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Supervisor’s Foreword

This Ph.D. thesis documents two of the highest-profile searches for supersymmetry
performed at the ATLAS experiment using up to 80 fb�1 of proton-proton collision
data at a center-of-mass energy of 13 TeV delivered by the Large Hadron Collider
(LHC) during its Run 2 (2015–2018). The signals of interest feature a high
multiplicity of jets originating from the hadronisation of b-quarks and large missing
transverse momentum, which constitutes one of the most promising final state
signatures for discovery of new phenomena at the LHC. The first search is focused
on the strong production of a pair of gluinos, with each gluino decaying into a
neutralino and a top-antitop-quark pair or a bottom-antibottom-quark pair. The
second search targets the pair production of higgsinos, with each higgsino decaying
into a gravitino and a Higgs boson, which in turn is required to decay into a
bottom-antibottom-quark pair. Both searches employ state-of-the-art experimental
techniques and analysis strategies at the LHC, resulting in some of the most
restrictive bounds available to date on the masses of the gluino, neutralino, and
higgsino in the context of the models explored.

Barcelona, Spain Prof. Aurelio Juste Rozas

v



Abstract

This dissertation presents two searches for Supersymmetry in proton-proton colli-
sions at CERN’s LHC, targeting signal models that lead to the production of
multiple top quarks or bottom quarks in the final state.

The first search targets gluino pair production, where each gluino decays through
a top squark (Gtt model) or a bottom squark (Gbb model) to a top-antitop quark pair
or a bottom-antibottom quark pair, respectively, and a neutralino, which is the
Lightest Supersymmetric Partner (LSP). Each top quark in turn decays to aW boson
and an a bottom quark. Thus, the final state is characterized by a high multiplicity of
b-jets, which are collimated sprays of particles originating from the hadronization of
bottom quarks, and missing transverse momentum from the LSP that escapes the
detection.

The second search targets a GGM model of higgsino pair production, where
each higgsino decays to a Standard Model Higgs boson and a gravitino, which in
this case plays the role of the LSP. This search focuses on the decay of the two
Higgs bosons to bottom-antibottom quark pairs, yielding again final states with
multiple b-jets. This is the first ATLAS analysis targeting this signature, which had
been previously considered in searches performed by the CMS Collaboration.

Both searches in the thesis use the data collected by the ATLAS experiment at
the LHC between 2015 and 2016, at a center-of-mass energy

ffiffi

s
p ¼ 13 TeV, cor-

responding to an integrated luminosity of 36.1 fb−1. The gluino search, without
further reoptimization, is also extended using the data collected in 2017, for a total
integrated luminosity of 79.8 fb−1.

No significant excess of events above the Standard Model expectation is
observed in any of the search regions, and the results are used to set upper limits on
the production of supersymmetric particles. The first search excludes at 95%
confidence level gluino masses up to 2.25 TeV for the Gtt model and up to 2.17
TeV for the Gbb model, in both cases for neutralino masses below 800 GeV. The
second search excludes higgsino masses in the range 240–880 GeV, assuming that
the higgsino decays exclusively to a Higgs boson and a gravitino.
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Chapter 1
Preamble

At the Large Hadron Collider (LHC) proton-proton (pp) collisions are used to probe
the nature of particles in energy regimes that were not accessible before. After the
discovery of the Higgs boson in 2012, the LHC is now continuing its operations
with the dual goal of measuring the Higgs boson properties in great detail but also
to continue the quest for new particles.

ATLAS is one of the two general purpose experiments on the LHC ring, and
this thesis focuses on the data that is has collected between 2015 and 2016, at a
center-of-mass energy

√
s = 13 TeV, corresponding to an integrated luminosity of

approximately 36 fb−1.
The Standard Model (SM) is the theory that as of today best describes the experi-

mental results on subatomic particles. Nevertheless, there are strong theoretical and
experimental arguments to believe that the SM is the low-energy limit of a more
general theory, yet to be determined. Supersymmetry (SUSY) is one of the most
promising SM extensions, addressing some of its shortcomings. SUSY predicts the
existence of partners for SM particles, which cancel the SM corrections to the Higgs
boson mass, solving the naturalness problem. In “natural” SUSY models, several
particles are expected to be light and therefore observable at the LHC. First of all
higgsinos, which share the same tree-level mass parameter as the Higgs boson. Then
top squarks (stops), that provide a one-loop correction to its mass, and gluinos,
that give a two-loop correction since they contribute at one-loop at the stop mass.
The requirement on the stop mass reflects also on the sbottom mass, to which is
related through the weak-isospin symmetry. These particles are exactly the target
of the searches presented in this thesis. Furthermore, in the framework of R-parity
conserving (RPC) SUSY, supersymmetric particles are produced in pairs and the
lightest supersymmetric partner (LSP) is stable. In several models the LSP is neutral
and weakly interacting, providing a good candidate for dark matter.

In this dissertation I discuss two searches for SUSY in final states enriched in
b-jets, the collimated sprays of particles originating from the hadronization of a
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2 1 Preamble

b-quark. I have been strongly involved in both analyses, and in this thesis I describe
with more emphasis the topics where I have given direct contribution.

The first analysis discussed is a search for gluino pair production, where each
gluino decays through a stop or a sbottom to respectively four top or four bottom
quarks and the LSP, which is assumed to be neutral and stable. Since the top quark
decays to a b-quark and a W -boson, both the gluino decay chain through stop and
sbottom lead to a final state with multiple b-jets and missing transverse momentum
(Emiss

T ).
The second search targets a general gauge mediation (GGM) model of higgsino

pair production, where each higgsino then decays promptly to a Higgs boson and
a gravitino, which in this case is the LSP. The high branching ratio of the Higgs
boson into a pair of b-quarks makes a final state rich in b-jets promising to tackle
this signature.

The content of this dissertation is organized as follows. Chapter 2 presents an
introduction to the SM, moving then to its shortcomings and possible extensions,
with particular focus on SUSY. Chapter 3 describes the LHC accelerator complex,
the general techniques used in detectors for high-energy physics and the details of
the ATLAS detector. Chapter 4 discusses the physics of pp interactions and how they
are simulated with Monte Carlo (MC) techniques. The event reconstruction and the
identification of the physics objects used in the analyses is presented in Chapter 5.
Chapter 6 describes the main statistical procedures used to derive quantitative results
in the analysis of theLHCdata. Chapter 7 gives a general introduction to the strategies
common to both the analyses discussed in this thesis, which are discussed in Chap. 8
and Chap.9 for the gluino search and the higgsino search respectively. Chapter 10
presents a comparison of the analyses discussed in this thesis with other searches
carried out by the ATLAS and CMS collaborations targeting similar signal models.
Finally, the conclusions are discussed.

The results presented in this dissertation have lead to the following publications:

• ATLAS Collaboration, “Search for Supersymmetry in final states with missing
transverse momentum and multiple b-jets in proton-proton collisions at

√
s = 13

TeV with the ATLAS detector”, JHEP 06 (2018) 107.
• ATLAS Collaboration, “Search for supersymmetry in final states with missing
transverse momentum and multiple b-jets in proton-proton collisions at

√
s = 13

TeV with the ATLAS detector”, ATLAS-CONF-2018-041.
• ATLAS Collaboration, “Search for pair production of higgsinos in final states
with at least three b-tagged jets in

√
s = 13 TeV pp collisions using the ATLAS

detector”, arXiv:1806.04030 [hep-ex], Submitted to: Phys. Rev. (2018).

While the paper mentioned above is the first ATLAS result for the signal model
with higgsino pair production, the high cross-section for gluino pair-productionmade
strong-production multi-b signals among the ones that were targeted since Run 1.
I have been heavily involved in all the strong-production multi-b results since the
beginning of Run 2, in particular:

• ATLAS Collaboration, “Search for pair production of gluinos decaying via stop
and sbottom in events with b-jets and large missing transverse momentum in pp

http://arxiv.org/abs/1806.04030
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collisions at
√
s = 13 TeV with the ATLAS detector”, Phys. Rev. D 94 (2016)

032003.
• ATLAS Collaboration, “Search for pair production of gluinos decaying via top or
bottom squarks in events with b-jets and largemissing transversemomentum in pp
collisions at

√
s = 13 TeV with the ATLAS detector”, ATLAS-CONF-2016-052.

Beside physics analyses, I have also been involved in studies related to the per-
formance of the ATLAS hadronic calorimeter: as discussed in Appendix D, I have
evaluated the impact of a non-linearity in the response of the photonmultiplier tubes
of the hadronic calorimeter on the measurement of the ATLAS luminosity. I have
also carried out studies related to the identification of b-jets, performing studies on
the b-tagging efficiency for jets with high transverse momentum and contributing to
the development and validation of a tool to facilitate the use of truth-tagging; this
technique allows to reduce the statistical uncertainty on samples of simulated events
when requiring a high number of b-jets.



Chapter 2
Introduction to Standard Model and
Supersymmetry

This chapter presents an introduction to the SM of particle physics, the theory that
nowadays best describes the subatomic world. In Sect. 2.1 a general overview of the
SM is given. Section2.2 discusses the limitations of the SM, and some of the the-
oretical extensions proposed to overcome them. Finally Sect. 2.3 focuses on Super-
symmetry, arguably one of the most promising of these extensions. Throughout this
chapter (as well as in the rest of this thesis) we will use natural units; we will thus
use energy units to describe masses, as the speed of light (c) and the Planck constant
(�) are set to unity.

2.1 The Standard Model of Particle Physics

The SM is a renormalizable gauge quantum field theory based on the group
SU (3) × SU (2) ×U (1). It was developed in the second half of the 20th century
[1–3], and since then the description that it gives of the elementary particles and of
their interactions has been accurately tested by several experiments. Many experi-
mental discoveries have been guided by the SM predictions, including the discovery
of the top quark [4, 5] and up to the latest one, the observation of the Higgs boson at
the LHC in July 2012 [6, 7].

2.1.1 Particle Content of the Standard Model

In the SM, particles are described as excitations of quantum fields. In the follow-
ing paragraphs, we introduce the quantum field theory description of fermions and
bosons.

© Springer Nature Switzerland AG 2020
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6 2 Introduction to Standard Model and Supersymmetry

Table 2.1 Fermion content of the Standard Model. Each particle is listed with its electric charge
and mass [8]

Generation Leptons Quarks

Flavor Charge Mass (GeV) Flavor Charge Mass (GeV)

1st νe 0 <2 × 10−9 u +2/3 2.2 × 10−3

e −1 5.1 × 10−4 d −1/3 4.8 × 10−3

2nd νμ 0 <2 × 10−9 c +2/3 1.27

μ −1 0.10566 s −1/3 0.096

3rd ντ 0 <2 × 10−9 t +2/3 173.2

τ −1 1.77 b −1/3 4.66

2.1.1.1 Fermions

Matter constituents are half-integer spin fields (fermions). Fermions are further
divided into two categories based on the type of interaction they experience:

Leptons which experience only the electromagnetic and weak interactions.
Quarks which experience both the electroweak and the strong interaction.

Both leptons and quarks come in three generations, and conventionally the num-
bering of these generations follows an order of increasing mass. A summary of the
SM fermions is presented in Table2.1. While it is possible to observe free leptons,
quarks exist only in bound states (hadrons); this is because of the confinement prop-
erty of the strong interaction, discussed in Sect. 2.1.3. Hadrons built of three quarks
have spin 1

2 and are named baryons, while mesons are formed by two quarks and
have integer spin.

The free Lagrangian of a fermion is given by:

L f ree = ψ̄
(
iγμ∂μ − m

)
ψ , (2.1)

where ψ is the fermion field, m its mass, γ are the Dirac matrices and ∂μ is the
four-momentum derivative.

2.1.1.2 Bosons

Particles with integer spin are referred to as bosons. In the SM, force carriers are
described through spin-1 fields. The SM includes also a spin-0 particle, the Higgs
boson. It is the interaction with the Higgs boson field that allows all the other ele-
mentary particles to acquire mass, as described in Sect. 2.1.4.

The Klein-Gordon Lagrangian governs the kinematics of spin-0 neutral particles:

Lfree = 1

2
∂μφ∂μφ − 1

2
m2φ2,
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while in the case of charged particles (described through a complex field) the
Lagrangian becomes:

Lfree = ∂μφ∂μφ
∗ − m2φφ∗.

The two equations above describe scalar particles. In the case of a vector field Aμ,
the expression of the Lagrangian is the following:

Lfree = −1

4
FμνFμν + 1

2
m2AμAμ . (2.2)

This is the Proca Lagrangian. In the case of a massless particle, this reduces to the
Maxwell Lagrangian:

L f ree = −1

4
FμνFμν, (2.3)

where Fμν = ∂μAν − ∂ν Aμ.

2.1.2 Interactions and Gauge Invariance

The SM describes all the interactions among elementary particles, except for gravity,
for which nowadays no renormalizable quantum field theory is formulated. Table2.2
presents a summary of the SM interactions and the properties of the corresponding
force carriers. More details about the strong and electroweak interactions are given
in the following sections.

The interaction terms in the SM Lagrangian are introduced by promoting an
already existing global symmetry of the Lagrangian (θ) to a local one (θ(x)) function
of the space-time coordinates. In general, given a Lagrangianwhich is invariant under
a symmetry group, the fields transform as:

ψ → eigθ
kτ k

ψ ,

where g is the coupling constant of the field ψ under the interaction and τ k are the
generators of the group and obey commutation relations:

Table 2.2 Interaction in the Standard Model. Here the different force carriers are listed, with their
electric charges and masses [8]

Interaction Carrier Electric Charge Mass (GeV)

Strong Gluons (g) 0 0

Electromagnetic Photon (γ) <10−27 0

Weak W+, W− +1, −1 80.385

Z 0 91.1876
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[
τ i , τ j

] = i f i jkτ k .

In the equation above, f i jk is the structure constant of the group and is always zero
for Abelian groups. Promoting this global invariance to a local one (θk → θk(x))
implies adding to the theory:

• A number of massless gauge fields Wk
μ equal to the number of generators of the

symmetry group, that transform as

Wk
μ → Wk

μ + ∂μθ
k + g f klmWl

μθ
m .

• A covariant derivative:
Dμ = ∂μ − igτ kWk

μ ,

that substitutes the standard derivative in the Lagrangian.
• A free Lagrangian for the vector fields as in Eq.2.2, with:

Fk
μν = ∂μW

k
ν − ∂νW

k
μ + g f klmWl

μW
m
ν .

Note that the last term, of second order in the field, is present only for non-Abelian
symmetry groups, since it is proportional to the structure constant. This has non-
trivial consequences as the second-order term leads to self-interaction among the
gauge fields.

The SM is a theory invariant under SU (3)C × SU (2)L ×U (1)Y . Imposing local
invariance under SU (3)C leads to the theory of strong interactions, while SU (2)L ×
U (1)Y is the symmetry whose breaking gives origin to the electroweak interactions.

2.1.3 Strong Interaction

Quantum chromodynamics (QCD) is the theory that describes strong interactions,
based on the symmetry group SU (3)C, where the subscript C refers to the color, the
quantum number associated with these interactions. This can assume three possible
values denoted with red, blue, and green. The observable states, hadrons, are color
singlets, while quarks (anti-quarks) carry only one color (anti-color) charge. Since
the symmetry group is non-Abelian, also the corresponding eight gauge bosons
(gluons) carry a color charge (bi-color, with one color and one different anti-color)
and therefore interact not onlywith quarks but also among themselves. Since SU (3)C
is believed to be an exact symmetry, gluons are massless.

The renormalization of a gauge theory leads to the definition of running coupling
constants, whose value depend on the energy scale at which they are evaluated. In
QCD, at leading order the dependence of the coupling constant on the energy scale
Q is given by:
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αs(Q
2) = 12π

(11NC − 2nf) log
Q2

�2
QCD

, (2.4)

where NC is the number of colors, nf is the number of quark flavors that are active
(i.e. whose mass is lower than the energy scale) and�QCD is the infrared cutoff scale
that sets the limit of validity of the perturbative approximation. In QCD NC = 3, so
for nf < 16 the coupling constant decreases with the increase of the energy scale of
the process considered. This behavior has important consequences on the properties
of the strong interaction:

• At high Q2 (i.e. at small distances), αs becomes small enough for the perturbative
approximation to be correct. In this case quarks and gluons behave as free particles;
this behavior is referred to as asymptotic freedom [9, 10].

• When the momentum transfer is small (i.e. at large distances)αs is large; this gives
rise to confinement: quarks cannot be observed as isolated particles, as it is not
possible to extract individual quarks fromhadrons.When the distance between two
quarks is increased, the potential energy increases as well, up to the point when it
is energetically more favorable to create from the vacuum a quark-antiquark pair
and thus a new hadron is formed.

• In a collider experiment, quarks and gluons will create a collimated spray of
hadrons, referred to as jet.

The evolution of the QCD coupling constant with the energy scale has been
verified experimentally, as shown for example in Fig. 2.1.

Q [GeV]

210 310

 (
Q

)
sα

0.08

0.09

0.1

0.11

0.12

0.13

0.14 ATEEC 2012 Global fit World Average 2016

ATEEC 2012 ATEEC 2011

32CMS R CMS 3-jet mass

CMS inclusive jets 7 TeV CMS inclusive jets 8 TeV

 cross sectiontCMS t D0 angular correlations

D0 inclusive jets

ATLAS

Fig. 2.1 Experimental determinations of the QCD coupling constant αs. The 2016 world average
is shown in the green hatched band. Figure from Ref. [11]
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2.1.4 Electroweak Interaction and Higgs-Englert-Brout
Mechanism

The theory of electroweak interactions is based on the symmetry group SU (2)L ×
U (1)Y. This symmetry breaks at a scale around 100 GeV giving rise to the electro-
magnetic interaction, mediated by the photon, and to the weak interaction, mediated
by the Z and W± bosons for neutral currents and charged currents respectively. The
number of mediators, four, is the same as the number of generators of the symmetry
group.

The SU (2)L part of the symmetry group governs the weak interactions, and the
subscript L indicates that only left-handed particles participate to them. Left-handed
and right-handed fields (ψL and ψR respectively) are defined through the chirality
projectors PL and PR :

ψL = PLψ = (1 − γ5)

2
ψ ,

ψR = PRψ = (1 + γ5)

2
ψ ,

where γ5 is defined as γ5 = iγ0γ1γ2γ3. Looking back at Eq.2.1, it can be noted that,
if we decompose the fermion field into its left-handed and right-handed components,
the derivative term keeps ψL and ψR separated, while the mass term mixes them:

−mψ̄ψ = −mψ̄P2
Lψ − mψ̄P2

Rψ = −mψ̄RψL − mψ̄LψR .

The covariant derivative for the SU (2)L ×U (1)Y group is:

Dμ = ∂μ − ig′BμY − igWk
μT

k , (2.5)

and substituting with this the regular derivative results in the interaction Lagrangian:

LEW
int = −g′

2

(
ψ̄γμYψ

)
Bμ − g

∑

k

(
ψ̄γμT

kψ
)
W μ

k ,

where we have introduced T k , the weak isospin operator, and Y , the hypercharge
operator (associated to the U (1)Y group), and the respective coupling constants g
and g′. The quantum numbers of the T k and Y operators relate to the electric charge
Q through the Gell-Mann Nishijima relation:

Q = Y

2
+ T3 ,

where Y is the hypercharge quantum number and T3 is the quantum number of the
third component of the isospin.
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In the case of an SU (2) symmetry, it is not possible to add directly to the
Lagrangian a mass term for the vector bosons of the form in Eq.2.2, as it would spoil
the SU (2) local invariance. The Higgs-Englert-Brout mechanism [12–14] solves this
problem through spontaneous symmetry breaking (SSB) of the SU (2)L ×U (1)Y
invariance. The SSB is obtained by adding to the theory one extra isospin doublet of
complex scalar components, the Higgs field:

� =
(

φ+
φ0

)
.

This doublet has hypercharge Y = 1 and isospin T = 1
2 ; the first component has

positive electric charge, while the second one is electrically neutral. The Lagrangian
for this new field includes a kinetic and a potential term:

L� = (Dμ�)†(Dμ�) − V (�) , (2.6)

where Dμ is the covariant derivative defined in Eq.2.5 and the potential V (�) is
given by:

V (�) = μ2�†� + λ(�†�)2 .

The two real parametersμ2 andλ relate respectively to themass term and the strength
of the self-interaction term. The shape of the potential depends on the value of these
parameters:

• Ifλ < 0, the potential does not present any stableminima, and this case is therefore
unphysical.

• If λ > 0 and μ2 > 0 there is only one solution to the minimization of the potential,
� = 0. This case is shown in Fig. 2.2a.

• If λ > 0 and μ2 < 0, the field acquires a vacuum expectation value (VEV) as the
minima is not at zero; it lies instead on the points of the circumference such that:

�†� = μ2

2λ
≡ v2

2
. (2.7)

Figure2.2b illustrates this case.

Up to this point the SU (2)L ×U (1)Y symmetry is still intact, but the explicit
choice of one of the infinite possible vacuum states for the Higgs field breaks the
symmetry. According to the Goldstone theorem [15], the breaking of a continuous
symmetry leads to the appearance of newmassless scalar particles as field excitations.
These new degrees of freedom are absorbed by the existing gauge bosons, thus giving
them mass. To meet the experimental requirement of a massless photon, the choice
of the Higgs vacuum has not to break the electromagnetic symmetry, U (1)EM , so
the component of the Higgs doublet that acquires a VEV is the neutral one:
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Fig. 2.2 Higgs potential in the case a λ > 0 and μ2 > 0 and b λ > 0 and μ2 < 0

�0 = 1√
2

(
0
v

)
.

Wecan then expand thefield� considering small excitations around theminimum:

� = ei �σ·�θ(x)/v
√
2

(
0

v + φ(x)

)
, (2.8)

where φ(x) is the physical field associated with the Higgs boson, �σ the Pauli matrices
and �θ(x) the three degrees of freedom absorbed to give masses to the Z and W±
bosons. Inserting Eq.2.8 into Eq.2.6 relates the mass of the Higgs boson to the
parameters in the potential:

mH =
√

−2μ2 = √
2λv . (2.9)

Since the numeric value of the μ2 and λ parameters is not set, the theory does not
predict a specific value for mH . The physical mass eigenstates of the gauge bosons
are a rotation of the interaction eigenstates, given by:

W±
μ = W 1

μ ∓ W 2
μ√

2
,

Aμ = Bμ cos θW + W 3
μ sin θW ,

Zμ = W 3
μ cos θW − Bμ sin θW ,

where we have introduced the Weinberg angle θW such that:



2.1 The Standard Model of Particle Physics 13

tan θW ≡ g′

g
.

The (Dμ�)†(Dμ�) term in Eq.2.6 gives rise to the physical mass of the gauge
bosons: once applied to the Higgs field, the covariant derivative in Eq.2.5 produces
terms quadratic in the gauge fields, that we interpret as mass terms:

L� =
(
1 + φ

v

)2 {
m2

W W †
μW

μ + 1

2
m2

Z ZμZ
μ

}
+ LH ,

where LH denotes all the terms in L� that involve only the Higgs field: Higgs boson
mass, cubic and quadratic self-interaction. Note that the coupling of the gauge bosons
with the Higgs field is proportional to the square of the boson mass. At tree level the
resulting masses of the gauge bosons are:

mγ = 0 ,

mZ = v
√
g2 + g′2

2
,

mW = vg

2
= cos θWmZ .

Therefore, the Higgs-Englert-Brout mechanism generates automatically a mass
term for the gauge bosons, that does not break the global underlying SU (2)L ×U (1)Y
symmetry. The Higgs field is also used to make fermion mass terms arise, but in this
case it is necessary to postulate a Yukawa interaction between the Higgs and fermion
fields. The fermion masses are assumed to be proportional to the strength of the
coupling and, unlike the masses of the gauge bosons, they are not related to other
parameters of the theory. While the Higgs field itself is enough to give mass to down-
type fermions, the mass term for the up-type fermions requires the introduction of
the complex conjugate of the Higgs field (�C ):

�C = iσ2�∗ = i

(
0 −i
i 0

)(
φ−
φ0∗

)
=

(
φ0∗
−φ−

)
.

If we identify as y f the coupling of the fermion f to the Higgs field, referred to as
Yukawa coupling, the additional part of the Lagrangian that generates the fermion
masses is:

LYukawa = − [
yd

(
ūL d̄L

)
�dR + yu

(
ūL d̄L

)
�CuR

] + h.c.

= − 1√
2

[
yd (v + φ) d̄LdR + h.c. + yu (v + φ) ūLdu + h.c.

]
.

In this equation we can now easily identify the fermion mass terms, of the form:


