS-13-012(Hr, H +) and CMS-SUS-13-019(m12). For each point only the analysis providing the
highest r-value is indicated. In the left plot, corresponding to the Bino-like dataset, the exclusion
curve from the analysis CMS-SUS-13-019 is drawn in comparison with the naive simplified model
limit, distinguishing the case where only one squark type is reasonably light to be produced at the
LHC, and the case where all the eight types are light. On the right, a visualisation of the exclusion
in a different mass plane, for the Higgsino-like LSP dataset is shown.

It is clear that a very large number of the points excluded by the T2 results are not relatable to light
squarks in the pMSSM points considered. In fact, by looking at the left plot, the exclusion exceeds
way beyond the naive SMS exclusion, and even considering an increase in the cross section due to
the presence of other light SUSY particles, that might contribute with electroweak processes with
t-channel exchange of neutralinos and charginos or strong processes like the exchange of t-channel
gluinos. Even in the case of completely degenerate squarks, masses much above 1 TeV should
not be excluded. In the left plot, particularly interesting is that the whole region with 300 GeV
< mgo < 500 GeV is efficiently constrained. Likewise, in the right plot, there is a clear correlation
of the excluded points with the region of low gluino mass, again around 500 GeV.

Combining this information, it seems that the exclusion of a large number of points is due to
gluino that undergoes a radiative decay § — gx{. In particular this is a very efficient decay mode
whenever only gauginos are light and the SUSY scalar sector is decoupled. For specific regions of
the parameter space, the loop decay is the most prominent decay mode, and it can dominate over
the 3-body decays via off-shell squarks like e.g. § — ¢gx} or § — bb/ttx) (see e.g. [140] for an
extensive review of gluino loop decays). To further prove this, in Fig. 5.15 the BR of the radiative
decay is shown as a function of the mass difference between the gluino and the LSP, and the lightest
squark mass, considering all the three generations. The value of the BR reaches up to 100 % for a
large number of points, especially in the Bino-like LSP dataset. While in the Higgsino case the BR
seems generally lower, the loop decay dominates over a larger range of AM (g, X)) with respect to
the Bino case, for which the majority of points with high BR is located in the compressed region
AM (g, %) < 0.50.

In Fig. 5.16 BR(§ — gx?) and BR(§ — ¢x)) are compared against each other, and the color
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FIGURE 5.14: Distributions of the points excluded by the T2 UL results (r-value >1), for the

analysis giving the maximum r-value described in the legend. Left: Bino-like LSP dataset, in the

squark-LSP mass plane. In addition, the exclusion curves for the analysis CMS-SUS-13-019 are

provided for the case of one single light squark type (dashed line), and 8 degenerate types (solid
line). Right: Higgsino-like dataset, in the gluino-lightest squark mass plane.
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FIGURE 5.15: BR g — gx{ for the Bino(left) and Higgsino(right)-like LSP as a function of the

mass difference § — X9 and the lightest squark. Contrary to the Bino-like LSP case, where the loop

decay dominates only for AM (g, x9) <50 GeV, in the Higgsino the distributions of high BR points

spreads up to 400 GeV mass difference, while on average the BR is smaller than the Bino case.
Points with BR<0.1 are not shown.

BR(7 = gx1)  BR(¢ — ¢x})
Branching Ratio Bino Higgsino Bino Higgsino

0.06 <BR <0.20 1121 2533 1365 1953
0.20 < BR <0.40 636 1574 399 3679
0.40 < BR <€ 0.60 586 1460 1090 10008
0.60 < BR < 0.80 995 178 2739 5103
0.80 < BR <10 2752 117 5540 572

TABLE 5.3: Number of points divided according to their BR(g — ¢%}) and BR(§ — ¢X}), where §
is the lightest squark of the first two generations. The set of points with large BRs for both modes
is small, as shown in Fig. 5.16.

maps indicate the mass difference between the gluino and the lightest squark. The purpose of the
comparison is to highlight if there is a large fraction of pMSSM possessing both a large fraction of
gluino decaying via the radiative loop and where the lightest squark decay directly to the LSP, i.e.
where the same T2 experimental results will be applied to both elements. Only in Bino-like LSP
there is a non negligible fraction of points where both decays modes have decent BR.

Next, the efficiencies and upper limits of the T2¢q and T2¢gg models are estimated individually.
For this purpose, efficiencies for the T2qq and T'2gg were produced and implemented separately in
the SModelS database. Two inclusive searches were considered: CMS-SUS-13-012 (code and valida-
tion available at [141],|75] ) and ATLAS-SUSY-2013-02 (code and validation available at [142],[74] ).

The results for the T2qq model, despite official results being provided by the collaborations, were
produced for two main reasons: first, because of the mass plane coverage, which was not optimal
in the official results; the second reason was to decrease possible uncertainties due to the Monte
Carlo settings, and again the usual setup described in Chap. 4 was used.
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Unfortunately the CMS-SUS-13-019, providing the strongest exclusion for the T2¢qq model, is not
implemented in the available recasting tools.

Following the SModelS validation procedure (see Section 4.2.5), exclusion curves were extracted
and compared in Fig. 5.17 and Fig. 5.18. For comparison, also the official exclusion curves are
plotted, as well as the exclusion obtained by SModelS using the official EM results from the Collab-
oration. Note that the under-exclusion in the case of the CMS analysis is due to the impossibility
of combining the 36 SRs defined in the analysis. This also explains the erratic behaviour of the
curve, due to the jumps in the selection of the signal regions driving the limit.

For each analysis, also the map of the best SR over the whole mass plane is also provided. This in-
formation is important to understand discrepancies when comparing limits obtained using different
EM results. In fact the simplified limit procedure first determines the best expected limit among
all the SR; then the observed limit of the best SR is quoted as the experimental limit of the analysis.

It is clear that in case efficiencies between SRs vary greatly, also the selection of the best SR may
vary, producing differences in the quoted limits hence in the exclusion. Regarding the ATLAS
analysis, the 7'2qq and T2gg results both over-exclude the official curve in the small gluino/squark
region, while the T2qq tends to over-exclude also in the high squark mass region. However, looking
at the best SR map, this is not explainable with the choice of a different signal best region that
indeed looks consistent through all the plane.

The SR 2jm leads the exclusion for mg ~ 500 GeV. Since official values are available, it is interesting
to compare the recast efficiencies, as in Fig. 5.19, where the ratio of the recast over official values
is shown. While a difference below 20% is achieved in most of the mass plane, the ratio increases
exactly in the region of the over-exclusion up to 60%. Since the MadAnalysis 5 validation does
not provide the recast exclusion curve nor mention any specific issue relative to higher efficiency
for some SRs, it quite difficult to further investigate the source of the discrepancy, that is in any
case acceptable.

To the contrary, in the case of the CMS analysis a major difference in the choice of the best SR
is seen, and in the T2¢gg case SRs with higher jet multiplicity seem to be favoured. This is most
likely an effect of the different extra parton emission from initial gluinos or squarks: the difference
is in fact most dominant in the region of average mother mass, where the signal is fully captured
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FIGURE 5.16: BR § — gx} and § — ¢x{ for the Bino(left) and Higgsino(right)-like LSP. The color
map gives the mass difference AM (g, xy). Only in the Bino-like LSP case, a few tens of points
possess large gluino loop decay BR and direct squark decay.
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FIGURE 5.18: Same as Fig. 5.17 for the CMS-SUS-13-012 analysis.
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SUSY-2013-02 for the T2qq model. The dark red area, showing the region where the difference in
the efficiencies is large, is found for small mass gap between the squark and LSP.

by the selection cuts only when the mass gap between the mother and LSP is enough. For large
mother mass and large mass gap, on the opposite, the choice of the SR is consistent, since the final
state jets are hard and the ISR modelling should play a smaller role.

The ratio of the efficiency obtained with the T2¢g¢g model divided by the efficiency for the T2qq
model, for two selected SRs of ATLAS-SUSY-2013-02, is shown in Fig. 5.20. The SR 2jt, which
drives the exclusion in the high mother mass region, clearly shows that on average the efficiency
for the T2gq model is higher than the T2gg model. This in fact explains the different reach in
the exclusion as seen in Fig. 5.17. If such a behaviour were found in all the SRs, a natural choice
would be to produce the EMs with quark production, and limits in the gluino case would be au-
tomatically conservative. Sadly this is not the case as highlighted by the ratio for the SR 4jl- on
the right, which exhibits exactly the opposite behaviour with respect to the previous SRs. Monte
Carlo related uncertainties, that can induce large fluctuations in the case of small efficiency values,
are irrelevant since the ratio is calculated only when the value of the absolute efficiency for both
models exceeds the value of 0.001.

For completeness, the kinematic distributions for the Hy, , and njet variables are plotted in Fig.
5.21, for three selected mass points. As already noticed in the case of the best SR map for the
CMS analysis, the distributions of the jets multiplicity seems to prefer a large multiplicity in the
case of the T2gg model, for points with large mass splitting between mother and LSP. A similar
behaviour is seen in the Hr distributions. Due to the exclusive binning in the kinematic variables,
the CMS analysis is very sensitive to variation in the kinematic distributions, that causes to the
different choice of the best SR. The ATLAS analysis suffers from the problem to a lesser extent
thanks to the very inclusive definition of the cuts of the SRs.

Impact on the pMSSM

As described in the previous Section, there are differences in the efficiencies of the ATLAS and
CMS analyses considered if EMs results are recast for gluino or squark production. At the same
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FIGURE 5.20: Ratio of the efficiency of T2gg over T2 for the ATLAS-SUSY-2013-02 2jt(left) and

4jl-(right) SRs. For the former, the squark model has a higher efficiency, resulting in a higher reach

in mother mass compared to the gluino production. The opposite happens for the latter, where

instead the T2¢g¢g model shows a higher efficiency in the large mother mass region. Only points with
efficiency greater than 0.001 for both model are considered.

time, SModelS assumes that the differences are sufficiently small to be safely neglected, and it is
worth to use the T2 EMs or ULs to constrain also the gluino loop decays. Testing this hypothesis
is the object of this Section. Based on the results shown in Fig. 5.16, the Higgsino-like LSP dataset
includes points for which the contributions from direct squark decays or gluino loop decays are well
distinguished, i.e. only one BR is large. From the dataset, points for which either BR(§ — gx})>0.2
or BR(§ — qx)>0.2 were selected (adding up to around 22,000 points). EMs for the T2qq and
T2gg were implemented in distinct experimental results in the SModelS database, each described
by the generic [[[jet’]],[[jet’]]] constraint, so that it was possible to separate the contribution from
each specific EM result.

The SModelS results are shown in Fig. 5.22 for the ATLAS analysis (left) and CMS (right), where
the colour code correspond to the ratio of the r-value obtained with the T2qq and T2¢gg. Different
marks are used to show different types of points. Circles show points that are excluded by T2qq
EMs results but not by T2gg; vice-versa for the triangles. Points indicated by crosses are excluded
by both types of EMs. The numbers in the legend provide an important information regarding the
absolute numbers of such points: for each category they report the total number of points excluded
by a specific result (7T2qq,T2gg, both) for the two different regions divided by the diagonal line,

7iyy) =(600,580) Tz, m5y) =(600,580) ~ - (my myy) =(600,580)
;) ~(900400) . ( (900,400) _ . (mjmg) =(900400)
) =(1200600) (1200,600) - _ . (mgmgy) =(1200600)

).3

).2

Normalized Counts
Normalized Counts
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s
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FIGURE 5.21: Kinematic distributions for the Hp (left),H; (middle) and nje (right) kine-
matic variables defined in the CMS-SUS-13-012 analysis for three mass points (mg/q,m)zg) =

(600, 580), (900,400), (1200, 600). The solid lines show the distributions for the T2¢gg model, while
the dashed line the distributions of the T2¢q model.
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FIGURE 5.22: r-values for the Higgsino-like set of points provided by the T2¢q and T2gg simplified
model results for the ATLAS-SUSY-2013-02 (left) and CMS-SUS-13-012 (right) analyses, where
the colour code shows the ratio of the r-values. The circle marks correspond to points excluded
only by T2qq EMs results only, while the triangles show the points excluded only by T2¢gg results;
with crosses, points excluded by both results. The numbers quoted in the legend refer to the points
excluded in the region of BR(§ — gx¥)>0.2 (left number) and BR(§ — ¢x9)>0.2 (right number).

that divides the plane into one region where the BR of the gluino loop decay is high (left) and one
where the BR of squark direct decay is high (right). The numbers on the left side in the legend
refer to the points falling in the left region of high BR(§ — ¢x!), while the numbers on the right
side refer to the region of high BR(§ — gx!). Focussing on the ATLAS results, the number of
points excluded by T2¢gg results only is of order of a few hundred, with respect to points excluded
by both that exceeds 14,000 in total. Moreover the points falling in the right region, for which
the proper T2qq is most frequently and correctly used (at least in the case of UL results), are the
majority. To conclude, with the exception of few points for which the r-value ratio appears to be
sensibly different from unity, the usage of T'2¢gq results does not produce a large over-exclusion even
when applied to gluino loop decays.

5.4.1.1 T3GQon vs T3GonQ

While not aiming at a detailed comparison as done for the T2 vs T2gg case, I wish to show an
example case of efficiencies and cutflow comparison for the more complicated case T3GQon vs
T3Gon@Q. Differences in the efficiencies for the two different models are plotted in Fig. 5.23 for the
selected mass points (mq,mg, X)) = (1000, 200, AM (ms, X)), as a function of the mass splitting
between the NLSP and the LSP. The efficiencies exhibit differences, up to 40% for e.g. the 2jm
ATLAS SR, as well as the choice of the best SR, which is indicated with the different marks for
the two models. Also to be noted is the more erratic behaviour for the efficiencies of the CMS
analysis. Focusing for example on the blue line, it shows that up to AM= 15 GeV the T8Gon(@)
has a greater efficiency, while for AM > 15 GeV the T38GQon has higher efficiency. The same
behaviour is found for several SRs for other mass point combinations, which are not included here.

Finally, in Appendix E, the UL computation for each SR of the ATLAS-SUSY-2013-02, and for a
selection of SRs for the CMS-SUS-13-012 is presented for the same mass point above. For the rest
of the discussion, if not stated otherwise, with the generic name TGQ I will refer to the T3GQon
model with the mass hierarchy mg > mg.
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FIGURE 5.23: Efficiencies for ATLAS-SUSY-2013-02 (left) and CMS-SUS-13-012 (right).
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(1000, 200, 200 — AM (m2, X})) where the

SR 2jm

SR 2jt

T8GQon T8Gon@

T38GQon T8Gon@

‘ Eff. ‘ % Drop ‘ Eff. ‘ % Drop

‘ Eff. ‘ % Drop ‘ Eff. ‘ % Drop

E > 160 0.924 | -7.55 0.901 -9.92
Njets > 1 0.668 | -27.73 | 0.702 | -22.09
Nrep =0 0.665 -0.51 0.697 | -0.74
pr(j1) > 130 0.654 | -1.54 0.684 | -1.84
pr(j2) > 60 0.505 | -22.89 | 0.560 | -18.16
A¢(jr,F) >0.4 | 0504 | -0.05 0.559 | -0.10
A¢(j2, F) > 0.4 | 0.460 -8.86 0.508 | -9.15
E/vHr > 15 0.290 | -36.89 | 0.268 | -47.33
Mmeygp > 1200 0.118 | -59.39 | 0.090 | -66.29

E > 160

Njets > 1

Npep =0
pr(j1) > 130
pr(j2) > 60
Ap(j1, E) > 0.4
Ap(j2, ) > 0.4
E/VHr > 15
Meypy > 1600

0.924 -7.55 0.901 -9.92
0.668 -27.73 0.702 -22.09
0.665 -0.51 0.697 -0.74
0.654 -1.54 0.684 -1.84
0.505 -22.89 0.560 -18.16
0.504 -0.05 0.559 -0.10
0.460 -8.86 0.508 -9.15
0.290 -36.89 0.268 -47.33
0.032 -89.12 0.027 -89.92

TABLE 5.4: Cutflow comparison for the (ml,mg,mxo)
ATLAS-SUSY-2013-02 analysis. The two SR 2jm and 2jt are selected as best SR (see Fig.

(1000, 200, 190) [GeV] mass point for the

5.23 for

AM = 10 GeV) by the T3GQon and T3Gon@ models respectively. The absolute efficiency (‘Eff.’
column, defined as number of events surviving the cut divided by the number of generated events)
and the corresponding % drop are reported after each cut.
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SR [3,5] n;,800 < Hy < 1000, i > 600 SR [3,5] nj, 1000 < Hy < 1250, fi-x > 600
T3GQon T3Gon@ T3GQon T3Gon@

‘ Eff. ‘ % Drop ‘ Eff. ‘ % Drop ‘ Eff. ‘ % Drop ‘ Eff. ‘ % Drop
Npep =0 1.000 0.00 1.000 0.00 Npep =0 1.000 0.00 1.000 0.00
NJjets > 2 0.314 -68.61 0.401 -59.91 NJjets > 2 0.314 -68.61 0.401 -59.91
Hr > 500 0.251 -19.91 0.326 -18.65 Hr > 500 0.251 -19.91 0.326 -18.65
Hr > 200 0.232 -7.63 0.283 -13.25 Hr > 200 0.232 -7.63 0.283 -13.25
min(Ag) 0.182 -21.50 0.216 -23.49 min(Ag) 0.182 -21.50 0.216 -23.49
3< NJets <H 0.176 -3.25 0.207 -4.34 3< Ngets <5 0.176 -3.25 0.207 -4.34
800 < Hp <1000 0.040 -77.57 0.039 -81.40 1000 < Hy <1250 | 0.019 -89.24 0.022 -89.31
Hr > 600 0.014 -63.99 0.009 -75.48 Hr > 600 0.008 -56.19 0.008 -62.54

TABLE 5.5: Cutflow comparison for the (m1,m2,mgo) = (1000,200,190) [GeV] mass point for the
CMS-SUS-13-012 analysis, analogous to Tab. 5.4. The two best SRs are selected according to Fig.
5.23.

5.4.2 T3GQon Constraints on the pMSSM

This final part of the Chapter will discuss the impact of the TGQ maps on the pMSSM coverage,
together with the contribution from the signal combination with the 72 and 75 models.

5.4.2.1 EMs Production for T2, T5 and T3GQon

The usual set-up for homegrown EMs production was used. The complete set of simplified models
results, together with the relative grid and mass planes used are described in Tab. 5.6. The analyses
considered were the two multijets analyses ATLAS-SUSY-2013-02 and CMS-SUS-13-012. Although
official EM results for the T2 model were provided by the collaboration, the part of the parameter
space where the mass gap between the squark and the LSP is below 50 GeV is not covered by the
official results while, as described in the table, the recast maps reaches a mass difference as small as
5 GeV. It is true however that the experimental uncertainty in such compressed regions is typically
high, but this will be considered on the same footing as all the recast related uncertainties. Finally,
the mass hierarchy used for the production is mg > mg, meaning that the T3GQon model was
chosen to constrain the "[[|‘jet’|],[|'jet],[jet’]]]" signature. Note that the same problem related to
the choice of the mass hierarchy applies to the 75 model: the "[[[‘jet’]],|[‘jet’]]]" signature can be
obtained both with § — gx} and § — ¢x3; for the maps production, again the former was chosen.
All the maps here described were made available in the database of the version 1.2 of SModelS |[3].

5.4.2.2 T3GQon Constraints on the pMSSM

Fig. 5.24 shows the distributions of points with the corresponding r-value in the gluino-squark
mass plane, where the mass of the lightest squark is considered, divided by topologies T2, TH
and TGQ (i.e. T3GQon). Only the Bino-like LSP dataset for the ATLAS-SUSY-2013-02 analyses
is shown, since no substantial differences are found for the CMS analyses and/or the Higgsino-
like LSP dataset. In addition, the r-value resulting form the combination of the above weights
is shown. Points that are not excluded by the sum of the three results constitute the grey back-
ground. Note that in the individual Txname plots, dark blue points have r-value below unity when
not constrained by that specific simplified model results, but they can be excluded by the total sum.
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Lightest m; [GeV]

Lightest m; [GeV]

Txname

Mass Planes

Description

T2

AM(G,%Y) as low as 5 GeV

TS5

x = (0.05 , 0.50, 0.95)

AM(G,§) = 5 GeV
AM(g, X1) = 5 GeV

T3GQon

Fixed mg = 200,250,...,

Fixed mg = 1300,1400,...,

1200
2000

mg in 50 GeV bins
mg in 100 GeV bins

mg in 50 GeV bins (up to 1 TeV)
AM(G,%?) as low as 5 GeV

TABLE 5.6: Mass plane parametrization used for the EMs production of the T2, T3GQon and T¥.
The parameter x is defined so that mg = «-mg + (1 —
mass reaches the value of 2 TeV, with a binning of 50 GeV for 200 < mg < 1200, and a binning
of 100 GeV for 1200 < mg < 2000 GeV. The squark masses have a 50 GeV binning, up to 1 TeV.
For a better coverage of the parameter space in the case of small mass differences, additional mass
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FIGURE 5.24: r-value scatter plot for the T2, T5, T8GQon and their combination for the ATLAS-
SUSY-2013-02 analysis in the gluino-squark mass plane. For each Txname, only the points that
can be excluded considering the contributions of all topologies are drawn using the bar color code;
the points in grey cannot be excluded by the considered analysis. The dark blue point cannot be
excluded by the Txname considered, but only by the combination with at least one of the remaining.
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Number of Points | Bino-like LSP Higgsino-like LSP

Total 38527 45345
Excluded by UL+EM | 28761 (74 %) 32297 (71 %)

TABLE 5.7: Updated SModelS constraints for the Bino and Higgsino-like LSP after the addition
of the newly implemented EMs results.

The plots are interesting for different reasons related to the production of the recast results. First,
with the choice of this specific mass plane, it is easy to discriminate the type of SUSY produc-
tion, for example as it was already shown in Fig. 5.14 for the T2 UL results dividing between
the region where the T2 results were applied to proper squark production, and the region where
instead the gluon loop decay was constrained by the limits derived for squarks. This is visible
for the 75 model, where however the contribution from the model pp — G4,§ — q3,3 — gX}
is more limited. Finally for TGQ, the distributions show the sharp separation between the two
possible mass hierarchy, where a similar number of points appear basically for both the T3GQon
and T8Gon() models. The edge of the distributions at mgz = mg = 2 TeV is due to the grid of
SLHA defined to produced the EMs results, for which the mass of the gluino was up to 2 TeV (see
Tab. 5.6). Interestingly, the r-value for points at the border is still large. We see that in the low
gluino-high squark the r-values are affected by the errors induced by using EMs obtained with a
wrong mass hierarchy; in the high gluino-low squark mass region, which utilises the correct EMs
with no further assumption, it is worthwhile to extend the maps to higher gluino mass to extend
the coverage. The same consideration holds for the maximum light squark mass, which for the pro-
duction was set up to 1 TeV. The detailed description of the mass planes is summarised in Tab. 5.6).

The complete coverage results are summarised in Tab. 5.7. The number of total points tested is
slightly different from what was used in the publication[4], since a few tens of points that could not
be matched to the T2, T5 and TG(Q results contained for this re-run of the SModelS analysis were
not considered (i.e. Decomposition output status = 0 in the output, see Appendix B). In any case,
the important result is that with the addition of the newly homegrown EMs results, the coverage
in the Bino and Higgsino-like case reaches up to 74 and 71 %, with an increase of +19% and +8%
respectively. The major improvement appears to be in the Bino-like LSP case, as visible also in
the gluino mass coverage distributions in Fig. 5.25, where the results are compared with the ones
from the the previous study. In addition, it is interesting to see the individual contributions from
the two multijet analyses used. Owing to the inclusive design of the SRs, the ATLAS analysis
alone is able to exclude now more than 24,000 and 22,000 points of the Bino and Higgsino-like LSP
datasets respectively, while the CMS analysis excludes only 75 of the points excluded by ATLAS-
SUSY-2013-02. The reason for the weaker exclusion power of the CMS analysis was extensively
discussed previously, however, I remind that the MadAnalysis 5 recast code for ATLAS-SUSY-
2013-02 introduces some over-exclusion, as seen in the T2 validation. The next paragraph tries to
address the uncertainties involved of the whole procedure.

5.4.2.3 Estimation of the Uncertainties

The SModelS output does not provide an uncertainty estimation on the r-value. It was explained
that typically, if 7 >1, the point is considered to be excluded at 95% CL . While uncertainties
regarding e.g. the theory cross section calculation of the entire recasting procedure cannot be cur-
rently handled by SModelS , it is straightforward to increase the r-value requirement to consider a
point excluded. Note that recasting might as well under-estimate the values of the efficiencies, and
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Bino Higgsino
r> 1.0 | 21375 - 22593 -
r> 12120287 -5% 21209 -6%
r> 1.5 | 18745 -12% 19286 -15 %
r>20 | 16457 -23% 16712 -26%

TABLE 5.8: Number of excluded points for different r-values requirements by the recast EM for the
T2,T5 and TGQ(T3GQon) models. Assuming a reasonable uncertainty of 50% from the theory
prediction, the variation in the excluded number affects only a fraction of (10-15)% points.

similarly the impossibility of combining signal region leads to weaker limits.

As a concrete example, requiring that r >1.2, it is equivalent as allowing for a 20% uncertainty
on the theory side, since the r-value is the ratio of the theory prediction (or theory cross section)
over the experimental UL. It was shown in Sec. 5.4.1 that the MadAnalysis 5 recast code for
ATLAS-SUSY-2013-02 over-excludes the official ATLAS exclusion curve for the T2qgq simplified
model (see also Fig. 5.19). It is reasonable to think that such an effect propagates also to other
simplified models, and it might thus induce over-exclusion for other SMS recast results.

It is of interest to quantify how much an uncertainty from the theory side can affect the overall
exclusion in terms of number of points excluded. This is visualised in Fig. 5.26. The distribu-
tions show the total number of points excluded by the analysis ATLAS-SUSY-2013-02 for different
requirements on of r > (1.0, 1.2, 1.5, 2.0). This is equivalent to the inclusion of uncertainties by
re-scaling the (o X €), or SModelS theory predictions, by (0, 20, 50, 100)%. I remind that all the
previous plots showing excluded points assumed r >1 as standard exclusion criterion. In Tab. 5.8
the numbers of excluded points are explicitly reported. For r >1.2 the difference is around 5(6)%
and 12(15)% for the Bino(Higgsino)-like LSP case. Note finally that the theory cross section used
by SModelS is not exactly the theory cross section used by the ATLAS collaboration, but was
calculated by SModelS as described in Sec. 5.3.1.
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FIGURE 5.25: SModelS exclusion as a function of mg for the Bino(left) and Higgsino-like LSP

(right). In slate blue the points officially excluded by ATLAS, in cyan the SModelS exclusion using

the newly ‘homegrown’ maps for the T2, T5 and TGQ (T8GQon) models. The blue line represents

the point excluded by the version 1.1 of the database, as published in [4]. For comparison, also the

exclusion provided by the ATLAS-SUSY-2013-02 (in orange) and CMS-SUSY-2013-012 (yellow)
EM results are drawn.
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The distribution of the r-values for the ATLAS and CMS analyses are plotted in Fig. 5.27. For
each r-value bin, the number of points for a set of topologies (T1+T2+T5+TGQ(T3GQon)) or
combinations of them are reported. Since the majority of points have large r-values, it is reasonably
safe to consider the points effectively excluded by such analyses, even considering fluctuations in
the efficiencies and/or cross sections. I remind finally that in the case of the CMS-SUS-13-012
analysis, the impossibility of fully using the constraining power coming from the combination of
the different signal regions, makes the usage of this recast EMs results most likely conservative from
the point of view of recast uncertainties. This becomes apparent also when looking at the different
distribution in the cumulative bin r >10, where the ATLAS analysis can exclude significantly more
points with higher r-values. The side effect is that the full constraining power of the CMS analysis
cannot be exploited by SModelS , and the total number of points excluded by this analysis adds up
to only 75% of the points excluded by the ATLAS recast maps.

3000 3000

ATLAS-SUSY-2013-02

Bino-like LSP

C r> 2.0[16457] Higgsino-like LSP — ATLgsc)-S[;Jg_lzz(;B-oz
P r> 2. : r=2.
< 2500} T2+T5+TGQ Exclusion r> 15 [18745] < 2500} T2+T5+TGQ Exclusion r> 15 [19286]
8 r> 1.2 [20287] 8 r> 1.2 [21209]
° C r> 1.0[21375] o [ r> 1.0[22593]
00 2000} ©0 2000
~ ~
12] 0
- -
c c
'S 1500 'S 1500
o [a
Y Y
o o
5 1000 |- CIL) 1000 |-
Q Q
£ S
> =
Z 500 Z 500
0 i i i . ‘ 0 j i i i ‘ ‘ =
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
m; [GeV] m; [GeV]

FIGURE 5.26: Distributions of the points excluded by ATLAS-SUSY-2013-02 for different the r-

value, to emphasise the dependency of the exclusion with respect to theory prediction uncertainties.

The blue distribution represents the points officially excluded by the analysis according to the

ATLAS Collaboration, while different coloured lines show the distributions of points excluded by
SModelS requiring that the r-value exceeds the limit indicated in the legend.
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excluded only by the total combination of weights. The results for the official T7 EMs are also
included, which are more constraining in the Bino-like LSP case as previously noted.
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Summary

The analysis of the SModelS constraint compared with the results obtained by the ATLAS collab-
oration was the first case where the new features of v1.1 were tested against a concrete physics
scenario. Of interest would be an analogous study with the results from the CMS collaboration,
which however did not publish any public material regarding their pMSSM interpretation summary.
Hopefully, for the next interpretation of Run 2 analyses, this will become possible.

The study was able to confirm the validity of the simplified model approach and of the capabilities
of the SModelS tool itself. It was shown that, at least for energy that can be reached at present
at the LHC, using simplified models results is an efficient way to constrain generic, complicated
models. SModelS is currently the only tools that takes directly the SUSY simplified models results
from the LHC experiments and applies them without the need of proper analysis recasting or Monte
Carlo simulations. Furthermore, it was shown how EMs results produced from recast analyses, e.g.
from the Fastlim collaborations or from ourselves, can also be implemented straightforwardly into
the database. The extensive effort at the basis of this thesis work i.e. the production and inclusion
of the homegrown recast results concretely increases the constraining power of the database. It was
shown in fact how the implementation of the T3GQon maps, which were already found by SModelS
to be the critical missing signature, improves the coverage of the pMSSM model. By iterating the
procedure, more and more relevant signal topologies will be covered by implementing additional
EMs results.

The multijets - all hadronic final states analyses described in this Chapter play an important role,
since they are designed to be able to constrain a large number of simplified model for squark and
gluino production, besides the fact that coloured particles at the LHC benefit from a high cross
section. New analyses, specifically ATLAS-SUSY-2016-07[143] an CMS-SUS-16-033|76] are the
Run 2 successors of the analyses used here. Both analyses are available in CheckMATE and/or
MadAnalysis 5 (see Section 4.1.4 for the validation of the recast of the CMS analysis), and can
be already used to produce additional EMs. The detailed analysis of the constraints provided by
many simplified models constitute a guiding principle for the production of the new results.

Finally, the results obtained here offer a feedback to the experimental Collaborations, that might
adopt the T5 and T8GQ to interpret their searches for SUSY.
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The main objects of study of this rather technical Chapter are 1-step cascade decays models, or
simplified models where the BSM particles produced in proton-proton collisions decay to the LSP
via an intermediate BSM state. When considering completely symmetric cases, i.e. pair production
of sparticles that decay in both branches with 100% in a certain pattern, three free mass parameters
fully characterise the simplified model.

For the interpretation of searches with cascade topologies, the ATLAS and CMS collaborations
typically consider two-dimensional ‘slices’ of the three-dimensional parameter space. That way,
the final results can be presented in a more digestible way. Such slices are called mass planes,
and the mathematical relations or constraints that set the values of the masses used to reduce the
parameter space are referred to as mass parametrizations.

In the previous Chapter 4, it was described how the SModelS database was largely expanded
with new simplified models results, both for direct decays, 1-step cascade decays and asymmetric
topologies like the T3GQon, parametrizing the mass planes with different choices depending on the
topology considered. The whole SModelS framework is based on the ability to interpolate between
different mass planes to extract data for arbitrary mass spectra, as they appear in generic BSM
models, without any mass restriction. However, even in the SMS approach when only the masses
of the BSM states matter, it is not feasible to produce Monte Carlo samples that covers the entire
mass parameter space when more than three new particles are involved.

It is of interest, especially for tools like SModelS, to test the underlying assumption that an interpo-
lation between such mass planes is correct within reasonable uncertainty. The hypothesis is valid if
the efficiencies or upper limits do not exhibit large fluctuations when the mass of the intermediate
particle is varied, and a linear interpolation between the available results is a sufficiently good
approximation.
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Up to v1.0, only UL-type results were implemented in the SModelS database. With the inclusion
of EMs results in version v1.1, together with the framework set up by the FM Bakery, it is pos-
sible to produce several mass planes and test the performance of the interpolation procedure, for
example by extracting interpolated values and comparing with real recast data, in a systematic way.

This is the main topic of this Chapter, structured as follows: Section 6.1 introduces the problem
of parametrizations and summarises the inherent critical aspects. Section 6.2 discusses the results
of the validation test in different cases of parametrization choices, in particular for fully-hadronic
searches for the TOWW simplified model. The final Section 6.3 shows concretely how the param-
eter space of the pMSSM-19 is constrained efficiently if a proper number of mass planes for the
TS5WW model is implemented in the SModelS database, and highlight how an interesting region of
the parameter space is typically neglected by the official interpretation results.

6.1 Generalities on Mass Planes Parametrizations

I begin this Chapter by defining the object of the study, namely 1-step decay SUSY simplified
models. This class of SMS includes models where the mother SUSY particle decays to intermediate
SUSY particles, i.e. next-to LSP (NLSP), eventually decaying to the LSP. All of the following
discussion will be restricted to symmetric models, where the topological structure of BSM mass
arrays and SM particles in the vertices are identical for both branches (see 4.2.1). This class of
simplified models can be completely described by the mass array [Mother,Intermediate, LSP| and
by the SM particles from the two vertices. The mass parameter space of such simplified models,
in its more general realisation, is then represented by a 3-dimensional volume. Examples of such
models are, e.g. the gluino SMS T5WW and T5bbbb, the stop SMS T6ZZit, the chargino SMS
TChipChimSlepSnu etc (see Appendix A for a description of the models).

In general experimental results are provided by fixing one of the three mass parameters and cutting
out one of the free parameters, thus reducing the complete 3-D representation to a 2-D slice or
mass plane. This however implies the choice of arbitrary values for one of the masses, for example
by imposing a specific mass relation between the remaining two. This is usually not justified by
any physical motivations, at least for the case of the MSSM. Below I summarise the most frequent
choices for mass planes parametrizations.

"x" parametrization

With "M" and "I" being the mother and intermediate SUSY particles respectively, the x parameter
is defined as
mrp—m
sz —>m1:x‘mM+(1—a:)-ngp (61)
mp — MLSP

This parametrization is the most frequently used by the ATLAS and CMS Collaborations to define
mass planes. An example is shown in panel (a) of Fig. 6.1, where in this simplified model for
chargino production decaying to sleptons, from the analysis ATLAS-SUSY-2013-11[50], the mass
of the intermediate particle is set as the average between the mother and the LSP with x=0.50.
Other common values found in the experimental papers are £=0.05, corresponding to small mass
gaps between the intermediate and the LSP, and x=0.95, which reduces the gap between the mother
and the intermediate.
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FIGURE 6.1: Example of parametrization of SUSY mass planes. (a): £=0.50 parametrization of

the TChipChimSlepSnu model in ATLAS-SUSY-2013-11 ; (b): fixed mass gap intermediate-LSP

parametrization of the T6ZZtt model for ATLAS-SUSY-2013-08 ; (c): fixed intermediate mass
parametrization of the T5tttt model for CMS-SUS-13-007.

"Delta" parametrization

The mass gap between the mother-intermediate or the intermediate-LSP is fixed to a certain value.
This is shown in panel (b) of Fig. 6.1, where in ATLAS-SUSY-2013-08(97| (76ZZtt model) the
gap of the intermediate light stop ¢; mass and the LSP is fixed to 180 GeV, to ensure that the
stop decay to an on-shell top is kinematically allowed. This choice is frequently used by analyses
searching for specific on-shell particles like the SM weak bosons, and top quarks.

Fixed mass value

The mass of a sparticle is set to a fixed value, like in CMS-SUS-13-007[108| shown in panel (c),
where m; = 1 TeV in the T5¢tit model.

The choice of the parametrisation to be used depends largely on the specific signature of the search.
In fact the mass gap between the sparticles influences the energy and mass of the produced SM
particle that will be detected. If the mass gaps are small, part of the SM decay products might fall
below experimental sensitivity due to small phase space available, that can also prevent particles
to be produced on-shell.

The context of this discussion is the possibility for tools like SModelS to interpolate, for a given
simplified model, between the results available for specific mass planes, and extract limits or ef-
ficiencies for generic mass combinations. One crucial aspect is the proper coverage of the full
parameter space of a simplified model. Often the number of mass planes available in the official
data is insufficient for interpolation, and indeed most frequently only the interpretation for only a
single mass plane is available.

Another question concerns how well the interpolation procedure works, or better how much is the
size of the uncertainty introduced when interpolating between different mass planes. Before v1.1,
only UL results from the experimental collaborations were available in the SModelS database,
hence it was not possible to validate the interpolation procedure against physics results. With
the introduction of EM results, and the possibility to produce efficiencies for an arbitrary mass
configuration, this eventually became possible. The above two questions will be treated in the
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following Sections, starting from the testing of the interpolation procedure. The last Section of
this Chapter will show instead how the availability of multiple mass planes is crucial to efficiently
constrain the pMSSM-19 with TS WW simplified model results.

6.2 Testing the Parametrization with a TOWW model

The main idea behind the validation of the interpolation procedure is the following. The 1-step
cascade simplified model considered is the TSWW:

=G0, §—q@XE, XF = WED

i.e. the pair produced gluinos decay via a chargino to the LSP. The experimental signature might
be a fully hadronic final state with large jets multiplicity, or a single lepton/di-leptonic final state
plus jets, depending on the decay modes of the W boson coming from the chargino.

The parametrization with z=(0.05, 0.50, 0.95), as frequently used by the LHC collaborations, was
employed to produce EMs results, that were afterwards implemented in the SModelS database. The
interpolation procedure allowed to extract efficiencies and limits for a set of arbitrary mass points.
The same mass point finally were processed through to the full simulation and recast chain. This
allowed to confront the interpolated values obtained from SModelS and the ‘true’ recast values of
efficiencies and limits obtained from the full recast.

For a set of arbitrary mass points, the interpolated efficiencies are then confronted against the ‘true’
values obtained with a proper full recast.

An important feature of this model, and of all the cascade decays involving gauginos, is the pres-
ence of the W boson in the final state. The analyses considered are sensitive solely to the hadronic
decay of the W boson since a veto on isolated leptons is applied, and only a fraction of the full
SUSY signal is effectively picked up by the search. This has an impact when the mass splitting
AM()Z%,)Z? ) is small, when choosing e.g. a =0.05 parametrization, as opposed to the case where
AM(§,xY ), e.g. for x=0.95.

This topology carries in fact an intrinsic asymmetry regarding the choice of the x parametrization.
By naive considerations we expect 8 signal jets in the final state from, since 4 jets come from
the gluino decay and 4 jets from hadronic decays of the Ws. However the effective number of
jets, as measured in the samples after detector simulation, depends on other factors such as the
hadronization and fragmentation processes, possible initial and final state radiation of extra par-
tons, the detector acceptance along with the efficiencies of objects reconstruction and identification
etc. Moreover the mass splitting between the sparticles influences the number of signal jets: when
the chargino mass is very close to the gluino or to the LSP, the jets from the gluino and/or the W)
boson might become too soft to be detected. This in turns will increase the efficiencies of SR with
small njes requirement, and on the opposite lowering the efficiencies for SR requiring higher jets
multiplicity. Note that this also possibly reduces the sensitivity of an analysis to a specific region
of the mass space. This is the case of the ATLAS-SUSY-2013-04 analysis, since it requires a high
jet multiplicity (at least 7 jets) with high transverse momentum, while for the CMS-SUS-13-012
analyses, different SRs cover events with both low and high jet multiplicity

For the above model, efficiency maps results for the analyses ATLAS-SUSY-2013-04[92] and CMS-
SUS-13-012[49]| for T5 WW ™! were produced. The recast analyses implemented in MadAnalysis
5 were used, and the code together with the validation notes can be retrieved at [144],[145] and
[141],[75] respectively. They belong to the class of inclusive analyses searching for coloured SUSY

For some mass points, the W boson will be produced off-shell.
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particles, as defined in the previous Chapter. The Monte Carlo sample generation chain followed
the chain described in Section 4.3. The primary targets for the comparison are the values of the
efficiencies of the various SRs. However, as extensively discussed in the previous Sections, the
choice of the signal region providing the best expected upper limits affects the final limit. The
linear interpolation might lead to differences in the choice of the best SR, and thus in the upper
limit.

The comparison is based on three benchmark points, for which mg; and mgo are chosen arbitrar-

ily, while My is calculated for different x parametrizations. The mass points are summarised in
Table 6.1; the first two points lie in the region excluded at 95% C.L. by the ATLAS and CMS
analysis, while the third point is not excluded by 8 TeV LHC search (speaking in terms of naive
SMS exclusion).

(mg,myo) =005 =025 =050 =07 =z=0.95
(700, 400) Mg+ = 415 475 550 625 685
(1200, 200) My = 250 450 700 950 1150
(1200, 700) My = 725 825 950 1075 1175

TABLE 6.1: Summary of the masses of the gluino, chargino and neutralino for the tested TSWW
benchmark points (masses expressed in [GeV]).

6.2.1 Results for CMS-SUS-13-012

This analysis was used extensively to produce the recast EMs used for the pMSSM reinterpretation
work. I briefly remind that 36 signal regions are defined, binned in the variables jets multiplic-
ity mjets, the hadronic transverse energy Hp and missing hadronic transverse energy Hy. As it
will become evident, this is important to understand how the efficiencies behave with different
parametrization of Mgk A more detailed description can be found in Appendix C. Note that the
official results from the CMS collaborations are interpreted with a slightly different model, called
T5VV, where the gluino can decay with equal BR to an intermediate chargino or heavy neutralino.
In the last case, the neutralino decays to a Z®*) boson and the LSP. The model is not, strictly
speaking, a simplified model, since the BR is not fixed to one decay mode only. In Appendix G it
is demonstrated that the limits obtained for the TOWW, T5ZZ and T5VV models are indeed very
similar for inclusive all-hadronic final states analyses.

Additionally, in Fig. 6.2 the kinematic distributions of the nj., Hr and H variables for the
benchmark point (mg, mgo) = (1200,200) [GeV] are shown. In particular the nje; distributions
reflects the asymmetry of the topology regarding the fraction of leptonic decays of the W boson: the
mass compression due to x=0.95 results in a lower jet multiplicity wrt the symmetric compression
2=0.05. The distributions were obtained from the MadAnalysis 5 recast of the CMS analysis,
following the preselections cuts. Nevertheless the distributions are practically independent of the
analysis chosen, since they generically represent the properties of the SUSY model tested, and

similar results would be obtained for the ATLAS analysis.
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FIGURE 6.2: Kinematic distributions for the Njets,HT,HT variables for the benchmark point

(mg,mgo) = (1200,200) [GeV], obtained after the preselection and ‘MET Cleaning’ cut in the

MadAnalysis 5 implementation of the analysis. The chargino masses parametrized with various x

are indicated in the legend. Note the peak at small 1., values for z = 0.95, caused by the W boson

branching fraction to leptons, resulting in a shift to lower values with respect of the z = 0.05 case,
which gives between 5 and 6 jets on average.

6.2.1.1 On the Statistical Uncertainties

The efficiency values carry uncertainties related to the Monte Carlo samples statistics. Since at least
50k events were passed through MadAnalysis 5 after detector simulation, statistical fluctuations
should be considered under reasonable control, at least for high efficiency SRs (typically at O(1%)).
It is also true, however, that very often the most discriminating SUSY signals come from events
populating the tails of the kinematic distributions, where large statistical fluctuations are expected
due to limited statistics. This effect increases if exclusive bins are considered, like in this CMS
analysis considered. It is however instructive to look at the statistical uncertainty of the efficiencies.

Fig. 6.3 shows as an example the SR Njers > 8, Hr > 1500, H > 200 (the choice of this specific SR
is guided by the considerations about the limit setting that will be discussed in the next section).
The top panels show the efficiencies, in absolute units, for the = (0.05, 0.5, 0.95) parametrizations

(form left to right); the bottom panels show the associated binomial uncertainty to the efficiency

€, calculated as:
o=+/e(l—¢€)/N (6.2)
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FIGURE 6.3: Efficiency, in absolute values, for the SR Njes > 8, Hp > 1500, 4 > 200 and
corresponding binomial error in % for the x =(0.05,0.50,0.95) parametrization. Nothe that in the
case of £=0.95, in most of the plane the efficiency drops below 1074



106 Chapter 6. Parametrization of SUSY Simplified Models

where IV is the total number of Montecarlo events for each point.

For a large part of the region, where the efficiency assumes high values and the SR is fully sensitive
to the signal, the statistical error is sufficiently small, around few %. On the opposite the efficiency
is extremely low, the associated error exceeds 30%, as expected for mass points where only few
events pass the selection cuts. The situation is quite severe if we focus on the x = 0.95 mass
plane, where the loss of jets coming from the gluino drastically kills the signal. Unfortunately
these considerations are strictly analysis dependent and cannot be generalised in terms of SRs and
models. Nevertheless it helps give an estimation of the size of the uncertainty due to the limited
sample statistics. Finally, it is to be reminded that the interpolation procedure is performed before
the choice of the best SR.

6.2.1.2 Effect of the Interpolation on Limit Setting

In this Section the effect of the interpolation procedure on the limit setting is discussed. The most
straightforward way to visualise this is shown in the top of Fig. 6.4. The exclusion curve for the
mass plane parametrized with =0.25 is shown in magenta for interpolated efficiencies, and in grey
for recast values. The interpolation was performed between the z=(0.05, 0.50,0.95) mass planes
implemented in the SModelS database. The dashed line represents the kinematic edge for on-shell
W bosons to which the intermediate chargino decays. The part of the mass parameter space where
the chargino decays via 3-body decays is not discussed here. The lines were extracted from the
SModelS validation plots, as described in Section 4.2.

There are at least two regions where the effect of the interpolation impacts the limit setting. For
the one centred around (mg, mgo) = (1000,400) GeV, the interpolated limit over-excludes the true
recast limit, although a little discrepancy is found, of order 50 GeV in neutralino mass. For the
region around (mg, myo) = (1200,200) GeV, the interpolated limit results weaker, and the discrep-
ancy is more prominent.

The source of the discrepancy can be attributed to the choice of different best SR, as indi-
cated by the bottom panels of Fig. 6.4, that show that there is a large region where two com-
peting SRs are selected differently in the recast and interpolated case. While for recast effi-
ciency the Njes > 8, Hp > 1500, i > 200 dominates over most of the plane, for the inter-
polated case this is mainly divided between 6 < Njos < 8,1250 < Hp < 1500,HT > 450
and 6 < Njgs < 8,1000 < Hp < 1250, Hr > 450. Ultimately, the reason for the differ-
ent choice of the best SR depends on the values of the efficiencies and on the expected UL.
This is further investigated in Fig. 6.5. On the top, the limits were calculated using alterna-
tively the efficiency either for the 6 < Njes < 8,1250 < Hp < 1500, I > 450 SR or for the
6 < Njers < 8,1000 < Hpr < 1250, Hy > 450 SR. This allows to disentangle the effect of the
selection of the best SR on the global limit setting, since the discrepancy comes purely from the
interpolation effects on the efficiencies (for a fixed SR). For the same parametrization the interpo-
lated values underestimate (green lines) and overestimate (blue lines) the recast efficiency.

On the right, the ratio of recast over interpolated efficiency for the SR which drives the limits in
the region of discrepancy for the recast case, i.e. Njes > 8, Hp > 1500, W1 > 200. Recast values
exceed more than 20% the interpolated ones in the region of interest, and up to a factor 2 for high
gluino and neutralino masses.

I conclude this section with a final comment on the official results from the CMS analysis. Once
again, the strength of this analysis is the combination of the 36 SRs, so the limits are in general
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FIGURE 6.4: Top: exclusion curves obtained for the x=0.25 parametrization. The grey line shows
the exclusion based on the recast values, while with magenta the exclusion line based on the
interpolated values, obtained by interpolation between the x = 0.05,0.50,0.95 mass planes. The
dashed black line corresponds to the kinematic edge allowing the chargino to decay to on-shell W
bosons. Bottom: best SR maps for the recast (left) and interpolated values (right). For a vast region
of the parameter space the SR nj.;> 8, Hr> 1500, H > 200 is chosen as best SR for the recast
EM, contrarily to the choice of the SR 6<n;.:<8, 1000 <H7<1250, HTZZIBO for the interpolated
results.

stronger than the ones obtained by considering one single leading SR at a time. This happens as
well when using official CMS EM results, as it is shown in the validation plots available for the
CMS-SUS-13-012 analysis on the official SModelS wiki page dedicated to validations. The limits
obtained with SModelS with the best SR are always conservative, typically under-excluding CMS
limits by up to ~ 100 GeV for gluino simplified models. Any uncertainty introduced by recasting
and interpolating is thus acceptable.

6.2.2 Results for ATLAS-SUSY-2013-04

Here the results for the ATLAS-SUSY-2103-04 analysis are presented. This analysis is designed to
search for SUSY events producing large jets multiplicity and a large imbalance in the transverse
energy, vetoing isolated leptons. The selection cuts defining the 13 SRs in the multi-jet + flavour
stream analysis, as called in the official paper, are the following. Signal jets must have n < 2; they
are divided in two categories depending on their momenta. For the looser selection pr> 50 GeV,
three SRs are defined for njers = 8,9 or njers >10. The tighter selection criterium requires p7> 80
GeV, and considers njers = 7 Or njers > 8. The binning in number of b-tagged jets is then applied,
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FIGURE 6.5: Top panel: exclusion curves for the two competing SRs 6 < Njets <8, 1000 < Hp <

1250, H7 > 450 in blue and Njqs > 8, Hp > 1500, W > 200 in green and. For the first SR the

interpolation procedure leads to an underestimation of the limits, while the opposite happens for

the latter. Bottom panels: ratio of the recast/interpolated efficiencies for the two competing SRs.

White patches are due to small values of at least one of the two efficiencies considered (< 1072 %)
for which the ratio is not shown.
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but for this work only the five ny = 0 SRs are considered, since there are no SUSY signal b- jets. Fi-
nally the main kinematic variable used to discriminate SUSY events from the SM background is the
ratio B'p//Hr > 4 GeV /2 where Hy is the scalar sum of the jets pr if pr > 40 GeV and 7 < 2.8 .

Among the various simplified models used for the interpretations of results, there are two mass
planes for the TSWW model, the first with =0.50 and the second by fixing m>29:60 GeV.

In the same fashion of the previous case, I start the discussion of the results with Fig. 6.6, that
shows the efficiencies for three SRs, Njes = 8, pr > 80, ny = 0, Njers = 8, pr > 50, np = 0 and
Njets =9, pr > 80, np = 0. For this analysis, the efficiencies behaves quite smoothly and on aver-
age small discrepancies can be found between the recast and interpolated values for x = (0.25,0.75).
Higher efficiencies are obtained for values of the = between 0.25 and 0.50, due to the lower mo-
mentum of the jets coming from the gluino decay when the gluino-chargino mass gap decreases,
as discussed in the introduction. The efficiencies in fact suffer from the tight cut on the signal
jets (pr >50 or py >80 GeV depending on the SR considered). Differently from the CMS strategy,
the ATLAS collaboration prefers to design separate analyses targeting low jets multiplicity - i.e.
ATLAS-SUSY-2013-02 2 — 6 jets + E¥S | and higher jet multiplicity with ATLAS-SUSY-2013-04
> T jets + E}m'ss.

Figure 6.7 shows the EMs for the two selected SRs with njets = 7 ,pr > 80 and njets > 10, pr > 50
GeV obtained using the parameters z = (0.05,0.50,0.95) (left to right). Particularly evident is
the difference between the two limiting cases x=0.05 and x=0.95, where the efficiency for the
compressed gluino-chargino model is sensibly lower than the corresponding chargino-neutralino
compression, as already highlighted in Section 6.2.1. This is due to the small sensitivity of the

analysis to low jet multiplicity.

A comparison between the recast and interpolated value for the z = 0.25 parametrization is shown
in Fig. 6.8, again showing the results for the limit setting and the difference in the choice of the
best signal region. I omit here a detailed discussion of the reason of the discrepancy as done in
the previous CMS analysis case, but the explanation lies in the fact that interpolation tends to
favour lower values of the efficiency. In fact, all the = 0.25 interpolated values for the efficiency
underestimate the recast value.

Signal Region N, = 7, pr >80, N, =0 l Signal Region N, = 8, pr > 50, N, = 0 l Signal Region Nj., =9, pr > 50, N, = 0
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FIGURE 6.6: Efficiencies for the three mass points (mg, mgo) = (1200, 200), (1200, 700), (700, 400)

[GeV] for three selected SRs. Similar behaviour is found for the other SR with N, = 0 (not shown
here).



110 Chapter 6. Parametrization of SUSY Simplified Models

Njet = 7,pr >80, Ny =0 Njer = 7,p7 >80, Ny =0 Njer = 7,pr >80, Ny =0
—— 600— 1w . — 1w
> eaoL ATLAS-SUSY-201 0 X % suo:nussusv-zm 0 %
o | r
P88 o9 [pp—>88 8-q —wW
S < S 4 oS
[ o
o= [ %
=
é 400 £ a0
10°
300/ 3000
[ 104
200 200
100 100 10°
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 'O 200 400 600 800 1000 1200 1400 '0°
mg [GeV] mg [GeV] mg [GeV
Njet > 10,pr > 50, Ny =0 Njer > 10,pr > 50, Ny =0 Njer > 10, pr > 50, N, = 0

10
[ ATLAS-SUSY-201

fpp 88 8-q

ATLAS-SUSY-201
fpp - 88 g-q
500/ 10

| -
10 3
200 400 Ao Aon 1000 1200 1400 10° 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 'O

mg [GGV] mg [GeV] mg [GeV]

FIGURE 6.7: Temperature plots of the EMs for the SR N = 7,pr > 80, Ny = 0 (upper panels)
and Nje > 10,pr > 50, N, = 0 (lower panels) for the = 0.05,0.50,0.95 parameters on the left,
middle and right respectively. Note the small low efficiencies for x=0.95 parametrization.

6.3 T5WW in the pMSSM

The goal of this last Section is to show concretely how the 1-step cascade decay model TSWW
can efficiently constrain the pMSSM if several mass planes are available, in particular parameter
points where the mass gap between the )Zic and ! is small. This region of parameter space is
often neglected by the experimental searches which most frequently require a large mass gap to
ensure that the W boson in on-shell. Once again the following results were obtained considering
the ATLAS pMSSM scan as described in Chapter 5, and specifically considering only the ATLAS-
SUSY-2013-04 and CMS-SUSY-2013-012 EM results for the T5WW and T5WW ™) models. Two
different mass planes parametrizations were used:

o 2 = (0.05, 0.50, 0.95) ;
o AMRE /39,70 )= (10,75) GeV .

With this choice, the coverage of the mass parameter space extends also into the interesting region
suggested above, owing to the £=0.05 and the two AM parametrizations. Moreover the interpola-
tion spans over a sufficiently small mass difference, and no large fluctuations in the efficiencies are
expected. The official CMS interpretations uses the x=0.50 parametrization of the 75V V model
(CMS-SUS-13-012), while z=0.50 and M= 60 GeV are used in the ATLAS analysis. Official re-

sults are however provided for only one Inass plane, and not implemented in SModelS database.

In Fig. 6.9 the distribution of points in the gluino-neutralino mass plane is shown, with the colour
code quantifying the SModelS r-value. The triangles and circles are used to identify the analysis
providing the best exclusion, respectively for ATLAS and CMS. Red coloured points are excluded
by T5WW or T5WW ™) results alone. It is then interesting to study the anatomy of points which
are most constrained by this kind of simplified model results, looking for example at the branching
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FIGURE 6.9: Distributions of points constrained by the T5WW ) EMs results for the ATLAS-

SUSY-2013-04 and CMS-SUS-13-012 analyses. The circle and triangle marks show the best con-

straining analysis, while the color code corresponds to SModelS r-value. Left: Bino-like LSP set of
points, right: Higgsino-like LSP.

ratio in Fig. 6.10. Both the fractions to )Zic and Y are shown, which for some points exceeds
the 70% value. The complementary decay of the gluino via both gauginos is important in the
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context of small mass gap between the gauginos and the LSP. In fact, in the simplified model and
consequently for SModelS, if the mass gap AM (ﬁc /X5, X)) is lower than the mass of the W boson,
the models TOWW™*, T5ZZ* and T5WZ* (mixed decay to chargino/neutralino with 100 % in each
branch) are identified by the same constraint, that in the case of fully hadronic final state reads
[[[Get’, Get’[],[[jet’, sjet’[]] in SModelS bracket notation. This means the T5WW* EMs results are
effectively the combination of any model where the intermediate gaugino decays via off-shell bosons
(W, Z or Higgs) to a pair of jets and the LSP. The T5ZZ constraints, with the on-shell Z boson,
are not considered here, but the efficiency maps for the T5ZZ model, parametrized in the same
fashion as the TSWW | were produced and included in the database. Note that, differently from
the off-shell case where there is an automatic combination of the TSWW™*, T5ZZ* and T5VV*
models, for the on-shell vector boson models the efficiency maps for each separate case must be
produced and included in the database. The asymmetric decay T5WZ is not implemented in the
current database, so only the TOSWW and T5ZZ results can be combined for EMs results.
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FIGURE 6.10: Branching ratios ¢ — qq’)ﬁE and § — qgx$ for the Bino-like LSP (top row) and
Higgsino-like LSP (bottom row). A fraction of points have BR exceeding 70 % to charginos or
neutralinos, hence the importance of the T5WW *) model.

This can be understood by looking at Fig. 6.11 that shows the same points but as a function
of the mass difference between the gluino and the intermediate gaugino (x-axis) and between the
gaugino-LSP (y-axis). This representation is useful to plot the dashed lines corresponding to the
mass planes parametrizations used for the production of the results. For both Bino and Higgsino-
like LSP cases, the majority of the points with large r-value have a small NLSP-LSP gap, below
the mass of the W boson. The situation is more pronounced in the Higgsino-like LSP case, where
basically no decay of the )ﬁc or X3 to the LSP via an on-shell vector boson in allowed.
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FIGURE 6.11: Distributions of points constrained by the T5WW®) EMs as a function of

the mass difference AM (g, x5) or AM(§,%3) and AM(XE,x9) or AM(X9,%?) (y-axis). The

dashed black lines show the mass planes implemented in SModelS database, parametrized with

= (0.05,0.50,0.95) and AM (XE/%9,%x3) = (10,75) GeV. The Higgsino-LSP focusses on the small
gaugino-LSP mass gap, up to 100 GeV mass difference.

This is summarised by Fig. 6.12, which represents the distribution of the mass splitting between
NLSP-LSP. Note finally that the gluinos, according to different mass spectra, can decay as well to
>~<2i and heavier neutralinos, for which the decay to on-shell bosons to the LSP is allowed. This is
the explanation for which, in Fig. 6.11, several points can be constrained even if they lie outside
the region allowed for interpolation, i.e. the constraints do not come directly from the decays of the
gluinos to )ﬁt or X3 . In particular in the Bino-LSP case, 50% of the points have AM (X3, XJ) < 80
GeV. Since mass compression was also allowed in the parameters.ini card, other more complex

models could be reduced to this specific topology.

Finally, the mass spectrum obtained with PySLHA[146] and the main decay modes of the SLHA
point 274548389 from the Bino-like LSP dataset is shown in Fig. 6.13. It is an illustrative example
to show concretely the importance of the inclusion of the TSWW model in the database. The
complete SModelS results, obtained by using the full database released with the publication of
v1.1, are summarised in Tab. 6.2. The point can be excluded with r = 1.06 by the CMS-SUS-13-
012 EM result thanks to the TSWW* model, which contributes more than the 94 % to the total
weight. The other two EM results providing constraints are the T1 and T1bbbb, which owe their
constraining power to the strong coupling of the gluino with the off-shell squarks and sbottoms,
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FIGURE 6.12: Mass splitting AM (Y1, X9) and AM (%9, X9) for the same points int he plots above.

despite the heavy > 1.5 TeV mass. The other result considered, the TSWW* UL from ATLAS-
SUSY-2013-02, cannot exclude the point.

o(pp — gg) Txname weight  rups Texp

CMS-SUS-13-012 (SR:6 — Tjets, 800 < Hy < 1000,300 < Hp < 450)

1.03 [pb]  THWW*  1.27 1.04 1.38
T1bbbb  0.002  0.003 0.002
T1 0.013 0.011 0.014

ATLAS-SUSY-2013-02 (UL)
THWW* - - 0.87

TABLE 6.2: Summary of SModelS results for the point 274548389 from the Bino-like LSP dataset.
Only the two most constraining analyses, i.e. CMS-SUS-13-012 (EM) and ATLAS-SUSY-2013-04
(UL) are shown.

Summary

The goal of this Chapter was to give an estimate of the uncertainty introduced by the interpolation
procedure between different mass planes parametrizations. The case taken in consideration were
the results for the T5WW model, which is one of the most popular models chosen by the ATLAS
and CMS collaborations for the interpretation of their searches for SUSY events with large hadronic
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FIGURE 6.13: Mass spectrum (left) and main decay modes (right) for the representative point
274548389 from the Bino-like LSP dataset. Note that in addition to the decay g — q@xa, also
g — bbxs is important. This simplified model is currently missing in the database.

activities, like the ATLAS-SUSY-2013-04 and CMS-SUS-13-012 analyses.

Overall, the results of the interpolation are in acceptable agreement with the more accurate results
obtained with a proper recast. This is very important, since on the one hand the possibility of
interpolating between several mass planes is crucial for the SModelS workflow, and it allows to
directly use directly the experimental results. On the other hand, thanks to the possibility of cre-
ating customised EM results, it serves as a guideline for the creation of future homegrown results.
Even though one can in principle produce as many mass planes as desired, it is important to re-
member that this has a cost in terms of computing resources, and in terms of database size. So it
is certainly advantageous to make use of the interpolation procedure whenever sufficiently accurate.

In particular it was highlighted that the standard x = (0.05, 0.50, 0.95) parametrizations should
be extended by adding a few more additional mass planes, e.g. planes at x=(0.25,0.75) so that the
interpolation is performed on a denser grid of points. But more important it was drawn attention
to a region of parameter space that is often neglected in the official simplified model interpreta-
tions, where the intermediate gaugino-LSP mass gap is small. By introducing additional mass
planes that cover this region, it is possible to exploit efficiently the constraining power of the
TSWW*)T5Z2Z* ) T5WZ* simplified models. It was indeed shown that only thanks to this kind of
simplified model results many points can be constrained by SModelS, which would otherwise escape
the LHC Run 1 limits.

One final remark concerns the possible generalisation of the study performed here. Analogously to
the T5WW model, models such as the T6bbWW / T6WWbb, T6bbZZ | T6ZZbb etc. can be used for
the reinterpretation of generic multijet analyses, and due to the presence of the W /Z boson in the
final state, they should exhibit similar features with respect to the interpolation procedure.
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Many experimental searches for DM signals have been performed, exploiting different experimental
techniques designed to cover the rich DM phenomenology. If the dark sector interacts weakly with
the SM particles, not only can we hope to produce DM particles at colliders like the LHC, but
we can also think of processes where the DM annihilates into SM particles or scatters elastically
against heavy nuclei. The right diagram in Fig. 7 is a very popular diagram summarising the
principles of DM particle detections and how we can catch signals of the presence of DM particles
with three types of experiments:

e production of DM particles at colliders like the LHC ;
e DM annihilation into SM particles, or ‘indirect detection;

e DM scattering onto SM particles, or ‘direct detection’.

Typically, the details of the interaction are left unresolved, according the established fashion of
using simplified models. This implies that, for example in the case of indirect detection, the kine-
matic properties of the SM particles produced do not strongly depend on the type of interaction.

The experimental techniques and challenges of DM searches at the LHC have been extensively
treated in the previous Chapters; the current Chapter focusses on the searches based on the in-
direct detection of DM. To make use of the large quantity of limits from DM experiments, it is
very useful to develop tools that simplify both the theoretical and experimental aspects of phe-
nomenological DM studies. The latest MadDM v.3.0 aims at providing a comprehensive and flexible
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FiGure 7.1: Contribution of baryonic matter, DM and dark energy from the latest Planck Col-
laboration’s measurements (left) for the ACDM model; schematic principles of DM detection for
direct, indirect and collider searches (right).

framework for phenomenological studies of general DM models, introducing a dedicated module for
the study of DM indirect detection.

The Chapter is structured as follows. The physics at the basis of the DM phenomenology, with
emphasis on the quantities relevant for DM indirect detection are presented in Sections 7.1 and 7.2.
The MadDM v.3.0 tool is introduced in Section 7.3, with a special focus on the indirect detection
module. This module constitutes the major new feature of v.3.0, allowing the user to obtain theory
predictions for the DM annihilation cross sections and fluxes of cosmic rays (CR), and confront
directly with the limits obtained by the Fermi-LAT experiment. The idea behind MadDM v.3.0 is
the flexibility of usage: two main running modes were implemented, allowing the user to choose
between a ‘fast’ and a ‘precision’ running mode. The main contributions to this project are: the
implementation of the annihilation spectra, in particular the interface with the existing tabulated
spectra, and the validation with Monte Carlo samples; the module for the comparison of the theory
predictions with the experimental limits; the module for the propagation of CR, such as neutrinos
and positrons; the creation of the user interface and of the output files, in the case of the ‘fast’ or
‘precision’ running mode, for single points or scan modes. The last Section (Sec. 7.4) is a brief
user’s guide, describing how to launch a MadDM v.3.0 analysis and how to interpret the results.

7.1 A Universe filled with Dark Matter

There are strong indications for our universe to be composed of a form of matter which does not
possess electric and color charge, making up to 84% of the total matter density, and almost 27% of
the total energy content of the universe (see the latest measurements from the Planck Collaboration
[13]). The problem of dark energy is maybe an even bigger puzzle than the nature of dark matter;
while it is not gonna be treated in this work, I briefly remind that it causes the universe to expand,
nowadays, at an accelerated rate.

Coming back to DM, there exist also models of DM possessing fractional electrical charge, called
‘millicharged’ particles which might constitute a viable DM candidate, see e.g. [147]. For the rest
of the discussion only charge neutral DM particle candidate will be considered, for which the only
possible interaction with the SM is via the electroweak force. The gravitational interaction with
ordinary matter is also fundamental, since indeed the only evidences of the existence of DM par-
ticles are purely of gravitational kind. In any case, any gravitational effect between fundamental
particle is negligible compared to the other interactions. The only feasible interaction between DM
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and the SM particles is the weak force (or possibly a new type of force with even weaker coupling),
since electromagnetic or strong coupling are tightly constrained by astrophysical observation, or
rather non-observation of signal of DM interaction with the SM of self-interaction.

The presence of a large quantity of DM affects many astrophysical and cosmological observables.
The global properties of the universe are explained in the context of the ACDM model, where A
is the cosmological constant introduced by Einstein’s formulation of general relativity, and CDM
stands for cold dark matter. Cold DM candidates are no more relativistic at time of their decoupling
from the other particles, while warm or hot DM candidates are still mildly or highly relativistic.
All the current astrophysical observations, in particular regarding the large scale structure, tend to
prefer the CDM scenario and a bottom-up evolution of the universe: small gravitationally bound
objects of the size of our Milky Way’s globular clusters (M %105M® , My =1 solar mass) will
merge and accrete their mass during the evolution of the universe to form the galaxies and clusters
observed today. Fig. 7 (right) shows the percentage of each component of the universe, divided into
baryonic matter (that includes ordinary matter forming the various structure of the universe, the
interstellar and intergalactic medium, stars etc.), a DM component, and a dark energy component,
responsible for the accelerated expansion of the universe.

It is natural to consider the ACDM as the companion of the Standard Model of particle physics
in the context of cosmology. One of its building block is certainly the theory of Big-Bang, which
predicts that the universe, after a phase of extremely rapid expansion, slowly cools down permitting
the growth of regions with peaks of matter density that nowadays form the galaxies and all the
other astrophysical objects. Our universe begins in a form of ‘soup’ of ultra-relativistic particles
all coupled together by a hypothetical force unifying the strong, the weak and the electromagnetic
forces (and even gravitational at Planck scale, see Section 2.2.2.2).

Due to the expansion of the universe, the various components cease to be in thermal equilibrium.
This happens with regular components of matters, e.g. the photons decouples from electrons and
other charged particles giving rise to the Cosmic Microwave Background (CMB) spectrum, but
also possibly with BSM components, such as DM particles. A fundamental parameter is the DM
relic density, or the observed density of DM particles that we presently see in the universe. This
important parameter will be discussed in detail in Section 7.1.1. I finish this introduction by listing
the most compelling evidences for the presence of DM.

Stars and Galaxies dynamics The first observation of an astrophysical anomaly was due to
Zwiky in 1933[148], who found that the average velocity of around a thousand galaxies inside the
Coma cluster were exceeding the standard Newtonian predictions for a virialised bound system.
He was able to estimate that around 90% of the matter responsible for the gravitational potential
was non-luminous, and that he called ‘dunkle Materie’. In the late ’60s, thanks to advanced spec-
troscopical observations of stellar dynamics in spiral galaxies, it was found that most of the stellar
rotation curves were not dropping according to classical Newton’s and Kepler’s laws predicting
v(r) o< 7~ Y/2, but were rather flat at increasing distances from the center. This meant again that
the distribution of the luminous matter was not following closely the distribution of the matter
gravitationally bounding the system, and a sort of obscure halo was surrounding the visible objects.

For completeness, there exist theories where DM is not formed by exotic particles, but rather
an incomplete formulation of the theory of gravity. This is the case of the Modified Newtonian
Dynamics[149] (MOND), which introduces a new fundamental constant to be considered when
applying the second Newton’s law of dynamics. This theory can partially explain the flattening of
the rotation curves, but it is unable to explain the thermal evolution of the universe and in general
other properties or measurements.
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Cosmic Microwave Background One of the biggest achievement of the Big-bang theory is
the prediction, followed by successful observations, of a background of low energy photons per-
meating uniformly the entire universe. With a wavelength of 1.9 mm, they constitute the so
called cosmic microwave background (CMB). The COBE[150], WMAP|[151] and most accurately
the Planck|[13]| experiments have studied the variation of the CMB temperature across the sky,
finding that anisotropies of the temperature wrt the average value of 2,725 K at present time, does
not exceed a 107° level. The CMB is perfectly explained in the context of the ACDM cosmology;
it was originated at time of photon-matter decoupling, when the cross section scattering of photon
and matter dropped due to the expansion of the universe, and photons were then freely streaming.

Gravitational Lensing Due to the presence of matter and energy densities, the space-time
bends according to Einstein’s law of general relativity. When a massive object such as a DM halo
is placed between an observer and a bright object, it acts as a lens, bending the light to form
peculiar luminous arches. This is frequently seen in the pictures of the deep universe taken by the
Hubble satellite, where the light from background galaxies appears flexed and distorted into semi-
or complete arches.

One of the smoking guns of the presence of DM halos was the observation of the ‘bullet cluster’[151].
The system consists in a small cluster moving away from a bigger companion; the total mass and
the mass distribution was estimated thanks to the observation of gravitational lensing of back-
ground objects and simulations. By comparison with the optical observation of stars and the x-ray
observation of the cluster hot gas, it was determined that the center of masses of the luminous and
non-luminous matter were highly offset: the two DM halos passed through each other, while the
baryonic matter was still interacting and emitting highly energetic photons. This permitted also
to estimate the upper limit on the DM self-interaction cross section. It also gave strong support to
the particle DM theory, since these observations cannot be accommodated in MOND scenarios.

7.1.1 The WIMP Paradigm and the DM Freeze-out

According to the ACDM model the universe depends on its energy content, from an initial state
where all the particles are in thermal equilibrium. Then, since it expands, the thermal equilibrium
between the different components is broken, similarly for what discussed for the CMB. By iden-
tifying the DM candidate with an hypothetical particle x of mass m,, it is possible to trace the
density evolution by solving the Boltzmann equation:

dn
S BH(T)ny = {00) (2 — nyeq) (7.1)

where H(T) is the Hubble parameter, T the temperature of the thermal bath, and n, is the DM
density defined as

3
ny(T) = / (jﬂz;g AP, T). (7.2)

The quantity (ov) is the thermally averaged DM annihilation cross section, that includes 2-body
annihilation processes into SM particles: o = o(xx — SM SM). For the function f,(p,T), typi-
cally a Maxwell-Boltzmann distribution is chosen, resulting in a DM density at thermal equilibrium:

m2T

Ny.eq = gXﬁKg(mxT). (7.3)
The number density depends on the number of internal degrees of freedom g, of the DM candidate;
K5 is the type-2 modified Bessel function. The DM relic density, defined as the ratio of the energy
density associated with DM particles and the critical density of the universe (today 1075 GeV /cm?)
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can be calculated by integrating

-1

Ty
Qpah? = ’;’;LM ~ 8.76 x 10~ 1 GeV 2 UT g+ (T)?(o0)dT) (7.4)
cr 0

between the freeze-out temperature Tt and the current temperature of the universe Tp.

The results depend on the total number of degrees of freedom of the relativistic species in thermal
equilibrium g, function of the temperature of the thermal bath. Figure 7.2 shows the evolution of
the number density as a function of the temperature of the universe (scaled by the DM mass m,,
). The expansion of the universe, governed by the Hubble parameter H, decreases the interaction
rate I'y = (o0v)ny,eq between the DM particles. When H > Ty, called DM "freeze-out", the DM
number density becomes practically constant and takes the name of cold DM thermal relic density,
or relic density for short.

Note that the annihilation cross section fixes the normalisation and absolute value of the relic
density, and different DM theoretical models must be able to correctly predict the value of the
relic density as constrained by various observations. This is particularly important since it gives a
theoretical motivation for searching for DM and in general new physics at the TeV scale, i.e. around
or slightly above the electroweak symmetry breaking scale and at energies which are reachable at
the LHC. The latest measurement from the Planck Collaboration [13] reports a relic density of

Qpah? = 0.1197 + 0.0022" (7.5)

which can be obtained by a cross section of order {(ov) ~10 =26 cm3 s ~! . When considering a DM
mass around the electroweak scale, e.g. m, = 200 GeV , a typical freeze-out temperature of order
T ~ m, /20, and a weak cross section that scales as 0 ~ GZT? (where G is the Fermi coupling
constant), the predicted relic density approximates the measured value.

DM particles that are able to explain the observed relic density thanks to the weak force are called
‘WIMP’, acronym for weakly interactive massive particles. Note that the names is frequently used
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FI1GURE 7.2: Comoving number density of DM as a function of the temperature of the universe T’

and the annihilation cross section (ov). After a certain temperature, the density number is "frozen"

and the total number density of DM remains constant up to the present age. The (ov) gives the
normalisation of the curve and fixes the absolute value. Taken from [152].
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also to identify a wider class of particles that interact with sub-weak interaction with the SM, not
necessarily through the ‘standard’ weak-interaction. Theorists friendly call the fact that WIMPs
with mass at around the weak scale seem astrophysically favoured as the ‘WIMP miracle’, since
this scenario miraculously offer a very rich phenomenology that can be looked for with several types
of experiments, at the current accessible energies and experimental sensitivity. This motivation is
also at the basis of the searches for DM (or R-parity conserving SUSY) production at the LHC, as
detailed in the previous Chapters. Next, the motivations and the principles of WIMPs direct and
indirect detection experiments are introduced.

7.2 Principles of Direct and Indirect Dark Matter Detection

According to the ACDM model, the formation and evolution of cosmic structures is driven by the
initial formation of gravitationally bound DM halos. This halos of particle DM still surround the
observed galaxies and galaxy clusters. A priori, the shape of those halos is not known, nor it has
to have a universal shape in all the different astrophysical environments. Popular choices for DM
profiles are e.g. Navarro-Frank-White (NFW|153]), the Einasto, the Isothermal and the Moore[154]
profiles (these four implemented in the ‘fast’ method for extracting positrons fluxes at Earth in
MadDM v.3.0 , see Section 7.3.1.4 ) and others.

All the models predict a flattening of the galaxy rotation curves for large radii, while the dynamics
in the inner part is quite different. In particular, there are both theoretical and experimental
motivations that allow the central parts of the halos to exhibit a peak of density (or cuspy profile),
a constant value, or even population of sub-halos. The variety of models allowed is due to the high
uncertainty in making observation towards the inner part of our galaxy.

As an example, the Isothermal, NFW and Moore profiles for ppys can be expressed by the law:

Profile a [y

B Ro\? 1+(R@/a)a)(5—0‘)/7 Tsothermal 2 2 0
pr)py = (p@ R ) ( 1+(r/a)e NFW 1 3 1
Moore 1.5 3 1.5

where a is a fit parameters related to the halo scale,R = 8.5 kilo Parsec is the distance of the
Sun from the galactic center, and pm ~0.3 [GeV cm™3 | is the local DM density .

The various profiles exhibit different densities at different radii form the center of the objects (e.g.
the Milky Way, other galaxies, globular clusters etc.) so that the total DM mass contained within
a certain radius depends on the profile considered, that in turns influences the kinematics of stars
and properties of other observables, e.g. the expected rate of DM annihilation events in different
part of the halo. I turn now the discussion to the main theoretical and experimental features of
direct and indirect DM searches.
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7.2.1 Direct Detection

Direct detection experiments are designed to collect possible signals of nuclei recoil against the
collision with DM particles (for a review see e.g. [155]). The recoil rate can be calculated as:

dR P0
Y B =
dE( 1) myma

/ v f,1) - DB ) (7.6)

where the quantities pp and f(v,t) are the local DM density and its velocity wrt the frame of the de-
tector, and the time dependency encapsulates the dependency on the orbital revolution of the Earth
around the Sun. From the particle physics point of view, the important quantity is the differential
cross section o(FE, v)/dFE; this can be computed by neglecting or considering the spin of the nucleon.

Spin-independent cross sections assume an equal contribution to the total WIMP-nucleon
cross section form neutrons and protons:

4
USI:}Mi'[Z'fpﬂL(A_Z)'fnP (7.7)
where pg = nT)f%A is the reduced mass of the WIMP-nucleus , Z is the number of protons, A the
total number of nucleons. The form factors for protons and neutrons are denoted with f, and f,
respectively. Due to the coherent scattering off all the nuclei, a strong scattering enhancement is
expected for heavy nuclei.

Figure 7.3 shows the results from the XENON1T[156] experiment for spin-independent cross sec-
tion upper limits, currently implemented in the ExpConstraint class. In late Spring 2018, the
experiment published an update with more stringent limits in [157], that will be included in the
next release of MadDM v.3.0 .

Spin-dependent cross sections consider only unpaired nucleons, so that only detector material
with an odd number of protons or neutrons must be used in order to be sensitive to the spin
structure. These processes probe in fact the spin content of the quarks inside the nucleons. The
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Ficure 7.3: XENONIT limits for spin-independent WIMP-nucleon scattering implemented in
MadDM v.3.0 ExpConstraint| class.
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FIGURE 7.4: Pico60 limits for WIMP-proton scattering (left) and LUX limits (right) for the WIMP-
neutron scattering (bottom), implemented in MadDM v.3.0 ExpConstraint| class.

cross sections can be calculated as:

16 5 Ja+1

= 7.8
0SD . HA Ja ( )

(fy+ fn)?
where J 4 is the spin of the nucleon. Direct detection predictions for spin independent and dependent
scattering were the main feature of MadDM v.2[158], hence they will be not treated in details in this
work.

The upper limits for DM-neutron scattering from the LUX experiment [159] and for DM-proton
scattering from Pico60[160] were implemented in the ExpConstraint class; the limits for the above
experiments are shown in Fig. 7.4.

7.2.2 Indirect Detection

Indirect detection experiments search for signatures of annihilation of DM into SM particles. The
ideal astrophysical environments to look for such processes are dwarf spheroidal galaxies (dSphs for
brevity) and the Milky Way galactic center. For example, dSphs are known to be the astrophysical
objects with the highest DM density. These are compact galaxies that belong to the local group,
showing no significant sign of recent star formation; this makes them very difficult to observe given
the low luminosity of the old star population. One of the most famous Milky Way satellite is
Seguel, frequently dubbed as ‘The Darkest Galaxy’. Commonly the mass-to-light, M/L quantity
is used to characterise objects with a significant presence of DM: it is defined as the ratio of the
total mass of an object divided by its luminosity, and normalised by the value measured for the
Sun. Segue 1 is the object with the largest M /L[161], reaching up to 3.400 in some photometric
bands. A high M/L value is found also in the other dSphs, making these objects ideal to search
for DM annihilation. Together with Coma Berenices, it is the dSph with the highest J-factor:
104GeV2ecm™. Besides the large quantity of DM, dSphs are ideal observational targets since
they are in the vicinity of the Milky Way, and astrophysical objects producing non-thermal ~y-rays
are absent. Similar argument holds in favour of observing towards the center of the Milky Way,
since a peak in the density of DM is expected, and taking advantage of a J-factor increased by
O(10%). However is carries also a non-thermally produced background [162].

DM indirect detection experiments tries to catch signals of DM annihilation by measuring the
fluxes of cosmic rays (CRs) arriving at Earth, both with experiments outside the atmosphere and
on the ground. In this thesis and in MadDM v.3.0 , CRs include high energy photons, positrons,
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antiprotons, electrons and neutrinos of the three flavours. Measured excesses in the fluxes of CRs,
in the form of sharp lines or bumps in the energy spectra of such particles, might be addressed to
DM annihilation in addition to the known astrophysical processes.

In general, the CR flux detected ad Earth is expressed as:

do 1 dNig, 1 [ dQ )
Echn ) = —— Pl ) dl . 7.9
dECR’n( CR, /l,Z)) 2m§ ;<0—’U> dEC’R,n 47_(_ d; Aw los pX (¢ ) ( )

J factor

For each neutral CR species, the energy-differential flux depends on the sum over the DM anni-
hilation into each possible SM channel "i". Note that CRs originate from the decay, showering,
hadronization, electroweak emission etc. of the SM particles into which the DM particles an-
nihilates, and not only from direct DM annihilation. The energy spectrum dN'!/dE" gives the
differential number of particle with respect to the energy, at the source. The rightmost term con-
stitutes the astrophysical J factor, which essentially quantify the total amount of DM contained
in the object observed: it is the integral performed along the line of sight of the squared of the
DM density p,, averaged over an opening solid angle ¢. Each dSph galaxy, as well as the Milky
Way center, has its own measured J-factor, which is typically inferred from the study of stellar
kinematics from spectrographic measurements. The numerical factor 1/47 is valid assuming that
the nature of the DM candidate is of Majorana type, i.e. the DM is its own antiparticle; for Dirac
DM, an additional 1/2 factor must be applied.

By solving equation 7.9 it is possible to predict the flux of neutral CR,n for specific DM models, and
compare with the experimental measures. However, further complications arise when considering
charged CRs, since the propagation of such particle within the Milky Way strongly depend on the
details of the galactic propagation models as well as other effects to be considered such as the
solar modulation. In general, photons and neutrinos can be used to trace extragalactic source since
their propagation is essentially straight (up to gravitational effects like lensing), and their flux at
detection can be easily computed with equation 7.9 up to the J-factor. This is not possible with
charged CRs that must be properly propagated inside the galaxy (see Section 7.3.1.4).

7.3 The New MadDM v.3.0

As it was shown above, DM has a rich phenomenology and many results are now available from
colliders, direct and indirect types of experiment, in addition to fundamental astrophysical obser-
vation. One of the tools than incorporates both the ability of making theoretical predictions and
automatically confronting them with the latest experimental limits on various observables is MadDM.
Tools of this kind are extremely useful to make comprehensive DM studies, aiming at constraining
the parameter space of existing DM models with the current experimental bounds; available tools
are e.g. MicrOMEGAS[163], DarkSUSY[164| and the DarkBit[165] module from the GAMBIT
tool.

The previous v.1[166] and v.2[158] MadDM versions focused on the calculation of relic density,
and direct detection predictions for generic DM models. I omit here specific details about the
code implementation of the previous versions, to give more space to presenting the new features
of version v.3.0, summarised in Fig. 7.5. MadDM v.3.0 is now a standard MadGraph5_aMC@NLO
v.2.6.2 plugin, and can be installed directly inside the framework; this allows to inherit and
fully exploits the capabilities of the MadGraph5_aMCONLQO v.2.6.2 platform (from here referred to
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MadDM v.3.0 new features

Module for Indirect detection predictions

e Theoretical prediction for the velocity averaged <ov> DM annihilation cross section
Generation of energy spectra of cosmic rays from DM annihilation
Computation of cosmic rays fluxes at source or at detection

e Implementation of Fermi-LAT likelihood from the observation of y-rays from DM

annihilation in dwarf spheroidal galaxies

Module for Parameter Space Sampling

e Sequential grid scan (inherited from MG5_aMC)
e PyMultiNest interface

Module for Experimental Constraints

FIGURE 7.5: Summary of the new features introduced in MadDM v.3.0.

as MG5_aMC ) to calculate matrix elements for the relevant DM processes, as well as the features
for scanning the parameter space of the DM model tested. Arbitrary DM models can be tested,
providing their UFO[68] implementation.

The biggest improvement introduced by this version concerns the indirect detection module, that
extends its capabilities to this additional type of DM phenomenology predictions and corresponding
experimental constraints. In particular the major contribution of this thesis was the implementa-
tion, validation and testing of the infrastructure for the calculation of DM annihilation rates with
the latest bound from the Fermi-LAT Collaboration. When developing the code a special attention
was given to allow the user to opt for different running modes. Since typically the parameters of
DM models cover large multi-dimensional spaces, it is very advantageous to allow for a rapid cal-
culation of results, in order to highlight interesting regions that can be later studied with increased
accuracy. A the same time, for specific model points, one could be interested in high precision
calculation, allowing for long running time. Hence, two modes were implemented in MadDM v.3.0,
called ‘fast’ and ‘precision’ methods. The main difference in the two methods concerns the:

e computation of the annihilation cross section (ov);
e generation of the energy spectra of the cosmic rays.

These differences will be explained when relevant in the following discussion, which will focus on
the presentation of the indirect detection module.

7.3.1 Indirect detection module

The indirect detection module provides the theory prediction the value of the current constraints
from the Fermi-LAT experiment, obtained from the observation of y-rays flux from dwarf spheroidal
galaxies. The needed physical quantities are the annihilation cross section, the CRs energy spectra
at source and finally the spectra at detection. As a first step, MadDM v.3.0 calculates the annihi-
lation cross section for the relevant processes (see. Section 7.3.1.1). If not specified by the user,
all the 2-body annihilation channels i.e. xyx — 2-body will be considered, both with SM and BSM
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particles. Otherwise the user can specify a generic n-body final state; an interesting case is for ex-
ample described in [5](Section 5.3), showing that, for the interesting case of extra photon emission
via internal bremsstrahlung, the computation of the 3-body annihilation cross section and spectra
can be automatically performed by MG5_aMC .

Then, the energy spectra of the y-rays are extracted (Section 7.3.1.2) and used to calculate the
Fermi-LAT limits (Section 7.3.1.3). Finally, the charged CRs can be propagated to Earth using
the external tool DRAGON (Diffusion of Cosmic Rays in Galaxy modelling) [167], or positrons fluxes
for a set of fixed parameters can be extracted and provided to the user in the ‘fast’ mode. For
the neutral components the differential and integrated fluxes are calculated by MadDM v.3.0 and
provided, using the Draco dSph J-factor.

7.3.1.1 Theory Predictions for (ov)

There are three distinct methods to compute the annihilation cross sections in MadDM v.3.0 :
1. Inclusive (‘fast’)
2. Madevent (‘precision’)
3. Reshuffling (‘precision’ default choice)

As seen in the case of the relic density computation, in general the annihilation cross section
depends on the velocity distributions of the DM particles. At present time, (ov) can be computed
(see e.g.[168, 169] for the complete derivation):

(o) = /d%ld%m(vlm(vg)avrel _ /dvrel Prvet(tr) 7 0rel - (7.10)

In the leftmost term of the equation, v; are the velocities of the two annihilating DM particles,
according to velocity distribution F.(v;) that depends on the position 7. The right term represents
a more convenient way of calculating this quantity, where the quantity:

Pr,rel(vrel) = 47”)3'31 /dg'UCMPr’('UCM + 'Urel/2)Pr('UCM - Urel/2) y (711>

is expressed as function of the velocity in the center-of-mass frame voy = (v1 + v2)/2, and
Vpe] = V1 — vo. Typically and likewise done in MadDM v.3.0 , one assumes a Maxwell-Boltzman
distribution with most probable velocity v/2vg, so that the distribution of the relative velocity can

be expressed as:
~ 2 2 v?
B re1(vrel) = \[ el exp (— re;) : (7.12)
T U 2vg

In partial wave analysis, the cross section can be generally expanded as (ov) = a + bvfd + ...,
where the first (independent on v) and second are the s- and p-wave terms of the expansion. When
these two terms are the dominant contributions, it is possible to calculate the velocity averaging
by calculating ov,.e; at vy = V3.

The differences in the three available methods of calculating (ov) are analysed here briefly.

Inclusive method This method, used in the ‘fast’ running mode, allows only 2-body DM anni-
hilations (both SM and BSM), with cross section matrix elements evaluated at leading order; the
phase-space integration is performed only on the angular separation of the two final state particles.
The (owv) is finally evaluated considering a Dirac delta function peaked at v,.;, which the user can



128 Chapter 7. A Comprehensive Tool for DM Studies: MadDM v.3.0

select in the maddm_card.dat in input. Although very fast ( few seconds), it agrees within 10-20%
difference with the other two, more accurate methods. This method does not involve Monte Carlo
events production, so the energy spectra of the annihilation into SM particles are extracted from
a dedicated module containing pre-compiled tables (see Section 7.3.1.2). Energy spectra for BSM
states decays are not available from this method.

Madevent method This method used the functionalities inherited by MG5_aMC , and evaluates
all the relevant matrix elements (up to NLO depending on the processes considered) and performs
the full phase-space integration. Any generic n-body annihilation process is allowed. The event
generation is performed by considering two colliding DM particles with a CM energy /s = 2m,, (1+
1/8 UrQel) with v = V/3vg. Again, the cross section is then evaluated at a velocity v,e. An
important feature of this method is the creation of LHE events files, which will be passed to
Pythia 8 for showering and other relevant processes to create the CR spectra. This also allows to
extract the CR energy spectra from the decay of BSM particles.

Reshuffling method This method is based on the previous Madevent, with an additional reshuf-
fling of the kinematics of the particles generated in the events by using a full Maxwell-Boltzmann
distribution around wvg. Accordingly, the events cross section are reweighed. The new kinematic
distributions of the particles might alter significantly the cross section of certain processes, espe-
cially in the case of thresholds effect: a fraction of the newly reweighed events might in fact allow
for processes which were previously kinematically suppressed.

7.3.1.2 Cosmic Rays Energy Spectra

As explained in 7.2.2, the cross section upper limits for indirect detection are interpreted with
generic simplified models assuming DM annihilation into SM channels with 100% BR. In this ap-
proximation, details regarding the exact interaction at the basis of the annihilation process are
neglected. We expect no strong dependency on the exact kinematics of the process that might
effect the resulting energy spectra, and the only important variable left is the DM mass m,. Once
this is fixed, the CR energy spectra will be approximately the same for any DM model tested. In
this Section the energy spectra are considered at source, i.e. where the DM annihilation process
takes place, for example inside a dSph galaxy or in the galactic center.

It is possible and very convenient, for the sake of saving computation time, to consider a set of
energy spectra for the different CR, relative to different DM candidate mass. Once these spectra
are produced, they can be stored to be rapidly accessed to extract the spectra. This was done
by a group of phenomenologists, that made available a set of energy spectra for different CR and
different annihilation channels [170, 171, 172]. This philosophy is not conceptually different from
the use of EMs to reconstruct full SUSY signals.

The energy spectra were produced using Pythia 8, simulating two DM particles collisions produc-
ing a generic heavy resonance of mass double the mass of the DM particles. The resonance than
decays into the desired SM channels (only 2-body annihilation was considered). Energy spectra for
CR = 7, Ve, Vy, Vs, et p, originating from the decay, hadronization etc. of the initial SM particles
are then extracted. The results for a set of DM mass values are then provided in form of text tables,
which have been converted to a python dictionary (and stored in a numpy file) and implemented in
MadDM v.3.0 . Throughout this thesis and in MadDM v.3.0 , we refer to these as PPPC4DMID tables.
This is the method employed by ‘fast’ running mode to extract the energy spectra. Figures 7.6
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FIGURE 7.6: Energy spectra (dN/dlogx) at source as a function of x="FEy;, /m,, for m, = (10 GeV,

1 TeV). Only the kinematically available annihilation channels are shown; the plots show Fermions

and Bosons separately. The spectra are given for positrons, antiprotons, gamma rays, and electron

neutrinos. Note that for gammas, the sensitivity bounds for the Fermi-LAT experiment (500 MeV,
500 GeV) are shown as a reference.
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and 7.7 show the comparison and validation of the spectra from the PPPCADMID tables, and spectra
obtained by using the full event generation MG5_aMC + Pythia 8 , for four different DM masses
(10 GeV and 1 TeV, 100 GeV and 10 TeV respectively). The spectra are plotted as a function of
the ratio of the kinetic energy of the DM particle and its mass, and the differential of the number
count wrt the logarithm of this ratio. The available 2-body annihilation channels are:

XX — 99,qq,cebbttete  utuT, vt ZZ, WTW ™, hh, (7.13)

where the light quarks are grouped into the generic particle ¢ = (u, d, s) with the exception of the
charm quark. In general there is a very good agreement between PPPC4DMID and MadDM v.3.0 spec-
tra, while a small discrepancy can be seen for the "c¢" quarks and for gluons. However these are
not dramatically different, and this can be addressed to different implementation of the effective
coupling between DM and gluons as implemented by the group.

The spectra shown in Fig. 7.6 deserve a special mention. The difference wrt the previous case
is that when showering, Pythia 8 is allowed to consider the emission of real on-shell electroweak
(EW) boson (see [173] for details). The default setting in MadDM v.3.0 has an active weak emission
(TimeShower :weakShower=on in the input card ). This is important when considering the spectra
(and consequently the expected fluxes at Earth) of some CR which might be enhanced by the decay
of the real EW bosons emitted; the difference in the spectra with and without EW corrections from
the PPPC4DMID collaboration is shown in Appendix H. Note that for the spectra produced with
the ‘precision’ method, a very large number of Monte Carlo events were generated, in the range
5 x 10576, in order to populate properly each energy bin.

In the ‘fast’ mode, the energy spectra for each CR is thus extracted for each annihilation channel
and then summed up to evaluate the total energy spectrum for each CR:

NSM
= Z M oz ° (7.14)

dlogx

In equation 7.14, each energy spectrum originating from a specific annihilation channel "i" is scaled
by its own annihilation cross section. Figure 7.8 compares the total v-rays obtained with the ‘fast’
and ‘precision’ running modes, in the case of a spin-1 mediator simplified DM model, for a DM
mass of 500 GeV.

7.3.1.3 Implementation of the Fermi-LAT Limits

Among the scientific scopes of the Fermi experiment, there is the observation of dSphs aiming at
catching excesses in the «-ray flux as explained in the introduction. The main instrument, the
LAT- large area telescope, is able to detect single gamma ray emission from astrophysical sources
2. By estimating the v-ray background, the Fermi collaboration is able to set limits on the DM
(ov) , that if present, would result in an excess in the count rate.

In their latest results, the Fermi-LAT collaboration|174] extracted limits on the annihilation cross
section by using the data collected during 6 years of observations. The sample used in the anal-
ysis includes 28 kinematically confirmed dwarfs, plus additional 17 systems of stars which exhibit
photometric properties compatible with dSphs, labelled ‘candidate’ dSphs. The data showed no
significant excess in the «-ray flux, with the exception of a local = 20 deviation appearing in the

2The other instrument, the GBM - gamma ray burst monitor, aims at detecting transient events such as gamma
ray bursts and solar flares.
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annihilation channel for a spin-1 mediator DM simplified model, for mpa; = 500 GeV. The Mediator

couples democratically to all quark flavours. The coloured dashed lines correspond to the spectra

extracted from the PPPCADMID tables; the black dashed lines is the total spectrum obtained by

combining the spectra using eq. 7.14, in agreement with the spectra generated with the ‘precision’
method (solid light blue line).

observation of a few dSphs, which however disappears when combining all the datasets leading to
a global significance < 1o.

Published limits are interpreted with DM simplified model in the xx — bb/7" 7~ channels assuming
100% BR, both for each individual dSph and and for the combined dataset. The likelihood profiles
as well as a code template to extract the limits using single dSphs are available at [175]. Specifi-
cally the likelihood is given for each of 25 energy bins covering the Fermi-LAT detector sensitivity
(between 500 MeV and 500 GeV), for a putative energy flux coming from the observed dSph. The
data provided by the collaboration includes also the appropriate J-factors used for the calculation
of the predicted DM annihilation ~-ray fluxes, that were taken from [176]. The simplified code
distributed with the data was adapted to and implemented in MadDM v.3.0 in a more general
framework, that allows also to stack the likelihood profiles of a chosen set of dSphs. Additionally,
uncertainties on the J-factors were included by considering J-factors as a nuisance parameter, and
subsequently profiling over them. p-values and stacked likelihood for the point tested that can be
used for statistical analysis, like e.g. by the module to guide the sampling procedure, are also
provided. Finally, the 95% CL upper limit on the thermally averaged annihilation cross section,
for a given energy spectrum is computed, and it can be compared against the theory prediction to
constrain the model point. If (0v)ppeo > (0v)y, the model tested is considered excluded by the
Fermi-LAT experiment.

In Fig. 7.9 the validation of the Fermi-LAT limits implementation is shown: the official exper-
imental results are confronted with the values (ov) calculated by MadDM v.3.0 for a selection
of dSph. By default, MadDM v.3.0 stacks the likelihood of the six dSphs with the highest J-
factors, that provide the best constraints. The set includes Segue 1(19.4), Ursa Major II (19.4),
Coma Berenices(19.0), Reticulum II(18.9), Draco(18.8) and Ursa Minor(18.8), where the number
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FIGURE 7.9: Validation of the Fermi-LAT (ov) cross section in MadDM v.3.0 for the six dwarf

spheroidal galaxies with the highest J-factors for the bb and 7+7~ channels with 100% BR. The

dashed line is the official Fermi-LAT limit; the solid and dotted lines represent the MadDM v.3.0 lim-
its with and without the profiling on the J-factor.

in brackets is the logig(J-factor). It was verified that including the data of the remaining dSphs
does not improve significantly the limits, hence they are disregarded to save computing time.

According to the running method, the Fermi-LAT limits are used to constrain the model tested in
different ways. The first one makes use of the limits included in the ExpConstraints class. For each
SM channel listed in 7.3.1.2, the y-ray spectra were used to compute the Fermi-LAT limits stacking
the best six dSphs; the limits were then stored in the ExpConstraints class, and are provided to
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the user in the MadDM v.3.0 output as will be described in Section 7.4. The limits for the stacked
analysis are shown in Figures 7.10, showing the limits for the SM channels yx — bb/7" 7~ assuming
100% BR, and 7.11, which shows the limit extracted for the remaining channels not provided by
the Fermi collaboration.

The peculiar behaviour of the limits for low DM mass is explained by the presence of the Reticulum
IT dSphs which exhibits an observed excess in the y-ray rays counts with a local significance of 20,
found also in other works e.g.[177, 178]. The distortion in the limit can be see also in Fig. 7.9
where the limits for this individual dwarf are shown. Note that due to the excess of Reticulum II
and of three other dSphs used by the Fermi collaboration, the limits in [174] are weaker in the low
DM mass region wrt the previous results in [162] by approximately a factor 1.5 in the bb and 77~
channel.

In both the ‘fast’ and ‘precision’ methods, the code will compare each separate SM channel theory
prediction with the corresponding limits. Furthermore, on-the-flight computation of the (ov) is
performed using the total «-ray spectrum from 2-body annihilations into SM channels obtained
with equation 7.14 in the ‘fast’ mode, while in the ‘precision’ mode the spectrum obtained with
event generation, including the production and decay of any xx — n-body is used in input. This
last method gives is most accurate computation of the best Fermi-LAT limit. Note that in general,
whenever SM channels have dominant theory prediction for (ov), it is equivalent to use the limits
from the ExpConstraints class and to produce them with the ‘precision’ method, since the energy
spectra would be equivalent as well as the procedure to calculate the limits. However one needs
to remind that the spectra included in the PPPC4DMID tables were generated with a large Monte
Carlo statistics, so if the ‘precision’ method is run with a small number of events, small differences
in the limits computed with the two methods are be expected due to statistical fluctuations. On
the opposite, if the annihilation cross section of the model is dominated by BSM particles (then
decaying to SM), using the ‘precision’ mode can provide better the upper limits.
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FIGURE 7.11: Exclusion limits for DM simplified models annihilating with 100% BR to Bosons

(left) and Fermions (right), obtained with MadDM v.3.0 , considering the dSphs with the 6 largest

J-factors. These limits complements the ones provided for the bb and 777~ channels provided by
the Fermi-LAT Collaboration.

7.3.1.4 Cosmic Rays Propagation

From equation 7.9 one can easily compute the expected flux of particle at detection, by properly
taking into account the astrophysical J-factor, for neutral particles i.e. 7, ve,v,,Vr. Since experi-
ments for neutrino detection are sensitive to the flavour considered, oscillations must be properly
performed in order to guarantee a correct prediction for the flux at Earth to compare with any ex-
perimental sensitivity, e.g. for the IceCube telescope. In MadDM v.3.0 only neutrinos oscillation are
evaluated in the long baseline limit, which is a good approximation for neutrinos coming from ex-
tragalactic sources. This induces a democratic flavour mixing with equal ratiove : v 1 v, =1:1:1
at Earth.

For example for the case of electron neutrinos, the energy spectrum at Earth is given by:

dN,, dN,,

dN, dN,,
Thog 7, = dlog 7 1 —P(ve = v,) — P(ve = )] + EP(ve = vy) + P(ve = v;), (7.15)

dlogx dlogx

where P(vo — vg) is the oscillation probability between flavour o and 3. These probabilities are
given by the 3x 3 unitary matrix

0.82 0.55 0.15
Uai= 1037 057 0711, (7.16)
0.40 0.59 0.68

and the oscillation probability are:

2 .
+3 2% [UBjU;;jUgani (M3 —miL/2E)] (7.17)

1<j

2
‘ Uon'

P(Va — I/ﬁ) = Z ‘U@i

(greek letters refer to flavour indices and latin letters to mass eigenstates). The rightmost term
does not contribute in the approximation L/E, > 27 as it holds for extragalactic sources. Note
that the present discussion is valid for vacuum oscillations, so MadDM v.3.0 predictions should not
be used for neutrinos coming from the Sun and traveling through Earth, since all the matter effects
are neglected. The results from MadDM v.3.0 are obtained by first properly oscillating the energy
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spectrum for each neutrino flavour into the other two, and then summing up the contribution of
each flavour. Results are then scaled using the Draco dSph galaxy as normalisation.

The propagation of the charged cosmic rays, i.e. positrons and antiprotons, strongly depends on
the astrophysical input to model the Milky Way ® These include energy loss of the particles due to
e.g. synchrotron radiation and inverse Compton scattering on background photons.

MadDM v.3.0 offers two way of extracting the propagated fluxes of CR at Earth. In the ‘fast’
method, similarly to what discussed for the energy spectra at source, PPPCADMID tables for positrons
available at [170] were converted to a python dictionary implemented in MadDM v.3.0 . The positron
fluxes were obtained again for several DM mass values that will be linearly interpolated to extract
the flux for the desired m,, as well as several combination of the following three astrophysical
parameters:

e halo profile: Einasto, Isothermal, NFW, Moore;
e propagation model: MIN, MED, MAX;,
e galactic magnetic field: MF1, MF2, MF3.

On the PPPC4DMID website|[170] more details regarding how the tables were produced and on the
precise values used for the parameters above can be found. Finally, in Fig. 7.12 the positron flux
extracted from the tables of selected annihilation channels, for m, = 1 TeV are shown, highlighting
the differences for two different halo profiles (Einasto and NFW), propagation and magnetic field
models.

7.4 Running MadDM and Results

After discussing all the most important features of the new version, I show concisely the results
of a standard MadDM v.3.0 session, referring the reader to the official manual for an extended
explanation.

By the following commands:

import model DMsimp_s_spinO_MD
define darkmatter “xd

generate relic_density

add direct_detection

add indirect_detection

output test_yOyO_scalar

launch test_yOyO_scalar
indirect=flux_earth

set sigmav_method madevent

set indirect_flux_source pythia8
set nevents 100000

set MXd 200

set MYO 100

the user asks for theory predictions for the relic density calculation, direct and indirect detections
as well as and limits when available. The model used is a spin-0 mediator simplified model, where
the DM candidate is labelled as * xd’. The mass ‘MXd’ of the DM candidate and the mass ‘MYO0’ of
the mediator are set to 200 and 100 GeV respectively. This run used the ’precision” method, using
Madevent for the calculation of the annihilation cross section, followed by Pythia 8 for the gen-
eration of the CR energy spectrum. The results, reported here the versions printed on the screen,

3Charged CR are confined to be of galactic origin due to the effect of average magnetic field of the Milky Way,
of the order of few to tens of micro Gauss.
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FIGURE 7.12: Positron fluxes, extracted from the PPPCADMID tables, for the xx — qq/7t7= /WW

where ¢ = (u,d, s) annihilation channels for the Einasto halo profile (left column) and Navarro-

Frenk-White (right column), and a DM candidate of 1 TeV mass. The different shade colours

represent the different propagation models, while the solid, dashed and dotted lines show the dif-
ferent magnetic field model.

are shown in Fig.res:relic,7.14 and 7.15 for the relic, direct and indirect detection respectively.

The relic density block 7.13 shows the value of the calculated relic density Qh? , the value z = my /T
at freeze-out (see Section 7.2), the annihilation cross section calculated at freeze-out (ov)(zf)

[GeV?], and the ratio & = (2h2)theo/ (Q2h?)Planck-



138 Chapter 7. A Comprehensive Tool for DM Studies: MadDM v.3.0

The & parameter is important when considering models which leads to under-abundant DM wrt the
Planck observed value. According to the value predicted for the model tested, there are two possible
distinct scenarios, labelled ‘thermal’ and ‘all DM’. For the former, the value of £ is equivalent to
the definition above; for the latter, MadDM v.3.0 sets £ = 1. The value of £ is used to rescale the
theory predictions to be compared with the experimental upper limits in the following ways:

e ‘All DM’ - the DM candidate of the tested model is considered to be the only existing
form of DM making up all of the relic density as measured by Planck, irrespectively of the
value calculated by MadDM . The value of the local DM density, that enters the calculation of
detection rates and fluxes, is by construction the one measured by Planck, so the *All DM’
theory predictions need no rescaling for the comparison with the upper limits;

e ‘Thermal’ - the DM candidate is the responsible of the relic density after ‘the thermal freeze-
out’ in a standard cosmological model. This implies that if the relic density evaluated is less
than the Planck measured value (0.1197, see equation 7.5), other DM species must also be
present and contribute to the total relic density. Accordingly, the theory prediction for the
direct and indirect detection must be rescaled by a factor ¢ and &2 respectively, where by
definition £ < 1.

The specific model point tested here leads to under-abundant relic density Qh%h. = 0.0193 for
which & = 0.161; hence, when presenting the results for direct and indirect detections, the two
predictions for the scenarios ’All DM’ and 'Thermal” will be shown. Whenever available, MadDM
v.3.0 conveniently reports the values of the experiment limits or measurements, printing on screen
if the model is allowed, excluded or such the comparison cannot be performed. In this case, the
model is allowed wrt the relic density, since it does not exceed Planck measured value.

The block 7.14 is relative to the results for direct detection; it reports the scattering cross sections
for spin-independent and spin-dependent (for protons and neutrons), as well as the experimen-
tal upper limits from the XENONIT, Pico60 and LUX experiments. Accordingly, each theory
prediction is compared with the limits, and if o7peo > 0w (0Theo < 0w), a point is considered
excluded(allowed). Since both the theory values and upper limits are provided, the user has all
the needed information to determine if the model should be considered excluded, and eventually
perform his own statistical analysis.

Finally, block 7.15 summarises the cross section annihilations and Fermi-LAT limits. Since the 'pre-
cision’ running mode was selected, also BSM 2-body channels are available, in this case xx — y0y0
which has indeed the largest annihilation cross section o(xx — y0y0 = 7.91 x 10735 cm? /s , fol-
lowed by the ¢t channel o(xx — tt = 4.94 x 10736 cm?® /s . For SM channels, Fermi-LAT limits are
reported, since they are included in the ExpConstraint class. For the BSM channel this information

*kkkk Relic Density

INFO: Relic Density = 1.93e-02
INFO: x_f = 2.40e+01
INFO: sigmav(xf) = 1.17e-08
INFO: xsi = 1.61e-01

FIGURE 7.13: Results for the relic density computation.

sokrkk Direct detection [em”2]:

INFO: SigmaN_SI_p Thermal = 2.05e-43 EXCLUDED All DM = 1.27e-42 EXCLUDED Xenonlton ul = 2.60e-46
INFO: SigmaN_SI_n Thermal = 2.08e-43 EXCLUDED All DM = 1.29e-42 EXCLUDED Xenonlton ul = 2.60e-46
INFO: SigmaN_SD_p Thermal = 0.00e+00 E All DM = 0.00e+00 ED Pico60@ ul = 9.13e-41
INFO: SigmaN_SD_n Thermal = 0.00e+00 All DM = 0.00e+00 Lux2017 ul = 5.24e-41

FIGURE 7.14: Results for the direct detection computation.
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srkkkk Indirect detection [cm”3/s]:
INFO: <sigma v> method: reshuffling
INFO: DM particle halo velocity: 2e-85/c

INFO: xxdxxdb_ccx Thermal = 2.05e-39 A All DM = 7.89e-38 A Fermi ul = 4.54e-26
INFO: xxdxxdb_ddx Thermal = 3.22e-44 LLOWED All DM = 1.24e-42 LLOWED Fermi ul = 4.67e-26
INFO: xxdxxdb_uux Thermal = 8.26e-45 A All DM = 3.18e-43 A Fermi ul = 4.67e-26
INFO: xxdxxdb_bbx Thermal = 2.80e-38 LLOWE All DM = 1.08e-36 LLOWE Fermi ul = 5.00e-26
INFO: xxdxxdb_ssx Thermal = 1.30e-41 ED All DM = 4.99e-40 E Fermi ul = 4.67e-26
INFO: xxdxxdb_ttx Thermal = 4.94e-36 A All DM = 1.90e-34 A Fermi ul = 6.08e-26
INFO: xxdxxdb_y0y@ Thermal = 7.91e-35 NO LIMIT All DM = 3.05e-33 NO LIMIT Fermi ul = -1.00e+00
INFO: Skipping zero cross section processes for: xxcxxch, xxrxxr

INFO: Using generic Fermi limits for light quarks (u,d,s)

INFO: Total limits calculated with Fermi likelihood:

INFO: DM DM > all Thermal = 8.41e-35 A All DM = 3.24e-33 A Fermi ul = 9.98e-26
INFO:

INFO: *x*x Fluxes at earth [particle/(cm”2 sr)]l:

INFO: gammas Flux = 7.74e-18

INFO: neutrinos_e Flux = 1.15e-19

INFO: neutrinos_mu Flux = 1.25e-19

INFO: neutrinos tau Flux = 1.13e-19

FI1GURE 7.15: Results for the indirect detection computation.

is not available, as suggested by the 'no limit’ message. The Fermi-LAT limit obtained by consider-
ing the global y-ray spectrum from SM and BSM particle is 9.98 x 10726, which improves the best
SM limits coming from ¢¢ annihilation. Finally the total integrated flux at detection of the neutral
components of CRs is provided. The values are calculated using the Draco dSph J-factor, so if the
user is interested in other dwarfs, a rescaling by the ratio of the two J-factors should be performed.

As an important remark, I remind that this is the output printed on screen of a single run with
MadDM ,that gives the user a friendly and easy way to perform simple and quick checks on his/her
DM model, and not for intensive scans. When the single-point running mode is used, all the
intermediate files are stored in the output directory inside the user’s project folder (in the case
above, called test _y0y0 _scalar’); these include the maddm_card.dat which includes all the switches
regarding the parameters available for the user, the LHE file produced by MG5_aMC , the spectra at
source for all the six species of CRs produced by Pythia 8 , and the differential fluxes in bins of
energies at Earth for the neutral CRs . If DRAGON is run (only if the user choose a DM halo velocity
1072 compatible with the Milky Way center, the propagated spectra for antiprotons and positrons
will be found inside the default DRAGON directory. When the PPPCADMID method is chosen either
for spectra at source or for propagated positrons, the spectra and fluxes extracted from the tables
are as well written inside the output directory.
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Summary

To conclude this concise presentation of MadDM v.3.0, I summarise here the most important fea-
tures of the new version as well as the philosophy that was assumed in implementing the new
functionalities.

Overall, MadDM v.3.0 fits in the category of tools that try to make the most out of the numerous
and varied experimental results for DM searches. One of the unique features is that it directly in-
herits all the abilities of the MG5_aMC platform for the generation of Monte Carlo events, for example
needed for the generation of the energy spectra of the CR for indirect detection and the calculation
of annihilation cross sections for completely generic processes. This can be done ‘out-of-the-box’
for any model implemented according to the UFO format.

Noticeable is the level of accuracy provided by the ‘reshuffling’ method for the computation of
the (ov), which makes MadDM v.3.0 the only tool on the market able to perform such a precise
calculation.

The other key aspect is the usability of the code, not only regarding the easiness of usage, but also
its flexibility. In particular the available ‘fast’ and ‘precision’ methods were intended to suit the
needs of the user for great speed e.g. when performing scan of large portion of a model parameter
space (but with reasonable accuracy), or great level of accuracy. Details of the output in scan mode
are given in Appendix I.

The whole new module for the indirect detection represents the major new feature of v.3.0. While
there exist other tools that allow to compute the rate for the detection or the energy spectra (e.g.
microMEGAS[179]), MadDM v.3.0 provides the direct comparison of the theory predictions with
the latest experimental constraints. This is a step forward to make MadDM a comprehensive tool for
the phenomenology of generic DM models.
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Conclusions

All the tools described this thesis work are connected together by one simple motivation: building
an interface between the world of theory and the world of experiment. SModelS, MadAnalysis
5 and MadDM v.3.0 represent not only examples of what is already available and already being
used for phenomenological study of BSM theories, but they are also representative of different ap-
proaches to handle the complexity of the theories tested and the limitation imposed by available
computing resources.

The first possible way, employing the full chain of Monte Carlo sample generations, detector sim-
ulations and analyses recasting is lengthy yet very powerful, since it can be applied to any generic
BSM theory. As an example, I described the implementation of the CMS-SUS-16-033 search for
SUSY events in the MadAnalysis 5 package. The importance of the validating the implementa-
tion, which is a complicated process that sometimes leads to unsatisfactory results, was particularly
highlighted. The extension of the MadAnalysis 5 physics analyses database is crucial to grant a
proper coverage of the many signatures of BSM theories. In particular the CMS analysis imple-
mented was the first searching for SUSY in the all-hadronic final state at 13 TeV centre-of-mass
energy, using the available total integrated luminosity of 35.9 fb~1.

On the other side, we have the simplified model framework, used for example for the interpreta-
tion of searches for SUSY at the LHC, or for the searches for excesses in the CR fluxes from DM
annihilation into SM channels. Also searches for production of DM at the LHC use a special class
of simplified models for the interpretations of results, introducing the masses of the DM candidate
and of the particles that mediate the interaction between the SM and DM as free parameters, as
well as the values of the coupling constants. Simplified model results for SUSY searches can be
used systematically by SModelS and MadDM to constrain generic theories. Although the needed
computing times sensibly decreases as compared to the full recast approach, there are uncertainties
introduced by this simplified approach. In this thesis, two main aspects were analysed in detail.
The first regards how well simplified models are able to reproduce the results obtained with a full
recast, studied in the context of the pMSSM. The second concerns how much the interpolation pro-
cedure can be trusted, in particular depending on the design of the specific analysis and simplified
model used for the interpretation. This work then offers an additional evidence of how useful and
valid the simplified model approach is.

In this respect, the MadDM tools lies exactly in between the two philosophies. With the DM indirect
detection module recently introduced, it offers the user the possibility of either calculating accu-
rate theory predictions by producing Monte Carlo events and calculate precise upper limits using
Fermi-LAT likelihoods, or reading the limits from a database of available annihilation channels. In
this respect, a lot of the effort was dedicated to develop a friendly and understandable interface,
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both at run time and at the time of the analysis of the output.

I mention here other two approaches used to constrain BSM theories, used by e.g. Gambit[180] and
ScyNet[181]. The Gambit tool is a so called "global fits package", which makes use of an exten-
sive number of measurements from several types of experiments (previous colliders like the Large
Electron-Positron at CERN, the LHC Run 1 and Run 2, direct detection, indirect detection etc.)
to extract the global likelihood for the regions of the parameter space of various testable theories.
ScyNet instead makes use of machine learning techniques to extract likelihoods in the context of a
subset of the MSSM; in case of more general models the network is trained on model independent
signatures and observables such as the jet multiplicity, momenta of particles and missing energy.
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Appendix A

Txnames Description

List of simplified models mapped to the SModelS constraints, relevant for this work, with the
corresponding Txname. The complete list, together with the analysis using the specified model for
the interpretation of results, can be found at http://smodels.hephy.at/wiki/SmsDictionary.

Gluino Simplified Models T1xx , T5xx

T1:[[[et’jet]].[[jet’ jet 1] T1bbbb:[[['b",b']][['b",b]]] Tttt [t LI ]

q g

..‘Z.L;zg’
qa q

T5:[[[et]L.lGet 1L jet]].[jet]]]
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Squarks Simplified Models T2xx , T6xx

q b
q |_>~<9 b .|_>z?
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b t
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Gluino-Squark T3GQ

T3GQon: [[[Get]].[jet]], [[Tet]]] T3GonQ: [[[jet]LI[et]. [jet]]]

Gauginos and Slepton Simplified Models

l

TSlepSlep: [[[TILI[T1]] (I=e,u)

W
~+
X 5 3
; %t %t
X9 %t
X9
7

TChiWZ: [[[WI]LI['Z]1]

TChipChimSlepSnu:([['IVILIVIILIFIAVILIVI
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Appendix B

Testing a Point with SModelS

Here a SModelS run example is presented, providing details regarding instructions, a brief descrip-
tion of the most important input parameters, and a quick look at the output. As a test point, the
SLHA file 100559821 from the Bino-like LSP set from the ATLAS pMSSM study (see Chapter5)
is considered. The complete reference and documentation can be found in [83],[2] and in the online
manual [182].

The python script runSModelS.py provides a series of utilities to check the input file, to run the
decomposition and to write the output in a few possible formats. The file parameters.ini allows
to choose most of the relevant input parameters, such as the sigmacut allowing only elements with
weight above a certain threshold, or the possibility of (de)activating the invisible and mass com-
pressions. In v1.1 the following new functionalities were introduced: the possibility of processing
an entire directory of SLHA or LHE files, and of parallelising the run using a desired number of
CPUs.

SModelS can be conveniently used by running:

runSModelS.py [-h] -f FILENAME [-p PARAMETERFILE] [-o OUTPUTDIR] [-v VERBOSE] [-T TIMEQUT]

where:

e FILENAME is the name of the file (SLHA or LHE) or the directory containing the file(s);

PARAMETERFILE is the parameters.ini file containing the relevant parameters;

OUTPUTDIR is the name of the directory that will be created containing the results;

VERBOSE sets the desired level of screen output;

TIMEOUT sets the maximum time allowed for the decomposition, after which the point is
skipped.

As a concrete example, by running the command:
python runSModelS.py -p parameters.ini -f 100559821.slha

SModelS will read the configuration specified in the parameters.ini file, and test the selected
SLHA file. In particular, the options:

#Select running mode

[options]

checkInput = True ;Set True to check the input file for possible errors

doInvisible = True ;Set True if invisible compression should be performed

doCompress = True ; Set True if mass compression should be performed

testCoverage = True ;Set True if topologies not covered by experiments (missing topologies)
#Select input parameters

[parameters]
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sigmacut = 0.03 ;Give minimum cross section value [fb] considered in SLHA decomposition
minmassgap = 5.

[printer]

outputType = summary,stdout,python ;

[python-printer]

addTxWeights = True ;

will activate the module for the the missing topologies, and will write the results in a text
file(summary), on the screen (stdout), and in a python file in the form of a dictionary (python).
The other selected parameters will activate both the invisible and mass compression, performed
when the mass gap between two Zs-odd states is below 5 GeV (see Section4.2.1). Elements with
weight below 0.03 fb will not be considered.

Focusing on the text output 100559821.slha.smodels, the top block

Input status: 1

Decomposition output status: 1 #decomposition was successful
Input File: 100559821.slha

maxcond = 0.2

minmassgap = 5.

ncpus = 6

sigmacut = 0.03

Database version: xxx

H O H H HH

provides the basic information about the run. The Decomposition output status: 1 states that the
point was successfully decomposed and that the point can be constrained by at least one of the
results in the database! Since the decomposition was successful, it was possible to constrain the
elements with the results implemented in the database. An extract of the complete results list is
the following:

#Analysis Sqrts Cond_Violation Theory_Value(fb) Exp_limit(fb) r r_expected

ATLAS-SUSY-2013-02 8.00E+00 0.0 2.231E+00 1.818E+00 1.227E+00 1.475E+00
Signal Region: BSR2jt
Txnames: T1, T2, T3GQon, T5

CMS-SUS-13-019 8.00E+00 0.0 2.497E+00 3.244E+00 7.697E-01 N/A
Signal Region: (UL)
Txnames: T2

CMS-8US-13-012 8.00E+00 0.0 6.121E-01 1.210E+00 ©5.059E-01 8.239E-01
Signal Region: 3NJet6_1000HT1250_600MHTinf
Txnames: T2, T2bb, T3GQon, T5

The highest r value is = 1.22736896744

Total missing topology cross section (fb): 7.727E+01
Total cross section where we are outside the mass grid (fb): 6.081E+00
Total cross section in long cascade decays (fb): 2.297E+01

LOther possible values of the Decomposition output status :
e -1: "could not run the decomposition",
e -3: "no cross sections above sigmacut found",
e -4: "database not found",
e -2: "bad input file, did not run decomposition",

e 0: "no matching experimental results",



Appendix B. Testing a Point with SModelS 149

Total cross section in decays with asymmetric branches (fb): 5.421E+01

Full information on unconstrained cross sections

Missing topologies with the highest cross sections (up to 10):

Sqrts (TeV)  Weight (£fb) Element description
8.0 1.756E+01 # [[1,[[jet,jet]]]
[...]

Contributions outside the mass grid (up to 10):

Sqrts (TeV)  Weight (£fb) Element description
8.0 3.946E+00 # [[[jetl], [[jetl, [jetl]]
[ ... ]

Missing topos: long cascade decays (up to 10 entries), sqrts = 8 TeV:
Motherl Mother2 Weight (fb) # allMothers

2000001 2000002 7.588E+00 # [[2000001, 2000002]]

[...]

Missing topos: asymmetric branches (w/o long cascades, up to 10), sqrts = 8 TeV
Motherl Mother2 Weight (fb) # allMothers

1000022 1000024 1.665E+01 # [[1000022, 1000024]]

[...]

The file reports the full set of experimental results that provide constraints for the elements in the
decomposition, starting with the most constraining (highest r-value). The result shows the name of
the analysis with its centre-of-mass. Only the three most constraining results are shown for brevity.
The most constraining result is provided by the combination of the EMs for the list of Txnames
T1+T2+T5+T3GQon of the ATLAS-SUSY-2013-02 analysis, being the only result providing an
observed r-value=1.2 > 1. The output shows also the expected and observed upper limits for the
best signal region SR2jt, and the value of the theory prediction (or total w = o x BR ). The
UL from the analysis CMS-SUS-13-019 delivers the second best limit; the expected limit is not
available from the CMS collaboration, and being an UL result, no SR is defined. UL for different
simplified models cannot be combined together, so for UL results the list of Txnames include only
one model at a time.

The following block gives details about the unconstrained signal. We see that the total missing
cross section (77.2 fb) is further classified according to the contributions of elements with long cas-
cade decay (22.9 fb or 28.5 % to the total) and asymmetric topologies (54.2 fb or 71.5 %). This is
in agreement with what is discussed in Section5 regarding the importance of asymmetric branches
versus long cascade decays, which are however relevant for this model but sub-dominant. The
missing topology with the highest weight is identified as the constraint [[[]],[jet,jet]||. The origin of
this element can be understood by looking at the last column, which reports the pdgid numbers
of the mother particles of the two asymmetric branches, following the convention of Monte Carlo
generators. In this case, we identify a (X9, )ﬁt) production, with the chargino being Higgsino-like
as can be see in the SLHA.

Finally, the 100559821 .slha.py file contains additional information, such as the weight w = o x BR of
each Txname constrained by a specific experimental analysis. For the analysis excluding the point,
the python dictionary reads:

‘AnalysisSqrts (TeV)’: 8.0,
‘dataType’: ‘efficiencyMap’,
‘Mass (GeV)’: None,
‘maxcond’: 0.0,
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‘expected upper limit (fb)’: 1.5124,

‘upper limit (fb)’: 1.8181,

‘AnalysisID’: ¢ATLAS-SUSY-2013-02°,

‘efficiency’: 0.26221876406964295,

‘theory prediction (fb)’: 2.231479519695691,

‘lumi (fb-1)’: 20.3,

‘TxNames’: [‘T1’, ‘T2’, ‘T3GQomn’, ‘T5’],

‘DataSetID’: ’SR2jt’}

{¢TxNames weights (fb)’: {‘T5’: 0.13403074173565857,
‘T2’: 1.3560891401672666,
‘T3GQon’: 0.7400910147773285,
‘T1°: 0.0012686230154375165},

While the key theory prediction (fb) provides the value of the total prediction, the contribution of
each individual topology can be retrieved from the TzNames weights (fb) list. The observed r-value
can be calculated by dividing the total prediction by the observed UL, and similarly the r-value of
each single topology by considering only its proper weight. One can recognize that this point can
be excluded only exclusively thanks to the combination of the T2+ T3GQon results, since the sum
of any other combination is below unity.
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Inclusive SUSY Searches

Here the main properties of the inclusive searches for SUSY, ATLAS-SUSY-2013-02[91] and CMS-
SUS-13-012[49] used for the EMs recast are discussed. Both analyses used data of proton proton
collisions at /s = 8 TeV (LHC Runl), and target possible SUSY events exhibiting large jets mul-
tiplicity, large missing transverse energy and no isolated leptons.

CMS-SUS-13-012

This search looks for events with no isolated leptons, high hadronic activity and large missing
energy Fr. The data used adds up to 19.5 fb~! integrated luminosity. Its strength lies in the
combination of 36 signal regions, divided into bins of:

e jets multiplicity njers where the intervals 3 < mjeps <5, 6 < njers < 7 and njers > 8 are used;
e the hadronic transverse energy Hp defined as the scalar sum sum of the signal jets;

e missing hadronic transverse energy M, , defined as the vectorial sum of thepr of the signal
jets.

The signal jets used to evaluate Hp must satisfy the requirements pr>20 GeV and n<2.5, while
for the H; the criteria are pr>30 GeV and the more relaxed 7<5. The final limit computation
is performed by combination of the 36 signal regions considering the proper statistical correlation,
the analysis is able to set upper limits on the production cross sections of several SUSY scenarios.
The lowest signal jet multiplicity required is njets = 3.

ATLAS-SUSY-2013-02

This analyses supersedes the preliminary results of ATLAS-CONF-2013-047 introduced in 5.3.4.
The dataset used for the analysis adds up to a total integrated luminosity of 20.3 fb~!. The signal
jets must satisfy pp >20 GeV and | < |4.5. The two main kinematic variables used to discriminate
interesting events form the SM backgrounds are the effective mass m.y:

merr = Y Ipr’| + | BT (C.1)
i

and the scalar hadronic transverse energy Hrp, scalar sum of the transverse momenta of jets if
pr >40 GeV.
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The analysis defines a total of 15 inclusive signal regions, with increasing minimum jet-multiplicity
requirement (2 to 6). Depending on the requirement on jets, SRs are labelled as very loose, ‘lose’,
‘medium’, ‘tight’ and very tight. This is the main difference in the strategy wrt the CMS analysis
described above. Events with isolated leptons or muons are discarded if pp>10 GeV.

The rejection of the QCD background is obtained by requiring that either EF**¢ //Hyp or EF™S /m.y ¢
exceed a certain threshold, different in each SR. In particular the hadronic transverse energy Hp
is more effective in background discrimination for low multiplicity events. varying requirement
are set also on the pp of the leading n-th jet (according to the minimum number of jets in each
SR), and on the azimuthal angular separation between the jet pr and the missing energy energy

Ad(pr, EF*).

Finally, dedicated signal regions reconstructing possible W bosons candidates are defined, useful
to increase the sensitivity for model of gluinos and squarks decaying to intermediate charginos
(the implementation of such complicated algorithm was not possible in MadAnalysis 5 , and the
corresponding recasting code does not include those regions).
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Appendix D

Complete List of UL Results

The following Tables summarise the exclusion provided by the official UL results from the ATLAS
and CMS collaborations, using v.1.1 of the SModelS database that includes all the available results
from the LHC Runl.

The T2 model gives overall the most constraining and powerful simplified model results contained
in the database, for both the Bino and Higgsino-like LSP scenarios. In particular, out of a total
of 16957 and 25024 Bino and Higgsino-like LSP points excluded by UL results (Tab.5.2), the CMS
analysis can exclude 9979(58%) and 17799(71%) points using the 72 result alone.

For the Bino-like LSP, the second most important model is represented by the 7' model, whereas
for the Higgsino case the T'1bbbb becomes more important.
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T3GQon vs T3Gon(Q UL Comparison

Comparison of the UL (expected and observed) for the T3GQon and T3GonQ for the mass point
(ml,mg,mxg) = (1000,200,190) |GeV], in the case of the ATLAS-SUSY-2013-02 and CMS-SUS-
13-012 analyses. In bold font the observed limits calculated by SModelS are shown.

ATLAS-SUSY-2013-02 T3GonQ T3GQon
Signal Region ULezp UlLgps € ULexp/e UlLgps/e € ULezp/e ULgps/€
2jm 5.552 4.242 0.118 47.1 36.0 0.090 61.5 47.0
2jt 1.512 1.818 0.032 47.9 57.5 0.027 56.1 67.4
3j 0.332 0.433 0.002 139.4 182.2 0.002 186.4 243.6
4j1 5.435 4.749 0.032 171.4 149.8 0.039 139.7 122.1
4jl- 11.561 13.292 0.036 318.7 366.4 0.047 248.0 285.2
4jt 0.240 0.149 0.002 146.1 90.8 0.001 178.1 110.8
5j 1.714 1.543 0.007 245.1 220.7 0.010 172.9 155.6
6j1 1.531 1.923 0.002 965.5 1212.5 0.003 555.5 697.7
6jt 0.333 0.332 0.001 472.8 470.4 0.001 327.8 326.2
6jt+ 0.302 0.399 0.001 428.6 566.3 0.001 297.2 392.7
CMS-SUS-13-02 T3GonQ T3GQon
Signal Region ULezp ULgps € ULecep/e  ULgps/e € ULecap/e  ULgps/e
n,[3, 5], Hr [500, 800], H 1-[300, 450] 272 281 0045  599.4 619.2 | 0.063  430.0 444.2
n,[3, 5], Hy [500, 800], #1450, 600] 6.9 83 0038  179.6 2147 | 0.039  179.9 215.1
n;[3,5],Hr[500, 800], 1 > 600 1.4 1.6 0.009 153.7 175.7 0.006 234.8 268.4
n;[3, 5], Hr [800, 1000], /1 [300, 450] 4.4 37 0.009 4658 383.3 | 0012 3854 317.1
n,[3, 5], Hr [800, 1000], H 1 [450, 600] 1.8 25 0012  153.1 207.7 | 0.012  160.8 218.1
n,;[3, 5], H7[800, 1000], 1 > 600 1.2 12 0014 87.7 82.8 0.009 1324 124.9
n;[3,5],Hr[1000, 1250], # (300, 450] 2.3 2.1 0.004 543.8 482.1 0.006 409.9 363.4
n;[3, 5], Hr [1000, 1250],  [450,600] 0.9 0.9 0004 2106 230.0 | 0.006  156.1 170.4
n;[3, 5], Hr[1000, 1250], i+ > 600 0.7 1.2 0.008 89.3 145.5 0.008 89.6 145.9
n;[3, 5], Hr[1250, 1500],HT[300, 450] 1.2 1.0 0.001 873.4 769.8 0.002 569.5 501.9
n;[3, 5], Hr[1250, 1500], > 450 0.6 0.9 0.004 144.1 207.2 0.005 129.4 186.0
n; (3,5],Hr > 1500,HT > 300 0.8 1.3 0.002 391.3 601.6 0.004 217.8 334.9
n;[6, 7], Hr[500, 800], /1 > 450 0.15 0.697 0.0003 586.4 2637.2 0.0003 566.3 2546.5
n;[6, 7], Hr[800, 1000],HT > 450 0.42 0.333 0.0007 580.2 453.5 0.0009 484.3 378.5
n;[6, 7], H7[1000, 1250], i > 450 0.26 0.377 0.0007 360.9 513.5 0.001 265.8 378.1
n;[6, 7], Hr[1250, 1500], i > 450 0.15 0.274 0.0006 262.1 466.5 0.001 207.3 368.8
n;[6,7,Hp > 1500,/ > 300 0.46 0.284 0.0008 559.4 345.4 0.0008 588.3 363.2
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Appendix F

Parametrization of the
TChipChimSLepSnu Model

In this Appendix the parametrization of the TChip ChimSlepSnu model is discussed. It corresponds
to an electroweak production of charginos, that decay to the LSP via intermediate sleptons or
sneutrinos, with 50 % probability:

pp— XiXy XE = Eo/wl® o — uxd JE = EL.

This produces di-leptonic opposite-sign events and missing 7", coming from both SM neutrinos
and neutralinos. In this case the missing transverse energy originates from the LSP and also from
the two SM neutrinos appearing in the decay chain. As opposite to the T5WW model considered
in the discussion in Chapter 6, this model has a symmetric structure of the SM particles in the
vertices, and for this reason a somewhat symmetric behaviour of the efficiencies wrt to the x=0.50
parametrization is expected. Concretely this means that efficiencies for the values x=0.25 and
x=0.50 should be comparable, for all the SRs. Small differences might come from the initial boost
of the pair produced charginos.

Similarly to what was done for the hadronic model, the results for the efficiencies and limits
of the analysis ATLAS-SUSY-2013-11]|50] are presented, using the available implementation in
MadAnalysis 5 (code available at [183] and validation note at [184]). This analysis is designed
to search for electroweak production of sparticles (sleptons and electroweakinos) in the di-leptonic
channel. The key kinematic variables of the analysis are the invariant mass of the dilepton system
my;, and the ‘stranverse mass’ mp,. This quantity is defined as:

mry = ming, [maz(mr(p, ap), mr(pR, pre — ar))] (F.1)

and

mr(pr,ar) = V2(prar — Pr - ar).- (F.2)

while pl% and pljz are the transverse momenta of the two signal leptons, and the vector gy minimizes
the transverse mass mr.

The signal regions target either events with opposite sign ‘same flavour’ (SF) leptons, i.e. electrons
or muons pairs, or events with opposite sign ‘different flavour’ (DF) leptons pairs. In total, seven
signal regions are defined. The first three referred to as ‘SR-mq,” are defined to be sensitive to direct
slepton production; the next three ‘SR-W W’ are designed to be sensitive to charginos that decay to
W-bosons (pp — )fo(l_, )Zic — Wif(é). The final region ‘SR-Zjets’ targets chargino-neutralino pair
production, which decay to W and Z bosons respectively (pp — )Zlif(g, ﬁ[ — WA, XS = Zx8)-
This last SR will not be discussed in this work. The total integrated luminosity of the data analysed
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(mg, mgo) x=0.05 =025 =050 =075 2=0.95
1

(240, 100) my; = 107 135 170 205 233
(420, 60) my; = 78 150 240 330 402
(420,200) my; = 211 255 310 365 409

TABLE F.1: mj/; values for the three benchmark points (m)zli ,mgo) [GeV], obtained with the five
different values of the xz parameter.
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FI1GURE F.1: Efficiency for the three mass points (m .+, myo) = (240,100),(420,60),(420,200) [GeV]
1
for the selected mpo >90, mpo >120 and WWa SRs. The x parameter indicated on the x-axis
is used to calculate the mass of the intermediate slepton/neutrino, as described in Tab. F.1. The
full circles represent the recast values of the efficiencies, the crosses the values obtained with the
SModelS interpolation between three mass planes parametrized with « = (0.05,0.50,0.95).
is 20.3 b~ L.

The comparison between interpolated and true recast efficiency values is shown in Fig F.1 for
SRs labeled myg, and WW respectively, for different flavour leptons (events containing exactly one
isolated electron and one isolated muon oppositely charged). Despite the latter being specifically
designed to target the TChi WW SMS, they prove sensitive also in the cascade decays with interme-
diate sleptons/sneutrinos. The masses of the benchmark points are defined in Tab. F.1. The mass
points (240, 100) and (420, 60) are excluded by the analysis when using the x = 0.50 parametriza-
tion of the intermediate particle, while the third point is not excluded with such parametrization.
The efficiency values show a clear symmetry with respect to the = 0.50 parameter, as intuitively
discussed from considerations on the topology structure of the TChip ChimSlepSnu model. This is
reflected also in Fig. F.2 with the exclusion curves for the interpolated and recast efficiency values
for the parameters x = 0.25 and « = 0.75 respectively. Not only the agreement seems in general
better with respect to the hadronic model, but the comparison makes also evident that there is
little difference in the exclusion and thus in the efficiency, and in the selection of the best SRs.

Overall the agreement between the recast and interpolated exclusion curves does not exceed 40
GeV in chargino mass, and the interpolated excluded values are more conservative than the recast
ones, at least in the high chargino mass region.

Lastly the comparison between the exclusion curves obtained with the complete set of parameters
x = (0.05,0.25,0.5,0.75,0.95) is shown in Fig. F.3

Note that, as shown in the left plot, the highest reach in the chargino mass exclusion is obtained
with the £=0.50 parametrization. However the analysis looses sensitivity for higher LSP mass in
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FIGURE F.2: Exclusion curves (top row) and Best SRs plots for the z = 0.25 parametrisation (left
column) and z = 0.75 (right column). The middle panels show the Best SRs for the interpolated
values, while the bottom panels refer to recast values.

the region My < 300 GeV, where the parametrizations 2=(0.05,0.95) can constrain LSPs about
40 GeV heavier. As expected the curves for x=(0.25,0.75) are essentially equivalent up to My ~
350 GeV, where the £=0.05 is more sensitive in the high chargino mass region.
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F1GURE F.3: Exclusion curves for the set of z = (0.05,0.25,0.50,0.75,0.95) parameters.
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Appendix G

Comparing the TSWW, T5Z7Z and
T5VV Models

As noted in Section 6.2.1, it is common for the CMS collaboration to interpret SUSY searches in
the all-hadronic final state with a semi-simplified model T5VV:

PP — 33,9 — a0 XE/aaxy . xE = WOXY/XS — 20\,

The gluino is allowed to decay to quarks and intermediate gauginos Xli or Xy with equal probability.
The analysis efficiency then corresponds to the effective combination of three distinct topologies,
i.e. a model where both gluinos decay to a charginos (i.e. the T5WW model), a model where both
gluinos decay to neutralinos (i.e. the T5ZZ model), and a T5WZ model where one gluino decays
to a chargino and the other to a neutralino. It is however not clear if such T5VV can be safely
applied also in the case of pure TSWW or T5ZZ, and I investigate this here. This test is useful for
the implementation of such types of analyses in the SModelS database, since aslo results at /s=13
TeV are often interpreted with the same model, e.g. [76] .

In the top left panel of Fig. G.1 the exclusions curves and the best SR maps for the CMS-SUS-
13-012 analysis are shown, and no significant difference can be noted. The curves are in fact
compatible within 30 GeV mass difference in gluino or neutralino mass. Also the best SR maps
(middle panels) are very similar, and localised differences for some points tested are expected due to
Monte Carlo related uncertainties. The T5ZZ model seems to give slightly better limits, probably
helped by the small difference in the branching fractions BR(W — hadrons = 67.41 + 0.27)%
and BR(Z — hadrons = 69.91 =+ 0.06)%. This analysis in fact does not reconstruct b — jets so
all the hadronic signal falls into the same SR.

Small differences are expected for analysis such as the ATLAS-SUSY-2013-04, since it divides SR
according to ny = 0,1, 2 bins, with the addition of one inclusive SR with very high jet multiplicity
and blind to b-jets multiplicity. The exclusion for the T5ZZ model is slightly lower with respect
to the TSWW and T5VV model. Most likely this difference can be addressed to fewer events in
the ny, = 0 best SR, since events where the decay Z — bb takes place fall in other SRs with ny, > 0.

Finally, in Figure G.2 the distributions of the main kinematic variables Hy ,J{pand njetare shown

for two selected points (mg, mf(%/if’mi?) = (840, 570, 300) GeV and (mg, Mg s mgo) = (1080, 615,150)
GeV. The comparison confirms that such distributions are essentially the same for the three models
tested, and any search based those is expected to provide similar efficiencies and limits for the three
models.
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FiGURE G.1: Comparison of the exclusion curves for the TSWW, T5ZZ and T5VV SMS,
parametrized with z = 0.50. Left panel: CMS-SUS-13-012, right panel: ATLAS-SUSY-2013-04.

It can be concluded that, for multijet final state searches, the two models have very similar char-
acteristics, and the UL computation leads to comparable exclusion for the three models, with less
than 30 GeV difference in the gluino mass reach of the exclusion.

These considerations apply also to general inclusive all-hadronic final state analyses blind to b-
tagged jets, for models such as T6bbWW /T6bbZZ /) T6bbVV, or any 1-step cascade model that

include an intermediate chargino/neutralino.
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Appendix H

Electroweak Corrections on CR Spectra

The following plots compare the spectra obtained with and without the electroweak corrections
(emission of real on-shell W and Z bosons ) in Pythia 8 partly implemented by the PPPC4DMID
collaboration, for different DM mass m,= (1,10,50,100) TeV. As can be seen, the contribution of
the EW bosons alters significantly the spectra, that increase up to one order of magnitude in the
case of emission from charged leptons.
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Appendix I

Running a MadDM Scan

In MadDM v.3.0, the scanning over the parameter space of a model can be performed using two dif-
ferent methods. The user can choose to use the implemented module, which uses the experimental
likelihoods of some observables, like the relic density or the annihilation cross section, to guide the
scan through the parameter space. Alternatively, a simple feature inherited from MG5_aMC is the
ability the perform sequential scan, or in other words, select a range of variation of some parameter,
e.g. the mass of the DM candidate, as well as the binning of such variable, to scan over the selected
parameter space. When considering n-variables, MadDM v.3.0 creates a grid of equally space model
points to run over. For details on the module, please refer to the official manual.

The commands to use the sequential grid scan functionality (in this case with the ‘precision’
method) are:

import model DMsimp_s_spinO_MD

define darkmatter “xd

generate relic_density

add direct_detection

add indirect_detection

output test_yOyO_scalar

launch test_yOyO_scalar

indirect=flux_source

set sigmav_method reshuffling # (default MadDM option)
set indirect_flux_source pythia8 # (default MadDM option)
set nevents 50000

set MXd scan:[100,200]

set MYO 100

The command set MXd scan:[100,200] tells MadDM to replace the values of the DM mass with 100
and 200 GeV. Very conveniently one can also use a python syntax like set MXd scan:[ 100*x for
x in range (1,11)] to select DM mass in the range 100GeV - 1TeV |, spaced by 100 GeV, accord-
ing to the usual python syntax for lists. Likewise a scan on the coupling constants can be performed.

At the end of the run over the two different DM masses, in the ‘output’ folder inside the project
directory ‘test y0y0 scalar’ the file scan_run_ 01.txt contains the summary of the results:

# [01] : run

# [02] : mass#52

# [03] : Omegah~2

# [04] : x_f

# [05] : sigmav(xf)

# [06] : xsi

# [07] : sigmaN_SI_p

# [08] : lim_sigmaN_SI_p
# [09] : sigmaN_SI_n

# [10] : lim_sigmaN_SI_n
# [11] : sigmaN_SD_p
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[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

H OH H HHHEHHEHHHHEHHEHHHEHHEHHEHEHHEHHEHHHEHEHRHE R H

run_01_01
1.37e-46
0.00e+00
2.39e-26
0.00e+00
-3.46e-05
6.60e-22

run_01_02
2.60e-46
0.00e+00
4.67e-26
1.91e-34
-3.46e-05
1.59e-19

: lim_sigmaN_SD_p

: sigmaN_SD_n

: lim_sigmaN_SD_n

: Nevents

: smearing

: xxdxxdb_ccx

: 1lim_xxdxxdb_ccx

: xxdxxdb_ddx

¢ 1lim_xxdxxdb_ddx

: xxdxxdb_uux

¢ lim_xxdxxdb_uux

: xxdxxdb_bbx

¢ lim_xxdxxdb_bbx

: xxdxxdb_xxcxxcb

¢ 1lim_xxdxxdb_xxcxxcb
: xxdxxdb_ssx

: 1lim_xxdxxdb_ssx

: xxdxxdb_ttx

¢ lim_xxdxxdb_ttx

¢ xxdxxdb_xxrxxr

: lim_xxdxxdb_xxrxxr
: xxdxxdb_y0y0

: lim_xxdxxdb_yO0y0
: tot_Xsec

¢ tot_SM_xsec

: Fermi_sigmav

: pvalue_th

: like_th

: pvalue_nonth

: like_nonth

: flux_gammas

: flux_neutrinos_e
: flux_neutrinos_mu
: flux_neutrinos_tau

1.00e+02
3.28e-15
0.00e+00
5.49e-36
1.00e-15
5.05e-26
7.18e-22

2.00e+02
3.31e-15
0.00e+00
1.08e-36
6.08e-26
4.76e-26
1.73e-19

A, ON PO

= 00 O 01 NN =

.65e-03
.37e-46
.02e-37
.59e-26
.00e+00
.09e-06
.46e-22

.93e-02
.60e-46
.89e-38
.00e-26
.00e+00
.02e-05
.55e-19 }

2.40e+01
5.16e-35
2.31e-26
0.00e+00
-1.00e+00
-1.76e+01

2.40e+01
0.00e+00
4.54e-26
0.00e+00
-1.00e+00
-1.76e+01

4.31e-08
5.43e-41
6.34e-42
-1.00e+00
1.45e-40
1.97e-05

1.17e-08
9.13e-41
1.24e-42
-1.00e+00
3.05e-33
4.98e-04

5.55e-02
5.14e-35
2.39%e-26
2.55e-39
-1.00e+00
-1.76e+01

1.61e-01
0.00e+00
4.67e-26
4.99e-40
-1.00e+00
-1.76e+01

N OT N~ DNDW

= Wbk w o w

.24e-15
.T7e-41
.62e-42
.39e-26
.90e-36
.06e-21

.27e-15
.24e-41
.18e-43
.67e-26
.24e-33
.22e-17

At the top of the file, a list of the variables appearing in the columns is provided. The variables
are the same appearing as in the output text file for single point runs, with the addition of two
statistical quantities related to the indirect detection, i.e. the likelihood and the p-value for the
Fermi-LAT limits, provided in both the "All DM’ and "Thermal’ cases depending on the rescaling
by €2 of (ov).
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