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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].

11
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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 matrix,

0 m
M, = . (1.13)
m M

Majorana masses can be very large since they arise from effects beyond the SM, for
example Myyp ~ 10" GeV (the scale where the 3 gauge couplings meet when considering
a larger group structure like SU(5) [!7]). Since Dirac masses are of the order of the
electroweak scale, m ~ 100 GeV, we have m < M. The eigenvalues of 1.13 in this limit

are,

my = (1.14)

12

=3, &

(1.15)

my,

This leads to an attractive mechanism for explaining the smallness of neutrinos masses
compared to charged fermion masses. It is called the see-saw mechanism, as when my

goes up, m,, goes down [10)].

The origin of neutrino mass can be attributed to a single, non-renormalizable, dimen-

sion 5, lepton number violating Weinberg operator [ /(] of the form,

A7
L= TLZ-H(HLJ»)T, (1.16)

that we can add to the SM. After EWSB, the Higgs gets a vev v and neutrino
masses are m,, ~ )\%. Note that this term accounts for the smallness of neutrino masses,
irrespective of what is the UV theory that replaces this EFT at a given A (i.e without
the specific need of right-handed neutrinos, which is the simplest possibility).

There are basically three ways to generate the dimension 5 operator in 1.16 at the
tree level, or three see-saw models, known as see-saw Type-I, II and III (See Ref. [ 17, 1¥]
and reference therein). These three mechanisms generate the operator by the exchange
of new heavy states, that could be fermion singlets (like right-handed neutrinos), scalar

triplets or fermion triplets, respectively. The main idea behind the Type I, IT and III
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see-saw is that, as the masses of the intermediate states are high, neutrinos naturally

become light [17].

Irrespective of the model of neutrino mass generation, if neutrinos are massive
Majorana particles, lepton number L is necessary broken. But the nature of the breakdown

is not necessarily known. There are three possibilities [19]:

e [ is explicitly broken in the Lagrangian (via a Majorana mass term for right-handed

neutrinos or via a L violating coupling with the Higgs field).

e [ is spontaneously broken locally (i.e gauged), with a resulting massive vector boson

(i.e a la Higgs mechanism).

e [ is spontaneously broken globally, in which case we have massless Goldstone boson

appearing in the theory, the Majoron.

In this thesis, we focus on a particular Type-II see-saw model where lepton number is
spontaneously broken globally. This model was first introduced in [70] and it extends
the Higgs sector of the SM by adding a scalar singlet field o and a scalar triplet A under
SU(2). Given the structure of one singlet, one doublet ¢ (the SM Higgs doublet) and a
triplet, the authors in [70] termed it the “123” Higgs triplet model (HTM).

In the “123” HTM, the neutrino mass matrix takes the form [>1]

ML m
M, = . (1.17)

T
m MR

The entries M; and My arise from the vevs of the triplet vo and singlet v, respectively.
It is reasonable to assume the hierarchy M, < m < My, as m ~ v, with vy is the vev
of the Higgs doublet, and M ~wv,, this hierarchy is achieved when vy < vy < v,
See-saw neutrino masses arise from the diagonalization of the above mass matrix. The
light neutrino masses have a contribution from the small triplet vev. The “123” HTM is
studied further in the next Chapter.

Even though we do not know which type of mass neutrinos have nor where it comes
from, we know that a mass term in the Lagrangian like the one in equation 1.13 can be

diagonalized by rotating the charged leptons and neutrino fields, such that e;, — Ve,

" Tt will be clear once we consider experimental constrains the fact v has to be small to account for
the measured p parameter.
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and v;, — Uy, in analogy with the quark sector. The diagonalizing unitary matrix in
this case is Upyns = VLT U and is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

matrix.

Most of what we know about neutrino masses comes from neutrino oscillation experi-
ments. There are six parameters in the neutrino sector: two mass-squared differences
(solar and atmospheric, which are around 10~ — 107> eV?), three mixing angles and one
complex phase. Five of them have been measured (for detailed up-to-date numbers, see
Ref. [72]), with the exception of the C'P violating phase. So, there are still big open
questions in neutrino physics, such as whether there is C'P violation in the leptonic sector

or whether or not neutrinos are Majorana particles.

Whether neutrinos have Dirac or Majorana masses, and independently of which
specific mechanism their masses come from, testing these involve unobserved new physics,
such as i) new particles (fermions or scalars) that could be observed at colliders or ii)
lepton number violating processes, which can be tested at colliders or neutrinoless double

B decay (i.e KT — m ee™) type of experiments.

1.3.2 Naturalness, gauge unification and a dark matter particle
candidate as motivations for Supersymmetry

We know that loop corrections to the mass of the Higgs boson are quadratically divergent.

We can write the physical (or renormalized) Higgs mass as [17],

A2
mgh}’sical = mfree +0O < 1657:_/[2 ) (1 . 18)

. 2 2 2 . .
with Ami = Mppysical — Miree; and the corrections come from both bosons and fermions

2

running in loops, and are of order ~ fGSNé If the physical mass is much smaller than
™

the cut-off, mf,hysical < A2, miraculous cancellations are required between the bare

mass and the quadratic correction. So we say there is no “natural” - without “too much”

fine-tunning'® - way to explain why the Higgs is light (Mphysical = 125 GeV). A natural

scale for the Higgs mass would be the cut-off scale.

1% Another issue is how to actually quantify fine-tunning. This is a subjective choice and there are still
many ongoing debates within the theoretical community to decide how much is “too much” [541,55].
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A popular scenario that could - in principle - naturally explain the mass of the Higgs is
Supersymmetry (SUSY), which is discussed further in Chapter 3. However, it is important
to mention that there is a lot of tension among the theoretical community given the
current experimental data, in particular in the Minimal Supersymmetric Standard Model
(MSSM) [72], where the experimentally measured value of Higgs mass and naturalness

do not fit perfectly together [70].

In the MSSM, the corrections to the Higgs mass become |7,

2 A
AmZ = 0<m5°f; log ) (1.19)
167

Meoft

We can see the terms ~ A* are gone, as SUSY solves the hierarchy problem due to
cancellations between the contributions of bosons and fermions. These cancellations can
take place since particles and their SUSY partners couple to the Higgs field with the
same strength coupling and since loops of fermions acquire a minus sign as compared to

scalars. So we are left with a standard logarithmic loop-level correction in 1.19.

Equation 1.19 tells us that the superpartner masses should not be too large, since
mass splittings between the SM particles and their superpartners are determined by the
parameter mgy, (that comes from the SUSY breaking needed so that SUSY partners
are heavier than their SM partners). Otherwise, we would lose a successful cure for the
hierarchy problem, since the corrections to the Higgs scalar squared mass parameter
would be unnaturally large compared to m7 = (125 GeV)2. This is the argument of
why SUSY partners of SM particles should not be much heavier than the TeV scale (as
my ~ 125 GeV = myn < 1 TeV ) [29], because otherwise its correction to the Higgs

mass would be too large.

Since we still have not found SUSY particles close to the electroweak scale, there
must be also an additional “little hierarchy problem” [57,5%] between the electroweak

scale and the scale of new physics.

Even though the naturalness argument in Supersymmetric theories is in trouble, there
are still models of non-minimal SUSY that can naturally accommodate the mass of the
Higgs (like the DGS model [9] discussed later in Chapter 3), or other unnatural SUSY
scenarios [00], such as split SUSY [01,02] or mini-split SUSY [0:]. It may be fair to say
that a large fraction of the community feels that “giving up naturalness maybe better

than giving up the rest” [50].
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Figure 1.2: Running of the gauge couplings at two-loops using the renormalization group
equations (RGEs) for the SM and the MSSM, with renormalization scale p.
Equations for the SM were taken from [0]. Equations for the MSSM were taken
from [52]. The initial condition is given by the central values of the gauge couplings
at the weak scale my, taken from [!2]. In terms of the conventional electroweak
couplings defined in the covariant derivative one has g; = \/5/739/, go = g and
g3 = g,. The intersection in the MSSM is achieved at grand unification scale
Myp ~3x 10" GeV.

Besides naturalness, another theoretically attractive reason to believe that Super-
symmetry can be realised in Nature is the unification of the three gauge couplings at
one single point at larger energies. The evolution of the gauge couplings can be seen in
Figure 1.2, where unification in the MSSM of the three gauge coupling curves defines the

grand unification scale M, ~3 x 10'® GeV.

Supersymmetry also provides the most studied examples for consistent dark matter
candidates. We know that dark matter must be neutral, colourless, non-baryonic, massive
and stable on cosmological time scales. No particle in the SM has these properties, except
maybe neutrinos, but these are too light and therefore too warm to be dark matter. A
popular BSM particle interpretation of dark matter suggests a weakly interactive massive
particle (WIMP) with a mass of the order of 100 — 1000 GeV. Although the WIMP
dark matter “miracle” is in tension as no WIMPs have been discovered, still plausible

candidates within SUSY exists such as the neutralino or the gravitino [07].
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1.3.3 The search for long-lived massive particles as a general
motivation given the need of beyond the Standard Model
physics

Long-lived massive particles (LLPs) correspond to particles with large enough lifetimes
to allow them to travel measurable distances before decaying inside a particle detector, or

are stable enough so they can travel through the entire detector length before decaying.

The mean proper lifetime 7 of a particle and the speed with which it travels relative
to the detector determine if the particle will decay inside it or not. The lifetime of a
particle at rest or proper lifetime is given by (in natural units) 7 = 1/, where I' is the
total width or decay rate, which follows from Fermi’s golden rule [12]. Due to relativistic
effects, a particle in motion will transverse a distance of Svcr, with § corresponding to
the particle’s speed in units of ¢, and v = 1/4/1 — 32 is the Lorentz boost factor.

LLPs are present in many theories, including SUSY and the SM itself. If we think
about the electron or the proton, their stability is protected by symmetry, due to
conservation of electric charge and baryon number. The muon is long-lived due to a
heavy propagator mediating its decay, the W boson. Also the neutron is long-lived due to
a combination of small couplings and small phase space for its decay (as I' couplingz).

Thinking of these examples, we can state very generally that LLPs can occur in a theory
if:

there are small couplings in the decay chain.

there are highly off-shell virtual propagators.

there are very small mass differences in the decay chain, so there is not much phase

space for the decay.

there are conserved or approximately conserved quantum numbers.

The above mentioned properties are very general and thus present in many new
BSM theories. These include gravity-mediated SUSY [00-70] with R—parity viola-
tion (RPV) [71], dynamical R—parity violation [72|, gauge mediated SUSY breaking
(GGM) [77], hidden-valley models (HV) |/], dark sector gauge bosons [77], stealth
SUSY [70], split SUSY [01,062], next-to-minimal SUSY with gauge mediation (NMGMSB) |

|, anomaly mediated SUSY breaking (AMSB) |7+, 79], models with highly ionizing parti-
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cles (HIPs), such as magnetic monopoles [*()] and also alternative models for dark matter
,87].

Finally, a historical argument stated in [%:] notes that in order to understand the

generation, such as models with feebly interactive massive particles (FIMPs) |

stability of the atom, a new framework (quantum mechanics) was needed. This would
mean that the discovery of a new state whose stability cannot be accounted for within
the framework of QFT could drastically challenge our current understanding of particle
physics. One can see this argument as an example of how probing the phenomenology of
dark matter (if dark matter is a daughter of a long-lived particle for instance) could be

very relevant from a purely theoretical point of view.
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Chapter 2

A Higgs triplet model

Several extensions to the SM Higgs sector that give a mass term to neutrinos - without
the need of extending the fermion sector - involve the spontaneous violation of lepton
number via the vacuum expectation value of an SU(2) scalar singlet, as discussed in
the previous Chapter. A common feature of these models is the presence of a massless
Goldstone boson, the Majoron J [19]. This is a rather simple possibility for the see-saw
(to have ungauged lepton number) that can be studied without the need of extending
the SU(3) x SU(2) x U(1) gauge group.

The model under consideration in this thesis was first introduced in [70] where the
authors termed it the “123” HTM. The scalar sector includes a singlet o with lepton
number L, = 2 and hypercharge Y, = 0, a doublet ¢ with lepton number L, = 0 and
hypercharge Y, = —1, and a triplet A with lepton number L, = —2 and hypercharge
YA = 2. Models in which neutrino masses arise from the interaction with a triplet field

have been discussed extensively in the literature |17, 51=01].

The scalar singlet, doublet and triplet of the model are,

C vO’ lea Z)‘O’?
\/_ X

5 (Vs + Xg T i)

¢ = - ,
¢
A — T5(va +xa+ipa) AT/V2 2.1)
B INVG) A+ ’
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where v,, vy, va are the vevs of the neutral components of each scalar field. The presence

of the triplet allows to have a term that can give mass to neutrinos, as discussed earlier.

Following the notation of [)1], the scalar potential can be written as

V(o,6,A) = pioto + p36'6 + i3 Tr(ATA) + A1 (670)” + o [Tr(ATA))?
+A3(¢T¢)Tr(ATA) + MTr(ATAATA) + M\ (0T ATA)
+81(0'0)* + Ba(0'0) (0 0) + B3 Tr(ATA) (00) — k(" Ado +hic).  (2.2)

Imposing the tadpole equations (the equations stating that the vev’s are obtained at
the minimum of the scalar potential) permits the elimination of the parameters T

and 43 in favor of the vev’s [71].

When expanding around those vev’s, the real neutral fields x,, x4, xa become massive.
At the level of the Lagrangian this means that a term 1[x, x, XA]Mi Xo Xo xa]" appears,

where

2 1,2
28,02 + TRUG A B4V, — KUgUA B30AV, — 5KV

Mi = BaVyly — KULUA 200 (A3 + A5)vgva — Kogv, | (2-3)

BVAV, — %m}i (A3 + A5)vp0n — KUV, 2(Ag + M)A + m)z;’

By diagonalizing this matrix with OXMiOf diag(m,zh,m,zlz, mis), one obtains the
masses of the neutral scalar fields hy, hy, and hy. The fields are such that O, [x,, x4, X A]T =
[hi, ho, h3]T. We assume that the lightest of them is the Higgs boson discovered in
2012 [14, 15], with mass m;, =~ 125 GeV [)2]. In this thesis we concentrate on the
phenomenology of the second C'P—even Higgs boson hy, the massive C' P—odd Higgs
boson A, and the charged Higgs boson H ¥, in consistency with the SM-like Higgs found

at the LHC being h; in the “123” model.

The pseudoscalar fields ¢,, ¢4, and pa mix due to the mass matrix Mé. The term
in the Lagrangian has the form (¢, ¢, ¢A]M£[g00 ©y oa]” with

—_ _A —_
3 /‘i',’U¢) U K’U¢>UA 3 /‘iU(z)
2
M, = KUJUA  2KUAU,  KUGU, | - (2.4)
1.2 1,020
3 K/Ud, /i/Ud)UU 3 H'Ud) ”
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By inspection, we know that there are two null eigenvalues, since two rows are linearly
dependent of the third The mass matrix is diagonalized by another rotation given by
OwMzOg dlag( g m5,m A) where G? is the massless nonphysical neutral Goldstone
boson and J is the massless physical Majoron. A is the massive pseudoscalar, and

O,ls, ¢4 oal” = [G°, J, A]" is satisfied. The pseudoscalar A has a mass,

2 2
my = %/@(UZ—Zd} + Uijﬁ’ + 4UUUA>. (2.5)
A value of k different from zero is necessary to have a massive pseudoscalar A. For
experimental reasons, we would like to take the massless Majoron as mainly singlet in
order to comply with the well measured Z boson invisible width [12,93]. Nevertheless, in
the “123” model imposing this is unnecessary because the Majoron results mostly singlet
as long as the triplet vev is small (see Appendix A.1). The Majoron can acquire a small
mass via different possible mechanisms [91]. In cases where this particle has a small mass,

it can be a candidate for dark matter |05, 90|, which further motivates the model.

We mention also the electrically charged scalars. The singly charged bosons ¢~ * and
A" mix to form the term in the Lagrangian [¢~ , AT ]MZ[¢~*, AT])", with

1y 2
—5AVA F KUAY, AsUAU RKU4U,
ML = e B/ANAY ~ ihs : (2.6)

2f)\5vAv¢ fm)qﬁv —Z)\5U¢ + §RU¢U0/UA

which is diagonalized by a rotation given by O, M>O% = diag(m? Mg, M ) As in the

previous case, by inspection this mass matrix has a null eigenvalue correspondlng to the
charged Coldstone boson. The mass eigenstate fields satisfy O, [¢~*, AT]" = [GT, HT]".
The charged Higgs mass is,

1 1
mZi =3 (li:j—: - 5)\5) (vi + 21}2). (2.7)

Finally, the doubly charged boson A™" mass is given by

1 (.
mQAH = —\jUA — )\5% + 2/4;1]2 : (2.8)

since it does not mix (it is purely triplet).
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Chapter 3

Supersymimetry

Supersymmetry (SUSY) was originally proposed in the 1970s |07, 9% by extending the
Poincaré algebra - with bosonic generators - to include new fermionic, anti-commuting
operators which generate an extended spacetime symmetry. This symmetry states that
each fermionic particle has a bosonic supersymmetric partner (and vice-versa) and
that both partners are connected by a symmetry transformation. Nowadays, SUSY is
understood as a class of theories with this underlying symmetry. Although there is no
convincing evidence for its existence in Nature, SUSY is still considered as one of the
most appealing candidates for physics beyond the SM. Its uniqueness and theoretical
beauty makes it very interesting for physicists, as it gives elegant solutions to some of
the undesirable issues in the SM, such as the hierarchy problem, and the fact it provides

a suitable particle candidate for dark matter.

There is extensive literature on SUSY, describing the motivations, foundations and
complete formulation of the theory. For a comprehensive review, see [)9] and also |[7]
for a modern one. In this Chapter, the aim is to simply explain fundamental concepts of
supersymmetric theories and to give a brief review of the SUSY models where long-lived
particles can be present, which will be of interest in the interpretation of the experimental
search presented in Chapter 7 and the collider phenomenology of the model studied in
Chapter 8.

3.1 Supersymmetry basics, the MSSM and NMSSM

The particle states of a supersymmetric theory fall into irreducible representations of

the supersymmetric algebra, called supermultiplets. Each supermultiplet contains both
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Names Superfield S | Spin 0 Spin 1/2 | SU(3)¢, SU(2), U(1)y
squarks, quarks Q (up, JL) (up dp) (3,2, %)
( x 3 families) U up uly (3,1, -2
D dy d, (3,1, %)
sleptons, leptons L (v er) (v er) (1, 2, —%)
( x 3 families) E e el (1,1, 1)
Higgs, higgsinos H, (H HY | (H HY (1,2, +3)
H, (Hi Hy) | (Hi Hy) (1,2, -}
Table 3.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. Updated
from [57].
Names Superfield S | Spin 1/2 Spin 1| SU(3)¢, SU(2), U(1)y
gluino, gluon Ge G g (8,1,0)
winos, W bosons W wE welwE w (1,3,0)
bino, B boson B B° BY (1,1,0)

Table 3.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model. Updated
from [57].

fermionic and bosonic states (particle and superpartner). The Minimal Supersymmetric
Standard Model (MSSM) |

with minimal particle content in order to make the theory supersymmetric. All particles in

| corresponds to the standard low energy supersymmetry,

the MSSM are represented in supermultiplets, including both particle and superpartner,
with spin differing by 1/2 unit. Chiral supermultiplets are a combination of a two-
component Weyl fermion and a complex scalar field. Gauge superfields are composed by
a spin 1 gauge boson and a two-component Weyl fermion. They are resumed in Tables 3.1
and Table 3.2, where their component fields, quantum numbers and names are shown. It
is understood that the scalar part of each superfield has a “tilde” (S ) on top while the

fermionic part does not (5).

The MSSM superpotential is given by [77]",

W = e { YIQUU L + Y QUD G + YL — pH LY (3.1)
' A slightly different convention than in Ref. [53] is used in the name of the superfields, with explicit

gauge and family indices.
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where Q is the superfield SU(2) doublet for the quarks and squarks, U and D are the up
and down SU(2) singlet for the quarks and the squarks, respectively. L is the superfield
corresponding to the SU(2) doublet and E is the SU (2) singlet for leptons and sleptons.
ﬁu and ﬁd are SU(2) doublets for the Higgs boson up and down, respectively. Y, ;.
are Yukawa couplings and p is the Higgsino mass term. The indexes go a,b = 1,2 for
each doublet component and ¢, 7 = 1,2, 3 for each generation. Finally, the antisymmetric

tensor is € = 105.

From 3.1 the Yukawa terms, SM fermion and Higgsino masses arises via the Lagrangian,

‘CChiral = _5 —)%% + h.c (32)

1| o*w
(600,

The scalar fields are ¢; = Q, W, dg, L, €5, H,,, H; and fermions ¢; = Q, uby, d, L,el H, H,.
TV is the scalar part of the superpotential in 3.1. For example, if we consider the top-quark

terms, from the above Lagrangian we can find the following interactions,

HY. H® i
|
A
1
1 ~ ~.
tL t; tL,Y’|\tTR t[///l\v\t*R

Figure 3.1: The Higgs top-quark Yukawa coupling and its “supersymmetrizations”. Reproduced
from [53].

In the exact supersymmetric limit, fermions and bosons have the same mass. If this
was the case in Nature, we should have been able to detect a particle with the same mass
of the electron for example, but with different spin. Thus, we know that if SUSY exists,
then it must be a spontaneously broken symmetry. In this case, SUSY would be hidden
at low energies in a manner analogous to the fate of the electroweak symmetry in the
SM.

There are many models of broken supersymmetry. The mechanisms to break it always
involve extending the MSSM to include new particles and interactions at very high mass
scales, and there is no consensus on exactly how this should be done. It is useful then to
simply parameterize our ignorance of these issues by just introducing extra terms that
break supersymmetry explicitly (the so called “soft” terms) in the MSSM Lagrangian. It

is usually stated that supersymmetry breaking occurs in a “hidden sector” of particles that
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have no (or only very small) direct couplings to the “visible sector” chiral supermultiplets
of the MSSM. However, the two sectors do share some interactions that are responsible
for mediating supersymmetry breaking from the hidden sector to the visible sector,
resulting in the MSSM soft terms. For example, there are gravity-mediated models in
which the spontaneous supersymmetry breaking sector connects with the MSSM sector
mostly through gravitational-strength interactions [00,07,09, 100, 101]. In gauge mediated
SUSY breaking (GGM) models |73, 102, 103], the ordinary gauge interactions, rather than

gravity, are responsible for the appearance of soft supersymmetry breaking in the MSSM.

The MSSM soft Lagrangian is given by [19]

LR = (ME)Qu Qy + (MU U + (MPB)? Do Dy + (ME')* Ly L + (M5 )* E, E
2 i% T7i 2 i% 70 1 A AA 1 AT 1 D T
+my,Hy Hy +my H, H, + [§M3G G+ 5MQWW - 5MlBB + h.c]

+ ey [ARQLUH + ARQID,HY + AR LB, H) — b, HyHI) + hic. (3:3)

The M terms correspond to the masses of each sfermion, my and my, are the Higgs
up and down mass, respectively. My, M,, M, are the gluino, wino, and bino (gauginos)
mass terms, respectively. The Ay p p terms are trilinear couplings for scalars. 4,j = 1,2
for each doublet component and a,b = 1,2, 3 for each generation. A = 1,2...8 for gluinos

and € = i0,.

The masses of the physical particles (or mass eigenstates) will arise after EWSB.
The neutral components of each of the Higgs fields acquires a vev, v, = <H3> V2 and
vy = <H§ > V2, where the parameter tan 3 = v, /v, is defined. Three of the Higgs scalars
are eaten, leaving five physical Higgs bosons: two neutral C'P—even scalars h; and hy;
two charged H*; and one neutral C'P—odd pseudoscalar A. The four accompanying
higgsinos mix with the gauginos. The neutral higgsinos (]:13 and HY ) and the neutral
gauginos (B , WO) combine to form four mass eigenstates called neutralinos. The charged
higgsinos (H,” and H; ) and winos (W™ and W) mix to form two mass eigenstates with
charge +1 called charginos. The neutralinos are labeled N, (1=1,2,3,4) and charginos
are C* (i = 1,2). Some other notation is X, for neutralinos and y;~ for charginos (we
use both in this thesis).

The MSSM is not safe from undesirable issues or problems. We already discussed

naturalness in the MSSM in the previous Chapter. Another undesirable consequence of
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the MSSM is related to the existence of heavy SUSY partners that upset the understanding
of the suppression of flavour changing neutral currents (FCNC)?. The different mixing
matrices in the quark and squark sectors leads to arbitrary amounts of flavour violation.
Detailed calculations in the flavour sector constrain the mass splittings between squarks

of different flavour to be Am?/m? < 107° or so [10]. This issue is sometimes referred to
as the SUSY flavour problem [107].

There is another issue, the so-called p problem [100], which refers to the difficulty in
understanding why the SUSY Higgs mass term p in the superpotential in 3.1 is of the
same order of the SUSY breaking scale if these two scales have different origins. p has

to be of the order of the SUSY breaking scale for phenomenological reasons (i.e to get
correct EWSB).

In order to cure these problems (as well as to understand the origin of the soft SUSY
breaking terms) we must go beyond the MSSM [1(]. A solution to the p problem is
provided by the next-to-minimal Supersymmetric Standard Model or NMSSM [107],
where an effective mass term p is generated via a Yukawa coupling of lﬁ[u, I:[d and a
new singlet chiral supermultiplet S. The vev of the singlet (S) = v, is of the desired
order since it is induced by the soft SUSY breaking terms [107]. The superpontential is
extended by [107]

Wossen = ANSH, H, + §53 (3.4)

with A and s dimensionless Yukawa couplings. When the singlet gets a vev, an

effective term p_; = Av, appears, solving the p problem of the MSSM.

The scalar component of S mix with the neutral scalar components of f]u and ]:Id,
leading to three C'P—even and two C'P—odd Higges, resulting in seven physical Higgs
bosons in total. The fermion component of S mixes with the neutral Higgsinos and

gauginos, resulting in five neutralinos, so the Higgs and the neutralino sector can be very

different from the MSSM.

> FCNC are suppressed in the SM via the Glashow-Tliopoulos-Maiani (GIM) mechanism [10].
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3.2 Supersymmetric scenarios with long-lived massive

particles

Here we focus on the theoretical description of four SUSY scenarios that contain LLPs.

These models will be of interest in the following Chapters.

3.2.1 R—parity violating Supersymmetry

In the SM, lepton and baryon number are conserved. They are so called “accidental
symmetries”, since they are not imposed by hand. In the MSSM, since new particles are
introduced, a variety of interactions do not respect lepton and baryon number conservation.
Lepton and baryon number violating interactions are eliminated by imposing a new

symmetry termed R—parity [7!], defined by the quantum number

R = (_1)SB+25'+L7 (35)

where B corresponds to the baryon number, L the lepton number and S the spin of
the particle. One finds that R = +1 for the SM particles, and R = —1 for sparticles.
The MSSM superpotential in equation 3.1 is invariant under this new symmetry. An
important implication of R—parity conservation is that the lightest supersymmetric
particle (LSP), often the lightest neutralino, is stable, since sparticles can only decay to
an odd number of sparticles due to R—parity conservation |7:]. This feature can lead to

an acceptable dark matter candidate.

Nevertheless, nothing prevents us from including new gauge invariant terms to the

superpotential which violate R—parity [71],
Wva = eab[eii?ﬁﬁ + )\z]kf/gi;}Ek + Aijkii‘@?f?k] + )‘;/jkﬁz‘DjDka (3.6)

where A\, \" and \” are the new R—parity violating (RPV) couplings with a,b = 1,2
and 7,7,k = 1,2,3 with ¢ < j < k. The chiral supermultiplets are defined in Table 3.1.
The first three terms in equation 3.6 violate lepton number by 1 unit. The \” term
violates baryon number by 1 unit. Note that once we allow the RPV terms in the

superpotential, the neutralino is no longer stable, so it can no longer play the role of dark
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matter unless its lifetime is large enough. The gravitino could also take the neutralino’s

place as a viable dark matter candidate [10%| when R—parity is broken.

It is also known that a combination of the X" and \” lepton and baryon number
violating couplings leads to proton decay. Lower limits on the proton lifetime imply
NN <107 for squarks of order 1 TeV [109]. So we see that R—parity violation could
predict a very short lifetime for the proton, because baryon number would no longer be
conserved. One can include just trilinear or just bilinear terms to the superpotential to
avoid simultaneous breaking of B and L. Keeping the R—parity violating terms under

control provides a major constraint in model building [/ 0].

The last three terms in equation 3.6 are trilinear and involve the decay of: slepton
(sneutrino) to lepton and a neutrino (leptons) through A, the decay of sleptons or
sneutrinos to quarks through )\, and the decay of an squark to two quarks through
N’. The first term with € is bilinear and introducing it is one attractive mechanism to

generate neutrino masses |1 10)].

We are interested in the decay of the lightest neutralino via a non-zero A" coupling,
as this will be the coupling probed in the experimental search in Chapter 7. Neutralinos
will decay into a fermion and a virtual sfermion, with the virtual sfermion subsequently
decaying to standard fermions. Thus, the direct decay of the lightest neutralino is
characterized by three fermions in the final state, with the fermion type depending on

the dominant A" coupling [71].

The Lagrangian density comes from inserting the scalar part of the RPV superpotential
in equation 3.6 into the chiral Lagrangian in 3.2. Using our notation from 3.1, for the )\’

couplings we have

)\;k Tk ~ * 1 *
Lo = — 2; [drrvid;p + Ud;pdyg + djpvidyg

—dygeipujr, — € dpp — Uipe;pdpg] + h.c (3.7)

These terms give rise to a neutralino decay via a non-zero )\;jk coupling. The first

three and the last three terms give rise to the same final state

~0 *
X1 — Vid;rdig

>~((1) — ez‘LudeZR (3.8)
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respectively (plus their hermit conjugates). We can generally represent the RPV

decay of a long-lived neutralino via a non-zero \" coupling as in Figure 3.2.

- >0
// Xl
~ ~0

Figure 3.2: Diagram representing an R—parity violating decay. In RPV scenarios, the long-
lived neutralino may decay via the )\;jk couplings. The quarks and leptons shown
may have different flavors. Filled circles indicate effective interactions (the virtual
sfermion is not shown) [1].

The neutralino lifetime is given by [71, [ 11]

3 mi \"'(1GeV\’
o7 = 15 (100 GeV) ( — ) mm (3.9)

ijk

with m; the mass of the virtual sfermion. For values of the coupling between
107° < )\;jk <1074, ms~1 TeV and mo ~100 GeV we get 10° mm < ¢r < 10° mm,
implying that the neutralino can decay some distance away from its production point,

leading to a displaced vertex signature (see Chapter 6).

3.2.2 Split Supersymmetry

Another popular extension to the SM is split Supersymmetry (split SUSY) [01,062, 112].
In split SUSY, all scalars in the theory are very heavy, mass-degenerated, for simplicity,
at a mass m > my, except for one Higgs doublet, whose behavior is like the SM Higgs.
Split SUSY maintains some of the nice aspects of the MSSM, like gauge unification,
and it can be understood as an effective theory of the MSSM, since heavy scalars are

integrated out, meaning, there are no sleptons and no squarks in this low energy theory.
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The discovered Higgs mass can also be accommodated in this theory [0, 112, 111].
But, since m > 1 TeV, the Higgs mass has to be fine-tuned. Nevertheless, in the original
articles it is argued that there is a much larger fine-tuning associated to the cosmological
constant. In this sense, the hierarchy problem is not addressed in split SUSY (except
maybe anthropically) and gauge unification and a dark matter solution are the guiding

principles in its construction as a BSM theory.

A very striking effect of split SUSY is the long lifetime of the gluino [I 13, 117], as
the decay is suppressed by the large mass difference between the gluino mass M; and
m. Since all squarks are very heavy, with a mass of order of the split SUSY scale m,
the gluino will decay via highly off-shell squarks®, and with an increasing lifetime as m

increases. The gluino lifetime in split SUSY is given by [ 13, [ 17]

2TeV\°( . \*
crszlOl( ]\;; ) (1OGWE}eV) mm (3.10)

For 7~ 10° GeV (which is consistent for a Higgs mass of ~ 125 GeV) and Mz~ 100

GeV, we have that e ~ 10* mm, so the gluino could then decay leaving a displaced vertex

signature (see Chapter 6).

The gluino could hadronize before decaying, forming an R—hadron [I10]. R—hadrons
are hypothetical particles analogous to the ordinary hadrons but including a coloured
SUSY particle (so we can have QCD bound states with gluinos, squarks, quarks and
gluons). The R—hadron then would decay into a 1 via § — ¢gx" or via the loop process
G — gx°. A simplified diagram representing the decay of a long-lived gluino is shown in
Figure 3.3.

3.2.3 Gauge mediated Supersymmetry breaking

This general gauge mediated (GGM) mechanism for SUSY breaking includes a hidden
(or secluded) sector and a messenger sector, in addition to the observable sector that
contains MSSM fields [102]. The idea is that the known gauge forces are the messengers
of SUSY breaking. These messengers are chiral superfields ®;, ®;" and can come in

multiplets of SU(5), that contains the SM gauge group (for instance, N copies of the

3 Since gluinos carry colour charge they can only decay via squarks (or quarks in RPV).
* The bar in ® is used to indicate that the left-handed chiral superfields ® transform as the complex
conjugate representations of the left-handed chiral superfields ® [73].
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Figure 3.3: Diagram representing a gluino decay. In split SUSY scenarios, the long-lived
gluino may hadronize before decaying, forming an R—hadron. One of the quarks
should be read as an anti-quark. Filled circles indicate effective interactions (the
heavy squark is not shown) [!].

5 + 5 representations of SU(5)), so are charged under the SM gauge interactions. The
MSSM fields feel SUSY breaking only through SM gauge interactions.

The supersymmetry breaking mechanism is parameterized by a spurion chiral super-
field X, whose auxiliary component F is assumed to acquire a vev [102]. The messengers
acquire a mass M in the hidden sector through Yukawa couplings with X, whose non-zero

vev generates the SUSY breaking. The superpotential is [117]

W, = ki XO,P (3.11)

ij J

The parameters M and F' (which is the measure of SUSY breaking in the messenger
sector [102]) are the fundamental mass scales in the theory. In the visible sector, particle
supermultiplets are degenerate at the tree level, since they do not directly couple to X,
but splittings arise at the loop level because of gauge interactions between observable
and messenger fields. Gauginos for example obtain their masses from messenger field

loops, and are given by [102, 117]

with N the number of generations in the messenger sector, g; with ¢ = 1,2, 3 are the

gauge couplings and the effective SUSY breaking scale m in the visible sector given by,
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1 F
167> M

m = (3.13)
Gauge mediation leads naturally to a near mass degeneracy of the squarks and sleptons
(which arise at two loop), since these depend only on their gauge quantum numbers. This

mass degeneracy is needed for suppression of flavor-changing effects and therefore solves
the SUSY flavour problem [I17].

A diagrammatic representation of the hidden, messenger and visible sector can be

seen below
- observable sector
hidden SUSY break- messenger
. = (MSSM /NMSSM
ing sector ((X)) sector (PP)
fields)

Another distinctive feature of gauge mediated models is that they have the gravitino
as the LSP, because of the relatively low scale of SUSY breaking (the gravitino mass
is mg o ~m [102]). The next-to-lightest supersymmetric particle (NLSP) can therefore
decay into its SM partner and the gravitino G. In the case that the lightest neutralino
1V is the NLSP, we can have decays X, — ZG. The NLSP width is suppressed by the
SUSY breaking scale. The neutralino lifetime is [7]

100 GeV\°/ VF \* 5
~ 130 10~ 3.14
7 ( mo > (1OOTeV> A (3.14)

so it may be that its decay leads to the formation of a displaced vertex (see Chapter 6)
for v/F between roughly 100 and 1000 TeV.

A simplified diagram showing the neutralino decay in GGM can be seen in Figure 3.4.

3.2.4 Next-to-minimal gauge mediated Supersymmetry

While GGM scenarios provides a neat solution to the SUSY flavour problem (i.e. the
absence of large sources of flavor violation in the soft terms), its minimal realisations are
in trouble because they typically predict a SM-like Higgs mass that is too low compared
to the observed value around 125 GeV.
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Figure 3.4: Diagram representing a neutralino decay. In GGM scenarios, the long-lived
neutralino decays to a gravitino and a Z boson. One of the quarks should be read
as an anti-quark. Filled circles indicate effective interactions (the heavy squark is
not shown) [1].

In Ref. [77], a model by Delgado, Giudice and Slavich [79] (DGS) that combines gauge
mediation (GGM) and the next-to-minimal Supersymmetric Standard Model (NMSSM)
was proposed. The field content of the model is the one of the NMSSM, plus two copies
of messengers in 5+ 5 representations of SU(5), denoted by ®,, ®,, respectively (i = 1,2),
with doublet and triplet components 7, & and &7, o7 .

Aside from Yukawa interactions, the superpotential contains spurion-messenger cou-
plings and singlet S-messenger couplings (first introduced in the context of gauge media-
tion in Ref. [115])

W = ...+ \SH,H,+ gs?’ + XY (kPP 4 kBT
+S(EpPT D7 + &P 03), (3.15)

where the singlet-messenger couplings unify at the grand unified theory scale Mgyr:
Ep(Maur) = &r(Mgur) = € with unified coupling €. The scale of the SUSY breaking
terms is fixed by the parameter m = 1/(167%)F/M.

It was shown in Ref. [77] that in the DGS model one can obtain a 125 GeV Standard
Model-like Higgs boson with stops as light as 1.1 TeV, thanks to the mixing of the
Higgs with a singlet state at (90 — 100) GeV which is compatible with LEP data [119].
With these Higgs constraints, essentially all parameters are fixed except for the GGM

messenger scale M which mainly controls the phenomenology.
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The central feature of the model, apart from the light Higgs that might explain the
LEP excess [120] is the peculiar structure of the light sparticle spectrum. The LSP is the
gravitino G with mass and couplings effectively set by the GGM messenger scale, the
NLSP is a singlino-like neutralino N, of mass around 100 GeV, and the next-to-NLSP
(NNLSP) is a bino-like neutralino N, or stau 7, depending on the GGM messenger scale.
The presence of the singlino alters SUSY decay chains as compared to the MSSM, leading

to additional b-jets or taus.

One distinctive feature of this scenario is that the singlino decays to a gravitino and
a light singlet-like pseudoscalar a; of mass around 20 GeV, with the latter decaying
predominantly to bb as well as to 77. Depending on the messenger scale, the two b-jets
may be produced far outside the detector (when the N, is quasi-stable, at high GGM
scales) or at low GGM scales, they may be produced within the detector from displaced
vertices (DVs). This peculiar feature of a long-lived singlino decay was already noticed
in Ref. [09].

The neutralino lifetime is given by [77]

1 5 M 2 ~ 2
07225< 00 Gev) ( - ) ( m ) mm (3.16)
mpg, 10" GeV /) \TeV

which leads to a displaced vertex signature for values of the GGM scale M ~ 10° — 107,

as m is almost fixed in this model to be ~1 TeV when maximizing the tree level
contribution to the mass of the Higgs [77]. An example diagram showing LHC sparticle
production in the DGS model is shown in Figure 3.5.
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Figure 3.5: Diagram representing sparticle production and decay in the DGS model. In
this example, we have four hard prompt jets from gluinos decaying into quarks
q and anti-quarks ¢; the lightest neutralino ]\71 may have an intermediate life-
time, producing displaced vertices, each generating bb. The gravitino G leaves
a missing transverse momentum signature. The lightest pseudo-scalar a; has a
lower branching ratio for decays into 77 than bb. The § — Ny part of the decay
may commonly be more complicated, involving a cascade decay and concomitant
additional SM states [2].
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Chapter 4

The ATLAS experiment at CERN'’s
Large Hadron Collider

The interest in understanding the true fundamental laws of our Universe has led the
international community of physicists to built giant accelerators and detectors, designed
to seek for new phenomena and explore the unknown. The highest energy particle
accelerator ever built, the Large Hadron Collider (LHC), was constructed with the
purpose of finding the Higgs boson, and thus to elucidate the nature of EWSB. It was
also built with the hope of answering the questions the SM can not (as discussed in

Chapter 1), by performing different searches for new physics.

The LHC runs in a 27 kilometer circumference tunnel, about 100 metres beneath the
border between France and Switzerland, at the CERN laboratory. The LHC is a ring of
superconducting magnets. Proton beams (pp) circulate inside them at very high speeds,
close to the speed of light. These proton beams are circulating in opposite directions, and

the experiment is designed to collide them at certain points within specialized detectors.

2 1
s~ . Bunches of

The LHC was designed to deliver a luminosity’ of £ = 10** c¢m
up to 10" protons collide 40 million times per second, resulting in an average of 23
interactions per bunch crossing, at a center of mass energy /s = 14 TeV. The LHC can
also collide heavy ions, in particular lead nuclei, at 5.5 TeV per nucleon pair, at a design

luminosity of 10*” em™?s™' .

! Luminosity is an important variable to quantify the performance of particle colliders. Instantaneous
luminosity £ is defined via N = o x [ L(t)dt, where N is the number of events we can expect for a
a given process with cross section o. Note that luminosity is stated in units of em Zsh Integrated
luminosity is quoted as the inverse of the standard measures of cross section such as femtobarns (fb)
or attobarns (ab) [12].

41
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Four huge detectors were built around points where the pp collide inside the LHC ring:
ALICE, LHCb, CMS and ATLAS?. ALICE’s specific aim is to understand the primordial
quark-gluon plasma through heavy ion collisions. LHCb is specializing in bottom and
charm physics. ATLAS and CMS are the largest, general purpose experiments, and were
designed to explore the highest energies at the TeV scale, study in depth the SM and

what lies beyond it. These experiments are organized as international collaborations.

ATLAS involves 38 countries around the globe.

Overall view of the LHC exeriments.

Figure 4.1: Locations of the four main experiments (ALICE, ATLAS, CMS and LHCb) that
take place at the LHC. Image credit CERN 2016 [121].

One particular result of the ATLAS experiment will dominate Chapter 7 of this thesis,
so a brief description of the detector is given below, including the details of the ATLAS
Inner Detector, since it is the relevant part of the detector for the experimental analysis.

Reconstruction of the relevant observables within the experiment used in the analysis

> ALICE stands for A Large Ion Collider Experiment, LHCb for Large Hadron Collider beauty, CMS
for Compact Muon Solenoid and ATLAS is A Toroidal LHC Apparatus.
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in Chapter 7 are also explained. A full description of ATLAS with all its technical

specifications can be found in the official Technical Design Report [127].

4.1 Detector overview and observables

ATLAS has a cylindrical layout. It is about 44 metres long, more than 25 metres high,
and weighs about 7,000 tons. An image can be seen in Figure 4.2. ATLAS uses a
right-handed coordinate system. The beam direction defines the z—axis, and the z — y
plane is transverse to the beam direction, with the x—axis pointing towards the centre
of the LHC tunnel. Cylindrical coordinates (r, ¢, z) are used. The azimuthal angle
—7m < ¢ < 7 is measured around the beam axis and the polar angle 0 < 6 < 90° is the

angle from the beam axis. Pseudorapidity is defined as,

e (2)] a

s0 0 <1 < co. In the case of massive objects (such as jets) the rapidity

1 E+pz
=] 4.2
Y 2 n(E—Pz> ( )

is used, where F denotes the energy and p, is the component of the momentum
along the beam direction. Transverse momentum, p; = psin@ , the transverse energy
miss3

Er = Esinf and the missing transverse momentum py '~ are defined as the momentum

and energy perpendicular to the LHC beam axis (in the 2 — y plane)4.

The distance AR in the pseudorapidity-azimuthal angle space is defined as

AR = \/ An* + A, (4.3)

The ATLAS detector is constructed in layers, with four major components: the Inner
Detector (ID), which measures the momentum of each charged particle, the Calorimeters
(Electromagnetic (EM) and Hadronic (HAD), the latter composed by the Tile, Liquid

miss —miss

3 1 prefer to use the more accurate descriptor pr o = |pp | rather than the “Ep’ issy officially quoted
by ATLAS.
* For p > m, F ~ p and pseudorapidity is a good approximation to rapidity.
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Figure 4.2: A computer-generated image of the ATLAS detector and its systems [!27].

Argon Hadronic End-Cap (LArHEC) and Liquid Argon Forward (FCal) Calorimeters),
that measure the energies carried by the particles, the Muon Spectrometer (MS), which
identifies and measures the momenta of muons, and the Magnet Systems which forces
charged particles to follow curved tracks for momentum measurements. Particles produced
in a collision will radiate outward from the collision point passing through the different
layers until they decay or are captured or they escape the detector. Figure 4.3 shows

how a pp collision looks inside ATLAS.

Since the interactions in the ATLAS detector will create an enormous dataflow, a multi
level computing Trigger system [! 2] has been developed in order to reduce the flow of
data to manageable levels. The Trigger selects events with distinguishing characteristics
that makes them interesting for physical analysis. The Trigger selection process is done
in three levels, Level 1 (L1), Level 2 (L2) and Event Filter (EF), where each level refines

the decision made by the previous level by applying additional selection criteria.

The L1 trigger is hardware-based and uses information from the calorimeters and
muon detectors to identify Regions of Interest (Rol). This first selection reduces the rate
to 75 kHz (100 kHz for Run 2). Both L2 and EF are software-based. The L2 trigger
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is a large array of custom processors that analyze in greater detail the Rols from L1,
which it takes as inputs, and access information from other subsystems of the detector
(calorimeters and muon chambers and also the inner tracker which is not used at L1) to
reduce the trigger rate to approximately 3.5 kHz. The final selection is done by the EF,
where detailed analysis is performed on the full event data to come up with a final rate
of about 400 Hz (1 kHz for Run 2). These events are then stored, recorded, processed
and distributed in the computing centres around the world (which together form the
ATLAS grid), for future analysis.

ALLAS

EXPERIMENT

Figure 4.3: One of the collision events recorded by ATLAS on 23 April 2016. The picture
shows the region where the two beams from the LHC collide inside the ATLAS
detector. In this event the colliding protons give birth to nine primary interactions,
as shown in the picture. The left and bottom right pictures show the standard
projections of the detector transverse to the beam line and along the beam line
(r — z view) respectively. The top right picture is a r — z zoom-in to within a
few cm of of the luminous region, showing nine reconstructed pp collision vertices
(white squares) and the hits associated with reconstructed tracks with transverse
momentum above 1 GeV [127].
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4.2 Details of the ATLAS Inner Detector

The ATLAS Inner Detector tracking system is the innermost system of the detector. Its
job is to record the trajectories (tracks) of the ©O(1000) charged particles that will emerge
from the collision point for every beam crossing. It is designed to detect the resulting

ionization electrons from the energy loss of a charged particle in a particular medium.

The ID consists of Pixel detectors, Silicon microstrip detectors (SCT), and the
Transition Radiation Tracker (TRT), and it provides measurements of charged particle
tracks within |n| < 2.5. The Pixel Detector and the SCT are arranged in concentric
cylinders around the beam axis (in the barrel region), and on disks perpendicular to the
beam axis (in the endcaps). The TRT consists of layers of tubes placed parallel to the
beam direction in the barrel and also layers placed radially in each of the two endcaps.
The detector layout is shown in Figures 4.4 and 4.5. The ID is immersed in a 2 T axial

magnetic field provided by a superconducting solenoid.

Sy YOO U T lllllllllllll]:l

Rl

End-cap semiconductor tracker

Figure 4.4: A computer-generated overview image of the ATLAS Inner Detector [120].



The ATLAS experiment at CERN’s Large Hadron Collider 47

((R=1082mm

TRT

s
s
7 ///

s

TRT

\_R = 554 mfm
(R =514 mm

R =443 mm

SCT{
R =371 mm

L R =299 mm

SCT

R=122.5mm
Pixels { R = 88.5 mm
R =50.5mm

R=0mm

Pixels

Figure 4.5: A computer-generated image of the barrel part of the ATLAS Inner Detector.
Radial distances from the center of the beam pipe to the various module layers
are shown [120].

Pixel detector and SemiConductor tracker

High precision and high efficiency detector elements are needed near the collision point
in order to distinguish individual particle tracks from the hundreds produced in each
collision and measurements must be made with fine detector granularity to achieve good

momentum and vertex resolution.
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Figure 4.6: A computer-generated image of the ATLAS Inner Detector showing the endcap
region. 7 coverage and radial distances are shown [127].

The highest granularity is achieved around the vertex region using silicon pixel
detectors. These must be radiation hard to withstand the intense levels of radiation from
the colliding beams. The Pixel Detector contains about 80.4 million rectangular pixels of
a minimum pixel size of 50 x 400um?, which are capable of resolving particle positions
to about 10 microns in the barrel region.

Around the Pixel Detector is the SemiConductor Tracker (SCT) where the tracking of
charged particles continues using layers of sensors with over 6 million silicon microstrips,
with pitch of 80 um and accuracy of 20 microns. These strips are placed on silicon wafers
that are attached end-to-end and wirebonded (so the strips go across the boundary).
These wafers compose a module (each module has two wafers per side) and the 2 sides of

a module are glued back-to-back with a stereo angle (to measure the 3D position of hits).

Heat from the readout electronics is removed by an evaporative cooling system,

keeping the silicon temperature at —7°C.

Transition Radiation Tracker

Further from the collision point is the Transition Radiation Tracker (TRT) which contains
about 350,000 polyimide drift tubes (“straws”) of 4 mm diameter. Each straw is coated

on the inside with aluminium (a high voltage cathode), threaded with a gold-plated
tungsten wire (the anode wire).
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The TRT straws are filled with a gas mixture that includes argon and xenon. As
charged particles cross the straws, they ionize the gas and the resulting charge is detected.
However, for fast particles (usually electrons), X-ray transition radiation is also emitted”.
This X-radiation also ionizes the xenon gas, leaving an even bigger signal. Since the rate
of transition radiation depends on the particle’s velocity, this phenomenon is used to

distinguish highly ionizing particles, like electrons, from pions.

The TRT can be operated at room temperature.

New insertable B-layer

The ATLAS ID went through some changes during its upgrade phase in 2014. An
Insertable B-layer (IBL) was added to the present Pixel detector between a new beam
pipe and the current inner Pixel layer (B-layer). One of the main motivations for this
change was to improve tracking precision. This new sub-detector was not present during

the analysis in Chapter 7 of this thesis. For more details, see Reference [127].

4.3 Reconstruction of physics objects

The ATLAS detector (along with other modern particle detectors) is able to reconstruct
and identify the passage of electrons, photons, muons and hadrons. Neutrinos are also

stable, but they do not interact perceptibly, and hence escape undetected.

Reconstruction and identification of physics objects within ATLAS is based on detailed
algorithms that combine different measurements throughout the detector in order to
convert detector readout to physics objects such as “electrons” or “jets”. For the analysis
in this thesis, we are interested in the reconstruction of tracks, vertices, jets and p,
and the relevant reconstruction techniques of these objects are discussed in this section.
For more details and the details of the reconstruction of other physics objects (such as

electrons or muons, not used in this thesis), the reader is referred to Reference |1 27].

® Transition radiation occurs when a charged particle travels from one kind of material to another.
The transition radiation measurement works on the principle that an ultra-relativistic particle emits
X-rays when crossing the boundary between two materials.
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4.3.1 Prompt and displaced reconstruction of tracks

As explained in Section 4.2, the ATLAS ID detects charged particles. Each charged

particle leaves a series of hits in the detector which are eventually reconstructed as tracks.

Track reconstruction involves pattern finding of hits to construct track seeds and also
track fitting, which makes trajectories of the track candidates. Global y?, Kalman-filter
techniques [!2%], where the probability of a given hit to be compatible with the track is
evaluated, and more specialized fitters are used, which are responsible for finding the

track candidates.

Standard ATLAS track reconstruction algorithms |[!2/] works in two main stages.
First, an “inside-out” or silicon-seeded stage, where tracking starts by identifying three
space points from silicon-only hits to form track seeds, which are then extended into
the TRT and converted into a first set of tracks. After this, a second “outside-in” or
TRT-seeded algorithm is performed that starts by combining TRT hits which have not
been used in the inside-out stage, to form track segments which are then extrapolated to
the innermost silicon detectors. TRT segments that have no matching silicon hits are
stored as “TRT only tracks”’.

At the end, a trajectory of the fitted track is determined by only five parameters,
measured at a point Q on the helix trajectory of the track’, with respect to a reference

point R. See Figure 4.7. These track parameters are:

e The transverse impact parameter d,, which is the distance of closest approach of
the track to R in the x — y plane, which defines the point () of the track.

e The longitudinal impact parameter z,, which is the longitudinal distance of the

point of closest approach of the track to R.

e The azimuthal angle ¢, such that tan ¢ = p,/p,, with p,, p, the  and y component

of the track momentum.

e The polar angle 6, such that tan = py/p,, with pp = NG +p§ = psinf, p, the
transverse and z component of the track momentum.

¢ TRT only tracks are not used in the Displaced Vertex analysis described in Chapter 7.

" The direction of the magnetic field inside the ID is parallel to the z axis, so the charged particle feels
a magnetic force in the x — y plane. This has the effect of changing the momentum direction in this
plane, while the z component of the momentum of the track is not affected. Therefore, the charged
particle follows an helix trajectory. If there is no magnetic field present or in the limit of high pr,
the track’s trajectory can be approximated to a straight line.
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track

Figure 4.7: Schematic view of the five track parameters (dy, zg, ¢, 6, q/p) [129].

e The charge of the track (in units of e) divided by total momentum of the track ¢/p.

For better illustration, Figure 4.8 shows a schematic view in the transverse z — y

plane of a displaced decay.

Silicon-seeded and TRT-seeded algorithms always assume that tracks originate from
close to the primary vertex (PV)S, and therefore there is a low reconstruction efficiency for
tracks coming from secondary vertices. Displaced tracks from a long-lived particle decay
have a larger |dy| compared to prompt tracks. A procedure termed “re-tracking” [130], is
performed when wanting to reconstruct displaced tracks, where the inside-out tracking
algorithm is re-run on hits that are not used in the tracks found by standard ATLAS
tracking, with looser cuts on impact parameters, extending the coverage from 10 to 300
mm in |dy| and from 320 to 1500 mm in |z|, in order to increase the efficiency for high-d,,
tracks (see Table 4.1).

8 The PV is defined from the tracks coming from the primary pp interaction point (IP). These tracks
are also termed prompt tracks.



52

The ATLAS experiment at CERN’s Large Hadron Collider

Ypv

Figure 4.8: Schematic view in the transverse x — y plane of a displaced decay. The trans-

verse impact parameter dy is defined with respect to the origin (0,0,0) as

dy = 7 X sin(¢,, — @), where r; = \/ac2 + y2 corresponds to the transverse
distance of the track’s production vertex, ¢ is the azimuthal angle of the track
and ¢, corresponds to the angle in the transverse plane of the trajectory of the
mother displaced particle. The daughter particle, which forms the track, was
produced at (z,y, z) from the the decay of a long-lived particle. The displaced
vertex (DV) position is represented by the pink disc. Note that at the truth level,
the decay position of the displaced vertex matches that of the production vertex
of the daughter particle, meaning the decay distance in the transverse plane of

the vertex rpy = :UQDV + y%v =7y [2].

4.3.2 Primary and displaced vertex reconstruction

Selected reconstructed tracks are input to the algorithms used to locate vertices. Very

generally, reconstruction of vertices starts by identifying seed vertex candidates and

then, dedicated algorithms attempt to fit the vertex’s position. In this section, the

main ideas behind the reconstruction of vertices will be stated. More details on the

reconstruction of primary vertices (PV) can be found in Reference [131]. For full details

on the reconstruction of displaced vertices (DV), see Reference [I| and references within.

The approach to identify a PV differs from the reconstruction of a DV mainly in

the different track selection criteria used, as discussed already in Section 4.3.1, and the
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Cut Si-seeded | TRT-seeded | re-tracking
dy 10 mm 100 mm 300 mm
20 320 mm - 1500 mm
pr 400 MeV 1 GeV 500 MeV
min pixel hits 0 -
min silicon hits 7 4
min TRT hits - 15 -
min NOT shared 6 4
max shared

Table 4.1: Cuts applied in the different tracking algorithms [122, 130)].

choice of the seed vertex candidates. However, the fitting procedure is based on the same

hypothesis.

The goal of a 3D vertex fit is to obtain the vertex position V and the track momenta
p at the vertex, as well as the associated covariance matrices C' [132]. The input
information for a vertex fit are the 5 track parameters and their covariance matrix of
each track at a reference point. The charged tracks are characterized by parameters
¢ = ( 2 00 g / pi), which are functions of the vertex position V and track momenta
p' at the vertex (¢’ = f (\7, p')). The idea is to find the p and V that minimize,

tracks

X = Z (¢ — fF(V,p')C7H(d' = f(V,p)) (4.4)

7

in order to find the vertices.

For the identification of a PV, vertex candidates are reconstructed by seeds formed
from prompt tracks. Tracks with similar longitudinal impact parameters are selected.
The compatibility of the selected tracks with the assumption of a common origin in a
vertex position is evaluated using the x> described above. The PV originating from the
pp collision must have at least 5 tracks and |zpy| < 200 mm. In events with multiple

interactions, the PV with the highest scalar sum of the p7 of its tracks is used.

For the identification of a DV, the vertexing algorithm relies on a first seed selection

where vertices are required to pass the following requirements:
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e at least two tracks in the vertex to have d - p > —20 mm, where d corresponds to
the vector from the interaction point to the DV and p to be the momentum of the

displaced track.
o \}/dof<5

e No silicon hits at smaller radius than the vertex position.

The first criterion ensures consistency of the vertex position and the direction of the
tracks. The second criteria removes the major part of random combinations of tracks,
while with the third one ensures that neither of the tracks has a hit in a silicon layer at a

radius smaller than the vertex itself.

After this first seed selection, an incompatibility graph method [!33] is applied
to combine close-by 2-track seed vertices in order to form vertices with higher track
multiplicities. The idea is to use the surviving seed vertices to create all possible N,
vertices. Since it is possible that the same track is used in more than one vertex, an

iterative “clean-up” algorithm is applied as follows:

1. For all tracks that are used in more than one vertex, the vertex+track combination

with the largest x* is found.

2. If this x” is greater than 6, OR the two vertices are separated by more than 3¢
(according to the uncertainties on their fitted positions), the track is removed from

that vertex.
3. Otherwise, the two vertices are merged and refit.
4. Return to step 1.

5. Once the process has converged such that there are no tracks shared between vertices,
a final merging step is performed where pairs of vertices separated by less than 1

mm are merged, and the combined vertex is refit.

The vertex reconstruction efficiency (described later in Section 7.4, but that relies on
the procedure for reconstructing vertices just described) against the radial position of
the DV, defined as rpy = v Thy + Ypy, where zpy and ypy are the decay positions in

the transverse plane, is shown in Figure 4.9, where the effect of re-tracking is also shown.
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Figure 4.9: Efficiency of reconstructing a DV as a function of the vertex radial position rpy .
The vertical gray lines show the position of the first, second and third pixel layers.
Drops in efficiency right before each layer correspond to losses in efficiency for
decays immediately before a pixel layer, where many tracks from the vertex have
shared pixel hits, so they fail the selection required by the tracking reconstruction
algorithm (see Table 4.1).

4.3.3 Jet reconstruction

Jets are showers of hadrons that arise from the hadronization of quarks and gluons. A
jet is reconstructed from energy deposits in both the EM and the HAD, associated with
tracks in the ID.

Jet objects are made by jet clustering algorithms. In the analysis in this thesis,
jet candidates are reconstructed using the anti-k, jet clustering algorithm [131, 137]
with a radius parameter R = 0.6. The inputs to this algorithm are the energies of
clusters of calorimeter cells seeded by those with energy significantly above the measured
noise |20, 137]. Jet momenta are constructed by performing a four-vector sum over these

cell clusters, treating each cell as a four-momentum with zero mass.
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Jets are initially calibrated to the electromagnetic energy scale, which correctly
measures the energy deposited in the calorimeter by electromagnetic showers [I70].
Further jet-energy scale corrections are derived from simulated events and data, and
used to calibrate the energies of jets to the scale of their constituent particles [120]. Jets

are required to satisfy |n| < 4.5 after all corrections are applied.

We can also have a special category of jets termed “trackless” jets, which may arise
from decays of LLPs that take place far from the PV, where track-reconstruction efficiency
is low. These are reconstructed as above, except that the anti-k, radius parameter is
R = 0.4, the jet pseudorapidity is in the range |n| < 2.5, and the scalar sum of the
transverse momenta of the tracks in the jet is required to satisfy > . pr < 5 GeV.
Requiring the above ensures a trackless jet, as the jet needs to have no or close to no
tracks in the ID.

4.3.4 Reconstruction of missing transverse momentum (pp

Particles that interact very weakly (such as the neutrino or the hypothetical neutralino)
will be invisible to the detector. We can infer their presence indirectly by reconstructing

miss —miss

the missing transverse momenta, defined as pr™° = |pr" |, where

PEE== > pr= > Pr (4.5)

visible particles invisible particles
The measurement of p7™ is based on the calibrated transverse momenta of all jet
and lepton candidates, as well as all calorimeter energy clusters not associated with such

objects |13, 139].



Chapter 5

Tools for discovery

Accurate simulation of event collisions is essential to contrast our physical models with
real data from the experiments. Simulations are also relevant to make predictions and to
develop techniques to propose to experiments. As the event topologies arising from the
pp collisions are extremely complicated (mainly since they involve strong interactions),
a wide group of Monte Carlo (MC) event generation algorithms are implemented to

integrate over a many dimensional region. A brief overview on how the generation of pp
L

In addition, statistical methods for establishing a discovery or setting upper limits

collisions is done is presented in this Chapter. More details can be found in |

in the absence of a statistically significant discovery claim are also fundamental in the
search for new physics. In this Chapter, the standard statistical method used in the
ATLAS collaboration for exclusion or discovery is explained briefly: the confidence-level
or CLg method |12, 113], which is used to set limits in Chapter 7. For a complete review

on general statistics used in particle physics, see Reference |1 11].

5.1 Monte Carlo event generation of pp collisions

Event generation of collision events starts by deciding which hard process is wanted,
as only a small fraction of events have a sufficient high-momentum transfer to make
the process interesting. This is why is not really feasible to simulate all proton-proton
collision, so event simulation needs to be structured with a focus on the particular hard
scattering. This is done by calculating the probability distribution of a hard scatter in
perturbation theory [/ 11]. This relies on the Parton Distribution Functions (PDF'), which

correspond to the probability of extracting a parton (a quark or gluon) from the proton

57



58 Tools for discovery

at leading order in QCD. The partons involved in the hard scatter will then produce a
parton shower, as scattered colour charged particles radiate gluons. The phase space fills
up with (mostly soft) gluons. After the simulation of the parton shower, hadronization
models take into account the confinement of a system of partons into hadrons. Hadrons
are what we actually detect in the particle detectors. Some of these hadrons may decay,

so a last step in the event generation of some generators is to model these decays.

Apart from the hard interaction, there is also a probability of other interaction
between proton remnants. This is what is called the “underlying event”, which produces

soft hadrons that contaminate the hard process.

General purpose MC event generators widely used in HEP include PYTHIA [115, 11(]
and HERWIG ++ [117]. More specialized generators include MADGRAPH5 || 15]. The

event generation structure of a typical pp collision at the LHC can be seen in Figure 5.1.

After generation, events are passed through detector simulation in order to model the
passage of the produced particles (and their decay products) through the detector and
to also simulate the detector response. Physics objects such as tracks, electrons, jets and
missing transverse momenta are then reconstructed from the simulated detector response
and can be used for data analysis. Such programs include DELPHES [150] which is
publicly available and is commonly used by theorists. The GEANT 4 package [151] is
used inside the ATLAS collaboration. GEANT 4 is also public, but the ATLAS detector
model (partly embedded in GEANT 4) is not.

The desired spectrum of a physics model is an input to the event generator program, as
general purpose event generators do not have internal spectrum calculators for particular
models. There are many publicly available software packages, that are model specific. In
the case of SUSY models, the SOFTSUSY |52, 15| program is widely used and decays
of SUSY particles can be computed with SDECAY [171]. For BSM models in general,
the interface of the output of this programs with the event generator is done via Les
Houches Accord (LHA) files |15, 170], that communicate the parameters of the model in
an adequate format. Also, the FEYNRULES [177]| program allows a complete derivation
of Feynman rules and model parameters to be performed, that can be then interfaced
with the event generators. A detailed chain of the full simulation procedure is shown

below:
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Figure 5.1: Structure of a typical pp collision. The hard scatter is shown as a red blob,
whereas the purple blob represents the additional multi-parton interactions (i.e
the underlying event). Initial and final-state radiation is depicted as curly and
straight lines. The hadrons generated during the hadronization step are shown in
light green, whereas the final stable hadrons are shown in dark green [119].
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The above chain characterizes the simulations done in the phenomenological studies

in Chapters 8 and 9.
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5.2 Statistical analysis for new physics searches

For the statistical evaluation of a potential signal excess above the background (or the
absence of one), a frequentist profile likelihood ratio technique [155] is widely used in
the ATLAS collaboration: the CLg method [!12]. In this method, the idea is to test
an hypothesis Hy or b (often called the “null” or “background-only” hypothesis) where
only background processes exists (i.e those due to SM processes) versus the alternative
hypothesis H; or s + b (“signal-plus-background”), where both signal and background
exist (as, if there is a signal corresponding to a BSM process, then we will find both

background and signal events).

Both hypotheses are put to the test by a so called “test statistic”, which generally

corresponds to a likelihood ratio for the two hypotheses of interest

L(H)  L(s+b)
L) ™ L) (5-)

where the likelihood ratio corresponds to the ratio of probability density functions
(pdfs) for signal-plus-background and background models, which are usually simulated
with sophisticated MC programs. The hypothesis testing procedure goes as follows. The
goal is to determine whether a measurement is in agreement with our expectations or
not. It is standard to define a parameter of interest y to control the signal strength;
sp + b, such that if ;4 = 0 indicates an expected measurement of background-only, while
1 =1 corresponds to the signal-plus-background model. We can construct the profile
likelihood ratio, where the likelihood depends on the parameter of interest p and nuisance

parameters' 6 = (6;...0y), defined as [155,159],

L, 0(u))
o) = = (5.2)

where é(u), called the profiled values of the nuisance parameter 6, are the values that
maximizes L(u, ) for the specified value of p, so the profile likelihood (the numerator in
equation 5.2) depends only on p. i and 6 are the values of the parameters that maximize
the likelihood.

1 . . ..
These nuisance parameters can correspond to systematic uncertainties, for example.
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The quantity A(p) is defined to vary between zero and one, with higher values
indicating greater compatibility between the data and the hypothesized value of . The

test statistic is defined as [154],

q, = —2In \(p) (5.3)

so higher values of ¢, thus correspond to increasing incompatibility between the data

and the hypothesized pu.

Often a signal process is such that only positive values of  are possible and a negative
contribution is unphysical. In this case we would choose a critical region of our test of
the background-only hypothesis (1 = 0) to correspond to data outcomes characteristic
of positive u, when i > 0. So, the statistic used to test the “discovery case” pu = 0 is

defined as follows:

do = B (5-4)

If we are interested in an upper limit on p, the statistic is set to zero when the best-fit
signal strength parameter f is larger than one (x4 = 1 corresponds to the signal-plus-

background hypothesis):

a1 (5.5)

To quantify the level of disagreement between the data and the hypothesis of p,
using the observed value of ¢, or ¢; we compute the p—values for discovery (u = 0) and

exclusion (p = 1) as,

P, = / " Flgulu 0)dg, (5.6)

q,0bs

where f(q,|p,0) denotes the pdf of the test statistic and g, s is the measured value

of q,. In general, these pdfs are not easy to compute or integrate, so are performed with
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so-called toy Monte Carlo pseudo-experiments where the nuisance parameters are fixed
to their maximum likelihood estimates from data for a given signal strength parameter

assumption.

Large p—values indicate good agreement of the data with the background-only
hypothesis, while small values favors the signal-plus-background hypothesis. It is also
customary to convert the p—value into the “sigma” of a unit Gaussian. The conversion is

called the significance Z, and is defined as,

Z,=¢ (1-p,) (5.7)

where ¢ is the Gaussian comulative distribution (with zero mean, unit variance) and
¢! is its inverse function, also called the quantile of the standard Gaussian. Often
in HEP, a significance of Z; = 5 is used as the threshold for claiming discovery of a
new signal process. This corresponds to a very low p—value of py = 2.9 x 1077 for the

background-only hypothesis, corresponding to a 5o effect.
The criterion for exclusion of a signal model is given by,

Dy

CLe =
> 1—pg

<a (5.8)

and the typical test size is a = 0.05, which means we have a confidence-level for

excluding the signal-plus-background hypothesis of 95%. The CLg upper limit on pu is

denoted fi,ppe; and is obtained by solving
95% confidence-level (CL) if 1 < prypper-

1@;0 = 5%, so a value of i is excluded at the

In the ATLAS collaboration (and in particular for the analysis in Chapter 7), exclusion
limits are shown as numerical values comprising an upper limit on the BSM cross section,

in order to get a limit on the visible cross section, defined as

Ovisible = 0 X BR X €. (5.9)

where o corresponds to the cross section, BR = I';/T" decay branching fraction for the
channel ¢ (with I' = """  T; the total decay width of the n possible decay processes for

the particle) and e is the experimental efficiency, which includes the region of detector
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acceptance. Note that in the analysis in Chapter 7 we are interested in reporting limits
on a search targeting a specific signal production mechanism and a particular decay

mode.

The signal strength p with CLg = 0.05 is interpreted as the 95% CL upper limit

on the number of expected BSM signal events consistent with observation. This

N,

upper
upper limit is translated into an upper limit on the visible cross section dividing by the

integrated luminosity, such that,

max
Ovisible — Z X Nupper'

(5.10)
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Chapter 6

Overview of long-lived particle
searches at ATLAS

Among the different searches for new physics, searches for long-lived, massive particles
(LLPs) are an important part of the ATLAS program. These are theoretically very
well motivated searches, as discussed in Chapter 1, where several extensions to the SM,
including variants of Supersymmetry, predict the production of LLPs. Very generally,
these are searches for heavy new particles with large enough lifetimes to allow them to
travel measurable distances before decaying inside the detector, or are stable enough so
they can travel through the entire detector length before decaying. A comprehensive
review on theories with stable massive particles’ and their detector signatures can be

found in Reference [#3]. LLPs with small enough lifetimes will decay inside the detector.

Different lifetimes, charge and velocities of LLPs will give rise to different detector
signatures that require special triggers, reconstruction and simulation within ATLAS.
These are summarized in Table 6.1, including references to the different analysis within
ATLAS, and where possible theoretical models from which the LLP can arise are also
stated (see Section 1.3.3 for References to these models). A diagram showing the different
possible long-lived particle signatures we could see in the ATLAS detector is shown in
Figure 6.1. If the lifetime of the LLP is of order of picoseconds to about a nanosecond
(1~107" = 1077 s), it will decay with a displaced vertex (DV) signature inside the
tracker (within ~ 1—300 mm). This is the relevant long-lived particle signature discussed

in this thesis, with its experimental search described in Chapter 7.

! Particles which do not decay during their passage through the detector are defined as stable massive
particles (SMP).
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Detector Signature | Decay Length [mm]| Model
Late decaying [100, 161] O(10000) split SUSY, HV
low 3, large dE/dx [162] O(1000) split SUSY, GGM, stealth SUSY, HIPs, AMSB
Stopped [167] O(100 — 1000) split SUSY
Disappearing Tracks [1(] O(100 — 1000) AMSB
Non-pointing Photons [167] O(100 — 1000) GGM
Displaced Vertex [!] O(10 — 100) split SUSY, RPV, GGM, NMGMSB, HV

Table 6.1: Long-lived particle detector signatures according to their decay distance within the
detector. References to the corresponding experimental analysis within ATLAS are
given. Theoretical models in which these particles can be present are also stated.

Displaced vertex searches are especially challenging for LHC experiments due to
the complication of assigning tracks originating far away from the primary interaction
point to the correct pp interaction. Reconstruction of displaced decays becomes more
difficult beyond the pixel layers, where vertex resolution is low. Nevertheless, these
searches have an extremely low background as there are no irreducible contributions
from the SM. Some recent theoretical reinterpretation of LHC displaced searches can
be found in References |2, 160—172], where some of the complications of reconstructing
displaced decays are highlighted, especially when reconstruction is performed without all

the private information from the experimental collaborations.

The ATLAS Run 1 multi-track DV search |1, | 73] is presented in this thesis, where
displaced decays occur in the Inner Detector. ATLAS has also searched for long-lived
particles leaving displaced vertices in the Muon Spectrometer |1 7]. Related searches have
also been performed at other experiments. The CMS Collaboration has searched for decays
of a long-lived particle into a final state containing two electrons, two muons |75, 170], an
electron and a muon [/ 77|, or a quark-antiquark pair [!75]. The LHCb Collaboration has
searched for long-lived particles that decay into jet pairs [| 79]. The Belle Collaboration has
searched for long-lived heavy neutrinos || ©0], and the BABAR Collaboration has searched
for displaced vertices formed of two charged particles [ =1]. The D0 Collaboration has
searched for displaced lepton pairs [157] and bb pairs [153], and the CDF Collaboration
has searched for long-lived particles decaying to Z bosons [1#1]. LLPs have also been
searched for by the ALEPH Collaboration at LEP [155].
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Figure 6.1: A cartoon image of the different long-lived particle signatures that are being looked
for at ATLAS. The green section represents the Pixel detector, the white section
the SCT and the yellow section the TRT. The light orange section represents
the EM and the pink section the HAD. Solid lines represents charged particle
tracks. Light dashed lines are invisible to the detector. The thick dashed line
corresponding to the DV signature represents a particle that could either be
charged or neutral. Dashed ovals represents energy deposits in the calorimeters.
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Chapter 7

Searches for new physics with
displaced vertices at ATLAS

This Chapter describes the ATLAS Run 1 DV multi-track search [!]| of a characteristic
massive long-lived particle signature, where the hypothetical long-lived particle can decay
inside the ATLAS inner tracker, and the decay could give rise to a DV. This search has
been interpreted in the context of the RPV, split SUSY and GGM simplified models
described in Sections 3.2.1, 3.2.2 and 3.2.3 of Chapter 3.

The ATLAS DV analysis presented in this Chapter uses data from pp collisions taken
at a center-of-mass energy of /s = 8 TeV, corresponding to an integrated luminosity of
L =20.3 fb™" collected in 2012 by the ATLAS detector. A preliminary result on this
dataset, considering only the final state with a high-p; muon, interpreted only in an
RPV simplified model, was released as a conference note in 2013 [/ 20]. Previous studies

on this final state were also performed with the 2010 [1=7] and 2011 12| data samples.

This search is the most up-to-date (at the time of writing) search for displaced
Supersymmetry in ATLAS. The full analysis described in [!] is sensitive to final states
containing displaced lepton pairs, and a displaced vertex with high track multiplicity
and mass, either associated with: a high-p; muon or electron, or in events with high
jet multiplicity or large missing transverse momentum. The latter two are termed the
DV+jets and DV+pE™ searches, and are the ones described in this thesis.
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7.1 Monte Carlo simulation of the models'

This section describes the main features of the MC signal samples generated for the
simulation of the three simplified models under study: RPV, split SUSY and GGM. In
general, 50k, 10k and 60k events per sample are generated with the PYTHIA 6.426.2 [ 17|
event generator” for the RPV, split SUSY and GGM models, respectively.

All samples are generated with the AUET2B ATLAS underlying event tune [/29] and
the CTEQG6L1 PDF set [190]. In each simulated event, two gluinos or two squarks are
created in the pp collision. Both of these primary particles undergo decay chains. In the
simulated GGM and RPV scenarios, the LLP is the lightest neutralino 1. In the split
SUSY scenario, the LLP is the gluino. Diagrams representing the simulated processes

are shown in Figures 3.2, 3.3 and 3.4.

Each generated event is processed with the GEANT 4 [151] ATLAS detector sim-
ulation [191] and treated in the same way as the collision data. The samples include
a realistic modeling of the effects of multiple pp collisions per bunch crossing observed
in the data, obtained by overlaying additional simulated pp events generated using
PYTHIA 8 [115], on top of the hard scattering events, and reweighting events such that
the distribution of the number of interactions per bunch crossing matches that in the
data.

In what follows, the notation P — A [L — F| denotes an MC sample in which a primary
particle P produced in the pp collision decays into a long-lived particle L and additional
particles denoted A. The decay of the LLP into final state F' is enclosed in square
brackets. Samples where the primary particle is long-lived are denoted with [L — F].
In both cases, masses may be indicated with parentheses, as in [L(100GeV) — F]. The
symbol ¢ indicates a u or d quark unless otherwise specified, and ¢ indicates an electron

or a muon. Charge conjugation of fermions is to be understood where appropriate.

Different RPV couplings can give rise to different decay channels of a neutralino
LSP. RPV samples of § — ¢[X} — £qq/vqq] are generated. The X! decays into two light
quarks and an electron, muon, or neutrino, is governed by the nonzero RPV coupling

M1 Samples containing heavy flavour quarks, §— g[x} — ¢gb] (produced with X5 # 0)

! The generation of the Monte Carlo samples used in this analysis were done within the ATLAS
framework by members of the ATLAS MC Simulation group.

2 We use PYTHIA 6 as it was easier to adapt the generation done in the previous analysis in [157].
PYTHIA also directly implements the RPV decays we need in our study.
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and § — ¢[X] — (cb] (corresponding to Mg # 0) are also generated, in order to study the
impact of long-lived charm and bottom hadrons on the efficiency of DV reconstruction.
A §— qq[X] — €qq] sample is used to verify that the production mechanism has minimal
impact on our vertex selection efficiency, by comparing with the corresponding model
with squark production. A summary of the RPV signal MC samples presented in this
thesis is detailed in Table 7.1. The chosen values of squark and neutralino masses span a
wide range in the quantities to which the signal efficiency is most sensitive, namely, the
neutralino mass and boost (see Section 7.4). The values of the " coupling in the various
samples are selected such that a significant fraction of neutralino decays occur in the

detector volume considered in this analysis.

Within a split SUSY scenario we simulate production and hadronization of primary,
long-lived gluinos. GEANT 4 simulates the propagation of the gluino R—hadron through
the detector [192], and PYTHIA decays the R—hadron into a stable neutralino plus two
quarks (u, d, s, c or b), a gluon, or two top quarks. The resulting samples are denoted
(57— qqX)], [§— gX], or [§— ttX)], respectively. Different combinations of gluino and
neutralino mass are considered, as shown in Table in 7.2. As with the RPV samples, the
chosen values of gluino and neutralino masses try to span a range in relevant quantities
such as mass and boost. The lifetime values ensure that a significant fraction of gluinos

will decay inside our fiducial volume.

GGM samples are produced as g — qq[i? — GZ], in which the NLSP %! is a higgsino-
like neutralino. Both the leptonic and hadronic decays of the Z boson are considered.
Details of these samples are listed in Table 7.3. As before, the chosen values of gluino
and neutralino masses span a range in relevant quantities such as mass and boost. The
lifetime values ensure that a significant fraction of neutralinos will decay inside our

fiducial volume.

Event displays for the R—hadrons samples are shown for the purpose of illustration.
Event displays in the £ — y and in the r — z plane can be seen in Figure 7.1 and 7.2,

respectively.
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Production | Produced particle | LLP decay LLP emyie [mm] RPV coupling o [fb]
mass [GeV] channel mass [GeV]
q 700 ) — pjets 494 175 M =2x10° | 1243
q 700 0 = etjets 494 175 N =2x10"% | 124.3
q 700 X1 — ptjets 494 175 Ayoz = 3.55x 1075 | 124.3
q 700 x| — etjets 494 175 N3 =355x107°% | 124.3
q 700 ) — vtjets 494 175 My =2x107% | 124.3
q 700 ) = vtjets 108 101 My =1.5x107% | 124.3
q 1000 K] — vtjets 108 220 My =2x107% | 11.9
g 700 ) — vtjets 494 175 My =1.03x107° | 434.0

Table 7.1: The parameter values for the RPV signal MC samples used in this thesis. Production
cross sections were calculated following the prescriptions in [193].

Production | Produced particle LLP decay LSP emyie [mm] o [fb]
mass [GeV] channel mass [GeV]
g 400 7= qq/9+ X3 100 300 18.9
g 800 d—qq/9+ X3 100 300 0.157
g 1000 G—qq/9+ X3 100 300 0.0243
g 1400 7= qq/9+X) 100 300 7.14x 107"
i 500 G ti+ 20 300 4.45
g 800 g —tt+x) 320 300 0.157
g 1100 G t+x) 620 300 9.06 x 10°
g 1400 G tt+x) 920 300 7.14 % 107*

Table 7.2: The parameter values for the decaying R—hadron signal MC samples used in this
thesis. Production cross sections were calculated following the prescriptions in |

Production | Produced particle | LLP decay LLP cryie [mm] | o [fb]
mass [GeV] channel | mass [GeV]

Fi 1100 W — ZG 400 230.2 7.57

i 1100 V= ZaG 1000 183.4 7.57

|.

Table 7.3: The parameter values for the GGM signal MC samples used in this thesis. Produc-
tion cross sections were calculated following the prescriptions in [193].
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Figure 7.1: Event displays in the © — y plane for two representative R—hadron signal samples.
The three pixel layers and their modules are shown in blue. The beampipe
corresponds to the circle in red. Green lines represent electrons and photons,
black lines are pions and purple dashed lines are neutralinos. The orange lines
corresponds to b—hadrons from top decays.

7.2 Event selection

The event selection is designed based on MC and experience from previous analyses |10,
| to strongly suppress background while efficiently accepting signal events over a broad

range of LLP masses, lifetimes, and velocities.

The first selection of events is performed with a combination of triggers that require

miss

the presence of jets or ™. The trigger requirement for the DV+p™ search is:
o P >80 GeV.
The DV+jets search requires:

e four jets with pr > 80 GeV, five jets with p; > 55 GeV, or six jets with pp > 45
GeV.

Events passing the trigger are required to contain at least one “good” PV; with at
least five tracks, and z position |zpy| < 200 mm. In addition, all events are required to

, 195].

The main goal of these selections is to ensure a good quality of events to be selected for

satisfy standard ATLAS data quality requirements, as described in detail in |

physics analysis. We veto events that for example have fake p™* due to non operational

cells in the calorimeters.
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Figure 7.2: Event display in the » — z plane for one representative R—hadron signal sample

The three pixel layers and their modules are shown in blue. The SCT layers are
shown in green and the TRT is represented in yellow. The beampipe corresponds
to the red strip. Green lines are electrons and photons, black lines are pions and
purple dashed lines are neutralinos

miss (¢

In addition, standard jet and pp
detailed in |

cleaning” is applied both to data and MC, as
|, where we veto events with “bad” jets. Following the same logic as
before, these “bad ” jets are not real energy deposits in the calorimeters and can arise for
example from hardware problems, such as high voltage trips in the Tile calorimeter. We

therefore need to veto events with jets pointing to these regions of the calorimeters
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An additional cleaning procedure [107] is applied both to data and MC to deal with
masked modules®. In particular, events involving high p; jets can be poorly reconstructed,
as the jets are more collimated and thus can be more completely contained within masked

miss

modules. This is also relevant for pp~ since these masked regions can create large

miss

amounts of fake pp

We apply further object requirements before considering the reconstructed vertices

within these events. For the following selection criteria, the trigger efficiency is approx-

miss miss

imately independent of the py~" and the jet transverse momenta. For DV+4pr™, we

require:

e At least two trackless jets with py > 50 GeV.

o PR > 180 GeV.

For the DV+jets search, we require:

e At least one trackless jet with p;y > 50 GeV.
e At least 4 jets with pp > 90GeV and |n| < 2.8, OR
e At least 5 jets with pp > 65GeV and || < 2.8, OR

e At least 6 jets with py > 55GeV and |n| < 2.8.

Where we have defined trackless jets in Section 4.3.3. After all the criteria described

miss

above are applied for either of the DV+4+p7™ and DV +jets searches, events are required

to contain at least one reconstructed DV.

DVs are reconstructed from tracks reconstructed with standard tracking techniques and
re-tracking, as explained in Section 4.3.1. After re-tracking, the following requirements

on tracks are imposed:

e Transverse impact parameter |dy| > 2 mm.
e Transverse momentum pp > 1 GeV.

o At least 2 SCT hits.

3 A masked module refers to a certain region of the calorimeter that has not been considered or has
been vetoed for physics analysis. For a variety of reasons (such as hardware problems or digital
errors), there are regions which are either temporarily or permanently masked throughout all data
taking periods, so is important to evaluate and account for the effect this has in the reconstruction

miss

of jets and pp
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e Tracks are rejected if they have zero TRT hits and the number of Pixel hits is less
than 2.

The first cut is applied in order to reject prompt tracks. The following cuts are placed
to ensure that high quality tracks are used in the reconstruction of DVs. In particular,

the last cut is effective at removing fake tracks made up of hits in the SCT endcaps.

Further selection of the DV requires that:

e The vertex position should be in the fiducial volume rpy, |2py| < 300 mm.
e The vertex should not be in a region of dense material.

e The vertex should be separated by at least 4 mm in the (x,y) plane from all recon-

structed primary vertices in the event (A,, = \/ (zpy — pv)° + (Ypy — ypy)> > 4

mm).

e The signal region” for vertex candidates is then defined as N,y > 5, and mpy > 10
GeV (where mpy is the invariant mass of the vertex calculated using the charged

pion mass hypothesis for the tracks).

A 3D material map of the detector is needed to veto vertices that are reconstructed
in high density material regions’. These vertices are likely to have arisen from hadronic
interactions of primary particles with the detector material (see Section 7.5). A plot
showing the reconstructed vertices vetoed by the material map is shown in Figure 7.3,
where the extension covers rpy < 300 mm and |zpy| < 300 mm, which corresponds to
the fiducial volume used in this analysis. The following A, cut is placed to minimize
background due to tracks originating from the PVs. The last two cuts define the signal
region, as no contribution from the SM will give rise to high mass, high track multiplicity

displaced vertices (see Section 7.5).

miss

A summary of the cuts applied in both DV+jets and DV+pp™ multi-track searches

can be seen in Table 8.1.

* Defined as the region where signal is expected to be found.
® This material map was developed by other members of the ATLAS DV group and has evolved since
the first DV analysis in 2011. See [, 73] and [19%] for all the details.
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Figure 7.3: Transverse-plane density of vertices with fewer than five tracks in material regions
that are excluded by the material veto in the region |z| < 300 mm. The innermost
circle corresponds to the beampipe. This is surrounded by the three pixel layers.
The octagonal shape and outermost circles are due to support structures separating
the pixel and SCT detectors [!].
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Selection DV+jets ‘ DV 4 pipiss
PV selection PV with > 5 tracks, |zpy| < 200 mm
jets/pr™s® selection | 4,5,6 jets, pp > 90, 65,55 GeV PSS S 180 GeV
and |n| < 2.8
One 50 GeV trackless jet Two 50 GeV trackless jets

DV reconstruction | Made from tracks with p; > 1 GeV, |n| < 2.5 and |dy| > 2 mm wrt PV
A,y >4 mm (DV position wrt. PV)

DV fiducial rpy < 300 mm , |zpy| < 300 mm (DV position wrt. origin)
DV material Material veto

Ntrk Ntrk >5

mpy mpv > 10 GeV

Table 7.4: Summary of selection criteria for the multi-track DV searches presented in this
thesis.

7.3 Dominant systematic uncertainties: p=" and jet

. hd 6
reconstruction efficiency

In this Section, we comment on the dominant systematic uncertainties on our signal
samples. The dominant systematic uncertainties are those associated with the efficiency

for reconstructing jets and pi=.

Since the background level is low, uncertainties on
the background estimation have a minor effect on the results of the analysis. For full
details on the signal uncertainties and corrections applied in the DV analysis, the reader

is referred to Refs. [1, 173].

miss

Systematic uncertainties in the ppy” measurement are evaluated with the usual
methods within ATLAS described in Refs. |35, 139] and propagated to the efficiency
uncertainty. The impact on the signal efficiency of uncertainties in the jet-energy scale

calibration and jet-energy resolution is evaluated following the standard method used in
ATLAS described in Refs. [199] and Ref. [200], respectively.

An additional uncertainty on the jet p; is evaluated for jets that originate from
the decay of a LLP (i.e displaced jets), as these jets may not have exactly the same
properties as prompt jets, which are the ones that are reconstructed in ATLAS. The

deviation (or shift) of displaced jets relative to normal jets increases with the decay

 The uncertainty associated to the effect of initial and final-state radiation was implemented by Nora
Pettersson. The one associated to trackless jets was implemented by Nick Barlow.
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length of the LLP. The uncertainty in the reconstructed jet p; is then estimated by
linearly parameterizing the pr mismeasurement in MC simulation as a function of rpy

and zpy. The only significant dependence observed is a p; mismeasurement of

PR = (4£1) x 107 (rpy /mm), (7.1)

that is used to scale the jet pr as pf_phift x pp. This is propagated to the jet selection

efficiency as a systematic uncertainty || 72]. Note the effect is so small that allows us to

use standard (prompt) jet calibration tools in ATLAS.

To account for possible mismodeling of trackless jets, an uncertainty is obtained by

varying the requirement on ), pr for these jets [177].

The impact of uncertainties in the simulation of initial state radiation (ISR) is
estimated by varying the pp distribution of the primary particles according to the
distribution observed in MADGRAPH 5 [201] samples || 7]. This is because MADGRAPH

simulates a more accurate description of radiative effects than PYTHIA.

After the corrections, the change in the signal efficiency varies between 2% and 10%.
Figure 7.4 shows all systematics as a function of ¢ for representative signal samples.
In all cases, the dominant uncertainty at small lifetimes is statistical, as a result of
our reweighting procedure (only events with DVs decaying at small ¢7 have significant
contributions). This is particularly true for the split SUSY samples, where we only have
10k events per sample, while we have 50k or 60k events for the RPV and GGM samples.

Since many of the systematic uncertainties are evaluated by looking at the difference
between the “nominal” efficiency-vs-cm and the efficiency-vs-cr curve after some change
(e.g. jet-energy scale variation), there is a statistical component to these systematic
uncertainties, again, particularly at very small or very large lifetimes where individual

events can have large weights.

In addition to the statistical uncertainty which dominates at small lifetimes, the
ISR-related uncertainty is also large, as a larger boost arising from the recoil against
an ISR jet can increase the fraction of events passing the jet or pi*cuts. At very
large lifetimes, there can also be a dominant contribution from a systematic uncertainty
associated with the lifetime reweighting procedure we apply, and is due to our finite-sized

MC samples. Further details on this can be found in Reference |1 77].
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Figure 7.4: Contributions to the uncertainty for DV+pp' iss(top) and DV+jets (bottom) as a

function of c¢r. There is an uncertainty associated with the reconstruction efficiency
for tracks that originate far from the interaction point (ie. tracking efficiency).
For the DV+p7"*channel, there is a non-standard contribution related to the
fact in this analysis we cut on a variable for pr > which uses an older calibration.
The standard uncertainty on py"is shown separately. The “pile-up” correction
takes into account the weighting of MC events such that the distribution of the
average number of pp interactions per bunch crossing matches the one in data.
The jet-energy scale uncertainty includes the non-standard shift of displaced jets
relative to normal jets described in the text. The uncertainty associated with

trackless jets is shown separately |1, 177].
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7.4 Signal efficiency

We can now evaluate the event-level efficiency (e.,) for reconstructing vertices after
applying all selections and uncertainties described in the previous Sections. €., is defined
as the probability for an event containing two DVs to be identified with at least one
DV satisfying all the selection criteria. The efficiency for reconstructing a multi-track
DV with the described selection criteria depends strongly on the efficiencies for track

reconstruction and track selection, which are affected by several factors:

e The impact parameter d, of the track: the efficiency for reconstructing tracks
decreases with increasing values of d,), since the track algorithms are not optimized

for prompt tracks and also the density of fine instrumentation decreases.

e The mass of the LLP: the number of tracks originating from the vertex increases

with increasing mass, so the reconstruction efficiency is higher for a heavier LLP.

e The energy of the long-lived particle: the higher the boost, the more tracks will
have a small angle with respect to the flight direction of the LLP and may therefore

fail the minimal d, cut.

e The decay position of the vertex: when a LLP decays at a radius somewhat smaller
than that of a pixel layer, many tracks share hits on that pixel layer, failing to meet

the track selection criteria.

We can therefore see that the vertex reconstruction efficiency will be a non-trivial

combination of different aspects of the track reconstruction efficiency.

7.4.1 Efficiency vs vertex displacement

The resulting impact on efficiency against vertex displacement is studied in this Section.
Generally, the vertex reconstruction efficiency is worst at large radii, which is due to the

tracking efficiency decreasing.

The efficiency for reconstructing a multi-track DV is reduced when the LLP decays to
charm or bottom hadrons, resulting in two or more nearby DVs. Each of these DVs has
a high probability of failing to meet the N, and mpy criteria, resulting in low efficiency
if these DVs are not merged. This happens less at large values of rpy, where DVs are

more readily merged due to the worse position resolution.
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As discussed in Section 4.3.2, the final step of our vertexing algorithm is to merge
pairs of vertices separated by less than 1 mm. Depending on the boost of the LLP, this
may or may not be enough to recover the lost efficiency. This effect is studied by looking
at RPV samples with different couplings, such that one or more b or ¢ quarks come from
the neutralino decay, and R—hadron samples with § — tZx" decays. Figure 7.5 shows a
comparison of the event-level efficiency against vertex position for the RPV and split
SUSY models. In the RPV model, the comparison is between a signal sample with only
light jets, and with one heavy-flavour jet. It is noticable that at small radii (r < 100
mm) there is a significant drop in efficiency, while outside the third pixel layer the effect
is less dramatic. This is likely to be due to the larger uncertainties on track parameters

meaning that it is easier to fit all the tracks into a single vertex with reasonable x?.

We can also see the effects of heavy flavour jets for the R—hadron samples in Figure 7.5,
where we compare one mass point for both § — &%) and § — qq/ g%} decays. For the
G — tix}| decay, more of the energy goes into the ttbar system, than for § — qq/ gy,
so the truth-level mass will always be higher. However, at small radii, where position
resolution is good, we lose some tracks that are in b—jets for § — ¢y}, so we have lower
efficiency. At large radii (r > 120 mm), where position resolution is bad, everything gets

merged into one vertex, so we recover that efficiency.

We also comment that the efficiency for reconstructing a displaced vertex does not
depend appreciably on whether the primary particle is a squark or a gluino. However,
the nature of the primary particle determines the number of jets, and hence impacts the

miss

event-level efficiency in the DV+jets and DV+pp™ channels.

7.4.2 Efficiency vs lifetime

Although all our signal MC samples each have only one value for the average lifetime
crye of the LLP particle (see Tables 7.1, 7.2 and 7.3), we would like to evaluate the
efficiency for a range of lifetimes. In order to do this, we adopt a re-weighting strategy,

where each LLP is given a weight

T t t
WDV(th> = %Cexp <_ - _> 3 (72)

™C T
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Figure 7.5: Comparison of efficiency as a function of the vertex radial position rpy. The top

frame shows two samples in the RPV simplified model, where a squark decays to
)2(1) — pgq through non zero \yy; and to )2(1) — pgb through non zero Ay;3. The
bottom frame shows a split SUSY model, where a gluino decays to either qg/ gf([l)

or tiy).
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where t is the true proper decay time of the generated LLP. The event-level efficiency for

each lifetime is calculated by weighting the event by,

Wevt (tlv t2a 7_) = WDV (tla T)WDV (t27 7—)7 (73)

where t; and t, are the true proper decay times of the two LLPs in the event. The
event level efficiency is then the sum of weights for LLPs that satisfy all the criteria in

the sample.

The resulting dependence of €., on the average proper decay distance cr are shown
in Figure 7.6 for the RPV models. Figures 7.7 and 7.8 shows the effect in €., for the
split SUSY models and for GGM see Figure 7.9. For most models considered in this
analysis, the peak efficiency is typically greater than 5%, and it occurs in the range 10

mm < c¢r < 100 mm.

7.5 Backgrounds7

A very strong feature of displaced vertex analysis in general is that this signature is
scarce in the SM, so it is nearly a zero-background search. B mesons are examples of
LLPs in the SM, but the large majority of these particles are removed by the track cut
on |dy| < 2mm, described in Section 4.3.1 (1% of the tracks from a b—vertex pass the
minimal d;, cut, as can be seen from Figure 7.10). The few remaining tracks will not pass

the signal region requirements.

Nevertheless, any imaginable source of background vertices must be considered.

Background vertices to the DV multi-track search can come from three sources:

e accidental spatial crossing of tracks
e heavy-flavor quark decays

e particle interactions with material

The material veto applied highly suppresses backgrounds from particle interactions

with detector material. Moreover, all the above backgrounds have low values of mpy

 Results in this section, with the exeption of Figure 7.10, were generated by the members of the
ATLAS DV team Nick Barlow, Hidetoshi Otono and Nora Pettersson.
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Event-level efficiency

Event-level efficiency

Figure 7.6:

e ATLAS Simulaon N 20 ]

. \s=8TeV “ ]

~ DV+jets channel - A1 # 0 ]
0.8~ RPV Model St A, %0 o

L §(700 GeV) - q[X; (494 GeV) - Iqq] .o i

CT [mm]
B T T T TTT | T T T T TTT | T T LU I_
0.5~ ATLAS Simulation == m(G)=700 GeV, m&") 494 GeV
[ Vs=8TeV _ - -
. m(g)=700 GeV, m({)=108 GeV
C DV+E7"® channel = ~ ! ]
0.4 RPV Model = m(g)=1 TeV, m&f)leB Gev  _|
L 93 - @)X, -~ vaal = m@=700 GeV, m()=494 Gev -
0.3 =
0.2 -
01- £ S
1 10 10? 10°
CT [mm]
Event-level efficiency obtained from the DV -jets search (top), for a pair of squarks

in the RPV scenario, with the neutralino decaying to a lepton and two quarks,
according to the non-zero A" couplings indicated in each case. The squark and
neutralino masses are 700 GeV and 494 GeV. The bottom frame shows the event-
level efficiency for RPV samples in the DV+p7n3ISS channel for different squark
or gluino and neutralino mass values, and heavy flavour samples. The total

uncertainties on the efficiencies are shown as bands [202].
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Figure 7.7: Event-level efficiency, obtained from the DV+pp
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(top) and DV +jets searches
(bottom), on the cross section for gluino pair production in the split SUSY model,
with the gluino decaying to a neutralino plus either a gluon or a light-quark pair or
a pair of top quarks, for selected values of gluino mass. The mass of the neutralino
is 100 GeV. The total uncertainties on the efficiencies are shown as bands [202].



Searches for new physics with displaced vertices at ATLAS 89

5\05_ T T T T T T T T T T T T T T 1T 11]
S B ATLAS Simulation BB n@=s00Gev ]
3] - \s=8TeV 3 ]
5 0.4]— DV+E7"" channel B8 m(@)=800 Gev B
< [ Splitsusy Model e M@=11Tev -
S - 65 . ==m(g)=1.4 TeV .
£ 03 m&p)—m(*) 480 GeV E
g’ B —
LIJ B —
0.2:— _:
0.1 S

0_ 3

1 10 102 10
CT [mm]
5\0-45: T T T 7T || T T T L I| T T T L I:
S 04F ATLAS Simulation BB m@s00Gev ]
5 *F Vs=8TeV 0 s
5 0 35:_ DV+jets channel B8 m(@@=800 Gev E
<o F SplitSUSY Model —  mee m@=11Tev 3
> - —
3 0.3F [0 tx) e
Z [ mE)=m@)- 480 GeV -
© 0.25F E
o F -
0.2 3
S E
Oli_ .,~:.’,§".: _i

0.05(-
0 C Aot 3
1 10 102 10

ct [mm]

Figure 7.8: Event-level efficiency, obtained from the DV+p™ (top) and DV +jets (bottom)
searches, on the cross section for gluino pair production in the split SUSY model,
with the gluino decaying to a neutralino plus a pair of top quarks, for selected
values of gluino mass. The mass of the neutralino 480 GeV smaller than the gluino
mass. The total uncertainties on the efficiencies are shown as bands [202].
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Figure 7.10: Transverse impact parameter d; of all tracks coming from reconstructed b-vertices
from simulation with PYTHIA 8 [203] of Standard Model ¢t production. Events
are generated with /s = 13 TeV. The bottom frame shows a zoom of the lower
region of the top frame.
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Channel | Number of background vertices
DV-+jets 0.4140.007 4+ 0.06
DV -+ ppiss 0.0109 £+ 0.0002 + 0.0015

Table 7.5: Estimated numbers of background vertices satisfying all of the multi-track signal
selection criteria. In each entry, the first uncertainty is statistical, and the second
is systematic [!].

and/or Ny, and thus will fail the selection requirements. Such vertices may contribute

to high-mpy, high- N, background vertices via two mechanisms:

e The dominant source of backgrounds are low-mpy vertices that are accidentally
crossed by an unrelated, high-p; track at large angle (O(1radian)) to the other

tracks in the vertex. This is referred to as the accidental-crossing background.

e A much smaller background contribution is due to merged vertices. In this case,
two low-mpy vertices are less than 1 mm apart, and thus may be combined by the
vertex-reconstruction algorithm into a single vertex that satisfies the N, and mpy

criteria.

The expected number of background vertices is estimated in both cases from the
collision data. Since the number of events satisfying the final selection criteria is very
small, the general approach is to first obtain a high statistical precision assessment of
the probability for background vertex formation using a large data control sample. That
probability is then scaled by the size of the signal-candidate sample relative to that of

the control sample.

For the full details of the background estimation procedure in the multi-track DV
analysis, see References |1, 105]. In all cases, the expected background is much less than

one event. The final estimates are given in Table 7.5.

7.6 Results and Supersymmetric imterpretatiom8

The results for the DV+jets and DV+pi*searches are presented in this Section. All
the vertices passing the full set of selection requirements described in Section 7.2, except

for the signal region criteria, are plotted in Figure 7.11. Tables 7.6 and 7.7 show the

8 Limits from Table 7.8 and the final results plots in Figure 7.11 were made by Nick Barlow.
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N Relative Efficiency (%) | Overall Efficiency (%)
All events | 26563830 100. 100.
Trigger 5654866 22.8 21.2
PV selection | 458244 99.8 1.72
Jet selection | 143177 36.2 0.53
DV selection 74758 97.3 0.28
DV material 44302 59.2 0.16
Nk 73 0.16 0.00
mpy 0 0.0 0.0

Table 7.6: Number of events N passing the different selection criteria, relative efficiencies (i.e.
defined with respect to the previous cut) and overall efficiencies for the DV-jets
channel on the ATLAS 2012 data.

N Relative Efficiency (%) | Overall Efficiency (%)
All events 26563830 100. 100.
Trigger 8640339 34.9 32.5
PV selection 19089 99.3 0.07
P selection | 6485 33.9 0.02
DV selection 1106 97.0 0.00
DV material 720 65.0 0.00
Nik 0 0.0 0.0
Mpy 0 0.0 0.0

Table 7.7: Number of events N passing the different selection criteria, relative efficiencies (i.e.
miss

defined with respect to the previous cut) and overall efficiencies for the DV-pp
channel on the ATLAS 2012 data.

number of events in data remaining after each of the selection cuts for DV-jets and
DV+pi™channels, respectively. No events are seen in the signal region in either of the

channels.

Given the lack of a signal observation, we can place limits, making use of the statistical
techniques described in Chapter 5. In general, an upper limit on the visible production
cross section oygpe (defined in Equation 5.9) given N observed events can be extracted

from,
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Figure 7.11: The distribution of DV-+jets (top) and DV+p'- (bottom) candidates in terms of
the vertex mass versus the number of tracks in the vertex. The data distribution
is shown with red ovals, the area of each oval being proportional to the logarithm
of the number of vertex candidates in that bin. The gray squares show the [g
(1.1 TeV) — qq[%] (400 GeV) — GZ] GGM signal MC sample in the left plot
and the MC [g (1.4 TeV) — %) (100 GeV) qq/g] split SUSY sample in the right
plot. The signal region Ny > 5, mpy > 10 GeV is indicated [!].
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Channel | Upper limit on visible cross section |[fb]
DV-+jets 0.14
DV - pjiss 0.15

Table 7.8: Model-independent 95% CL upper limits on the visible cross section for new physics
for the two searches presented in this thesis [!].

Nsignal = Oyisible X 'C7 (74)

where Nggnal = N — Npackgrounds £ 18 the integrated luminosity.

Both the DV analysis searches presented are sensitive to any massive LLP decaying
with sufficient amount of tracks in the ID, so this makes them fairly model independent
searches. Owning to this fact, we extract 95% CL upper limits on the total visible cross
section for new physics. Inserting in equation 7.4 the known values, assuming 100%
efficiency, N = Nypoer
the luminosity £ = 20.3 fb™" and the estimated number of background vertices of for
example 0.41 for DV+jets (see Table 7.5), we get a rough estimate of o, = 3;8_';’11 ~0.13
fb. Considering all uncertainties in the background (£ 0.06) and luminosity (+2.8% in
2012 data [20]), upper limits on the visible cross section at a 95% CL for the DVjets

and DV 4 pisearches are presented in Table 7.8.

= 3 (which is a 95% interval of the observation of zero events)

Furthermore, for each of the physics models considered, 95% CL upper limits on the
production cross sections are calculated for different values of the proper decay distance
ct of the LLP. The limits are calculated using standard ATLAS software, using the
CLg prescription [!12] with the profile likelihood used as the test statistic, using the
HISTFITTER [205] framework. Uncertainties on the signal efficiency and background
expectation are included as nuisance parameters, and the CLg values are calculated by
generating ensembles of pseudo experiments corresponding to the background-only and
signal-plus-background hypotheses (see Section 5.2). Since less than one background
event is expected in all cases and no events are observed, the observed limits are very

close to the expected limits.

Figure 7.14 shows the upper limits on the production cross section of two squarks

in the RPV simplified scenario, with different squark and neutralino masses, as well as
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different \" parameters governing the neutralino decay. These results exclude a mg =1
TeV squark for mgo = 108 GeV and 2.5 mm < ¢7 < 200 mm with either light or heavy

quark neutralino decays.

Figures 7.12 and 7.13 shows the upper limits on gluino-pair production cross section
in the split SUSY model. The sensitivity is greater for the cases with meo = 100 GeV
than for those with mgo = mg — 480 GeV, and the DV+pp"*search performs better than
DV-jets in these scenarios, excluding mgo < 1400 GeV in the range of proper decay

lengths 15 mm < ¢7 < 300 mm.

Figure 7.15 shows the cross section upper limits for gluino-pair production within the

;=11 TeV and

meo = 400 GeV in the proper decay distance range 3 mm < c¢r < 500 mm.

GGM simplified scenario. The scenario is excluded, for instance, for m

7.7 Comparison with past ATLAS analysis

Improvements to the previous ATLAS search for displaced vertices |1 40] have been made
to the physics analysis described in this thesis. One of them was the inclusion of a new
track quality cut, where tracks are rejected if they have zero TRT hits and the number
of Pixel hits is less than 2, described in Section 7.2. This cut is effective at removing
fake tracks made up of hits in the SCT endcaps, and it is justified further in the ATLAS
internal note in Ref. [|73]. The advantage of applying this cut before making vertices is
that we do not lose the entire vertex if a track inside it is badly reconstructed. The effect
of this new cut on the vertex reconstruction efficiency is shown in Figure 7.16, where we

can see a considerable gain, especially at large radii of the reconstructed displaced vertex.

The search channels and physics models interpretations have also been widely extended.
The last version of the displaced vertex analysis with 8 TeV data reported a search only
in a channel with a DV+p (which requires a muon trigger, and a reconstructed muon
associated with the DV), and was interpreted only in the context of RPV. Upper limits
on the production cross section for a 1000 GeV squark were set at 5.4 fb in [150]. The
new DV jets search produces a stricter exclusion limit of 0.14 fb, indicating the power
of the new DV +jets channel.
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Figure 7.14: 95 % CL upper limits, obtained from the DV-jets search (top), on the production
cross section for a pair of squarks in the RPV scenario, with the neutralino
decaying to a lepton and two quarks, according to the nonzero X' couplings
indicated in each case. The squark and neutralino masses are 700 GeV and 494
GeV. The bottom plots shows the 95 % CL upper limits, obtained from the
DV+pp™ for different squark or gluino and neutralino mass values [1].
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Chapter 8

Prompt signals and displaced vertices
in searches for next-to-minimal gauge

mediated Supersymmetry

In this Chapter, we evaluate the collider phenomenology of the DGS model described
in Section 3.2.4. We discuss the limits from the LHC, both in prompt and displaced

searches.

In order to be concrete, we choose to study a benchmark point PO, whose spectrum
(as generated by NMSSMTooLs 4.9.2 [200,207]) is shown in Figure 8.1. PO has a
SM-like Higgs in the vicinity of the measured mass at 125 GeV (allowing for a 3 GeV
theoretical uncertainty in its prediction) and a lighter C'P—even Higgs at 90 GeV that
couples with a reduced strength (compared to a SM Higgs) to Z-bosons, commensurate

with a 20 LEP excess. In addition, the lightest singlet-like pseudoscalar a; has a mass of

23 GeV and the singlino-like NLSP N, has a mass of 98 GeV.

We generate event samples with PYTHIA 8.2 [203], using FASTJET 3.1.3 [209] for
jet reconstruction. The ATLAS models we wish to validate, described in Section 8.2.1,
are generated with SOFTSUSY 3.6.1 |12, 153] to calculate the spectra and SDECAY

1.5 [151] to generate the decays, communicating the spectrum and decay information via

SUSY Les Houches Accord (SLHA) files [155, [50].

To take into account the size of the detector, we consider a cylinder with radius
r =11 m and length |z| = 28 m, corresponding to the ATLAS Inner Detector [121]. It is
possible for a neutral particle that decays outside the Inner Detector to form trackless

jets. However, it is difficult to model the detector response to these and so we consider
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Figure 8.1: Spectrum and the more likely sparticle decays of benchmark point P0: £ = 0.01,
A=0.009, M =1.4x 10° GeV, m = 863 GeV and tan = 28.8. Decays into
sparticles which have a branching ratio greater than 10% are displayed by the
arrows. The figure was produced with the help of PySLHA3.0.4 [205]. The table
shows some more precise details of the spectrum of the benchmark point P0. All
masses are listed in GeV units and the lightest neutralino has a decay length
CTR, = 99 mm.

them to be beyond the scope of this study. Any particle that decays outside the Inner
Detector is therefore considered to be stable for all intents and purposes. The detector
response for measurement of jet p; is modelled as follows'. The jet momentum is smeared
by a gaussian with resolution of 20% of energy for Ej; < 50 GeV, falling linearly to 10%
up to 100 GeV and then a flat 10%. A further scale correction of 1% is applied for jets
with |n| < 2 and 3% for those with higher |7].

With this parameterisation, we are able reproduce the cut flows for the ATLAS

O-lepton + jets + missing transverse energy (pi™*) analyses and the efficiencies are

! We find inconsistent results from standard detector simulation programs leading us to believe that
the presence of DVs interferes with the standard reconstruction.
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validated against published results for benchmarks provided in the ATLAS analysis
documentation. Further fiducial and material cuts required for tracks in the DV studies

are explained in Section 8.2.1.

8.1 Prompt searches”

In order to determine constraints on the gluino mass in our model, we focus on the 0-
lepton | 2-6 jets + pf**® search [210,211] which is the most sensitive search for benchmark
P0O. However, to investigate the response of our model to dedicated SUSY searches, we
deform it by moving on a line into the phenomenological next-to-minimal model space
(pNMSSM): for instance, we vary the gluino mass soft parameter M; while keeping all
other weak-scale parameters fixed. The spectrum, decays and lifetimes are recomputed
at each point: to first order, only the gluino mass changes, but there are small loop-level
effects on other masses. Since this deformation breaks the gauge mediated relation
between the gaugino masses, we are deviating from the gauge mediated limit by doing
this. This is a simple choice where we can change only one parameter; we could have
equally made a different choice where we vary several weak-scale parameters - trying to
preserve some of the gauge mediated relations. Keeping within the DGS model itself
was not an option however, since a highly non-trivial multi-dimensional manipulation
of parameters was required, which ended in some other phenomenological bound being
violated. Our approach is mainly phenomenologically motivated, essentially to study the
gluino mass bounds in the context of the very peculiar structure of singlino-like NLSP
and gravitino LSP (with squarks decoupled). Nevertheless one might imagine a possible
extension of the DGS scenario with additional sources for the Higgs mass that allow to

lower the overall scale of sparticle masses to the investigated range.

We have also sometimes, for the purposes of illustration only, changed the singlino
decay length ey (while keeping all weak-scale parameters fixed). This deformation
does not really constitute a consistent model, but is used instead to understand some
features that are present in consistent models. When using this type of deformation we
will refer to ‘tweaked’ parameters. We shall investigate the effect of varying the lifetime

by scanning over a lifetime range of 7 = [107°, 10*] mm for mg~1 TeV.

*Plots from this Section were generated by Nishita Desai.
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NG 8 TeV 13 TeV
Signal Region 4jt-8 6jt-8 43t-13 6jt-13
P> /GeV > 160 160 200 200
pr(j1)/GeV > 130 130 200 200
pr(ja)/GeV > 60 60 100 100
pr(js3)/GeV > 60 60 100 100
pr(js)/GeV > 60 60 100 100
pr(Js)/GeV > - 60 - 50
pr(Jjs)/GeV > - 60 - 50
A¢(jet1,2,3vﬁirr11iss)min > 0.4
A¢(jetj>3:ﬁ%niss)mm > 0.2
P fmeg (N;) > 0.25 0.2
meg(incl.) /GeV > 2200 1500 2200 2000
oo (fb) 0.15 0.32 2.7 1.6

Table 8.1: The cuts for more sensitive signal regions from the 0-lepton + jets + pp 55 searches

at 8 TeV [210] and 13 TeV [211] runs and 95% observed upper limits on a non-

Standard Model contribution Uglgs. The limit Uggs has not been unfolded, and

so should be applied to the production cross-section times branching ratio times
acceptance. The jets j are ordered in decreasing pr. The effective mass, mg(incl.)
is defined to be the scalar sum of pp’s of all jets with py > 40(50) GeV for /s =8
(13) TeV plus the missing transverse momentum py™™>, meg(N;) is the scalar sum
of pp’s of N; hardest jets (N; = 4 for 4jt-X and N; = 6 for 6jt-X) plus piss
¢ is the azimuthal angle around the beam |[”].

and

8.1.1 Current bounds from Run I and early Run II searches

In the DGS model under study, the squarks (including the third generation squarks) are
usually  heavier than  the  gluino, resulting in  three-body  decays
through off-shell squarks of the form § — ¢gN,, where N, is mostly singlino-like, followed
by the potentially displaced decay N, — Ga, — Gbb. Although the last step in the
decay chain always ensures the presence of b’s in the final state, they are usually too
soft to satisfy the requirements of current b—jet + pi™ searches. We find that b—jet
searches only become sensitive when the mass of the gluino is high enough that decays
into third generation squarks dominate and their decays into top/bottom quarks (see an
example event topology in Figure 3.5) result in high-p; b-jets. Therefore these searches

are never relevant for our benchmark PO and the corresponding pNMSSM line that has
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even lower gluino masses. Note however, that even when the gluino mass is high, the
gluino branching fraction into b’s is still only about 20% and is often accompanied by
vector bosons in the final state. These sometimes produce leptons, which take events out
of the 0-lepton + multi-jets + pi” selection. As a result of the above considerations,
the sensitivity is much lower than that from simplified models producing hard b-jets and
missing transverse momentum. We find that the sensitivity in the simplest 0-lepton +
jets + ppU™ searches is greater than that of searches involving bs even at high gluino
masses. The signal regions (i.e. the labelled sets of cuts) defined by ATLAS that have the
highest sensitivity are the 4jt-8 and 6jt-8 signal regions (relevant for 8 TeV collisions)
and the 4jt-13 and 6jt-13 signal regions (relevant for 13 TeV collisions). We reproduce
the cuts in these signal regions in Table 8.1 along with the observed upper limits on

production cross section at the 95% confidence level (CL).

Since in the DGS model the gluino sets the overall mass scale of the sparticle spectrum,
we therefore present our results in the form of bounds on the gluino mass. We define the
signal strength ratio rg5 as the ratio of the predicted sparticle signal passing the selection
cuts in a particular signal region to the 95% CL upper limit on the cross section in that
region. Thus r¢; = 1 is just ruled out to 95% CL, rg5 > 1 is ruled out whereas rg; < 1 is
allowed at the 95% CL. The signal region is always chosen to be the one giving the best
expected exclusion. Figure 8.2 shows the signal strength ratio for varying gluino mass
based on the pNMSSM line described in Section 8.1. The most sensitive signal region at
/s =8 TeV for gluinos from 0.9 — 1.2 TeV is the 6jt-8 region (6 hard jets, tight cuts).
For higher gluino masses up to 2 TeV, the sensitivities of the 6jt-8 and 4jt-8 signal
regions are similar. The presence of a long-lived singlino which may decay within the
detector leads to another possible signature — that of DVs, which we shall explore in
the next Section. We see from the figure that the bound from Run I at 95% is m; >
1080 GeV, where the 6jt-8 line intersects 795 = 1.

In 2015, ATLAS analysed 3.2 fb™' of integrated luminosity collected at the higher
centre-of-mass energy of 13 TeV, not observing any significant signal for sparticle pro-
duction. We see that at 13 TeV, the 4jt-13 cuts are more sensitive to our pNMSSM
model than the 6jt-13 cuts for any value of the gluino mass, mainly because the pp
requirements are not satisfied by the jets from singlino decay products (which give
Niets > 4). We see that the early Run II data from 2015 constrained mz; > 1000 GeV,
not as sensitive as the Run I limit. Later, we shall examine the expected sensitivity from

Run IT with 100 fb™" of integrated luminosity.
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Figure 8.2: 95% lower limits on the gluino mass from Run I and Run II jets + pg" 5 searches.
We show the ratio of the predicted gluino cross-section times branching ratio
times acceptance (o X BR x €) to the 95% upper bound on signal cross-sections
determined by ATLAS, for a scan-line based on benchmark PO (N lifetime
of ety = 99 mm). The horizontal dotted line shows the exclusion limit at

r = (0 x BRx¢)/o%® = 1. The arrow shows the position of our benchmark PO

in DGS, whereas elsewhere we are strictly in pNMSSM parameter space [2].

In Figure 8.3, we show how changing the lifetime of the N, affects the cut acceptances
(shown here for the signal region 6jt-8). The lines should be read in one-to-one
correspondence from top to bottom with the cuts listed in Table 8.1 (except the second
line which is the combined efficiency for pr(j;) and pr(js)). Thus, the first line corresponds
to the cut pi™ > 160 GeV and the last to mgz > 1500 GeV. As expected, when the
singlino is stable, we find large missing energy as all the momentum it carries is invisible.
As the lifetime decreases, more and more singlinos decay within the detector volume
resulting in a flat efficiency below lifetimes of 10 mm. This gain in efficiency for long-lived
N, is somewhat diluted once we demand jets with high py. In particular, once we demand

Niets > 4, the efficiency is lower for stable singlinos, since the extra hard jets mainly come
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Figure 8.3: The dependence of overall efficiency on lifetime in the signal region 6jt-8. We
find that the strong dependence on pp" is strongly anti-correlated with the cuts
on jet pp, resulting in a fairly small dependence of the efficiency on cr after all
cuts. The curves correspond from top to bottom to the cuts in Table 8.1 and the
corresponding variables are shown in the plot |2].

from decay products of the N,. However, this downturn is balanced by the requirements
on A¢ between the jets and the missing momentum pi*, since the presence of more jets
in the final state makes it harder to satisfy this cut. Finally, after all cuts, we find that
the efficiency is rather flat across all lifetimes. Therefore the gluino mass limits presented

above may be considered fairly robust for the model studied here.

8.1.2 Future search reach of prompt searches

We now estimate what the future might bring for discovery or exclusion of the pNMSSM
model from the LHC. In Figure 8.4, we re-display the current limits on the gluino in
pNMSSM from the 13 TeV run, as the gluino mass is changed for the 6jt-13 and 4jt-13
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Figure 8.4: 95% CL limits the gluino mass from the /s = 13 TeV jets + I searches and
projected sensitivity with higher luminosity in the pNMSSM model. The signal
regions 4jt-13 and 6j-13 are defined in Table 8.1. The arrow shows the position
of our benchmark PO in DGS, whereas elsewhere we are strictly in pNMSSM
parameter space |].

signal regions. The solid lines show the current lower limit from the 2015 run of 1000
GeV. For our model, the 4jt-13 region performs better than the 6jt-13 region. Model
sensitivity (ignoring systematic errors) is equal to the number of signals events S divided
by the square root of the number of background events B. Since S  the total integrated
luminosity £, and B o £, the sensitivity scales o« v/£. Thus, we expect ogs® o 1 / VL.
Using this dependence, we scale the £ = 3.2 fb~" lines to 30 fb~' and 100 fb™" to show
the projected sensitivities in the figure. We see that with 100 fb™* and 13 TeV centre of
mass collision energy, the LHC can reach up to 1900 GeV gluinos.
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8.2 Searches with displaced vertices

DV searches are especially challenging, as detailed in Chapters 6 and 7. As mentioned in
Chapter 6, recent reinterpretation of LHC displaced searches can be found in Refs. 160~

|. Displaced signatures have received far less attention in the literature as compared
to prompt signatures. Modelling the detector’s response to DVs is a difficult task, as we
shall illustrate. Validation is therefore essential in order to tell how good or bad a job of
modelling the response we achieve. Refs. [100, 105] used truth information to identify
displaced decays. Our work goes further by fully detailing the steps of reconstruction for
DVs, in a similar way to Ref. [107], but here we determine an explicit functional form
for the tracking efficiency, which is needed to be able to model the efficiencies from the

experiments to a reasonable (if somewhat rough) level.

8.2.1 Validation of Run I displaced vertex searches

In the absence of publicly available multi-dimensional, model-independent efficiency maps
for the reconstruction efficiency of a DV, we make use of the efficiencies published for
specific models and construct a function that approximately simultaneously reproduces
them. The ATLAS DV-jets search [I| has been interpreted in the context of two
General Gauge Mediation (GGM) and several R—parity violating supersymmetry (RPV)
simplified models, as explained in Chapter 7. Of these, the ones most relevant to
signatures predicted by the DGS model (where we expect only jets from the DV) are
the two GGM model benchmarks and one RPV benchmark where a displaced neutralino

decays through a non-zero \y;; to light quarks and a muon.

The ATLAS DV +jets cuts are summarised in Table 8.2. The ATLAS analysis re-runs
the experiment’s standard tracking algorithms on events passing the trigger in order
to determine the efficiency for the displaced tracks. Given the fact that we do not
have access to such algorithms outside ATLAS, we assign each track a reconstruction
probability depending on its py and the true co-ordinates of its displaced origin. The
functional form found to reproduce the efficiencies for the three benchmark models is

given by
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DV jets 4 or 5 or 6 jets with |n| < 2.8 and pp > 90,65,55 GeV.
DV reconstruction DV made from tracks with pr > 1 GeV, |n| < 2.5

and |dy| > 2 mm, satisfying a tracking efficiency
given by equation 8.1. Vertices within 1 mm are merged.

DV fiducial DV within 4 mm < rpy < 300 mm and |zpy | < 300 mm.

DV material No DV in regions near beampipe or within pixel layers:
Discard tracks with rpy,/mm
€ {[25, 38], [45, 60], [85, 95], [120, 130]}.

Nk DV track multiplicity > 5.

Mmpy DV mass > 10 GeV.

Table 8.2: Our implementation of cuts applied in the ATLAS multi-track DV-+jets search,
from Ref. [1] [2].

k. = 0.5 %x (1 —exp(—pr/[4.0 GeV])) x exp(—|z|/[270 mm])
x max(—0.0022 x r /[1 mm] + 0.8,0), (8.1)

where 7, and z are the transverse and longitudinal distance of the track’s production

vertex (see Figure 4.8).

We pick this particular parameterisation of the tracking efficiency after trying several
functional forms and varying the constants, picking the one that had the best goodness
of fit statistic (x°) for the three models combined that we validate against (at various
different values of lifetimes of the decaying sparticle) (see Figure 8.6 for our validation of
the efficiency curves). Eq. (8.1) is not expected to be perfect by any stretch: it is a simple,
universal and factorised form for the track efficiency that is a rough approximation. The
overall x* statistic did not indicate a particularly good fit, however inspection by eye
showed that the shapes of the efficiency curves were reasonable. We display contours of

the function in Figure 8.5.

The efficiency for reconstructing a multi-track DV is highly dependent on track
reconstruction and track selection, as detailed in Section 7.4. We stress again that the
vertex reconstruction efficiency will be a non-trivial combination of different aspects of
the track reconstruction efficiency. For instance the vertex reconstruction efficiency is
worst at large radii, which is due to tracking efficiency decreasing. Here, we focus only on

assigning each track a reconstruction probability dependent on some relevant variables,
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Figure 8.5: Contours of track efficiency as a function of r| and |z|, for a pp value fixed at
1 GeV (left) and 10 GeV (right). Note the difference scales of track efficiency
(labelled by the legend at the right hand side) of each panel |?].

such as the transverse and longitudinal distance of the production vertex of the track
and its transverse momentum. The particular choice of the variables in equation 8.1
(for instance the fact we use r, instead of d,) was made because we found these fitted
the best across the three different signal models out of a few different simple factorised

functional forms that we tried.

We find that validating against only one of the benchmark models at a time leads to
different best-fit parameters for each. Using three benchmarks for validation therefore
gives us more confidence in applying the efficiency to our own model. We believe this is
a key improvement in our work. Choosing a functional form for the tracking efficiency in
order to recast displaced results has already been attempted in the literature [ (7]. Here
we show the explicit functional form used, since knowing it is necessary to be able to
reproduce our results. Figure 8.6 shows the validation of our simulation (dashed lines)
for three different ATLAS benchmarks, against the ATLAS determination (solid lines).
We see that the efficiency, while far from being perfectly modeled by our function, is

adequately modelled (within a few sigma) for most of the range of lifetimes considered.

We could improve the above fits by including an additional selection efficiency at
the vertex level, as discussed above. We could also take into account the topology of

the different signatures. Ideally, a parameterisation of the tracking efficiency should be
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Figure 8.6: Validation of our DV-+jets estimate of efficiency for three models against ATLAS’s
determination: (a) a simplified GGM model where a 1.1 TeV gluino decays to a
400 GeV neutralino, which in turn decays to a Z and a gravitino, (b) a simplified
GGM model where a 1.1 TeV gluino decays to a 1 TeV neutralino, which in turn
decays to a Z and a gravitino, (c) a simplified RPV model with a 700 GeV squarks
decaying to a 500 GeV neutralino, which subsequently decays through a non-zero
My1q coupling into a muon and two quarks. Events are generated with /s =8 TeV.
The bottom rectangle in each case shows the discrepancy between our estimate
and ATLAS’s, measured in units of the ATLAS error [2].
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validated against all the ~ 20 signal benchmarks used in the ATLAS search, which is
beyond the scope of this work.

Undiscarded displaced tracks are input into our vertex reconstruction algorithm,
which compares and clusters the tracks’ origins®. If the origins of two displaced tracks
are less than 1 mm apart, then they are clustered together into one DV. Picking the
first track, we compute the d value (i.e. the physical distance in the laboratory frame
VAR + Ay + Az?) to each of the other tracks, clustering tracks that have a small

enough d value to the first track. Then we repeat for the next unclustered track and

so on, until each track is assigned to a single vertex. The ATLAS analysis (and ours)
combines vertices into a DV if they are less than d = 1 mm apart. The DV position is

defined as the average position of all the track origins in the cluster.

To ensure consistency of the vertex position and the direction of the tracks, we require
at least two tracks in the vertex to have cfﬁ > —20 mm, where we define d to be the
vector from the interaction point to the DV and p to be the momentum of the displaced
track. In the ATLAS analysis, DVs are vetoed if they are reconstructed in high density
material regions, since this is the main source of background vertices. We simulate this
by requiring 4 mm < r < 300 mm and |z| < 300 mm. We also require decay positions of
the DVs to not be inside any of the three ATLAS pixel layers (our approximation to this
DV material cut is shown in Table 8.2)". As the table shows, events are further selected
if they have at least one reconstructed DV with 5 tracks or more and a DV invariant

mass (computed assuming all tracks have the pion mass) of at least 10 GeV.

8.2.2 Run I sensitivity of displaced vertex searches

We now apply the simulation described in the previous Section to the DGS model
benchmark PO. We find that the sensitivity of the ATLAS study to our benchmark is
extremely limited. From the 8 TeV columns of Table 8.3, it is clear that the primary
cause for this is failure to satisfy the requirements N, > 5 and the vertex mass cut
mpy > 10 GeV.

3 ATLAS performs a complicated vertex X2 fit in order to reconstruct DVs, as detailed in Section 4.3.2.
Here, we simply use the truth information to define the track’s origin to be the point at which the
N, decays, and start comparing the distance between tracks’ origins to cluster them into vertices.

* Note that the material veto performed in the ATLAS analysis is far more complex than this (see
Figure 7.3), since ATLAS makes use of a 3D material map of the detector that we do not have access
to.
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N e [%] N € |%]
All events 100000 100. 100000 100.
DV jets 96963 97. 98306 98.3
DV reconstruction 16542 17.1 16542 16.8
DV fiducial 16459 99.5 16460 99.5
DV material 16146 98.1 16210 98.5
Nk 584 3.6 544 3.4
mpy 4 0.7 3 0.6

Table 8.3: Numbers of simulated events N and relative efficiencies € (i.e. defined with respect
to the previous cut) for our DGS model (PO benchmark) with ¢y = 99 mm at

Vs =8 TeV and /s = 13 TeV for the ATLAS selection of cuts in Table 8.2 [2].

This is due to the fact that the displaced jets are mainly b—jets. The b—hadrons are
themselves long-lived, and the neutral B° leaves no tracks before its decay. The topology
of this final state then has two further DVs, each with less than 5 tracks. The ATLAS
analysis does merge vertices (defined as having at least two tracks) that are within 1 mm
of each other to possibly obtain a better vertex. However, the b—hadrons are sufficiently
long-lived so that the resultant vertices are almost always more than 1 mm apart”. For
the benchmark PO for instance, the average displaced track efficiency is 0.06, and the
average number of tracks coming from a displaced b is 18.1 (after hadronisation, but
before cuts). Thus, on average, there are only 18.1 x 0.06=1.2 visible tracks per displaced
b.

A further consideration is the small mass of the a; which decays to bb (23 GeV for
the benchmark P0) since softer b—quarks means less radiation, implying fewer tracks.
The distribution of track multiplicity versus invariant mass is shown in Figure 8.7. One
can see clearly from the right panel that increasing the a; mass to 70 GeV (done ad hoc
for the purposes of illustration) improves the sensitivity of the cuts by two orders of
magnitude. A higher mass could also mean the resultant products are more collimated
and hence the b-hadron vertices are likely to be closer to each other. The improvement

in efficiency with increasing a; mass can be seen in Figure 8.8.

> The ATLAS analysis [!] also reports that the sensitivity is severely reduced if they use the RPV
benchmark with b—quarks in the final state. An earlier work on displaced Higgs decays [1 (9], also
shows how displaced b-quarks can be problematic, particularly given the d < 1 mm requirement for
merging vertices.
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Figure 8.7: DV invariant mass against number of tracks for the DGS benchmark PO with
mg = 1.96 TeV, m N 98 GeV and CTR, = 99 mm. Gluinos and squarks only are

generated with /s = 8 TeV. Events in the plot pass all of the DV cuts except
for the last two, which define the boxed ATLAS signal region. The left-hand
frame shows a scenario where m, = 23 GeV (in the DGS good-fit region, as in
P0) and the right-hand frame has a tweaked m,, = 70 GeV in the SLHA file (i.e.
inconsistent with the soft parameters, which are left constant - for the purposes of
illustration only) [2].

8.2.3 Improving the sensitivity of displaced vertex searches

Given the very low sensitivity of the DV searches, we shall now attempt to improve it
by loosening the most restrictive cuts. Firstly, to catch DVs coming from two b—quarks
from the same a;, we relax the requirement of maximum merging distance from 1 mm

to 5 mm. Further, we can also relax the last two cuts: track multiplicity and invariant

mass of the DV.

The background to the DV multi-track search comes from three sources — heavy
flavour quark decays, interactions with material in the detector and the accidental
crossing of tracks, all of which have a low multiplicity of tracks and a small invariant
mass of the DV. Thus, if we loosen these cuts to achieve better signal efficiency, we also
raise the background rate thus reducing the signal to background ratio. However, given

that our model has good sensitivity in the prompt pi*-based channels, background
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Figure 8.8: Event efficiency against pseudoscalar mass for a DGS benchmark with Ty, = 99

mm (our PO benchmark). Events are generated with /s = 8 TeV considering
strong production. We have tweaked m,, “by hand” in the SLHA files without
changing soft parameters for the purposes of illustration [].

rates can be controlled by taking advantage of the hard prompt signals that come in
association with the DVs. Requiring a large m.g in the event would reduce backgrounds
significantly. It may also be possible to increase the sensitivity by loosening the DV cuts
but requiring displaced jets to have a muon inside them [!23,212] (which often come

from a b). However, we do not consider this route here.

miss

We now investigate the effect of applying prompt cuts used in standard jets + pp
sparticle searches on top of relaxed DV cuts. This, of course, will have a lower signal
efficiency than purely applying the standard jets + pf"™ cuts, which are already designed
to remove the SM background very effectively. Ideally, one would optimise the jets +
P cuts along with the DV cuts to reach an overall best sensitivity. However, we have
clear estimates of the background to the prompt channels from the analysis which serves
as an upper bound to any DV contributions we may have from heavy flavour. Of course,
the contributions from systematic sources cannot be bounded in this way, however, we
can reasonably assume that the number of DVs from systematic sources is not biased by

the hard cuts we place.
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At 8 TeV, we choose the ATLAS 6jt-8 signal region cuts described in Table 8.1,
because they were found to have the highest sensitivity to our signal, as shown above.
Figure 8.9 shows efficiency curves against lifetime for the DGS model with the default
ATLAS DV analysis cuts and some choices of relaxed cuts. This includes (i) allowing
Ny to be > 2 rather than > 5, (ii) increasing the vertex merging distance from 1 mm
to 5 mm, and (iii) lowering the vertex mass cut from 10 GeV to 5 GeV. For comparison,
we also show the response for the original tight ATLAS DV (DVT) cuts as well as our
loose cuts (DVL) for the 6jt-8 signal region. With this combination, we already achieve
an improvement in signal efficiency by a factor of ten. Without the 6jt-8 cuts, the
improvement is a factor of several hundred. An optimised analysis will be between these
two limiting cases and may therefore be reasonably expected to offer an improvement of

two orders of magnitude or so.
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Figure 8.9: Signal efficiencies of different sets of DV+jets analyses on a DGS benchmark with
mg = 1.96 TeV, my = 98 GeV, m, = 23 GeV (our PO benchamark) against
the lifetime of the long-lived singlino TR, (changed “by hand" in the SLHA files
without changing the soft terms for the purposes of illustration). Events are
generated with /s = 8 TeV, considering gluino/squark production only. The
bottom curve corresponds to the efficiency after the default ATLAS DV cuts. The
top curve corresponds to the loosest of our selections in DV merging distance, track
multiplicity and invariant mass. We also show different sets of cuts in between,
including the inclusion of standard prompt cuts, as defined in the text [2].
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N e |%] N e |%]
All events 100000 100. 100000 100.
Prompt piss” 91709  91.7 87737  87.7
Prompt jets” 72075  78.6 84178  95.9
Prompt A¢(jety 55, D7) min 49095  68.1 57261 68,
Prompt Ad(jet g, 1 )min 27315 55.6 33832 59.1
Prompt p™* /meg(N)” 6670  24.4 18409  54.4
Prompt mg(incl.)” 6636  99.5 16848  91.5
DV jets 6636 100. 16848 100.
DV reconstruction’ 1524 23. 3850 229
DV fiducial 1516 99.5 3825  99.4
DV material 1494 98.5 3750 98.
Ny > 2 1494 100. 3750 100.
mpy > 5 GeV 88 59 265 7.1

Table 8.4: Numbers of simulated events N and relative efficiencies € (i.e. defined with respect
to the previous cut) for our DGS model with Ty, =99 mm (our PO benchmark) at

/s =8 TeV and /s = 13 TeV for our tuned cuts, as explained in the text. Events
are generated considering strong production. An asterisk denotes that the prompt
cuts are taken from signal regions 6jt-8 at /s = 8 TeV and 4jt-13 at /s = 13
TeV as listed in Table 8.1. The dagger is a reminder of the increased vertex merging
distance of 5 mm |[].

8.2.4 Recommendations for displaced vertex searches at 13 TeV

We used 6jt-8 for the prompt cuts at 8 TeV, however keeping in mind that the best
sensitivity at 13 TeV is for the 4jt-13 signal region, we also perform efficiency calculations
with the combination DVL + 4jt-13. The efficiencies are shown in Table 8.4. The signal
efficiency at 13 TeV is ~ 0.2%. It would be desirable to relax the prompt cuts further in
order to increase this number, but a proper estimate would require a full estimation of

the DV background, which is beyond the scope of this work.

However, an estimate of the contribution from heavy flavours may be obtained. Given

miss

the hard multi-jet, p;>° and m.g cuts, the dominant SM background is from ¢t + jets
production which is also a source of b-hadrons and therefore a potential background for

DVs. In order to examine this possibility, we simulate 10° ¢¢ events, and inspect the
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transverse impact parameter d;, of the tracks coming from the displaced b vertices. We see
that only a tiny fraction of tracks pass |dy| > 2 mm from ¢¢ events (~ 1%). Furthermore,
imposing the DV cuts (without any restrictions on hard jets), gives us an efficiency of
0.1% for Ny > 2 and imposing mpy > 5 GeV gives us no events at all. We therefore do
not expect any DV contributions from heavy flavour once the hard jet cuts are made.
This implies zero background events at 3.2 b~ and we are already potentially sensitive

to signal cross sections of approximately 0.3 fb.

The total strong sparticle production cross-section at 13 TeV before cuts is 5.8 fb, and
so with our illustrative cuts (DVL + 4jt-13), one would achieve a signal cross-section
after cuts of 0.01 fb. With no expected background, the observation of a single event
already corresponds to discovery, which for a gluino mass of ~2 TeV (as in P0) is not
achievable in prompt search channels with 100 fb™" at 13 TeV. We may reasonably set the
observation of at least three signal events as a requirement for discovery, which results in
a best-case scenario of discovering a DGS model with m; ~ 2 TeV with 300 fb~" data at
13 TeV.

We can also make an estimate of the worst-case scenario where there is a large DV
background from systematic sources. Such a background occurs when a spurious track
crosses an existing DV resulting in a reconstructed vertex satisfying the N, and mpy
requirements. The ATLAS DV analysis [/| estimates only ~ 0.4 background vertices in
the DV + jet channel for the full 20 fb™' data of Run I (see Table 1 of Ref. [1]). Given a
tt production cross section ~ O(100 pb) at 8 TeV, this implies an efficiency ~ 107°. To
be conservative about the effect of our relaxed cuts, we can assume that this happens in
about 1% of events that pass the 4jt-13 cuts. Starting with a total prompt background
of ~1 fb (see Table 4 of Ref. [211]) in the 4jt-13 channel as reported in the ATLAS
analysis, we arrive at 0.01 fb for DVL + 4jt-13. A 3-sigma discovery may then be viable
with ~ 1 ab™~! data at 13 TeV.

This situation may be improved considerably by relaxing the prompt cuts. An
indication of where we may further relax the selection cuts comes from examining the
relative efficiencies at 8 and 13 TeV for the cut on the ratio of pf"™ and meg (N ;). We see
that a change from > 0.25 at 8 TeV to > 0.2 at 13 TeV (see Table 8.1) already results in
a gain of a factor 2. Although, this is obviously also due to the increased energy of the

miss

overall event, given that we have high pr " and m.g cuts, an additional factor of 3 may

miss

be gained by dropping the p7™™ /meg(N;) cut altogether.
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We now study how the cut efficiencies behave with singlino lifetime for benchmark PO.
The result is shown in Figure 8.10, where we plot the effect of the cuts DVL + 4jt-13 as
a function of the decay length c7y . Note that we have merged the meg(incl.) and the
DV jets cuts together into one curve, as applying the DV jets cut after the mgg(incl.)
one does not change the number of events, for any lifetime (this can also be appreciated
for PO in Table 8.4).
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Figure 8.10: Signal event efficiency of our simulation on a DGS benchmark with mj; = 1.96
TeV, myg =98 GeV, m, =23 GeV (our PO benchmark) against the lifetime of
the long-lived singlino Ty, - Events are generated with /s = 13 TeV considering
strong production. Independent prompt and DV cuts are presented. The singlino
decay distance c7 has been tweaked “by hand” in the SLHA files without changing
soft parameters for the purposes of illustration [”].

We notice that standard prompt cuts are not very much affected by the singlino

miss

lifetime, except for the cut on the ratio of p7™ and meg(N;), which increases at higher

miss

lifetimes. This is because py" is higher at high lifetimes, as explained in Section 8.1.1.

To summarise, with a combination of relaxed DV cuts and prompt SUSY search
cuts, one can discover a DGS scenario with mg~2 TeV with 300 b data which is
not possible with prompt SUSY searches alone. With a full optimisation of relaxed

DV cuts + prompt pp™*-based cuts, we may easily gain a further factor of ten in the
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signal efficiency and given almost zero background, as shown above, one could have
higher sensitivity to the DGS model in DV + prompt searches as compared to prompt
searches. We therefore strongly urge the experiments to perform a dedicated background

simulation with optimised cuts.
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Part 1V

Collider phenomenology of a Higgs
triplet model
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Chapter 9

Phenomenology of the “123” Higgs
triplet model

Here we investigate the phenomenology of the “123” HTM described in Chapter 2. A
characteristic of this model is that once the triplet field acquires a vev, a neutrino mass
term is generated. The parameters in the neutrino sector include the vev of the triplet
and the Yukawa couplings between the two-component fermion SU(2) doublet, including
charged leptons and Majorana neutrinos, and the triplet field. In this thesis, we study the
collider phenomenology of the “123” model, which is almost decoupled from its neutrino
sector '. This is why we don’t discuss experimental constrains on neutrino masses and

mixing angles, which are beyond the scope of this study.

The collider phenomenology of “123” models was studied before in [>1,213], paying
particular attention to the consistency of the presence of the Majoron with experimental
data. The Majoron is mainly singlet in this model, so its interaction with gauge bosons
such as the Z is negligible, making its existence fully consistent with collider data.
This is in contrast to what happens in models with spontaneous violation of lepton
number without the singlet field and where the Majoron is mainly triplet [ 1], which

are excluded.

A characteristic signature of models with Higgs triplets is the existence of a doubly
charged scalar (A™"), in addition to the existence of a tree-level H £ W Z vertex, where
H* is a singly charged Higgs [#7]. The LHC collider phenomenology of a doubly charged
scalar in Higgs triplet models (in particular the “23” HTM, without the singlet field) has

! The connection between the neutrino sector of the model and collider physics arises via the decays of
the doubly charged Higgs (arising from the triplet) to charged leptons, as these decays involve the
same Yukawa couplings above mentioned.
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been discussed in [0, 215-221]. Production of doubly charged scalars at e"e™ colliders
has also been studied in the literature as probes of Higgs triplet models [222-220], the
Georgi-Machacek model [227-230] and left-right symmetric models [231], which have a

similar phenomenology.

The phenomenology of the neutral scalar sector in Higgs triplet models has been less
studied than the charged sector. Production and decays of the neutral Higgs bosons
in the “23” HTM were studied in [232-231]. Associated production of the charged and
neutral Higgs at the future International Linear Collider (ILC) was studied in [235, 230].
In particular for the “123” HTM, only discovery prospects at colliders were discussed

in [71] and a fermiophobic Higgs was studied in [213].

The collider phenomenology of neutral and singly charged Higgs bosons in the HTM
has received much less attention in the literature than the doubly charged Higgs. In
addition, the phenomenology of the doubly charged Higgs depends directly on neutrino
physics we are not evaluating at this time (as noted earlier), so we focus on the neutral
sector and singly charged Higgs of the “123” HTM in this thesis.

We study the production and decay of the next to heaviest neutral C'P—even Higgs
h,, the C' P—odd Higgs A and the singly charged Higgs H= of the “123” HTM. We extend
the work in Refs. [51,213] by identifying the lightest state in the C' P—even neutral sector,
hi, as the SM-like Higgs discovered at the LHC. This rules out the fermiophobic SM-like
Higgs boson scenario described in [51]. Constraints are imposed on the parameter space
of the model in order to retain the SM-like Higgs properties. In particular, we define
hy to be mainly doublet and fix its mass to be m;, ~ 125 GeV. We also identify the
necessary constraints on the parameters of the scalar potential to suppress its decays to

Majorons, so that its invisible decay width is negligible.

We identify three characteristic benchmarks of the model, related to the composition
of hy. hy can be mainly singlet, mainly triplet or a mixture. Note that h, can not
be mainly a doublet since this is reserved for the SM like Higgs-boson. We compute
production cross-sections and decays in these three benchmarks and identify promising

channels for discovery at future lepton colliders.



Phenomenology of the “123” Higgs triplet model 129

9.1 Restrictions on the parameter space

In this Section we explain our restrictions on the model parameters. We first comment
that the invisible decay width of the Z gauge boson in our model is suppressed since
the Majoron J is mostly singlet (Oi1 ~ 1). We define T'}2 as the decay width of the Z
into undetected particles excluding the decay into neutrinos, 7 — vr. Experimentally,
;2% <2 MeV at 95% CL. [92,227] and in our model there could be a contribution from
the mode Z — JZ* — Jvv. This contribution is automatically suppressed because the
Majoron is mainly singlet (see Appendix A.1).

Also, this model includes three C'P—even Higgs bosons. We assume that the lightest
of them is SM-like, and therefore fits with the experimental results. That is, we assume
its mass is near 125 GeV, that it is mainly doublet (O}f ~ 1), and that its invisible decay
width is negligible [22%]. This last condition is obtained if we suppress the h; coupling to
Majorons taking |5,| < 0.05.

The constraints we implement are:
e |O2'] > 0.95 (J mainly singlet)

e The p parameter is also very well measured: p = 1.00037 +0.00023 [227]. In this

model it is
p=l—g . (9.1)
This restricts the value of v, to be smaller than a few GeV. Nevertheless, we consider
va < 0.35 GeV as in Ref. [71] in order to satisfy astrophysics bounds [229].
o my = 125.0940.24 GeV [)7].
e |0’ > 0.95 (h, mainly doublet)
e |5,] <0.05 (small h; invisible decay)

o my= >80 GeV [237].

We make a general scan where we vary all the independent parameters. We generate their
values randomly from uniform distributions. We do our scan with positive values of A,
£, and k, as negative values of these parameters typically result in negative eigenvalues
of the mass matrix in eq. (2.3). The window for v, is reduced because of its dependency

with the masses of the W and Z bosons [213]|. Considering the range of v, and v, the
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Figure 9.1: Distribution of the physical masses in the general scan before and after all con-
straints are applied. Note that all plots are normalized to unity, so the shape of
the generated and filtered distributions can differ significantly (i.e the filtered blue
bar in the top left plot for m,, extends to much higher values in the normalized
plot). Parameters are varied as in Table 9.2 [7].

scanned range for A, is mostly fixed due to its strong dependency with m,, =~ 125 GeV,
and also because of the small effects of the mixings with other C P—even scalars (see
eq. (2.3)). Terms outside of the mass matrix diagonal are generally much smaller than
those on the diagonal, making the terms in the diagonal leading almost directly to the
masses of h;, hy and hs. The scanned range for 3, is forced to be small to avoid a large

h, invisible decay (see Section 9.4.1).

After imposing our constraints we note a clear hierarchy where v, > v, > v that
we have partially imposed: v, is small in order to account for the measured p parameter,
and v, ~ 246 GeV to account for the Higgs mass. With that, a large value for v, comes

naturally.

We find a small effect from our filters in Ay, A5, A4, A5 and 5. We note that the value
of k cannot be zero because in that case the C P—odd Higgs A would be massless, and
since it is mostly triplet that would contradict the measurements for the invisible decay
of the Z boson. Its value cannot be to large neither because mixing in the C'P—even
sector would move h; away from the mostly doublet-like scenario (a SM-like Higgs boson).
After the scan and imposing the filters we can see the distribution of the physical masses

in our model. This is shown in Fig. 9.1, where the thick black line shows the distribution
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before cuts to appreciate their effect. The most distinctive feature is that we impose
the lightest scalar mass to be m;, = 125 GeV. All the other masses are free. The model

allows for heavier scalars considering that we still have room for large parameters.

We highlight that the Majoron is massless in this model and is naturally mainly
singlet, as can be inferred from eq. (A.5), which is related to the exact diagonalization
of the C'P—odd mass matrix shown in Appendix A.1. Also notice that the new scalar
states have the tendency to be heavy, with extreme values for the masses obtained for
high values of the parameters. The shape of the distributions in Fig. (9.1) of course
depends on using a linear generation of random values, which highlights large masses.
We consider this to be an argument against building new colliders with small values for

the centre of mass (CM) energy.

There is also an ambiguity related to the composition of the h, field: it can be mainly
singlet, mainly triplet, or anything in between, as long as it is not mainly doublet, which
is reserved for h;, our SM-like Higgs boson. If h,y is mainly triplet its mass tends to be
similar to the masses of A, H', and A" (all these fields are mainly triplet). If h, is
mainly singlet, the mass of hs tends to be equal to the masses of A, H, and A*", and
in this case, a mainly-singlet h, can be lighter. The masses of h, and hs are strongly
correlated with the values of (M,)]; and (M, )35 depending on which is mainly singlet or
triplet. Obtaining a scenario where hy and hg are not purely singlet or triplet requires

<Mxﬁ1 numerically very close to (MX)§3, making that scenario highly fine-tuned.

The splitting between the mainly triplet fields is controlled by |\s;|. This can be
algebraically understood starting from the hierarchy v < v,,v, and approximating
eq. (2.5) to

(9.2)

Using the same approximation in eqs. (2.7) and (2.8), we get for the singly and doubly

charged Higgs masses,

mili N My — Z)\5'U¢
1 1
m2A++ ~ mh— 5)\5;03, R~ qui - Z}\E)Ui (9.3)

Thus, H i, ATT and A can differ appreciably in mass as long as |As5] is large.
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Benchmark Composition of h,y 02 o5 02
Bl mostly triplet 1.0x107° 1.5%x107° 1.0
B2 mostly singlet 1.0 9.7x 107 8.7x 107"
B3 mixed 8.9x107" 9.8 % 107" 4.6%x107"

Table 9.1: Characterization of the three benchmark under study, giving the composition of
ha [3].

The previous considerations motivate us to define three benchmarks, characterized by
the composition of h, in Table 9.1. The parameters for each benchmark are defined in
Table 9.2. Note that these are chosen thinking of e*e™ colliders, given the masses below
1 TeV.

Parameter Scanned Range Bl B2 B3 Units
Uy [0, 5000] 1500 3300 2500 GeV
Vg [245, 247] 246 246 246 GeV
Ua [0, 0.35] 0.2 0.2 0.3 GeV
A [0.127,0.15] 0.13 0.13 0.13 -
Ao [-4, 4] 0.1 0.1 0.1 -
A3 [-4, 4] 0.1 0.1 0.1 -
A4 [-4, 4] 0.1 0.1 0.1 -
A5 [-4, 4] 1.0 0.5 0.8 -
oh 0, 4] 0.3 0.02 0.008 -
Ba [-0.05, 0.05] 0.02 0.005 0 -
Bs [-4, 4] 0.1 0.5 0.6 -

K 0, 1] 0.001 0.0015 0.0004 -

Table 9.2: Scanned range for the independent parameters and their values for the different
benchmarks |7].

We stress the fact that there is an ambiguity in the composition of hy. By definition
hy is mainly doublet. The H" and A" fields are always mainly triplet. The A field
is also always mainly triplet because J is mainly singlet. The composition of hj is

complementary to the composition of hs.

Table 9.3 shows the physical masses obtained for the three benchmarks. In B1 h, is

mainly triplet, thus it has a mass similar to A, H*, and A™" masses, with h; heavier.
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In B2 h, is mainly singlet, thus it is hs that has a mass similar to the masses of A, H™,
and AT, with h, lighter.

Parameter B1 B2 B3
mp, 125 125 125
mp, 476 660 316
mp,, 1162 865 318
my 476 865 317
M+ 460 861 298

M ++ 443 857 277

Table 9.3: Physical masses in GeV for the different benchmarks [7].

9.2 Production at the LHC?

Here we briefly comment on the production cross-section at the LHC for the scalars
hy, A and H™ for our model benchmarks (which we choose thinking of e*e™ colliders).
We implement the “123” HTM in FEYNRULES [177] and interface the output to the

MADGRAPH5 |1 15] event generator to compute production cross-sections.

When thinking of a SM-like Higgs boson (such as h; in our model), the main production
mode at the LHC is gluon-gluon fusion (ggF),

% Cross-sections and Tables from this Section were generated by Sylvain Blunier.
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This process dominates SM-like Higgs production not only because the htt coupling is
large, but also because the parton distribution functions indicate that it is easier to find

a gluon inside the proton than a heavy quark or an electroweak gauge boson®.

Nevertheless, this mechanism is not be efficient for a not-mainly-doublet Higgs boson
(which is the case for hy, and A in our model benchmarks), because that Higgs couples to
quarks very weakly. In the model studied here, the ratio of production cross-sections in

the gluon-gluon fusion mode for h; and h, is,

o(g9F, hy) _ <0>2<2) ~ (02)2, (9.4)

U(ggFu h17 mhl = mhg) O>1<2

The last approximation is valid because we have h; mainly doublet (SM-like). The
production cross-section at /s = 14 TeV for h, reaches 5.7 x 107% pb in B1, 5.7 x 107°
pb in B2 and 3.9 x 107% pb in B3. For A production, the above ratio is proportional to
(sz’f)2 and we get similar numbers. The cross-section at /s = 14 TeV reaches 6.8 x 107°
pb in B1, 4.0 x 10”7 pb in B2 and is somewhat higher in B3, reaching 2.5 x 107> pb. So
we conclude that the above ratio is around 10™* at most. This is why, if the model is
correct, we may have not seen h, (nor A) at the LHC via ggF, as is not a dominant

production mode since hy does not behave like a SM-like Higgs.

Other production mechanisms that can be relevant at the LHC are electroweak modes,
for example vector boson fusion (VBF), but they also produce small cross-sections for
our given benchmarks. When considering the sum over all VBF processes such as the
diagram below, the highest cross-section at /s = 14 TeV obtained is 2.5 x 107° pb at
B3, for the charged Higgs production,

Y

3 Note that it is easier to find a gluon inside the proton only if the fraction of the proton momentum
carried by the gluon, z, is small. This is the case for ggF" at the LHC, as x ~ 1072 =10~ for this
process.
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Production processes via quark anti-quark annihilation can also be relevant. In the

case of hy production, the highest contribution comes from the diagram

for B1 and B3. The cross-section at /s = 14 TeV for Bl is 4.5 x 10~* pb. Production of
A at /s = 14 TeV dominates in B1 when in the above diagram we replace h, with A,
W with a Z, h; also with a Z and H" with h,, leading to the AZZ final state. This
gives a cross-section of 3.7 x 10~ pb. It can go higher in B3 in the AJ.J final state, with
a cross-section reaching 2.3 x 10~ pb. Charged Higgs production at Vs = 14 TeV can
reach 4.3 x 1072 pb in B3 in the HTW W™ final state (replacing W+ and h, with W,
H* with A™" and h, with H" in the above diagram).

The highest cross-section found in our model benchmarks for each characteristic

production mechanism at the LHC is summarized in Table 9.4 for comparison. To finish,

o hoy A H*

ggF 5.7x107° (B2) 2.5x 107" (B3) —

VBF 4.4%x107° (B3) 2.2x107° (B1) 2.5x 107 (B3)
qq 4.5%x 107" (B1) 2.3x107° (B3) 4.3x107% (B3)

Table 9.4: Highest LHC production cross-section (in units of pb) found in our benchmarks for
hy, A and H = at v/s = 14 TeV via the three characteristic production mechanisms:
ggF, VBF and ¢q annihilation [].

not even the HL-LHC [210,211] will help, because it is expected to have a factor of
10 increase in luminosity”, and it will not compensate the smallness of the production

cross-section.

In summary, it seems hadron colliders are not well equipped to produce the new
states hy, A and H*. Production for h, and A via ggF at the LHC is not efficient

* The goal of the HL-LHC is to deliver a total of 3000 b running over a decade starting in 2025.
For comparison, during 2016, the LHC recorder 40 fb™' of total integrated luminosity [242].
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since these Higgs bosons are not-mainly doublet. Productions for hy, A and H* via
VBF can be only as large as ~ 107 pb for our benchmarks. Electroweak production via
quark anti-quark annihilation can be as high as ~ 10~ pb. Given that our benchmarks
are not likely to be observed at the LHC (a dedicated analysis is needed to confirm
this), the large hadronic background at the LHC and the advantage of a cleaner collider
environment at lepton colliders, we focus on the production for these states at future

electron-positron colliders.

9.3 Production at e"e™ colliders’

In order to assess the discovery potential of the model, we implement it in FEYN-
RULES [177] so we can extract relevant parameters and Feynman rules. We then interface
the output to the MADGRAPH5 [ 15] event generator in order to compute production

. 6 Cq . . .
cross-sections’, as we did in the previous section.

The FCC-ee machine is a hypothetical circular e"e™ collider at CERN with a high
luminosity but low energy, designed to study with precision the Higgs boson [213]. We
consider its highest projected energy 350 GeV with a luminosity of 2.6 ab™ ", which was
calculated by taking the 0.13ab™ " quoted in [213] and assuming 4 interaction points and

5 years of running of the experiment.

The canonical program for the ILC [2/1] includes three CM energies given by 250
GeV, 500 GeV, and 1000 GeV, with integrated luminosities 250 fb™*, 500 fb™' and 1000
fb~*, respectively. CLIC [215] has three operating CM energies: /s = 350 GeV, 1.4
TeV and 3 TeV, with estimated luminosities 500fb™ ", 1.5ab™ " and 2ab ™!, respectively.
Based on this, we compute e"e” production cross-sections for hy, A and H" for our

three benchmarks at different CM energies.

9.3.1 h, production

Table 9.5 shows h, production cross-sections at e e~ colliders, prospected luminosities and
CM energies for the FCC-ee, ILC and CLIC colliders. The cross-sections are calculated
by summing all ete™ — hy XY 3-body production modes, plus the 2-body production

modes e"e” — hy X, where X is a particle that does not decay. The production cross-

® Plots and Tables from this Section were generated by Sylvain Blunier.
% Note that in this work, no electroweak radiative effects are considered in the production.
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\/g [TQV] ﬁFCCee ‘CILC ‘CCLIC Bl: o B2: o B3: o
0.250 - 0.25 — 0 0 0
0.350 2.6 — 0.5 0 1.7x107°
0.500 - 0.5 —~ 3.1x107° 0 2.5%x 1072

1.0 - 1 - 1.4 x 10° 0.9 3.7 x 10°
1.4 - — 1.5 1.1 x 10* 3.6 4.1 x 10°
3 - — 2 6.1 x 10° 3.5x 1072 2.0 x 10°
Table 9.5: Production cross-section (in units of ab) for hy at an ete” collider for projected
energies in the 3 benchmarks. Estimated integrated luminosities are also given in
units of ab™ ! [2].
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Figure 9.2: Production modes for hy at an eTe” collider in the 3 benchmarks. The legend
shows the final state after the e™e™ collision [3].

sections shown in Table 9.5 are dominated by the 2-body production process (or mode)

eTe” — hyA and by 3-body production processes as follows.

e~ — hott is the most important one. In B2 the dominating

In B1 the process e
process is e e~ — hyAh,. In B3 the process ee¢” — hyZh, is dominant. All of them
are enhanced when a second heavy particle is also on-shell. We show in Fig. 9.2 the

main h, production modes for all 3 benchmarks. In Bl (left frame) this particle is
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potentially observed at CLIC only when the A scalar is also on-shell. Thus, the main

2-body production mode is the so-called associated production,

defined when h, is produced together with an A. The coupling Z Ah,, is given in Appendix
A.2. Since A is mainly triplet, Off is of order 1. In addition, in B1 A, is mainly triplet,
thus Oig is also of order 1. Therefore, the whole coupling Z Ah, is not suppressed with

respect to the gauge coupling g.

The most important 3-body production modes in Bl are also displayed in the left
frame of Fig. 9.2. The main production process is hytt when A is on-shell. Diagramatically
it looks like

N
N

AN
I

plus a similar graph with hy emitted from the anti-quark and another graph with the
A boson being replaced by a Z boson. This production process is enhanced when
the A scalar boson is on-shell, ete™ — hyA — hytt, corroborated by the fact that
B(A — tt) = 0.5 is large for B1, as shown in Table 9.9.

In the central frame of Fig. 9.2 we see B2. In this case, production cross-sections are
systematically smaller because in this benchmark h, is mainly singlet and couplings to

gauge bosons are smaller. Also the main production modes are different. The process

eTe” — hytt is no longer efficient, with a cross-section of the order of 10® pb and outside

of the plot. The reason is that the coupling ZhyA is small when h, is mainly singlet.

+

The main production mode for B2 is e"e” — hyAh,, with Feynman diagrams for the

sub-processes given by
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// h2 // h2
6_ N 6_ N
h S AT
A // \hl // \A
+
N N
N N
T \\ A + \\ h
e ’ e 1

plus Feynman diagrams where in the last sub-process we replace (A, J) by Z and/or
interchange h; with h,. This mode is enhanced when h; is on-shell, since in B2 A4 is

mainly triplet and the coupling ZAhs is large resulting in e"e™ — hy A — hyh A,

B3 is an intermediate situation. Even in this case, hy production cross-sections are
potentially observable when A is also on-shell. The production cross-section e e — hyA
is smaller than in B1, but still large. The main 3-body production mode in this case is

ete” — hyZh,, with sub-processes given by

o hZahl

N
+ N h17h2

where ¢ = 1,2, 3, and missing are a graph with the C'"P—odd scalar replaced by a Z and
one formed with a ZZh,hs, quartic coupling. This production mode is enhanced when the
A boson is on-shell, e"e™ — hyA — hyh, Z, with a branching fraction B(A — hZ) = 0.9

as shown in Table 9.9.

Fig. 9.3 shows a scan for the production mode e*e™ — hytt (left frame) and ete™ —
hohy A (right frame), two of the important 3-body h, production modes. In the case
of e"e”™ — hott, the production cross-section reaches up to 0.01 pb. The largest cross-
sections are seen when h, is mainly triplet (black triangular points), with a typical
value between 0.001 and 0.01 pb. Bl is shown as a black solid curve. The value of the
cross-section drops when h, is mainly singlet (orange star points), with values typically

smaller than 10™* pb. This is because a singlet does not couple to the Z gauge boson.
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Figure 9.3: Production modes e"e~ — hytt and eTe” — hyohyA. All parameters are varied

according to the scanned range in Table 9.2 for a value of /s which is also scanned
randomly between m;, and 3 TeV [].

The chosen B2 lies within the cloud of points. The case where hy is mixed is much more

rare and no point has been generated in this scenario due to its fine-tuned character.

The case of e e” — hyAh, is shown in the right frame of Fig. 9.3. This is the main
process in B2, where h, is mainly singlet (orange star points). In this case, cross-sections
can reach up to 10~ pb, but can also be as low as 10™** pb, depending on whether hy
is on-shell or not. In the case where h, is mainly triplet (black triangular points) the
cross-section is more restricted. It can vary between 10~ and 10™° pb and B1 is a very

typical case. Cross-sections are larger when an intermediate heavy scalar is also on-shell.

Notice that the favored modes for the production of a SM-like Higgs boson in a e*e”

+

collider, known collectively as vector boson fusion, e*e™ — hye¥e™ (fusion of two Z

_l’_

bosons) or e" e~ — hyv, v, (fusion of two W bosons) do not work in our case because

the hy couplings to vector bosons are suppressed by the triplet vev v,. In addition,
most of the charged leptons go through the beam pipe, thus o(ete™ — hyee™) is
further penalized when a cut on the charged lepton pseudo-rapidity is imposed. We use
MADGRAPHS default cuts, which impose that the absolute value of the charged lepton

pseudo-rapidity is smaller than 2.5.
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Vs [TeV] Lrccee Lo Lorio Bl: o B2: o B3: o
0.250 - 0.25 — 0 0 0
0.350 2.6 — 0.5 0 0 1.4x 107
0.500 - 0.5 — 1.5x 107" 0 1.5x 1072

1.0 - 1 — 1.4 % 10° 2.2x107° 2.5 x 10*
1.4 - — 1.5 1.1 x 10* 35x107° 2.1 x 10*
3 - — 2 6.2 x 10° 3.6 x 10° 7.5 x 10

+

Table 9.6: Production cross-section (in units of ab) for A at an e" e collider for projected

energies in the 3 benchmarks. Estimated integrated luminosities are also given in
units of ab™ ' [1].

9.3.2 A production

Table 9.6 shows A production at e”e” colliders, expected luminosities and CM energies
for the FCC-ee, ILC and CLIC colliders. The cross-sections are calculated in the same
manner explained before. In B1 and B2 the dominating process is e'e” — AZZ, and in

+

B3 the dominating process is e'e~ — AJJ, and all of them are enhanced when a second

heavy particle is also on-shell.

Fig. 9.4 shows the production cross-sections for an A boson. In B1 (left frame) A is
potentially observable at CLIC when produced in association with an hy. In this case
the mode e*e”™ — Ah, is suppressed because 03,2 and 0)1(3 are both small (see Feynman

rule in Appendix A.2), thus the coupling hyAZ itself is suppressed with respect to g.

Three body production modes are also in Fig. 9.4. The dominant 3-body production
+

mode in Bl is e"e” — AZZ, represented by the Feynman diagrams

It is enhanced when h, is on-shell, with a branching fraction B(h, — ZZ) = 0.6, as
indicated in Table 9.8. As explained later in the decay Section, the coupling h,Z 7 is
large if hy is mainly triplet (B1).
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Figure 9.4: Production modes for A at an e” e~ collider in all 3 benchmarks. The legend

shows the final state after the e™e™ collision [3].

In B2 the C'P—even Higgs boson created in association with A is no longer h, but
hs. If hy is mainly singlet, hs is mainly triplet, and the coupling Z Ahs is not suppressed.
This is confirmed in the central frame of Fig. 9.4 where we have B2. The most important

2-body production mode is precisely ete™ — Ahj, represented by the Feynman diagram

Also in the central frame of Fig. 9.4 we see the main 3-body A production modes. The

most important one is again ete” — AZZ, and it is enhanced when hs is on-shell.

B3 is an intermediate case, and we can see in the right frame of Fig. 9.4 that the two
2-body production modes e'e” — Ah, and ete” — Ahy are important since both h,
and hs have a large triplet component. Among the 3-body production modes, the largest

oneis ete” — AJJ,
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Figure 9.5:
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and it is enhanced when hy and hs are on-shell.

Fig. 9.5 shows scans for the process e"e™ — AZZ (left frame), important for B1 and

B2, and the process e"e” — AJJ (right frame), important in B3. In the first case, the

production cross-section is increased when h, is also on-shell, as explained before. The

cross-section is not larger than 0.01 pb, and B1 is not far below from that value. In the

last process a triple scalar coupling is important, and the exact values of the parameters

in the potential are crucial. In this case, B3 is characterized by a large value of 5 which
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Vs [TeV] Lrccee Lo Loric Bl: o B2: o B3: o
0.250 - 0.25 — 0 0 0
0.350 2.6 — 0.5 0 0 58x107°
0.500 - 0.5 — 1.9%x 1074 0 0.5

1.0 - 1 — 1.6 x 10° 41%x107° 1.7 x 10*
1.4 - — 1.5 7.0 x 10° 3.5x1072 1.5 x 10*
3 - — 2 5.0 x 10° 2.4 x 10 6.6 x 10°

Table 9.7: Production cross-section (in units of ab) for H *at an eTe collider for projected
energies in the 3 benchmarks. Estimated integrated luminosities are also given in
units of ab™ ' [1].

increases the coupling hsJJ. As before, in Fig. 9.5 we include the curves corresponding

to each benchmark to facilitate comparisons.

9.3.3 H* production

Table 9.7 shows H* production cross-sections at e*e™ colliders, expected luminosities
and CM energies for the FCC-ee, ILC and CLIC colliders. Besides the 2-body production
cross-section for ete” — HTH ™, in B1 and B2 the 3-body process e e” — HTh, W~
dominates. In B3 the process e’e” — HTW ™A™~ dominates. The last case presents
a high interest, as the doubly charged Higgs boson gives us an independent window to

study neutrinos.

Fig. 9.6 shows the 2-body and 3-body production of an H* boson. The charged Higgs
boson is potentially observable at CLIC when produced in association with another H ™,

represented by the graph

The couplings H*H ™~ and H"H~ Z are both of the order of electroweak couplings,
as can be seen in Appendix A.2. Among the 3-body modes, in B1 and B2 the main
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Figure 9.6: Production modes for H at an ee” collider in all 3 benchmarks. The legend

shows the final state after the e™e™ collision [3].

production mode is e"e” — Hh,W ™, represented by the sub-processes,

plus a graph where the intermediate charged Higgs is replaced by a W and removing
the intermediate photon, graphs where the external charged Higgs and the W are
interchanged (also removing the photon), a graph where (A, J) is replaced by a Z, graphs
that involve quartic couplings, and a graph with a neutrino in the t—channel. This
mode is dominated by the graph where the charged Higgs is on-shell. Note that the
coupling ZH W™ is suppressed by the triplet vev. This mode is enhanced when H ™ is
also on-shell, corroborated by the fact that B(H™ — h;W ™) = 0.8 in B2.

Similarly, in Fig. 9.6 we see that the mode ete™ — H W ™A™~ dominates in B3. It

is represented by
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Figure 9.7: Production modes eTe™ — H+h1W7 and e"e” — HTWTA™". All parameters
are varied according to the scanned range in Table 9.2 for a value of /s which is
also scanned randomly between m;, and 3 TeV [].

plus a graph where the external particles H and A~ are interchanged and at the same
time the intermediate A*™" is replaced by H ', plus two graphs where the H~ is replaced
by a W~ with Z exchanged for a photon, and two graphs with quartic couplings. As it
was mentioned before, the production of a AT is important because it could lead to the
observation of its decay into two charged leptons, which could probe the mechanism for

neutrino masses.

Fig. 9.7 shows a general scan for the 3-body production modes e*e”™ — H h, W~
(left frame) and ete”™ — H*W'A™" (right frame). For the case e"e”™ — H h W™,

the majority of the scenarios give a cross-section between 10~2 and 10~ pb, as long
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as a second heavy particle is also on-shell. In the case of ete” — HTWTA ", the
cross-section is of the same order between 107 and 107° pb, also independent of the
composition of hy. If neutrinos acquire their mass via a coupling to the triplet, the

mechanism can be probed through the production of a double charged Higgs boson.

9.4 Decay branching fractions

In this Section, we study the decay modes of the SM-like Higgs boson h;, the next-to
heaviest Higgs h,, the O P—odd Higgs A, and the charged Higgs H . For the computation

of branching fractions, we consider B =I'(H — (XX);)/ >, I'(H — (XX),), with H =
hy, ho, A, HE . For the C P—even Higgses we have X X = 77, bb, WW, ZZ, . Z7,99,JJ, J7Z
for h, and we include ¢t and h;h, to the previous list for h,. For A we consider X X =
77, bb, tt, h, Z, hiJ, vy, Z, gg, with i = 1,2. For H* , we have X X = tb, L, W=, JW =, ZW =,
with ¢ =1, 2.

We define

Ma,b,¢) = a® + b° + ¢ — 2ab — 2ac — 2bc. (9.5)

In the special case b = ¢, it is reduced to the function [,

B(b/a) = éAl/g(a,b, b) = /1 — 42. (9.6)

9.4.1 h; and h, Decays

We first mention the decay modes to fermions for h; (i = 1,2), which include h; — bb
and h; — 77. The decay hy — tt is considered for h,y, but not for h,. The corresponding

Feynman diagram is

|
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with Feynman rule given in Appendix A.2.

The decay widths are given by

Ncmhi
8

D(h; — ff) = B3 m3/mi) A, 1%, (9.7)

where the number of colors is N, = 3 for quarks and N, = 1 for leptons. We define
the coupling A, ¢y = th / V2, where h 7 corresponds to the respective Yukawa coupling
in the convention m; = hfv¢/\/§.

Since h; is always mainly doublet and h, is not, decay rates of h; to fermions are
consistently larger than decay rates of hy to fermions. Similarly, since the hy component
to doublet is larger in B2 compared to Bl and B3, the corresponding decay rate is larger

too.

Also important are the vector boson decays h; — WYW ™, h; — ZZ, with Feynman

diagram

2, W

Z,W

The decay rate where both gauge bosons are on-shell is

3 o 2 4
)
F(hl - VV) _ mhi v [ _ 4mv 12mv

5+ 1 lﬁ(m%//mii)‘Mhivvﬂ (9.8)

mp, mp,.

7

1287my
with V = Z, W, 8}y = 2 and 6% = 1. The decay rate where one vector boson is off-shell is

_ 3gvmy, Oy

L(h; = VV") =
( ) 5127°ms,

F(mv/mhi)|MhiVV|27 (9-9)

with g5 =9, 97 = g/cw, o =1, and 0, = % — %OS%V + %S%V, where sy and ¢y, are the

sine and cosine of the Weinberg angle. The F' function is defined in [2(]. The relevant
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couplings (with units of mass) can be read from Appendix A.2, from where we define

1 i i
MhiWW = 592(OX2U¢ + 2OX3’UA), (910)
1 % %
My, 17 = 5(92 + ¢ (020, +402v,), (9.11)

and use them in eq. (9.8) and eq. (9.9). In the case of h,, since the penalization due to
vev is already large (va /vy~ 10~? for our benchmarks), the hy component to doublet
becomes important. Thus, the couplings hyV'V are larger for B2, and in turn the decay

rate (and branching fractions).

The decay to 7 is given by [232,217],

2 2 3
a g mhi i myy i mw
F(hz — 77) = Mm_%/y FO(TH+)meMhiH+H + 4FO(TA)WM]”A++A77
+ Fy(mw) — My, ww + Fy o (7)) At (9.12)
myy Bht

where the couplings M, .+, (in our convention HY =h3), M, \++a--> and My, yww
are defined in Appendix A.2 and in eq. (9.10). In eq. (9.12) we have defined 7./ = 4m2/m,2”
where a = H", A, W. The F,, F} and F j» functions are defined in [210].

The decay to Zv is given by [232,217]

2
mz

2
ag 2 3 3
I'th, = Zvy) = ————|Al'mj, (1 — —-)°, 9.13
( 20) 204874m;1/[/| | hl( mil) ( )
where A is defined as
H4+ A++
A=Ay + A, +A) " + 245 (9.14)

with

gm
Aw + A, = o MhiWW Ay(Tw, Aw) + C—V;VNcQt(l - 4Qt3124/) Ahitt A1/2(Tta )

+
A = 5 Azntn- M, - Ao(Tys At )
gSWmH+
2
4+
AT = W o ee My e Ag(Tats Aget), (9.15)
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where
g
)\ZH+H_ — _QCW(S%_2SI%V)’
g
Agata— = —J( W = siv), (9.16)

as can be seen from Appendix A.2. The loop functions are,

AO(Tv )‘) = Il (7_7 /\)7
AT, N) = 4(3 —tan® Oy ) L(1, \) + [(1 + 2/7) tan® Oy — (5 + 2/7)] (7, \),
A1/2(7_7 >‘) = I (T7 )‘) - 12(7_7 )‘)a (917)

2 2

with 7, = %, Ay = %, b=t W H",A™ and the parametric integrals I, I, are
h; zZ

specified in [210].

We also consider the 1-loop decay to gg for completeness. It is given by [21(]

2 23
asg my. 14v/2 ; 2

= ; F A 9.18
12871'3771%/[/ Sht 1/2(Tt> h;tt ( )

L'(h; = g9)

with the F} /5 given in Appendix C of [210].

The decay to Majorons h; — JJ and h; — JZ proceeds with a negligible Majoron

mass. The decay rates are given by

3 2 3
D(hy = JZ) = — gl (1= (9.19)
167TmZ ‘ mhi
and
| M, 15
I'(h, JJ) = ——— 9.20
with
g i i
Azh,g = 2—(0303;2 —20902). (9.21)
Cw

M, ;5 is defined from the corresponding Feynman rule in Appendix A.2.
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Figure 9.8: Branching fractions for the h; scalar with (bottom) and without (top) restrictions,
as explained in the text [3].

Finally, the decay hy — hih, is given by

B(mp, /mi,)

I'(hy = hihy) = 327m,
2

|? (9.22)

| hohihy |

where M, ;, 1, is defined from the corresponding Feynman rule in Appendix A.2.

In the case of h; we require that its mass is ~ 125 GeV and that it is mostly doublet.
Besides the usual decay modes for this SM-like Higgs boson, in this model there are
two more. These are h; — JJ and h; — JZ. For the three benchmarks, the branching
fractions are B(h; — J.J) =~ 3 x 107° and B(h; — JZ) ~ 3 x 10”"*. We are well within
experimental constraints on the Higgs invisible width, as branching fractions bigger than
22% are excluded at 95% CL [225]. These modes are suppressed due to two different
reasons. The mode h; — JZ is suppressed because the Majoron J is mostly singlet. The

decay mode h; — JJ is suppressed because in addition we require a small value for f3,.

Fig. 9.8 shows the branching fractions of our light Higgs h,. In the top frame we scan
the parameters without any restriction, varying A; between [0, 4], in order not to constrain

the Higgs mass, as we need to make sure the points in the plot are consistent with a
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Branching Fraction Bl B2 B3
B(hy — tt) 0.3 7.9%x107° -
B(hy — bb) 6.0x 107" 9.5x107° 3.4x1077
B(hy — 77) 3.0x107° 45%x1077 1.6x10°%

B(hy — WW) 7.0x107° 3.0x107? 3.6x107°
B(hy — Z27) 0.6 1.0 x 1072 1.3x 107"
B(hy — g9) 7.2x107° 1.3x107" 1.0x107°
B(hy — 77) 7.7x107° 2.9%107° 1.8x107°
B(hy — Z7) 1.6 x107° 1.6x 1077 1.9x 107"
B(hy — JJ) 1.2x107" 0.9 0.9
B(hy — JZ) 3.0 x 1072 3.6 x 107" 2.5x107°

B(hy — hyhy) 0.1 1.7%x 1072 1.0x 107

Table 9.8: Branching fractions for hy in the three different benchmarks |].

SM-like Higgs. Is also useful to keep the mass free to observe the effect of the constraints
and to facilitate the comparison with hy. On the top frame 5 is not constrained and
varies between [-4, 4] so we can clearly see the suppression in the Majoron decays once
we constrain its value in the bottom frame. The bottom frame includes all constraints

from Section 9.1.

The branching fractions in our three benchmarks for h, are given in Table 9.8. We
mention first that h, has a larger doublet component in B2, and for that reason decay
rates to fermions are larger in that benchmark. Nevertheless, this fact is obscured in
branching fractions because the total decay rate is also very different. Similarly, decay
rates to gauge bosons are larger in B2, but not necessarily the same is true at the level of
branching fractions. Clearly, looking at branching fractions, decays of h, to two Majorons
(invisible decay) dominate in B2 and B3 because h, has a large singlet component in

those two benchmarks.

Fig. 9.9 shows the branching fractions as a function of the scalar mass m,, evolving
from our three benchmarks, while Fig. 9.10 shows a scan of the h, decays, with all the

constraints from Section 9.1 implemented.

The curves shown in Fig. 9.9 confirms the previous observations. These curves
are found by keeping the values of the independent parameters as in the 3 different

benchmarks, and varying the value of « in order to keep my,, free. Since due to mixing this
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Figure 9.9: Branching fractions for the hy scalar in the three benchmarks as a function of my, .
The parameter x is varied to move my,,, as explained in the text. The vertical
solid line in each frame corresponds to our benchmark point. The plot includes all
constraints from Section 9.1 [3].

procedure will also vary the value of m;, ~ 125 GeV, we keep A; also free to compensate,
as in Table 9.2. We show also as a vertical solid line the value of m,, in the corresponding
benchmark. In the case of B2, near the vertical line h, is mainly singlet, and x affects very
little to my, . If s is sufficiently different from its starting value in B2 h, becomes mostly
triplet. The value for my,, cannot be larger than its value in the benchmark because by
then hy is mostly singlet and k has little effect. Something similar happens with B3. In
all cases hy — ZZ and hy, — WW are important. Decays to fermions depend strongly
on the (small) hy, component to doublet. In the scan in Fig. 9.10, we plot hy branching
fractions while all the parameters are varied according to Table 9.2. We see that the
values of the branching fractions separates in two regions, that we plot separately in
the two column plot. These two sectors corresponds to a mainly triplet (left column)
or mainly singlet (right column) h,y. The scan shows that if h, is mainly triplet (as in
B1) decay modes hy — ZZ and hy — hyh; can dominate, with hy, — JZ sometimes also
important. On the contrary, if h, is mainly singlet (as in B2) the decay mode hy — J.J
dominates by far, with hy, — WW and hy, — ZZ following in importance. The hy — tt

branching fractions can be large as long as the other decay rates are also small.
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Figure 9.10: Branching fractions for the hy scalar as a function of my,,. The left column shows
points where hy is triplet-like (i.e |O>2<3| > 0.95). The right column shows points

where hy is singlet-like (i.e \Oil\ > 0.95). Parameters are varied according to
Table 9.2. The scan includes all constraints from Section 9.1 [3].

9.4.2 A Decays

Now we study the decays of the C P—odd Higgs boson A. The relevant decays at tree-level
are to third generation fermions, A — tf, A — bb, A — 77, to CP—even Higgs bosons
and a Majoron, A — h;J, and to C' P—even Higgs bosons and a Z gauge boson, A — h,;Z.
We also consider the 1-loop decays to yv, Zv and gg for completeness.

The decay of A to fermions, represented by the Feynman diagram

|
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is given by
—~ N.m m5 :
LA—=ff)= g—A [1 - 4_4 Aagsl, (9.23)
with a coupling
L3
Ags = 7500 by (9.24)

as seen in Appendix A.2. hy is the Yukawa coupling of the fermion. Since A is always
mainly triplet, 022 is always small. The decay A — ff proceeds just because the A

eigenfunction has a small component of doublet, as indicated in eq. (A.5).

The A boson can also decay into a C'P—even Higgs and a Z boson. The corresponding

Feynman diagram is,

The decay rate is given by the formula,

Nz m’
D(A — h,Z) = “AZ A2 (1 2 m? o m% /m?) (9.25)
167 my ¢
with a coupling
Mz = —0— (0202 - 20°0%), (9.26)
2CW

as seen in Appendix A.2. The A function is defined in eq. (9.5). In the case A — hyZ,
since A is always mainly triplet, there is no phase space in B1, where h, is also a triplet
and has a mass almost equal to the mass of A. In the case A — h;Z, since the couplings

are more or less similar for Bl and B2, the difference is due to the value of m .

The decay to a C'P—even Higgs boson and a Majoron is represented by the following

Feynman diagram
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The decay rate is

2

M i Q
P(A = hid) = 3o =2 M2 (L mi, Jmd, w3 /my), (9.27)

6mm 4
with the coupling M, , ,, (With units of mass) given in Appendix A.2.

The decay to v is given by [21(]

2 22
a“gmiy 44/2 2

Fyo(m)A 9.28
10247r3m%4/ 3ht 1/2( t) Att ( )

DA = y7) =

with 7, = 4m; /m?% and the F /2 function for a pseudoscalar is defined in Appendix C
of Ref. [210].

The decay to Zv is given by [21(]

2 2
ag Mz\3

T(A— Zy) = —29 1 - 2y 9.29
(4= 29) = gt A (1 - ) (9.20

where A, is defined in equation 9.15 (replacing h with A).

Finally, the decay to two gluons is [21(]
2 9 3
g m 44/2 2

(A — gg) = o Fyyo(m) A an| - (9.30)

1287°miy, | 3hy



Phenomenology of the “123” Higgs triplet model

157

Branching fractions for the decay of A for our three benchmarks are given in Table
9.9. The A boson component to doublet is the same for B1 and B2, but m 4 is not. This

Branching Fraction B1 B2 B3
B(A — tf) 0.5 0.2 -
B(A — bb) 55%x 107" 1.5x 107" 6.0x107°
B(A — 77) 2.6 x107° 7.0 x 107° 2.8 x 107"

B(A — h,Z) 0.5 0.8 0.9
B(A — hyJ) 1.7x1072 4.4%x107° 2.0x 1072
B(A — hyZ) - 5.0x 1072 -
B(A — hyJ) - 11x107* -
B(A — gg) 1.4x107? 2.7 %1077 6.2 x 1072
B(A — v7) 1.7x107° 3.4x107° 7.7 %x107°
B(A — Z7v) 8.2x1077 2.6 x107" 2.0x107°

Table 9.9: Branching fractions for A in our three different benchmarks [].

leads to larger decay rates to fermions in B2. Since the total decay rate is also different,
this is not observed for branching fractions and in fact, the opposite happens. Note that
in B1 and B3 the decays of A to hy and a J or a Z are not kinematically allowed. The
same happens in B3 for the decay to top quarks. In B2, A can be much heavier than hy
thus, the decay A — h,Z is open.

Fig. 9.11 shows the branching fractions of A as a function of its mass. The curves
are obtained starting from each of the 3 benchmarks and vary x to change m,. Since
this procedure will also change m, , which we want fixed to 125 GeV, we change also the
value of A\; to recover my, =~ 125 GeV, as in Table 9.2. In all cases, the modes A — h,Z
and A — tt dominate. In B3 the decay mode A — h,Z is open and can be relevant too.

Fig. 9.12 shows a general scan where all the parameters are varied according to
Table 9.2. It shows that the decay mode A — h;Z dominates. If the channel is open,

when hy is mainly singlet, the decay channel A — hyZ is also very important.
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of my. The parameter k is varied to move m 4, as explained in the text. The
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includes all constraints from Section 9.1 [3].

Figure 9.11:

9.4.3 H* decays

In this Section we study tree-level decays of the singly charged Higgs boson. The decay

to tb, represented by the Feynman diagram

b
H+
t
has a rate
B N (0?12
D(HE —th) = C(—Jg) [(hf + h?)(mzi —mj —mj)
167TmHi
- 4hthbmtmb} )\1/2(m§{i L my,mg). (9.31)

Similarly, the decay H* — h,W*
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Figure 9.12: Branching fractions for the A scalar as a function of m 4. The left column shows

points where hy is triplet-like (i.e |O)2<3| > 0.95). The right column shows points

where hy is singlet-like (i.e \Oil\ > 0.95). Parameters are varied according to
Table 9.2. The scan includes all constraints from Section 9.1 [3].

has a rate given by

with,

2 2
9 g |
= l 3h1W2 3/2( Zi,mii,m%v), (9.32)
64mm’+myy

A+ pws = OLO¢ = V20707, (9.33)
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The decay to a Majoron and a W= boson is

with a decay rate,

2 2
A
T(HY — JW*) = M[m;i —m¥), (9.34)
64mm’+myy
where
Ayt e =0T0Z +V20707, (9.35)

To finish, the decay to a Z and a W boson is

Z

and has the following decay rate

IH* = ZW*)

4 2 2 4
3 mH:l: +mz+10mzmw+mw
H

4
_ g |MHiZWI|2[ 4

2567rmévm +

—2m? . (miy + m22>] N2 (2 s m,miy), (9.36)

with

My e = O swvs — V207 (1 + siy)va. (9.37)
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In Table 9.10 we show the singly charged Higgs branching fractions in our three bench-

marks.
Branching Fraction B1 B2 B3
B(H* — tb) 7.0 x 1072 2.0 x 1072 0.2
B(H* — W) 0.7 0.8 0.6
B(H* — h,W ™) - 5.7x107° -
B(H* — JW*) 3.0x107° 51x107* 1.6x107°
B(H* — ZW™) 0.2 0.2 0.3

Table 9.10: Branching fractions for H* in our three benchmarks [2].

Note that the decay H* — hyWW ™ is not kinematically allowed in Bl and B3.

Branching fractions of H* — h;W?* are dominant in the three benchmarks.

Blunier, Cottin, Diaz, Koch (2016)
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Figure 9.13: Branching fraction for the H scalar in the three benchmarks as a function of
m+. The parameter x is varied to move m +, as explained in the text. The
vertical solid line in each frame corresponds to our benchmark point. The plot
includes all constraints from Section 9.1 [3].

Fig. 9.13 shows the branching fractions of H* as a function of its mass. The curves
are obtained starting from each of the 3 benchmarks and vary s according to Table 9.2

to change the value of mljf Ay also varies as in Table 9.2 to recover my,, ~ 125 GeV.
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Figure 9.14: Branching fractions for the H ™ scalar as a function of m g+~ The left column
shows points where hy is triplet-like (i.e Oil > 0.95). The right column shows

points where hy is singlet-like (i.e Oi?’ > (0.95). Parameters are varied according
to Table 9.2. The scan includes all constraints from Section 9.1 [3].

Fig. 9.14 shows the H* branching fractions as a function of its mass in a general scan.
Decays to hyWW* dominate, independent of the composition of h,. Decays to ZW*
follow in importance. Also important are decays to hyWW =, when h, is singlet-like, as
when h, is triplet-like, its mass is very close to the mass of m = (as in B1), so there is

no phase space for the decay in this case.

9.5 Promising channels for discovery of h,, A and H +

We now briefly comment on the most promising channels for discovery of h,, A and H*

at future ete™ colliders.

A promising channel for the discovery of hy, given its large cross-section as discussed

+

in Section 9.3.1, is "¢~ — hytt. Thinking of B1, the largest decays fractions for h, are

to ZZ as shown in Table 9.8. Considering leptonic decays of the W and Z, the signal is

ete™ = Z72tt — 1M1 Tyl vbb (9.38)
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miss

with [ = e, u. The signal contains 2 b—jets + 6 leptons + pp™™ (missing transverse

momenta). For Bl at /s = 1 TeV, the cross-section is estimated as

xB(Z =117 x BWW* = 1Fv)?
~3x 107" fb (9.39)

Tob6ip

resulting in less than one event to be discoverable with £ = 1000 fb™", so too little to be
observed unfortunately. Possible SM backgrounds to this signature include e'e™ — ZZZ
and eTe” — ZZtt. Multi-lepton signatures in the “23” HTM were studied in the context
of the LHC in Refs. [233,215], where it was shown that after requiring kinematic cuts in
the transverse momenta of the leptons, signatures with 6 leptons have no background,
even though the signal is also scarce. Therefore, multi-lepton signatures are relevant for
higher integrated luminosities. We could require similar leptonic kinematic cuts in the
case of e"e™, in addition of requiring 2 b—tagged jets and small p7™* due to the two

neutrinos.

For B2 the decay h, — JJ dominates. If one W boson decays hadronically and the
other leptonically, then we will have a 4 b—jets + pi™ signature, assuming the lepton
escapes undetected. This channel was studied in detail in Ref. [71] for our “123” model,
where it was shown that with appropriate cuts in pj™, number of jets and invariant

mass distributions the background is removed while keeping high signal efficiency.

In the case of the CP—odd Higgs A, there are two relevant processes. ete” — AZZ
has the highest cross-section for B1 and B2. In the case where A — ¢ we have the same
signature as before for hy. The decay A — h,Z also dominates in our benchmarks. The
dominant decay h; — bb follows, leading to topologies with leptons and b—jets (with no

missing transverse momenta), depending on the decay of the Z. The cross-section for,

ete” = AZZ - hZZZ — bbl TNl (9.40)

leads to a 2b—jet+6 leptons signature. The cross-section for Bl at /s = 1 TeV is

estimated as
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Oopy =~ 0(eTe” — AZZ) x B(A — hyZ) x B(hy — bb)
x B(Z = 1117)°
~1.0x10"*fb (9.41)

resulting in less than one event with £ = 1000 fb™'. Possible backgrounds are very
similar and include the ones in equation 9.39, so similar cuts can be applied to suppress
them.

The associated production ete™ — A.JJ dominates in B3 with A — bb, leading to
the topology of 2 b—jets + pf**. This signal was studied for the “23” HTM in [21],
with largest background coming from ete” — WTW ™ and e*e” — ZZ. The authors
concluded that the most efficient way to improve the signal-to-background ratio is to
require b—tagged jets and large p**, in addition to charged multiplicity and an invariant

mass cut close to the mass of the visibly decaying particle.

Production for the singly charged Higgs dominates in ete™ — H*H~ — H h,W~ for
most of our benchmarks (see Figure 9.6). This is followed by the decay of H* — h W™,
which has the highest branching fraction (see Table 9.10). An optimal discovery channel
would be when h; — bb and when one W boson decays hadronically and the other
leptonically,

ete™ = H hW™ = bW h,W~ — bbl* 1;bbqq (9.42)

resulting in an event topology of 4b—jets + 2 jets + 1 lepton + pi™™, where the
lepton [ = e, u. This distinctive signature was studied for a charged Higgs in the context
of Two-Higgs doublet models [250,251]. The mass of the singly charged Higgs can be
reconstructed and the events can be selected with b—tagging techniques, in addition to

requiring one isolated lepton. Also, two jets must have the W mass.

We can estimate the visible cross-section for this final state. For /s =1 TeV in Bl

we have
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~o(ete” = HYh W)

x B(HY — hyW") x B(hy — bb)?

x BW* = 1% ) x BW* = ¢q)

~ 0.04 fb (9.43)

T abpiss1j

and since the ILC has a yearly integrated luminosity of 1000 fb™', this results in
about 40 potentially discoverable events per annum. A relevant SM background for this

+

signature is the process ete™ — tfbb. Our estimation yields a visible cross-section of

O rrabp™ssyj; ~ 0.4 fb, which is quite significant. The signal-to-background ratio can be
enhanced by applying the selection cuts above mentioned. It was also shown in Ref. [250)]
that one can suppress this big irreducible background to a negligible level by using a

technique that allows the reconstruct of the neutrino four-momentum.

Of course a more detailed simulation study should be done in order to suppress
backgrounds further and improve signal efficiency for the channels mentioned. A fully
fledged study in this direction, considering also detector efficiencies, goes beyond the

scope of this work.
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Chapter 10

Concluding remarks

In this thesis we discussed the phenomenology of new physics beyond the Standard Model

of particle physics by focusing on three studies.

First, we reported on a search for long-lived massive particles decaying into five
or more charged particles where events were selected using jets, or missing transverse
momentum. The main experimental signature of the search is a displaced vertex with
an invariant mass greater than 10 GeV. This signature corresponds to a wide variety of
new physics models, many of which have not been searched for previously. The search
uses the full data sample of proton-proton collisions collected by the ATLAS detector at
the LHC with a collider center of mass energy of 8 TeV and an integrated luminosity of
20.3 tb™!. Less than one background event is expected in each of the channels, and no
events are observed. Upper limits are provided on the cross section for production of
particles that give rise to the search signatures in a variety of Supersymmetric models.
These upper limits exclude significant regions of the parameter space with particle masses
within reach of the LHC.

We have also examined the prospects for discovery or exclusion of the DGS model.
The model has some nice properties: the SUSY flavour problem is addressed by gauge
mediated SUSY breaking, while the Higgs mass is made heavy enough through the
mixing with the NMSSM C'P—even singlet. This singlet has a mass around 90 GeV, and
therefore can be made consistent with some small excesses in the LEP Higgs searches.
An interesting feature of the model is the presence of a gravitino LSP and a singlino-like

neutralino NLSP that can be long-lived.

As well as having the usual hard jets plus missing transverse momentum signatures,

the model predicts possible displaced vertices (DVs) from long-lived singlinos. These
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decay into bb and missing transverse momentum in the form of gravitinos. However,
displaced b’s are somewhat problematic since B mesons themselves travel a small distance
before visibly decaying and the “displaced displaced” vertices have a very poor signal
efficiency for getting past the standard DV cuts. We have illustrated how loosening
the DV searches whilst imposing some prompt cuts to control background results in
significantly higher signal efficiency, motivating a proper study with a full detector
simulation (DV analyses are difficult to perform accurately from outside the experimental
collaborations). We have provided a rough approximation to the tracking efficiency
that works for two gauge mediation models and one R—parity violating model over a
range of possible DV lifetimes, but clearly more work can be done to provide a more

comprehensive parameterisation.

We have re-cast current 8 TeV prompt searches to bound the gluino mass from
below at 1080 GeV, whereas current 13 TeV prompt searches are less restrictive. This is
somewhat low compared to naive expectations based on LHC exclusion results quoted for
simplified models, but as Figure 8.1 shows, there are many different cascade decays in the
model. This means that the Supersymmetric signal ends up being shared out between
many different channels, and may not be yet detected in any single one [252,252]. With
100 fb~* of integrated luminosity at 13 TeV though, the O-lepton + jets + pi* searches
should be sensitive to up to 1900 GeV.

We further combine the search strategies in the prompt and displaced channels to
demonstrate that a much better sensitivity could be obtained by optimising cuts. In
particular, we find that combining the relaxed DV cuts with the hard cuts from the
0-lepton + jets + pi™™ analysis, a > 30 discovery can be made with 300 - 1000 fb™*
data for a 2 TeV gluino mass depending on the systematic background. We indicate how
this situation could be improved significantly by also relaxing some of the prompt cuts.
It is clear that an optimised analysis in a DV + jets + pi™ channel will yield better
sensitivity than for either search method alone and we strongly urge the experimental

collaborations to pursue this further.

Finally, we have studied the Higgs phenomenology of a model with a scalar triplet, a
scalar singlet and a scalar doublet under SU(2). In this “123” variant of the Higgs triplet
model the singlet acquires a vacuum expectation value, which spontaneously breaks
lepton number. The vacuum expectation value generated for the triplet provides a mass
term for neutrinos. This features makes it a well motivated model to look for at particle

colliders.
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The lightest C'P—even Higgs, h;, has been identified with the SM-like Higgs boson
discovered at the LHC, which constrains the parameters in the scalar potential of the
model. We studied the production cross-sections and decay ratios of the second heaviest
C P—even Higgs h,, the CP—odd Higgs A and the singly charged Higgs H*. We found
that production cross-sections at hadron colliders can be very low for these states, so we

perform a numerical analysis assessing the discovery potential at future lepton colliders.

We find characteristic features in cases where hs is singlet-like, triplet-like or a mixture.
The main 2-body production mode for h, is associated production with a C'P—odd state
A. We note that cross-sections for A and H* are enhanced when a second heavy particle
is also produced on-shell. Invisible decays of hy to Majorons can be very important.
Decays of the singly charged Higgs H* — h,W* dominate. These features lead to
promising channels for discovery of h, and A, in particular in the 4b—jets+p™ and
2b—jets+p™ final states, as shown in Ref. [71] and Ref. [219], respectively, as we estimate
the most promising signal with leptons in the final state are too small to be observed
(although the sensitivity can improve by considering hadronic decays of the W= and
the Z in equations 9.38 and 9.40). The 4b—jets + 2 jets + 1 lepton + pi** final state is
optimal for the discovery of the singly charged Higgs. These signals provides a test of

the “123” HTM at future e"e™ colliders.

In summary, three studies of how new physics can manifest at current and future
colliders have been given in this thesis. The lack of any experimental sign of new physics
in prompt channels and the advantage of a background free search for displaced vertices
offers a unique opportunity for this type of signatures at colliders, and will become very
relevant for the next runs of the LHC as the luminosity increases. Also relevant in the
future is the precise study of the Higgs boson. The understanding of the - possibly

extended - Higgs sector also offers a window for new physics beyond the Standard Model.
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Appendix A

Conventions and Feynman rules for a

Higgs triplet model

In this Appendix we detail some conventions and Feynman rules for the “123” Higgs

triplet model under study in this thesis.

A.1 Convention for diagonalization

The diagonalization in the charged scalar sector is,

hi Gt o —c53 S o
Y= =0, ¢ = g ¢ (A.1)
h;r .['.[+ AJF Sﬁ 65 A+
and the diagonalization in the neutral scalar sector proceeds as,
hl Xo ay GO Po
h2 = OX Xd) ) a9 = J - ng Q0¢ ) (AQ)
hs XA as A YA

where Ox and O@ are 3 X 3 matrices.
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The mass matrix in eq. (2.4) is diagonalized by the matrix,

1 2 v
0 NG NG U¢
— N¢ 2 va 1 v
0= | % —Zak k| (A3
1 va 2 VA 1
Ny v, N4y Vg Ny
where
2
v
Ng = /1+4-3,
Vg
VA v
Ny = ([N&+4525+ -3,
VpUy Uy
VA UA
Ny = 4/1+45+-5. (A.4)
Ud’ (O
The mass eigenstate fields are,
1 2 UA
G’ = —p,— —-Lpa,
NGS% Ne, %SOA
;o NE 2 VA 1 va
— NJ Po NJ vd)va-god) NJ v, YA,
1 UA 2 UA 1
A = Do + Py + = PA. (A.5)

N_AZ NAU¢ NA

From here we conclude that the Majoron has the tendency to be mainly singlet and that

the neutral Goldstone boson has no singlet component (the singlet does not couple to
the Z boson).

A.2 Feynman rules

A.2.1 One scalar and two fermions

|

i oh
R . i2hy
= ZOX—\/5
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|

7

A.2.2 One scalar and two gauge bosons

ZM
T = z'%(g2 + 9'2)(0;2% + 40;31)A)g“”
ZI/
+
Wy
h;
o g% [ i2 i3
=15 (O vy + 205 0A) 9,
w,

A h;
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12,72 3 J3
RN = 2ch (070, —20707)(p +p/)u
p\Y\
N a]
/71// hi
ZM Y . ig OilOﬂ 2 2 20i20j2 2 /
f\/\/vvv\ = 500 | O+ +(CW—SW)— + O sw (p—l—p)u
p\‘\
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, A++*
P
Z” 7 ig (2 2 /
'v\/\/\/v\ = —E(CW—SW)(p—i—p)M
y
AN AT
/71// t
A, g /
040N = —Ze(p—i-p)#(sl]
Y
\ \\ h;—
, A++*
///
»
A, P ,
'v\/\/vv\ = —2@e(p+p)”
y
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/71// hi
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A.2.4 Three scalars

For the case with one C'P—even and two C'P—odd Higgs bosons, the relevant term in

the Lagrangian is
‘chiajak = Mhiajakhiajaka (A6>

where we sum over i, j, k. The coupling M, hot;an (with units of mass), after symmetrization

in j and £ is given by the expression

P P 1 o
My 4.0, = = MUsOYOZ 0L — (Mg + M\y)va O 0L O — 5 (st As) 0,020 0%

P PN 1 P
(A5 + As)va + K0, |O2OZ0L — 0,00 0L O — 552%0305021

L 1 . 1 L
(Byvy + Kvp)OL OO — 553%0;303; oL — 3 B3v,02 OF O

NI RN~

. . . 1 . . .
— kv, 020405 + O oF) - 5%0;3(05;03;2 + 007
1 ; . . 1 ; . .
—§m¢oxl(ogfog3 +0P0P) - 5/%0;(03;0@2 + 007
1 P 4
—émaoj(ogfof’ + 020D (A7)

This leads to the following Feynman rule,

oo = iMp,q,0, (twice larger if j = k).

For one C'P—even and two charged Higgs bosons, the relevant term in the Lagrangian is,

‘Chihj'h,: Mhih;?h; hih;_h,; (A.8)
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where we sum over i, j, k. The coupling M, Whr (with units of mass) is given by the
i)

expression
o Y 1 o
L —20 0,020 OF — 2(Xy + A\ )va OP 02O — (\g + §A5)v¢0;20foi2

Y 1 o 1 Y
—A\0p 02008 — — X\ 0, 0207708 — n/\5v¢0§30£0ﬁ2

2v2 V2
1

o 1 o
— 5 (350 = K0, ) OO0 — —= (3505 — Kv,) OY OO

V2 V2

L L 1 L
—Byv, 0L OO — Byv, 0L OO + —=kv, 0L OO

V2

1 L
+Em¢0§joﬁolf (A.9)

and the Feynman rule is,

+
R
h; Y
- —_— — = < o
\‘ _thih;-rh;'
AN —
\hk

For one C'P—even and two doubly charged Higgs bosons, the relevant term in the

Lagrangian is

Ly s = My s BATTAT (A.10)

with
M, n++p - = _2)\2UAO§<3 - A3U¢O§<2 - ﬁ3v00§<17 (A.11)
leading to the following Feynman rule
x A-H—
h; Al
N = 1M, \++p -
‘ 1
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For three C'P—even Higgs bosons, the relevant term in the Lagrangian is
Lhnghe = Mpnnhibijhy, (A.12)

where we sum over 7, j, k. The coupling M), hyh, (with units of mass), after symmetrization
in 7 and k, is given by
My, = —6Mvs080207 = 6(Ay + Ay)uaOY 00y
— (s + As)vg [Ofogfoif” +0M0B08 + 0130530;3}
— [\ + As)va — K, ] [0;30;20,‘23 + 00208 + 0{30;220;3}
— 65,0,05 0O — By, [0;}0{3 o + 00l o + ol oiloﬂ
— (Byvy — KUA) [0;} OO + O O20P? + 0{}0;?0;’3]
~ Byua| 0L OL O + OV O} O3 + O 0} 07|
By, | 0L OPOF + OV 02O + O OO}
KV, [0;’}0;%;23 + 0L 0R0P + 0l'o2 oy

k1 ~i2 i3 i1 k2 i3 k1 72 i3
TOYOPOP + O OY O} + OY 0P O | (A.13)
The corresponding Feynman rule is given by

hy

/

N = ZMthlhl'
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Colophon

This thesis was made in KTEX 2 using the “hepthesis” class [271].
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