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ABSTRACT OF THE DISSERTATION

A Multi-Pronged Assault on New Physics at the Large
Hadron Collider

by Michael Park

Dissertation Director: Professor Scott Thomas

With the completion of Run I at the Large Hadron Collider, the primary directive of
the high energy phenomenology community now lies in evaluating the lessons learned
in order to formulate an optimal strategy for potential discoveries in Run II. Given the
challenges to our theoretical biases presented by Run I, we argue for an approach to Run
IT that makes minimal assumptions about what new physics may lie at the electroweak
scale outside of what has already been discovered. The overwhelming evidence for a
Standard Model-like Higgs boson with a mass of approximately 125 GeV is undoubtedly
of central importance for our considerations.

The first section of this dissertation focuses on developing a model independent
strategy for parameterizing theories of new physics by the possible decay topologies of
heavy new particle states. Connections between this parameterization and theories like
supersymmetry are also detailed. The second section focuses on exploring the newly
discovered Higgs sector for possible non-Standard Model-like behavior. This includes
the search for additional Higgs doublets as well signs of potential flavor violation induced
by the Higgs sector. The final section is dedicated to new methods for extracting
theoretical parameters from decay topologies that arise in a wide range of possible

theories of physics beyond the Standard Model.
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Preface

This dissertation contains a detailed summary of selected work that I completed as a
doctoral candidate, under the supervision of professor Scott Thomas, with the New
High Energy Theory Center at Rutgers University. The work presented here focuses
on the search for physics beyond the Standard Model at the Large Hadron Collider
experiment.

The timing of my graduate fellowship appointment, with respect to Run I of LHC
operation, was extremely fortuitous. Entering the research group just as soon as prepra-
tions were ramping up, I was fortunate to have been able to work on an extraordinarily
wide range of topics related to high energy collider physics, at almost every stage of
development. It is this breadth and comprehensiveness that I hope is conveyed in this
thesis, which is organized as follows: Part I describes early work on searches for heavy
new particle states in the context of supersymmetry and simplified models. Part II is
dedicated to a long-term project applying multi-lepton search strategies to various as-
pects of Higgs searches. Part III describes a number of post-discovery projects related
to the extraction theoretical parameters from data using kinetmatic variables.

Understanding that doctoral dissertations are rarely read after they are written; I
hope that this thesis stands, however silent, as an accurate reflection of how truth was

sought in this endeavor.
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Chapter 1

Introduction

At the time of the writing of this thesis, the field of particle physics stands at something
of a cross road. The Standard Model (SM) of particle physics has stood firm since the
1970’s as an extremely robust description of nearly all the interactions (with the excep-
tion of gravity) that are known to occur between the observed fundamental building
blocks of matter. The experimental consequences born from the structure of the SM are
so vast in number, and (again with a few notable exceptions) have been verified with
such veracity, that the dearth of experiments providing new insight has become the
central bottle-neck to theoretical progress in this field. While it is entirely possible that
the broader theoretical framework of quantum field theory (QFT), within which the SM
sits as a specific construction, stands equipped to potentially address every observable
phenomenon in this universe; there are clear indications that the validity of the SM itself
does not extend to all known scales. Although the SM is an elegant and fully consistent
theory, the omission of a description of gravity, an explanation for neutrino masses,
and a specification of the identity of dark matter, stand as obvious phenomenological
obstructions to viewing the SM as a candidate theory of everything that is valid up to
Planckian energies Mp;. While all of these ommisions can be accounted for within the
modern paradigm of effective field theory (EFT), a great challenge still lies in finding

a broader theoretical framework to explain these phenomena.

1.1 Historical Context

Roughly speaking, the paradigm of EFT can be viewed as exactly this acquiscence to the
fact that our theoretical understanding of nature has a limited regime of validity. This

regime is commonly defined by the existence of a “cut-off distance” L: a length scale



below which yet unknown laws of physics presumably subsume the laws we currently
understand. Because of the wave-like nature of matter, this cut-off length scale L is

Y

associated with a corresponding “cut-off energy” scale called A, which is the energy at
which matter waves would have to collide in order to resolve structures of size L. This
A is simply given by the compton wavelength relation A = hc/L and represents the
energy above which our effective theories lose their validity and/or predictivity.

Despite the problems mentioned with the SM, there are empirical reasons to suspect
that the more general framework of QFT is applicable at least to some energy scale
above which the SM breaks down. It is therefore natural to interpret the SM as an EFT
with an energy range of applicability demarcated by some cutoff scale A, representing
the energy scale above which we expect the predictions of the SM to diverge from
nature. With the power of hindsight, a historical account of the progress in theoretical
physics over the last century through the modern lens of EFT, paints a sharp picture
of the central issue facing our field today.

The first indication of the existence of such a cut-off distance came from consider-
ations of Maxwell’s theory of electromagnetism. Recall that in Maxwell’s theory, the
electrostatic potential energy Ug between an electron e~ and a positron e separated

by a distance r, is inversely proportional to this separation distance:

1
U _
E(r) o "

(1.1)

With no empirical evidence for a non-zero radius of the electron (or positron), Maxwell’s
theory clearly allows for arbitrarily small separation distances, which in turn allows for
the existence of infinite energy densities as Ug — oo when r — 0. Indeed it was known
that a minimum distance of separation L = r., commonly referred to as the “classical
electron radius”, must be included as an ad-hoc input to this theory in order to prevent
such a nonsensical prediction. Demanding that the potential energy attributed to an
electron be bound by its total rest energy (given by its mass via Einstein’s equation
Ug = mec?), gives a cut-off minimum distance for r, ~ 10715 m, or equivalently a
cut-off maximum energy scale A ~ 1 GeV. Below distances of about 10~ m, or

above energies of about 1 GeV, the Maxwellian picture produces non-sensical results,



indicating that some new phenomena should appear upon probing this distance or
energy scale.

In fact, the new phenomena appeared far sooner than expected. When particle
colliders began probing atomic distances of about 7 ~ 10719 m (collision energies of
10 keV), all kinds of phenomena that were incompatible with Maxwell’s theory were
discovered in what eventually led to the development of quantum theory. In partic-
ular, it was found that the quantum mechanical phenomenon of vacuum polarization
(the screening of electric charge due to particle-antiparticle pair creation) modified the
form of Ug in a way that removed the nonsensical behavior. We now know that at dis-
tances comparable to atomic radii, quantum-electrodynamics (QED) subsumes classical
Maxwellian electrodynamics as the new effective theory.

Shortly after the development of quantum mechanics, another cut-off energy was
encountered with the peculiar phenomenon of neutron decay. After a time of about
Tn, ~ 900 s, an isolated neutron (n) was observed to disintigrate into a proton (p),
electron (e), and an anti-neutrino (7), in a phenomenon that became known as -decay.
The existence of this four-fermion interaction

Gr
— v~vHe py,n 1.2
5 e (1.2)

had the troubling property that it necessitated the existence of inverse [3-scattering,

and it predicted that the probability of inverse B-scattering P(vp — e*n) occuring in

high energy collisions behaved as

Pwp — etn) x GF28 (1.3)

where s is the squared center-of-mass energy with which the particles collide. The
quadratic dependence of P(Up — e*n) on the center-of-mass energy meant that at
some high energy, the probability of particle collisions would exceed unity thus violating
unitarity. Since we cannot make sense of a theory that predicts probabilities greater
than unity, the cut-off energy for this theory finds an upper bound at the center of mass

energy at which unitarity is violated. For this four-fermion interaction this is around
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Figure 1.1: Inverse B-scattering via exchange of a ¥ boson.

A ~ 100 GeV.

Once again, particle collider experiments far below this energy scale revealed that
at very small distances r ~ 10~'7 m, the four-fermion interaction ceased to adequately
describe inverse -scattering. More specifically, it was found that this interaction must
be modified to include the exchange of a new spin-1 particle. S-decay was actually the
result of a new force, mediated by the newly discovered W+ boson as shown in Fig.
1.1. As expected, with the of inclusion this new particle exchange into the theory, the
probability of inverse (-scattering changes its behavior at high energies in a way that
does not violate unitarity.

The reason that the W+ bosons can only be resolved at extremely small length
scales is because they can only exist and propagate for a very short time before they
decay into other particles. This is because the W+ particles are massive gauge bosons,
a fact that immediately gives rise to another problem with the theory. In a manner
similar to the case of inverse (-scattering, the longitudinally polarized components of
any massive gauge boson have a probability of scattering that also grows with the

square of the collision energy

PWiW, — W W, ) < a’s (1.4)

Thus the same problem exists that any theory of massive gauge bosons will violate
unitarity, predicting interaction probabilities that exceed unity at very high scatter-
ing energies. Shortly after this became apparent, Steven Weinberg famously realized

that if there existed a single spin-0 scalar particle h that interacts with the massive
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Figure 1.2: Contribution of a Higgs exchange diagram to the scattering of longitudinally
polarized W+ bosons.

gauge bosons, the contribution of A to the scattering process would come with exactly
the correct properties to cancel off this unitarity violating behavior. This is shown

diagrammatically in Fig. 1.2. This spin-0 scalar h is the famed Higgs boson.

1.2 Symmetries and Scalars

The concept of symmetry has proven to be an extremely powerful organizing principle
with which to think about QFT’s in general. So powerful in fact, that a specification
of the symmetries of a theory along with a specification of the representations with
which the constituent fields transform under these symmetries, is practically sufficient
for the complete construction of any QFT. Once these symmetries and representations
have been identified, every possible operator up to dimension four Oyz—4 that can be
built from combinations of fields that are invariant with respect to the symmetries,
will be found in the (renormalizable) Lagrangian of the theory L£4—4, with appropriate

coeflicients a;

,Cd:4 D Z ai(’)d:4ﬂ- (1.5)

In other words, any process that is not forbidden by the symmetries of the theory will be
generated by quantum corrections. One of the salient features of the EFT perspective
is that the effects of unknown physics above the scale A are generically parameterizable

by the coefficients of higher dimensional operators (HDO) of the form



Lupo = ZZ Ab;l,_z4 Ouai (1.6)

d>4 1

The goal of the particle physics research program can then be viewed as a quest to

ascertain the physics of the full theory with the Lagrangian description

Ly = Li=4+ Lupo (1.7)

Or in other words, to measure any coefficients a; or b;; that may be accessible to
experiment.

Scalar degrees of freedom, generically labeled ¢, are (by definition) already invariant
with respect to the symmetries under which they may be called scalars. This means
that there are no non-trivial symmetry transformations that could possibly restrict the
form of the quantum corrections to the propagator of a scalar field. The fully quantum
corrected mass of any scalar field mg will therefore contain terms proportional to the

squared masses of every particle with which it interacts.

all
mg DY M} (1.8)

i
This might seem benign for an EFT with a limited energy range of validity, but every
time a cut-off energy has been explored experimentally, heavy new particle states have
been discovered with masses of order the cut-off scale. We therefore expect that, in the
absence of some new dynamics at the scale A or some delicate cancellataions between
terms in the sum of mé, that the mass of any scalar degree of freedom should be on the
order of the cut-off energy mi ~ A2, This general principle has proven valid for every
scalar that had been found prior to 2012. Notably, the scalar mesons (bound states
of quarks and antiquarks) all have masses of order Agcp, the scale at which their
description as fundamental particles breaks down and their composite nature becomes
apparent. Indeed there exist many effective theories in nature with scalar degrees of
freedom in the form of composite particles. Their masses may always be computed in
the effective theory to be dependent on the masses squared of every particle up to the

cut-off energy, which is the energy scale at which their contituents supercede them as



the relevant degrees of freedom.

1.3 Hierarchies and the Higgs

The Standard Model of particle physics with a fundamental scalar Higgs boson has no
known cut-off energy. It can be extrapolated as a consistent description of nature all
the way up to A ~ Mp;, where the strength of gravity implies the existence of new
degrees of freedom. On one hand, the mass of the Higgs boson my, is responsible for
setting the scale of electroweak symmetry breaking at Mgy ~ O(10?> GeV). On the
other hand, it must contain the sum of squared masses of every particle that it interacts
with up to its cut-off, which could be as large as Mp; ~ O(102°GeV).
all
my ~ Maw ~ Y A A? < M (1.9)
i
If A ~ Mgw, then this is totally sensible, and we should expect to discover some new
phenomena upon the systematic probing of energies close to Mgy . However, if the
SM holds to a scale A >> Mgy (worst case A ~ Mp;), then there must apparently
be extremely delicate and unnatural cancellations between the terms in the sum of
Eq. 1.9, and we have no explanation for why Mgw << Mp;. This is the hierarchy
problem concerning the unnatural value of m% Many theoretical physicists have taken
the position that the very existence of a scalar degree of freedom in the SM stands
as a strong indication that it must be an EFT with a cut-off energy on the order of
Mpgw. It is a position that history has vindicated with numerous post-dictions and
the observation that no fundamental scalar has ever been known to exist in nature. It
also comes with the completely generic expectation that some new degrees of freedom
should become apparent upon the systematic experimental exploration of energies (or
distances) at that scale.
On July 4™ of 2012, upon careful analysis of ~ 10fb~! of particle collisions at
7 and 8 TeV center-of-mass energy, experimentalists at the Large Hadron Collider
officially announced the discovery of the Higgs boson with my ~ 125GeV ~ Mgy as

expected. Since then, all of its measured properties have been found to be consistent



with the fundamental scalar degree of freedom expected from a minimal SM Higgs
boson. To date, there has been no indication of the existence of any other new degrees
of freedom around Mpgy,. Thus for the first time in history, the field of theoretical
particle physics finds itself with no indication from nature on how to proceed with the
march to understand the universe at smaller distances and higher energies. In every
analagous instance through history, nature has pointed towards some distance or energy
scale where some paradoxical theoretical conundrum required a resolution through the
introduction of new ideas. For the first time, we find ourselves in the position of having
to explain the absence of such a conundrum.

From a practical standpoint, this has immediate implications for how we should ap-
proach our experiments from this point on. The purpose of this dissertation is then to
describe a more modern approach to new physics searches in high energy experiments.
One that is more adaptive to this newfound climate of relative theoretical uncertainty.
The first part of this thesis will thus be dedicated to a description of broad and rela-
tively model-independent searches strategies for heavy new particle states. The value
of model independence has certainly risen from the new danger that a positive signal in
the data might go unnoticed because we didn’t know where to look. The second part
will be dedicated to the use of powerful experimental techniques to probe the Higgs
sector in ways that are both complementary and orthogonal to the avenues currently
being explored. Despite lacking a concrete characterization of what new phenomena
(if anything) to expect when Run II at the LHC commences, there is at least some
sound theoretical motivation to expect that it would involve the Higgs sector, if noth-
ing else. Finally, the last section of this thesis is dedicated to post-discovery analyses,
and techniques to extract theoretical paramters from data. The existence of potentially
very subtle new physics effects have presented the challenge of devising equally subtle
methods for extracting information from experimental observables of ever-increasing
complexity. The impotance of comprehensiveness in this modern climate of high en-
ergy particle physics suggests such a multi-pronged approach for exploring new laws of

physics at the Large Hadron Collider, at multiple stages of the discovery process.
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Independent Searches for Heavy

New States
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Chapter 2

Simplified Models

A new physics model may be defined by an effective Lagrangian describing the particle
content and interactions of the theory at the TeV scale. So called “simplified models”
are specifically designed to involve only a few new particles and interactions and may be
viewed as the limit of more general new physics scenarios where all but a few particles
have been integrated out. Such models can alternatively be described by a small number
of collider physics observables corresponding to specific experimental signatures, for
example particle masses, production cross-sections, and branching fractions.

Although simplified models are model dependent, they do enjoy some benefits of
model independence. In particular, the sensitivity of new-physics searches to models
with only a small number of parameters can be studied and presented simply as a
function of these parameters and in particular, over the full range of new particle
masses. Though defined within a simplified model, these topology-based limits also
apply to more general models giving rise to the same topologies.

The purpose of simplified models are three-fold

e To identify the boundaries of search sensitivity: Any critical assessment of LHC
searches needs to include a clear identification of the boundaries of sensitivity -
for example, the dependence of reconstruction and selection efficiencies on the
mass differences between a parent particle and its decay products. One- and two-
dimensional slices within a simplified model can illustrate these boundaries very
clearly. Only with this information can experimentalists and theorists identify
kinematic ranges (or entire topologies!) for which existing search strategies are
not efficient, and devise appropriate generalizations to these strategies. For the

same reasons, limits on simplified models also serve as a valuable reference for
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theorists who wish to estimate a searchs sensitivity to alternative new-physics

models in their own Monte Carlo.

e To characterize new physics signals: If new physics is observed, it will be im-
portant to fully characterize the range of particle quantum numbers, masses, and
decay topologies that it may involve. As has been discussed in [1], simplified mod-
els can offer a natural starting point for quantifying the consistency of a signal
with different kinds of physics reactions. Similar strategies have been discussed

in [2, 3].

e To derive limits on more general models: Constraints on a wide variety of models
can be deduced from limits on simplified models. Within each final state, simpli-
fied model limits can be formulated as an upper limit on the number of events in a
signal region, and a parametrized efficiency for each simplified-model topology to
populate the signal region. Limits on other models giving rise to the same topolo-
gies can be inferred by summing the effective cross-section for each topology (a
product of cross-sections and branching ratios), weighted by their experimental
efficiencies, and comparing the result to the upper bound. This procedure can
be extended to multiple signal regions if a combined likelihood is reported as a
function of the number of signal events in each signal region. These procedures
are discussed in several talks at the workshop and, for example, in [4]. We also
give an example in Section II 3. It should be emphasized that this procedure
yields weaker limits than the direct study of experimental efficiencies for a given
specific model, as the procedure uses only topologies populated by both the spe-
cific and simplified models. This procedure should therefore be regarded as an
initial check only, which can be followed by a dedicated study or RECAST-style
analysis [5] if higher precision is needed. Finally, we note that simplified models
can be simulated either as modules from widely used model frameworks (like the
MSSM) in Pythia [97] or MadGraph [93], as new models in MadGraph, or as

OSETs using Marmoset [3] or recent versions of Pythia.

Experiments at the LHC could enhance the applicability of new-physics searches
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by considering their sensitivity to these “simplified models”. Simplified models should
be defined in such a way that their topologies are representative of the wide variety of
new-physics possibilities that could be seen at the LHC. These pre-defined simplified
models should then be used in the design of new-physics searches and characterization
of their results. The hope is that the simplified models listed here will provide a
foundation for assessing the impact of existing searches, and how they can be extended
or better optimized. In addition, we expect that the simplified models here will be a
useful starting point for characterizing any evidence for new physics, in a systematic
and unbiased manner. Simplified models may be organized according to classes of
signatures. For example those involving jets, heavy-flavor (b or 7), leptons, photons,
and exotic objects such as new displaced vertices, non-standard timing, or novel jet-like
structures.

This section, adapted from [4], outlines the important elements that go into any
simplified model analysis. As an illustrative example, it focuses on gluino production
and decay as a model for hadronic jets plus missing energy signals. We will discuss
how limits can be set in a multidimensional parameter space and how the limits from
multiple topologies can be combined. The procedure outlined here is a general one and

can be applied to any of the simplified models listed in this review.

2.1 Effective Lagrangians

Consider a direct three-body gluino decay into an electroweak gaugino and two light-

flavored quarks,

g — qqx’ (2.1)
This decay mode occurs in supersymmetric models where the squarks are significantly

heavier than the gluino; it proceeds through the dimension-six operator

2

A
Lint = —=3g;3;X° + h.c. (2.2)
22799
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where i runs over the different quark flavors, A; is the Yukawa coupling for the quark-
squark-y? vertex, and M; is the effective scale of the interaction. The flavor structure
of the final state is determined by the mass spectrum of the corresponding squarks,
with decays through lighter mass squarks occurring more rapidly. In this example, only
light-flavor decay modes are considered.

Direct three-body decays arise in models where the squarks are decoupled, such as
in split-supersymmetry [8], or where the soft masses of the squarks are at the TeV-scale,

but are still somewhat larger than the gluino mass. These decays dominate when

e x” = B and the right-handed squarks are lightest, or the W is kinematically

inaccessible

e x = W and the left-handed squarks are lightest, or all squark masses are com-

parable

e " = H and the heavy-flavor squarks are kinematically accessible in gluino decays,

or the B and W are kinematically inaccessible

In mSUGRA [9-13] and GMSB-like [14-23, 42] models, the LSP is usually bino-like
and there is no strong splitting between the left and right-handed squarks; therefore,
the direct decays usually do not dominate. In contrast, AMSB scenarios [25-28] have
a wino-like LSP and a large wino gauge-Yukawa coupling, leading to a large branching
ratio for three-body gluino decays.

A complementary simplified model corresponds to the case where the gluino goes

through a three-body decay to a chargino that subsequently decays to a gauge boson
and the LSP,

- _ _ - _ 0 _

g q@x" = g@ (WX or §—qax” = qa(Z2°x°) (2.3)
The decay chain “gluino — heavy electroweakino — lightest electroweakino is pre-
ferred in many supersymmetric scenarios [29], including mSUGRA. A similar chain

KK-gluon — KK-gauge boson — KK-graviton is also present in Extra Dimensions [30—

32]. When the intermediate particle is a chargino, all events have two W* bosons in the
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final state. Alternative simplified models exist in which the intermediate state is neutral
and decays to a Z° boson or higgs instead of a W*. When exchanging a W+ for a Z°,
the mass difference is a small effect at the LHC. However, the difference between their
leptonic decay modes is quite significant. In hadronic searches, the difference between
modes is manifested in two ways: the fraction of events that are truly hadronic, and
the presence in the W mode of leptonic W’s that are not vetoed in the searches (e.g.,
if the lepton is non-isolated or out of acceptance). These effects are unlikely to affect
the optimization of search regions, but do introduce complications in translating limits
from one simplified model to another. Answering this question requires understanding
the differences in the acceptances/efficiencies for events with Z° final states versus W=

final states.

2.2 Simplified Model Parametrization

A simplified model is described by a minimal set of parameters that often include
the particle masses and the production cross sections. For example, the three-body
direct decay model is parametrized in terms of mg , m,0 , and o(pp = gg+ X). The
one-step cascade decay introduces two new parameters: the mass of the intermediate

particle m,+ and the branching ratio of g decaying into x*. However, it is much easier

X
to consider each simplified model with branching ratios set to 100%. Models with
multiple decay modes can be studied by taking linear combinations of results for single
decay modes, as discussed in the following section. When the efficiencies of a search for
two decay modes are very different, studies of mixed topologies may also be desirable.
Assuming a 100% branching ratio reduces the number of parameters in the one-step
cascade model to four. The choice of m,+ alters the kinematics of the theory and must
be included, despite the challenges of presenting limits in a four-dimensional space. It

is instructive to consider lower-dimensional mass slices in m.+ , which illustrate the

X
distinctive features of the one-step cascade and capture all the relevant corners of phase

space. An example of a useful family of chargino mass slices is

my+ = myo +7(mg — m,0) (2.4)
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The case of r = 0 is identical to the direct three-body decay. The case of r = 1
closely resembles a direct two-body gluino decay, provided the W is boosted so that
its decay products merge together. A few intermediate values of r (e.g. 0.25, 0.5, and
0.75) cover a variety of kinematics. In hadronic searches, the limit of small r approaches
the direct three-body decay, but the precise y* — x° mass difference significantly affects
the sensitivity of leptonic searches. For these, a mass slice with mg fixed near the limit

of detectability, and m,o0 and m,+ varied independently, is also relevant. To explore

X

the effect of on-shell decays near threshold, the alternative mass slice

Myx ~ M0 + My (2.5)

is useful. Threshold effects are fairly modest because the mass scales accessible at the
LHC are sufficiently above myy+ , though they do become important for lighter gluino
masses. In [33], this can be seen as a sharp drop in the cross section sensitivity along

the line in Eq. 2.5.

2.3 Combining Topologies

The above discussion has focused on topologies corresponding to particle-antiparticle
pair production, with the two produced particles decaying through identical channels.
More generally, associated production topologies and 'mixed’ decay modes, where, for
instance, one gluino decays directly to the LSP (mode A) while the other decays through
a cascade (mode B). It is useful to consider what one may infer about these models
given only a search’s sensitivity to the two ’'symmetric’ decay modes. We consider this
question in the context of an idealized search result with two components: an upper
limit Np,q: on the expected number of signal events in a signal region of interest, and
the efficiency for each process to populate this signal region. If all efficiencies were
known, one could infer a cross-section limit ¢4, for models with branching ratios B4,

Bp by

Nmax
B%eaa +2BaBpeap + Biepp

(2.6)

Omaz —
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(the cross-section upper limits for the two symmetric decays are simply omaqz,a4 =
Npaz/€aa and similarly for the mode BB). However, we wish to consider what can
be gleaned about o, if the efficiency €4p is unknown. Upper and lower bounds on
Omaz Can be obtained simply by using the fact that 0 < e4p < 1. The lower bound
corresponding to e4p — 0 amounts to “throwing out” the mixed events. The resulting
limit is conservative (it always under-estimates the true strength of a search result), but
can be a considerable underestimate of the actual search sensitivity, particularly when
both branching ratios are comparable or the dominant decay mode has low efficiency.
In many cases where the decay modes A and B produce similar final states, the mixed
decay modes have an efficiency comparable to those of the two symmetric modes, and

typically intermediate:

min(ess,€pp) < €ap < max(eq4,€BB) (2.7)

If the €44 and egp are comparable, then inserting these bounding values into Eq. 2.6
allows a fairly precise determination of o,4:, even when branching ratios are nearly
evenly split between the two decay modes.

It is important to emphasize that Eq. 2.7 is by no means guaranteed. When expected
violations of Eq. 2.7 are large, the mixed topologies warrant careful dedicated study.
As an extreme example, if mode A is fully hadronic and mode B typically produces a
lepton, then for a one-lepton search one expects e4p > €44, €gp. These correspond to
cases where it is clearly important to parametrize a search’s sensitivity to the mixed
decay modes directly. However, in the case of hadronic searches and the gluino decays,
Eq. 2.7 is typically true at least to a good approximation. A reasonable assessment
of whether Eq. 2.7 is likely to hold can be obtained by studying the step-by-step
efficiencies of a search for the two symmetric decay modes. If mode AA passes each
individual cut with comparable or greater efficiency than BB (or vice versa), then Eq.
2.7 is likely to hold. Even when this is not the case, the lower bound is robust in many
examples. Thus, in most cases one may draw powerful conclusions from the symmetric

decay modes alone.
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2.4 Supersymmetry to Simplified Models

Despite tension with experiment, supersymmetry remains a well motivated framework
for thinking about new physics at the LHC. Although its application to particle physics
at the TeV scale was originally motivated by considerations of naturalness and the
hierarchy problem, the enormous size of its parameter space alone has proven it to be
extremely useful on a pragmatic level, for motivating searches that transitively cover
the space of possible experimental signatures. It can thus be viewed as an extremely
efficient “signature generator” within the context of simplified models discussed above.

The minimal supersymmetric extension of the Standard Model (MSSM) introduces
119 new parameters that can give rise to nearly any type of final state. Indeed even
within the MSSM framework, two entirely different models can give rise to very simi-
lar final state signatures. The huge volume of the signature space and the abundance
of such degeneracies suggests the need for a more streamlined approach towards ex-
perimental searches. From this perspective, it is useful to consider the experimental
signature space of the LHC as a high-dimensional Cartesian space R", of which a
three-dimensional projection is shown in Fig. 2.1. In this picture, one can assign any
quantifiable physical observable to an axis in this space. For illustrative purposes, on
this slice we have chosen Hp: defined as the scalar sum of the pp’s of all the hadroni-
cally interacting objects in an event, KFp: defined as the norm of the vector sum of all
the non-interacting objects in an event, and lepton-number /4: defined as the number

of light leptons (e or u) produced in the hard process of an event.

B

Uy
Hr

Figure 2.1: A three-dimensional slice of the experimental signature space.
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With this definition, one event corresponds to a point in this space, and a sample
of events associated with a given trigger corresponds to a density along a subspace.
The Standard Model is known to produce events that fill this space with a density
peaked near the origin, while models for physics beyond the Standard Model (BSM)
such as supersymmetry can easily produce models that occupy the extremities of this
space. Given the relatively simple structure of possible final state signatures from this
perspective, it would be vastly more efficient to scan over this experimental signature
space than, for example the space of couplings in supersymmetric theories. Points on
the experimental signature space can be organized into simplified models, determined
by their decay topology, thus forming a bridge between potentially large classes of BSM

models and the various searches being carried out at the LHC.

2.5 Phenomenological Structure of Gauge Mediation

One class of supersymmetric models that is particularly appealing from a predictive
phenomenological perspective, is gauge mediated supersymmetry breaking (GMSB).
The salient feature of theories with gauge mediation, is that the SUSY breaking scale
is low, which provides useful control of aspects of the phenomenology in such models.
If the supersymmetry breaking scale is relatively low, gauge interactions are likely to
play a role in transmitting supersymmetry breaking to the visible Standard Model
superpartners [41]. If gauge interactions represent the dominant couplings of squarks,
sleptons, and gauginos to the SUSY breaking sector, then it is natural to expect a
gauge-ordered spectrum for the superpartners in which the right-handed sleptons and
the bino with U(1)y interactions are lightest, left-handed sleptons and the wino with
SU(2)r, interactions are heavier, and squarks and the gluino with SU(3), interactions
are heaviest.

A significant conceptual advancement in the simplified parameterization of BSM
physics has been the generalization of the GMSB scenario to a framework known as
General Gauge Mediation (GGM). In GGM, there is no assumed gauge ordered mass
hierarchy. The MSSM soft masses are assumed to be free at the messenger scale and are

subject only to the following conditions: (1) A gravitino LSP (2) Vanishing A-terms at
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the scale of SUSY breaking (3) Sfermion mass sum rules (4) Flavor universality. In par-
ticular, there is not necessarily a hierarchy between colored states (squarks, gluinos) and
uncolored states (wino, bino, higgsinos, sleptons). With no real theoretical constraint
on how light the color charged particles can be, GGM leaves room for the possibility
of large production cross sections from compressed spectra, resulting in high discovery
potential at early LHC runs. This is in stark contrast to the more restrictive Minimal
Gauge Mediation (MGM) scenario, where colored states are always heavier than the
uncolored states and are thus out of reach for the early LHC runs.

The MGM restriction to a single source of SUSY breaking is not generally realized
except in the simplest models. One specific scenario that fits within the classification of
GGM is Gauge Mediation with Split Messengers (GMSM) [38, 39] in which the strong
and weak messenger fields feel independent sources of SUSY breaking, and also allow
for additional requisite SUSY breaking in the Higgs sector. In this simple generalization
of MGM, the superpartner mass spectra are grouped roughly into strongly and weakly
interacting sets. Over much of the parameter space the masses of both these groups
can be comparable, yielding relatively compressed spectra with colored states not much
heavier than weakly interacting states.

The simplest version of gauge mediation with split messengers (GMSM) is defined

by the six parameters

Ns Ar Ay M tanf pu (28)

where A; and A, are the SUSY breaking scales for the weak and strong messenger
chiral multiplet fields L @ L and d @ d, transforming as (1,2,—1) @ (1,2,+1) and
(3,1,42) @ (3,1, —2) respectively under SU(3), x SU(2)r, x U(1)y. Here the electric
charge generator is normalized as Q = T3 + %Y. The gaugino masses in this version of

GMSM are given by
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where ¢ = 1, 2,3 for bino, wino, and gluino, a; = g? /41 where g; are in GUT normal-

ization g7 = (5/3)g"%,

3 2
Ay, = Ns <5AL + 5Ad)
Ay, = N5Ap
Ay, = NsAy (2.10)

and all quantities are understood to be evaluated at the messenger scale. The squark

and slepton masses squared are given by

3 2
2 Qg 2
mg =2 E :02(4%) [Ag,il (2.11)

2
where C; = g(g) , C3 = 3(0) for SU(2);, doublets(singlets), and C3 = 3(0) for
SU(3). triples(singlets), and

3 2
[Ag1l® = N5 ZIALP” + Z[Aql
5 5
|Apal® = N5|AL|?
[Agsl” = Ns|Agl? (2.12)

where again all quantities are understood to be defined at the messenger scale. The
superpartner SUSY breaking masses at the electroweak scale are determined by renor-
malization group evolution from the messenger scale. The masses squared for the
Higgs fields at the messenger scale are determined by consistent renormalization group
evolution up to the conditions implied by electroweak symmetry breaking, which are
determined by tan 8 and p at the electroweak scale. This allows for a parameterization
of requisite SUSY breaking contributions to the Higgs masses at the messenger scale in
addition to the gauge mediated contributions.

An important feature of gauge mediation which is captured by GMSM, is that while
superpartner spectra are generally gauge ordered (defined above) the masses need not

be directly proportional to gauge couplings squared. This allows for the possibility of
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gauge ordered but compressed superpartner spectra in which the squarks and gluinos
are only somewhat heavier than the the sleptons, bino, and wino. The existence within
the GMSM parameterization of a variable level of compression for the superpartner
spectrum, in particular squarks and gluinos that are lighter than what is implied by
the MGM restriction, has important implications for the total production cross section
and therefore the discovery potential. Much of the phenomenology of simplified models

is determined by the next-to-lightest stable particle (NLSP) in the spectrum.
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Chapter 3

Topologies with a Neutralino NLSP

One broad class of GMSM scenarios is that in which the NLSP is a neutralino [36, 37].
The GMSM parameterization of the space of these models can be interpreted in the
context of a simplified model, which can then be used to apply a very general analysis
to the final state signatures that arise here. In this scenario, the lightest neutralino will
generically decay to a gravitino plus its superpartner, which can be either a photon, a
Z boson, or a Higgs boson, depending on whether the lightest neutralino is bino-like,
wino-like, or Higgsino-like.

XI= (v, Z,h)+G (3.1)

This results in a large number of interesting signatures, typically involving high pr
leptons, jets, photons and missing energy. One example of such a signature is shown in
Fig. 3.1

The GMSM framework is advantageous for early LHC searches due to the fact that
there is no restriction to gauge ordered superpartner mass spectra, as is required in the
minimal case. As such there are large portions of parameter space where the masses of
strongly and weakly interacting sets are comparable, thus accomodating light colored
states and compressed spectra. Tevatron constraints on neutralino NLSP can be found
in [143]. As discussed there, the phenomenology of general neutralino NLSPs is best
understood by going to simplifying gauge eigenstate limits. The discrete possibilities
are then: bino-like, wino-like, and Higgsino-like NLSPs. Higgsino NLSPs in turn can be
classified by their decay modes, which can be dominated by Z’s (the “Z-rich” scenario),
Higgses (h-rich), or a roughly equal mix of Z and Higgs. For a wino-like NLSP, the

mass splitting between the charged and neutral states is generically small. Therefore
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Figure 3.1: One example process with a bino-like NLSP produced via cascade from
colored production. Here, two gluinos are pair produced, and each one decays through
an on (or off) shell squark to two jets and the bino. In this example, each bino decays
to a photon and a gravitino, resulting in a v + K7 signature.

large swaths of the GGM parameter space fall into the category called “wino-coNLSP”,
where three-body decays to a neutral wino are kinematically disfavored or disallowed,
and the charged wino decays to a W+ + G. Such signatures include W’s as well as
Z’s and 7’s in the final state. This is in contrast to the situation with a Higgsino-like
NLSP, where the mass splitting between charged and neutral Higgsinos is generically
larger and only the lightest neutralino can decay directly to the G.

In general, a neutralino NLSP can decay to X + G where X = v, Z,h and the
different gauge eigenstates may be characterized by their branching fractions to the
different possible X’s. A bino-like NLSP will decay dominantly to photons as Br(§ —
v 4 G) ~ cos? Oy, with a subdominant component to Z’s Br(B — Z + G) ~ sin? 6y
Conversely, a neutral wino-like NLSP will decay mostly to Z’s and the situation is
flipped. A Higgsino-like NLSP will decay dominantly to Z or h with a branching
fraction that depends on tan 8 and sgnu. The Z-rich scenario occurs for low values of
tan 8 and sgnu = 4+, the h-rich scenario occurs for low values of tan § and sgnu = —,
and the mixed Z/h case occurs for moderate to large values of tan 8. Although this
behavior is generic over the entire GGM parameter space, pathological situations such

as multiple SUSY-breaking sectors with Goldstini can lead to different NLSP branching



24

ratios.

Given a choice of neutralino NLSP, there is still a high-dimensional parameter space
the characterizes the remaining superpartner spectrum so additional simplifying as-
sumptions are required to define a tractable parameter space. We choose here a frame-
work for benchmark spectra motivated by early LHC discovery potential. We thus focus
on compressed spectra with large production cross sections from strongly interacting

superpartners.

3.1 Bino NLSP

For bino NLSPs, since the bino has a small direct production cross-section, the dominant
production for the minimal benchmark is gluino pair production (with cross-section de-
termined by the gluino mass). GMSM inspired benchmarks are additionally dominated
by gluino-squark and squark-squark production, as well as wino pair production for the
final benchmark described above with weak production. The produced states always
cascade decay down to the bino NLSP, which then decays to either v+ G or Z+G. For
mp > my, this happens in a 0.77 : 0.23 ratio. The final states which contain either
one photon or two leptons are: v+ X + By, Z(00) + X + Ep, vy + Ep, vZ(00) + By,
Z(00)Z(€0) + Ep. The last has too small of a branching fraction to be useful, so we will
ignore it (however, the Higgsino NLSP will populate this final state, see below). We
also lump the hadronic and invisible decays of the Z into the inclusive “X” category.
The most recent relevant CMS published result analyzes diphoton events, due to
the enhanced Br(B — 7+ G), from the first 4.93fb~" of data at 7 TeV. The bino-like
NLSP is assumed to be pair produced via cascade decays from Squark/gluino strong
production modes. The lightest chargino is assumed to be heavy and decoupled. Fig.
3.2 shows the resulting upper limits on the GGM production cross section, at 95 % CL,
as well as exclusion contours for the gluino versus squark mass plane from 400 to 2000
GeV in squark and gluino mass, with the neutralino mass fixed at 375 GeV. This mass
value is chosen to represent a reasonably light NLSP, but high enough to be outside

current exclusion limits. For the bino-like scenario, the diphoton cross section limit is of
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order 0.003 - 0.01 pb at 95 % CL with a typical acceptance of 30 % for Er > 100 GeV,
excluding squark and gluino masses up to about 1 TeV. Fig. 3.3 shows the exclusion
contours in the plane of gluino versus neutralino mass, and we find that the diphoton
search excludes gluino production for a bino-like neutralino for gluino masses up to

about 1 TeV rather independent of the neutralino mass.

CMS \s=7TeV Liy=4.93f" >2vs, >1jet

95% CL cross section upper limit [pb]
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quuark [GeV]

CMS \s=7TeV Ly=493f" >2vys, >1jet

= 2000FT 1 : 5
] - Bino-like 7° NLSP ]
= 1800 m, = 375 GeV 1
5 B Observed N
s 1e00F 0 W Observed 1o theory ]
C B=% Expected tfoexp.
1400 &
12001 3
1000F
800~ 3
L Excluded ]
600 3
N N B

500 1000 1500 2000

quuark [GeV]

Figure 3.2: Observed upper limits at 95 % CL on the signal cross section (left) and
corresponding exclusion contours (right) in gluino-squark mass space for the diphoton
analysis for a bino-like neutralino. The shaded uncertainty bands around the expected
exclusion contours correspond to experimental uncertainties, while the NLO renormal-
ization and PDF uncertainties of the signal cross section are indicated by dotted lines
around the observed limit contour.
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Figure 3.3: Exclusion contours at 95 % CL in the plane of gluino versus neutralino
mass for the diphoton analysis for a bino-like neutralino.

3.2 Wino NLSP

Here production arises from both colored states that decay to the wino and directly
from wino pair production, so the production cross-section is controlled by both the
gluino mass and the wino mass. The wino chargino and neutralino are nearly mass
degenerate and form coNLSPs, so we have to keep track of which “-ino” the colored
states decay into. When the squarks are heavier than the gluino, as in the minimal
benchmark, each gluino decays to a charged wino with branching fraction ~ 60% and a
neutral wino the remaining ~ 40%. The CC case leads to W+ (¢v)W = ({v) + E7. The
CN case leads to v + X + Ep, WH(w)y + B, Z(U) + X + B, ot W(v)Z(00) + Er.
The NN case leads to the same final states as bino NLSP, except now with the reversed
ratio of’y—i—éto Z+G.

The most recent relevant CMS published result analyzes single photon events, due
to the reduced Br(W — ’y—l—é), from the first 4.93 fb~! of data at 7 TeV. Contributions
from strong production squark/gluino cascades as well as the direct weak production
of chargino-neutralino pairs are considered. Fig. 3.4 shows the resulting upper limits
on the GGM production cross section, at 95 % CL, as well as exclusion contours for
the gluino versus squark mass plane from 400 to 2000 GeV in squark and gluino mass,

with the neutralino mass fixed at 375 GeV. This mass value is chosen to represent a
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reasonably light NLSP, but high enough to be outside current exclusion limits. The
single-photon cross section upper limit is of order 0.003-0.1 pb at 95 % CL with a typical
acceptance of 7 %, excluding squark and gluino masses up to about 800 GeV. Fig. 3.5

shows the exclusion contours in the plane of gluino versus neutralino mass
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Figure 3.4: Observed upper limits at 95 % CL on the signal cross section (left) and
corresponding exclusion contours (right) in gluino-squark mass space for the single-
photon search in the wino-like scenario. The shaded uncertainty bands around the
expected exclusion contours correspond to experimental uncertainties, while the NLO
renormalization and PDF uncertainties of the signal cross section are indicated by
dotted lines around the observed limit contour.
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Figure 3.5: Exclusion contours at 95 % CL in the plane of gluino versus neutralino
mass for the single-photon search in the wino-like scenario.

3.3 Z-rich Higgsino NLSP

Here as for the winos, the Higgsinos can be directly produced, or produced in decays of
colored states, so the overall cross-section is controlled by both the gluino and Higgsino
masses. For all the benchmarks defined here we choose parameters such that the heavier
Higgsino states always decay down to the lightest Higgsino neutralino. That is, there
is no coNLSP and just a single Higgsino NLSP. In particular, we choose to change the
gravitino mass with the Higgsino mass such that the Higgsino decay length is fixed
~ 0.1 mm. For this decay length, the charged Higgsino always decays first to the
neutral Higgsino. The NLSP in turn can decay either to photon, Z or Higgs. For
the Z-rich case (low tan 3, 1 > 0), the branching ratio to Higgs is negligible, and the
branching ratio to photon is negligible except when the NLSP is very light and the Z
decay mode is squeezed. Thus for Z-rich Higgsino NLSPs, the available final states are
Z(0) + X + By and Z(LO)Z(0) + Frp.

The most recent relevant CMS published result analyzes 19.5fb~! of data at 8 TeV in
the context of the “natural Higgsino NLSP” scenario. This scenario is characterized by
light stop squarks, which provide the dominant production mechanism for the Higgsino
NLSP through the enhanced third generation Yukawa coupling. The Higgsinos then

decay to ZG or hé, yielding a final state with hZ, ZZ, or ZZ plus K. In addition
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to top-squark pair production, the natural Higgsino NLSP scenario also encompasses
direct electroweak Higgsino pair production leading the same final state of except with
less jet activity. Fig. 3.6 shows the excluded regions in the my vs. m; plane for the

various scenarios described above (Z-rich, h-rich, and mixed Z/h scenarios).
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Figure 3.6: The 95 % confidence level upper limits in the top squark versus chargino
mass plane, for the natural Higgsino NLSP scenario with Br(H — ZG) = 1.0 (top
left), Br(H — hG) = 1.0 (top right), and Br(H — hG) = Br(H — ZG) = 0.5
(bottom). Both strong and electroweak production mechanisms are considered. The
region to the left and below the contours is excluded. The region above the diagonal
straight line is unphysical.
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Chapter 4

Topologies with a Slepton NLSP

Another general class of MSSM scenarios, is that in which a slepton is the next-to-
lightest superpartner (NLSP) [36, 41, 37]. In such scenarios, the slepton NLSP decays

to its partner leptons plus a gravitino

(= 0+G (4.1)
Low scale gauge-mediated supersymmetry breaking naturally gives rise to superpartner
spectra with nearly degenerate right-handed sleptons playing the role of the coNLSP,
with a bino-like neutralino as the next to next to lightest superpartner (NNLSP) [34, 38,
39, 143, 44]. If the NLSP slepton is right-handed, then the only unsuppressed cascade

decays to the NLSP must proceed through the bino component of a neutralino.

B — 5+ 07 (4.2)
Cascade decays from heavier superpartners will then always pass sequentially through
the bino, then to one of the co-NLSP sleptons emitting a lepton, and finally to the
un-observed Goldstino, emitting another lepton. Therefore, pair-production of heav-
ier superpartners gives rise to inclusive signatures that include four hard leptons and

missing transverse energy,

pp — X + CSUFOEF + By (4.3)
where £ = e, u, 7, and X represents whatever Standard Model particles are emitted in
cascade decays to B. An example of such a process is shown in Fig. 4.1.

If the superpartner pair production is through strong interactions, then conservation

of SU(3). color implies that at least one jet must be emitted in each cascade decay
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jet(s)

Figure 4.1: One example process with a slepton-coNLSP produced via cascade from
colored production. Here, two gluinos are pair produced, and each one decays through
an NNLSP bino to a right handed slepton emitting one jet and one lepton. Each slepton
then decays to a lepton and a gravitino, resulting in a 2j 4+ 4¢ 4+ Erp signature.

to the neutralino, giving an inclusive SUSY signature of at least 25 + 4¢ + Er. A
right-handed selectron NLSP with a heavier bino-like neutralino is generic in gauge
ordered SUSY spectra that arise in many scenarios for supersymmetry breaking. So
the inclusive 4 leptons + missing energy SUSY signature covers a fairly wide range of
possibilities for how SUSY might be realized at the electroweak scale. This signature is
best covered by an exclusive hierarchical search for quad-leptons, tri-leptons, and same-
sign dileptons, including 7 in the latter two cases as necessitated by backgrounds. The
principal strong production channels that are relevant for early LHC searches are pairs
of gluinos and/or squarks, while weak production of charginos, neutralinos, and direct
production of sleptons should become relevant in future searches. A reach or upper
limit on o x BR for pp — multi-leptons + F as a function of the gluino and the
chargino masses provides a unified summary of the sensitivity to this topology for both
strong and weak production of superpartners. These scenarios can be used to explore
the discovery potential of searches for multiple leptons in early LHC running.

Given that final states with multiple high-pr leptons are generally clean discovery
modes for new physics, it is of special interest to investigate the possibilities for produc-

ing such signatures within the context of GGM and GMSM. Multi-lepton final states
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arise most naturally in the subset of GGM and GMSM parameter spaces where the
right-handed sleptons are flavor-degenerate and at the bottom of the MSSM spectrum.
These ‘slepton coNLSPs’ decay 100% of the time to £+ G , and so all events with MSSM
production contain at least two high-pr leptons. Depending on the details of the heav-
ier states in the spectrum, these leptons can be same sign or opposite sign, and there
can be additional energetic leptons in the event [41, 37]. In the case that a bino-like
neutralino is the next heavier superpatner above the slepton coNLSPs at least 4 leptons
arise in each event [41, 37].

For the slepton NLSP scenario there is an huge multi-dimensional parameter space
characterizing the remainder of the superpartner spectrum. Defining useable bench-
marks within tractable parameter spaces therefore requires additional simplifying as-
sumptions. The main motivation and focus here for early LHC searches is on compressed
spectra with significant production cross section from strongly interacting superpart-
ners. In the following sections, we will describe various interesting benchmark scenarios

of this type.

4.1 GMSM Inspired Benchmark Spectra

For early LHC searches it is useful to utilize simple parameter spaces that reproduce the
important features of superpartner spectra that arise from simple underlying models.
Here we formulate a benchmark of this type inspired by GMSM.

The GMSM inspired scenario described here is defined to be right handed slepton
coNLSP, a gluino and (nearly) degenerate squarks, the bino, wino, and left handed
sleptons. The wino and gluino masses given by My and M3 respectively may be taken
to be independent masses for a two parameter parameterization of this benchmark.
The squark soft masses are taken to be degenerate with value mg related to the gluino

mass by

mg = 0.8 M3 (4.4)

The left-handed slepton masses, bino, and right-handed slepton coNLSP masses are
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related to the wino mass by

mgL =0.8 M2
M; =0.5 My
m; = 0.3 My (4.5)

All these ratios are close to those of GMSM with N = 5 messenger generations. The
squark and slepton mixings are defined to vanish. This approximates the small mixing
that is obtained in most theories of low scale gauge mediation. All other soft parameters
may be set to some large value such as 1.5 TeV. With both squarks and gluinos in the
spectrum, the dominant strong production modes at the LHC are pp — ¢q, g with a
smaller fraction of gg. The inclusion of all these states with the relations given above
gives a two-parameter space benchmark that interpolates between weak and strong
production - this feature allows a comparison between existing Tevatron bounds (which

are based on weak production) and early reach at the LHC from strong production.

4.2 Slepton-coNLSP

In the slepton NLSP scenario for SUSY, the splitting among the sleptons plays a central
role in determining the associated accelerator signatures. Low scale gauge-mediated su-
persymmetry breaking with significant left-right sparticle mixing arising at large values
of tan 8 can naturally give rise to a stau slepton as the next to lightest superpartner
(NLSP) [41]. The approximate flavor universality of gauge-mediation ensures that the
a selectron and smuon are slightly heavier, and decay through both charge- preserving
and charge-changing reactions to the stau through the emission of soft lepton pairs.

ér — 7irte and fip — 7T (4.6)

However if the mass splittings among the selectron, smuon, and lightest stau are less
than the tau mass, then the three-body decays are kinematically blocked. In this case

the decays in Eq. 4.1 of the selectron, smuon, and lightest stau to the partner lepton
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and the Goldstino can dominate if the SUSY breaking scale is not too high, and all
three sleptons act effectively as the NLSP. The unsuppressed cascade decays (Eq. 4.2)

that pass through the light sleptons in this case are then of the form

B — (07
L =G (4.7)

where here ¢ = e, y, 7. So starting from superpartner pair production, the specific flavor
and charge structure of the inclusive 4 lepton 4+ missing energy signature that arises in

the slepton coNLSP scenario is

pp = FT0RG + X + Br (4.8)

where 7, j = e, u, 7 with approximately equal weight. The slepton coNLSP scenario is
generally obtained for low to moderate values of tan 8 for which stau renormalization
group evolution and left-right mixing effects proportional to the tau Yukawa coupling
are small.

This signature can arise either from strong production of squarks and gluinos via cas-
cade decays, or through direct weak production of chargino-neutralino or right handed
slepton pairs. Both scenarios give rise to decay patterns that eventually lead to a bino-
like neutralino, which decays as we’ve described leading to a final state of multileptons
plus E7. The relative importance of strong-weak production mechanisms depends on
the values of the superpartner masses. Fig. 4.2 shows the result of the most recent
CMS multi-lepton analysis, with 19.5fb™! of data at 8 TeV, interpreted in the context
of the slepton coNLSP scenario. Using the benchmark mass spectrum we proposed
earlier, in addition to the requirements of no L-R fermion mixing, The 95 % CL ex-
clusion limit is presented in the gluino-chargino mass plane. In the region dominated
by strong superpartner production, the exclusion curve asymptotically approaches a
horizontal plateau, while it tends towards a vertical line in the region dominated by
weak superpartner production.

Besides the stau-NLSP scenario, we also consider the stau-NNLSP scenario in which
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mass-degenerate right-handed selectrons and smuons are coNLSPs, while the right-
handed stau is the next-to-next-to-lightest SUSY particle (NNLSP). The process pro-
ceeds via electroweak pair production of staus. The staus decay to the NLSP and a 7
lepton. The NLSPs decay to a 7 lepton and gravitino. The search channels most sen-
sitive to the stau-(N)NLSP scenarios contain 7, leptons, no tagged b jets, off-Z OSSF
pairs, and large Fr. The 95 % CL exclusion limits for the stau-(N)NLSP scenario are
shown in Fig. 4.2. When the mass difference between the stau and the other sleptons
is small, the leptons are soft. This results in low signal efficiency, which causes the
exclusion contour to become nearly parallel to the diagonal for points near the diago-
nal. The difference between the expected and observed limits in the region below the
diagonal is driven by the excesses observed between the data and SM estimates in the

four-or-more lepton, OSSF1, off-Z, 7, channels without b jets.

cMS Vs=8TeV, [Ldt=19.5b"
) E T T | T T T T T T T T | T T | T T | 3
o 2700 =
9} 2600 Slepton co-NLSP (GMSB) =
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= B . ]
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Figure 4.2: The 95 % confidence level upper limits for the slepton coNLSP model in
the gluino versus chargino mass plane. The region to the left and below the contours
is excluded.

4.3 Stau-(N)NLSP

On the other hand, if the splitting between the selectron and stau, and the smuon and
stau, are larger than the tau mass, then the three-body decays in Eq. 4.6 are kinemati-

cally allowed, and generally dominate over the decays in Eq. 4.1 to the Goldstino. With
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this type of superpartner spectra, nearly all cascade decays pass through the metastable
stau slepton, which decays to the un-observed Goldstino and tau [35]. The lightest stau
thus acts as the NLSP. The unsuppressed cascade cascade decays in Eq. 4.2 that pass

through the light sleptons in this case are then of a charge preserving form

B — (X6F
L) ?f(Txﬁi)
L 26 (4.9)

or a charge changing form

B — (07
L 77 (o)
L =é (4.10)

The lepton and tau emitted in intermediate three-body decays in Eq. 4.9 or Eq. 4.10
are generally very soft, as indicated by the parentheses, and likely to have rather low
acceptance and efficiency in the detector. So neglecting these soft leptons, starting
from superpartner pair production, the stau NLSP scenario gives rise to the inclusive
signature of 2 leptons + 2 taus + missing energy. The specific flavor and charge

structures of the hard leptons and taus are

pp = G T + X + B
giif;ETiT:F + X+ Er
E,?:K;FT:ETi + X+ Er
GOTR T+ X + By (4.11)

where here 1, j = e, 4 with equal weight. The stau NLSP scenario is generally obtained
for moderate to high values of tan 8 for which stau renormalization group evolution

and left-right mixing effects proportional to the tau Yukawa coupling are significant.
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On the other hand, if the stau NLSP is mostly right-handed, then the only unsup-

pressed cascades come directly from the bino component of heaver neutralinos.

B — ?R%TJF
L 26 (4.12)

Pair production of any superpartners with cascade decays that pass through these
neutralinos then give rise to the inclusive signature of four hard taus with missing

energy,

pp = T + By (4.13)

It is important to note that since all the relevant cascade decays have the possibility
to flip the superpartner charges, these signatures arise in all charge and lepton flavor
combinations. This signature is best covered by a di-lepton plus one or two identified
taus plus Fp search in all flavor and charge channels. The principal strong production
channels that are relevant for early LHC are pairs of gluinos and/or squarks.

Direct weak production of charginos, neutralinos, and sleptons will become relevant
in future searches. A reach or upper limit on ¢ x BR for pp — 77 + F7 as a function
of the gluino and the chargino provides a unified summary of the sensitivity to this
topology for both strong and weak production of superpartners. Sensitivity to the
remaining soft leptons emitted in the cascades between the selectron or smuon and
NLSP stau may be illustrated in the above parameter plane for different fixed values

of the mass splitting between these states.
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Figure 4.3: The 95 % confidence level upper limits for stau-(N)NLSP scenarios in the
stau versus degenerate-smuon and -selectron mass plane (right). The region to the left
and below the contours is excluded.
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Chapter 5

The Minimal Standard Model Higgs at the LHC

The combined data sets at 7 and 8 TeV from Run I at the LHC, have established
beyond reasonable doubt, the existence of a Standard-Model-like Higgs boson. The
discovery and characterization of the Higgs has inarguably been among the central
aims of the physics program at the Large Hadron Collider (LHC). Its well-defined
production and decay modes have allowed for mass-dependent searches tailored to a
variety of specific channels (for a review, see [45] and references therein). Although the
bulk of the sensitivity for this discovery came from dedicated searches in the h — ~~
and h — ZZ* — (T4~ 0"¢'~ resonant decay channels, the results of searches in all of
the known decay modes have been found to be consistent with a minimal Standard
Model Higgs.

The dominant production channel of the SM Higgs at hadron colliders is through
gluon-fusion (gg — h) and existing LHC Higgs searches are typically tailored towards
this channel due to both the large cross section and the resulting Higgs resonance.
However, there are also a variety of ancillary channels in which the Higgs is produced
in association with other quarks or vector bosons. These are, in order of decreasing
production rate: weak vector boson fusion (VBF), q¢ — qqh; Wh and Zh associ-
ated production (or Higgs-strahlung), g¢ — Wh, Zh; and tth associated production,
qq,99 — tth. Loosely speaking, the cross sections for weak VBF and Wh, Zh associ-
ated production are an order of magnitude smaller than that of gluon-fusion, while tth
associated production is smaller by a further order of magnitude. Di-Higgs production
through gluon-gluon fusion, gg — hh, is smaller by roughly a further order of magni-
tude. Nonetheless, they may provide interesting alternative routes to the discovery of

the Higgs.
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Whatever the mechanism of Higgs production, current search strategies are prin-
cipally governed by the decay products of the Higgs. The primary decay modes for a
light Higgs include h — bb, 777, c¢, g9, WW, ZZ, ~v, and Z~. Branching ratios to
these final states are a sensitive function of the Higgs mass, with bb, 77—, and gg dom-
inating at low masses (my ~ 135 GeV) and WW*, ZZ* dominating at higher masses.
The colored final states bb, c¢, and gg are inauspicious search modes at the LHC due
to large QCD backgrounds; more promising are the diphoton channel and the leptonic
final states of the WW, ZZ, and 777~ channels.

The production and decay modes of the Higgs lead to a variety of possible search
strategies at hadron colliders. At the LHC, the three main search methods with the
greatest discovery potential are h — vy, h = ZZ — 4¢, and h - WW — {lvlv.
Although the branching ratio for v+ is small, the distinctive final state topology makes
it a crucial search channel for lighter masses. At higher masses the increased branching
fraction to WW and ZZ, combined with the cleanliness of 2¢ and 4/ final states, make
h — fvlv and h — 4¢ particularly attractive. Significantly, both h — ZZ — 44 and
h — 77 (the so-called gold- and silver-plated channels) are resonant search modes, in
that the invariant mass of the final state reconstructs the Higgs mass. This allows
the direct determination of the Higgs mass, but at the expense of sensitivity to, e.g.,
non-resonant 4/ final states. This is in contrast to the h — WW — fvfv channel,
in which the missing energy from the neutrinos makes reconstructing the Higgs mass
more challenging. Individually and in combination, these search channels are growing
ever closer to constraining the production of a Standard Model Higgs boson in the light
mass window, although backgrounds for these channels are large and potentially quite
subtle.

Despite the focus of existing searches on the gluon-fusion production channel, the
LHC has demonstrated considerable sensitivity to final states populated predominantly
by associated production channels of the Higgs boson. Although these have weaker
prospects for the determination of the Higgs mass based on kinematics, they often lead
to final states with particularly low Standard Model backgrounds. In particular, the

multitude of 3- and 4-lepton final states available from Higgs production in association
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with W and Z bosons or a tt pair provides a key handle on picking the Higgs signal out of
Standard Model backgrounds. Although searches in some specific alternate production
and decay channels have been proposed previously [48], recent advances in multi-lepton
searches at the LHC [91] have brought the possibility of a dedicated multi-lepton Higgs
search across multiple channels into sharp focus.

Such a multi-lepton search enjoys several advantages. Standard Model backgrounds
to multi-lepton processes are quite low, particularly in the absence of an on-shell Z
boson. Further discrimination may be obtained by looking in regions of high missing
energy or hadronic activity, away from typical Standard Model processes. Ultimately,
perhaps the greatest advantage lies in the plethora of possible multi-lepton channels;
more sensitivity to Higgs searches may be added by combining various 3¢ and 4¢ chan-
nels (as well as same-sign 2¢ channels), particularly those that do not reconstruct an
on-shell Z or the Higgs resonance itself.

In this chapter we pursue a simple goal: applying the existing CMS multi-lepton
search strategy to the Higgs boson in order to determine how effective a new low-
background, multi-channel analysis may be in the hunt for the Higgs. To this end, we
focus on the Higgs production and decay channels most likely to produce 3¢ and 4/
final states. These are dominated by Wh, Zh and tth associated production with h —
WW,ZZ . At low masses, significant contributions may also arise from h — 777~ with
both 7s decaying leptonically. Additional contributions to h — 3¢ and nonresonant h —
4/ arise from the dominant gluon and vector boson fusion production modes, where h —
Z 7 — LerT and the 7s decay leptonically. Finally, a surprisingly significant contribution
to resonant multi-lepton final states not covered by current resonant searches arises at
low mass (particularly m;, < 130 GeV) when the Higgs decays to two off-shell Z bosons,
h — ZZ — 4¢ . Taken together, the signal of these multi-lepton modes exceeds that
of the gold-plated resonant 4¢ mode. Exploring the sensitivity of existing multi-lepton
searches to these production channels may allow the development of a search tailored
channel-by-channel toward the discovery and characterization of the Higgs.

We will start by describing a prescription for interpreting current CMS multi-lepton

searches for exotica, in terms of limits for the various hypotheses of the Higgs boson
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mass. We will then show the results of this analysis using 5 fb~! of data. Finally we will
conclude with suggestions for refinements that could be performed to further increase

the sensitivty of such an analysis.

5.1 Multi-Lepton Higgs Searches

Multi-lepton searches have been employed to good effect in the context of simplified
models since early in Run I [91], and provide a necessary complementary search strategy
for the Higgs. The total multi-lepton Higgs signal exceeds the four lepton gold-plated
resonant mode, but is spread over many channels with same-sign di-lepton, tri-lepton,
and four lepton final states. So while any individual channel alone is not significant, the
exclusive combination across multiple channels was shown to provide a sensitivity com-
petitive with other discovery level searches for the Higgs boson. While simply applying
the existing multi- lepton search strategy to a Higgs signal is not optimal out of the
box, it illustrated the considerable power of combining several low-background channels
in the same search. The sensitivity of each individual channel to Higgs production may
subsequently be improved by tailoring cuts to the corresponding dominant production
mode for that channel. Thus our analysis was, in part, intended as an exercise to de-
termine how these individual channels might best be optimized for a dedicated Higgs

search.

5.1.1 Multi-Lepton Signal Channels

The prompt irreducible Standard Model backgrounds to multi-lepton searches are small
and arise predominantly through leptonic decays of W and Z bosons. Such backgrounds
may therefore be reduced by demanding significant hadronic activity and/or missing
energy in the events. Hadronic activity can be quantified by the variable Hr , defined
as the scalar sum of the transverse energies of all jets passing the preselection cuts. The
missing transverse energy (MET) is the magnitude of the vector sum of the momenta
of all particles in the event. Both Hy and MET are sensitive discriminating observables

for new physics, including the Higgs.
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The background reduction ability of Hy and MET may be exploited in the following
manner: Events with Hp > 200 (E7 > 50) GeV may be categorized as having “high” Hyp
(MET), while those with Hy < 200 (F1 < 50) GeV may be categorized as having low
Hp (MET). The high Hp and high MET requirements (individually or in combination)
lead to a significant reduction in Standard Model backgrounds. Backgrounds may also
be reduced using the variable S7, which is defined to be the scalar sum of MET, Hr,
and leptonic pr, but for simplicity and because of its omission in existing multi-lepton
searches [91], we will not discuss the implications of cutting on this variable here.

Further background reduction may be accomplished with a “Z veto”, in which the
invariant mass of opposite-sign same-flavor (OSSF') lepton pairs is required to lie outside
a 75 - 105 GeV window around the Z mass; we simply denote events passing the Z
veto as “no Z”. In the case of 3¢ events, it is also useful to differentiate between events
with no OSSF pairs (which we label “DY0”, i.e., no possible Drell-Yan pairs) and
one OSSF pair (DY1). Although the current CMS multi-lepton analysis also includes
channels with one or more hadronic 7’s, in this analysis we will focus our attention on
¢ = e*, uF only. We include leptonic 7’s in our analysis, classifying them according to

their leptonic final state.

Production | Decay

g9 — h h — 4¢

VBF — h h — 4¢

qq — Wh Wh—-WWWWZZ WrTt
qq — Zh Zh — ZWW, ZZZ, ZTT
tth tth — ttWW, ttZZ ttrr

Table 5.1: The 11 independent production and decay topologies simulated for the
Standard Model Higgs Boson with mj = 125 GeV. The Higgs boson branching ratios
are factored out of each topology. All top-quark, 7-lepton, and W- and Z bosons
branching ratios are Standard Model.

The possible decay modes of the SM Higgs leading to multi-lepton final states is
given in Table 5.1. Dividing the multi-lepton signals into 3¢ or 4¢ events, there are 20
possible combinations of Hr high/low; MET high/low; Z/no Z; and DY0/DY1; these
may be aggregated to form the 11 channels used in [91], with the addition of one further

channel for SS dileptons. The collected channels are presented in Table 1. For each of
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the 3¢ and 4¢ categories, channels are presented in approximately descending order of

sensitivity, with the last such channel dominated by SM backgrounds.

5.1.2 Simulation Details

The production rates and branching ratios of the Standard Model Higgs are fixed by
SM gauge couplings and fermion masses. The cross sections for each SM Higgs boson
production channel and branching ratios for Higgs decays at each mass point were taken
from the LHC Higgs Cross Section Group [96]. The gg-fusion cross section is computed
to NNLOqgcp +NNLLgep +NLOgwk precision; the weak VBF and associated Wh, Zh
cross sections are computed to NNLOqcp + NLOgwk precision; and tth is computed
to NLOqcp precision.

For simulating signal processes, we have used MadGraph v4 [92, 93] and rescaled the
cross sections to match the NLO results described above. For the production channels
of Wh, Zh, qqh and tth, the Higgs boson was decayed in the WW*, ZZ*, 777~ modes
using BRIDGE [95]. For the gg — h channel, the parton-level generation was done
entirely within MadGraph with four charged leptons in the final state, thus including
the effects of both Zs going off-shell, as well as the contribution from two on-shell Zs
with the Higgs boson being off-shell. For the gluon fusion channel, the Higgs width
was taken in accordance with [96]. Subsequent showering and hadronization effects
were simulated using Pythia [97]. Detector effects were simulated using PGS with
the isolation algorithm for muons and taus modified to more accurately reflect the
procedure used by the CMS collaboration. In particular, we introduce a new output
variable called trkiso for each muon or tau. The variable trkiso is defined to be the sum
pr of all tracks, ECAL, and HCAL deposits within an annulus of inner radius 0.03 and
outer radius 0.3 in AR surrounding a given muon or tau. Isolation requires that for
each muon or tau, trkiso/pr of the muon or tau be less than 0.15. The efficiencies of
PGS detector effects were normalized by simulating the mSUGRA benchmark studied
in [91] and comparing the signal in 3¢ and 4¢ channels. To match efficiencies with the
CMS study we applied an efficiency correction of 0.87 per lepton to our signal events.

As discussed earlier, we applied preselection and analysis cuts in accordance with those
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in [91].

5.2 Multi-Lepton Signals of the Higgs

The results of the analysis at 5fb™! are presented in Tables 5.2 and 5.3. Table 5.2
contains the observed and expected Standard Model background and expected signal
events for the Standard Model my, = 125 GeV Higgs boson at 5fb~!, broken down into
the channels discussed earlier. The channels that provide the most stringent limits on
Standard Model Higgs production are marked with a (1). Which channels provide the
best limits is a sensitive balance of both signal and background.

In the 4¢ final states, the strongest constraints on a Standard Model Higgs arise
from the [MET high, Hr low] channel and from the two [MET low, Hr low| channels,
both with Z and without Z. That these latter two channels provide a constraint on
Higgs production is not surprising; here the signal is dominated by h — ZZ* — 4/
(where the h is produced via ggF or VBF) and the same channels are used in the
conventional gold-plated resonant h — 4¢ Higgs search. However, it bears emphasizing
that this existing search is sensitive only to resonant production of the four-lepton
final state, while in fact these two channels are populated both by resonant and non-
resonant signal events. Here “resonant” is taken to mean that my, is within +5 GeV of
the Higgs mass. In contrast, non-resonant events receive significant contributions from,
eg., h— Z7* — 2027.

The remaining sensitive 4¢ channel, [MET high, Hr low], is dominated by an entirely
different process, Zh associated production with h — WW?* . At low masses the
branching fraction h — WW™ drops off, but is largely compensated for by a rise in
h — 777~ with both 7s decaying leptonically. Additional contributions to the Higgs
signal in this channel come from tth associated production with A — WW* ; these
events tend to have high Hr , but a significant fraction fall below the Hr cut.

In the 3/ final states, the most stringent limits come from [MET all, Hy low, DYO];
[MET all, Hr high, DY0]; and [MET high, Hr low, DY1 no Z]. For both low-Hr

channels the primary contribution to signal comes from associated Wh production
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Observed Expected SM Higgs
Signal
4 Leptons
fMET HIGH HT HIGH NoZ 0 0.018 % 0.005 0.03
fMET HIGH HT HIGH Z 0 0.22 £ 0.05 0.01
fMET HIGH HT LOW No Z 1 0.20 + 0.07 0.06
fMET HIGH HT LOW y/ 1 0.79 £+ 0.21 0.22
fMET LOW HT HIGH No Z 0 0.006 & 0.001 0.01
fMET LOW HT HIGH y/ 1 0.83 + 0.33 0.01
fMET LOW HTLOW NoZ 1 2.6+ 1.1 0.36
fMET LOW HT LOW 7 33 37+ 15 1.2
3 Leptons

fMET HIGH HT HIGH DY0 2 1.5+ 0.5 0.15
fMET HIGH HT LOW DY0 7 6.6 £ 2.3 0.67
fMET LOW HT HIGH DY0 1 1.2 +0.7 0.04
fMET LOW HT LOW DYO0 14 11.7 £ 3.6 0.63
fMET HIGH HT HIGH DY1 No Z 8 5.0+ 1.3 0.38
fMET HIGH HT HIGH DYl v/ 20 18.9 + 6.4 0.19
fMET HIGH HT LOW DY1 No Z 30 27.0 £ 7.6 1.8

MET HIGH HT LOW DYl Z 141 134 + 50 1.6
fMET LOW HT HIGH DY1 No Z 11 45+ 1.5 0.13
fMET LOW HT HIGH DY1 Z 15 19.2 + 4.8 0.09

MET LOW HT LOW DY1 No Z 123 144 + 36 1.8

MET LOW HT LOW DYl y/ 657 764 + 183 4.3

Table 5.2: Observed and expected number of events in various exclusive multi-lepton
channels from the CMS multi-lepton search with 5 fb~! of 7 TeV proton-proton collisions
[67], along with expected number of Standard Model Higgs boson signal events for mj, =
125 GeV after acceptance and efficiency. HIGH and LOW for MET and HT indicate
ErZ 50 GeV and Hr Z 200 GeV respectively. DY0 = ¢'=¢F¢T DY 1 = (F¢H0— 0%+,
for £ = e, u. No Z and Z indicate |mg —myz| Z 15 GeV for any opposite sign same flavor
pair. The channels with moderate to good sensitivity to multi-lepton Higgs boson
signals are indicated with daggers.
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with h — WW?* . However, as with the 4¢ events, an additional contribution arises
from associated tth production with h — WW?* that falls below the Hp cut. Likewise,
the [MET all, Hy high, DY0] channel is dominated by ¢th with h — WW* . In all
cases, the decrease in h — WW* at low masses is compensated by a rise in h — 7777

Although limits may be placed on Higgs production due to any individual channel
in the multi-lepton search, the greatest sensitivity comes from combining all channels.
Table 5.3 contains the observed and expected 95% CL limits from the CMS multi-
lepton search with 5fb~! of 7 TeV proton-proton collisions on the Higgs boson produc-
tion cross section times branching ratio in multiples of that for Standard Model Higgs
multi-lepton production and decay topologies listed in Table 5.1 with Standard Model
branching ratios. We differentiate between the limits set by all contributions (including
the resonant h — 4/ final states present in the existing golden channel search) and those
set by purely non-resonant contributions unique to the multi-lepton search. Notably,
the current search strategy may already limit cross sections on the order of a few times

the Standard Model value.

my 120 GeV 125 GeV 130 GeV
Observed 5.4 4.9 3.5
Expected 4.2 3.8 2.8

Table 5.3: Observed and expected 95% CL limits from the CMS multi-lepton search
with 5 fb~! of 7 TeV proton-proton collisions [67] on the Higgs boson production cross
section times branching ratio in multiples of that for Standard Model Higgs multi-lepton
production and decay topologies listed in Table 5.1with Standard Model branching
ratios. Limits are obtained from an exclusive combination of the observed and expected
number of events in all the multi-lepton channels presented in Table 5.2.

We emphasize that although the multi-lepton search may not appear to be as sensi-
tive to the Standard Model Higgs boson as some of the current search strategies being
pursued at ATLAS and CMS, the sensitivity shown in Table 5.3 corresponds to the cur-
rent multi-lepton search strategy without any further optimization for a Higgs search.

Sensitivity may readily be improved by further tailoring cuts, as we will discuss next.
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5.3 Towards a Dedicated Multi-Lepton Higgs Search

We have seen that the existing CMS multi-lepton search strategy has considerable sen-
sitivity to the Standard Model Higgs and its variants, with the potential to exclude
production cross sections of a few times the Standard Model value in the light mass
window without specific tailoring to the Higgs signal. However, significant improve-
ments in sensitivity may be achieved by refining the search strategy for a dedicated
Higgs multi-lepton combination.

Among the 4¢ channels with highest sensitivity to the Higgs, the [MET low, Hp
low, Z / no Z] channels are already fairly optimized for the Higgs; they receive principal
contributions from the h — ZZ* — 4¢ golden mode as well as the h — Z*Z* — 44
mode. The same is true of the [MET high, Hr low] channel dominated by Zh associated
production with h — WW?* . We emphasize, though, that the sensitivity of these
channels to nonresonant 4¢ production may give an appreciable advantage over the
conventional golden mode search.

However, it is also important to emphasize the role of tth associated production
in potential 4/ signals. In particular, tth associated production with h — WW* con-
tributes significantly to the 4¢ [MET high, Hr low] channel without the presence of a
Z boson. Dividing the 4¢ [MET high, Hp low] channel into two channels, with and
without Z, would help to reduce backgrounds for this signal. Furthermore, these final
states include two b quarks from the decays of the tops. Since the primary background
in this channel is from di-Z production where one Z is off-shell for which there are
no b quarks in the final state further discrimination may be obtained by requiring one
or two b-tags in the final state. Requiring b-tags should also increase the sensitivity
of other channels that receive a significant contribution from tth, particularly [MET
all, Hp high]. While this channel is not the most sensitive of the 4¢ channels, further
reduction of the Standard Model background expectation perhaps by b-tags and the
addition of a Z veto may render it more useful. It should be emphasized, of course,
that requiring b-tags in channels sensitive to tth will not completely erase the Standard

Model background expectation. In addition to di-Z contributions to these channels,
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there may be considerable backgrounds from tt~y* that are not accounted for in the
current CMS search. These backgrounds would survive b-tag requirements, and should
be carefully accounted for in a dedicated search.

Similar improvement may be attained by requiring one or two b-tags in the 3¢ [MET
all, Hr high, DY0] and [MET all, Hy high, DY1] channels, which are likewise dominated
by tth. The remaining sensitive 3¢ channels receive signals primarily from associated
W h production with h — WW™* | for which the existing cuts are adequately optimized.

Finally, we note that many of the sensitive search channels in both 3¢ and 4/ final
states receive significant contributions from Wh, Zh, and tth associated production
with h — 7777 | particularly for low Higgs masses (m; ~ 130GeV). These decays
contribute directly to existing search channels when one or both of the 7’s decay lep-
tonically. However, some sensitivity is lost since the 7 leptonic branching fraction is
only 35%. Since it is possible to tag hadronically-decaying 7’s with some degree of
accuracy, sensitivity to associated production may be improved by adding channels for

exclusive final states with, e.g., two leptons and one or two hadronic 7’s.

5.4 Going Forward

In this chapter we have evaluated the possibility of augmenting existing LHC searches
for the Higgs via the combination of channels with multiple non-resonant leptons. The
total multi-lepton Higgs signal in these channels exceeds the gold-plated 4¢ resonant
mode, though it is spread over various 3¢ and 4/ final states. The exclusive combination
of these channels using the existing CMS multi-lepton search strategy yields a sensi-
tivity competitive with other discovery-level searches for the Higgs boson, both for the
Standard Model Higgs and for variants with enhanced branching ratios to leptons and
gauge bosons. Refinements focused specifically on the Higgs boson signal, such as b-tags
in channels involving tth associated production, would provide even more sensitivity.
The extensive study of Standard Model backgrounds in current multi-lepton searches
suggest that an effective multi-lepton search for the Higgs could be implemented fairly

quickly.
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Although we have focused in this paper on the sensitivity of a multi-lepton search
for a single Higgs doublet, we emphasize that there may be even greater discovery
potential for an extended Higgs sector with an enhanced total multi-lepton cross section,
which study in the next chapter. The advantage of a multi-lepton search lies in its
exclusive combination of multiple leptonic final states, both resonant and nonresonant
alike. As such, it is sensitive to simultaneous contributions from more than one new
state with appreciable leptonic decays. For example, in a two-Higgs doublet model the
multi-lepton signals of the lightest neutral Higgs h are augmented by new production
and decay channels from the heavier neutral Higgs H, the pseudoscalar A, and the
charged Higgses H*. Processes such as gg — H — hh — WW*WW* and g9 —
A — Zh — ZWW?™ contribute significantly to both 3¢ and 4¢ final states. Moreover,
in such models the cross section for specific resonant final states such as h — ~v
and h — ZZ* — 4¢ may be suppressed relative to the Standard Model expectation,
reducing the effectiveness of existing resonant searches. Should the Higgs sector prove
to be extended beyond a single electroweak doublet, a dedicated multi-lepton Higgs

search may provide the most promising avenue for discovery.
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Chapter 6

Extended Higgs Sectors at the LHC

Beyond the search for the Standard Model Higgs [59, 60], the LHC has a more general
primary objective of probing the mechanism of electroweak symmetry breaking (EWSB)
in detail. The goal, therefore extends much more broadly to include the search for
additional Higgs states that could be a window into the underlying physics of EWSB.

Two Higgs doublet models (2HDMs) offer a canonical framework for extended elec-
troweak symmetry breaking. Indeed, in many extensions of the minimal Standard
Model (SM), supersymmetric or otherwise, the Higgs sector is extended to two scalar
doublets [61]. It is therefore worthwhile to study the generic features of the 2HDM
scenario independent of the specific underlying model, purely as an effective theory for
extended EWSB. The phenomenology of 2HDMs is rich, as five physical Higgs sector
particles remain after EWSB: two neutral CP-even scalars, h, H; one neutral CP-odd
pseudoscalar, A; and two charged scalars, H and H~. All of these states could have
masses at or below the TeV scale, in a regime accessible to the LHC. The parameter
space of the 2HDM scenario is large enough to accommodate a wide diversity of mod-
ifications to the production and decay modes of the lightest Higgs boson, as well as
to provide non-negligible production mechanisms for the heavier Higgs states that may
decay directly to SM final states, or through cascades that yield multiple Higgs states.

Much of the study of 2HDM phenomenology to date has been devoted to the specific
setup that arises in minimal supersymmetric models [62], which occupies a restricted
subset of possible 2HDM signals. Even more general 2HDM studies [63—65] have largely
focused on the direct production and decays of scalars in SM-like channels, or on specific
cascade decays between scalars. In this work, we wish to pursue a more inclusive

objective: the sensitivity of the LHC to the sum total of production and decay modes
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available in a given 2HDM, including both direct decays of scalars and all kinematically
available scalar cascades. Such an approach exploits the large multiplicity of signals
arising from production and decay of the various states in an extended EWSB sector.

Searches for final states involving three or more leptons are well matched to this
objective, since both direct scalar decays and scalar cascades populate multi-lepton final
states with low Standard Model backgrounds. The CMS multi-lepton search strategy
[66, 67] is particularly well-suited in this respect, since its power lies in the combination
of numerous exclusive channels. While the sensitivity to new physics in any individual
channel alone is not necessarily significant, the exclusive combination across multiple
channels can provide considerable sensitivity. This is particularly effective in the search
for extended EWSB sectors such as 2HDMs, where multi-lepton final states may arise
from many different production and decay processes that would evade detection by
searches narrowly focused on kinematics or resonantly-produced final states of specific
topologies. With a potentially sizable multiplicity of rare multi-lepton signatures, an
extended Higgs sector therefore provides an excellent case study for the sort of new
physics that could first be discovered in an exclusive multi-channel multi-lepton search
at the LHC.

Multi-lepton searches are already sensitive to Standard Model Higgs production [68],
as well as the production of a SM-like Higgs in rare decay modes of states with large
production cross sections [69]. This suggests that these studies may be particularly
amenable to searching for evidence of extended Higgs sectors. Theories with two Higgs
doublets enjoy all of the multi-lepton final states available to the Standard Model Higgs,
albeit with modified cross sections, as well as the multi-lepton final states of additional
scalars and cascade decays between scalars that often feature on-shell W and Z bosons
in the final state. These additional particles give rise to numerous new production
mechanisms for multi-lepton final states.

The goal of this paper is to perform a detailed survey of the multi-lepton signals that
arise in some representative 2HDM parameter spaces. In particular, we will consider
four different CP- and flavor-conserving 2HDM benchmark mass spectra that have

qualitatively distinct production and decay channels. For each mass spectrum, we will
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consider each of the four discrete types of 2HDM tree-level Yukawa couplings between
the Higgs doublets and the SM fermions that are guaranteed to be free of tree-level
flavor changing neutral currents (FCNCs). A study of the sensitivity to the myriad rare
production and decay processes over a grid of points in the parameter spaces defining
these sixteen representative 2HDMSs using standard simulation techniques, while in
principle straightforward, is computationally prohibitive.

So instead we employ a factorized mapping procedure to go between model param-
eters and signatures [70]. In this procedure the acceptance times efficiency for each
individual production and decay topology is independently determined from monte
carlo simulation, assuming unit values for all branching ratios in the decay topology.
The production cross section and branching ratios are then calculated externally as
functions of model parameters. The total cross section times branching ratio into any
given final state at any point in parameter space is then given by a sum over the produc-
tion cross section times acceptance and efficiency for each topology times a product of
the branching ratios at that parameter space point. For the study here, we simulate the
acceptance times efficiency in 20 exclusive multi-lepton channels for 222 independent
production and decay topologies that arise in the four benchmark 2HDM spectra. For
each benchmark spectrum we combine the 20 exclusive multi-lepton channels to obtain
an overall sensitivity as a function of two-dimensional mixing angle parameter spaces
that characterize each of the four discrete types of flavor conserving 2HDMs. With this,
we identify regions of 2HDM parameter space that are excluded by the existing CMS
multi-lepton search [67], as well as those regions where future multi-lepton searches at
the LHC will have sensitivity.

Beyond requiring CP-conservation and no direct tree-level flavor violation in the
Higgs sector, we will not address constraints imposed by low energy precision flavor
measurements on the parameter space of 2HDMs (see [64] and references therein, and
[71] for a very recent analysis). In general, contributions to loop-induced flavor chang-
ing processes, such as B — X,v, may be reduced by destructive interference among
different loops, so that new physics outside of our low-energy effective theory can re-

lax flavor bounds on the 2HDM sector. Additionally, with the assumptions employed
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here, flavor constraints are driven by the mass of the charged Higgs, which typically
does not play a significant role in the production of multi-lepton final states. For the
benchmark spectra we consider, the charged Higgs may generally be decoupled in mass
without substantially altering the phenomenology. More generally, we emphasize that
our benchmark spectra are intended to qualitatively illustrate the relevant topologies
for producing multi-lepton final states. Various scalar masses may be raised to accom-
modate flavor physics without changing the qualitative multi-lepton signatures, though
of course particular numeric limits will be altered.

The outline of this chapter is as follows: In Section 6.1, we will briefly review
the relevant aspects of 2HDMs and define the parameter space within which we will
conduct our survey. In Section 6.2, we will give an overview of the most interesting
production and decay channels for 2HDM collider phenomenology which result in multi-
lepton final states. Additionally, we select benchmark spectra in Section 6.3 that have
a representative set of multi-lepton production and decay topologies. Section 6.4 is
devoted to summarizing the multi-lepton search strategy and the simulation methods
we use. The results of our study are displayed in Section 6.5 where we identify the
regions of parameter space that are excluded on the basis of the existing CMS multi-
lepton search with 5 fb~! of 7 TeV proton-proton collisions [67] as well as those regions to
which future searches will have sensitivity. In Section 6.6 we suggest some refinements
to future multi-lepton searches that could enhance the sensitivity to extended Higgs

sectors.

6.1 Parameterizing the Space of Two-Higgs Doublet Models

The physically relevant parameter space specifying the most general 2HDM is large (for
a review of general 2HDMs see, for example, [63] and [64]). The goal here is not to
consider the most general theory, but rather to define a manageable parameter space in
which to characterize multi-lepton signals. The couplings of physical Higgs states that
are relevant to the production and decay topologies considered below include those of a
single Higgs boson to two fermions or two gauge bosons, couplings of two Higgs bosons

to a single gauge boson, and couplings of three Higgs bosons. Other higher multiplicity
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couplings do not appear in the simplest topologies.

For simplicity we consider CP-conserving 2HDMs that are automatically free of
tree-level flavor changing neutral currents. With these assumptions, the renormalizable
couplings of a single physical Higgs boson to pairs of fermions or gauge bosons, and
of two Higgs bosons to a gauge boson, are completely specified in terms of two mixing
angles, as detailed below. With a mild restriction to renormalizable potentials of a
certain class described below, couplings involving three Higgs bosons are specified in
terms of Higgs masses and these same mixing angles.

The absence of tree-level flavor changing neutral currents in multi-Higgs theories is
guaranteed by the Glashow-Weinberg condition [72] which postulates that all fermions
of a given gauge representation receive mass through renormalizable Yukawa couplings
to a single Higgs doublet. With this condition, tree-level couplings of neutral Higgs
bosons are diagonal in the mass basis. In the case of two Higgs doublets with Yukawa

couplings

~Viukawa = Y (ahiy + qhiyd + thiyge + hec. ) (6.1)
i=1,2

where y?’d’e are 3 x 3 flavor matrices and ﬁl = jo9h; and our conventions are such that
the two SU(2) doublets H; and Hy both have positive hypercharge. The Glashow-
Weinberg condition is satisfied by precisely four discrete types of 2HDMs distinguished
by the possible assignments of fermion couplings with either yf = 0 or y&" = 0 for each
of F' = u,d,e. This requirement can be imposed through a Zs symmetry under which
one of the Higgs doublets is odd, and the quarks and leptons are assigned charges to
ensure that the desired terms in Eq. 6.1 survive. Under this restriction, we can always
denote the Higgs doublet that couples to the up-type quarks as H,. Having fixed this,
we have two binary choices for whether the down-type quarks and the leptons in (6.1)
couple to H, or Hy. Of these four possibilities, “Type I” is commonly referred to as
the fermi-phobic Higgs model in the limit of zero mixing, as all fermions couple to
one doublet and the scalar modes of the second doublet couple to vector bosons only.

“Type II” is MSSM-like, since this is the only choice of charge assignments consistent
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with a holomorphic superpotential. “Type III” is often referred to as “lepton-specific,”
since it assigns one Higgs doublet solely to leptons. Finally, “Type IV” is also known as
“flipped,” since the leptons have a “flipped” coupling relative to Type II. These possible
couplings are illustrated in Table 6.1. We will restrict ourselves to these four choices as

they exhaust all possibilities where tree-level FCNCs are automatically forbidden.

2HDM 1 | 20DM 11 | 2HDM III | 2HDM IV

u |  H, ., ., o,
H, H, H, H,

e | H, H, H, H,

Table 6.1: The four discrete types of 2HDM H, and Hy Yukawa couplings to right-
handed quarks and leptons that satisfy the Glashow-Weinberg condition. By convention
H, is taken to couple to right handed up-type quarks, and the assignments of the
remaining couplings are indicated.

For any of the CP-conserving 2HDMs satisfying the Glashow-Weinberg condition,
the coefficient of the couplings of a single physical Higgs boson to fermion pairs through
the Yukawa couplings in Eq. 6.1 depend on the fermion mass, the ratio of the Higgs
expectation values, conventionally defined as tan 8 = (H,)/(Hg4), and the mixing angle
a that diagonalizes the 2 x 2 neutral scalar h — H mass squared matrix. The para-
metric dependences of these couplings on « and S relative to coupling of the Standard
Model Higgs boson with a single Higgs doublet are given in Table 6.2. The parametric
dependence of the couplings of the charged scalar, HT, are the same as those of the
pseudo-scalar, A.

The renormalizable couplings of a single physical Higgs boson to two gauge bosons
are fixed by gauge invariance in terms of the mixing angles in any CP-conserving 2HDM

as

grvy =sin(8 — a)gy gavv = cos(f — a)gy
gavv =0 gutwz =0 (6.2)

where for V. = W, Z the Standard Model Higgs couplings are gy = ¢ and gz =

g/ cos Oy, where g is the SU(2);, gauge coupling and 6y the weak mixing angle. The
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renormalizable couplings of two physical Higgs bosons to a single gauge boson are

likewise fixed in any CP-conserving 2HDM as

1 1
ghza = =gz cos(f — a) 9HZA = —597 sin(f — )

2
gnwFnE = F59 cos( — ) JHWFH+ = 159 sin(8 — a)
1
gawsH* = 59 (6.3)

None of these couplings involve additional assumptions about the form of the full non-
renormalizable scalar potential, beyond CP conservation.

This is in contrast with (CP and flavor conserving) multi-Higgs theories for which
the tree-level couplings to Standard Model fermions and massive gauge bosons are in
general all independent. Thus the general tree-level couplings of CP-conserving 2HDMs
satisfying the Glashow-Weinberg condition are restricted to particular two-dimensional
sub-spaces of the general four-dimensional space of Higgs couplings to the Standard
Model fermions and massive gauge bosons. This is also to be contrasted with the single
Higgs theory with general non-renormalizable couplings, in which the coupling to every
Standard Model state is independent and deviations from renormalizable couplings are
parameterized by non-renormalizable operators.

The couplings between three physical Higgs bosons depends on details of the Higgs
scalar potential. Specifying these therefore requires additional assumptions to com-
pletely specify the branching ratios that appear in some of the decay topologies dis-
cussed below. The main goal here is to present multi-lepton sensitivities to 2HDMs
in relatively simple, manageable parameter spaces. A straightforward condition that
fulfills this requirement is to consider 2HDM Higgs potentials that, in additional to
being CP-conserving, are renormalizable and restricted by a (discrete) Peccei-Quinn
symmetry that forbids terms with an odd number of H,, or H; fields. The most general

potential of this type is given by

1 1
Viealw = mH{Hy+ mGH Hy+ 50 (HUH)? + S Xo(HH)® + Ns(HLH,) (H Ha)

1
+ M(H{Hy)(H H,) + §A5(H;Hd)2+ h.c. (6.4)



youpMm/ysm | 2HDM 1 2HDM 11 2HDM II1 2HDM 1V
hVV sin(f —a) | sin(f — ) sin(f8 — «) sin(f8 — «)
hQu cosa/sin 8 | cosa/sinf cos a/sin 8 cos a/sin 8
hQd cosa/sinf3 | —sina/cosf | cosa/sinf | —sina/cos 3
hLe cosa/sin 8 | —sina/cosf | —sina/cosf | cosa/sinf
HVV cos(f —a) | cos(f— ) cos(f — «) cos(f — )
HQu sina/sinf3 | sina/sinf sin o /sin 3 sin av/sin
HQd sina/sin 8 | cosa/cosf sin av/sin 8 cos a/cos 8
HlLe sina/sinf | cosa/cosf | cosa/cosf | sina/sinf
AVV 0 0 0 0
AQu cot 3 cot B cot B cot B
AQd —cot 8 tan 3 —cot 8 tan 3
AlLe —cot 3 tan 8 tan 8 —cot 83

Table 6.2: Tree-level couplings of the neutral Higgs bosons to up- and down-type quarks,
leptons, and massive gauge bosons in the four types of 2HDM models relative to the
SM Higgs boson couplings as functions of o and 3. The coefficients of the couplings of
the charged scalar H*, are the same as those of the pseudo-scalar, A

This potential has seven free parameters, which may be exchanged for the overall Higgs
expectation value, the four physical masses mp, mpg, ma, and mg+, and the two mixing
angles, o and (. So all the Higgs boson couplings in a renormalizable 2HDM with the
potential in Eq. 6.4 are, for a given mass spectrum, specified entirely in terms of the
mixing angles « and 5. The couplings of three physical Higgs bosons from the potential

in Eq. 6.4 that are relevant to the production and decay topologies studied below are

1
gum+a- = — (m} (cosBcotBsina + sin Btan 8 cosa) + 2mis cos(B — a))

v
1

JHAA = ~— (m%{ (cos B cot Bsin o + sin 5 tan B cos «) + 2m?4 cos(f — a))
v
1

gann = —(m¥ 4 2m}) cos(B — a)(sin 2o/ sin 23) (6.5)
v

We emphasize that the choice of the potential given by Eq. 6.4 is illustrative to allow a
simple presentation in terms of a two-dimensional parameter space of mixing angles for
a given physical spectrum. Although there is additional parametric freedom available in
the most general CP-conserving 2HDM potential, the phenomenology is qualitatively
The only important generalization in the production and decay topologies

similar.

studied below for the most general CP- and flavor-conserving 2HDMs as compared
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with the assumptions outlined here is that the partial decay widths of the CP-even
heavy Higgs boson, H, to pairs of lighter Higgs bosons become free parameters, rather

than being specified in terms of a and S through the couplings in Eq. 6.5.

6.2 Multi-lepton Signals of Two Higgs Doublet Models

The wide range of possibilities for Higgs boson mass spectrum hierarchies and branching
ratios in 2HDMs yields a diversity of production and decay channels that are relevant
for multi-lepton signatures at the LHC. Multi-lepton final states become especially im-
portant when the decay of one Higgs scalar to a pair of Higgs scalars or a Higgs scalar
and a vector boson is possible. Of course, the availability of these inter-scalar decays
comes at a price, as the decaying Higgs must be sufficiently heavy for the decay modes
to be kinematically open, so that the production cross section is reduced. Performing a
full multi-dimensional scan of the mass spectra of 2HDMs is not only computationally
untenable, but also unnecessary for our purposes; most of the salient features may be
illustrated by exploring a few benchmark scenarios in which all the relevant types of
cascade decays are realized. We will focus on four such mass spectra with various or-
derings of the scalar mass spectrum, fixing the lightest CP-even Higgs mass at 125 GeV
in each case.

The various 2HDM production and decay topologies that give rise to multi-lepton
signatures fall into two broad categories: those resulting from the direct production and
decay of an individual scalar, and those resulting from cascades involving more than
one scalar. The first category includes the resonant four-lepton signals of the Standard
Model-like Higgs h, from gluon fusion and vector boson fusion production followed
by h — ZZ* with Z*) — ¢¢. Other resonant and non-resonant multi-lepton signals
arise from quark—anti-quark fusion production of Wh, Zh, along with tth associated
production with t — Wb, all followed by h — WW?*, ZZ* rr with leptonic decays of
(some of the) W — fv, Z(*) — ¢¢ and T — fvv. These modes were studied in depth in
[68] to obtain multi-lepton limits on the Standard Model Higgs and simple variations.
The same modes of production and decay are available to the heavy CP-even scalar,

H, albeit with reduced production cross sections due to its larger mass and mixing
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suppression of some of its couplings.

While the branching fractions of these modes depend on the parameters of the
theory, their existence is robust and common to all benchmark spectra we consider. In
contrast, the sole multi-lepton mode involving direct production of the pseudoscalar,
A, without cascade decays through other scalars is ttA associated production followed
by t — Wb and A — 77 with leptonic decays of (some of the) W — fv and 7 — lvv.
And there are no multi-lepton signals resulting from direct production of the charged
Higgs, H*, without cascade decays through other scalars.

Scalar cascades add a variety of new multi-lepton processes, including produ