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Our current understanding of matter and its interactions is sum-
marised in the Standard Model (SM) of particle physics. Many exper-
iments have tested the predictions of the SM with great success, but
others have brought our ignorance into focus by showing us there are
new phenomena that we can not describe within the framework of the
SM. These include the experimental observations of neutrino masses

and dark matter, which confirms there must be new physics.

What this new physics may look like at colliders motivates the original
work in this thesis, which comprises three studies: the prospects of future
electron-positron colliders in testing a model with an extended Higgs
sector with a scalar triplet, doublet and singlet; the discovery potential
at the Large Hadron Collider (LHC) of a non-minimal Supersymmetric
model via conventional sparticle searches and via searches for displaced
vertices; and the experimental search for long-lived massive particles
via a displaced vertex signature using data of proton-proton collisions
collected at a collider center of mass energy of 8 TeV in 2012 by the
ATLAS detector operating at the LHC.
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Preface

This thesis describes most of the research work undertaking during my PhD, both
in experiment and theory in the field of High Energy Particle Physics (HEP). Part I
and II of this thesis should be read as a necessary introduction, motivation and literature
review of material taken from the references cited within the text, and not as my original
contributions to the field. Part IIT and IV highlights my work done in collaboration with
other people, which is based on the contents of three published papers.

Chapter 7 [I| was a collaborative effort with members of the ATLAS displaced vertex
(DV) team, and is based on years of optimisation of the DV analysis within ATLAS and
also the smooth operation of CERN’s LHC and the ATLAS experiment. This Chapter
explains my contributions to the DV analysis, which focused in the implementation of
the DV-+p7™ and DV +jets searches. Parts of the analysis not related at all to my own
work are not included. Only dominant systematic uncertainties in the DV+p7* and
DV—+jets searches are stated in Section 7.3. Most of these were my own implementation,
with the exception of the effect of initial and final-state radiation on jets, implemented by
N. Pettersson and the uncertainty on trackless jets, done by N. Barlow. All systematic
corrections described in [!| are included in the final results of this thesis, but the studies
not mentioned are not my work, so are not described. The results from background
estimation in Section 7.5 were performed by N. Barlow, H. Otono and N. Pettersson.
These are incorporated into the final result of the thesis, but the studies themselves are

not my own work so are not described. Some of the contents from this Chapter are

copied almost verbatim from [1].

Chapter 8 |2] was done in collaboration with B.C. Allanach, N. Desai, M. Badziak,
R. Ziegler and C. Hugonie. B.C. Allanach contributed to the idea of the project and
supervised every aspect of it. M. Badziak and R. Ziegler contributed to the generation
of the pNMSSM spectrum in Section 8.1 for our signal model. C. Hugonie performed the
numerical scan leading to our benchmark point PO. N. Desai applied the standard “prompt”

collider constrains to the model in Section 8.1 and performed the standard reconstruction



miss

of jets and p7™ within the PYTHIA 8 event generator. My specific contribution was the
implementation of displaced vertex searches on the model in Section 8.2. This included
the creation of a model independent reconstruction algorithm for displaced vertices inside
PYTHIA 8, in addition to the validation against ATLAS models of such algorithm and
to develop a strategy - by combining standard prompt cuts with looser displaced vertex
cuts - for discovering the model after realising current limitations from displaced searches

at ATLAS. Significant content from this Chapter is copied almost verbatim from [2].

Chapter 9 || was done in collaboration with M.A. Diaz, S. Blunier and B. Koch. M.A.
Diaz contributed to the idea of the project and supervised every aspect of it. B. Koch
gave comments along the project. The extraction of the cross-sections with MADGRAPHS
in Sections 9.2 and 9.3 was done by S. Blunier. My specific contributions included
the identification of the model benchmarks and constrains in Section 9.1 along with S.
Blunier, the extraction of all relevant Feynman rules in Appendix A after the model was
implemented in FEYNRULES by S. Blunier, the computation of all decays in Section 9.4
and identifying the promising channels for discovery in Section 9.5. Significant content

from this Chapter is copied almost verbatim from [3].
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days in a backward society where adventure is kept under the bed, like a dog. I should
have a lion-like adventure: I would go in for theoretical physics in order to live at the

very heart of true romance”

— The Morning of the Magicians, Louis Pauwels and Jacques Bergier
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Theoretical foundations






Chapter 1

The Standard Model of particle
physics and beyond

Our current understanding of matter and its interactions is summarised in the Standard
Model (SM) of particle physics [!—10], the theoretical framework that describes almost
all known elementary particle interactions, except for gravity. It describes three of the
four fundamental forces known in Nature - the electromagnetic, weak, and strong nuclear
force - and classifies all the subatomic particles known to date. A pictorial summary of
the SM is given in Figure 1.1. Table 1.1 shows relevant values and quantum numbers for

all known elementary particles.

Many experiments have tested the predictions of the SM with great success', in-
cluding in 2012 the last confirmation of the SM with the discovery of the Higgs boson®.
Nevertheless, other observations have brought our ignorance into focus by showing us
there are new phenomena that we can not describe within the framework of the SM.
These include the preference of matter over antimatter in our Universe, neutrino masses

and dark matter®.

This Chapter aims to give a brief introduction to the SM and outline the reasons
why it must be extended, exposing the need to search for new physics beyond the SM
(BSM). Most of the content in this Chapter is based on Refs. [10, 10, 17] and emphasizes

concepts and topics to be discussed in the rest of the thesis.

! The SM interactions have been tested very accurately (at the per mille level) mainly by LEP (Large
Electron Positron collider) at CERN and the proton-antiproton collider Tevatron at Fermilab [13].
% Made by the ATLAS and CMS collaborations at CERN’s Large Hadron Collider (LHC) [11,17].

3 These observations will be clarified in Section 1.3.
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Figure 1.1: The Standard Model of particle physics, obtained from [!1]. Quarks are in light
red, leptons in green, gauge bosons in light blue and in purple is the Higgs boson.
The photon is the carrier of the electromagnetic force. The gluon is the carrier of
the strong force. The W and Z bosons are carriers of the weak force. The Higgs
field gives mass to all fundamental particles.

e

electron

Name Discovered at Mass Charge | Colour | Spin Lifetime
electron e Cavendish Laboratory (1897) 0.511 MeV -1 no 1/2 stable
muon x4 Caltech & Harvard (1937) 105.66 MeV -1 no 1/2 2.2x10° sec
tau T SLAC (1976) 1776.82 MeV -1 no 1/2 | 29x10™" sec
electron neutrino v, | Savannah River Plant (1956) <2eV 0 no 1/2 stable
muon neutrino v, Brookhaven (1962) < 0.19 MeV 0 no 1/2 stable
tau neutrino v, Fermilab (2000) < 18.2 MeV 0 no 1/2 stable
up quark u SLAC (1968) 2.3 MeV 2/3 yes 1/2 stable
down quark d SLAC (1968) 4.8 MeV -1/3 yes 1/2 stable
charm quark ¢ Brookhaven & SLAC (1974) 1.275 GeV 2/3 yes 1/2 1.1 x 1072 sec
strange quark s Manchester University (1947) 95 MeV -1/3 yes 1/2 1.24 x 107 sec
top quark ¢ Fermilab (1995) 173.21 GeV 2/3 yes 1/2 | 4.2x107% sec
bottom quark b Fermilab (1977) 4.18 GeV -1/3 yes 1/2 1.3x 10" sec
photon ~ Washington University (1923) 0 0 no 1 stable
gluon g DESY (1979) 0 0 yes 1 stable
W boson CERN (1983) 80.385 GeV +1 no 1 3 %107 sec
Z boson CERN (1983) 91.1876 GeV 0 no 1 3 %107 sec
Higgs boson H CERN (2012) 125.7 GeV 0 no 0 | 1.56 x 1072 sec

Table 1.1: Parameters of known elementary particles.

extracted from [12].

Idea taken from [!!]. Parameters
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1.1 An SU(3) x SU(2) x U(1) theory

The SM is a gauge quantum field theory (QFT) with gauge symmetry SU(3)s x SU(2), x U(1)y.
SU(3)c is the gauge symmetry of quantum chromodynamics (QCD) [7, ], the theory
of the strong interactions, and SU(2); x U(1)y is the symmetry of electroweak interac-
tions [—0]. The SM is essentially built by requiring invariance under local transformations
of the gauge group (i.e gauge invariance), invariance under the Poincaré group (trans-
lations, rotations and Lorentz boosts) and renormalisability (which tells us that the
quantitative predictions of the theory at low energies is not affected by the dynamics at

much higher energies).

The matter content of the SM consists of 6 leptons and 6 quarks that pair up to
transform under SU(2),. There are 3 generations” of left-handed SU(2) doublet pairs of
quarks and leptons (fermions), listed in Table 1.2. Right-handed fermions” are SU(2)
singlets and are indexed by the first-generation label (such that U = uk and D = d;).

Summarizing, SM fermions consists of 3 copies of 5 fields ¥; = @, uTR, d%, L, eTR.

Fermion name | Field Spin 1/2 SU3)c, SU(2)., U(1)y
quarks Q" | (up dp), (cp sp), (tp bp) (3,2, ¢)
| 1)
D' b, st bl (3,1, 1)
leptons LY (e er), W po), (v 71) (1,2, -3)
E' ek 1 Th (1,1,1)

Table 1.2: Fermion fields in the Standard Model. Quarks carry SU(3) colour charge (red,
green or blue), while leptons are colourless. The superscript ¢ = 1,2, 3 indexes
the generation. The subscripts L and R indicate the implicit chirality of the field.
Note that the two-component fields are written in a line for convenience. A Dirac

Yy,

YR
Weyl spinors vy, as the Hermitian conjugate of any right-handed Weyl spinor is

a left-handed Weyl spinor. The gauge representation in the last column indicates
singlet, doublet or triplet representations and the last entry corresponds to Y, the
weak hypercharge.

fermion ¥ is formed with 2 Weyl spinors ¥ = ( > . The table shows left-handed

In addition to the fermions, the gauge sector of the SM contains spin-1 gauge boson
fields of the symmetry group SU(3)c x SU(2); x U(1)y. These are listed in Table 1.3.

4 Also termed families, copies or flavours.
> Right-handed neutrinos have not been observed and are not present in the SM.
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Boson name | Field | Spin1 | SU(3)¢, SU(2)., U(1)y
gluon G g (8,1,0)
W bosons | Wy wE w' (1,3,0)
B boson B, B’ (1,1,0)

Table 1.3: Gauge fields in the Standard Model. There are 8 gluon fields a = 1, .., 8 correspond-
ing to the 8 generators of SU(3)s. The 3 weak isospin generators of SU(2),, are
W;f with a = 1,2,3. The U(1)y weak hypercharge symmetry has one singlet gauge
field, B,,. The gauge representation in the last column indicates singlet, triplet or
octect representations and the last entry corresponds to Y, the weak hypercharge.

The SM also has a complex scalar Higgs doublet H, with (1, 2, 1/2) representation
under SU(3)q, SU(2);, U(1)y, respectively. All fermions couple to the gauge bosons
and the Higgs scalar field. The SM Lagrangian can be written generally as,

1 g
Ly = 00" D by — ZF““”F;‘,, — Y9yl H + |D,H + *H'H — N(H'H)? + h.c
(1.1)

with 3" = (1, —0") with ¢’ the three Pauli matrices. The covariant derivative is
D,=0,—idYB, — tgo"W; — 1g.\,G,. ¢, g and g, are the U(1), SU(2) and SU(3)
couplings, respectively. The o“W* (with ¢” the three Pauli matrices, the generators
of SU(2)) term will be absent when a particle is SU(2); singlet and for a field with
SU(3)¢ colour, the extra term —% gsAaG, is included to the covariant derivative, where
Ay, a = 1,..,8 are the Gell-Mann matrices, the generators of SU(3). The field strength
tensor is I, = 0,F, —0,F) —l—gfachﬁFl,c for a gauge boson field F = W, B, G, with g the
corresponding coupling. f,. are known as structure constants. A Lie group is abelian if
Jape = 0 (in the case of U(1)) and non-abelian otherwise. We can note that for non-abelian
gauge theories or Yang-Mills theories the presence of these structure constants leads to
self-interactions of the gauge bosons. In the case of QCD, it is strongly believed that
is the (coloured) gluon self-interaction that leads to confinement of quarks within a
nucleus [|5]. Free quarks have never been seen and only colour-neutral combinations (i.e.
hadrons) are observed, such as mesons and baryons (states with two and three quarks).
While at long distances QCD confines color, at short distances (or high energies) the
theory is asymptotically free [19], meaning that the strong force becomes relatively weak,

allowing quarks and gluons to behave as free particles inside hadrons.
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The 3 x 3 complex matrices Y in equation 1.1 are Yukawa matrices characterizing

the flavour sector. The Higgs potential is

V(H) = —p?|H|* + N H|". (1.2)

1.2 Electroweak symmetry breaking, the Higgs and

particle masses

Electroweak unification is based on the symmetry breaking of SU(2), x U(1)y — U(1)g.
The electroweak force is spontaneously broken down to the electromagnetic and weak
forces at low energies. The massless photon arises as a linear combination of the
hypercharge gauge boson and one of the generators of SU(2),. Gauge invariance forbids
an explicit mass term for the gauge bosons in equation 1.1, and we know from experimental
evidence the W and Z are indeed massive. The solution to this issue in the SM is provided

by the Higgs mechanism of electroweak symmetry breaking (EWSB) [20-27].

In the SM, SU(2);, x U(1)y is broken by the vacuum expectation value (vev) of the
Higgs field H. The Higgs doublet complex field can be written in term of four real degrees

of freedom,

H:L b1 + iy (1.3)

V2 O3 + 194

and we know that by gauge symmetry we can rotate this doublet H — U(z)H (with
U(z) being a general SU(2) gauge transformation) such that three degrees of freedom
are removed from H and are contained in U(x), which has three parameters. We can
then further fix the gauge by setting ¢, = ¢ = ¢4 = 0, such that the only non-zero

component of H is the neutral real scalar’es = ¢.

The Higgs potential in 1.2 must be bounded from below for it to be stable and to
ensure it has a global minimum, forcing A\ > 0. For x® > 0, it will have a minimum for
field values satisfying |H| = HH' = j/v/X. Due to the gauge fixing we did before, only
one component of the Higgs doublet will get a minimum or vev, so the gauge symmetry

is spontaneously broken, meaning that the vacuum of the theory does not share the

5 This particular choice of gauge or gauge fixing is called the unitary gauge.
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0
symmetry of the Lagrangian in 1.1. The vev of the Higgs field is (H) = , with
. V2
v = ﬁ

Note that this vev breaks 3 of the 4 symmetries” and one combination of U(1)y and
SU(2),, remains unbroken: electromagnetism U(1),. We can see this by checking that
(é +Y)(H) = 0, which tells us the combination @ = %3 +Y is the unbroken generator,
as it does not change the vev of the field (and corresponds to the unbroken symmetry).
We identify Q with the electric charge®. The vacuum is invariant under a transformation
(HY — @9 () = (H). All other clectroweak generators are broken by vacuum. The

gauge bosons corresponding to those generators will get masses.

By expanding H around its minimum we find the spectrum of the theory. We expand

the field around the vev such that ¢ = v 4+ h, were the excitation h is a real scalar,

0
corresponding to the physical Higgs boson particle. Using H = \/Li in the
v+ h

kinetic term | D, H|* in 1.1 the gauge bosons masses will arise from,

2
(%

62928

M

(W) 4+ (W) (B = W)’), (1.4)
and the mass eigenstates are found by the following transformation of the fields,

1
W, =—
] \/§
Z,, = cos GWWj’ —sinfy B,

w
A, = sinfy W, + cos by B, (1.5)

1 2
(W, FW,)

uw =

7 Spontaneous symmetry breaking has different implications depending on the nature of the symmetry. If
the symmetry is a continuous global symmetry, such as ¢(z) — €' @(x), the breaking of the symmetry
implies the existence of massless particles (Goldstone bosons). If the symmetry is gauged, such that
o(x) — eia(z)qb(x) with an associated massles gauge field, then the gauge boson will acquire a mass (via
the Higgs mechanism) [10]. In unitary gauge we say that the gauge boson “eats” the Goldstone boson
through the Higgs mechanism. The original symmetry was (b? + ¢>§ + ¢§ + qbi = HH' /2 = constant,
so three global symmetries are broken when choosing a particular direction and the three degrees
of freedom (i.e the “would be” massless Goldstone bosons) will become the longitudinal part of the
W and the Z bosons.

3
8 Note that 5 = T? is the third component of weak isospin. Other convention used is Q = T° + %

where Y = —1 for leptons for instance. Y in this sense is a free parameter of the theory and is
adjusted appropriately so that the electric charges of the quarks and leptons come out correctly.
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with tan 6y, = ¢’ /g, with 0y, the Weinberg angle. Inserting equations 1.5 in 1.4, we

see that the mass terms for the gauge bosons are

mA:()
[X%
myy = —
W
v 2 2 mw
= \/F+q%= 1.6
mz =G\ I = (1.6)

where there is no mass term for the photon A,. The mass of the W and the Z are

related. Often the p parameter [20] is defined as,

2
myy

p= (1.7)

(1 cos By )

which is equal to 1 at the tree level in the SM and it is precisely measured”.

Considering the terms for A in 1.1, we find that the mass of the Higgs is given by,

my, = V2u = V2 (1.8)

The mass terms for fermions will arise from the Yukawa interaction terms in equa-

tion 1.1, given by
L=V el L.H —YIubQioy H — Y dQH + h.c (1.9)

After EWSB, the mass terms become

()

V2

v

V2

v

L= Yli‘je}ﬁew — Ydijd}r{idLj — \/EYuiju%iuLj + h.c. (1.10)

from where we see that fermion masses are proportional to the Higgs vev. The Yukawa

matrices are in general non-diagonal. Fermion masses are of the form

9 Deviations from unity in this parameter could imply BSM physics.
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(%

V2

my; = —=Y; (1.11)

were f = [, u,d stands for the leptons, up and down quarks, respectively and Y7 are
the diagonal elements of the corresponding diagonalized Yukawa matrix. We can go
to a diagonal mass basis by rotating the fields in the quark sector'’ via two unitary
matrices Uy, U,, so that the fields will transform as u; — U,u; and d; — Uyd;. The
mass matrices mix the weak eigenstates of different generations and the resulting mixing
matrix is defined as V., = U.U,, and is known as the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. The CKM matrix can be parametrized by three angles and a phase. The

presence of a non-zero phase implies C'P—violation in the SM."

1.3 The need for new physics and motivations of this

thesis

Despite the success of the SM in explaining the observed data at low energies, there
are many reasons we do not accept it as a final theory of Nature. The SM leaves many
fundamental questions unanswered'”, starting by the fact that it must be extended to
incorporate the effects of quantum gravity arising at the Planck scale A ~ 10" GeV.
Other puzzles include the hierarchy of the parameters in the flavour sector (i.e fermion
masses and CKM angles), the number of fermion families (why three?) and the lack of
unification of the three gauge coupling constants at a certain (grand unification) scale.

Another issue is the so-called hierarchy problem, which arises from the fact the SM does

10 Rotating the fields in the quark sector only has an observable effect in the weak charged current
interactions with the W * , which transform flavour states. Neutral currents are not affected by the
redefinition of the fields. Also, a field transformation in the lepton sector is not observable because
we can also redefine the lepton and neutrino states and absorb the transformation matrix. However,
we can see a similar mixing with the charged leptons and the neutrinos when neutrinos are massive,
but we leave that discussion for Section 1.3, as this is a BSM effect.

C P refers to charge conjugation and parity. As left-handed fields couple differently from right-handed
ones, the SM violates parity. Charge conjugation interchanges particles with antiparticles. We know
the C'P combination is also violated in the SM weak interactions by rare processes involving hadrons.
There is another possible form of C P—violation in the SM, known as strong C'P—violation, which is
expected but has never been observed. This issue is known as the “strong C'P problem” [10] and
it motivates BSM model building, such as models with axions [27,25]. Axions are also good dark
matter candidates [ 7].

2 For a more extensive list of unsolved issues or problems in the SM, see Refs [17,29].
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not explain why the Higgs should be light. Looking at the SM as an effective field theory
(EFT), we understand that it is valid until a certain scale (i.e cut-off scale) that we call
Agy (which could be the Planck scale, unless there is some new physics in between at
the TeV scale). Why is m;, < Ag,? Or in other words, why is the electroweak scale so
small in units of the cut-off? This is the hierarchy problem, and it has been a major

motivation in the construction of BSM theories.

Even more, there is experimental data that can not be explained within the SM,

including:

e neutrino masses and mixing angles [}0—:7]: neutrinos change their flavour while
traveling free in space, implying they are massive and that their flavours mix. This

is a clear indication of BSM physics.

e the presence of dark matter [0—11]|: observations of galaxy rotation curves and the
Cosmic Microwave Background (or CMB, the thermal radiation left over from the
Big Bang) tells us there must be a different type of matter that is non-luminous
(is “dark”). We can only infer is there via the gravitational effects it has on normal
matter. About 27% of the mass of our Universe is made of this neutral, colourless,

non-baryonic, cold dark matter, which is not accounted for in the SM.

e the observed abundance of matter over antimatter |!2]: the Universe has more
baryons than anti-baryons. Such an asymmetry in baryon number can be achieved
if C'P is violated, via a proposed mechanism known as baryogenesis [!]. However,
the only known source of C'P—violation in the SM is the phase in the CKM mixing
matrix, and this amount of C'P—violation is not enough to explain the baryon

density.

This experimental evidence confirms that there must be BSM physics. In the rest of

this Chapter we will detail the main motivations for the works in this thesis, which are:

e the study of a model with an extended Higgs sector, motivated by the need of a
mechanism that explains why neutrinos are massive and the need for a dark matter

particle candidate.

e the study of long-lived particles in Supersymmetry, a theoretical BSM scenario
motivated by naturalness (the hierarchy problem), gauge unification and the need

for a dark matter particle candidate.
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e the (model independent) experimental search for long-lived particles via a displaced
vertex signature, which is a motivation on its own in this thesis, as long-lived states

can be present in many BSM theories.

1.3.1 Neutrino masses as a motivation for an extended Higgs

sector

Neutrinos are massive and we need to extend the SM to account for this fact. There
are two different mass terms that are allowed for neutral fermions like neutrinos: Dirac
and Majorana. If we assume right-handed neutrinos exist', neutrino masses can be
generated after EWSB via Yukawa interaction terms with the Higgs boson with a term
of the form Y,ijLiLjH, in an analogous way as in equation 1.9. The mass term that

arises is of the same kind as other fermions, m, = %Yy, and is called a Dirac mass term.

This is the simplest possibility to give neutrinos mass.

However, a Dirac mass term for neutrinos does not naturally explains the smallness
of neutrino masses. For a neutrino mass to be in the ¢V range, a value of Y, ~ O(10™ )
or less is needed, which is generally considered unnatural |!!]. This is one of the reasons
people turn to the so-called see-saw mechanism of neutrino mass generation [1°], where a
Majorana mass term of the form M"Y ViiVgj can also be possible, where vj is the charge
conjugate of vp. Another reason to consider a Majorana mass term is that nothing really
forbids it. Once it is there, total lepton number is violated (as Majorana fermions are
their own antiparticles), but lepton number conservation is an accidental symmetry of

the SM, so a Majorana mass term is not forbidden by electroweak symmetry.

The most general mass term for neutrinos includes both Majorana and Dirac mass

(&

terms. A Dirac spinor for neutrinos would be ¥ = . We can construct Dirac
VR
spinors out of single Weyl spinors v; and vy by defining the (four-component) Dirac
. 2«
spinors U, = "L and Uy = SR (with vy = ic”v; and v = vio?) [10].
iU Vg
In this way, Dirac and Majorana mass terms can be written in a uniform notation as,

_ M-
,C: _m\I[L\IIR_T\IIR\IIR (112)

3 Sometimes people also refer to right-handed neutrinos as sterile neutrinos.
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considering one generation for simplicity. We can see that W; and ¥y mix, so the

neutrino mass eigenstates will arise from diagonalizing the mat