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Supervisor’s Foreword

The current decade is very remarkable for High Energy Physics even in the light
of the whole history of Particle Physics, which has been full of exciting discoveries
for about one century.

The recent Higgs boson discovery (4 July 2012) by ATLAS and CMS collab-
orations at the Large Hadron Collider (LHC) has completed the particle set of the
Standard Model (SM). At the same time, the Higgs discovery has opened a new
chapter in the exploration of Beyond the Standard Model (BSM) physics, as many
BSM models are consistent with the properties of the discovered particle: properties
of the Higgs bosons are measured at the level of dozens of percent and we do not
actually know the precise nature of the discovered Higgs boson.

Why do we believe that there is New Physics beyond the SM in spite of the fact
that SM, which is built on quantum field theory, gives such an impressively
accurate description of all data to date, from colliders to astronomical observations?
Actually there are several important experimental and theoretical aspects which SM
does not address. From the experimental side the Standard Model fails to explain
(1) why the universe is made out of matter rather than anti-matter and (2) it lacks
the particles required to account for the cold non-baryonic Dark Matter
(DM) necessary to explain the observed motions of stars in galaxies, and of galaxies
within clusters, as well as several more cosmological observations including the
temperature pattern of the cosmic microwave background, gravitational lensing,
large-scale structures formation and existence of the so-called bullet clusters. From
theory side the Standard Model fails to explain (1) the pattern of particle masses,
(2) hierarchy and related fine tuning between the electroweak energy scale and the
Planck mass scale, where gravity is expected to have a strength similar to elec-
troweak and strong interactions of the SM. Finally, (3) the Standard Model does not
contain the quantum theory of gravity.

Three main classes of theories have been proposed to extend the SM and address
these shortcomings: supersymmetry (SUSY), dynamical electroweak symmetry
breaking and the models involving extra-dimensions. Within these classes of theo-
ries there are many different models which have been further developed during the

vii



viii Supervisor’s Foreword

last decade. In exploration of which theory stands beyond the SM, the LHC will
play unique role in this and the next decade. The Large Hadron Collider has been
accumulating impressive amounts of data, famously discovered a Higgs-like par-
ticle and is making further steps towards discovering new physics beyond the SM.
The recent excess in di-boson invariant mass around 2 TeV or di-photon invariant
mass around 750 GeV reported by ATLAS and CMS collaborations in 2015 could
already be an indication of such new physics, which should be confirmed or dis-
proved by the end of 2016.

In his thesis, Marc Thomas has studied the collider phenomenology of Beyond
The Standard Model physics at the Large Hadron Collider, exploring in detail
advanced topics related to the Higgs boson and supersymmetry—one of the most
exciting and well-motivated streams in Particle Physics. Marc started his scientific
career in 2011 as a Ph.D. student at University of Southampton, when he received
an STFC Ph.D. fellowship. Exploring Higgs boson phenomenology within the
generic BSM framework, Marc has found a very large enhancement of multiple
Higgs boson production in vector boson scattering when Higgs couplings to gauge
bosons differ from those predicted by the Standard Model. He has demonstrated
that, due to the loss of unitarity, a very large enhancement for triple Higgs boson
production will occur. This is a truly novel result. In his further studies, Marc
extended his research into the area of supersymmetry, which elegantly solves the
hierarchy problem of the Standard Model mentioned above and contains Dark
Matter candidates in its particle spectra. In this context Marc studied the effects of
supersymmetric partners of top and bottom quarks on the Higgs production and
decay at the LHC, pointing for the first time to the non-universal alterations for two
main production processes of the Higgs boson—vector boson fusion and gluon—
gluon fusion. Continuing his exploration of the Higgs boson and supersymmetry,
Marc has managed to extend existing experimental analysis to show that, for a
single decay channel, one can completely exclude the mass of the top quark
superpartner below 175 GeV, which in turn excludes electroweak baryogenesis in
the Minimal Supersymmetric Model. This is another genuinely novel and very
important result for the High Energy Physics community. Marc Thomas has
demonstrated impressive performance in his research and publications: in collider
phenomenology, Higgs physics, New Physics and Dark Matter phenomenology, as
well as in computing. It is worth mentioning that Marc is taking care of his two
young children and yet contributes more to the progress in physics than many other
Ph.D. students without families.

It is a very exciting time now, in which physicists eagerly anticipate new physics
being discovered at the LHC, and we hope that this will happen very soon. Marc’s
research, devoted to BSM phenomenology, has had an important impact within the
High Energy Physics community regarding our understanding of how the new
physics could show up at the Large Hadron Collider.

Southampton, UK Prof. Alexander Belyaev
May 2016



Abstract

In this thesis I study the collider phenomenology of BSM physics at the LHC,
concentrating on the Higgs boson and supersymmetery. The implications and
effects on cross sections of the loss of unitarity in scattering processes involving
multiple vector bosons and/or the Higgs, when the Higgs couplings to the W and
the Z are non-SM, is studied using an effective Lagrangian. Subsequently methods
to remove unwanted background from transversely polarised vector bosons are
explored, which enable an estimation of the potential to measure the Higgs cou-
plings to weak bosons in a model-independent way via vector boson fusion. MSSM
effects on Higgs production and decay are also considered, concentrating on the
effects due to light stops, sbottoms and staus. Amongst other things, we find that
light third generation squarks generally produce asymmetrical alteration in signal
strengths of different production channels, generally causing % > 1. Finally we

extend some ATLAS analyses in the low Am = m; — mso region, extending the

excluded masses of light stops. This enables us to limit the maximum effects of
light stops on the Higgs, and further limits the parameter space where the light stop
scenario of electroweak baryogenesis is viable.

ix



Acknowledgements

I would like to express my thanks to the many people who have given me the help
and guidance to enable me to complete this Ph.D.

The guidance and support offered by my supervisor Prof. Alexander Belyaev, as
well as the encouragement to take part in collaborations and conferences, and to
present my work to a wider audience has helped me to grow in confidence as a
research scientist and I would like to give him special thanks.

I would like to express my appreciation to my many collaborators whose patient
explanations and advice have helped me complete the work in this thesis and made
it so enjoyable. In particular I would like to thank Profs. Stefano Moretti and
Shaaban Khalil for many long discussions on the supersymmetric Higgs sector, and
Dr. Alexandra Oliveira and Prof. Rogerio Rosenfeld for their patience and help
which allowed me to complete my first paper.

My office mates also deserve my thanks for the long and fascinating discussion
on all topics of physics and the world in general, and making the office such an
enjoyable environment. In particular I would like to thank Jason Hammett, Shane
Drury, Maria Dimou, Daniele Barducci and Jurgen Dietz for their help in the first
couple of years when getting to grips with particle physics and QFT was a particular
challenge.

I would also like to thank the STFC for providing the funding which has allowed
me to complete this work.

Finally I would like to say thank you to my wife Emily. Without her support,
encouragement and patience this Ph.D. would not have been possible.

Dr. Marc Christopher Thomas

xi



Contents

1 Introduction.......... ... . .. . . . . . ... ...
1.1 The Standard Model. . ............ ... ... ... ... .......

1.2 Problems with the Standard Model. . .......................

1.3 Going Beyond the Standard Model. . .. .....................
1.3.1 Effective Field Theories . ..........................

1.3.2  Supersymmetry . .. ...t

1.4 Where to Look for BSM Physics ... .......... ... ... ... ....
References. . .. ... .. .. . . ..

2 Multiple Higgs and Vector Boson Production. ............. ... ..
2.1 OVEIVIEW . o oo
2.2 Multiparticle Cross Sections and Unitarity . . .................
2.3 Naive Estimates of Unitarity Violation......................
2.4 Anomalous Higgs Couplings and Partial Unitarisation..........
2.5 Sensitivity of 2 — 3,4 Cross Section to Anomalous

Couplings . . . ..o
2.6 Cross Sections in the SM with Anomalous Higgs Couplings. . . . .
2.7 Impact of Multiparticle Production at the LHC and Future

Colliders. . . .. ..o
2.8 Conclusion . ........ ... ...
References. . .. ... ..

3 V.Vr — V.V, Scattering as a Model Independent Probe

of the Higgs Coupling to Vector Bosons . . .....................
3.1 Motivation .. ...
3.2 Recent Developments. ........... ... ... ... .. .. ... ....
33 Goalof Study. . ... ...
34 Analysisatthe VV — VV Level. ........ ... ... ... .......
3.5 LHC Sensitivity to Longitudinal Vector Boson Scattering

and Higgs Boson Couplings to Gauge Bosons................
3.6 ConCluSiONS . . ...ttt
References. . .. ... .

00 N A W = =

el

11
12
13
14

17
19

21
24
24

27
27
28
29
30

35

39
40

Xiii



Xiv Contents

4 Supersymmetric Higgs ... ............ ... ... .. ... ...
41 OVEIVIEW . o oot
4.2 MSSM Setup and the Parameter Space. . ....................
4.3 MSSM Effects in Higgs Production and Decay . ..............

4.3.1 The Three Contexts for MSSM Effects. ...............
432 Stop Quark Effects ........... ... .. ... ... ...
4.3.3 Sbottom Quark Effects .......... ... ... ... . ... . ...
434 Stau Effects. . ....... . . .
4.3.5 Combined Effect and Fit of the LHC Data .. ...........
4.4 Conclusions . . ........uuiuii
References. . .. ... .. .

5 Ruling Out Light Stops. . . ....... .. ... ... ... ... ... ... ....
5.1 OVeIVIEW . oottt e
5.2 Stop Decay Channels . . .......... ... .. ... ... . ... ......

52.1 Two-Body Decay, 7 — X%c............... ... .. ...
5.2.2 Four-Body Decay, 7 — bff'x). .. ..o
5.3 Experimental Searches: Current Status . .. ...................
5.3.1 Monojet Searches .. ................. ...
5.3.2 Motivation for Extending the ATLAS Search...........
5.4 Tools and Framework for Analysis. .. ......................
5.4.1 Analysis: Monojet, 7 — XJ¢ ...
5.4.2  Analysis: Monojet with c-Tagging, 7 — xJc............
5.4.3 Analysis: Monojet with 1 Lepton, 7 — bff’ 5(? ...........
5.5 Results for Individual Channels . ..........................
55.1 2-Body,7— XJcResults. . ...,
552 4-Body,7— bff'x) Results. ........................
5.6 Results for Combined Analysis. . ............. ... ... .......
5.6.1 2-Body, 7 — XJc¢ Combined Results . .................
5.6.2 Four Body, 7 — bff'x? Combined Results. . ............
5.7 Intermediate Values for the Branching Ratios. ... .............
5.8 Conclusion and Outlook. . .. ...... ... ... ... ... ... .......
References. . .. ... . .

6 Conclusion........ ... ... ...

Reference .. ... ... . . . . .

Erratum to: Beyond Standard Model Collider Phenomenology
of Higgs Physics and Supersymmetry . ...........................

Appendix A: Proof of Unitarity Bound . ..........................

Appendix B: Loop Functions . . .. ...............................



Chapter 1
Introduction

1.1 The Standard Model

The standard model (SM) as a theory of particle physics was completed in its present
form in the 1970s. Since this time it has achieved remarkable success with the dis-
covery, as predicted by the model of the tau lepton [1] along with the charm [2, 3]
and bottom quarks [4] in the 1970s, the W and Z bosons in the 1980s [5-7], the
top quark in the 1990s [8] and the tau neutrino in 2000 [9]. The final particle in the
standard model, the Higgs boson was discovered at CERN in July 2012 [10, 11],
completing the set of particles predicted by the SM. As well as forecasting these
new particles, the SM has also been able to provide accurate predictions for a huge
variety of physical phenomenon which have been confirmed by experiment. These
range from the calculation of anomalous magnetic dipole moments and the results
of scattering experiments using perturbation theory to the calculation of masses and
lifetimes of QCD bound states using lattice techniques. Some of these predictions
can have unprecedented precision (most notably those involving only QED), for
example there is agreement between the theoretical expectation and experimental
measurement of the Rydberg constant of around 11 significant figures [12, 13].!

1.2 Problems with the Standard Model

Even while experiments have been confirming SM predictions, there have also been
a number of observations which it cannot describe, including:

I'The value of aep, is set by a measurement of the anomalous magnetic moment of the electron,
which allows a prediction of the Rydberg constant which matches experiment to 11 significant
figures.

© Springer International Publishing Switzerland 2016 1
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1 Introduction

. Neutrino Oscillations

Neutrinos have been observed to oscillate in experiments involving neutrinos
from the sun, the atmosphere following cosmic ray collisions, nuclear reactors
and from beam experiments. This requires that the neutrinos have a mass, and the
SM does not explain either neutrino oscillations or masses.

Matter/Antimatter Asymmetry

Today the observable universe is made up almost entirely of matter. This could be
explained by a baryon asymmetry in the early universe, which can be estimated
from the baryon to photon ratio today, and is of order 107! [14]. This must have
arisen following inflation and reheating when any initial asymmetry would have
been washed out, and cannot be explained by the SM.

. Cold Dark Matter

Evidence from galaxy rotation curves, the motion of galaxy clusters, collid-
ing galaxy clusters such as the Bullet Cluster, gravitational lensing, the cosmic
microwave background (CMB) and large scale structure formation in the early
universe point towards the existence of non-relativistic (“cold”), or possibly semi-
relativistic [15] (“warm”), neutral, massive, non-baryonic matter. In the SM, neu-
trons do not fit this description as their very small mass means that they would
be relativistic (“hot”) dark matter, and there are no other viable SM candidates.

Dark Energy

The universe’s expansion is accelerating, consistent with a cosmological constant
or equivalently dark energy. If the SM is assumed to be valid up to the Planck
scale, it overestimates this energy by a ridiculous factor of 1020,

Inflation

As well as providing solutions to the horizon, magnetic monopole and flatness
problems, inflation is consistent with the scale-invariant, Gaussian perturbations
displayed by the CMB. The SM cannot explain inflation.

Furthermore, there are a number of theoretical considerations which also lead us to
seek a model beyond the SM:

1.

Gravity

The SM does not include gravity. Whilst general relativity can be used as an
effective theory of quantum gravity at low energies, it cannot be combined with
the SM to give a consistent theory above the Planck scale. We require a new
theory to be able to simultaneously describe all the forces in a way which would
be valid above the Planck scale.

The Gauge Hierarchy Problem

The Higgs mass has been experimentally measured to be around the weak scale.
However, if there is new physics at higher scales such as the Grand Unified Theory
(GUT) scale (10'%) GeV or Planck scale (10'%) GeV, we would expect radiative
corrections to increase its physical mass to around these scales. To explain this
we either require a remarkable fine-tuning of the cancellation that occurs between
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the radiative corrections and the bare mass of the Higgs boson, or new physics
beyond the SM such as a new symmetry or lower cut-off scale.

3. The Strong CP Problem
There is a CP-violating term allowed in the SM (QCD) Lagrangian which we
would naively expect to be of order 1. However measurements such as that of the
neutron dipole moment [16] show that the upper bound for this term is around
10—, which is not explained within the SM.

4. Meta-Stable Vacuum
Given derivations based on the top quark and Higgs masses, we live in a false
vacuum which has a lifetime longer than the age of the universe (metastable).
This is often considered less desirable than a stable universe.

5. Unexplained Structure in the Standard Model
There are 19 free parameters in the standard model.> Many physicists feel that a
more fundamental theory would be able to derive relationships between a number
of these currently independent quantities, reducing the number of free parameters.
Some of the patterns that people are particularly interested in explaining are:

e Why there are 3 families of particles.

The structure of the fermion masses and mixing.

Why the electromagnetic charge is quantised in units of % when for a U(1)
symmetry it could take any value.

e Why the particular SU(3). & SU(2)L @ U(1)y group structure of the SM.

e Why is there 3+1 spacetime dimensions.

As a result of these theoretical questions, and especially the experimental observa-
tions, a large number of beyond standard model theories have been developed which
address some of these issues.

1.3 Going Beyond the Standard Model

An enormous range of beyond standard model (BSM) physics has been proposed.
These include those that extend the theoretical framework beyond standard quantum
field theory (QFT), such as string theory and loop quantum gravity. However even
these beyond QFT theories are likely to be well described by a QFT at the energies
we are currently able to experimentally probe with colliders, and we will stay within
the QFT paradigm.

The first thing a BSM model needs to achieve is to recreate the highly successful
predictions of the SM. For this reason, the majority of BSM models involve extending
the SM with further fields and possibly further symmetries of the Lagrangian. I will
not attempt to summarise or categorise all the different BSM models. Instead I’1l limit

2There are 19 free parameters if we include the QCD CP violating term responsible for the strong
CP problem, and exclude neutrino masses and mixing.
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myself to two topics with are relevant to the research presented later in this thesis.
The first is that of Effective Field Theory (EFT), which uses the fact that for models
with a hierarchy of mass scales, the low energy physics can be well approximated
by an effective Lagrangian which is only valid at energies well below the higher
mass scale. This allows aspects of many BSM models to be studied simultaneously
in a largely model independent way. The second topic is supersymmetry, a popular
BSM model which predicts new particles which due to naturalness arguments have
a reasonable likelihood to be light enough to be discoverable at the Large Hadron
Collider (LHC).

1.3.1 Effective Field Theories

Using an effective field theory (EFT) is an excellent way of allowing us to study a
large range of BSM models simultaneously. The basic idea is that in a model with a
separation of scales, the high energy contributions to the action can be “integrated
out”, leaving a QFT which contains only the low mass fields. The remaining action
is non-local in spacetime, however expanding in powers of the inverse of the heavy
mass scale, A, gives us a local Lagrangian with an infinite series in the small power
A~!. For a specific process, as long as the energy, E < A, then the contribution
to the action of each term in the series falls rapidly with increasing powers of (%)
and we can truncate the series at a desired order of A~!. We thus have a Lagrangian
containing light fields only, which can be used to calculate low energy observables,
which in general is non-renormalizable but is otherwise valid.

To be more concrete, we can consider a theory which has both heavy particles
with mass ~A, and much lighter particles. In interactions with light particles in
the initial state, with all momenta and energies, p, E < A, the heavy particles can
never appear in the final state. They will still have physical effects by appearing in
loops as well as at tree level as off-shell intermediate particles, and indeed may allow
vertices which do not occur at tree level in the case of vertices which are loops at
leading order. However at low energies these effects are not resolved, and can be
taken account of by altering the parameters of the low energy Lagrangian and adding
new contact interactions. The beauty of this approach is that any set of different
high energy theories which contain the same low energy particles and symmetries,
can be described by the same low energy Lagrangian, with the differences between
high energy models manifesting only as differences in the masses and couplings at
low energy. Therefore if we use data to set limits on an EFT Lagrangian, we are
simultaneously setting limits on the parameters of a wealth of high energy models.
Moreover, we can even study effective field theories without any reference to a
specific high scale model.

If we consider EFTs in the context of LHC phenomenology, we know exactly
what the low energy fields and symmetries are; the fields and symmetries of the
standard model. Therefore we should be able to describe the collider physics of any
BSM theory which has new particles much too heavy to be produced at the LHC by
using an effective field theory.
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A note of caution is appropriate here. For such an effective field theory to be valid,
it is required that the new physics is at a much higher scale than the SM. This is not
an unreasonable assumption as the SM has been well studied, and tight bounds have
been set on many of its parameters, meaning that the effect of new physics at this
energy must be relatively small. Consequently any new particles associated with new
physics is likely to be much heavier than the SM. However we cannot rule out the
possibility of new light and very weakly interacting particles, and for these models
the EFT approach is invalid.

To construct an effective field theory Lagrangian, we can use either a top-down or
bottom-up approach. The top-down approach would be to start with a complete BSM
model valid at high energies and follow the steps described above, integrating out
high energy contributions and expanding in powers of (%) where A is the scale of
the high energy physics. This can have the advantage of telling us relations between
parameters in the effective field theory which would otherwise be hidden, as well
as giving us a simpler Lagrangian for calculations. The bottom-up approach more
commonly used makes no reference to possible complete BSM models. We simply
choose the particle content at the lower energies we’re interested in and write down
all terms allowed by the symmetries of Lagrangian up to whichever order in A~ we
wish to work. The order of A~! is usually given in terms of the compensating mass
dimension of its associated operator, for example terms with a A~2 coefficient are
usually referred to as dimension-6 operators, i.e. D = 6. (For a more comprehensive
introduction to Effective Field Theory I would recommend [17, 18].)

In Chaps.2 and 3 we will be using an effective field theory for Higgs and vector
boson scattering.

1.3.2  Supersymmetry

In the standard model, the symmetry group of the S-matrix is the direct product of the
Poincaré group and the internal symmetry groups. It was shown in 1967 by Coleman
and Mandula [19] that any extension of this must have generators which commute
with all of the Poincaré group generators, and therefore the extended symmetry group
would still be a direct product of the Poincaré group and a larger internal symmetry
group. As the Poincaré group is the group of symmetries of spacetime, this showed
that the spacetime symmetries of the S-matrix could not be extended non-trivially.
However in 1974, Haag, Lopuszanski and Sohnius [20] discovered that if we also
allow the possibility of fermionic generators (which Coleman and Mandula had not
considered), then a non-trivial extension of the Poincaré group is indeed possible,
allowing it to be embedded within a larger Super-Poincaré group which would not be
a direct product of the Poincaré and internal symmetry groups. The new fermionic
generators have the effect of taking bosons into fermions and vice versa, with the
new symmetry being called supersymmetry (SUSY). The irreducible representations
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of this Super-Poincaré group are called supermultiplets, and contain in each case a
SM particle and its SUSY partner.”

For a supersymmetric theory to reproduce the SM predictions, it must include (at
least) all of the SM particles in its Lagrangian. A realistic SUSY model therefore
introduces many new particles, with at least one supersymmetric partner for each
SM particle.*

The reason that supersymmetry is popular is not only that it is the only possible
non-trivial extension of the usual spacetime symmetries, but it’s also able to solve
many of the problems of the standard model listed in Sect. 1.2. Some of the attractive
features of SUSY are:

e It solves the gauge hierarchy problem. For each fermion loop which contributes
to the Higgs self energy, there is a perfect cancellation from SUSY scalar loops,
naturally allowing a light Higgs without fine-tuning. It should however be noted
that in the simplest SUSY theory consistent with experiment, the Minimal Super-
symmetric Standard Model (MSSM), it introduces a new fine-tuning problem,
known as the p-problem. This problem is to explain why w, a mass parameter
which appears in the Lagrangian, is at around the electroweak scale, rather than
at around the Planck scale.

e It contains natural candidates for dark matter, such as the neutralino which is a
mixture of the SUSY partners of the neutral gauge bosons and the Higgs. It is
weakly interactive, massive and can be stable, as required for cold dark matter.

e Given certain parameters, it is able to explain the matter/antimatter asymmetry
in the universe. For example, light (right handed) stops allow viable electroweak
baryogenesis scenarios.

e Itis able to explain the current 3.60 disagreement between theory and experiment
of the muon (g-2) anomalous magnetic moment by introducing new particles in
the loops [21-26].

e In the context of grand unified theories it allows unification of the couplings at
around 10'° GeV.

e There are SUSY models with areas of parameter space where the vacuum is entirely
stable.

e In the simplest phenomenological SUSY model (the MSSM), the maximum value
of the Higgs boson mass is around 140 GeV, consistent with its observed mass of
around 126 GeV? [27].

e It is possible to have radiative electroweak symmetry breaking in SUSY, i.e.
spontaneous electroweak symmetry breaking via the running of the Higgs mass
parameters.

3The supermultiplets also contain an auxiliary field which is required to ensure the SUSY algebra
closes off-shell. However these can be eliminated from the Lagrangian by using the equations of
motion to rewrite them in terms of the other fields.

4The minimum particle content of a realistic SUSY model is actually more than this as discussed
in Sect. 1.3.2 on the Minimal Supersymmetric Standard Model (MSSM).

SThis is discussed further in Sect.4.2.
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Furthermore, supersymmetry is required by string theory for self consistency of the
theory and to allow it to describe fermions.

The Minimal Supersymmetric Standard Model (MSSM)

There is of course an infinity of different SUSY Lagrangian that could be written
down. The Minimal Supersymmetric Standard Model (MSSM) is the minimal SUSY
extension to the standard model that is possible. It contains a fermionic SUSY partner
for each SM boson, and a bosonic SUSY partner for each chiral component of the
SM fermions, as well as 2 Higgs doublets and their SUSY partners. There are two
reasons why we are required to introduce an additional Higgs doublet compared to
the SM. Firstly, the Yukawa terms in the MSSM appear in the superpotential which is
holomorphic in the fields. This means that we are unable to use the complex conjugate
of the Higgs field to give mass to the up-type quarks as we do in the SM, necessitating
the introduction of a second Higgs field with opposite hypercharge. Secondly, with
only a single Higgs doublet in the theory, its superpartner the Higgsino introduces an
SU(Z)iU(l)y triangle gauge anomaly, which can be cancelled by the SUSY partner
of a second Higgs doublet with opposite hypercharge.® These two Higgs are know as
up and down type, depending on which particle type they give a mass to. The MSSM
is the most commonly studied SUSY model, and is the model I examine later in the
thesis.

The particle content of the MSSM is three generations of chiral quark and lep-
ton supermultiplets, the vector supermultiplets necessary to gauge the SU(3)¢ X
SU2), x U(1)y group of the SM and the two chiral SU (2) Higgs doublet super-
multiplets. The interactions involving vector supermultiplets are given by the gauge
symmetry group of the theory, i.e. SU3)¢c x SU(2). x U(1)y, while the interac-
tions between the chiral supermultiplets are described by the superpotential,

W =Y LESH, + Y2 Q;D$Hy + YY QiUSH, + wH, Hy. (1.1)

Here Q contains the SU(2) (s)quark doublets and U¢ and D¢ the corresponding
singlets, while the (s)lepton doublets and singlets reside in L and E°, respectively.
In addition, H,, and H,; denote Higgs supermultiplets with hypercharge ¥ = :I:%.
If SUSY is an unbroken symmetry then the SUSY particles would have exactly
the same mass as their SM partners, and would have been observed by now. There-
fore we know SUSY must be a broken symmetry and the SUSY particles have a
different mass to their SM partners. This would initially seem to be a problem, as
the exact cancellations required to solve the gauge hierarchy problem require the
SM and SUSY partners to have the same mass. However if SUSY is only broken
by the addition of Lagrangian terms whose coefficients have positive mass dimen-
sions, known as soft SUSY breaking terms, the cancellation of the leading (quadratic
in the cut-off) contribution to the Higgs mass parameter squared remain, and the

5The reason that this anomaly cancellation must occur can be seen by noting that the second
Higgs doublet has the quantum numbers of the conjugate of the first Higgs doublet. Therefore its
introduction is analogous to introducing the conjugate of the first Higgs, making their combination
a real representation of its Lie groups, which therefore must be anomaly free.
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substantially smaller logarithmic corrections become the largest contribution. This
means that the main correction to the MSSM Higgs scalar mass parameter squared

becomes mSoft In (AU") where Ayy is the UV cut-off scale of the model (gener-

ally Mpianck), and mgg is the largest mass scale associated with the soft breaking
terms. As the mass splitting between the SM particles and their SUSY particles are
determined by my, this correction to the Higgs squared mass parameter is small
as long as the mass difference between the top and the stop masses is not too large,
allowing SUSY to remain a solution to the gauge hierarchy problem. As a result of
this requirement of soft SUSY breaking we have many additional free parameters in
the Lagrangian, known as the soft SUSY breaking parameters. Writing down only
gauge invariant terms with positive mass dimension, the soft SUSY terms in the
MSSM are of the form [28]:

1 i - .
LM = — 5 (M388 + MyWW + M BB + c.c.)

— (ftauQHu — jadQHd — EanHd + c.c.) (12)

- Q'I'mf)Q — L'm} L — amZi’ dmzdI em2é’

—mj, HiH, —my H;Hy — (bH,Hy + c.c)

where M3, M, and M, are the masses of the gluino, wino and bino, which are the
SUSY partners of the gauge bosons. The ay, aq, ae are complex 3 x 3 matrices in
family space, and the i, d, &, Q, L are family triplets which are the SUSY partners

(squarks and sleptons) of the their respective SM singlets/doublets. Likewise, mQ,
m?, m2, m? and m? are 3 x 3 Hermitian matrices in family space. The H, and H,
are the scalar up-type and down-type Higgs, with the final line from Eq. 1.2 being the
soft-SUSY breaking term of the Higgs potential. (For more details, there are many
good introductory books and reviews on Supersymmetry. e.g. [28-30].)

More details of the Higgs sector of the MSSM, along with the masses and
couplings of the top, bottom and tau SUSY partners, the stop, sbottom and stau
respectively will be provided in Chap.4 as they are directly relevant to the research
and results presented in that chapter.

1.4 Where to Look for BSM Physics

Since the Higgs discovery, the main purpose of the LHC is to find new physics.
Broadly, BSM physics can be found either by finding new particles as an excess
number of events in certain decay channels, or by finding deviations from SM
predictions in the observables of SM processes. In this thesis, I use both of these
techniques, focusing on deviations from SM cross sections in Chaps. 2—4, and new
particle searches in Chap. 5.
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Following the first run of the LHC (run 1), which finished colliding protons at the
end of 2012, we have observed that the Higgs couplings are broadly in agreement
with SM predictions, but with large errors, still allowing significant deviations from
these values (as is discussed in Sect.2.1 [31-33]). Run 2 is due to start in spring
2015, which will greatly improve this precision.

With this in mind, the plan for the thesis is as follows. In Chap.2 I use an EFT
Lagrangian to study the effects of a deviation of the Higgs-vector boson coupling on
vector boson scattering and multiple Higgs production, and go on to examine tech-
niques to improve the experimental sensitivity to vector boson scattering in Chap. 3.
The effects of supersymmetry on Higgs production and decay cross section are then
studied in Chap. 4, notably in scenarios with light stops, sbottoms and staus. Chapter 5
subsequently discusses work to extend the ATLAS search for stop squarks, ruling
out an area of parameter space which still allows light stops, which are important for
naturalness and baryogenesis. Finally I conclude in Chap. 6.

Chapters 2, 4 and 5 are based on papers published in JHEP [34-36], and Chap. 3
is based on work published as part of the Les Houches 2013 Working Group Report
[37] and an upcoming publication.
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Chapter 2
Multiple Higgs and Vector Boson Production

2.1 Overview

The discovery of the Higgs in 2012 [1, 2] means that we now have, in some sense,
experimental confirmation for the mechanism responsible for electroweak symmetry
breaking (EWSB). Data strongly favour a spin 0, CP even particle [3—5], and confirms
that its coupling to other particles is related to their mass in the way predicted by the
standard model Higgs mechanism, earning the particle the name the Higgs boson
(as opposed to initial discussions of a “Higgs like particle”’). However, despite this
success, its couplings are still imprecisely measured. Possible deviations from SM
values of Higgs coupling to vector bosons can be as large as 15-40 % and for fermions
as large as 30-100 % depending on assumptions and particle type, whilst still being
consistent with LHC data' [6-8]. As many BSM models predict only small (0-30 %)
deviations from SM couplings (when constraints from outside the Higgs sector have
been taken into account), these have not been ruled out. In particular, composite
Higgs models are models where EWSB is caused by new strong dynamics with
the Higgs arising as a pseudo-Goldstone boson (analogous to the pion in QCD).
When these models are required to satisfy electroweak precision measurements,
then they generally predict deviations from SM couplings <10 %, and hence are also
in agreement with current data.” In fact the Higgs arising in Technicolor models
can be exactly SM-like in terms of their couplings to weak bosons, despite their
compositeness [9].

To differentiate between the standard model Higgs, and one which arises due to
strong dynamics, we note that it has been shown that a hallmark of strong interactions

'With such large deviations still possible, you may ask why is this hailed as such a success for
the standard model. The reason is that the masses and related couplings vary over many orders of
magnitude between particles, and in this context a ~30 % deviation is very small.

2 Although it should be noted that these models are strongly tuned and do not solve the gauge
hierarchy problem.
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in the EWSB sector is multiple particle production at energies around the EWSB
scale [10]. Therefore in a strongly coupled EWSB sector, one would expect copious
production of longitudinal gauge bosons as long as enough energy is available to
produce them. This is similar to the way large numbers of pions are produced in QCD
at high energies. In fact, multi-W production was studied in a simplified scaled-up
version of QCD over 20 years ago [11].

Here we study the inelastic production of longitudinally polarised W and Z
bosons (denoted collectively by V) and Higgs bosons using a non-linear effective
Lagrangian, where couplings can differ from their standard model values. As
discussed in [12], the scale of new physics is likely to be where inelastic scatter-
ing becomes important. This is what occurs in QCD where multiple pion production
indicates the scale at which quarks become important individual degrees of freedom.
Analogously we are able to estimate the energy scale of new physics for different cou-
pling values in our effective Lagrangian by calculating the energy at which multiple
vector boson or Higgs boson processes become relevant.

As will be discussed in Sects.2.2 and 2.4, the cross section of such multiparti-
cle production should be more sensitive to non-SM couplings than simple 2 — 2
processes. In particular, we’re interested in how sensitive these multiparticle produc-
tion cross section are to deviations from the SM couplings.

We first study as a simple case, unitarity violation in multi-V, production in the
Higgsless model [13], before considering models with partial unitarisation, such as
the composite Higgs model. Even with partial unitarisation we show that provided
enough energy is available to produce the particles, large enhancements of multi-
particle cross section can occur. This effect becomes more acute as the final state
multiplicity increases.

2.2 Multiparticle Cross Sections and Unitarity

In an inelastic 2 — n process, if we assume s-wave dominance, the perturba-
tive unitarity bound on the cross section for a given centre-of-mass energy /s
is [13, 14]:

c(2—>n) < 4—7T 2.1
s

(The derivation is reproduced in Appendix A for convenience.)

This bound subsequently sets stringent constraints on the scattering amplitudes.
The relativistic n—body phase space is proportional to s"~2 and therefore, taking into
account the flux, the unitarity bound requires that the amplitude grows with energy
no faster than

AQR = n) ~ 72, (2.2)

We can use this result to easily calculate whether scattering in a model will violate
the unitarity bound unless there are precise cancellations between amplitudes. As an
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example, if we neglect transverse gauge bosons and the Higgs boson, we can describe
vector boson scattering with a simple nonlinear sigma model (NLoM):

2
Liow = UZTr [0,U0"U"] 2.3)

where v = 246 GeV is the usual scale of electroweak symmetry breaking and

i

U=e". 24

These scalar “pion” fields ' (i = 1, 2, 3) describe massless Goldstone bosons in a
Higgsless model. The equivalence theorem [10] shows that in the high energy limit
the scattering cross sections of longitudinal vector bosons asymptotes to that of their
respective massless Goldstone bosons, allowing these 7' fields to be identified with
the longitudinally polarised vector bosons.

Using power-counting, we see that the scattering amplitude in this model grows
with energy as

s
Anrom (2 — n) ~ " (2.5)

and hence naively
s

1 2
0@ —m~ - (U—) &2, (2.6)
Therefore, we see that the growth of the cross section towards the unitarity bound in
this model is faster for larger number of particles, due to the 5"~ factor from phase
space.

In turn, this means that if we assume that unitarity is restored by new physics, then
there must be larger cancellations between scattering amplitudes as the number of
final state particles is increased. For example, Eq. 2.2 tells us that unitarity requires
that A(2 — 2) ~ constant, while A(2 — 4) ~ 1/s, whereas they both grow as
~s in the NLoM (2.5). Therefore, in the absence of a perfect cancellation between
amplitudes, cross section will scale with energy more rapidly for multi-V, production
compared to 2 — 2 scattering, and this is likely to have a large impact on multi-V;,
production cross sections. The purpose of the work in this chapter is to examine this
1mpact.

2.3 Naive Estimates of Unitarity Violation

The n—body phase space in the relativistic limit, (given for example by [15]) is:

_ &, . (27r>4 a2y
Rn<s>—/n(2 S (= Z )= S @)
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Rearranging enables us to estimate the energy scale A, at which perturbative unitarity
is violated in 2 — n processes in the NLoM:

o |:2(n — Di(n— 2)!]2" 2.8)

Comparing different values of n, we see that the lowest limit occurs for 2 — 2
scattering, with unitarity being violated in 2 — 4 at an energy which is 2.4 times
higher. In this rough estimate we do not include a proper phase space integration or
the growth due to the combinatorial factors, however this estimate is in reasonable
agreement with the results of a full numerical calculation given in [13].

2.4 Anomalous Higgs Couplings and Partial Unitarisation

In order to recover unitarity, the non-linear sigma model must have a UV completion.
The simplest possibility is the addition of a scalar field. This makes the theory consis-
tent with the Higgs boson discovery, and the scalar can be identified with the Higgs.
Given exactly SM couplings, new Feynman diagrams involving the Higgs cause large
cancellations between amplitudes, restoring unitarity at all scales. However, if the
Higgs arises as a composite particle in a strong theory it may have couplings which
differ from the SM values. In this case, if the high scale theory giving rise to the com-
posite Higgs isn’t considered, then the theory isn’t UV complete, cancellations are
incomplete and unitarity is only partially restored. Such a theory can be described by
an effective Lagrangian which parameterises the Higgs self-couplings and couplings
to longitudinally polarised gauge bosons [16]:

v? R R -
Eeffz Z (1+2a;+b§ +b3§+)Tr[6'ﬂU6‘U ]
1 2 1 212 3 A 4
+ E(Q,h) - zmhh — d3)\vh — d4 Zh +--- (29)

(couplings to fermions are not relevant to the results presented here).

This parameterisation describes the low energy behaviour of a large class of
models, including composite Higgs models, and has been used to study anomalous
Higgs couplings in V; V; — V. V., hh processes at the LHC [16—18]. Unitarity is
recovered for the SM values:

a:b:d3:d4:1
by =0 (2.10)

while for different values of these parameters the usual cancellation provided by the
Higgs is incomplete. With SM coupling values, we can embed the / in the multiplet,
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h
¢E(1+;)U @2.11)

from which we can recover the usual linear sigma model.

Whilst in general, the parameters in the Lagrangian can be independent, many
models predict relations between them. For example, in Minimal Composite Higgs
Model (MCHM4),? the couplings of the “pions” with the Higgs boson follows from
an expansion around the vacuum 4(x) = 0 of the effective Lagrangian [21]

2 h i
fz sin’ (9 + %)) Tr[0,U0"U"] (2.12)
with v = fsin#, which comes from the mass term for the gauge fields. In the
MCHM4 we therefore have a relation between the coupling, which can ultimately
be parameterised in terms of a single variable &,

a=+1-¢& b=1-=-2¢ bgz—;—lfﬁ/l—f; (2.13)

Although not obvious from the Lagrangian in Eq. 2.9, in a physically equivalent set of
coordinates, this Lagrangian has a discrete symmetry under the parity transformation
h— —hand ™ — —m [21].

In order to study the 2 — 4 scattering, we must expand each field U to order
Or%):

2
UZTr [0, U0"UT] = % (0"7 - Ou) + [1 S %} (2.14)
x— (G- 0,7) - G5 (07 0,7) | + OGY)

The number of diagrams increases considerably with the number of final state parti-
cles, making it impractical to perform an analytic computation. Therefore we imple-
mented the Lagrangian given in Eq. 2.9 both in FormCalc [22] and MadGraph [23]
using FeynRules [24] (with UFO output [25] for the higher dimensional operators)
and in CalcHEP [26] using LanHEP package [27] with the help of auxiliary fields.

In the remainder of this section the 7%~ fields will be referred to as “pions”,
but it should be remembered that these are identified with the Goldstones from the
Higgs field and ultimately the longitudinally polarised vector bosons, V.

In the simplest case of 2 — 2 scattering, amplitudes only depend on the
Mandelstam variables s and 7. For instance if we assume the pions are massless,
which is valid in the high energy scenario, the 7°7°% — 7+ 7~ amplitude arising from
only 2 diagrams, one with a 4 point interaction and one with an s-channel Higgs, is
given by:

3In the MCHM the fermions can be embedded in either the spinorial or fundamental representation
of SO(5), denoted by MCHM4 [19] and MCHMS respectively [20].
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1— 2Ne 02
M7r°7r°;ﬂ'+ﬂ" = S[( a )s mh] —> (1 — az)i

= (2.15)

v2(s — mﬁ) s>m?

Equation2.2 tells us that unitarity requires in this case that the amplitude to be at
most constant with s at high energies. We see therefore that there is a violation of
unitarity even with the presence of the Higgs boson if its coupling is not SM-like,
i.e., a # 1. This also demonstrates that in the SM the amplitude is constant at high
energies as required by unitarity.

The 2 — 4 amplitudes are far more complicated. They containing of the order of
100 diagrams and with multiple combinations of the scalar products of the different
4-momenta involved. However, we can elucidate the high energy behaviour of the
cross section by focusing on a given point in phase space, with the assumption that the
overall behaviour will be the same in general. In this particular case, all the particles
lie in the same plane, in which case we obtain,

M0, 70705 - o< 45 [725 (13a* — a®(Tb +5) — 1) +
3m3 (1580a* — 378a’ds — 3a*(245b + 131) — 74) +

" (9774a* — 3087a3ds — a*(4494b + 1289) + 52) +
. (2.16)

Once more, we see that it’s leading term grows with s, as expected from power
counting. However, in the SM (where a = b = d3 = 1, see Eq.2.10) cancellations
occur and the first two terms in powers of s vanish. In the s 3> m7 limit we obtain:

Mﬂ'”ﬂ'“;ﬂoﬂ'“ﬂ'*ﬂ" X ——F (217)

demonstrating the behaviour change from ~s to ~1/s required for unitarity. Equa-
tion2.16 shows that the triple Higgs anomalous coupling parameterised by d3 does
not enter in the dominant contribution, and therefore in the following we will take
d; = 1. Also note that the ds and b3 couplings do not contribute to the above
processes.

For 2 — 3 processes a similar analysis can be performed. For 707 — hhh, again
for a given configuration in phase space, the result is

M o0 X ﬁ [s (—4a® + 4ab — 3b3)) —
m% (—8a3 + 8ab + 3b3) +
47’”3(a3+ab—6b3—3a2d3)+---], 2.18)

while for 7°7° — 7t7~h for a configuration where the 2 final state pions are

collinear with each other but back-to-back with the Higgs boson we find
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Msswon o e [s (<1426 — ) +
"i (—164 + 386a> — 213b — 9ads) —
i (~262+ 2914% — 93b + 8lady) + -+ 2.19)

Once more we find that for the SM, the first two terms in these amplitudes vanish
as required. It is also worth noticing that the M 0,0.,,, amplitude depends on b3,
being the lowest multiplicity process which is sensitive to this coupling. In addi-
tion, if we substitute the values for the coupling in terms of & so that they obey the
MCHMA4 relations in Eq. 2.13, we find that cancellations occur and the highest power
of s in the amplitude of these 2 — 3 processes vanishes. In fact, this can be antici-
pated from the parity of the MCHM4 class of theories, under which 7 — —m and
h— —h[21].

In summary, we see that neglecting any special symmetries such as in the MCHM4,
if the couplings do not have their SM values, the amplitude always grows as s regard-
less of the number of final state particles. However the requirement for unitarity
becomes more stringent as the numbers of final state particles increases due to the
increase phase space, requiring the amplitude to grow no faster than s'~2 at high
energy for a2 — n process. Therefore, as predicted for the Higgsless scenario, the
2 — 3 and 2 — 4 processes have cross sections which increase more quickly with
energy than they do for 2 — 2 processes, and depending on total cross sections
these higher multiplicity channels may provide more sensitivity at the LHC to non-
SM Higgs couplings. In the next section we evaluate these cross sections in order to
quantify this sensitivity.

2.5 Sensitivity of 2 — 3, 4 Cross Section to Anomalous
Couplings

In this section, we analyse the cross sections for the 2 — 2,2 — 3 and2 — 4
processes at the parton level (i.e. for example 77 — 7F7~7t7 ™), with a fixed
centre-of-mass energy of \/s = 1 TeV, and Higgs mass of 125 GeV. We use a model
given by the effective Lagrangian in Eq.2.9 which was implemented in CalcHEP
using LanHEP to generate the model file from the Lagrangian.

In the SM, the Higgs does not decay to a pair of on-shell gauge bosons, and there-
fore is never on-mass-shell when coupled to two gauge bosons. On the other hand,
in our effective model, the pions are massless, and so to ensure that the propagating
Higgs in this case is also off shell, we implemented an invariant mass cut on our final
state pions of m+,- > 200 GeV.

The effect on the cross-section of varying a, (which scales the 2V, V;, coupling,
with a = 1 being the SM value) is shown in Fig. 2.1, where the y-axis is presented in
terms of the ratio of the cross section to the cross section when a = 1. In Fig.2.1a,
the parameter a is varied keeping all other parameters fixed, whilst in Fig.2.1b we
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Fig. 2.1 Ratio of the cross sections to the SM cross section as a function of the “a” coupling
parameter, where /s = 1 TeV: a the general effective Lagrangian with all other parameters fixed at
their SM values; b other couplings fixed according to the MCHM4 relations. The different channels
are: (7070, ntn7) = ata—ntr~ (dashed line), (770, 7T n~) — atn~h (thick solid line),
(797°, 7t 7~) — hhh (dotted line), and (7970, 7+ 7 =) — 7t x~ (thin solid line) for comparison.
The notation (77, 77 7) indicates that both 7%7° and 7+ 7~ initial states were taken into account

model effects in the MCHM4 by altering the other parameters according to Eq.2.13
along with d3 = /T — £ [17].

We see that very large enhancements of the order of 10°~10° with respect to the
SM value are obtained, and that the majority of this increase is present even for
relatively small deviations, with an O(10°~10%) increase for a = 0.9. The largest
increases are observed for triple Higgs production. Note that the cross section versus
afor2 — 2,2 — 3and2 — 4 processes have 2, 3 and 4 dips respectively, which can
be easily understood by noting from Eqs.2.15-2.19 that the amplitudes are 2nd, 3rd
and 4th order polynomials in a. We see that the enhancements in 2 — 2 processes are
modest compared to the large enhancements which occur for higher multiplicities
due to the increased phase space (at least at 1 TeV).

When the couplings are related as required for the MCHM4, the increases are
smaller as expected from the parity symmetry of the coset. Since the MCHM4 always
predicts smaller deviations, in what follows we will consider the more optimistic case
where the parameter a varies independently, with the other parameters fixed.

We showed in Sect.2.4 that in the case of partial unitarisation, 0 (2 — n) ~

% (;—n)2 s"2 as in the Higgsless case. To explore this, we next study the growth of the
cross section with centre-of-mass energy for different numbers of final state particles.
We consider a few different values of the anomalous coupling, namely a = 0.9, 0.95
and 1 (SM), keeping the other couplings at their SM values.

The results are shown in Fig.2.2a, b, where the cross section of representative
processes with 2,3 and 4 particles in the final state are plotted for different val-
ues of the coupling parameter a. The shaded area at the top right of each plot is
the unitarity bound from Eq.2.1. Both (a) and (b), demonstrate that as expected, the

SM cross section (with a = 1) for each process quickly stabilises at a small value
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Fig. 2.2 Comparison of cross sections as a function of the centre-of-mass energy for processes with
2, 3 and 4 particles in the final state. a the solid lines are for (7r07r0, 7tn7) > 7tn fora=0.9
(thick), a = 0.95 (medium thick) and a = 1 (thin). Dashed lines are for (r°7°, 7t7~) - 7t7h,

with the same pattern for the thickness of the lines. b The same pattern of lines show the results

(797%, 7t 7~) — hhhand the process 7070 — 7T 7~ 7t 7~ is shown as a dashed line for a = 0.9.

In these plots only the coupling parameter a deviates from the SM value. The unitarity bound is
shown as a shaded area in the top right corner

due to the cancellations between amplitudes, with the precise value depending on
the final state. In the non-SM case, without these cancellations, the cross sections
grow rapidly with energy, reaching up to order 100 pb and violating unitarity at
centre-of mass energies of the order of a few TeV. Also, as anticipated we see that
for processes with higher numbers of particles in the final state, the incomplete can-
cellation between amplitudes allows the increased phase space to lead to a faster
growth in cross section with energy. However, what was somewhat unexpected is the
relatively low energy scale at which multiparticle cross sections can become compa-
rable to 2 — 2 processes. The 2 — 3 cross sections start to become larger than that
of the 2 — 2 process at energies of O(1 TeV). This might be signalling the onset
of non-perturbative behaviour well before the unitarity bound is reached, and it may
be that new physics such as the appearance of new resonances must come in at these
scales. However, for this work we assumed that this is not the case. For the 2 — 4
process the cross section grows very rapidly for non-SM couplings, however as it
starts off very suppressed, it only surpasses the 2 — 2 at high energies of the order
of O(5TeV).

2.6 Cross Sections in the SM with Anomalous Higgs
Couplings

So far we’ve only analysed the scattering of the longitudinally polarised gauge
bosons. In an experimental setting, it’s difficult to separate out these contributions
from the transversely polarised bosons. Therefore, it’s important to understand how
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Table 2.1 Comparison of 2 — 2 and 2 — 3 cross sections (in picobarns) at 4/s = 1TeV
(/s = 2TeV in parenthesis)

Channel a=b=1(M) a=09b=1
7070 - 7ta— 0.53 (0.13) 66.4 (295)

7ZZ — Wtw-— 629 (610) 646 (655)
70 > rta—h 4.6 x 1073 (2.0 x 1073) 18.7 (350)

7ZZ — WtW~h 5.49 (10.9) 6.17 (46.2)
7070 — hh 0.64 (0.18) 43.0 (158)

ZZ — hh 7.18 (7.61) 431 (15.7)
7970 — hhh 5.6 x 1074 (4.9 x 107%) 4.5(112)

77 — hhh 1.7 x 1072 (4.7 x 1072) 0.61 (13.6)

The notation 7°

gauge bosons

, 7* indicates longitudinally polarised bosons and Z, W* denotes unpolarised

the large enhancements in the scattering of longitudinally polarised will affect the
full, unpolarised cross section. To do this, we promote the partial derivatives of
our effective Lagrangian (Eq.2.9) to full covariant derivatives and adopt the unitary
gauge (U = 1).

The results are presented in Table 2.1, where these unpolarised cross sections are
compared to the pure longitudinally polarised vector boson scattering as describe in
the previous section. We keep the notation 7°, 7 to indicate longitudinally polarised
scattering and Z, W¥ to denote the unpolarised gauge bosons. We compare results
with partonic centre-of-mass energy of both 1 and 2 TeV, both of which are below
the unitary bound for the a = 0.9 case considered due to partial unitarisation.

The first thing to note is the large degree to which longitudinal polarisations
are subdominant in the standard model, with the unpolarised cross section being
O(10'-10%) larger than the purely longitudinally polarised case. However, as dis-
cussed, they are greatly enhanced with a 10 % deviation where a = 0.9, and come
to dominate the cross section in all the cases with a Higgs in the final state. As
anticipated, the enhancements are larger for larger final state multiplicities, with for
example a O(10%) enhancement in o (7°7° — 7+ 7~) and an O(10*~*) enhancement
for o(m%7% — w7~ h) at 1 TeV when going froma = 1toa = 0.9.

Unfortunately, we also see that when all polarisations are included, the large
increase observed in purely longitudinal scattering is often masked. This is due in part
to the fact that whilst the longitudinally polarised contribution to the cross section
increases when a(1.0 — 0.9), the initially larger transverse component reduces.
This is to be expected because for processes involving transverse polarisations the
couplings are also scaled with a, and hence the amplitude scales with a power of
a which depends on the number of relevant vertices in the Feynman diagram. For
example for o (77" — 7T 7~h), a enters as a® for some diagrams. If these were
the dominant diagrams, this would naively give us a scaling of the cross section of
a® ~ 50% for a = 0.9. If we combine this with the fact that the longitudinally
polarised cross sections quoted in Table2.1 assume that both incoming partons are
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longitudinally polarised, and so should be divided by 9 due to averaging over spins
before comparing to the unpolarised cross sections, we see why many of the cross
sections do not increase much. In fact for ZZ — hh the cross section decreases.
Interference between diagrams involving transversely polarised bosons may also
play a role but this was not explored further. As a concrete example, despite the cross
section for 7% — 7+ 7~/ being 3 times larger (18.7 pb) than for the unpolarised
case, (0(ZZ — WTW~h)=6.17) whena = 0.9, the total increase in the unpolarised
cross section is only ~10% at 1 TeV.

On the other hand, in cases where the initial contributions from the transverse
polarisations are small, as in ZZ — hhh, enhancements factors of around 35 and 300
are obtained at 1 and 2 TeV respectively. Its enhanced cross section is however still
1 to 2 orders of magnitude smaller than the other processes considered.

Finally, in all channels, the degree of enhancement for anomalous couplings were
larger for 2 TeV than 1 TeV as expected due to the M o s.

It is difficult at this point to conclude for certain which process offers the best
channel to study anomalous couplings, and the answer is likely to depend on the
energy of collision. Triple Higgs production is a promising channel due to the low
transverse background and very large factors of increase in cross sections, although
the fact that its cross section is still relatively low is against it. ZZ — W*W~h on
the other hand has a more modest factor of increase (at 2 TeV), but a higher overall
cross section.

2.7 Impact of Multiparticle Production at the LHC
and Future Colliders

Thus far we have studied scattering at parton level, essentially simulating the collision
of beams of vector bosons. In order to estimate how these results would manifest at
the LHC or other future colliders, we used MadGraph5 (v1.4.8) to perform a full cal-
culation of pp — jj + X, wherej = u, it,d, d, s,5and X = W*W—, W W~h, hhh.
We evaluated tree-level cross sections at /s = 14 and 33 TeV,* using the CTEQ6L1
parton density function and the QCD scale equal to M.

Such proton-proton collisions, as well as containing the vector-boson fusion/
scattering discussed in the previous section, also contain many additional diagrams
leading to the requested final products. Many of these additional diagrams do not
contain the anomalous Higgs-vector-vector coupling, and so they will not exhibit the
cross section enhancements discussed, likely simply contributing to the overall cross
section, acting as a background to our BSM process and obscuring the enhancements
we seek. If we are able to select mainly events with vector boson fusion (VBF), then
we limit ourselves to diagrams which do contain the relevant processes discussed

4 At the time of this study, 33 TeV was being discussed as a possible energy for the High Energy
LHC upgrade. Now the possibility of a 100 TeV collider is being considered for which we are
updating these results [28].
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Table 2.2 Cross section (in fb) for pp — jiWT W=, pp — jiWTW~h and pp — jjhhh processes
evaluated with MadGraph5

Process 14 TeV 33 TeV
with (without) VBF cuts with (without) VBF cuts
a=1.0 a=09 a=1.0 a=0.9
b=1.0 b=1.0 b=1.0 b=1.0
pp — jiWtw— 952 99.3 512 540
(1820) (1700) (5120) (5790)
pp — jiWtW—h |0.011 0.0088 0.0765 0.0626
(0.206) (0.172) (0.914) (0.758)
pp — jjhhh 1.16 x 10~* 0.0566 0.00151 2.02
(3.01 x 107%) (0.0613) (0.00237) (2.07)

There are two values of the cross sections for each entry, with the number in parenthesis being the
cross section without VBF cuts

previously and we are more likely to observe enhancements. Therefore, we evaluated
2 sets of cross sections, one with and one without cuts selecting for vector boson
fusion.

The acceptance cuts which we applied to all events are:

Acceptance cuts: pr; > 30 GeV
[l < 5.0

AR; = /A ]-2j+ An;- > 04

In addition, we produced a set of events with additional VBF cuts:

VBF cuts:[29] E; > 300 GeV (2.20)
Anj > 4. (2.21)

The basic idea behind the VBF cuts is that the vector bosons tend to be radiated from
a high energy quarks, one from each proton, which then continue with a small angle
from the beam pipe. Therefore the signature is of 2 high energy jets which are back
to back and therefore have a large rapidity gap between them. The QCD background
on the other hand tends to produce more central jets and generally fail to pass these
cuts. (For a more detailed motivation of this choice of cuts see e.g. [29].)

In Table2.2 we present these results both with vector boson fusion cuts, and
without these cuts in parenthesis.

The first thing to note is that the overall pattern is similar to that found for the
parton level scattering in the previous section. In processes with gauge bosons in the
final state, we see either a small increase or a small reduction in cross sections as
a(1.0 — 0.9), occurring as discussed previously due to the reduction in amplitudes
involving transverse bosons. We also see that the VBF cuts (results not in parenthesis),
successfully isolate a larger proportion of processes involving longitudinal scattering
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Fig. 2.3 Cross section for jjhhh with VBF cuts
triple Higgs production ... 33 Tev, MCHM4 33 Tev
pp — jjhh/’l with VBF cuts g Tttt 14 Tev, MCHM4 14 Tev
as a function of the 10
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for pp — jjWT W™, leading to an small increase in cross section for anomalous
coupling instead of a reduction in the more inclusive case. For pp — jjW+ W~ h this
does not occur, presumably as the overall increase in the longitudinal scattering was
too small.

For the triple Higgs production on the other hand, the enhancements remain sub-
stantial. With anomalous couplings, there’s roughly a factor of 500 increase for
/s = 14 TeV (LHC14) and 1300 for /s = 33 TeV (LHC33), with VBF cuts.

As this remains the only promising channel at the energies considered, we show in
Fig.2.3 the results for the pp — jjhhh cross section for both LHC14 and LHC33 with
anomalous coupling 0.5 < a < 1.5. We also include the results for where the other
parameters are altered simultaneously according to the MCHM4 relations given in
Eq.2.13. We observe that for anomalous couplings, the enhancements with respect to
the SM case (a = 1) are large. The majority of this increase occurs by Aa ~ 0.1, so
that there is little advantage in terms of cross section in having deviations >10 — 15 %
from the standard model (which are anyway generally disfavoured in composite
Higgs models). As in Sect. 2.5 the increases for the MCHM4 as smaller due to the
parity symmetry of the coset.

For the case where other couplings are set to their SM value (solid line), the
enhancement can be as large as 10° for @ = 1.5. However even in this extreme case,
the absolute value of the cross section is quite low (about 10 fb for /s = 14TeV
with VBF cuts) making the study of these processes challenging at the LHC. A
dedicated analysis would be required to accurately understand the LHC14 or LHC33
sensitivity, however we can already see that to have any realistic prospect of observing
this process we would require high integrated luminosities. There are currently early
proposals for a future 100 TeV hadron collider. As the increase in cross section scales
rapidly with energy, such a collider seems likely to be able to probe these couplings
and processes, but would be the subject of further study [28].
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2.8 Conclusion

‘We have studied multiparticle production in models with anomalous Higgs couplings,
such as the composite Higgs models. These modified couplings result in a partial
unitarization of the scattering amplitudes. We found that at high energies, the ampli-
tudes scale linearly with centre-of-mass energy squared, s, irrespective of the number
of particles in the final state. Therefore, due to the phase space, the cross section
increases more rapidly with energy for larger multiplicity processes, and very large
enhancements in cross sections compared to the SM can arise. These can be as
large as O(10%), even for relatively small deviations of the couplings. The increased
growth of the cross sections with energy for larger multiplicities is however in com-
petition with the fact that more energy is required to produce the larger number
of final state particles, with the results that 2 — 4 processes are less relevant than
2 — 3 processes at the energies investigated. On the other hand 2 — 3 processes can
become as important as 2 — 2 even at relatively low energies of the order of 1 TeV,
which may be signalling the onset of nonperturbative effects. When accounting for
the contributions from the transverse polarisations, the enhancements are somewhat
diluted but remain important in some processes, especially triple Higgs production.

We also showed with a realistic calculation that even with these large enhance-
ments the search for multiparticle processes will remain a challenge for the LHC run
2 at 14 TeV and for any future upgrade or new experiment at 33 TeV. On the other
hand, the enhancements studied increase rapidly with energy, and multiple gauge and
Higgs boson production could be an important way of studying anomalous Higgs
couplings in future experimental programs such as a 100 TeV collider.
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Chapter 3

Vi.VL — ViV Scattering as a Model
Independent Probe of the Higgs Coupling
to Vector Bosons

3.1 Motivation

The discovery of the Higgs boson at the LHC [1, 2] has ushered in a new era in the
study of the electroweak symmetry breaking (EWSB) sector. Since the longitudinal
polarisations of the electroweak gauge bosons (V;’s, V. = W*, Z) have their origin
in EWSB, determining their interactions is of fundamental importance to unravel the
mechanism of EWSB. In Chap.2, we studied the properties of this sector concen-
trating on multi-boson production, namely with 3 or 4 particles in the final state, as
in this case the relative increase in cross section is larger than for 2 — 2 scattering.
What we found was that whilst large increases did occur for longitudinally polarised
bosons, this increase was obscured by the much larger cross section from transversely
polarised bosons, so called “transverse pollution”, making such processes difficult to
observe at the LHC. In this chapter, we look at ways of reducing this transverse pol-
lution. In particular, we consider the simpler V,V; — V.V, process with 2 bosons
in the final state rather than the multi-boson scattering of Chap. 2. Whilst in this case
the increase in cross section is smaller than for multi-boson scattering, the total cross
section is generally larger, and it is a sensible simple starting point to begin.

This importance of the scattering of longitudinally polarised gauge bosons has
been known for many years. The first calculations of V; V; scattering were performed
in the context of the so-called Effective W Approximation' (EWA) in the 1980s
[3-5], with the use of the Goldstone equivalence theorem [6].% The first realistic study
of V, V scattering in a strongly coupled EWSB sector but assuming the equivalence
theorem and EWA and adopting several unitarisation prescriptions were performed

I'The Effective W Approximation essentially assumes that we can factorise proton-proton scattering
involving vector boson scattering into a term describing the g — ¢'W splitting within the proton,
and the hard WW — WW scattering.

2The equivalence theorem was introduced in Chap. 2. It states that at high energies the amplitudes
for V.V, scattering can be calculated using their corresponding Goldstone bosons.
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in the 1990s [7, 8] (see also [9]). Basic techniques such as forward jet tagging,
central jet vetoing, and cuts on the transverse momenta were introduced to select
processes with vector boson fusion (VBF). The first studies that went beyond the
EWA performing a complete calculation of WW scattering were [10, 11].

As discussed, one of the most difficult issues in extracting the physics of EWSB
from VV scattering is the so-called transverse pollution. Much work has been done
to devise cuts that can reduce the transverse pollution and this is the subject of this
chapter. Below we start with a brief review some of the most recent developments in
these efforts.

3.2 Recent Developments

Recent developments are based on the different angular distributions of the decay
products of transverse and longitudinal gauge bosons. In the gauge boson rest frame,
the probability of a fermion decaying at an angle 6* to the direction of boost to the
boson’s rest frame depends both on the boson’s and the fermion’s polarisation, and
can be calculated from a simple spin-analysis. For longitudinally polarised vector
bosons, this probability is given by

3
PL(cos0*) = Z(l — cos?6™). (3.1)

This is consistent with what we would expect from spin considerations, for example,
a scattering with cos 6* = +1 is disallowed as in this case the sum of the angular
momenta of the decay products cannot equal zero in the direction described. For
transversely polarised bosons, the distributions are different depending on whether
the polarisation of the boson V and respective fermion v coincide or are opposite. P
corresponds to a Ve (Viien) gauge boson decaying to a ¥ (Vyign:) fermion, while
P_ corresponds to a Vje (Vyigns) gauge boson decaying to a ¥yigns (¥se5) fermion. Py
is given by

3
Py (cos6*) = g(1 + cos 6%)2, (3.2)

which is consistent with the scattering favouring cos6* = +1 for P, and
cos@* = —1 for P_ due to the spins of the final state particles summing to +1
and —1 in the chosen direction in these limits. For ease of visualisation and com-
parison with later results, Py (cos 6*) and (P4 (cos8*) 4+ P_(cos8*)) are plotted in
Fig.3.1a and b. The sum (P4 + P_) is plotted as we will usually sum over the two
transverse polarisations. Note the very obvious difference in theses two distributions
with longitudinally and transversely polarised bosons tending to have small and large
values of | cos 6*| respectively.
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Han et al. [12] proposed to directly reconstruct the 4-momenta of the decay prod-
ucts of the gauge bosons. This would then enable us to measure the 8* distribution,
and fit it to

P(cos 0%) = fiPr(cos0%) + fL Py (cos0%) + f_P_(cos %) (3.3)

with f; + f= + f+ = 1, thus allowing us to directly measure the proportion of gauge
bosons with each polarisation. They showed that the fit is robust against full
hadronisation.

Doroba et al. [13] proposed a new variable to isolate W, W, scattering in same-
sign WW production. This variable arose from the observation that W;’s tend to be
emitted at smaller angles with respect to the initial quarks compared to the trans-
versely polarised bosons, and hence the final quarks are more forward. Therefore,
they required a small transverse momenta of the forward jets in order to improve Wr
rejection. Jet substructure techniques used by Han et al. to reconstruct hadronically
decaying gauge bosons were recently further improved in [14], where a multivariate
W jet tagging method is employed. They also used the cuts suggested by Doroba et
al. [13]. Freitas and Gainer [15] showed that the significance of the VBF signal can
be increased by using the matrix element method but further investigation including
showering and detector simulation is still required to quantify their findings. More
recently, Chang et al. [16] used WW scattering to study the sensitivity to additional
Higgs bosons in a complete calculation without relying on EWA, employing the
usual selection cuts to maximise the VBF contribution.

3.3 Goal of Study

In the previous chapter we saw how the problem of transverse pollution can make
it very difficult to measure anomalous Higgs couplings at the LHC. Our ultimate
goal here is to use the variables and techniques discussed above to find ways to
increase the LHC sensitivity to this anomalous coupling and therefore new physics,
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via VV scattering. We achieve this by, among other things, reducing the transverse
pollution. Whilst in Chap.2 we compared the standard model (a = 1.0) case with
a range of values of a, concentrating mainly on a 10 % deviation (@ = 0.9), in this
chapter we compare the 2 most extreme cases, i.e. we compare the SM (a = 1.0)
with the Higgsless (a = 0.0) case. We do this for simplicity, as this is a first study,
which could then be expanded later to include intermediate values of a. Also from
the work in Chap.2, and in particular Fig.2.1, we know that the increase in cross
section in going from a(1.0 — 0.9) is much larger than the modest further increase
in going from a(0.9 — 0.0), and so we would expect our results for a = 0 to be
qualitatively valid for the a = 0.9 case.

One important point to stress is that the current way to measure a is from direct
Higgs production in gluon fusion through the decay H — VV*. This is somewhat
model dependent because of the loop-induced gluon-gluon-Higgs coupling, which is
sensitive to any new heavy particles which couple to the Higgs which could enter the
loops. In contrast, by relying only on tree level VV scattering, the method describe
in this study is more model-independent.

This chapter is organised as follows. In the next section we discuss in a parton level
analysis the selection criteria we propose to implement in order to enhance the con-
tribution from the longitudinally polarised gauge bosons. In Sect.3.5 a preliminary
analysis is performed to understand whether the efficiency of the proposed criteria
survive at the full proton-proton, 2 — 6 level at the LHC. Finally, we conclude the
study in Sect. 3.6.

3.4 Analysis at the VV — VV Level

Here we consider the properties of vector boson scattering in the VV — VV
processes, where V = W*, Z. Although the set of Feynman diagrams for these
processes depends on which bosons are present, a representative set of diagrams
given in Fig.3.2, in this case for WH, W~ — Z, Z.

This simple parton level analysis will enable us to see clearly the properties and
relations between the cross section and angles that we will consider without the
complication of a full proton-proton process. The first parameter we consider is an
angle, 0y, which is the angle between an incoming and outgoing vector boson in
the rest frame of the scattering. We consider the dependence of the differential cross
section on this angle, comparing the standard model to the Higgsless case. It should
be remembered that it is the Higgs which provides the cancellation in amplitudes for
purely longitudinal vector boson scattering, and that this cancellation means that in
the SM the contribution to the overall cross section from pure longitudinal scattering
is very small. The Higgsless case on the other hand does not have these cancellations
and has a much larger contribution due to longitudinally polarised bosons. As a
result, cross sections for the SM Higgs (a = 1.0) scenario should be considered to be
demonstrating the behaviour of scattering involving transverse bosons, whilst cross
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Fig. 3.2 Diagrams contributing to the W, W~ — Z, Z process

sections for the Higgsless scenario will be demonstrating the behaviour of scattering
which includes a larger proportion of longitudinally polarised bosons.

In Fig.3.3 we plot the differential cross section for various VV — VV process
with respect to 6y, at /s = 1 TeV. Due to the t- and u-channels corresponding to
the exchange of an electroweak (EW) gauge boson (as exemplified in Fig.3.2) or a
Higgs boson, the angular distributions are peaked in the forward-backward directions.
In the elastic processes on the right, we measured the angle 6y between the same
particle type in the incoming and outgoing set, which is why our plots demonstrate
a forward peaking only. The processes described by the left plots on the other hand
have symmetric final states, and hence the distributions are symmetric with peaks
in the backward direction also. We observe that in the absence of a Higgs boson
(a = 0) when the contribution from longitudinally polarised bosons is larger, there
is both a larger cross section and less pronounced peaking in the forward-backward
direction, as shown by the red curves. This provides the first important observation:
the forward-backward regions in VV — VV scattering are mainly related to the
transversely polarised gauge bosons, with longitudinally polarised bosons having a
much larger differential cross section in the central —0.4 < 6y < 0.4 region.

This observation immediately gives us one obvious cut which could be useful in
increasing the proportion of scattering due to longitudinally polarised bosons, namely
any cut which removes the forward-backward contributions in terms of 8. The effect
of such a cut is evident in Fig. 3.4 where the total cross section for WHW~ — ZZ as
a function of centre-of-mass energy +/s and anomalous coupling a is shown with no
cut in Fig.3.4a and a cut of [#y < 0.5| applied in Fig. 3.4b. In both cases we see that
for a # 1 we get the expected increase in cross section due to non-cancellation of
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Fig. 3.5 cos6* angular distributions for VV — VV — VII(VIv) process for /s = 1 TeV with
(black curves, a = 1, SM case) and without Higgs boson (red curves, a = 0)

amplitudes, which increases with the energy of collision. However when the cut is
applied, the increase in cross section is much more acute and larger. At /s = 2 TeV,
without the cut, the difference in cross section between the SM and Higgsless case
is a factor of around 3, whilst adding the cut increases this factor to O(10?).

In order to proceed further we decay one of the final state EW bosons and analyse
the angular distribution in terms of cos 6* as described in Sect. 3.2. This is sensitive to
the degree of polarisation of the parent EW gauge boson as described by Eqgs. (3.1)—
(3.3). The results for a number of processes are presented in Fig.3.5.

Firstly, these plots clearly show that for the SM case (black), the shape of dis-
tribution is more similar to that in Fig.3.1b, and hence the polarisation is primarily
transverse. For the Higgsless case on the other hand the shape is similar to Fig.3.1a,
showing that in this case the vector bosons have a large longitudinally polarised com-
ponent. We also compare the cases with a small |6y | < 0.9 cut (solid) with a larger
|6y| < 0.5 cut (dashed), which as expected shows that the stronger cut produces a
larger difference between the SM and Higgsless case, as it removes a substantial
proportion of the transverse scattering in the Higgsless case. At this point we can
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Fig. 3.6 a Fitting parameter results of the Z boson polarisation at /s = 0.5TeV. Left and Right
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double the value given. b Fraction of the Z bosons which are longitudinal as a function of energy
fora = 0, 1 with | cosOy| < 0.9 and 0.5

note two things about these results. Firstly they provide a further way of removing
scattering involving transverse vector bosons, by cutting on 8* to be in the cen-
tral region (e.g. |6*| < 0.5), which cuts a larger proportion of SM (transverse) than
Higgsless (longitudinal) events. Secondly, we see that the differences in distributions
can be substantial, and hence 6* is an important observable to discriminate between
events involving longitudinal and transversely polarised gauge bosons.

In Fig. 3.6 we explicitly show that this is possible, by using Eq. 3.3 to recover the
degree of polarisation of the parent EW boson.

We see that when /s = 0.5TeV with a cut |fy| < 0.9, in the SM 12% of the
decaying bosons are longitudinally polarised, whilst in the Higgsless case, 35 %
are longitudinally polarised. It also confirms that we can enrich this fraction from
35 % — 53 % by increasing the cut to | cos fy| < 0.5. Of course this increase is at
the expense of reducing the total cross section of events passing the cuts. In (b),
we use this fitting to show that the fraction of longitudinally polarised gauge boson
increases as expected with centre-of-mass energy, reaching near 100 % at 2TeV in
the Higgsless scenario (red).

The ability to use cos(6*) fits to measure the degree of polarisation of decay-
ing gauge bosons, along with the large difference between the standard model and
Higgsless scenario raises an interesting possibility: For a fixed centre-of-mass energy,
the fraction of polarisation will be related to the anomalous coupling a. Therefore,
if for intermediate values of a between 0 and 1 we calculate the expected fraction to
be longitudinally polarised, then by measuring this fraction, we are able to directly
measure this 2#VV coupling.
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3.5 LHC Sensitivity to Longitudinal Vector Boson
Scattering and Higgs Boson Couplings to Gauge Bosons

Thus far, our analysis has been at the parton VV — VV level, with promising results
with regards to cuts to reduce transverse-pollution and fits to directly measure the
polarisation of decaying gauge bosons. In this section we investigate how this trans-
lates into sensitivity to probe the fraction of longitudinal polarisation in vector boson
fusion at the LHC (i.e. in proton-proton collisions), and subsequently the LHC’s
ability to measure the 2VV coupling.

The particular channel analysed in this section is pp — jiZZ — eTe™ pu™ ™ jj
p=u,ud, c_i, j=u,ud, c_i). This should be representative of all the relevant scat-
tering and decay channels as the angular distributions will be the same for hadronic
and leptonic decays, with only a difference in the overall cross section. Of course in
an experimental setting there will also be differences in the efficiencies of reconstruc-
tion between hadronic and leptonic decays. At the LHC this would probably make
it too difficult to analyse fully hadronic decays (VV — 4 x hadron), but analysis of
both fully-leptonic and semi-leptonic (VV — 2 X lepton, 2 x hadron), is likely to
be possible and would be a topic of a more complete analysis.

We used MadGraph5 [17] for the matrix element calculation and event generation,
where we also used VBF cuts to select a larger proportion of diagrams which contain
the relevant coupling, as we did in Sect.2.7. In this case we used the following
kinematic cuts’:

Acceptance cuts: piT > 30GeV, || <4.5
pr > 20GeV, [n| <25

Py >20GeV, |n| <2.5 (3.4)
VBF cuts:[18] An; > 4, E; > 300 GeV (3.5
Z boson ID cuts: |Mee 0 — Mz| < 10 GeV (3.6)

For our calculations we used CTEQ6L1 PDF parameterisation and fixed the QCD
scale to M.

We were able to calculate the required angles for this process. To find the angle
Oy of vector boson scattering in the VV mass frame, first of all we find the momenta
p1 and p; of the initial quarks ¢, g, in the q,g2 — g3q4ZZ process from a) total
invariant mass of the final state particles and b) from the total momentum of the final
state particle along the z-axis. Then we find two pairs of the final and initial quarks,
say, (q1, q¢3) and (g2, g4) with the minimal angle between them in the centre-of-mass
frame. This will give us access to the four momentum of each virtual vector boson,
pY, pY in the initial state: p| = g3 — ¢; and p) = g4 — g2 which along with invariant
masses of the final state particles subsequently allows us to calculate the 8y angle in

3These are not identical to the VBF cuts used in Sect. 2.
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the centre-of-mass frame of the VV — VV scattering. 6* is easy to calculate from
the invariant masses of final state particles.

For the standard model, the cross section for this process was 0.0298 fb, while
there was a modest increase to 0.0362 fb when the Higgs boson contribution was
removed (a = 0). This cross section is quite low since it requires leptonic decays
for both Z-bosons, where the decay branching ratio in any leptonic channel is just
over 3 %. This means that for a given di-Z-boson event, the probability of our specific
77 — eTe” utpu decay is only ~0.23 %. If we allow any semi-leptonic decay of the
Z-bosons, the cross section is about 40 times larger. Furthermore, we can estimate
that including all of the other relevant VV — VV channels, namely WW and WZ
processes with semi-leptonic decays would lead to an event rate which is around a
factor of 250 higher than that for the pp — jjiZZ — ete™ u™ ™ jj process discussed
above. We should keep this in mind when discussing the experimental applicability
of our results.

For this pp — jiZZ — ete™ T ™ jj processes we assume an integrated luminos-
ity of 1.5 ab~!, which is being discussed as one of the high luminosity benchmarks
at the future LHC, for which we would have about 50 events from this process for
analysis.

Firstly we look at the invariant mass distribution of the ZZ pair. This is calculated
from the invariant mass of the 4 leptons in the final state, My;, and presented in
Fig.3.7.

The left (right) figure shows the My; distribution for |cos8y| < 0.9(0.5) cuts
respectively. We can see that as in the VV — VV analysis, the cross section for the
Higgsless (red, a = 0) case is larger than for the SM (blue). The effect of increasing
the | cos By| cut from 0.9 to 0.5 on this distribution is relatively small, and can be
observed in that the difference in cross section between a = 0 and @ = 1 becomes
greater in the region where My is large. This is to be expected as a higher My,
translates to a larger /s of the vector boson collision, with its associated larger
cross-sectional increase the Higgsless case.

(a) No Invariant Mass(4l) cuts (b) Icos(8,))l < 0.5, No Inv. Mass(4l) cuts
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Fig. 3.7 Four-lepton invariant mass distribution, My for 1.5ab~! @ LHCI3TEV representing
the invariant mass of the vector-boson scattering in pp — jiZZ — e*e™u+ = jj process: the My,
distribution for a | cos Oy | < 0.9 cuts, b | cosOy| < 0.5 cuts. The red histogram is for a = 0, the
blue one represents a = 0 (SM) case
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For the next step we study the ability of a cut on My, to increase the sensitivity
to longitudinal VV scattering and the consequent sensitivity to the 2ZVV coupling.
This is analogous to cutting on /s in the VV — VV scattering, which we know
increases the fraction of gauge bosons which are longitudinally polarised as we saw
in Fig.3.6. The effect of this cut on the cos(fy) distribution is visible in Fig.3.8
where we compare (a) no cut on My;, with (b) a cut My > 500 GeV applied.

We can see the clear effect of the My cut. Without this cut, there is an overall
increase in cross section for a(1 — 0), but the shapes are very similar to each other,
representing similar (mainly transverse) polarisation fractions. This is due to the
large phase space with My; relatively low, where the transversely polarised scattering
dominates. Following the cut there is a marked difference in shape, with the Higgsless
scenario having a much larger cross section in the central region of the distribution.
Comparing to Fig. 3.3 we see that we now reproduce the results that we found at the
VV — VV level.

Finally, we look at the cos(6*) distribution whose results are presented in Fig. 3.9.
For the analysis, we defined cos(6*) as being between the electron in the centre-of-
mass of the ete™ system and the direction of the boost to this system. The ultimate
goal here is to be able to measure the fraction of the decaying gauge boson in the
pp — jjiZZ — eTe” uwt ujj process which are longitudinally polarised, enabling us
to subsequently measure the VVh coupling a. With this in mind, the four frames in
Fig.3.9 show cos(8*) distributions with four different combinations of kinematic
cuts, with the aim of increasing the fraction which are longitudinally polarised in the
Higgsless case, and enhancing the difference between the a = 0 and a = 1 scenarios.
The cuts are: (a) | cos(fy)| < 0.9;(b) | cos(8y)| < 0.5;(c)|cos(By)| < 0.9and My, >
500GeV; (d) | cos(By)| < 0.5 and My > 500GeV. In each case, we fit the cos(6*)
distribution to Eq. 3.3 using the standard fitting routines of the ROOT data analysis
package [19], allowing us to find the fraction of the longitudinal and transverse
Z-bosons.

In (a), where there is no cut on My; and only a small angular cut of | cos(6y) < 0.9,
we see that there is only a small difference in the fraction of gauge bosons which
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Fig. 3.9 The cos(6*) distribution for pp — jiZZ — eTe~ptp~jjat 1.5ab-! @ LHCI3TEV for
four different sets of cuts: a | cos(0y)| < 0.9; b | cos(0y)| < 0.5; ¢ | cos(By)| < 0.9 and My, >
500GeV d | cos(fy)| < 0.5 and My > 500 GeV

are longitudinally polarised (22 % in the SM, 29 % for a = 0). If we then apply
only the cut | cos(fy)| < 0.5 as we do in (b) then this makes little difference to the
longitudinal fraction. This is to be expected as we are cutting to select the central
region of Fig.3.8a, where the distribution is similar for the a = 1 and a = 0 cases.
However if we ensure that the energy of VV — VV scattering is high by applying the
cut My; > 500, we produce a large difference between the two scenarios as shown in
(c) with longitudinal fractions of 8 and 31 % respectively for the SM and Higgsless
cases. Finally in (d) we see that if we now apply a | cos(fy)| < 0.5 cut after applying
this M4; > 500 cut on invariant mass, this difference increases even further with the
difference in longitudinal fraction of between scenarios of 5% versus 34 %. The
success of the | cos(fy)| < 0.5 cut can be explained by the fact that the invariant
mass cut means that we are selecting the central region of Fig.3.8b where it would
be expected to increase the longitudinal fraction.

These results seem promising, however for the single process considered, we
only have 50 events in total, which leads to large statistical errors on the fitting
function and therefore the longitudinal polarisation fraction.* Considering purely

4The fits on the plot look like their errors (which are not presented on the plot) would be small, but
this is artificial as I produced a large number of events with the total number of events then scaled
down according to cross section and luminosity. If I had produced only 50 events, then each bin in
the histogram would have to be an integer value, and the large error would be clear.
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statistical errors, this is approximately 100 % for cut (a), increasing to 300 % for cut
(d) due to the factor 9 decrease in events passing the cuts. However, these 50 events
and consequent errors are for the single pp — jjiZZ — eTe™ ut ™ jj process consid-
ered. A complete analysis would involve the complete set of VV — VV processes
(ZZ, WW, WZ), along with semi-leptonic decay channels, which as previously dis-
cussed, would increase the statistics by a factor of around 250. This would decrease
the fit statistical error down to around 5 to 10 % for for 1.5 ab~! of integrated lumi-
nosity for cut (a) and to about 25 % for cut (d). The sensitivity to the a parameter
would be expected to be similar. Moreover, these results are following a crude trial
of different cuts. The optimisation of cuts on My and cos(6y), as well as involving
the total cross section as another variable to discriminate between different values
of a should allow us to improve this accuracy further. It should be noted however
that the fully leptonic decay considered here is the most favourable channel, and that
including additional channels, either involving hadronic decays or missing energy in
the form of neutrinos will be more difficult to reconstruct experimentally, and will
be part of the systematic error in an experimental setting. We plan to take this into
account in a future study.

3.6 Conclusions

In this chapter we presented our preliminary results of the LHC sensitivity to the
hVV couplings via the vector boson fusion process. This method of measuring a is
independent of the current method from direct Higgs searches. Moreover, this is an
important cross-check on this traditional measurement which is model dependent
as it is derived from the combined production and decay cross section, where the
production includes several different production channels, with the main contribution
coming from the loop induced gluon fusion which is very sensitive to new physics
in the form of new heavy particles in the loop. Even without new particles this cross
section depends on other Higgs couplings, such as htt and hbb. However, for the VBF
process which we have studied, only one Higgs couplings, 2ZVV is relevant, allowing
a cleaner more model-independent measurement. Furthermore, this measurement is
robust against systematic errors since it relies on the shape of the cos(6*) distribution
rather than the absolute cross section.

The reason vector boson fusion is able to provide this method to measure the
hVV coupling is because the Higgs boson unitarises the VV — VV amplitudes. This
means that any deviation from a = 1 leads to a large enhancement in the cross section
of longitudinal VV scattering. We have found important correlations between the
fraction of vector bosons which are longitudinally polarised and both the scattering
angles 6y and 6*, as well as a correlation with the invariant mass of the VV system,
Myy = My,.

Using a combination of cuts on these observables, we showed that for the process
pp — jjZZ — eTe~utu~jj which should be representative of all the relevant
production and decay channels, we are able to perform a fit of the 6* distribution.



40 3 VpVp — V.V Scattering as a Model Independent Probe ...

This subsequently allows us to find the fraction of decaying gauge bosons which are
longitudinally polarised. In a more complete analysis, where we have calculated the
fraction of bosons which would be longitudinally polarised for different intermediate
values of a between 0 and 1, this would enable us to measure the 2VV coupling. In
our current analysis, the statistics would be too low, producing an unacceptably large
error on the results, however allowing all VV — VV channels with both leptonic
and semi-leptonic decays would increase our statistics by a factor of around 250.
This would allow us to measure the a coupling to between 5 and 25 % with 1.5 ab™!
depending on which cuts are used, although further study is required to improve the
accuracy of these estimations.
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Chapter 4
Supersymmetric Higgs

4.1 Overview

As discussed in the introduction, supersymmetry is one of the most popular
extensions of the standard model. It’s theoretical simplicity and elegance in being
the only possible non-trivial extension of the Poincaré group, along with its ability
to solve the hierarchy problem, provide promising dark matter candidates, provide
a viable mechanism for baryogenesis, and a number of other points as previously
discussed mean it is one of the main BSM models which will be searched for at the
LHC in run 2.

Analyses of Higgs boson properties reported by ATLAS [1, 2] and CMS [3, 4]
are based on 4.7fb~! at 7TeV and 13—20.7fb~! at 8 TeV of data (ATLAS) and
5.1fb~'at7TeV and 19.6fb~! at 8 TeV of data (CMS). The results are presented for
various Higgs boson production and decay channels. The production modes include
gluon—gluon Fusion (gg F'), Vector Boson Fusion (V B F'), Higgsstrahlung (V H) and
associated production with top-quarks (¢# H), while the studied decay modes include
h—~v,ZZ, WW, 757~ and bb."

The magnitude of the signal is usually expressed via the “signal strength” parame-
ters u, defined for either the entire combination of or the individual decay/production
modes, relative to the SM. In this study we define individual uyxy for a given
production (X) and decay (Y) channel, in terms of production cross sections o and
decays widths I' (in preference to Branching Ratios (BRs)):

ISensitivity to the & — Z+ mode is much less in comparison, though some limits already exist.
Similarly, for Higgs boson invisible decays [5].
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MSSM MSSM MSSM MSSM MSSM SM
pxy = 9x « BRy = Ky X Ty /Tiot =y x Ty « Tiot
L SM SM SM SM - SM MSSM
9x BRy Y™/ Tiot Ty Ciot

= HXxKyXHIZI,

4.1)

where, generally, X = ggF, VBF,VH,ttH and Y = vy, WW, ZZ, bb, 77, etc.
Notice that, in the above equations, xkx and xy are equal to the respective ratios of the
couplings squared while &, is the ratio of the total Higgs boson width in the MSSM
relative to the SM. For example, for gg — h — ~7, we have

g, MSSM F MSSM ~,
_ _ -1 _ YggF h 7Y -1
HX,Y = PggF iy = KggF X Kyy X K, = X X Ky - “4.2)

O ggFsM FhSM,\’,A’

The combination of individual production and decay channels which has been
done by experimental papers is a non-trivial procedure which takes into account the
efficiency of the various channels determining in turn the corresponding weights in
the overall combination.

The results as reported by ATLAS are given by [2]:

ph = ) =1.57+£0.3 (4.3)
wh — ZZW)y =1.444+04 4.4)
ph = WW®) =1.0£0.3 4.5)
pu(h — bb) =0.240.7 (4.6)

wh — 77) = 1.4 £0.5. 4.7

where the h — bb value given is for Higgsstrahlung production. For the CMS
collaboration they are [3]:

u(h = vv) = 0.77 £ 0.27 (4.8)
w(h — ZZ) = 0.92 +£0.28 (4.9)
p(h — WW) = 0.68 £ 0.20 (4.10)
p(h — bb) = 1.15 £ 0.62 4.11)
w(h — 77) = 1.10 £ 0.41. (4.12)

It isn’t possible to perform this combination accurately in this phenomenologi-
cal study as for this we would need to know all the details of various experimental
efficiencies for all production and decay channels which are not publicly available.
Moreover, the overall signal strength 1+ most commonly reported combines all pro-
duction channels to give a single value. This single value can miss signs of new
physics since in many BSM scenarios the main production channels ggF and VBF
are non-universally altered in comparison to the SM.
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Luckily, both experiments have produced results for the px y parameters for ggF
and V BF separately. These results are in terms of Confidence Levels (CL) for each
different decay channel, and are shown in Fig.4.1 [1, 3].

@ - S (1)
L ATLAS i [ [ How )
r 5=7TeV JLdt=46481" 1 = * HAWW
8 (s=8TeV [Ldt=2071" ] | / + HoZZ
r f 4 | oY H = bo
6 —Hoy ] | | \L# Hom
. L —Hoz e ] |
sc - —HoWW S o -
o> r ] = l
N + 47 - '
N & + Standard Model @ o
5 L x Bestfit T 1> |
= L — 68% CL ] [
21— --- 95%CL —
L ] [
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Fig. 4.1 Likelihood contours and best fit values in the (tiy pr4vH, pggF+1:1) plane for different
decay channels observed at the LHC: a ATLAS results [1] with 68 % (solid lines) and 95 % (dashed
lines) CL contours and SM expectation (+ symbol); b CMS results [3] with 68 % (solid line) CL
contours and SM expected value (¢ symbol) (Herein, the label ggH corresponds to our ggF)

The first thing to note of these results is that they are indeed consistent with the
SM model at 95% CL, which is one of the reasons this newly discovered scalar
is called the Higgs boson. On the other hand, there is still clearly a lot of room to
accommodate deviations from the SM, at least in the =30 % range even at the 68 %
CL. We also see that for the 4 — ~7v measurement, the ATLAS result is about 2
above the SM prediction for both ggF and V BF production processes, while the
CMS result is approximately 1o below the SM value for gg F and 1o above the SM
for V BF,respectively. Thus, we also see that there is currently some tension between
the ATLAS and CMS results. From Fig.4.1 we can nonetheless see an interesting
general pattern (still within the 1-2¢ error interval) that puy gr - is actually bigger
than p4yF -~ forboth ATLAS and CMS, noting that for the CMS collaboration (44 F -
is essentially below one.” This trend has now been quantified by both ATLAS and
CMS collaboration, with ATLAS’s best fit value being [2]

HVBF

P = 1.301013 (stat) 01 (sys) (4.13)
ggF+tt

for a combination of the vy, ZZ and WW data, and CMS’s best fit value being [4]

2We should also mention that, initially, both collaborations had initially observed a generic enhance-
ment in the 7 — -~ channel, however CMS results have since shifted down and even below the
SM value.
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—M“ Zi - = 1251063 (4.14)
99

On the basis of this pattern of measured puy y, it is clear that BSM solutions to
the LHC data ought to be investigated thoroughly. This is the main motivation for
this chapter. In particular, we study the Minimal Supersymmetric Standard Model
(MSSM). We assess how supersymmetry effects can affect the Higgs production or
decay dynamics (or indeed both), and find the preferred SUSY parameter space in
the light of the Higgs LHC data.

In our analysis, we concentrate on the V BF and ggF productions channels only,
which are the leading ones, and limit the study of the decay signatures to the cases
of h — vy, WW, ZZ final states, as these are the production and decay modes with
the most accurate experimental results. We should also remark that we carried out
our investigation using renormalisation-group-improved diagrammatic calculations,
including higher-order logarithmic and threshold corrections, using CPsuperH [6, 7]
(version 2.3).

Apart from the fact that current data shows a tendency for puygr yy > pggr,vy,
the LHC measurements also point to a rather light Higgs mass. As briefly mentioned
previously, while the possibility of the Higgs having such a mass is unnatural in
the standard model requiring fine tuning, in the MSSM in contrast, the mass of the
lightest Higgs boson at tree level has an upper bound of M. Loop effects are able to
increase this mass further by up to approximately 45 GeV, and therefore in the MSSM
the lightest Higgs with SM-like behaviour is naturally confined to be <135GeV
[8, 9]. Therefore, in some sense, the Higgs boson mass which is measured at the
LHC favours the MSSM (or some other low energy SUSY realisation) over the SM,
making it important to test the validity of this SUSY hypothesis against the LHC
Higgs data and to establish the viable parameter space.

The MSSM Higgs sector consists of five Higgs bosons: two CP-even neutral
bosons, i, H (with masses such that m;, < mpg),> one CP-odd, A, and a pair of
charged Higgs, H*. At tree level, the Higgs sector can be uniquely defined by just
two independent parameters. These can be taken as the mass of any of the five physical
Higgs states (hereafter we take M4) and the ratio between the Vacuum Expectation
Values (VEVs) of the two Higgs doublets, denoted by tan 3. There is a mixing
between the two CP-even neutral Higgs bosons parameterised by the mixing angle
«, which can be derived using M 4, Mz and tan 5. However, we need to consider loop
effects, not only for accuracy but also because the hgg and A~y couplings used in
our analysis are loop diagrams at lowest order. In this case, we also need to account
for the sparticle sector of the MSSM, which in turn implies the introduction of a
number of additional parameters.

There has been much previous literature which has explored the Higgs sector in a
variety of SUSY scenarios, such as the MSSM [10-29] (also the constrained version

3We have deliberately used so far the symbol A to signify both the SM Higgs state and the lightest
MSSM CP-even one, as our MSSM solutions to the Higgs data will only involve the latter amongst
the possible neutral Higgs states.
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[30-36]), Next-to-MSSM [37-44] and (B-L)SSM [45-48], including scenarios with
light charginos [49], staus [18, 50] and stops [18].

In this study we re-examine the light stop, sbottom and stau scenarios, but also
extend previous research by allowing any combination of MSSM quantum correc-
tions, mixing effects and/or light MSSM fermions entering loops. In particular, we
are the first to discuss how the MSSM could explain a non-universal alteration in
[V BF,yy VEISUS [i4qF yy from their SM values such that ’;L‘”’F # 1, and use these to
examine the compatibility of the MSSM against LHC data. We also examined its
ability to produce enhanced (with respect to the SM) rates in the di-photon channel,
such that pygr > 1 and/or pger > 1.

The plan of this chapter is as follows. In Sect. 4.2 we introduce the general setup
and the MSSM parameter space that we explore, specific to the Higgs sector. In
Sect.4.3 we study the possible generic MSSM effects on the relevant dynamics,
namely, on Higgs production, decay and total width. In Sects.4.3.2 and 4.3.3 we study
the effects of stops and sbottoms, respectively, where we find that both can give rise to
non-universal alterations in jy g Versus pgr as both particles are able to affect the
ggF fusion rate but not the V BF one. Section4.3.4 explores the stau contribution,
where we find that it can only produce a universal increase in cross section in the
di-photon channel, irrespective of the production channel, as it only appears in the
vy (and Z~y) decay loops. In view of the Higgs data potentially indicating a non-
universality in the production channels compared to SM predictions, in Sect.4.3.5
we look at the combined effects of these scenarios as well as perform a x? fit of
the MSSM parameter space with respect to LHC data. We draw our conclusions in
Sect.4.4.

4.2 MSSM Setup and the Parameter Space

As discussed in the thesis introduction, the MSSM is essentially a straightforward
supersymmetrisation of the SM with the minimal number of new parameters and
is the most widely studied potentially realistic SUSY model. Different assumptions
about the SUSY breaking dynamics can be made, and these in turn lead to quite
different phenomenological predictions and physics at the electroweak scale (EW).
The approach used here is to directly study the low energy MSSM without making
any assumptions about the high energy physics, by scanning over the relevant SUSY
parameters at the EW scale.

The interactions between the Higgs and chiral matter superfields are described by
the superpotential, which as discussed in Sect. 1.3.2 is

W =Y LESH, +Y?Q;D$H, + Y Q;USH, + uH, Hy, (4.15)

where Q and U° contains the SU(2) (s)quark doublets and singlets, L and E°
contain (s) lepton doublets and singlets respectively, and H, and H; denote the
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up-type and down-type Higgs superfields. The soft SUSY breaking terms also
previously discussed are categorised as trilinear scalar couplings A;;, gaugino masses

M,, sfermion mass-squared terms m ;j» and the bilinear scalar coupling b.

In the MSSM, the SM-like Higgs is either the heaviest CP-even Higgs with all
the other Higgs masses ~100GeV [29, 51] or it’s the lightest CP-even Higgs, with
all other Higgs being heavier. The first scenario with the heavier CP-even Higgs
being SM-like is disfavoured by flavor constraints [51]. Therefore we assume that
the SM-like Higgs is the lightest CP-even Higgs, which is defined as

h =sin« Re(H(?) + cos « Re(H,?),
with mixing angle « given by

M3 + M2

tan 2cc = tan 2 .
ey

(4.16)

As stated previously, the maximum tree level mass of the lightest CP-even Higgs,
my, is Mz with loop effects able to increase this further by a maximum of ~50 GeV,
giving a maximum Higgs mass at one loop of ~140GeV [8]. In order to achieve this,
orindeed 125 GeV whichis what we require, both the tree level and loop contributions
need to be near their maximum. The tree level mass is saturated for M4 > Mz and
therefore to have the required Higgs mass it becomes essential in our model that we
are at or near this limit. This M4 > M limit is known as the decoupling limit, so
named as in this scenario it is possible to focus on an effective low energy theory
below the scale of M 4. In this limit, all of the tree level couplings go to their standard
model values, which is the reason that the largest cause of deviations from the SM
will be loop effects.
At one loop, the mass of the MSSM Higgs can be written as [52-54]

3 m? M3 X? X,
2~ M2cos* 23 + — —+ |1 —{1- , 4.17
" cos 26+ 157 |:0g(m )+M2( 12M§)] “17)

~

LSS}

where M3 = %(Mt?1 + Mt?z) and X, = A, — pcot 3. From this expression, it can be
easily shown that the maximum value of m,, is obtained at X, = «/EMS, which is
known as the “maximal mixing” scenario [8]. Also, in order to have m; = 125GeV,
we generally require at least one stop to have a mass of O(1) TeV so that the loga-
rithmic term is not too small, while the other stop can be light.

In our analysis we are interested in the stop, sbottom and stau states as light
particles. The squared mass matrices of these particles in the basis of the gauge
eigenstates (fL, fR) are

2 2
M%z(mf+mLL mrXr ) (4.18)
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where
miy =my + (Tsy = Qrsy)M7 cos 2, (4.19)
Mg = mz} + Oy M7 cos 213, (4.20)
Xp = Ay — pltan )1, 4.21)

with T3 ¢ the third component of the weak isospin, and Q f the electric charge. Diag-
onalising the mass matrices, we find that the sfermion physical masses are given by

1
s =ml 3 [mﬁL 1 F \Jnd, — m)? + 4m’ X3 ] L @)

and the mixing angles are given by

2mef
2

—. (4.23)
LL — MRgr

tan 20, =

Note that the mixing in the stop sector can be large, hence one of the stops, 71, can be
very light. Also, with large tan 3 and ||, the mixing in the sbottom and stau sectors
can also be strong, leading to light by and 7.

LHC constraints on SUSY masses are generally quoted as around 600-700 GeV
for stops and sbottoms and in the region of 300GeV for staus [1, 3], depending
on assumptions regarding the decay processes and the masses of decay products.
However, these results all rely strongly on a sizeable mass splitting between these
sparticles and the Lightest Supersymmetric Sparticle (LSP), a neutralino, to which
they decay. These limits are drastically reduced in the region of low mass splittings:
e.g., if my &~ m; + myo, then the stop signal becomes difficult to distinguish from
the ¢¢ background and the LHC data are unable to constrain the stop mass. A similar
situation arises for other mass splitting scenarios, such as when the stop mass is close
to the mass of the LSP m; ~ m. + mso. In this case the stop mass limit is reduced
down to the LEP limit ~95GeV [55]. The limits for sbottom and stau masses can
also be markedly reduced down to LEP limits (~95 GeV for sbottoms and ~85 GeV
for staus [55]) for appropriate mass splittings.

In the present study, we performed a large scan of parameter space using CPsuperH
to produce the data points, concentrating on those parameters with an important role
in the masses and couplings of the stops, sbottoms and staus as well as the mass of
the Higgs boson and its couplings to the bottom quark.* These masses and couplings
are largely independent of the M| mass parameter (they vary only ~0.1 % for M,
ranged from 0.1 to 100 TeV). However when M| < (M>, u), the lightest neutralino
mass, myo A Mj, so that for any point in our parameter scan its values can be chosen
to give whichever LSP mass is required to be consistent with cosmological and LHC

“4Recall, in fact, that the dominant component of the Higgs boson width for masses of order 125 GeV
is typically the partial width in bb pairs.
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Table 4.1 Range of scanned parameters

Parameter Range Parameter Range

tan 5 [2,50] Mos [0.1, 10] TeV
Mpy+ [0.2,2]TeV Mys [0.1,5]TeV

I [0.1, 5] TeV Mp3 [0.1,20] TeV
Ay [0.1,10] TeV Mp3 [0.1, 5] TeV
Ap [0.1, 10] TeV MEg3 [0.1, 5] TeV
A [0.1,5] TeV M3 [0.1,5]TeV
Ae, Ay, Ay, Ag, Ac, A Fixed at 10GeV M Fixed at 3TeV

M can be chosen to provide an LSP (neutralino) mass to overcome cosmological and LHC con-
straints without altering any other relevant results

constraints, without otherwise altering our conclusions. In Table 4.1, we list the range
of parameters of this scan.

To increase the number of points in the parameter space of interest, three further
localised scans were performed, in each case reducing the scanned range of one
variable, with the other variable ranges remaining as described in Table4.1. The
altered ranges in these additional scans were:

1. 100GeV < My3; < 300GeV to produce light stops;

2. 100GeV < Mp3 < 400GeV to produce light sbottoms;

3. 100GeV < Mgz <400GeV and 100GeV < M3 < 400GeV to produce light
staus.

In order to avoid colour breaking minima of the 7 or b fields, we apply the con-
straints [56-58]
[A:l, ] < 1.5(M g3 + Mys) (4.24)

to all plots and numerical results unless otherwise stated. These requirements are
somewhat conservative, in the light of a recent analysis in Ref. [59], yet we maintained
them in order to simplify our study.

4.3 MSSM Effects in Higgs Production and Decay

In this section, which is divided into 5 subsections, we discuss MSSM effects
which may alter the Higgs event rates at the LHC as compared to those of the SM.
Section4.3.1 examines the MSSM effects on Higgs production, decay to di-photons
and total width. The remaining four subsections deal with effects of the stop, sbottom,
stau and their combined effects, respectively.
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4.3.1 The Three Contexts for MSSM Effects

MSSM Higgs Production

We start our discussion with MSSM Higgs boson production via the gluon—gluon
fusion process, which is the dominant channel for Higgs searches at the LHC. In
the SM, this mode is predominantly mediated by top quarks via a one-loop triangle
diagram while the contribution from other quarks, even the bottom one, is only at
the level of a few percent.

In the MSSM, however, strongly interacting superpartners of the SM quarks, i.e.,
the squarks, could provide a sizeable contribution to this triangle loop.

The lowest order parton-level cross section can be written as

2
N ™ N
brolgg — h) = - Tio(h — gg)AG —m3), (4.25)

where § is the centre-of-mass energy at the partonic level and A(§ — m2) is the
Breit—Wigner form of the Higgs boson propagator, which is given by

1 §Fh/mh
T (§ —m)2 + (STy/my)?’

A —m3) =

and I, is the total Higgs boson decay width, while its partial decay width, I' o (h —
gg), is given by

Oé m
Mio(h > gg) = <=k | Z LRt + Z guss (4.26)

51273

where Y and g5 are the respective MSSM Higgs couplings to the (s)particle species
for fermion (spin-1/2) and scalar (spin-0) particles entering the triangle diagram.
The loop functions Fy,; ¢ can be found, for example, in [17] and are re-created for
convenience in Appendix B. Here, x; is defined as 4m?/m2, with m; being the mass
running in the loop. In the decoupling (or quasi-decoupling) regime, as in the SM,
the top quark contribution is dominant among the quarks, since it has the largest
Yukawa coupling, while the contribution from the other quarks (mainly coming
from the bottom quark) is at the percent level. The role of the bottom quark can be
dramatically different though in the non-decoupling regime, when the hbb Yukawa
coupling, YMSSM — —nt ZL“S% = yM j:)"s‘; is enhanced by sina/ cos 3 =~ tan 8 in
comparison to the SM, enabling the bottom quark contribution to the triangle loop
to increase and even dominate over the top quark for large values of tan 5. However,
this is not a realistic possibility, since LHC data does not indicate such significant
deviations of the Higgs couplings from SM values, while as discussed, data on the
Higgs mass measurement indicate that, if the MSSM is realised in nature, then we
are in the decoupling or quasi-decoupling regime. In fact, the Higgs boson mass
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is close to the one reached in the decoupling limit, requiring o ~ 3 — 7, hence

YMSSM ~ YSM as well as YMSSM = M cosa YSM
b b v sinf

From Eq.4.26 one can see that the g, 55 coupling has dimension one, while it is
more convenient to define a dimensionless gy, ss to be used hereafter:

Gnss = 288 IS _ g o\ J4V2G 4.27)

My/g  (442Gp)":

where G F is the Fermi constant. So I' o (h — gg) will have a form

a?m; Jhss Mw
Flo(h — g9) = 2k | Z Fm(xf) + Z —7F0<xs> (4.28)

The functions Fj»(x) and Fy(x) reach a plateau very quickly for x = 4m?/
m? > 1 and their values are about 1.4 and 0.4, respectively. This fact has important
consequences, which we will discuss together with the Higgs decay into two photons,
in the next subsection. The specific effects of stop and sbottom loops will be discussed
in Sects.4.3.2 and 4.3.3.

MSSM Higgs Decay into Di-photons

In the SM, the one-loop partial decay width of the 4 state into two photons is given
by [60, 61]

GFOzsz 2 2
T'(h — :—‘Fx +SN. ;0AF x-}
( YY) 12830 1(xv) Z Q7 Fip(xy)

a2m3
= ]F1<xv>+ZN 0% Fipta)|
10247r3M2 Rt i)

azmi ghww
= 10247 1(xV)+Z— s 07 F1/2(xf)‘ (4.29)

while in the MSSM the one-loop partial decay width of the % state into two photons
also gets a contribution from scalar particles, namely sfermions and the charged
Higgs boson and is given by

F(h— yy) =

042”12 ‘ dhww
102473 M2

M
X0 uss My, SQSFous)\ (431)

2Y
Fi(xy) + Z m—fch, FOFFip(xs)  (430)



4.3 MSSM Effects in Higgs Production and Decay 51

Here V, f, and S stand for the Vector, fermion and Scalar particles respectively
entering the one-loop triangle diagram, g,ww is the MSSM Higgs coupling to W-
boson, and Y and gyss are the MSSM couplings of Higgs boson to fermions and
scalars defined in the previous subsection.

The SUSY contributions to I'(h — ) are mediated by charged Higgs, charginos
and charged sfermions. The SM-like part is dominated by W-gauge bosons, for which
F(xw) ~ —8.3, whereas the top quark loop is subdominant and enters with opposite
sign, N ¢ Q? Fi(xy) >~ 1.8, with all other fermions contributing negligibly. It is
also worth mentioning that as Fy(xg) ~ 0.4, this is about a factor 20 smaller than
Fi(xw) and approximately a factor 4 smaller than Fi,,(xr). Keeping this in mind,
if we consider discuss possible sources of enhancement of the 7 — ~ effective
coupling in the MSSM, we see that we have the following possibilities:

. Via modification of the Yukawa couplings of top and bottom quarks in the loop.

. Via charged Higgs boson contributions.

. Via chargino contributions.

. By the induction of a large scalar contribution, due to the light stop or/and sbottom
or/and stau, with negative coupling gjss o that it interferes constructively with
the dominant W-contribution.

B W N =

In the decoupling or quasi-decoupling regimes which we must consider as dis-
cussed above, scenario (1) does not occur. As for case (2), taking into account that the
charged Higgs mass is limited to be above 200 GeV (see e.g. [29, 62] and references
therein) the fact that its loop contribution is suppressed by a factor of (My /M y-=)?
and that g, y+y- is of the order of the electroweak coupling (contrary to the gyss
coupling for squarks and sleptons which can be large as we discuss below), we have
found that the contribution from charged Higgs bosons is generally negligible. In
case (3), the chargino contribution can be bigger than that of the charged Higgs,
because of the ratio Fi/, : Fy 2 4 and because the chargino has a lower mass limit
of approximately 100 GeV (coming from LEP2 [63]). We have found that the max-
imum chargino contribution is reached in the 4 — M,, tan 3 — 1 limit (where p
is the Higgs mass parameter while M, is the gaugino soft breaking mass) and can
enhance the SM i — ~+ partial decay width by about 30 %. This agrees with the
recent results of [49]. This scenario with very light charginos is not the focus of our
paper, where we assume charginos to have a mass of at least a few hundred GeVs,
and for which the virtual chargino contribution to the 7 — 7y decay is negligible.
Moreover, light charginos could only alter the 7 — ~~ decay, which is qualitatively
similar to the effect from the light staus. However the maximum effect of light staus
is much larger [50], and is considered in this study in great detail, together with the
light sbottom and light stop scenarios. Therefore, in this study we concentrate on
scenario (4) in which sizeable MSSM contributions via scalar loops are possible.

It’s worth stressing again some important details related to the scalar contribution
toh — v and gg — h. Firstly, the smallness of the loop function Fy with respect to
both Fj,; and Fy, along with the mass suppression factor, (My /M, )2, tend to make
scalar loop contributions small. Therefore the only way to have a sizeable effect from
scalar loops is to be in a scenario with large coupling g,,ss and light scalars.
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Secondly, the W-boson is the dominant contribution to 2 — ~~, with the top
loop amplitude being smaller. However the gg — h loop obviously doesn’t contain
a W-boson, and so the leading contribution is smaller and comes from the top (in the
SM). This means that when coloured SUSY scalars enter these loops, their relative
contribution to the gg — & loop is larger than for i — ~~.

Finally, the amplitude of the loop contribution from the W-boson and top quark
have different signs due to their loop factors (F;(xw) =~ —8.3, NL.A,fQ?Fl/z (xp) >~
1.8). Therefore, the effect of light coloured squarks is opposite for Higgs production
via gluon—gluon fusion compared to di-photon decay: depending on the sign of
Jnss» they will destructively (constructively) interfere with top quarks in production
loops and constructively (destructively) interfere with W-boson loops in Higgs boson
decays. Therefore, any squark loop which causes an increase (decrease) in I'(h —
~7v) will cause a proportionally larger decrease (increase) in I'(h — gg).

MSSM Higgs Total Decay Width

The total Higgs decay width in the MSSM is given, similarly to the SM, by the sum
of all the Higgs partial decay widths, i.e., I'ot = I'y; + T'ww 4+ I'zz 4 I'77. Other
partial decay widths into SM particles are much smaller and can safely be neglected.
As per decays into SUSY states, we assume that the lightest neutralino is heavy
enough, so we do not have invisible decay channels with large rates. In the SM with
a125GeV Higgs mass, these partial decay widths are givenby I',; = 2.4x 1073 GeV,
Cyww =8.8x107%GeV, 'z, = 1.0 x 107%GeV and I';> = 2.4 x 10~*GeV.

In the MSSM, when m;, &~ 125 GeV, this width is dominated, as in the SM, by the
partial width to bb, I'(h — bb), which is controlled by the bottom quark Yukawa
coupling, Y;,. In the SM, it is given by the expression Y, = g;,,5 = mp/v.

At large tan 3, sbottom-gluino and stop-chargino loops give corrections to this
Yukawa, which can be approximated by [64]

i A
Y, ~ M S (1 i ) (4.32)

_cosﬂ(l + Amp)v B tan o tan 3
where
2a3 2 2 2 |ht|2 2 2 2
Amy = gmgutanﬁl(mgl,mgz, lmg|~) + 16W2A,utanﬁl(mt~l,mt~2, []”)
(4.33)
and m
hy = —— 434
! vsin ( )

with a3, mz and A, being the strong coupling constant, gluino mass and top quark
trilinear parameter respectively, and where the loop function 1 (a, b, c) is defined as

_ abln(a/b) + bcln(b/c) + caln(c/a)
I(a,b,c) = @D -—0@—0 . (4.35)
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I(a, b, c) is a positive definite function, therefore with positive m, u and A;, the
correction Amy, is positive, and Y}, is reduced. In particular, we see that this correction
is large for large values of p.

As the total width of the Higgs is dominated by the partial width to bb, a reduction
in Y}, will lead to a reduction in both I"(h — bE) and I'yy, with a subsequent universal

MSSM SM
partial

. . r rsM . .
increase in all other BRs = TSV and pxy = Kx X Ky X iy irrespective of the
tot

tot

production channel.
However, in the decoupling limit (M4 > Mz), tan @« — — cot 3, therefore

(1—ﬂ)—>(1+A ) (4.36)
tan o tan 3 "o ’

which along witl %% — —1 means that Y}, reduces to its SM value.

Therefore, to have the possibility of some reduction of Y, we also consider the
parameter space with values of M4 not too large (the quasi-decoupling regime), such
that ¥, can be reduced to be below its SM value. This will need to be balanced by
the fact that the values of M4 should be large enough such that M, ~ 125GeV is
possible.

We have analysed one aspect of our scan looking specifically for evidence of this
reduction in Y. The results of the scan is presented in term of values of x,; = lﬁ%
in Fig.4.2, where r,; = 1 is equivalent to having YM5M = yM and r,; < 1
signifies a reduction in Y;,. The lightest Higgs mass was required to be between
124 and 126 GeV for the scan. Different values of «,; are signified by different
colours, and are plotted in the (M 4,ut) and (A, tan 3) plane. We can see that large
radiative SUSY corrections affecting Y}, are indeed correlated to small values of M4

(a) 0.3<x,, <05 0.7 <k, < 0.9 (b) 0.3<x, <05 0.7 < xp,< 0.9
0.5<x,,<0.7 0.9<x,, <11 0.5<x,,<0.7 0.9<xy,, <11

A, (TeV)

05 1 15 2 25 3 35 4 45 5 5 10 15 20 25 30 35 40 45 S50
1 (TeV) Tanf

Fig. 4.2 Results of the scan for «,; in the a (M}, 1), and b (A;, tan 3) planes respectively, where
we have required 124 GeV < mj, < 126 GeV
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and large values of p (Fig.4.2a) as well as with large values of tan 3 (Fig.4.2b), as
predicted by Eqs.4.32 and 4.33, confirming that this area of parameter space can
give rise to large values of Amy. Therefore, we confirm that relatively low (down
to 300GeV) values of M, can lead to an alteration of Y, and that even for values
of M, as large as ~500GeV, a reduction in Y, such that xp, < 0.5 is possible.
Only a very weak correlation between A, and Am,, is observed in Fig.4.2b since we
require M;, = 125 + 1 GeV, and this drives in turn the value of X, = A, — pcot 3,
and therefore the value of A, (unless p is very large with tan 8 small) to be around
\/ngusy, i.e. near the maximal mixing scenario (which is discussed further in the
next section). Thus A,I(m?l,mé, |u)?) ~ J@Msusyl(m?l,mi, |1£]?) which can be
shown to decrease for large Msysy, limiting its maximum contribution to Am,,.

4.3.2 Stop Quark Effects

As previously discussed, since % ~ —20, in order for stops to have a significant
effect on (h — 77), Gy7,7, is required to be very large. Furthermore, a positive g7 7,
coupling will decrease ., whilst a negative coupling will increase x..

In the decoupling limit, the Higgs coupling to the lightest stop is given by [8]

. 1 4 m?> 1 . omX
Gniiy = 5 €08 2[3’[ cos® 0; — 3 sin’ By cos 29;] + M_t% + 5 sin 20; ZliI%t , (4.37)
where 6; is the stop mixing angle defined by
2m, X
sin 26, = — L (4.38)
—m

il f

and X, is given in terms of the Higgs-stop trilinear coupling as X, = A, — pcot 3.

2
The first term in the equation is small compared to A’Z’z and so can be largely
z

2
ignored. When X, is also small, then 477 ~ +& > 0 will lead to a decrease of
z

k. For large X,, if m; < m;,, it can be shown that sin20; >~ —1 and therefore
the Higgs coupling to the lightest stop is strongly enhanced and negative. However,
since my, ~ 125GeV, the scenario with light stops requires that the Higgs should be
near the maximal mixing scenario, i.e., X; & \/EMSUsy, where Msysy = %(m;] +
m;,). Hence, we are not free to consider very large values of X, as an independent
parameter. In this case, one has

2
mt2 3 mt2 (mz, +mgz,)

— + = . 4.39
M2 "2 M ol =) 439

Gniney ~

Thus, if mtz2 ~ mtgl ,itis possible to get a very large Higgs coupling to stops. However,

with a light stop, such that mi < m?z, one finds
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. th 3 mt2 _ 1 ml2 4.40

ghtlrl g M% ZM% - 2M§ ( B )
Therefore g,;; is both negative (making the overall stop loop contribution of the
same sign as the W loop), thereby increasing k., and fixed, which limits the overall
contribution to (h — ~7) of a stop loop of a particular mass. Small deviations
from this prediction should be expected as in practice we only require near maximal
mixing.

Figure4.3b, where the values of x., (black), x4, (green) and m, (red) versus
X,/Msysy are plotted for the scan described in Sect.4.2 provides a clear visual
illustration of the algebraic argument discussed above in Eqs.4.37—4.40 as to why
the Higgs-stop coupling, g, 7 , is relatively fixed. We see clearly that there is only a
narrow range of values of X,/ Msysy (near the maximal mixing value’ of v/6 ~ 2.4)
for which the Higgs mass ~125 GeV. However as 7,7, also depends on X, this fixes
the value of k-, (and also k) to a narrow range of around 0.9 < k., < 1.2. In brief,
the requirement for a 125 GeV Higgs, near the maximum possible in the MSSM,
narrows the available parameter space and leads to a correlation between g7 ; and
the Higgs mass. In Fig.4.3a we show results for k., (black) and x4, (green) as a
function of the lightest stop mass, m;,, where we have required 124GeV < mj, <
126 GeV. We see that even if the stop is as light as m; ~ 120GeV, the maximum
possible increase would give us k,, ~ 1.2. However due to the lack of W-boson in
the loop for gg — h, the stop effect here is larger, giving a minimum x4, ~ 0.6 for
mj ~ 120, despite the same correlation in coupling. Looking again at Fig.4.3b, it’s
worth noting that the effects of light stops on &, and x4, could be much larger if
this correlation between m, and §,;,;, didn’t occur such that X, could be larger, only
being limited to X, /Msysy < 3 by the colour breaking minima conditions discussed
in Sect.4.2 (red shaded region). In this case, for m; ~ 120, ., could be as large
as ~1.5, and k44 as small as 0.1. This is relevant as for sbottoms such a correlation
between its Higgs coupling and the Higgs mass does not occur, as will be discussed
in Sect.4.3.3.

Let us consider the overall effect of light stops on fi,gr 1, = kgy X koy X kj, ' via
its effects on k., and k,, in the parameter space where the total width is close to
the SM one. From Fig. 4.3b we would expect that, in general, either k. is increased
with a relatively larger decrease in k,,, causing an overall decrease in fi4gF -, OF
k. is decreased with a relatively larger increase in k44, causing an overall increase
in pggr vy This is demonstrated in Fig.4.4a, where we see that (other than for a
few points very near fi,9r~, = 1 where other factors such as small changes in the
total width play a role) we have p4yr ., > 1 when ky; > 1 (red) and vice versa
(black). This means that if the total width of the Higgs boson is unchanged, then stop
loops alone can produce a universal increase in all decay channels (ygqr,y > 1) via
increasing the gg F' production channel, but will not produce an isolated increase in

5The maximum value of my, displayed in Fig.4.3b occurs for X;/Msuysy slightly smaller than /6
as it is calculated at two loops, where the maximal mixing value is slightly smaller and closer to 2.
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Fig. 4.3 a x,, (black) and kg, (green) as a function of lightest stop mass for 124GeV < m;, <
126 GeV. b k4, (black), kqq (green) and my, (red) as functions of +; s for 120GeV < m; <
150 GeV. Cuts have been applled such that only points with a Higgs mass within 2 GeV of the maxi-
mum value for each value of M are kept. The pink-shaded window indicates the X,/ Msysy > 3
region, where the majority of pomts do not pass the colour breaking minima conditions. To isolate
the influence of light stops, the following cuts are also applied to both plots: my=, m + , mz ,,

X1,2
> 300GeV

ml;]_z’ mfZ

(h — ), as this will always be cancelled by a relatively larger decrease in ggF
production.

We are naturally lead to consider the possibility of counteracting the effect of a
reduced k4, caused by light stops by reducing I',; as discussed in Sect.4.3.1. This
would mean that when the stop coupling is negative, producing an increase in k.., and
bigger relative decrease of x4, the reduction in I'; causes an in crease in the BRs of
all channels other than bb, such that the overall value for fggr,y TEMAains ~ 1. In this
scenario, Uy gr,ny > flggF,~~ as the V BF channel will be increased by both k., > 1
and the increased BR to photons from the reduced total width, without the reduced
production rate of the loop induced ggF channel. This is demonstrated in Fig.4.4b
where the effects of light stops and reduced I'j; (via areduction in the bottom Yukawa
coupling) are combined together, and the resulting fty gr,~ and pgqr, v, values along
with current best fit CMS and ATLAS data are plotted. We can see in Fig. 4.4b(i) that
the smaller the «;, values, the larger the universal (i pr - and pgyr v, increases it
will cause. Figure4.4b(ii) demonstrates how decreasing stop quark masses lead to
an increase of the non-universal alteration of these couplings as we would expect,
although over the squark masses considered this correlation is fairly weak, which is
explained by observing that in Fig.4.3 the lowest possible values of x4, only varies
relatively slowly for 150GeV < m; < 300GeV requiring m; < 140GeV before
a significant decrease with decreasing mass occurs. By comparing Fig.4.4b(i, ii)
we see that the lightest stops, with masses 120GeV < m;, < 150GeV, rarely have
kpp < 0.9, which occurs because in the area of parameter space with very light stops,
the Higgs mass is lower due to logarithmic terms in loop corrections, and so we are
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Fig. 4.4 a pyyr -, versus lightest stop mass for x4y > 1 (red) and kg < 1 (black). We have cut
for 0.98 < rpp < 1.02 to remove the possible effect of a reduced I';,,;. b Each point of the scan
with 120GeV < mj < 300GeV is plotted on the (p1y gF, tiggr) plane, with colours to indicate (i)
different values for kpp, (ii) different m; masses. The results from ATLAS (purple circle) and CMS
(vellow diamond) are indicated for comparison. For their 95 % CL contours, see Fig.4.10. (They are
removed here for clarity). In all the plots, 124 GeV < mj, < 126 GeV, and to isolate the influence
of light stops the following cuts are also applied: m g+, My M7 s My s G > 300GeV

forced from the quasi-decoupling to the decoupling regime in order to increase the
tree level component of the mass enough to have m; ~ 125GeV.

In this light stop, reduced I',; scenario, the same non-universal situation, (i.e.
WV BF,WW/ZZrr/vy/bb > MggF,.WW/ZZ/r7/vv/bb)» takes place for all other decay chan-
nels, as will be discussed further in Sect. 4.3.5, while the light stop in the decay loop
means that the di-photon decay channel can be increased up to a factor of up to 1.2
relative to the other decays.
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Fig. 4.5 Different values for mj in the My3 versus Mo3 plane. We have required 124 GeV <
my < 126GeV

Of note, as briefly mentioned above, the area of parameter space with light stops
and aHiggs mass of ~125 GeV isrelatively small, because aheavy Mgysy is preferred
to give large logarithmic parts to the radiative corrections to the Higgs Mass. The
scenario where My3 ~ Mps 2 300GeV requires fine-tuning of the stop mixing
parameter X, in order to achieve a lightest stop with mass <300 GeV. However, as
X, is fixed by the near maximal mixing requirement (X, ~ \/EMSUsy), this is not
possible. Hence, the area of parameter space with m; ~ 125GeV and light stops
(with mass <300 GeV) is where My3 < M3, generally with M3 < 300GeV and
M3 2 2TeV. In this region it is easy to show that m; &~ My3 and m; ~ M p3. This
explains the reason for choosing the reduced range of My3 described in Sect.4.2
for the additional scan. The relationship between M3, M3 and the lightest stop
mass is shown in Fig.4.5, where we have required 124 GeV < m;, < 126GeV. It
clearly demonstrates a strong correlation between m;; and My3 when My3; < M3
as discussed. In Table4.2, we give three different benchmark points for scenarios
where light stops give rise to ‘;V” > 1, where we have also included a value for the

99F
minimum fine-tuning for each of the benchmark points.
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Table 4.2 Benchmark points with light stops and ‘:LV—BFF > 1
99

59

Parameter Benchmark 1 Benchmark 2 Benchmark 3
tan 8 37 48 44

0 300GeV 2TeV 400 GeV
My+ 1.7TeV 1TeV 750 GeV
Mop3 2.5TeV 2.5TeV 1.3TeV
Mys 165GeV 230GeV 320GeV
Mp3 11TeV 12TeV 7TeV
M3 4TeV 3TeV 2TeV
MEg3 1.2TeV 500GeV 5TeV

M3 1.9TeV 3.2TeV 2TeV

M, 3TeV 3TeV 3TeV

M, 125GeV 172GeV 250GeV
A; 3.1TeV 3.6TeV 2.1TeV
Ap 5.5 TeV 100GeV 7TeV

A; 500GeV 0GeV 2.5TeV
my, 125GeV 177GeV 254 GeV
mso 121 GeV 172GeV 245 GeV
mp 124.1 GeV 124.0GeV 124.2GeV
T =142 18 =142 8 =135
Kgg 0.71 0.70 0.74

Koy 1.10 1.10 1.08

Kbb 1.01 0.55 1.04

Kh 0.99 0.67 1.01
HggF,bb 0.72 0.58 0.76

ATt 4.6 % 0.1% 2.6%

Our fine-tuning parameter is based on the electroweak fine-tuning parameter

[65-67]. This value is derived by noting that the minimisation condition for the
Higgs potential gives rise to the equation for the Z-boson mass,

(4.41)

ﬁ = my, + Tj — (my, + =) tan® 8 — 2
2 tan? 3 — 1

where = and ¢ are the radiative corrections to m%i and m%id. The electroweak
fine-tuning parameter is then defined as

Apw = max;(C;)/(M3/2) (4.42)
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where Cy, = | — m%i %| is defined from the coefficient of m%i in Eq.4.41,
with analogous definitions for Cp,, C,, Cs« and Czj. If tan 3 is moderate or large,
we have )
&N—(mz + 2 — p? (4.43)
2 ~ Hu u lu’ * *
1 is defined with regard to the derivatives of the radiative corrections to the Higgs
potential, but as our starting point is the theory at the EW scale (rather than the GUT
scale) it is not defined in our case. Therefore the measure of fine-tuning,

A =[P/ (M3/2) (4.44)

gives a minimum value for A gy . It should be stressed that this is a minimum value,
which could be larger if there is a large cancellation between m? 7, and X as discussed
by Baer et al. in [67], especially in view of the large Mp3 of (’)(IOTeV) used for our
benchmark points. Keeping this in mind we will be using this definition of fine-tuning
in this chapter.

We see that for Benchmark points 1 and 3, A~! ~ 2—5%, as k;;, ~ 1 so there
is no requirement for a large u. However Benchmark 2 has a reduced kp, which
requires a large Am, and hence a large p, leading to a larger minimum fine-tuning,
with A=! ~ 0.1 %.

We should also mention here that the light stop scenario has been discussed in
connection to Electroweak Baryogenesis [68, 69], a scenario where light stops allows
a strong first order phase transition in the early universe, which is able to explain
the high matter/antimatter ratio we observe in the universe today. This requires that
A, S Mps/2(or X, /Msusy S \/LE) in order to achieve a strong phase transition, and
therefore electroweak baryogenesis is not realised in the maximal mixing scenario
which we consider in our paper. For these lower values of X;/Msysy, the 125 GeV
Higgs mass can only be achieved for extremely large values of M3 ~ ~ 10°TeV [69],
and we also find that g,,; ; > 0, leading to a constructive interference of the light stops
inside gg F production and an enhancement of the gg F rate. In [69], which discusses
the light stop electroweak baryogenesis scenario, they suggest that a viable option
is that this overall enhancement of ggF production does occur, but is compensated
by a significant invisible Higgs boson decay into light neutralinos. Our analysis of
altered Y, as discussed above offers an alternative method to compensate for this
ggF enhancement. Analogous to the decrease of Y, which can occur with a large
positive p as discussed in Sect.4.3.1, a large negative i can increase Yj. This would
cause an increase in the BR(h2 — bb) and subsequent decrease in all other branching
ratios, compensating for the ggF enhancement in these other channels. Of course,
tggr,pp Would be >1 in this scenario, but this is still compatible with current LHC
data given the very large error in this channel.
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4.3.3 Sbottom Quark Effects

Similarly to stops, light sbottoms loops may also alter Higgs production via ggF
and decay to di-photons. However, there are some important differences between the
sbottom loop contribution and the stop loops.

In the decoupling limit, the Higgs coupling to sbottoms is given by

. 1, 1., mi  mpXp .
Gni,5, = €0823 (—5 cos” 05 + 3 sin” By cos 295) + M_% + M2 sin 203,
(4.45)
where 0; is the sbottom mixing angle defined by
2mpX
sin26; = — 2= (4.46)
m< —m-
bl bz

with X, = A, — utanﬁ.

The first major difference with respect to the stop case is that this coupling does
not have any dependence on X/, and hence is not constrained by the requirement of
my ~ 125GeV. In particular, when m; < m; with a large positive x and tan j3,
leading to a large negative Xy, it can be shown than sin 20; ~ 1. The last term in
Eq.4.45 therefore dominates, giving

mp Xy
P —— 4.47
Wb = 302 (4.47)
and leading to a large negative coupling due to the negative X,,. As the Higgs-sbottom
coupling ultimately depends on X7, via the sin 20; term (Eq. 4.46), it is also possible
to get a large negative coupling if u is large and negative such that X, is large and
positive. However, as we are interested in the parameter space where Y, has the
possibility of being small, which requires a positive i (see Sect.4.3.1), we have only
considered positive u.
The second important difference with respect to the stop case is that for sbottoms
N, Q3 = 1/3 compared with N.,Q? = 4/3 for stops. This will not affect gluon

fusion, but the Ne, ZQ‘ factor in Eq.4.31 tells us that the sbottom mass will need to be
s

% that of a stop mass with the same coupling strength to the Higgs boson in order to
produce the same alteration in decay to di-photons.

The result of the two factors discussed above is that firstly, due to the opposing
effects of the sbottom coupling having a larger maximum magnitude compared to
stops, but the sbottom loop effects on decay to di-photons being suppressed by a factor

2
of % compared to stops, the relative effects of sbottom loops on ., compared to

stop hloops is difficult to predict. Secondly, the maximum effect of sbottom loops on
gluon fusion can be larger than that of a stop with the same mass. This is because the
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Fig.4.6 a k., (black) and kg4 (green) as a function of lightest sbottom mass for 124 GeV < m, <
126 GeV. b k. (black) and k44 (green) as functions of — b for 120GeV < m b, = 150GeV.
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To isolate the influence of light sbottoms, the following cuts are also applied: my=, m
msz ,, m};z > 300GeV

X M2

coupling isn’t constrained by the Higgs mass, and can become larger in magnitude
than the stop coupling, while the loop contribution isn’t constrained by a charge
factor as is the case for di-photon decay.

Both of these effects can be observed in Fig.4.6a. We see that the largest possible
increase in k., (black) for a given sbottom mass is smaller than that for a stop of the
same mass, and only very light sbottoms ~80GeV are able to produce x., ~ 1.2
(compared to m; ~ 120GeV). Also, as expected, x4, (green) has a larger reduction
for sbottoms compared to stops of similar mass, with ry, as low as 0.7, even for
mj ~ 250GeV.

Xb

Figure4.6b shows how k., (black) and x4, (green) depend on

120GeV < mj < 150GeV, confirming that the largest deviations from the SM
occur for large negative X;, and that the effect on k44 is much larger than for «.,,.

The combined effect of the sbottom loops can be seen in Fig.4.7a, where the
lightest sbottom mass is plotted against ji44r .. We see that for the majority of
parameter space, [iyqr,~~ is suppressed, other than a small region where it is increased
due an increased k4 . This small region of increased x4, occurs for very small values
of X, where the final term of Eq.4.45 does not dominate and the coupling is small
and positive.

If we consider the possibility of counteracting the effect of a reduced x4, by
reducing I'; as we did for the stops, we find that we would expect sbottom loops to
have a qualitatively similar effect to stop loops in the (ftv pryva, figgr+iem) Plane.
As in the stop case, V B F production channels will be unaffected by the gluon fusion



4.3 MSSM Effects in Higgs Production and Decay 63

(a) Kgg> 1.0 Kgg < 1.0
16 All points, 124 GeV < m, < 126 GeV
3
=
1.4
1.2

80 90 100 110 120 130 140 150
Lightest Sbottom Mass (GeV)

(b) 120 GeV < mj < 300 GeV
0.3<x,,<0.5 0.7 < x,,< 0.9 120 GeV < my, < 150 GeV 200 GeV < m, < 250 GeV
0.5<x,,<0.7 0.9<xy,< 1.1 150 GeV < m, < 200 GeV 250 GeV < m; < 300 GeV
2
1.8 ) 1.8 .
Reduced|Yn s Reduced|Yn e
1.6 o /" . 1.6 & /
Light - - £‘bugnt
1.4 Shottoms  «* 7o e, v B othams: ,*
1.2 it 1.2 g
E . i _E T
= 08 0.8
0.6 0.6
0.4 ® ATLAS 0.4 ® ATLAS
0.2 | & cMs 0.2 O CMs
. £
(4] 1]
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 1.2 14 16 18 2
" ggFy HagFy

Fig. 4.7 a pgyF 1 versus lightest sbottom mass for x4, > 1 (red) and K4y < 1 (black). We have
cut for 0.98 < xpp < 1.02 to remove the possible effect of a reduced I';;;. b Each point of the scan
with 120GeV < mp < 300GeV is plotted on the (j1v gF, figgr) plane, with colours to indicate
(i) different values for kpp, (ii) different m j, masses. The results from ATLAS (purple circle) and
CMS (yellow diamond) are indicated for comparison. In all the plots, 124 GeV < mj < 126GeV,
and to isolate the influence of light sbottoms the following cuts are also applied: m g+, m Xy Mo

mz ,,mp, > 300 GeV

rate, but the decays to all particles (other than sbottoms) will still be increased by
the reduction in I'3, such that pygr vy > pggr vy

This is demonstrated in Fig.4.7b(i), which is analogous to Fig.4.4b(i) for stops,
where we have plotted pypr,, Vversus pggr - for different values of x5, for
120GeV < m 5 < 300GeV. In the case of sbottoms, as the arrows indicate,
their main effect is to reduce k44, reducing figer -, With a much smaller effect on
K~~, producing only a small increase in jiy gF, 4. The reduced Yukawa coupling to
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bottoms then reduces the total width, causing a universal increase in p.,, irrespective
of the production channel. Overall, we see that in this situation light sbottoms are able
to produce fairly large non-universal alterations, which would give u’::: F>1 , and that
due to the lack of correlation between the Hbb coupling and the nggs mass, their
maximum possible effect is larger than that of similarly light stops. Figure 4.7b(ii) is
similar to Fig. 4.7b(i), but with the colours indicating the sbottom mass range in each
case. We see that the largest effects are produced by the lightest sbottoms as expected,

but that a significant effect giving ‘L 22 ~ 1.2 is still possible for sbottoms as heavy
as 250GeV < mj < 300GeV. h

4.3.4 Stau Effects

In addition to light stops and sbottoms, the lightest stau may give important contribu-
tions that in particular could enhance k.. For staus, N, 0? =1, afactor of 3 larger
than sbottoms, and since the Higgs-stau coupling like the Higgs-sbottom coupling
also does not depend on X, and therefore isn’t constrained by the Higgs mass, light
stau effects on I'(h — ~7y) could be more significant than sbottom effects. Obviously
the SU (3)c singlet stau does not affect x.

The Higgs coupling to the lightest stau, normalised by v/+/2 = My /g, with v
the SM Higgs VEV, is given by

A 1 2 ) m72— mTXT .
Jnz 7 = cos2f (—z cos” 0z + sin” By cos 29;) + M_§ + M sin 26;.

(4.48)

with X, = A, — ptan (.
Similarly to sbottoms, for a large positive p, with large tan 3, X is large and

negative, and we find that
N _m X

Ihnr = ZM% >

(4.49)

which is large and negative. Thus the stau contribution may enhance I'(h — ~7)
in a large tan § scenario with large and positive u. (As in the sbottom case, a large
negative p would also give rise to a large negative coupling, but we only consider
positive s, as required such that ¥, may be reduced). As intimated, since N Q? is 3
times larger for the stau than the sbottom, the minimum mass at which its contribution
to k.- can become large is approximately a factor of /3 times heavier than for the
sbottom.

This is demonstrated in Fig.4.8a, where &, (black) is plotted against the stau
mass, indeed showing that we can have k., > 1.2 whenm, < 180GeV. Italso shows
that light staus have no effect on r 4, as expected. (The points with a slight reduction
in K4y have sbottoms or stop masses ~300GeV, just above the mass cut applied for
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Fig. 4.8 a ., (black) and k4, (green) as a function of lightest stau mass for 124GeV < my, <
. X,

126 GeV. b x4 (black) and kg  (green) as functions of m for 120GeV < m; < 140GeV.

To isolate the influence of light staus, the following cuts are also applied: m g+, m ik My M s

mz, > 300GeV '

these particles). In Fig. 4.8b, x, and x4, are plotted against , showing that

X,
VMZ +ME)
as for the sbottom, the coupling becomes largest for large and negative X, .

As staus are colourless and do not affect the gluon—gluon fusion production chan-
nel, fiy¢r - follows a very similar pattern to .. This is illustrated in Fig. 4.9a where
we see that for mz < 180GeV, the value of pyyr ,, can be >1.2.

In Fig.4.9b(, ii), we see that the effect of the light staus on the (uypr+va,
IggF+1:H) Plane is as expected, causing a universal increase in decay to di-photons
irrespective of production channel, magnifying also universal effects which may be

caused by a reduction in '), ;.

4.3.5 Combined Effect and Fit of the LHC Data

Thus far all of our plots have focused on gg — & and/or h — ~+. In Fig.4.10 we
present results for j1y g versus pigqr forthe yy, WW, ZZ, 77 and bb decay channels
inthe (fuy pr, tggr) plane, where we have included all points from our scan for which
any or all of the scenarios discussed in the previous subsections are realised.

We see that for each final state, the majority of parameter space has piygr > pUggr,
and comparing with experimental measurements, 6 out of 8 measurements have
wver > [ger for their best fit values. Therefore we would expect that the MSSM
will provide a better fit to the data, and that in general the light stop and sbottom
scenarios will be able to explain a non-universal alteration of uygr > fig4er if this is
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Fig. 4.9 a yi44F - versus lightest stau mass. We have cut for 0.98 < k), < 1.02 to remove the
possible effect of a reduced I'y,;. b Each point of the scan with 120GeV < mz < 300GeV is
plotted on the (uy F, f1g9F) plane, with colours to indicate (i) different values for xp, (ii) different
mz, masses. The results from ATLAS (purple circle) and CMS (yellow diamond) are indicated for
comparison. In all the plots, 124 GeV < m; < 126GeV, and to isolate the influence of light staus

the following cuts are also applied: m g+, My MG s MG, s My > 300GeV

confirmed at the upgraded LHC starting in 2015. In Fig.4.10 we have also stratified
by shading according to the values of the fine-tuning parameter A, as described in
Sect.4.3.2. We see that the points with a large universal increase in pigyr and piy g
have a larger fine tuning in general (smaller A~ in the plots). This is expected, as for
these points i, on which A depends, is required to be large to reduce Y}, as discussed
in Sect.4.3.1.

It is interesting to note that in general it is not possible to satisfy both the ATLAS
and CMS results simultaneously as there is a slight tension between them for each
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Fig. 4.10 pypr versus pggr for the di-photon, WW, ZZ, 77 and bb decay channels where the
lightest stop and/or lightest stau and/or lightest sbottom has a mass between 120-300 GeV. ATLAS
(circle) and CMS (square) best fit results for each channel are also plotted. The 68 % Confidence
Level (CL) for the experimental results are included. ATLAS results were not available for the bb
and 77 channels. Colour gradients denote different values of the fine-tuning parameter A~! x 100
as described in Sect.4.3.2

channel (although within large errors). As an example, for the di-photon decay chan-
nel, whilst both experiments prefer ””‘% > 1, CMS favours piger ,, < 1 requiring
only a light stop or sbottom, while ATLAS favours pgyr ., > 1.5 which would
require both a light squark and a reduced Y}, or light stau.

To quantify how well the scenarios we have discussed fit current LHC data, we
have calculated the x? for each scenario having compared to the experimental best
fit values for jg4or and pypr for each decay channel show in Fig.4.1. For each
collaboration (ATLAS, CMS) the systematic errors on the values of 11,,r and pypr
for a single decay mode are correlated. To take this correlation into account, we
actually calculate a “profiled log likelihood ratio” test statistic. However, under the
assumption that the data is distributed as a multivariate Gaussian (valid to a good
approximation), this reduces to a x? statistics with a non-diagonal covariance matrix.
This is discussed fully in [70]. There are 6 degrees of freedom from the ATLAS data
and 10 from the CMS data, giving 16 degrees of freedom overall (3 channels for
ATLAS (vy, WW and ZZ) and 5 from CMS (vy, WW, ZZ, 7T, bl;), each with
ggF and V BF channels). The regions of interest for which a x> was calculated
were defined as; (1) light stops only, (2) light sbottoms only, (3) light staus only, (4)
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lights stops and/or sbottoms and/or staus. In each case a “light” mass was defined as
between 120 and 300 Ge V.

For each scenario, we have calculated the x? for every point from our parameter
space scan that matched the relevant particle mass criteria. The results are presented
in Fig.4.11 as the x? per degree of freedom (x?/Npor), when compared to (a) just
the ATLAS results, (b) just the CMS results, (c) both ATLAS and CMS results.
The width of each block is proportional to the number of points in each region of
parameter space with each particular value of y?, where each parameter space is
defined as points satisfying 124 GeV < m; < 126 GeV, and other mass constraints
as described in the caption to Fig.4.11.

(a) (b)

) x*_for different scenarios (Comparing to ATLAS Data) ) X* for different scenarios (Comparing to CMS Data)

\* per degree of freedom
°
SM value
\* per degree of freedom
°

SM value

0.
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Fig. 4.11 2 results per degree of freedom for different regions in parameter space compared to a
ATLAS data, b CMS data, ¢ combined ATLAS+CMS data. The width of each block is proportional
to the number of points in each region of parameter space with each particular value of x2. The
light stop, sbottom and stau regions are defined as 120GeV < m; < 300GeV, where m; = mg,,
mj; , mz respectively. The SM fit to data is indicated by the horizontal line for each plot
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First of all, we can see that the SM already fits the data well with a x>/ Npop ~
1 when compared to ATLAS results only (Fig.4.11a), a x>/Npor ~ 0.6 when
compared to CMS results only (Fig.4.11b), and a x*/Npor ~ 0.75 when compared
to both the ATLAS and CMS combined results (Fig.4.11c). The x%/Npok for the
SM is lower when calculated using CMS results rather than ATLAS results, which
occurs mainly because the CMS signal strength best fit points for 1 — Z Z are very
close to the SM values, and the best fit point for 14, 5, has very large error bars. For
the MSSM, the majority of points in our parameter spaces fits the ATLAS results
worse than the SM, but have a lower x2/Npor than the SM when compared to either
the CMS results only, or to the combined ATLAS and CMS data. The scenarios with
the lowest x2/Npor are the combined scenario allowing all masses to be light, and
the scenario with light staus only.

4.4 Conclusions

In this chapter we have explored the effects of light sfermions on the production and
decay of the lightest Higgs boson within the MSSM, culminating with a fit of the
relevant parameter space to LHC data.

We have found that scenarios with light coloured sfermions, namely stops and
sbottoms, have the potential to explain a non-universal alteration of the two most
relevant Higgs production channels, i.e., jty pr # pg4F, and predicts % > linall
Higgs boson decay channels for the majority of the parameter space. These light stop
and light sbottom scenarios are realised in specific regions of the parameter space in
terms of soft-breaking mass terms, namely where Mo3 > My3 and Mp3 > Mps,
respectively.

The specific feature of the scenario with a light stop is that g,;; is negative
(whenever one is near maximal stop mixing), which makes the overall stop loop
contribution of the opposite sign as the top quark contribution and of same sign as the
W loop. As aresult, one obtains a decreased &y, and an increased k., couplings, with
the relative decrease of k,, being bigger than the relative increase of k.. Therefore,
the overall effect of light stops alone would lead to a decrease of the Higgs production
via gluon—gluon fusion decaying to di-photons (it44r,~~) as well as a reduction in
iggr compared to the SM for all decay channels. This scenario would be somewhat
consistent with CMS data, where 4,7 < 1 for all decay channels.

However, this prediction is in tension with the ATLAS data, where pg,r ~ 1.5 for
both the vy and ZZ decay channels. Therefore, we also consider the scenario where
we have both light stops and a suppressed hbb coupling. In this case, the reduced
h — bb partial width (and related x;; parameter) causes an enhancement of the
BRs and hence signal strengths of the other decay channels, which can compensate
for the reduced production via ggF. Depending on the degree of suppression of
the hbb coupling, the ggF signal strength in all channels can be increased, either
to match the SM level, or greater, e.g., to p,r ~ 1.5, in order to be more con-
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sistent with the ATLAS data. The exceptions being fi4¢F 1, Which can be slightly
enhanced compared to other channels, and pg,F 15, Which would be reduced com-
pared to the other channels. This reduction of the hbb coupling was achieved with a
large i (1-5TeV), intermediate M4 (300-800 GeV) and intermediate-to-large tan /3
(20-50). In this light stop scenario, g7 is approximately fixed (in the maximal mix-

ing scenario) to around — which limits the maximal contribution of the stop to

Higgs production via gg F' and decay via h — ~~.

We have also found that the effect from light sbottoms on the gluon fusion rate
can potentially be larger than that of light stops, since the Higgs-sbottom-sbottom
coupling is not correlated with the Higgs boson mass. Overall, we can see that in the
light stop/sbottom scenarios, tgqr, 5 and jiy pr pp are predicted to be at or below one,
especially the 144 5, Value, which can be doubly suppressed both via gg F production
(due to the negative interference from stop/sbottom loops) and from decay (due to
kpp suppression). Therefore, in future LHC runs, the measurement of fi,r 55 and
v eF.p» Would be particularly important to help rule out these scenarios.

In contrast, light staus were found to only be able to universally increase the signal
strengths, irrespective of the production channel, generally complementing the effect
of a reduced hbb coupling.

Furthermore, we showed that the non-universal solutions (p4qr # pyvpr) had a
fairly low minimum fine-tuning measure, as low as ~5 %, while in regions where
a universal increase in signal strength (p4gr ~ pypr > 1) is caused due to a
suppressed Y}, the fine-tuning was much larger due to the requirement of a large
parameter.

Finally, we performed a ? fit for these MSSM scenarios, which showed that for
every one of the scenarios we considered, the majority of points in their parameter
spaces fitted combined ATLAS and CMS data better than the SM.

To conclude, we have found that the MSSM with light stops or sbottoms has the
potential to explain a non-universal alteration from SM values of the Higgs production
rates in different channels, and that this can be complemented by a reduced I'j, to
increase the relevant signal strengths to be equal to or greater than the SM prediction.
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Chapter 5
Ruling Out Light Stops

5.1 Overview

As discussed in the thesis introduction, extending the spacetime symmetries to
include supersymmetry has proven to be a popular BSM and is one of the main
discovery goals at the LHC. Within its minimal extension, the MSSM, a common
and important scenario is where the SUSY partner of the top quark, the stop is the
lightest squark.

There are a number of reasons why the stop is commonly taken to be the lightest
squark. Firstly, this arises naturally in SUSY models where universality of its masses
at a high scale is assumed. In this case renormalisation group (RG) equations are
used to then run these masses down from the Grand Unified Theory (GUT) scale
to the electroweak scale (EW). In the MSSM, Yukawa couplings have the effect of
reducing the masses at the EW scale, therefore the stop mass, which has the large
top Yukawa in its RG equations, tends to be pushed to a lower value than the other
squark masses. This assumption of universality is reasonably well motivated because
SUSY allows unification of the gauge couplings at a high scale in GUT models such
as SU(5) and SO (10). This provides the theory with a high scale where we can also
envisage unification of some of the other Lagrangian parameters. This, combined
with the observation that without universality the MSSM has around 120 additional
free parameters compared to the SM, has traditionally made such constrained models
popular. The large top Yukawa also leads to light stops for another reason. The mass
mixing in the squark sector is proportional to the Yukawa coupling, thus the top
Yukawa leads to a large mass splitting for the stops, with the consequence of one
stop being light.

One of the main motivations for SUSY is that it solves the gauge hierarchy prob-
lem. When SUSY is softly broken, logarithmic terms related to the stop mass are
re-introduced to the loop corrections to the Higgs mass squared parameter. If the
stop masses become too large then SUSY is no longer a satisfactory solution to the
hierarchy problem, and thus arguments of naturalness prefer low stop masses with
ideally m; ~ m;.
© Springer International Publishing Switzerland 2016 75
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Light stops are also important from a cosmological point of view. They are able
to lead to the correct relic density of dark matter through co-annihilation of the
neutralino with the light stop [1-5], and they also enable electroweak baryogenesis
(EWBG) sufficiently strong to explain the matter-antimatter asymmetry present in
the universe today. Electroweak baryogenesis refers to any mechanism that produces
an asymmetry in the density of baryons during the electroweak phase transition.
For this to occur, the 3 Sakharov conditions must be satisfied [6]: (i) Departure
from thermodynamic equilibrium, (i) Violation of baryon number, (iii) C- and CP-
violating scattering processes. In the MSSM, there is a small region of parameter
space where the departure from thermodynamic equilibrium is sufficiently strongly
first order to produce the observed matter asymmetry, and in this region the lightest
stops mass has to be lighter than the top quark (i.e. m; < 174GeV) [7]. In relation
to baryogenesis this is often called “the light stop scenario”.

Finally, light stops are important due to their ability to enter loops, altering Higgs
production and decay, as discussed in Chap. 4.

The purpose of work discussed in this chapter will be to extend current exclusion
limits on the light stops, with the aim of increasing the minimum excluded mass,
limiting its maximum possible effects on Higgs processes, and potentially ruling out
the light stop scenario of baryogenesis.

5.2 Stop Decay Channels

With the assumption that the neutralino is stable and is the lightest supersymmetric
particle, there are only two likely final states for stop decays for the vast majority of
m; and m o values. The stop either decays to a 2-body state via f— )ch, which is a
flavour changing decay, or to a 4-body final state 7 — bff'}}, where f and f’ are
the decay products of a W-boson, with the W and b quark arising from a decaying top
quark, which is therefore a flavor conserving decay. For this reason, the stop searches
conducted by ATLAS and CMS only consider these two possibilities. However, in
order to simplify their analysis, they go further assuming a 100 % branching ratio
(BR) to each of these in turn, a simplification which isn’t valid for much of the
parameter space. Here we discuss these two channels.

5.2.1 Two-Body Decay, t — Xc

The stop is able to decay via a flavour changing neutral current (FCNC) to either a
charm or an up quark, and the lightest neutralino. If the model doesn’t have flavour
violation (FV) at tree level, then this can occur at the loop level due to the CKM
matrix.
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In general in the MSSM, the quark and squark mass matrices are not
simultaneously diagonalisable, which leads to flavour violation at tree level.
However, stringent limits have been placed on flavour changing neutral currents
from K, D and B meson studies setting tight limits on the possible contribution to
FCNC from new physics [8—10]. In order to explain why flavour violation is so small
in the MSSM, the Minimal Flavour Violation (MFV) framework [11-13] has been
developed. It proposes that the quark and squark mass matrix are simultaneously
diagnoalisable at a certain energy scale. However, flavour mixing is subsequently
induced through renormalisation group equations (RGE) allowing tree level FCNC.
As these depend on the CKM matrix elements, the decay width of a stop to a neu-
tralino and an up quark is around O(10~2) that of a decay to a charm. Furthermore,
the loop induced decays will also favour charm production over up quarks. Due to
these considerations, only the 7 — )Z?c decay is considered by CMS and ATLAS.

An important question to consider, is which regions of the MSSM parameter space
is this 2-body decay likely to have a large branching fraction. In particular, for what
values of m; and m o is this decay allowed and/or likely? The most useful parameter
in this respect is the mass gap between the stop and the neutralino, Am = m; —mo.
Recent work to study this question [ 14, 15] has showed that the answer is, as would be
expected, heavily dependent on the pattern and degree of flavour violation. However
in general, this 2-body decay becomes more likely as Am gets smaller, and both
flavour violating scenarios they considered had a near 100 % BR to 4-body by Am <
20GeV. Once Am < 5GeV this will be the only remaining channel as the 4-body
will be disallowed due to the mass of the bottom quark. Importantly, they also showed
that this 2-body decay can have a sizeable BR (>10%) up to Am = 110GeV, even
when the flavour changing was required to be within experimental bounds. A plot
from their paper demonstrating this is reproduced in Fig. 5.1, where m;, is identified
with the lightest stop. This result was assuming a specific pattern of flavour violation.
In a more general case it seems likely that stop 2-body decays to charms can remain
important for even higher mass gaps. i.e. Am > 110.

Fig. 5.1 Plot from the paper
[15], showing the stop 1.0 ko
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In summary, this 2-body decay will tend to have a high BR when Am < 20GeV,
but this branching fraction can still be sizeable up to mass gaps of at least Am =
110GeV.

5.2.2 Four-Body Decay, t — bff'x}

In considering the four body decays of the stop, if we allow flavour changing vertices,
as well charginos, charged Higgs or squarks in the decay chain, there are a large
number of diagrams, and any of the other down-type quarks could replace the bottom
inf — bff’ )Z? However, unlike in the 2-body case, this process can and is generally
more likely to occur without flavour violation. Furthermore all of the other SUSY
particles (sometimes with the exception of the chargino) are often taken to be too
heavy to contribute significantly to the cross section. As a result, only one decay
chain is usually considered, which doesn’t have any flavour changing, and doesn’t
contain SUSY particles as intermediate particles, namely 7 — ¢ f(?, with t — bW,
and then W — ff’, giving f — bff’ )Z?. Whilst ultimately this is a single decay
channel, its kinematics depend heavily on which particles in the chain are on- or off-
shell. This plays an important role in the experimental searches, as the optimal cuts
to increase the signal-to-background ratio will depend on the kinematics. ATLAS
and CMS therefore usually describe this single chain differently depending on the
value of Am, referring to it as f — ¢ )Zf when there is sufficient phase space for the
top quark to be on-shell, f — bW )210 when the top quarks is forced to be off-shell,
but the W boson can be on shell, and 7 — bff’ )ZP when neither the W or the top is
able to be on shell. In this chapter we will refer to all of these scenarios as 4-body,
orf — bff'x}.

The question for which regions of parameter space is this likely to be the only decay
channel, is answered by looking at the 2-body decay branching ratios as discussed
above and in [14, 15]. When Am < 5GeV this decay is not allowed, and for a Am
of atleast 110GeV it is likely to have a BR ~ 100 %. For intermediate values of Am,
any BR is possible, with lower branching fractions becoming likely for small mass
gaps, especially for Am < 20GeV.

5.3 [Experimental Searches: Current Status

One of the main search focuses of the 2 main detectors at the LHC, ATLAS and
CMS, has been looking for new SUSY particles, usually with the assumption that
it is the MSSM that is realised. In particular, there have been a number of searches
dedicated to looking for stops, which have a reasonable chance of being the lightest
charged SUSY particle, and hence the easiest SUSY particle to find.

A specific search assumes a 100 % BR via a specific channel, and has cuts designed
to increase the SUSY signal to SM background ratio in a specific region of SUSY
parameter space. As a result, different searches tend to rule out different areas of
SUSY parameter space, and these are usually presented in the stop mass (m;) versus
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neutralino mass (m50) plane. Both ATLAS and CMS have produced summary plots,
where they combine all of their stop exclusion results on a single plot. Both plots
are similar, however the ATLAS exclusion limits are more stringent in the low stop
mass region of interest. Both are reproduced in Fig.5.2 [16-24].

Some points to note about these results. Firstly, all of these exclusions assume
a single decay channel, which should be remembered when interpreting whether a
region is definitively ruled out or not. Secondly, we clearly see that there are areas of
parameter space which still allow light stops. If the neutralino mass, m 30 2 240GeV,
then any stop mass down to around 280 GeV is allowed. If m o < 240 then stops as
lightas 110 GeV may be allowed (for a very small area of parameter space) depending
on the mass gap, Am, between the stop and neutralino. The two main regions which
are not excluded even for these very light stops are where Am = m; — mjo is just
larger than My, and where Am ~ m;,. In both these regions, the stop decays to an
on-shell W boson or top quark, with very little energy for the neutralino. Therefore
there is very little Missing Transverse Energy (MET) from the undetected neutralino,
the event is difficult to distinguish from the SM background, and isn’t excluded.

We are now able to be more precise in defining the goal of this chapter. It is to
extend the ATLAS analysis into the region with light stops where Am is slightly
larger than My, with the intention of ruling out some of the lowest mass regions
which still remain. We specifically choose to extend the ATLAS bounds both because
in this region they are more stringent than the corresponding CMS results, and also
as it was apparent that this was possible, as will be discussed in Sect.5.3.2.

5.3.1 Monojet Searches

Traditionally, regions with small mass gaps between the stop and neutralino are
difficult to rule out. The decay has very little phase space, and therefore all the decay
products including the neutralino will have very little momentum. This is below the
trigger threshold for the detectors and the event is not observed.

To counter this problem, it is possible to trigger on mono-objects, and in this par-
ticular case monojets. The idea is that in events with very hard initial state radiation,
the stop recoils in the opposite direction. Upon decaying, the neutralino and other
decay products are now in a boosted frame and the neutralino has a large momentum.
As a result, the signature of such an event is one very high transverse momentum
(pr) jet and a high missing transverse energy (MET). These can be triggered on, and
have a low SM background. All of the ATLAS searches in the Am < My region
are monojet searches, with cuts for a high pr jet and high MET.

5.3.2 Motivation for Extending the ATLAS Search

As stated previously, the intention is to extend the ATLAS exclusion into the
Am > My region. In particular, the intention is to extend the regions in [20, 24]
(the salmon coloured and dark grey regions in Fig.5.2), which both rule out a large
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region where Am < My, but are artificially cut off at around the Am = My line,
where it looks likely they could have been extend further.

In [24] where a f — )Zloc decay is assumed, it is stated that the maximum Am
considered is 82 GeV. No further explanation is given, however its likely this is in
part due to the fact that if we assume no tree level flavor violation, then the region of
parameter space where the branching ratio to 7 — ¥ {)c is 100 % becomes very small
as Am becomes much larger than this. However, as discussed in Sect.5.2.1, sizeable
f— f(?c BRs are still possible for mass gaps up to at least Am =~ 110GeV when
flavour violation within experimental limits are allowed.

In [20] on the other hand, where a7 — bff’ )Z{) decay is assumed, they state that
“generating the full event with MadGraph would be computationally too expensive.”.
As a result, their 7 are decayed using Pythia, which produces isotropic decays. This
will not be valid when the W bosons are on shell. This seems to be at least part of
the reason the results have been restricted to Am < 80GeV (which isn’t explicitly
stated). As these omissions are both important and possible to rectify, these are the
analyses we extend in this chapter.

5.4 Tools and Framework for Analysis

In order to extend these results, we reproduced the signal samples and analysis for
three ATLAS analysis [20, 24] which we will call; (i) monojet analysis, (ii) monojet
with c-tagging analysis, and (iii) monojet with 1 lepton analysis. They are discussed
in the following subsections.

5.4.1 Analysis: Monojet, t — XVc

This analysis is described in [24]. It assumes a 100 % branching ratio to  — )Z{)c
and its main aim is to rule out the very small Am region where the c-jets from the
decay will usually be too soft to identify (roughly Am < 30GeV although ATLAS
don’t give a value). Therefore in monojet events the signature will be one high pr
jet and a large EM*, with a small number of soft jets.

First, the events undergo a pre-selection, requiring an E7'** > 150GeV, at least
one jet with a pr > 150GeV and |n| < 2.8, and vetoing any event with a muon
with pr > 10GeV or an electron with pr > 20GeV. Following this, as a result
of the softness of the decay products, a maximum of three jets with pr > 30GeV
and |n| < 2.8 are allowed. Additionally, the azimuthal separation between the miss-
ing transverse momentum direction and that of each jet has a minimum bound,
Ap(jet, p?i“) > (0.4, which ATLAS used to reduce the multijet background where
the large EM** originates mainly from jet energy mismeasurement. In order to
optimise the search reach, 3 separate signal regions were defined (denoted M1, M2,
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Table 5.1 Analysis cuts for the pure monojet search in the 7 — )?]Oc channel

Monojet Search

Applied to all 3 signal regions (M1, M2, M3)
At most 3 jets with pr > 30GeV and || < 2.8
A (jet, pFissy > 0.4

Signal region M1 M2 M3
Minimum leading jet | 280 340 450
pr GeV

Minimum Eiss 220 340 450
(GeV)

There are 3 separate signal regions, M1, M2 and M3. The cuts applied to all 3 regions are in the
top row, with the signal region dependent cuts in the lower row

M3), with increasing minimum thresholds for py and E %‘iss to exclude increasing stop
and neutralino masses. For the M1, M2 and M3 regions, the thresholds are respec-
tively pr > 280GeV, EXs > 220GeV for M1, pr > 340GeV, EXsS > 340GeV
for M2, and pr > 450GeV, E?iss > 450GeV for M3. These selection cuts are
summarised in Table5.1.

The SUSY signal samples were produced at leading order using MadGraph5
[25, 27, 28] with a CTEQ6L1 PDF, with the cross section rescaled using a K-factor
calculated with next-to-leading er (NLO) supersymmetric QCD corrections and the
resummation of soft gluon emission at next-to-leading-logarithmic (NLL) accuracy
using the NLL-fast computer program [29-31]. In view of the fact that for large Am,
the veto of any event with a fourth jet with pr > 30GeV can reduce the selection
efficiency by around 50 %, and that this can be from a second initial state radiation
jet (with the 2nd and 3rd highest p7 jets from the c-quarks from stop decays), two-jet
matching using the k7-jet MLM scheme [32] was used to ensure accuracy of the pr of
subleading ISR jets. The showering is done using Pythia-6 [33—-35] and the detector
simulation using Delphes-3 [36—38]. The subsequent analysis and application of cuts
was conducted using the ROOT Data Analysis Framework [26]. Each point in the
Mj VETsus m ;o plane was ruled out if for any of the signal regions (M1, M2, M3), the
cross section of the signal sample and the efficiencies of the selection cuts predicted
a larger number of signal events than the 95 % confidence limits (CL) upper limit on
BSM events which is provided by ATLAS in the paper.

5.4.2 Analysis: Monojet with c-tagging, t — )Z{)c

This analysis is also described in [24]. It again assumes a 100 % branching ratio
to f — j{c, and its main purpose is to rule out the region with a larger but still
relatively small Am, (roughly 30GeV < Am < 80GeV although ATLAS don’t
give a value), where the c-jets from the decay will usually be hard enough to identify,
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but softer than the initial state radiation. Therefore the signature will be relatively
large multiplicity jets with a charm jet as one of the subleading jets.

At ATLAS, the c-tagging is implemented via a dedicated algorithm using mul-
tivariate techniques which combine information from the impact parameters of dis-
placed tracks and topological properties of secondary and tertiary decay vertices
reconstructed within the jet. For this study, they used two operating points for the
c-tagging called the medium and loose operating points. The medium operating point
has a c-tagging efficiency of ~20%, and a rejection factor of ~8 for b-jets, ~200 for
light-flavour jets, and ~10 for t-jets, while the loose operating point has a c-tagging
efficiency of ~#95%, with a rejection factor of 2.5 for b-jets, but no significant rejec-
tion of light-flavour or 7-jets. For our analysis, we used these quoted efficiencies and
rejection factors, as well as representative data-to-simulation multiplicative scale
factors given in the ATLAS paper [24] of 0.9 for simulated heavy-flavour tagging
and 1.5 for mistagging of light-jets as charm jets.

Once more, the events undergo a pre-selection (slightly different to the monojet
pre-selection), requiring an E%'™** > 150GeV, at least one jet with pr > 150GeV
and |n| < 2.5, and vetoing any event with a muon or electron with py > 10.

Following this, due to the likelihood of multiple jets, a minimum of four jets with
pr > 30GeV and |n| < 2.5 and A¢(jet, p?i“) > 0.4 are required. Additionally,
there is a veto against any event containing b-jets using a loose c-tag requirement,
and a requirement that at least one of the three subleading jets passes a medium c-tag.
Again in order to optimise the search reach, 2 separate signal regions were defined
(denoted C1 and C2), both requiring their leading jet to have pr > 290GeV, but
with C1 requiring EX™* > 250 GeV and C2 requiring EF** > 350. These selection
cuts are summarised in Table5.2.

Once more, the SUSY signal samples were produced using MadGraph5 (with
2-jet matching and a CTEQ6L1 PDF), Pythia-6 and Delphes-3, with subsequent
analysis conducted using ROOT. Each point in the m; versus m o plane was ruled
out if for any of the signal regions (C1, C2) predicted a larger number of signal events
than the 95 % CL upper limit on BSM events provided by ATLAS.

Table 5.2 Analysis cuts for the monojet with c-tagging search in the 7 — )??c channel

Monojet with c-tagging Search

Applied to both signal regions (CI, C2)
At least four jets with pr > 30GeV and || < 2.5
Ap(jet, pissy > 0.4

All four jets must pass loose tag requirements (b-jet vetoes)

At least one medium charm tag in the three subleading jets

Signal region Cl C2
Minimum leading jet p7 GeV | 290 290
Minimum E 7“3“5 (GeV) 250 350

There are 2 separate signal regions, C1 and C2. The cuts applied to both regions are in the top row,
with the signal region dependent cuts in the lower row
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Table 5.3 Analysis cuts for the monojet with 1-lepton search in the 7 — bff’ )Z]O channel

bCa_low ‘ bCa_med
Lepton 7GeV pgecton < 25GeV

6GeV pp'" < 25GeV
Jets >2 with pr > 180, 25GeV >3 with

pr > 180, 25,25GeV

b-tagging >1 sub-leading jet b-tagged (70 % eff.)
b-veto Ist jet not b-tagged (70 % eff.)
Emiss >370GeV >300GeV
ES /megr >0.35 >0.3
mr >90GeV >100GeV

There are 2 separate signal regions, bCa_low and bCa_med

5.4.3 Analysis: Monaojet with 1 Lepton, t — bf f'x?

This analysis is described in [20]. It assumes a 100 % branching ratioto 7 — bf f’ )210.
Like the previous 2 analysis discussed above, it is separated into 2 signal regions, with
the first, labelled bCa_low, aiming to probe mass scenarios where Am < 50GeV,
and the second, bCa_med, intended to probe 50GeV < Am < 80GeV.

There are a number of differences between the event selection criteria for the 2
signal regions, all of which are presented in Table 5.3 for convenience. For bCa_med
there is a requirement for >3 jets to suppress the SM W+jets background, wile for
bCa_low this is lowered to >2 to avoid large acceptance losses. m,sy is defined by

mess = Hr + pp + EF™ (5.1)
where Hry is the scalar py sum of the four leading jets and pIT is the pr of the single

charged lepton in the event. Assuming the lepton mass is negligible, the transverse
mass (m7) is defined by,

mr = \/2. Pl Emiss (1 — cos Mg, ;3?1“)). (5.2)

Here A¢ (7 , ﬁ'T“iSS) is the azimuthal angle between the lepton momentum and the ﬁ?‘“

directions.

This is the analysis which ATLAS deemed computationally too expensive to
produce the full matrix element for the SUSY signal sample, instead using Pythia
which decays the 7; isotropically. This limits the analysis to Am < 80GeV and fails
to rule out the region we’re interested in. Without flavour violation, the assumption
of a 100 % branching ratio to 7 — bff’x} is correct for most of parameter space
when Am > 80, and it would be particularly useful to extend this analysis into this
space.
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We used MadGraph5 to produce the signal events. This was impossible to do
accurately until November 2014, due to a bug in MadGraph which was fixed between
Version-2.2.1 and Version-2.2.2. For small Am < 80GeV, the bug resulted in
MadGraph incorrectly including many of the soft jets from stop decays in the match-
ing scheme, with the result of a large proportion of the events being incorrectly vetoed,
giving cross sections far smaller than their correct values. Once this bug was fixed,
the generation of events was computationally intensive but achievable. Jet matching
was required due to the added complication in this region that after selection cuts,
the leading jet is sometimes from the decay products rather than being initial state
radiation (ISR), which in the absence of matching leads to an infrared divergence
of the ISR. Again the PDF used was CTEQ6L1 PDF, with Pythia-6, Delphes-3 and
ROOT used for the rest of the signal generation and analysis. Each point in the m;
versus m ;o plane was ruled out if for any of the signal regions (bCa_low, bCa_med)
we predicted a larger number of signal events than the 95 % CL upper limit on BSM
events provided by ATLAS.

5.5 Results for Individual Channels

5.5.1 2-Body, t — )ch Results

Monojet Analysis

Our result for the monojet analysis is presented in Fig.5.3, where the green region
is the region we have ruled out at the 95% CL. ATLAS only presents their result
after combining this exclusion region with that of the monojet with c-tagging search,
with their combined exclusion being a salmon pink colour in Fig. 5.2(a). This is done
because this combination gives the entire region ruled out given the assumption that
f— )Z?c is the only decay channel. It is this region’s outline that is given by the red
dashed line in Fig.5.3. Our monojet result reproduces the wedge shape seen in the
ATLAS exclusion near m; = myo ~ 270GeV. We also see that for m; < 170GeV,
our exclusion extends outside the Am < 80GeV region, and therefore rules out
a new region which is not covered by the ATLAS analyses. If we assume that the
decay is entirely via f — )Z?c, this monojet analysis alone rules out any stops with
m; < 150GeV.

Monojet with c-tagging Analysis

Our result for the 95 % exclusion region for the monojet with c-tagging analysis is
denoted by the orange region in Fig.5.3.

Firstly, we see that we have successfully recreated the “bulge” in the ATLAS
results, where 40GeV < Am < 80GeV and m; ~ 270 GeV. When this is combined
with the green monojet exclusion, we find that other than a small wedge when
m; ~ 240GeV, mz ~ 210GeV, we agree well with ATLAS for the masses for
which they have produced results, as we should expect. This agreement validates
ours signal sample generation and analysis.
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Fig. 5.3 The green region denotes the region excluded by the monojet analysis while the orange
region is excluded by the monojet with c-tagging analysis. For both the exclusion is at a 95% CL
assuming a 100 % branching ratio to 7 — )Z?c. The dashed red line is an outline of the region
excluded by ATLAS after they conducted and combined the same two analyses

Secondly, our 95 % CL extend well beyond the region excluded by ATLAS, all the
way down to massless neutralinos. This means that if the assumption that 7 — x)c
has a BR of 100 % were true, light stops are ruled out for m; < 210GeV regardless
of neutralino mass. However as discussed in Sect.5.2.1, this decay is only favoured
when Am < 20GeV, and although it can occur at least up to Am ~ 110GeV, and
assumption of a 100 % BR over the entire region is very unlikely to be correct.

5.5.2 4-Body, f — bff'% Results

Monojet with 1 Lepton Analysis

The results of this analysis is presented separately to the monojet and monojet with
charm tagging results as the assumed decay process is different. In Fig. 5.4, we show
our 95 % CL excluded region, compared to the analogous ATLAS result outlined in
dashed black. Also included on the plot is another ATLAS analysis which we have
not reproduced, which is outlined in dashed blue. This is included to make it visually
clear which region we particularly intended to rule out; the region between the two
ATLAS exclusions.
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Fig. 5.4 The yellow area is excluded at a 95 % CL by the monojet with 1-lepton analysis, assuming
a 100 % branching ratio to 7 — bff’ )??. The dashed black line is an outline of the region excluded
by ATLAS for the same analysis. The region inside the dashed blue line is excluded by a different
ATLAS analysis which also assumes a 7 — bff’ )?]O decay

Our exclusion region once more agrees reasonably well with ATLAS for
Am < 80GeV, acting as a validation for our methods. However it also extends
beyond this bound filling the previously unexcluded gap between the two ATLAS
analyses, where Am is slightly larger than My . Therefore, under the assumption
that stops only have a 4-body decay, we have successfully ruled out a large part of
the remaining phase space for light stops with masses of around 150GeV < m; <
200 GeV. As discussed in Sect.5.2.2, if we disallow flavour violation in the MSSM,
then stops exclusively decaying to 4-body is a reasonable assumption. More generally
however 2-body decays can also occur in this mass range.

5.6 Results for Combined Analysis

In this section, we combine our results with those of ATLAS, including ATLAS
analyses which we did not reproduce, to see the full region in the m; versus m o
plane which is now excluded. As previously, it is sensible to consider the two decay
channels separately which we do below.
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Fig. 5.5 The area shaded yellow in the m; versus m o plane has been excluded at the 95% CL
after both our results and ATLAS results are included. The red outlines show regions excluded by
our analysis (solid monojet analysis, dashed monojet with c-tagging analysis). The solid orange
line outlines the region excluded by ATLAS

5.6.1 2-Body, { — )Z{'c Combined Results

As we reproduced all of the ATLAS analyses which assume a 7 — x{c decay,
combining our results with that of ATLAS only excludes an additional small wedge
shaped region around m; ~ 240, mjo ~ 210. These combined results are shown in
Fig.5.5.

Our conclusion here is very similar to that prior to combining our results with
ATLAS, but with the lower bound on the stop mass increased to around 240 GeV. If
true, as having m; < m, is a necessary condition for the light stop scenario of EW
baryogenesis, this scenario would have been ruled out, but as this decay is disfavoured
for moderate and large values of Am this conclusion is invalid more generally.

5.6.2 Four Body, t — bff’) Combined Results

In Fig. 5.6 we combine our results for the monojet with one lepton analysis with all
of the ATLAS analyses which assume the same bff’x final state. The total area
excluded at the 95 % CL is shaded in blue. The outline of our contribution to the
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Fig. 5.6 Area in the m; versus myo plane which has been excluded at the 95 % CL after combin-
ing our results with ATLAS. Blue outline—excluded by our monojet with lepton search. Purple
outlines—regions excluded by ATLAS searches. Green outline—Excluded by ATLAS search via
top-antitop spin correlations

total exclusion area has a solid blue line, while all of the ATLAS exclusion results
are outlined in purple. The only exception is another ATLAS study which is based
on top-antitop spin correlations, whose outline is green.

The goal of the study was to rule out as much of the region with light stops as
possible, in particular where Am is slightly larger than My as this is where extending
the ATLAS 95 % CL was most likely to be successful. Inspection of Fig.5.6 shows
that the addition of our analysis to ATLAS s results has achieved this, closing much of
this remaining region and bridging the gap between ATLAS’s 7 — bffx! analyses
(where Am < 80GeV) and 7 — bW)Z{) analyses (where Am > 80GeV).

However, there still remains a small area where 110GeV < m; < 140GeV and
25GeV S myo S 50GeV where light stops are still allowed, as well as a narrow band
along the Am =~ m, line, and a small region where 191 GeV < m; < 205GeV near
where the neutralino is massless. Therefore even with the assumption of a 4-body
decay BR of 100 % there remains a small region where light stop EWBG is still
viable. Furthermore as discussed previously, this assumption of exclusively 4-body
decays is not valid as 2-body decays are able to occur for Am at least up to 110 GeV
when FV is allowed.

There are ongoing efforts to reduce the region where Am ~ m, further. These
include spin correlation approaches [39], and methods where the stop manifests as a
disagreement between the theoretical and experimental values of the top cross section
[40].
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Fig. 5.7 Excluded region assuming a certain branching ratio to the 2-body decay 7 — )"(?c. The rest of
the branching ratio is to f — bff’ )"(? Starting from the top left and working right and down, the BRs to
i — )Z?c are 100, 80, 50, 30, 20, 10, 5 and 0 %. ATLAS exclusion regions are shown by dotted lines
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5.7 Intermediate Values for the Branching Ratios

Thus far all the results presented assume a 100 % branching fraction, either decaying
viaf — x{cori — bff’x). In this section we allow intermediate values of these
results, assuming that these are the only two decay channels such that their branching
ratios add to 100 %.

The procedure followed was a simple procedure of adjusting the cross section and
therefore the number of predicted signal events, according to the branching ratios. A
point in the mass plane is excluded if the number of signal events in either channel
was predicted to be larger than the 95 % confidence limits (CL) upper limit on BSM
events provided by ATLAS. This naive method is likely to be more pessimistic than a
more sophisticated likelihood contour method. Furthermore, to produce these results,
we have also assumed that any event with a mixed decay, i.e. where the two stops
which are pair-produced decay to one of each of the two different final states, will not
pass the selection cuts. This assumption is also unlikely to be true for every mixed
event, and therefore the exclusion regions presented here should be considered a
minimum exclusion region.

These results are shown in the plots in Fig. 5.7 where the branching ratio (BR) of
the 2-body decay { — f({)c is given above each plot, with the remaining BR being
due to f — bff’ )Z{). Starting from the top left and working right and down, the
BRstof — f(loc considered are 100, 80, 50, 30, 20, 10, 5 and 0 %. We can see that
when the 2-body branching fraction is between about 10-50 %, neither decay is able
to exclude our main region of interest where Am =~ My between the two ATLAS
results. This occurs mainly because the 7 — bff’ %} exclusion region shrinks rapidly
as the cross section of this decay channel drops, requiring a BR > 90 % before its
95 % CL extends beyond the Am = 80GeV line. As any combination of branching
ratios is possible when Am = My, these plots confirm that we cannot fully exclude
these stop masses for every realisation of the MSSM.

5.8 Conclusion and Outlook

The goal of this study was to reproduce and extend the ATLAS light stop searches,
having noticed that some of their studies had limitations in SUSY signal sample
production and analysis, rather than direct limitations from the LHC experiment.
In particular, we wanted to rule out as much of the parameter space which allows
light stops as possible, with our main focus on the region where Am ~ My, . This is
relevant to Higgs signal strength ratios discussed in Chap. 4, reducing the maximum
possible contribution of light stops to % > 1, and could rule out the light stop
scenario for baryogenesis.

Assuming a 100 % branching fraction of f — )ch, we agreed well with ATLAS in
the region where they had produced results, validating our signal sample production
and analysis code. However we also extended the exclusion well beyond the Am
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region, successfully ruling out any m; < 240GeV when our results are included
alongside that of ATLAS. These would be quite impressive results, although we also
discussed that it is not valid to assume a 100% BR of 7 — x{c over most of the m;
Vversus m o plane.

When instead we assume that the stop only decays via f — bff’ )Z{), our results
again agree well with the ATLAS exclusion limits where they have produced results.
We also extend these results, bridging an important gap between two ATLAS analyses
where Am ~ My, although a small region where m; ~ 120 GeV withm o ~40GeV
remains unexcluded. Therefore we have limited the values of m; and reduced the
amount of parameter space remaining where light stop electroweak baryogenesis is
still viable, but it is not ruled out entirely.

In addition, we also considered intermediate values for the branching ratios, and
found that if the branching fraction to charm and neutralino is between 10 and
50 %, then our new exclusion limits are much reduced and do not extend beyond
Am > 80GeV. In this region, the decay is most likely to be 7 — bff’x in a model
with no flavour violation, but more generally any value of BR is possible, and so the
most general exclusions limits are much weaker.

To understand the limits on stop masses in the most general scenario, a full simula-
tion allowing for any intermediate branching ratios of the 2-body and 4-body decays
is required, which would go beyond the naive calculations used for the intermedi-
ate branching ratio results presented in this chapter. A further complication which
we have ignored, but needs to be considered for full generality is allowing for light
charginos entering the decay chains. In this study we have made the assumption
that this chargino is too heavy to be important. However when the LSP neutralino is
Higgsino like, the chargino mass is almost degenerate with it, and to be as general
as possible we should allow for the role this chargino may play in the decay process.
We are currently working on extending this study taking both of these into account.

In summary we have successfully extended the ATLAS stop exclusion bounds,
which reduces the parameter space where light stop EWBG can take place, and
further limits the effect of light stops on Higgs physics. However, light stops are still
not entirely ruled out, and there remains a small region of parameter space where
light stop baryogenesis is still viable.
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Chapter 6
Conclusion

As discussed in the introduction, despite the standard model’s success, there are
many experimental observations and theoretical considerations which require BSM
physics. With the Higgs discovery in 2012 and the LHC restarting at a higher energy
of 13 TeV in spring 2015, there is a real possibility of finding signs of BSM physics
at the LHC in the near future. The main purpose of my phenomenological research
has been to study the effects of BSM physics on phenomena which are or may
be observable at the LHC, so that results can be interpreted in terms of these BSM
settings. The number of BSM theories is vast, and so in this thesis I have concentrated
on theories which are likely to be observable at LHC energies if they are realised in
nature.

Of the SM particles, a candidate for the most likely to show observable signs of
BSM physics is the Higgs boson. Not only does it currently have large errors on the
measurements of its couplings, but also these measurement will be greatly improved
in the next 2-3 years, meaning that moderate deviations from SM predictions would
be likely to be discovered soon. It can also be considered a more “special” particle
than many of the others, being the only scalar in the standard model, the source of
the hierarchy problem, and coupling to any BSM particles which gain their mass via
the Higgs mechanism. It is also intimately linked to electroweak symmetry breaking
(EWSB), and unitarises the scattering of longitudinally polarised vector bosons, who
get their masses from the Goldstone bosons which arise during EWSB.

For these reasons, in Chap. 2, we used an effective field theory which is valid
for many composite Higgs models to study the effect of non-SM couplings between
the Higgs and vector bosons on scattering cross sections for processes involving the
Higgs and longitudinally polarised weak bosons. We concentrated on high multi-
plicity processes (3 or 4 particles in the final state) as we’d noted that without the
cancellations required to restore unitarity, the larger phase space in these processes
causes amuch more rapid scaling of cross section with collision energy. We found that
these large increases in cross section do occur as expected, even for small (~10 %)
deviations, with 3 particles in the final state generally being optimal at LHC energies
because larger multiplicities had total cross sections that were too small despite the
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large increases. To see if this could be observed at the LHC, we studied the effects on
total unpolarised cross sections and found that despite up to O(10*~10°) increases
in cross section, the effects are masked by a combination of very low cross sec-
tions for the longitudinally polarised scattering and the large transverse component
(transverse pollution).

Chapter 3 naturally followed on from this. Here we concentrated on the simplest
relevant scattering, VpVp, — Vi Vi, (Vi’s, V = W, Z), and devise a series of
cuts on observables which reduce this transverse pollution to enable a more accurate
analysis of longitudinal scattering. We also found that by fitting the distribution of 6*,
an angle between the momentum of a fermion which is a decay product of the vector
boson, and the direction of boost to the boson’s rest frame, we were able to directly
measure the fraction which were longitudinally or transversely polarised. As well as
enabling us to measure the effect of other cuts on polarisation, this would enable us to
directly measure the 7V V coupling as it is correlated with the longitudinal fraction.
A preliminary analysis showed that this would allow us to measure the coupling to
around 10 % accuracy with 100 fb~! of data at 13 TeV at the LHC, improving to
2.5% with 1.5 ab™".

In Chap.4 we considered how the Higgs couplings would be affected by another
BSM model, namely supersymmetry. There are a number of reasons to expect that
SUSY is a symmetry of nature, and the gauge hierarchy problem leads us to expect
that it would be realised at around the TeV scale (or less). Also, the main Higgs
production via gluon fusion, and one of its easiest decays to observe, to di-photon,
are via loops, which MSSM particles can enter and alter. Furthermore, due to their
larger Yukawa couplings we would expect the 3rd generation quarks and lepton to be
lighter than the 1st and 2nd and hence we studied the effects of light stops, sbottoms
and staus, as well as SUSY corrections to the main Higgs decay, h — bb, via the
Y, coupling. Our results showed that for most of the parameter space, light stops
or sbottoms produce a non-universal alteration of the signal strength with regards
to production, with in general the signal strength via VBF production, py pr, being
larger than for gluon fusion production, piger, (i.€. ’;V”: > 1). A chi-squared test
showed that all 3 of these scenarios fitted data better than the SM.

Finally in Chap.5 we looked at excluding light stops. Having noticed that some
of the ATLAS exclusions in the region of light stops was limited by difficulties
in generating SUSY signal samples and in analysis, we aimed to overcome these
difficulties to extend these excluded regions. In particular we wanted to increase
the minimum allowed mass of the stop to see if we could reduce the maximum
possible effects of light stops on ﬁ; 2‘” as discussed in Chap. 4, and limit the available
parameter space for the light stop scenario of electroweak baryogene51s (EWBG).
We found that if we assume a 100 % branching ratio of 7 — X1 ¢ then we drastically
extend the original ATLAS exclusion, ruling out m; < 240 GeV regardless of m ;0.
In this case EWBG would be ruled out. If on the other hand we assume the more
realistic scenario that the decay is only via 7 — bff’ %", we successfully extend the
analysis, ruling out much of the remaining low stop mass region, in particular near
the Am = m; — mjo ~ my line. Furthermore we show that intermediate branching
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ratios, with a branching fraction to charm and neutralino between 10 and 50 % would
remove these new exclusions.

Producing the work presented in this thesis has opened up many interesting new
avenues of study, and much of my current and future research follows on directly from
the work which has been discussed. The loss of unitarity discussed in Chap. 2 becomes
more acute as the collision energy increases, and so with the recently discussed
possibility of building a 100 TeV collider, we are currently extending this study
up to this energy regime [1]. In addition, the exciting prospect of using vector boson
scattering to measure the Higgs coupling to weak bosons discussed in Chap. 3 is
also worthy of further study, and we have ongoing work to combine all the relevant
scattering channels and optimise cuts to improve the projected accuracy further.
Finally, we are extending the work in Chap. 5, both by allowing for light charginos
in the decay chain, and by producing a more realistic simulation of events with
intermediate branching ratios, as this will allow the stop exclusion limits for any
combination of branching fractions to be calculated more accurately.

Overall, in this thesis I have considered the phenomenology of BSM physics at
the LHC, assessing the effect of a composite Higgs scenario or supersymmetry on
the Higgs boson, as well as extending the exclusion limits on light stops. I have found
that these models predict effects which could be visible at the LHC or other future
colliders. The standard model has been the standard paradigm for particle physics
since the 1970s. With the LHC increasing its energy and run 2 starting this spring, the
next few years will be an exciting time for the collider community. Hopefully beyond
standard model physics will be found, ushering in a new era for particle physics.
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Chapter 1

This introductory chapter introduces the Standard Model of particle physics,
including its achievements and outstanding problems/issues. It then goes on to
discuss the most promising “Beyond Standard Model” possibilities to resolve these
issues, focusing on and discussing Supersymmetry and Effective Field Theories. It
concludes by explaining the plan for the rest of the thesis.
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Chapter 2

If the electroweak symmetry breaking is originated from a strongly coupled sector,
as for instance in composite Higgs models, the Higgs boson couplings can deviate
from their Standard Model values. In such cases, at sufficiently high energies there
could occur an onset of multiple Higgs boson and longitudinally polarised elec-
troweak gauge boson (V) production. This chapter studies the sensitivity to
anomalous Higgs couplings in inelastic processes with 3 and 4 particles (either
Higgs bosons or V;’s) in the final state. It is shown that, due to the more severe
cancellations in the corresponding amplitudes as compared to the usual 2 to 2
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processes, large enhancements with respect to the Standard Model can arise even
for small modifications of the Higgs couplings. In particular, triple Higgs pro-
duction provides the best multiparticle channel to look for these deviations. The
consequences of multiparticle production at the LHC is briefly explored.

DOI 10.1007/978-3-319-43452-0_2

Chapter 3

In this chapter, a combination of two main observables which provides a unique
sensitivity to the ratio of the longitudinal versus transverse polarizations of the W
and Z bosons in the vector-boson scattering processes is introduced. It is shown that
these observables allow sensitivity to the Higgs boson couplings to the gauge
bosons and consequently to the theory underlying the Higgs sector. We conclude
that the analysis of vector boson fusion provides a model independent and robust
method to study the Higgs boson couplings to the gauge bosons.
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Chapter 4

In this chapter, the effects from light sfermions on the lightest Higgs boson pro-
duction and decay at the Large Hadron Collider (LHC) within the Minimal
Supersymmetric Standard Model (MSSM) is studied. It is found that the scenario
with light coloured sfermions (stops or sbottoms) has the potential to explain a
non-universal alteration, as hinted by LHC data, of the gluon—gluon Fusion (,uggF)
with respect to the Vector Boson Fusion (VBF) event rates and, in particular, can
predict pypp /g > 1 for all Higgs boson decay channels in large areas of the
parameter space. The scenario with a light stop is emphasised, as the latter is also
motivated by Dark Matter and Electro-Weak baryogenesis, although we also
explore scenarios with light sbottoms and/or staus as well as a SUSY induced
reduced bottom Yukawa. Fits of the MSSM against the LHC data is performed,
emphasising the fact that in most cases these are better than for the SM.
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Chapter 5

Understanding the extent to which experimental searches are sensitive to scenarios
involving Light Stops (LST) is essential to resolve questions about naturalness,
electroweak baryo-genesis and Dark Matter. In this chapter, the reach on LST
scenarios is characterised in two ways. Firstly, we extend experimental searches to
cover specific gaps in the LST parameter space, showing for the first time that
assuming a single decay channel one can exclude the region of m; <m,,, which in
its turn excludes electroweak baryogenesis in MSSM. Secondly, we explore the
extent to which searches are weakened in a more generic scenario when more than
one decay channel takes place, even after their combination. This work highlights
the need for a more comprehensive exploration of the LST parameter space.

DOI 10.1007/978-3-319-43452-0_5


http://dx.doi.org/10.1007/978-3-319-43452-0_2
http://dx.doi.org/10.1007/978-3-319-43452-0_3
http://dx.doi.org/10.1007/978-3-319-43452-0_4
http://dx.doi.org/10.1007/978-3-319-43452-0_5

Erratum to: Beyond Standard Model Collider Phenomenology ... E3

Chapter 6

This concluding chapter summarises and discusses the results of this thesis, and
their current and future implications for searches at the Large Hadron Collider.
DOI 10.1007/978-3-319-43452-0_6

In Chap. 2 citation has been removed from Eq. 2.20 and added it to the last line
of text before the equation.
In addition, we produced a set of events with additional VBF cuts [29]:

VBF cuts: E; > 300 GeV (2.20)

In Chap. 3 citation has been removed from Eq. 3.5 and added it to the last line of
text before the equation.
In this case we used the following kinematic cuts® [18]:

VBF cuts: An; > 4, E; > 300 GeV (3.5)
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Appendix A
Proof of Unitarity Bound

In this appendix, we derive the upper bound on the inelastic 2 — n scattering cross
section given in Eq. 2.1, largely reproducing the derivation in [1]. From the unitarity
of the S matrix, S*S = 1, writing S = 1 + iT we obtain

TT = 23(T). (A.1)

Take the matrix element of this equation between identical initial and final two-body
states. Insert a complete set of intermediate states into the left-hand side of this
equation, separating out explicitly the intermediate state which is identical to the
initial and final states, to get

[arsitae > 2P + 3 [aps, i@ > f =232 > ). (a2

where dPS,, indicates n-body phase space and the sum is over all inelastic intermediate
states. Define the Jth partial-wave 2 — 2 elastic amplitude

1

ay dzP;(2)Te (2 — 2), (A.3)

L

where z is the cosine of the scattering angle, to get

1
2 2 __ ~
EJ lay]| + 35 En /dPSn|Tinel(2_) n|” = EJ S(ay). (A.4)

Using las)? = R(ay)? + J(ay)? yields

1
ijzmanz t oo ;/dpsnmnel(z Sl = ijs (@ —3@)). (AS)
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If the elastic amplitude is dominated by a single partial wave, one may remove the
summation. The right-hand side is then bounded above by %, giving

[ dpS.itua > wf <sr. (A.6)
for all n. This implies the desired upper bound,
47
Uinel(z - l’l) =—. (A7)
s

If there is more than one n-body intermediate state, then the bound applies to the
sum of the cross section for each intermediate state.
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Appendix B
Loop Functions

The loop functions used in this thesis are;

12 3 2 .o /1
Fi(x) = —x —2+—+3 — — 1) arcsin”,/ —
X X x X
511 1 ., /1
Fip(x) =2x"| -+ - —1)arcsin”,/ -
by X X
1 1
Fo(x) = —x |:— — arcsin® \/j:| )
X by
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