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abstract

Despite its indisputable successes, the StandardModel of particle physics
(SM) is widely considered to be an effective low-energy approximation
to an underlying theory that describes physics at higher energy scales.
While there are many candidates for such a theory, nearly all of them
predict predict the existence of additional particles beyond those of
the Standard Model. In this work, we present three analyses aimed at
discovering new particles at current and future particle colliders.

The first two analyses are designed to probe extended scalar sectors,
which often arise in theories beyond the Standard Model (BSM). The
structure of these extended scalar sectors can be described by a physi-
cally well-motivated class of models, known collectively as Two-Higgs
Doublet Models (2HDMs). The scalar mass spectrum of 2HDMs is com-
prised of two CP-even states h and H, a CP-odd state A, and a charged
state H±. Traditional searches for these states at particle colliders fo-
cus on finding them via their decays to SM particles. However, there
are compelling scenarios in which these heavy scalars decay through
exotic modes to non-SM final states. In certain regions of parameter
space, these exotic modes can even dominate the conventional decay
modes to SM final states, and thus provide a complementary avenue for
discovering new Higgs bosons.

The first analysis presented aims to discover charged Higgs bosons
H± via top decay at the LHC. We find that the exotic decay modes
outperform the conventional decay modes for regions of parameter
space with low values of the 2HDM parameter tan β.

The second analysis aims to systematically cover all the exotic decay
scenarios that are consistent with theoretical and experimental con-
straints, at both the 14 TeV LHC and a future 100 TeV hadron collider.
We find that the preliminary results are promising - we are able to ex-
clude a large swathe of 2HDM parameter space, up to scalar masses of
3.5 TeV, for a wide range of values of tan β.

In addition to these two analyses, we also present a third, aimed
at discovering pair produced higgsinos that decay to binos at a 100
TeV collider. Higgsinos and binos are new fermion states that arise in
the Minimal Supersymmetric Standard Model (MSSM). This heavily-
studied model is the minimal phenomenologically viable incorporation
of supersymmetry - a symmetry that connects fermions and bosons -
into the Standard Model. The structure of the scalar sector MSSM at tree
level reduces to that of a 2HDM. In the scenario we consider, the bino is
the lightest supersymmetric partner, which makes it a good candidate
for dark matter. Using razor variables and boosted decision trees, we are
able to exclude Higgsinos up to 1.8 TeV for binos up to 1.3 TeV.
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1introduction

1.1 Setting the stage

The Standard Model (SM) of particle physics, which describes the fun-
damental constituents of matter and their interactions, represents an
unambiguous triumph of the scientific method. Its predictions have
been verified to extraordinary precision. Its last missing piece, the Higgs
boson, was discovered in 2012 [1, 2], nearly fifty years after it was pre-
dicted. This resulted in a Nobel prize for François Englert and Peter
Higgs, and in much jubilation among the particle physics community.

However, many questions still remain unanswered or unsatisfactorily
answered by the Standard Model. For example, the SM does not explain
why neutrinos have masses, and does not contain a viable dark matter
candidate. On a more abstract level, the square of the mass of the Higgs
boson seems unnaturally finely tuned. This phenomenon is termed
the hierarchy problem, and we will revisit it in section 2.3. In fact, it is
widely believed that the Standard Model is only a low-energy effective
approximation to an underlying theory that is valid at higher energy
scales.

To answer these questions, we must go beyond the Standard Model
with new theories. These new theories often predict new fundamental
particles and forces, which we can study using particle colliders, like
the Large Hadron Collider (LHC), a schematic of which is shown in
figure 1.1.

At these colliders, we accelerate particles to nearly the speed of light
and collide them against each other, creating new particles that can be de-
tected by extremely sophisticated detectors. One of the main challenges

Figure 1.1: Schematic diagram of the Large Hadron Collider, which lies on the border
between Switzerland and France. (CERN)
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12 | structure of the dissertation

at particle colliders is that there are hundreds of millions of collisions
every second, but only a small fraction of these will contain signatures of
new physics. In addition, there are a multitude of viable theories beyond
the Standard Model, each possessing multiple free parameters. However,
performing a full experimental analysis for even a single point of the
parameter space of a theory can be very time consuming.

For this reason, existing theories must be constrained (or excluded
entirely) by holding them up to the light of experimental evidence. Fur-
thermore, we need to have a rough idea of what themost effective collider
search strategies are before going ahead with a complete experimental
analysis. This is where phenomenology steps in.

Phenomenology bridges the gap between theory and experiment -
connecting the predictions of the former with the measurements of the
latter. In this dissertation, we present three phenomenological analyses
for finding physics beyond the Standard Model at current and future
colliders. The rest of the dissertation is structured as follows.

1.2 Structure of the dissertation

Chapter 2. This chapter briefly reviews the theoretical background be-
hind the collider analyses presented in this dissertation. We go over the
particle content and gauge structure of the Standard Model, followed by
a discussion of electroweak symmetry breaking. We briefly touch upon
CKM mixing, asymptotic freedom, and quantum chromodynamics as
well. This is followed by a description of the motivations, mass spec-
trum, and interactions of Two Higgs Doublet Models (2HDMs) and the
Minimal Supersymmetric Standard Model (MSSM).

Chapter 3. This chapter describes how to connect theoretical predictions
and experimental observables. The design of a generic multipurpose
detector for a hadron collider is discussed, followed by discussions of
some of the kinematic variables that are relevant to our analyses. The
concepts of hypothesis testing and statistical significance are briefly
reviewed, and particle physics concerns are recast in the language of
machine learning.

Chapter 4. In this chapter, we describe a search for a new type of Higgs
boson, known as the charged Higgs boson (H±), that arises naturally in
the spectrum of 2HDMs. Finding one of these would be an unmistakable
sign of new physics beyond the StandardModel. Themass of this particle,
mH± is a free parameter in the theory. Searches for this particle can be
divided into two broad categories - the first involving charged Higgs
bosons lighter than the top quark, and the other dealing with charged
Higgses heavier than the top quark. We examine the first scenario, with
charged Higgses coming from the decay of top quarks that are either
produced singly or in pairs.

While experimental results from CMS and ATLAS have placed a
lower limit of 160 GeV for the mass of the charged Higgs boson in the
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context of the MSSM, these limits have been placed assuming that the
chargedHiggs decays solely via conventional channels to final states with
SM particles. However, theories that predict charged Higgs typically
predict other BSM particles as well. These can potentially be lighter
than the charged Higgs, thus opening up new, ‘exotic’ decay channels
for it. For regions of parameter space with low values of the parameter
tan β, the rate of these exotic decays is much larger than the rate of the
conventional decays to SM particles, thus significantly weakening the
limits set by the LHC. For a complete picture, we must take into account
not only the conventional decay channels, but the exotic ones as well.

In this chapter, we investigate the exotic decay of a charged Higgs
to a lighter, neutral Higgs boson - either the pseudoscalar A or the CP-
even scalar H, and a W boson. We first perform a model-independent
analysis. That is, assuming that H± decays exclusively to AW±/HW±,
and that A/H decays to a pair of tau leptons 8.6% of the time, we set out
to find the minimum rate of the signal process required for this analysis
to discover it with a significance of 5σ , or exclude it with a significance
of 1.96σ . This rate corresponds to the strength of the signal - the weaker
the signal that can be probed by the analysis, the more powerful the
analysis is. The model-independent limit on the signal strength can be
translated into a limit on the branching ratio of the top quark to the
charged Higgs, BR(t → H±b). We determined that the single top and
the top pair production channels could potentially set exclusion limits
of 0.2% and 0.3% respectively on this branching ratio. For the analysis to
discover the signal process, the branching ratio would have to be about
three times higher than the aforementioned upper limits.

These results can be translated into contours in themH±−tan β plane
in the parameter space of a Type-II 2HDM that delineate regions that
can be either discovered or excluded with this analysis. We also found
that this analysis would be able to discover points with the chargedHiggs
massmH± between 155 and 165 GeV for tan β >17, and the entire viable
mass range for tan β <6. We also found that almost the entire relevant
region of the mH± − tan β plane can be excluded with this analysis, with
the exception of the regions with very small mass differences between the
charged Higgs and the top quark. In summary, we found that the exotic
decay channel H± → AW±/HW± probes a region of parameter space
complementary to the region probed by conventional decay channels
(such as H± → τν), and is thus an important search channel to include
in the search for charged Higgs bosons. The results in this chapter have
been published in [3].

Chapter 5. While the project that chapter 4 is based on dealt with the
implications of additional, exotic decay channels opening up for charged
Higgs bosons arising from extended scalar sectors at the LHC, the project
that this chapter is based on is muchmore ambitious in scope, aiming for
nothing less than a complete prospectus of exotic Higgs decay channels
in 2HDMswith largemass hierarchies. The authors of [4] have presented
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a collection of promising 2HDM benchmark planes for investigation
at the LHC that take into account theoretical and experimental con-
straints and highlight the complementarity between the different search
channels. The end goal of this project is to perform detailed collider
analyses to determine exclusion and discovery bounds for both the origi-
nal benchmark planes at the 14 TeV LHC, as well as extended versions of
them at a 100 TeV collider that reflect the higher obtainable mass reach.
In this chapter, we present preliminary results for two of the benchmark
planes, corresponding to the mass hierarchies mH < mA = mH± and
mA < mH = mH± . The exotic decay channels considered are A → HZ
and H± → HW±. Using boosted decision tree (BDT) classifiers, we are
able to exclude charged Higgses with masses up to 2 TeV, for neutral
Higgses H with masses up to 500 GeV, in the benchmark plane IIB sug-
gested in [4] through the decay mode H± → AW± at a 100 TeV collider.
In addition, we are able to exclude neutral Higgses (A/H) decaying via
the channels (A/H)→ (H/A)Z for parent masses up to about 3 TeV for
a wide range of values of tan β, keeping the daughter Higgs mass fixed
at 200 GeV. This work is being done in collaboration with Felix Kling,
Huayang Song, Honglei Li, and Shufang Su.

Chapter 6. A 100 TeV proton-proton collider will be an extremely effec-
tive way to probe the electroweak sector of the Minimal Supersymmetric
Standard Model (MSSM). In this chapter, we describe a search strategy
for discovering pair-produced higgsino-like neutralinos ( χ̃0

2,3
) that de-

cay to the lightest neutralino ( χ̃0
1
) (which we assume to be an almost

pure bino). The lightest neutralino is a strong candidate for particle dark
matter. We investigate the particular case in which the higgsinos decay
via intermediate Z and SM Higgs bosons h, that in turn decay to a pair
of leptons and a pair of b-quarks respectively:

pp → χ̃0
2
χ̃0
3
→ (Z χ̃0

1
)(h χ̃0

1
)→ l lbb + χ̃0

1
χ̃0
1
.

We performed two analyses simultaneously - the first using rectangular
selection cuts on physically motivated kinematic observables known
as razor variables, and the second using the same high-level observ-
ables, along with a few lower-level observables as input features for a
boosted decision tree classifier. The results show that the machine learn-
ing technique performs substantially better than the regular rectangular
selection cuts. With the machine learning analysis, we can discover
higgsinos up to a mass of 1.3 TeV, and exclude them to up to a mass of
1.8 TeV. Correspondingly, we can discover binos up to 900 GeV, and
exclude them up to 1.3 TeV.

Finally, we conclude in chapter 7, where we provide a summary of
our findings and discuss prospects for future work.



2the standard model and beyond

In this chapter, we will provide some of the theoretical background
that our research builds upon. We will first provide a lightning-quick
review of the particle content and gauge structure of the Standard Model,
followed by an introduction to Two-Higgs Doublet Models and the
Minimal Supersymmetric Standard Model. For excellent treatments
of the Standard Model, please see [5–8]. For a detailed review of Two-
Higgs Doublet Models, see [9], and for a pedagogical introduction to
supersymmetry and theMSSM, see [10]. Our discussion is adapted from
these works.

2.1 The Standard Model

The fundamental constituents of matter are fermions. The interactions
between these fermions aremediated by particles known as gauge bosons,
which arise from the gauge structure of the Standard Model:

SU(3) × SU(2) ×U(1)Y

This means that each fermion transforms in a unique way under trans-
formations corresponding to these gauge groups. In addition to the
fermions and gauge bosons, the standard model contains a scalar SU(2)
doublet H, known as the Higgs field. In table 2.1, we collect the fun-
damental fields of the SM and their transformation properties under
different gauge groups. The labels u,d,e and ν are collective labels for
three generations of fermions, shown in table 2.2. The fields g,Wµ , and
Bµ are vector bosons that that correspond to the SU(3), SU(2) and
U(1) gauge group respectively.

The ground state that we inhabit spontaneously breaks the larger
symmetry SU(2) × U(1)Y to the symmetry U(1)EM. The subscript Y

Type Field Spin SU(3) SU(2) U(1)Y
Scalar H 0 1 2 1⁄2

Fermions Q = (uLdL
) 1⁄2 3 2 1⁄6

uR 3 1 2⁄3

dR 3 1 −1⁄3

L = (eLνL
) 1 2 −1⁄2

eR 1 1 −1
Vector bosons g 1 8 1 0

Wµ 1 3 0

Bµ 1 1 0

Table 2.1: The fields of the Standard Model,
grouped by their charges under the rele-
vant gauge groups.

15
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Generation Quarks e: Leptons ν: Neutrinos

u: Up d: Down

I u ∶ up d ∶ down e ∶ electron νe ∶ electron neutrino
II c ∶ charm s ∶ strange µ ∶muon νµ ∶muon neutrino
III t ∶ top b ∶ bottom τ ∶ tau ντ ∶ tau neutrino

Table 2.2: The fermion sector of the Standard Model, grouped by generation.

denotes the hypercharge of the field, while the subscript EM denotes
electromagnetism. In this process (which we will revisit in more detail
in section 2.1), the three gauge fieldsWµ , corresponding to the SU(2)
gauge symmetry, combine with the Bµ field corresponding to the U(1)Y
symmetry to form the massive gauge bosonsW± and Z, and a massless
photon, Aµ (often denoted by γ instead). The W and Z bosons mediate
the weak interactions that responsible to phenomena such as radioactive
decay, while the photon mediates electromagnetic interactions. The
gauge field g corresponding to the SU(3) gauge symmetry is known as
the gluon, and mediates the strong force between nucleons.

Electroweak symmetry breaking

In 1957, Schwinger proposed the unification of the weak and electro-
magnetic interactions, citing their vectorial nature. In 1961, Glashow
proposed amodel forweak interactions governed by symmetry under the
product group SU(2) ×U(1). The trouble was, experiments had shown
that the weak interactions had a short range, implying that the vector
bosons that mediated them must be massive. On the other hand, gauge
symmetry prohibits mass terms for these intermediate vector bosons.
Glashow’s theory included these mass terms, but they were put in by
hand, and spoiled the renormalizability of the theory. A possible way
out was to break the gauge symmetry spontaneously rather than explic-
itly. Spontaneous symmetry breaking refers to the phenomenon where
the ground state of a system does not respect the symmetry of the full
Lagrangian. However, Goldstone’s theorem states that for every sponta-
neously broken symmetry, there exists a set of massless spin-0 bosons
corresponding to the generators of the symmetry group - since such
particles have never been observed, this was obviously an undesirable
feature of the theory.

Thus we seem to have to choose between two undesirable outcomes:
a set of massless gauge bosons, or a set of massless scalars, both of which
are inconsistent with what we actually see in nature. Remarkably, each of
these problems would turn out to be the solution for the other, through
the marvelous Higgs mechanism. This mechanism was first put forth
by Philip W. Anderson in the context of condensed matter systems. In
1964, three groups – Peter Higgs, the duo of Francois Englert and Robert
Brout, and the trio of Gerald Guralnik, C. R. Hagen, and Tom Kibble –
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independently and almost simultaneously proposed that this mechanism
could explain how the the weak interaction mediators can acquire mass.
There is likely a strong case for naming the mechanism after all of these
physicists, but for the sake of expediency, we will simply refer to it as the
Higgs mechanism.

The Higgs mechanism describes the spontaneous breaking of elec-
troweak symmetry, that is, the breakdown of the product group SU(2)×
U(1)Y → U(1)EM . This is achieved by adding to the theory a complex
scalar SU(2) doublet, the Higgs field H:

H = (H
+

H0
) .

The terms of the Lagrangian that involve this field can be written as
follows:

LHiggs =
1

2

∣DµH∣
2 − V(H) (2.1)

where V(H) = (H†H − v
2

2

)
2

(2.2)

The gauge covariant derivative for the Standard Model takes the form
(neglecting the term corresponding to the unbroken SU(3) symmetry)

Dµ = ∂µ + igW a
µ T a + ig′YBµ ,

where W a
µ and Bµ are the gauge fields corresponding to the SU(2)

and U(1)Y symmetries respectively, g and g′ are coupling constants,
and T a and Y are the generators of the SU(2) and U(1) groups. The
potential V(H) reaches its minimum when H†H = v2/2. We pick a
non-zero vacuum expectation value (VEV) for H that breaks the neutral
sector symmetry (corresponding to H0) but not the charged symmetry
(corresponding to H+), since we wish to keep photons massless. This
VEV is given by:

H = (
0

v√
2

) .

Plugging this into the kinetic term of the Lagrangian, and isolating the
terms quadratic in the gauge fields, we get

g2v2

4

W−
µ W+

µ +
1

2

v2

4

(g2 + g′2) (cos θwW3

µ − sin θwBµ)
2

where W±
µ = (W 1

µ ± iW2

µ )/
√
2 and θw = tan

−1(g′/g) is the Weinberg
angle, which parameterizes the mixing between the photon Aµ and the
Z boson Zµ .

(ZµAµ
) = (cos θw − sin θw

sin θw cos θw
)(W

3

µ
Bµ
) (2.3)

The product W+
µ W−

µ can be interpreted as a mass term for a charged
vector boson,W±

µ . Collecting the terms quadratic inW±
µ and Zµ , we get

Lmass terms =
e2v2

4 sin
2 θw

WµW µ + e2v2

8 sin
2 θw cos2 θw

ZµZ µ
.
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Thus, after accounting for symmetry factors, we get the masses of the W
and Z bosons as:

mW =
ev

2 sin θw
, mZ =

ev
sin 2θw

.

We see that there is no mass term for Aµ . Thus the W and Z bosons
gain mass, limiting their range, while the photon remains massless,
corresponding to what is experimentally observed. Remarkably, we have
done this without violating gauge invariance. Colloquially, we say that
theW and Z bosons have ‘eaten’ the Goldstone boson degrees of freedom
to obtain mass.

Peter Higgs was the first to postulate the existence of a physical scalar
particle that could be produced by perturbing the vacuum. To see how
this plays out, let us parameterize the Higgs doublet field as

H = 1√
2

exp(iξa(x) τ
a

v
)( 0

v + h(x)) .

where τa are the Pauli matrices, ξa and h are scalar fields with VEVs
given by ⟨ξ⟩ = ⟨h⟩ = 0, and v is the vacuum expectation value of the
Higgs doublet, experimentally measured to be about 246 GeV. The field
h is known as the Higgs boson. The simplest gauge choice to examine
this scenario is the unitary gauge, where ξ(x) = 0. In this gauge, the
potential V(H) from (2.2) becomes:

V(H) = − 1
2

m2

hh
2 − λvh3 − 1

4

λh4

The Higgs boson is the only fundamental scalar in the Standard Model,
and was discovered in 2012, nearly 50 years after it was first predicted.
The coefficient of the termquadratic in h is itsmass,mh - a free parameter
that had to be determined experimentally. The second and third terms in
the above expression represent the trilinear and and quartic self-coupling
of the Higgs boson.

Quark mass and gauge eigenstates

While the quarks listed in table 2.2 are gauge eigenstates, withwell defined
transformations under the gauge groups, the physical states that we
observe at a collider will in fact be mass eigenstates. The two are related
by the Cabibbo-Kobayashi-Maskawa (ckm) matrix:

The Cabibbo-Kobayashi-Maskawa
quark mixing matrix

VCKM =
⎛
⎜⎜
⎝

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞
⎟⎟
⎠

(2.4)

The elements of the matrix denote the level of mixing between the gauge
eigenstates. Experimentally, this matrix has been determined to be
nearly diagonal.
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Asymptotic freedom and QCD

In the 50s and 60s, experiments were devised to unravel the structure of
the proton. They found two seemingly incompatible results. On the one
hand, colliding protons resulted in the production of a large number of
pions collinear with the beam axis, implying that the protons could not
absorb a large momentum transfer. However, deep inelastic scattering
experiments later showed that it was possible for an energetic electron
to undergo hard electromagnetic scattering off a proton. These disparate
phenomena were reconciled by the introduction of the parton model by
Bjorken and Feynman. In this model, hadrons such as the proton were
comprised of a collection of loosely bound pieces, known as partons
(for an artistic representation, see figure 2.1). To an energetic incoming
electron, these partons would appear approximately free, allowing it to
scatter with a large momentum transfer off of one of them. The struck
parton will then exchange momentum softly via the strong interaction
among the other partons, which results in the production of a jet of
hadrons, collinear with the direction of the original struck parton. The
deeper reason for this behavior is that these partons are charged under
a non-Abelian gauge group, SU(3). The phenomenon of the weakening
of the interaction strength at large momentum transfers is known as
asymptotic freedom, and it is a property of non-Abelian gauge theories.

Figure 2.1: A representation of the innards
of a proton, showing the dynamic structure.
Source: [11]

The β-function of a gauge theory describes the evolution of the
renormalized coupling constant with energy. For non-Abelian gauge
theories, it takes the following form (up to leading order):

Leading order β-function for
non-Abelian gauge theories

β(gR) = µ
d
dµ

gR = −
g3R
(4π)2 [

11

3

CA −
4

3

n f TF] (2.5)

where µ is the renormalization scale, CA is the quadratic Casimir opera-
tor for the adjoint representation, and TF is the index of the fundamental
representation. In the case of the strong interaction, the relevant gauge
group is SU(3). Thus CA = 3 and TF = 1

2
. If n f , the number of quark

flavors is less than 17 1, the β function has a negative sign, which means 1Which it is, since the number of quark
flavors is six, as can be seen in table 2.2.that the coupling decreases at higher energies. This is the underlying

basis of asymptotic freedom. The theory of the strong interaction is
known as quantum chromodynamics, or QCD for short. The analogue of
electric charge for this theory is a quantity referred to as color (hence
the name of the theory). At a hadron collider, it is of crucial importance
to understand the physics of gluons and jets.

The Standard Model of particle physics has been remarkably suc-
cessful, and over the decades has yielded some of the most precise mea-
surements in all of physics. However, as mentioned in chapter 1, there
still remain unresolved issues with it. In the next two sections we will
discuss some of these issues in more depth, and introduce extensions to
the SM that potentially resolve them.
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2.2 Two-Higgs Doublet Models

Intuitively, it is not too hard to imagine, based on the complex structure of
the fermion and gauge sectors of the StandardModel, that its scalar sector
might well contain members other than a single SU(2) doublet. An
extended scalar sector frequently arises in BSM theories that potentially
alleviate some of the unresolved issues facing the Standard Model. One
of these issues is the strong CP problem, which can be summarized as
follows. Lagrangians for Yang-Mills theories can have a renormalizable
term that is gauge-invariant but violates CP, of the form

Lθ = θєµναβFaµνFaαβ ,

where θ is some angle, Faµν are the field strength tensors, and єµναβ is
an antisymmetric tensor. This term is a total derivative, since it can
be written as 2θ∂µ(єµναβAa

νFaαβ). Thus, it should not contribute to per-
turbative effects. However, this term can potentially contribute to non-
perturbative effects. Additionally, this term can be modified be chiral
rotations of the form ψ → exp(iγ5θF)ψ. Since physical observables
should be independent of the choice of the basis, i.e. θF , we should
absorb it into θ by defining a basis-independent phase: ¯θ = θ − θF .
For SU(2) and U(1) gauge symmetries, this phase can be set to zero
by performing appropriate chiral rotations of the fermion fields. How-
ever, no such choice exists for the term corresponding to the the SU(3)
group, and thus the CP-violating term in the QCD Lagrangian could in
principle by non-zero. A non-zero value of ¯θ would be manifested as
non-perturbative effects. For example, the neutron would then have a
non-zero electric dipole moment. However, experiments have shown
that ¯θmust be vanishingly small, with a stringent upper bound: ¯θ < 10−10.
A value this small seems suspiciously fine-tuned in the absence of an
underlying symmetry to enforce it.

Adding an additional scalar doublet allows us to impose such a sym-
metry - a global U(1) symmetry known as Peccei-Quinn symmetry. If
this symmetry is spontaneously broken, a Goldstone boson arises, which
can then be chirally rotated such that ¯θ becomes effectively zero for
the ground state. Extended scalar sectors also arise in theories that can
explain the observed imbalance between matter and antimatter in the
universe. The CP violation in the weak sector of the Standard Model
cannot account for this imbalance, but 2HDMs, with their complex
scalar sector and possible new sources of CP violation, can. However,
the strongest motivation for 2HDMs is their connection to supersym-
metric models that have the potential to resolve the hierarchy problem,
discussed in the next section. The scalar sector of the Minimal Super-
symmetric Standard Model has a structure similar to that of a 2HDM
- it requires exactly two scalar doublets to give mass to both up and
down type fermions, and for the cancellation of anomalies. With these
motivations for 2HDMs in mind, let us examine the structure of the
scalar potential of a generic Two-Higgs Doublet Model.
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The 2HDM scalar potential

The most general renormalizable scalar potential for two scalar doublets
Φ1 and Φ2 with hypercharge +1 is given by

Scalar potential for a Two-Higgs
Doublet Model

V(Φ1 , Φ2) = m2

11
∣Φ1∣2 +m2

22
∣Φ2∣2 −m2

12
(Φ†

1
Φ2 + h.c.)

+ λ1
2

∣Φ1∣4 +
λ2
2

∣Φ2∣4 + λ3∣Φ1∣2∣Φ2∣2 + λ4∣Φ†
1
Φ2∣2

+ [ λ5
2

(Φ†
1
Φ2)

2 + λ6∣Φ1∣2(Φ†
1
Φ2) + λ7∣Φ2∣2(Φ†

1
Φ2) + h.c.]

(2.6)

where h.c. stands for the hermitian conjugate of the terms immediately
preceding it. The parameters m2

11,22
and λ1,2,3,4 are real while the param-

eters m2

12
and λ5,6,7 can be complex. Naively, it would seem that this

potential has 14 degrees of freedom - six from the real parameters, and
eight from the complex parameters. However, it should be noted that we
have the freedom to perform basis transformations, that is, we can write
the potential in terms of new doublets Φ′a = ∑2

b=1 UabΦb . where Uab
is a 2×2 unitary matrix. The condition of unitarity implies that U has
three degrees of freedom, which can absorb three out of the 14 degrees
of freedom listed earlier. Thus, only 11 out of the original 14 degrees of
freedom are physical.

In principle, we could proceed with these 11 parameters, however,
there are a couple of reasons to attempt to reduce this number. The first
is that a large number of free parameters makes a theory less falsifiable,
thus reducing its predictive power. The second is that in order to distin-
guish between pseudoscalars and scalars, CP must be conserved in the
Higgs sector. Finally, the potential in (2.6) allows for tree-level flavor-
changing neutral currents (FCNC), which are experimentally measured
to be highly suppressed. These can be eliminated by introducing discrete
or continuous symmetries. Imposing a discrete symmetry such as Z2

2 2That is, the Lagrangian is invariant under
the reflection of one of the doublets:

Φ i → −Φ i

.

removes the terms that are odd in Φ i . This effectively sets λ6 = λ7 = 0.
In principle, this should setm12 = 0 as well, but we retain this term since
it breaks the Z2 symmetry softly, relaxing the experimental bounds on
the mass spectrum. After imposing these constraints, all the remain-
ing parameters λ1,2,3,4,5 ,m2

11,12,22
are real. From here on, we will only

consider 2HDMs with these constraints.
There are four such models, classified based on the coupling patterns

of the fermions to the two Higgs doublets. In Type I 2HDMs, all the
quarks couple to only one of the Higgs doublets, chosen by convention
to be Φ2. In Type II 2HDMs, the up-type right-handed quarks (u,c,t)
couple to Φ2, and the down-type right-handed quarks (d,s,b) couple to
Φ1. In both of these models, the right-handed leptons couple to the same
doublet as the down-type quarks. The lepton-specific model is similar to
the Type I model, except in this case, the right-handed leptons couple to
Φ1. Similarly, the ‘flipped’ model is similar to the Type II 2HDM, except
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that the leptons couple to Φ2. The coupling patterns for these models
are collected in table 2.3.Model u iR d iR e iR

Type I Φ2 Φ2 Φ2

Type II Φ2 Φ1 Φ1

Lepton-specific Φ2 Φ2 Φ1

Flipped Φ2 Φ1 Φ2

Table 2.3: Fermion coupling patterns for
2HDMs with flavor conservation.

The scalar potential V(Φ1 , Φ2) is minimized for non-zero vacuum ex-
pectation values of Φ i :

⟨Φ i⟩0 = (
0

v i√
2

) . (2.7)

where v i are the vacuum expectation values of the doublets Φ i . These
doublets can then be written as follows:

Φ i = (
ϕ+i

1√
2

(v i + ρ i + iη i)
) (2.8)

where ϕ+i are complex charged scalars, and ρ i and η i represent the
real and complex degrees of freedom of the neutral components of the
doublets. The twodoublets, eachwith two complex components, embody
eight degrees of freedom in total. The process of electroweak symmetry
breaking causes three of these degrees of freedom to be ‘eaten’ by the W
and Z bosons, and the remaining five are manifested as physical scalar
fields. These consist of a pair of CP-even neutral scalars h and H, a
CP-odd pseudoscalar A, and a charged scalar H±.

The 2HDMmass spectrum

In this section, we will analyze the mass spectrum of flavor-conserving
2HDMs. To do so, we construct the mass matrices by taking derivatives
of the scalar potential

M i j =
∂V(Φ1 , Φ2)
∂ϕ i∂ϕ j

,

where ϕ i can be any of the fields ϕ+i , ρ i , η i in (2.8). Applying this proce-
dure to the charged scalar components ϕ±i , we obtain their mass matrix
Mϕ± :

Mϕ± = [m2

12
− (λ4 + λ5)v1v2] (

v2/v1 −1
−1 v1/v2

) .

Diagonalizing this matrix gives us the mass of the charged Higgses:

m2

H± = (v21 + v22) [m2

12
/v1v2 − (λ4 + λ5)] .

Similarly, the mass matrix for the pseudoscalars is given by

Mη =
m2

A
v2
1
+ v2

2

( v2
2

−v1v2
−v1v2 v2

1

) .

Diagonalizing it gives us a massless Goldstone boson G0, corresponding
to a zero eigenvalue, and a pseudoscalar Higgs boson A, with mass given
by

m2

A = (v21 + v22) [m2

12
/v1v2 − 2λ5] .
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The diagonalization process amounts to a rotation of the basis vectors
by some angle. For the CP-odd and the charged scalars, this angle is the
same, and is denoted as β. Given that the couplings of the Higgs bosons
in 2HDMs depend on this angle and the angle α (2.10), let us adopt the
notation

sθ , cθ , tθ = sin θ , cos θ , tan θ

for brevity. In this notation, the mass eigenstates are given by

( AG0
) = (sβ −cβ

cβ sβ
)(η1η2

) and (H
±

G±) = (
sβ −cβ
cβ sβ

)(ϕ
+
1

ϕ+
2

) . (2.9)

The angle β turns out to be a very important one for studying 2HDMs. It
also represents the ratio of the vacuum expectation values of the neutral
components of the two Higgs doublets: tβ = v2/v1. Finally, the mass
matrix for the CP-even scalars is given by

Mρ = −(
m2

12

v2
v1 + λ1v

2

1
−m2

12
+ λ345v1v2

−m2

12
+ λ345v1v2 m2

12

v2
v1 + λ1v

2

2

) ,

where λ345 = λ3 + λ4 + λ5. This matrix is diagonalized by rotation of the
basis vectors by the angle α:

(hH) = (
sα −cα
−cα −sα

)(ρ1ρ2
) . (2.10)

The mass eigenstates are labeled h and H, with h traditionally taken to
be the lighter of the two.

Thus we see that the physical spectrum of 2HDMs contains five mass
eigenstates: the CP-even higgses h and H, the CP-odd pseudoscalar
Higgs A, and a pair of charged Higgses H±. Incidentally, the Standard
Model Higgs is taken to be a combination of the CP-even Higgses:

hSM = ρ1cβ + ρ2sβ = hsα−β −Hcα−β . (2.11)

2HDM Interactions

In this section, we discuss the 2HDM interactions that are relevant to
our analyses, namely, the ones governing the exotic decays of Higgses to
other, lighter Higgses, and the subsequent decays of the lighter Higgses
to SM fermions. The decays to SM fermions are governed by the Yukawa
terms in the Lagrangian:

Yukawa interactionsL2HDM

Yukawa = − ∑
f=u ,d , l

m f

v
(ξ fh f f h + ξ

f
H f f H − iξ

f
A f γ5 f A)

− {
√
2Vud
v

u (mu ξuAPl +md ξdAPR) dH+ +
√
2m l ξ lA
v

νL lRH+ + h.c.}

where f is a fermion with mass m f , the fields u and d are up and down
type quarks with masses mu and md and CKM mixing Vud , l is a lepton
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withmassm l , and νL is a neutrino. The factors ξ in the above expressions
depend on the specific model being considered. For the Type II 2HDM,
they take the values listed in table 2.4.Coefficient Value

ξuh cα/sβ
ξdh −sα/cβ
ξ lh −sα/cβ
ξuH sα/sβ
ξdH cα/sβ
ξ lH cα/sβ
ξuA 1/tβ
ξdA tβ
ξ lA tβ

Table 2.4: The factors ξ that determine the
Yukawa couplings of Higgs bosons in Type
II 2HDMs.

For the exotic decays, we can obtain the coupling strengths from
the kinetic terms for the fields Φ i , similar to what we do for the SM
electroweak interactions. With a little bit of work, we can extract the
following couplings (see [12] for details):

gAH±W∓ = g
2

(pH+ − pA)µ

ghAZ = isβ−α
g

2cθw
(pA − ph)µ

ghH±W∓ = −isβ−α
g
2

(pH± − ph)µ

gHAZ = icβ−α
g

2cθw
(pA − pH)µ

gHH±W∓ = −icβ−α
g
2

(pH± − pH)µ .

The Type II 2HDM

The Type II 2HDM is of special interest to us since it has the same
fermion-Higgs doublet coupling pattern as the MSSM. The MSSM will
be examined in more detail in the next section, but we will note that we
can recover the tree-level MSSM scalar potential from a Type II 2HDM
by setting the parameters λ i to the following values:

λ1,2 =
g2 + g′2

2

, λ3 =
g2 − g′2

4

, λ4 = −
g2

2

, λ5,6,7 = 0. (2.12)

It should also be noted, however, that these relations do not hold beyond
the tree-level for a generic non-supersymmetrized 2HDM. The analyses
in chapters 4 and 5 are designed to probe the parameter space of a Type
II 2HDM.

2.3 The Minimal Supersymmetric Standard Model

Historically, examining nature at increasing energy scales has consis-
tently yielded new physics. For example, higher-energy experiments
were able to probe the structure of the weak interactions, precisely at
the energy scale that the 4-Fermi theory started to fail. Similarly, the
challenges such as the strong CP problem described at the beginning
of section 2.2 most likely point to new physics at higher energy scales,
between the currently explored weak scale and the reduced Planck scale,

MP = 1/
√
8πG ≈ 2.4 × 1018 GeV.

However, the SM Higgs potential is extremely sensitive to new physics
at high energies. The square of the mass of the SM Higgs boson receives
large quantum corrections from any new physics at high energies that
couples to the scalar sector. For example, if the Higgs couples to a heavy
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4Of course, these are not the precise forms
of the transformations, as can be seen
by performing some rudimentary dimen-
sional analysis. We will encounter themore
precise forms later.

fermion f through a term of the form −λ fH f f , the one-loop correction
to the square of the Higgs mass (figure 2.2) takes the form

f

h

Figure 2.2: Feynman diagram for the one-
loop fermionic correction to the SM Higgs
mass

∆m2

H = −
∣λ f ∣2

8π2
Λ

2

UV + ..., (2.13)

where ΛUV is some cutoff momentum at which the effects of the new
physics are expected to manifest themselves. Similarly, the one-loop cor-
rection from a heavy scalar S through the term −λS ∣H∣2∣S∣2 (figure 2.3)
takes the form

∆m2

H =
λS
16π2

[Λ2

UV + ...] . (2.14)
h

S

Figure 2.3: Feynman diagram for the one-
loop scalar correction to the SM Higgs
mass

In both of these cases, the size of the correction scales quadratically with
themomentum cutoffΛUV. Higher-order loop corrections can be shown
to be similarly large as well. Thus the ‘natural’ mass of the Higgs would
seem to be on the the order of ΛUV, which could even be as high as the
Planck scale. In contrast, the actual mass that we measure is only about
126 GeV. Thus, there seems to be a hierarchy between the observed and
the ‘natural’ mass of the SM Higgs, one of many orders of magnitude3. 3Note that even though only the mass of

the SM Higgs is directly sensitive to ΛUV ,
this sensitivity is propagated to all the other
SM particles through their couplings to the
SM Higgs.

As a consequence, any UV completion of the SM would have to
come with a host of parameters to tune the counterterms enough to
cancel out the quadratic divergences and result in the physical mass we
observe experimentally. It is obviously undesirable to have to manu-
ally tune such a large number of parameters - it would be analogous to
the geocentric Ptolemaians adding an ever-increasing number of epicy-
cles to explain what would ultimately be more simply and accurately
described by Copernicus’ heliocentric theory. This is known as the hi-
erarchy problem. Looking at the forms of the one-loop corrections in
(2.13) and (2.14), we can see that the contribution from the fermion
f will be exactly canceled out by the contributions from two complex
scalars with λS = ∣λ f ∣2. This suggests that the simplest way to ensure
that all quadratic divergences from new physics at high energy scales
cancel out is to require some kind of symmetry between fermions and
scalars, ensuring that there is a scalar counterpart for each fermion, and
vice versa.

As it turns out, there is in fact such a symmetry, known as super-
symmetry. It is a rich mathematical structure with far-reaching conse-
quences, a lot of which are beyond the scope of this work. The term
‘supersymmetry’ refers to the invariance of the Lagrangian under trans-
formations of the form4

Q∣Boson⟩ = ∣Fermion⟩ and Q∣Fermion⟩ = ∣Boson⟩.

Figure 2.4: 2-loop RG evolution of inverse
gauge couplings in the SM (dashed lines)
and the MSSM (solid lines). Source: [10].

The sparticle masses are varied between
0.5-1.5 TeV, and α3(mZ) is varied between
0.117 and 0.121.

The minimal phenomenologically viable incorporation of supersymme-
try into the Standard Model is known as the Minimal Supersymmetric
Standard Model, or the MSSM. Although the hierarchy problem has
been the main driving force behind the development of supersymmetry,
there are other motivations to study it as well. One of them is that it has
the right particle content to unify the strong and electroweak couplings
at a high energy scale, as seen in figure 2.4.
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The third major motivation (and the one most relevant to this disser-
tation) is the fact that the MSSM contains a viable dark matter candidate.
The theory admits a new kind of discrete symmetry known as R-parity,
which is an analogue of baryon and lepton number conservation. The
Lagrangian of the MSSM is defined to be invariant under the action
of the operator PR , with eigenvalues (−1)3(B−L)+2s , where B, L, and s
represent the baryon number, lepton number, and spin of the field that is
acted upon, respectively. As a consequence of this symmetry, the lightest
supersymmetric particle (LSP) cannot decay further into other particles,
thus making it a good candidate for dark matter.

The supersymmetry algebra

In 1967, Coleman and Mandula [13] showed that, given certain assump-
tions, the only possible Lie group symmetries allowed for relativistic
interacting field theories in four dimensions are direct products of the
Poincaré group and an internal symmetry group (i.e. a gauge symmetry)
[14]. A Lie algebra is defined by the commutation relations of its genera-
tors. If we extend the notion of a Lie algebra to include anticommutation
relations [15], this restriction no longer applies. These kinds of algebras
are known as graded Lie algebras, or superalgebras. The trio of Haag,
Łopuszanski, and Sohnius [16] applied a similar treatment as Coleman
and Mandula to determine the most general superalgebra consistent
with relativistic quantum field theory. The generators Qα of this algebra
are known as fermionic operators, and must transform as Weyl spinors.
The anticommutation (and commutation) relations take the form

The supersymmetry algebra
{Qα , Q̄ ˙β} = 2(σ

µ)α ˙βP
µ

{Qα ,Qβ} = {Q̄α̇ , Q̄ ˙β} = 0
[Pµ ,Qα] = [Pµ , Q̄α̇] = 0

(2.15)

where Pµ = i∂µ is the generator of translations.
The first supersymmetric Lagrangian density in four-dimensions

was formulated by Wess and Zumino [15]. The approach taken was to
define infinitesimal ‘supergauge’ transformations for scalars and spinors
that generated a closed algebraic structure. Soon afterwards, Salam and
Strathdee [17] created a more systematic approach to constructing these
transformations, by giving them a geometric interpretation.

In this picture, supersymmetric transformations can be viewed as
translations in a manifold known as superspace, which is obtained by
adding the ‘fermionic’ coordinates θα and ¯θ ˙β to the regular ‘bosonic’
spacetime coordinates x µ . The generators of these translations are rep-

Generators of superspace
translations

resented by

Qα =
∂
∂θα
− i(σ µ ¯θ)α∂µ and Q̄ ˙β =

∂
∂ ¯θ ˙β
− i(σ µ ¯θ) ˙β∂µ . (2.16)

These transformations act on objects known as superfields, which are
complex scalar fields parameterized by the coordinates (x µ , θ , ¯θ). Under
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an infinitesimal supersymmetry transformation, a general superfield
S(x , θ , ¯θ) transforms as

S → S′ = (1 + iξαQα + i ¯ξα̇ Q̄ α̇)S (2.17)

where ξα and ¯ξα̇ are two-component Weyl spinor fields that parame-
terize the translation. The fermionic coordinates θ and ¯θ each have
two components. For example, θ can be represented as θα = (θ 1 , θ2).
Each of these two components is a Grassmannian variable, satisfying the
anticommutation relation {θ i , θ i} = 0. This implies that (θ i)2 = 0. This
means that a Taylor expansion in powers of a fermionic coordinate must
always terminate with a finite number of terms. For a general superfield
S, the Taylor expansion about the fermionic coordinates θ , ¯θ takes the
form

General superfield expansion
S(x , θ , ¯θ) = a + θξ + ¯θ χ† + θθb + ¯θ ¯θc + ¯θσ̄ µθvµ

+ ¯θ ¯θθη + θθ ¯θζ† + θθ ¯θ ¯θd ,
(2.18)

where a,b,c and d are complex-valued scalar fields, ξ, χ, η and ζ are
spinor fields, and vµ is a vector field. These coefficients in the Taylor
expansion will be identified with the regular (non-super) fields that we
see in the SM and its supersymmetrized version, the MSSM. The matter
content of the MSSM can be derived from expanding superfields of a
particular type, known as chiral superfields, with mass dimension 1. The
expansion of a generic chiral superfield Φ takes the form:

Chiral superfield expansion
Φ(y, θ) = ϕ(x) +

√
2θψ(x) + θθF(x)

+ iθσ ¯θ∂µϕ(x) −
1

2

θσ ¯θθσ ν ¯θ∂µ∂νϕ(x) +
√
2θiθσ ¯θ∂µψ(x)

(2.19)

Similarly the gauge bosons come from the expansion of dimension-0
vector superfields V , obtained by imposing the condition V = V†. The

Vector superfield expansion

expansion of V takes the form:

V = ¯θσ̄ µθAµ + ¯θ ¯θθλ + θθ ¯θλ† + 1

2

θθ ¯θ ¯θD. (2.20)

We see that the expansion of the chiral superfield Φ contains a scalar
field ϕ, a Weyl fermion ψ, and a field F. Thus, choosing values of ϕ,ψ,
and F fixes Φ. These fields, known as the component fields of Φ can be
naturally placed in a collection known as a supermultiplet. The scalar
superpartners ϕ are referred to as sfermions. Similarly, the vector field
Aµ , the fermion field λ, and the field D form another natural grouping,
called a vector supermultiplet. The fields Aµ and λ are superpartners of
each other, and fields such as λ are generically known as gauginos. The
particle content of the MSSM, grouped into supermultiplets, is shown
in tables 2.5 and 2.6. For brevity, we have not shown all three fermion
generations. Also, the fields F and D are not included, since they are
auxiliary fields, serving only to make sure that supersymmetry holds
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off-shell. The gauge structure of the MSSM is the same as that of the SM
- there are no new gauge interactions.

The mass terms and Yukawa terms of the MSSM Lagrangian come
from the collection of terms known as the superpotential. In terms of the

TheMSSM superpotential

chiral superfields in table 2.5, we can write the MSSM superpotential as:

WMSSM = uyuQHu − dydQHd − eyeLHd + µHuHd

Here, we have abbreviated terms such as µ(Hu)α(Hd)βєαβ to µHuHd .
The matrices y are 3 × 3 matrices of Yukawa couplings, with indices
corresponding to the three generations of fermions. Note also that we
now see the necessity of having two Higgs doublets - one that couples to
the up-type fermions, and the other to the down-type fermions. A term
like uyuQH∗d would lead to a non-conserved hypercharge.

Softly broken supersymmetry

The component fields of a superfield have the same mass, as can be
seen from expansions of the chiral and vector superfields in (2.19) and
(2.20). This means that if supersymmetry holds, the superpartners of
the SM particles should have been discovered by now. Evidently, if this
symmetry exists, it is not apparent in the ground state that we inhabit -
that is, it must be spontaneously broken. The exact mechanism by which
it is broken is still unknown - there are a number of competing models
which introduce new physics at high energy scales to spontaneously
break supersymmetry. To remain model-agnostic, we can parameterize
our ignorance by inserting the relevant terms into the Lagrangian by
hand, with their form constrained by the requirement that the quadratic
divergences in the radiative corrections to scalar masses must still vanish.

The soft supersymmetry breaking terms of the MSSM, written in
terms of the component fields from tables 2.5 and 2.6 are as follows.

Soft supersymmetry breaking terms LMSSM
soft = − 1

2

(M1B̃B̃ +M2W̃W̃ +M3 g̃ g̃ + h.c.)

− (ũauQ̃Hu − d̃adQ̃Hd − ẽae L̃Hd + h.c.)

− Q̃†m2

Q̃ Q̃ − L̃
†m2

L̃ L̃ − ũ
†
m2

ũ ũ
† − d̃

†
m2

̃d
d̃
†
− ẽ†m2

ẽ ẽ
†

−m2

Hu
H∗uHu −m2

Hd
H∗dHd − (bHuHd + h.c.)

The tildes denote superpartners of the corresponding SM fields. The
parameters M1, M2, M3 govern the masses of the gauginos B̃, W̃ , and g̃,
respectively.

Phenomenological approximations

The MSSM has a number of simplifying assumptions motivated both by
calculational convenience and compatibility with observed experimental
data. For example, it is convenient to take the Yukawa matrices yu , yd , ye
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Components Group representation

Superfield Spin-0 Spin-1⁄2 SU(3) SU(2) U(1)Y
Squarks Quarks

Q (ũLd̃L
) (uLdL

) 3 2 1

2

u ũ∗R u†R 3̄ 1 - 2
3

d ˜d∗R d†R 3̄ 1 1

3

Sleptons Leptons

L (ν̃LẽL
) (νLeL

) 1 2 - 1

2

e ẽ∗R e†R 1̄ 1 1

Higgses Higgsinos

Hu (H
+
u

H0

u
) (H̃

+
u

H̃0

u
) 1 2 1

2

Hd (H
0

d
H−d
) (H̃

0

d
H̃−d
) 1 2 - 1

2

Table 2.5: Chiral supermultiplets of the MSSM.

Components Group representation

Spin-1⁄2 Spin-1 SU(3) SU(2) U(1)Y
Gluinos: g̃ Gluons: g 8 1 0

Winos: W̃0 W bosons: W± 1̄ 3 0

Binos: B̃0 B bosons: B0 1̄ 3 0

Table 2.6: Gauge supermultiplets of the MSSM.
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in a simplified limit, where only the heaviest generations have non-zero
Yukawa couplings:

yu ≈
⎛
⎜⎜
⎝

0 0 0

0 0 0

0 0 yt

⎞
⎟⎟
⎠
, yd ≈

⎛
⎜⎜
⎝

0 0 0

0 0 0

0 0 yb

⎞
⎟⎟
⎠
, ye ≈

⎛
⎜⎜
⎝

0 0 0

0 0 0

0 0 yτ

⎞
⎟⎟
⎠
.

Furthermore, to suppress excessive CP-violation and flavor-changing
neutral currents in the MSSM, the following approximations are of-
ten made. First, we assume that there is minimal mixing among the
sfermions:

m2

Q̃ = m
2

Q̃1, m2

ũ = m
2

ũ1, m2

̃d
= m2

̃d
1, m2

ẽ = m
2

ẽ1, m2

L̃ = m
2

L̃1

We also suppress the cubic scalar couplings of the first two families of
sfermions by imposing the conditions:

au = Au0yu , ad = Ad0yd , ae = Ae0ye .

Finally, requiring that the soft SUSY breaking parameters are real enables
us to suppress excessive amounts of CP violation:

Im(M1) = Im(M2) = Im(M3) = Im(Au0) = Im(Ad0) = Im(Ae0) = 0.

With the above ingredients, one can work out myriad phenomenological
consequences. In chapter 6, we examine the neutralino sector of the
MSSM in slightly more detail, and present an analysis aimed at exploring
it at a 100 TeV collider.



3collider phenomenology and machine
learning

In this chapter, we will discuss how to connect theory and experiment.
We will begin by connecting scattering amplitudes and physically ob-
served cross sections, after which we will briefly discuss detector compo-
nents of the LHC. We then move on to the question of how we establish
statistical significance given experimental data from detectors, and con-
clude with a discussion of the role of machine learning in particle physics.

To observe physics at subatomic length scales, it is necessary to
produce interactions on those scales. This requires colliding particles
at speeds close to the speed of light. The energy of these collisions is so
high that not only do the colliding particles scatter off of each other, but
new particles can be created as well. The physical observable at particle
colliders is a quantity known as the scattering cross section, denoted by
σ . It is defined by the relation R = σL , where R is the rate of collisions
per unit time, and L is the luminosity of the collider, that is, the number
of particles passing through some cross-sectional area per unit time. The
scattering cross-section for a generic process with incoming particles 1
and 2 colliding to produce a set of outgoing particles X is given by the
integral of the scattering amplitude ∣M12→X ∣2 over the phase space of
the outgoing particles1: 1Here we omit the form factors that would

come into play at a hadronic collider, with-
out affecting our narrative.σ12 = ∫ dΠX ∣M12→X ∣2 . (3.1)

The dynamics of the collision event are contained in the matrix element
M , which will be influenced by the presence of BSM physics. The typical
quantities of interest are the differential cross sections, dσ/dx, where x
represents some kinematic variable. Particle colliders are broadly cate-
gorized as either lepton or hadron colliders. Each one has its advantages
and disadvantages. While lepton colliders have cleaner signals due to
the lack of large QCD backgrounds, hadron colliders are able to reach
much larger center-of-mass energies, since leptons lose large amounts
of energy via synchrotron radiation when forced along a circular path.
In this work, we will focus on the phenomenology of hadron colliders.

3.1 Detector design for hadron colliders

Particle detectors at colliders can be thought of as sophisticated video-
cameras with extremely high framerates. Conversely, the digital cameras
that we use in our daily lives can be thought of as particle detectors,
except ones designed to detect only one kind of particle, namely, the
photon. The response of a detector to an incident particle can take on a
variety of forms. In a gaseous detector such as a Geiger-Muller tube, an
energetic incident particle will lead to the ionization of a large fraction of
the gas molecules. This is followed by a rapid recombination of the ions,

31
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which is manifested as an electrical pulse. The analogue of ionization for
a solid-state detector (such as the ones used in regular digital cameras)
is the creation of a large number of electron-hole pairs. The design of a
particle detector depends upon the particles it is intended to detect, as
well as the desired precision and accuracy. At the Large Hadron Collider
at CERN, the two major detectors are ATLAS (A Toroidal LHC Appa-
ratus) and CMS (Compact Muon Solenoid). Although they differ in
construction, they probe essentially the same physics. The components
common to them are the following.

Tracking chamber. The innermost part of the detector is the tracking
chamber. It consists of layers of solid-state detectors that can accurately
measure the paths of charged particles. Thepresence of a strongmagnetic
field bends the paths of these particles, enabling us to learn about their
charge and mass.

Calorimeter(s). If a particle is energetic enough to go beyond the track-
ing chamber, it enters the calorimeter region. A calorimeter consists of
materials dense enough to completely absorb the energy of an incident
particle, stopping it in its tracks. At ATLAS and CMS, the calorimeters
are actually combinations of two layers that are designed to stop different
kinds of particles. The electromagnetic calorimeter is designed to mea-
sure the energy of electrons and photons, while the hadronic calorimeter
is designed to stop (and you might have guessed this already) hadrons.

Muon Detectors. The muon, being about 200 times heavier than the
electron, experiences much less energy loss through bremsstrahlung,
and is able to bypass both the tracking chamber and calorimeter layers.
For this reason, muon detectors form the outermost layer of a particle
detector.

A transverse slice of the CMS detector is shown in figure 3.1, de-
picting the trajectories taken by different kinds of particles through the
layers of the detector. The specific design of a detector depends upon
the vision of the collaboration running it. With a finite construction
and operation budget, tradeoffs must inevitably be made. Although
both ATLAS and CMS are state of the art machines, they have their
strengths and weaknesses relative to each other based upon different
sets of priorities of the collaborations that run them. For this reason, we
do not provide the specifics of their construction, and instead point the
reader to [18] for a detailed review and comparison of the two. For our
purposes, the features of the collision events that we use to perform our
analyses (particle momentum, missing transverse energy, etc.) can be
obtained from either of these detectors.

Trigger. As mentioned in chapter 1, there are hundreds of millions of
collisions every second at the LHC. Recording and analyzing all of these
events would be impractical, given that most of the collisions are soft,
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Figure 3.1: Transverse slice of the CMS de-
tector, showing the paths of various parti-
cles. Source: [19]

involving only small deflections of the colliding particles. What we are
really interested in are the hard collisions, with the final state particles
having large components of momentum in the plane transverse to the
beam axis. To filter out the uninteresting events, we employ a trigger -
that is, a condition that an event must satisfy to be stored for further
analysis. For example, in chapter 6, we choose to trigger on a hard lepton,
that is, one with a large transverse momentum, pT .

Invisibles. An important point to note is that certain particles, such as
neutrinos and dark matter candidates, escape the detector entirely, leav-
ing no tracks or energy deposits. The existence of one of these ‘invisible’
particles in a collision event can only be inferred from an observed im-
balance of momenta of the final state particles in the transverse plane.
Thus, for analyses involving neutrinos or dark matter, the kinematic
quantity known asmissing transverse energy, denoted by /ET , is of utmost
importance.

3.2 Anatomy of a collider analysis

At its heart, the goal of a collider analysis is to compare the predictions
of the SM and BSM theories with actual experimental data, and estimate
the level of compatibility between them. To do this well, we need precise
theoretical predictions of the differential cross sections thatwe can expect
to see at the collider. This is done with the help of Monte Carlo methods
and detector simulations, as described below.

Parton-level event generation

As mentioned earlier, the cross section for a scattering process is an
integral of the scattering amplitude over the phase space of the final
state particles. In general, these integrals do not have a closed form
solution, and so we must resort to numerical integration. The simplest
Monte Carlo integration method, the acceptance-rejection method [20],
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involves randomly sampling points within the limits of integration with
a uniform probability distribution, and testing whether they lie under
the ‘curve’ specified by the integrand. The fraction of points that pass
this test, multiplied by the volume of this ‘bounding box’ specified by
the integration limits, gives the definite integral. This method is difficult
to view in multiple dimensions, but not too hard to grasp in one or two
dimensions - see [21] for a brief overview and implementation. However,
drawing the random samples from a uniform probability distribution
is not the most efficient method for performing Monte Carlo integrals -
programs such MadGraph5 and MadEvent [22] do this in more sophis-
ticated ways, determining the most important regions of phase space
and concentrating the sampling within those regions. These ‘points’ are
simply the particle collision events themselves, with coordinates given
by the four-momenta of the final state particles.

Showering and hadronization

At hadron colliders, dealingwith thematrix elementM alonewill not suf-
fice. We must also take into account nonperturbative QCD effects, such
as the radiation of soft gluons, and the formation of complex hadronic
final states. For example, even if an energetic quark is contained in the
final state of a collision event generated by MadEvent, it will not be
detected as an elementary particle. It will radiate gluons that themselves
split to form new quarks, that subsequently form bound states. This
collection of hadronic bound states is termed a jet, and has a momentum
collinear with the momentum of the original quark. The identity of this
quark can be determined (with a finite efficiency) from the properties
of the jet. To handle these non-perturbative effects, we interface MadE-
vent with the program Pythia[23] which performs the steps of parton
showering and hadronization.

Detector simulation and reconstruction

A full collider analysis carried out by experimentalists will involve de-
tailed simulations of the detector response, using programs such as
GEANT4 [24]. For our purposes, however, it is enough to parameterize
the response at a higher level - for example, by specifying a fixed prob-
ability of identifying a certain particle. This is done using the Delphes
3 framework [25], which provides a way to perform a fast, modular
simulation of the detector response.

Hypothesis testing

After signal and background samples have been generated using Monte
Carlo methods and passed through a detector simulation, they are com-
pared to actual experimental data. Doing this enables us to do one or
more of the following:
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Symbol Statistical name Physics name Probability model

H0 Null Background-only Pois(nSR ∣νB)
H1 Alternate Signal+Background Pois(nSR ∣νS + νB)

Table 3.1: The two competing hypotheses
for our simple number counting example.
Source: [27].

• Estimate some parameter, for example the mass of a particle, or a
coupling strength.

• Set upper limits on the rate of occurrence of a process, and trans-
lating those limits into limits on the parameter space of BSM
theories.

• Discover a new particle
• Compare theoretical and experimental differential cross sections

using a goodness-of-fit test.
As it turns out, all of these can be subsumed into the larger framework of
hypothesis testing [26]. In the following section, we will address how we
answer the question “Does this experimental data imply the existence
of new physics (or conversely, rule it out) ?”. This discussion is adapted
from the one in [27].

3.3 Statistical significance in particle physics

A hypothesis is a claim about what the experimental data will look
like. It is associated with a probability model, which is just a function
that describes the probability of obtaining a certain dataset, given some
parameters. Let us consider hypothesis testing in the context of a simple
counting experiment. In this experiment, we examine a subset of a
dataset D that resides in a region of the ‘data space’ labeled the signal
region (SR), and contains nSR events. Our competing hypotheses are the
‘background-only’ and ‘signal plus background’ hypotheses, summarized
in table 3.1. The probability models associated with these hypotheses
are Poisson models2. The model for the ‘background-only’ hypothesis 2The exact probabiliity distribution for

counting experiments is given by the bi-
nomial frequency function. In the limit of
a large number of events, this approaches
the Poisson frequency function, given by

Pois(n∣ν) = νn
e−ν

n!
which describes the probability of observ-
ing n events given that the mean expected
number of events is ν.

is Pois(nSR ∣νB), that is, the probability of obtaining nSR events in the
signal region when νB events are expected from the background process.
The competing hypothesis, ‘signal plus background’, on the other hand,
predicts νS+νB events in the signal region, with νS events from the signal
process and νB events from the background process. The probability
that the background-only hypothesis will produce at least nSR events is
given by

pbackground only =
∞

∑
n=nSR

Pois(n∣νB)

The lower this probability is, the less likely it is that the background-only
hypothesis can account for the observed number of events in the signal
region. This quantity is also known as the p-value - in this case, it is the
p-value for the background-only hypothesis. The corresponding p-value
for the signal + background hypothesis is given by:

psignal + background =
∞

∑
n=nSR

Pois(n∣νS + νB)
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For phenomenology, there are usually two p-value thresholds of interest.
The first is the exclusion threshold - if psignal + background < 0.05, we con-
sider the signal + background hypothesis ‘excluded’. The second is the
discovery criterion, pbackground only < 2.87×10−7. When this condition is
satisfied, we choose to reject the background-only hypothesis, and claim
discovery of new physics. In practice, p-values are reported in terms of
equivalent Z-values. The Z value corresponding to a p-value p0 is given
by

Z = Φ−1(1 − p0)

where Φ−1 is the inverse of the cumulative distribution function of the
standard normal distribution (a Gaussian distribution with mean 0 and
variance 1). The equivalent Z-values for the exclusion and discovery
p-value thresholds are 1.96 and 5, respectively. In particle physics par-
lance, the equivalent Z value is known as the significance, and is reported
as Zσ . The significance is maximized by choosing signal regions with
low values of νB . This can be seen from the expressions for pbackground only.
Lower values of νB lead to lower values of pbackground only, minimizing the
probability, denoted α, that we will wrongly reject the background-only
hypothesis when it is true. This is known as a Type-I error. However,
in general, there can be multiple, or even an infinite number of such re-
gions in data space. Moreover, this criterion does not let us say anything
about the signal + background hypothesis. Thus, we also require that
the choice of the signal region leads to a low probability (denoted β) of
wrongly accepting the background-only hypothesis when the signal +
background hypothesis is true (a Type-II error).

In the language of hypothesis testing, then, the job of a collider phe-
nomenologist like myself is to find regions of data space that minimize
the probability of wrongly accepting the null hypothesis when the alter-
nate hypothesis is true, given a fixed probability of wrongly rejecting the
null hypothesis when the alternate hypothesis is true.

Whew, that is a mouthful! In more concise terms, we would like
to minimize β for a given value of α. The quantity α is known as the
size of the test, and the quantity 1 − β is known as the power of the
test. And more importantly, in practical terms, this task boils down to
finding regions of the data space that are densely populated by signal
events (minimizing β) and sparsely populated by background events
(minimizing α). After isolating a promising signal region, we calculate
the maximum achievable value of Z. In general, the value of Z will be
calculated differently for claiming exclusion or discovery. However, we
are not performing a full collider analysis, but rather a sort of ‘feasibility
study’, for which we simply use the asymptotic formula for Z obtained
by taking limit in which the probability distributions are Gaussian, and
the signal rates are much smaller than the background rates.

Z ≈ nS√nB
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where nS and nB are the number of signal and background events ob-
served in the signal region respectively.

Traditionally, promising signal regions are found by formulating
kinematic variables that can efficiently discriminate between signal and
background events. These variables are designed based on our knowl-
edge of the kinematics of the final state particles in the signal and back-
ground events. They include variables such as invariant mass, missing
transverse energy, and transverse mass. While this approach has served
us well so far, the models being examined are growing increasingly com-
plex, with large parameter spaces. Also, with the increase in collision
energy comes a much larger rate of background event production. Thus,
the boundary of the optimal signal region in data space can potentially
be highly nonlinear. The traditional ‘cut-and-count’ strategy finds the
signal region by applying a series of one or two dimensional selection
cuts on the data. This approach can potentially miss higher-dimensional
correlations in the data space. However, these correlations can be found
efficiently through the use of machine learning techniques, which we
discuss in section 3.4.

Reach in parameter space. As mentioned earlier, new physics theories
can have extremely large parameter spaces. Each point of a theory’s
parameter space can be interpreted as a hypothesis. In our analyses,
we perform hypothesis tests for a large number of points in parameter
space, and ascertain which of them can be rejected - or alternatively,
discovered. Doing this, we find contours of the the equivalent Z-values
in the parameter space. Typically we show only the contours for Z = 1.96
and Z = 5, that is, the discovery and exclusion contours. We term the
area bounded by these contours the reach of our analysis in parameter
space.

3.4 Machine learning in particle physics

In the language of machine learning, discriminating between signal
and background events is a classification problem. One can consider
particle collision events as residing in a space, where the coordinates of
each event are represented by various features of the event. This ‘feature
space’ is equivalent to the ‘data space’ discussed in the previous section.
These features could be high-level ones such as invariant masses, or low-
level ones, such as the momentum components of individual final state
particles. What we do when we perform a cut-and-count analysis is to
try and isolate a region of this space that is rich in signal events. Typically,
the most straightforward approach is to define a sort of ‘box’ in feature
space using rectangular, one-dimensional cuts. However, there is no
guarantee that signal events are confined to such a box — correlations
between the features can distort the distribution of events in feature
space. If we consider a two or three dimensional feature space, this
distribution of the events is typically easy to visualize, and can often be
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Figure 3.2: Illustration of a non-linear deci-
sion boundary in two-dimensional feature
space.

explained through a simple kinematical relation between the features.
Thus, instead of a box, we might draw a ring, or perhaps some other
shape as a ‘lasso’ around the events. This kind of delineation between
signal and background events is known in machine learning terms as
a decision boundary. As we go to higher dimensional feature spaces,
choosing this decision boundary by visual inspection becomes virtually
impossible - instead, we resort to looking at one and two dimensional
slices of the space.

However, inspecting these lower dimensional slices may fail to fully
capture the potentially complicated correlations among the features, and
we might end up rejecting too many signal events, or accepting too many
background events. Take for example the distribution of data from a
toy experiment in figure 3.2. The decision boundary that separates the
signal events (blue) and the background events (red) is curved. Applying
rectilinear cuts in this feature space would clearly be suboptimal. Ma-
chine learning (ML) techniques (or, as they are sometimes referred to in
the particle physics literature, multivariate techniques) can harness the
correlations between features more efficiently than manually attempting
to find the optimal decision boundary in feature space.

In the context of particle physics, a binary classifier is a function
that takes as input various features of an event, and outputs a score
for the event corresponding to whether it is more signal-like or more
background-like. The form of the function itself depends on a number of
parameters, which are a priori unknown. In supervised learning (which
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encompasses the most commonly-used ML techniques), these parame-
ters are set by feeding the classifier a set of labeled training data. After the
parameters are determined through a minimization procedure, we can
evaluate the performance of the classifier by using it on test data, which
are unlabeled. While there are a number of commonly-used classifiers to
choose from, for our study, we chose the Gradient Boosted Decision Tree
classifier3, since it performs quite well ‘out-of-the-box’, with minimal 3For a description of this classifier and a

good review of statistical learning in gen-
eral, see [28].

tuning. This classifier is actually an example of an ensemble method — it
combines the scores from a large number of weak classifiers to assign
final scores to events. This combination is much more resistant to over-
training, that is, the resulting classifier will not be too specialized to the
training set and can perform well on general data sets as well. While the
analysis in chapter 4 does not employ ML techniques, the analyses in
chapters 5 and 6 do.



2Here we use the abbreviated notations for
trigonometric functions introduced in sec-
tion 2.2

4 light charged higgses at the lhc

In section 2.2, we introduced a well-motivated class of models that serve
as a framework for analyzing extended scalar sectors, known as Two-
Higgs Doublet Models (2HDMs). In these models, the mass spectrum
of the scalar sector consists of two CP-even Higgses h and H1, a CP-odd1Note that we use h and H to refer to the

lighter or the heavier CP-even Higgs for
models with two CP-even Higgs bosons.
When there is no need to specify, we use H
to refer to the CP-even Higgses.

Higgs A, and a charged Higgs H±.
The discovery of one or more of these new particles would be a clear

indication of an extended scalar sector, which can have important im-
plications for electroweak symmetry breaking (EWSB). A number of
experimental searches have been carried out to find these particles at
the Large Electron-Positron Collider (LEP), the Tevatron experiment
at Fermilab, and most recently, the LHC [29–36]. These searches have
been performed assuming that the new scalar states decay solely through
conventional channels, that is, into SM particles. However, if they are
kinematically allowed, ‘exotic’ decay channels, in which a heavy Higgs
boson decays into either a pair of lighter Higgses, or a Higgs and a gauge
boson, can be the dominant decay channels in certain regions of param-
eter space, thus reducing the reach of the conventional search channels.
Some of these channels have already been studied both theoretically
[37–45] and experimentally [46–48]. With the increase in center of
mass collision energy of the LHC from 7 to 14 TeV, more of those exotic
decay channels will become accessible at the LHC. It is therefore timely
to study their reach more carefully.

In this study, we examine the prospects of detecting a light (that is,
lighter than the top quark) charged Higgs boson that decays through
the exotic decay channel

H± → (A/H)W± → (ττ)W±

and is produced via the decay of the top quark, t → H+b. The collider
analysis in [40] studies the same exotic decay channel, but for a charged
Higgs heavier than the top quark, produced in H±tb associated pro-
duction. The large rate of production of top quarks at the LHC should
enable us to observe a sizable number of signal events. Current search
strategies for light charged Higgses at the LHC assume that they decay
either leptonically to the τν final state, or hadronically to the cs final
state. The null search results obtained by both the ATLAS and CMS ex-
periments exclude a light charged Higgs below a mass of about 160 GeV
for most of the two-dimensional mH± − tβ plane2 in parameter space
[32, 33]. However, if there exists a neutral Higgs (A/H) light enough that
the H± → AW±/HW± channel is kinematically open, the branching
ratios into the conventional final states τν and cs are suppressed and the
exclusion bounds can be significantly weakened. Due to experimental
challenges at low energies, such a light neutral Higgs has not been fully
excluded yet. A relatively large region of m±H > 150 GeV and tβ ≲ 20 is

40
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still allowed, while no limits exist for m±H > 160 GeV.
The exotic decay channel of H± → AW/HW , on the other hand, of-

fers an additional opportunity for the detection of a light charged Higgs
and closes the loophole of the current light charged Higgs searches.
While there are strong constraints on the mass of the light charged Higgs
from flavor [49, 50] and precision [51–55] observables, they are typically
model dependent and could be relaxed when there are contributions
from the other sectors of the model [56]. A direct search for a light
chargedHiggs, on the other hand, providesmodel-independent limits. It
is thus worthwhile to fully explore the discovery and exclusion potential
for the light charged Higgs at the LHC.

The rest of the chapter is structured as folllows. In section 4.1, we
briefly introduce the relevant couplings and branching ratios for our
decay channel for the type II 2HDM and highlight scenarios that permit
a large branching ratio for the process H± → AW/HW . In section 4.2,
we summarize the current experimental constraints on a light charged
Higgs. In section 4.3, we present the details of our collider analysis, and
in section 4.3, the model independent exclusion and discovery limits
for the 14 TeV LHC with various luminosities.In section 4.4, we discuss
the implications of our analysis for the Type II 2HDM and translate our
results into reaches in parameter space. We conclude in section 4.5.

4.1 Couplings and branching ratios

Decays of the top quark

If the charged Higgs is light enough, the top quark decays primarily to
the final statesW±b or to H±b. The first decay is controlled by the SM
gauge coupling

gW± tb =
g√
2

γµ 1 − γ5
2

, (4.1)

where g is the SM SU(2) coupling. The second is a function of the
parameter tβ (see section 2.2 for details). More specifically, for a Type II
2HDM, it takes the form (see table 2.4)

gH± tb =
g

2

√
2mW

[(mb tβ +mt/tβ) ± (mb tβ −mt/tβ)γ5] . (4.2)

Figure 4.1: Contours of the branching ratio
of the top quark to the charged Higgs, in
the mH± − tβ plane.
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We see that the branching ratio reaches a
minimum at tβ =

√

mt/mb ≈ 8.

This coupling is enhanced for both small and large values of tβ . In
figure 4.1, we present contours of the branching ratio BR(t → H±b)
in the mH± − tβ plane, calculated using the Two-Higgs Doublet Model
Calculator (2HDMC) [57]. We see that it can reach values of 5% and
above for both large and small values of tβ , but reaches a minimum at
tβ =
√
mt/mb ∼ 8. It also decreases rapidly as the charged Higgs mass

approaches the mass of the top quark.
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Decays of the charged Higgs

Conventionally, a light charged Higgs is assumed to either decay into
the τν or cs final states, with the corresponding couplings given by

gH±τν =
g

2

√
2mW

mτ tβ(1 ± γ5) and

gH±cs =
g

2

√
2mW

[(ms tβ +mc/tβ) ± (ms tβ −mc/tβ)γ5] .

If there exists an additional neutral Higgs boson h or A that is lighter
than the charged Higgs, then additional decay channels into hW/AW
open up. The relevant couplings are determined by the gauge structure,
as well as the mixing angles α and β, taking the forms [58]

gH±hW∓ =
gcβ−α
2

(ph − pH±)µ and gH±AW∓ =
g
2

(pA − pH±)µ ,

where pµX is the incoming momentum for the corresponding particle X.
The H± → hW channel for a light charged Higgs is open only if we

demand the heavy CP-even neutral Higgs H to be the SM-like Higgs.
In this case ∣cβ−α ∣ ∼ 1 is preferred by experiments and the H±hW±

coupling is unsuppressed. The H±AW± coupling is independent of cβ−α
and always unsuppressed. In this scenario, the H± → HW channel is
kinematically forbidden.

In the generic 2HDM, there are no mass relations between the
charged scalars, the scalar and pseudoscalar states. Therefore, both
the decays H± → hW and H± → AW can be accessible or even dom-
inant in certain regions of the parameter space. It was shown in [50]
that in the Type II 2HDM with Z2 symmetry, imposing all experimen-
tal and theoretical constraints still leaves large regions in the parameter
space that permit such exotic decays with unsuppressed decay branching
ratios.

Figure 4.2: Contours of the branching ratio
for the decay (H± → AW) in the Type II
2HDM in mH± − tβ plane.
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Figure 4.3: The branching ratios of H± →
AW (red), τν (green) and cs (blue) as func-
tions of tβ for mH± = 160 GeV.
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The branching ratio BR(H± → AW) domi-
nates the branching ratios to τν and cs at
low values of tβ .

In figure 4.2, we show the contours of the branching ratio of the
charged Higgs to the AW final state in the mH± − tβ plane, with h being
the SM-like Higgs and H being heavy enough to be decoupled. This
branching ratio reaches large values for tβ between 10 and 30 and charged
Higgs masses between 155 and 170 GeV. For small charged Higgs masses
close to themA+mW threshold, the decay is kinematically suppressed. In
figure 4.3, we show the same branching ratio, but this time as a function
of tβ , for a fixed charged Higgs mass of 160 GeV. For small values of tβ ,
the branching ratio of the AW mode dominates that of the τν mode. In
both plots, we assume the existence of a pseudoscalar A with a mass of
70 GeV. Similar results can be obtained for H± → hW with mh = 70
GeV, sβ−α ∼ 0 and A decoupled.

The MSSM Higgs mass spectrum is more restricted than that of
a generic 2HDM. At tree level, the mass matrix depends only on mA
and tβ , and the mass of the charged Higgs mass is related to that of
the pseudoscalar A by the constraint m2

H± = m2

A + m2

W . Large loop
corrections are therefore needed to increase the mass splitting enough
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to kinematically permit the decay H± → AW . In the non-decoupling
region of the MSSM withH being the SM-like Higgs, the CP-even Higgs
h can be light: mh < mH± −mW . The branching ratios can reach values
up to 10% [59] in some regions of parameter space. In the NMSSM,
where the Higgs sector is enlarged by an additional singlet, the decays
H± → A iW/H iW can be significant in certain regions of parameter
space [60, 61].

4.2 Literature review

Searches for a light charged Higgs boson have been performed by both
ATLAS and CMS. The production mechanism considered is top pair
production, with one top quark decaying to bH± while the other decays
to bW±. These studies focus on the H± → τν decay channel, which
is dominant in most regions of the parameter space in the absence of
decays into lighter Higgses. Assuming that BR(H± → τν) = 100 %, the
null search results from CMS [33] imply upper bounds on the top quark
branching ratio BR(t → H±b) ranging from 1.2% to 0.16% for charged
Higgs masses between 80 and 160 GeV. This result can be translated into
bounds on the MSSM parameter space. The obtained exclusion limits
for the MSSM mmax

h scenario can be seen in figure 4.5 (region to the left
of the red line). Only charged Higgs masses in the small region between
155 and 160GeV around tβ = 8 are still allowed. The results fromATLAS
[32] are similar. A search with the H± → cs decay channel has been
performed by ATLAS [34] using 4.7 fb−1 of integrated luminosity at
7 TeV and by CMS [35] using 19.7 fb−1 of integrated luminosity at 8
TeV. Assuming BR(H± → cs) = 100%, the ATLAS results imply upper
bounds on BR(t → bH±) between 5% to 1% for charged Higgs masses
between 90 and 150 GeV, while the CMS searches imply upper bounds
between 2% to 7% for charged Higgs masses between 90 and 160 GeV.

Figure 4.4: Weakened CMS limits on the
branching ratio of the top quark to the
charged Higgs.
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Here, we show the limit assuming a
BR(H± → τν) = 100% (black line) [33], as
well as the weakened limits (green, blue,
and red lines) in the Type II 2HDM in the
presence of a light neutral Higgs for vari-
ous values of tβ .

These limits get weaker once we consider realistic branching ratios
smaller than 100%. In figure 4.4, we show how the CMS limits on the
branching ratio BR(t → H±b) can change significantly in the presence
of an additional light neutral Higgs. The black curve shows the CMS
limits presented in [33] assuming a BR(H± → τν) = 100%. Themodified
limits assuming the existence of a 70 GeV CP-odd neutral Higgs are
shown for tβ = 1 (red), 7 (blue) and 50 (green). We can see that for large
values of tβ , the limits stay almost unchanged, since H± → τν is the
dominant decay channel. However, for smaller values of tβ these limits
are weakened significantly.

Figure 4.5: Weakening of the CMS exclu-
sion limits in the mH± − tβ .
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The combined yellow and cyan regions
show the region excluded by CMS in the
mH± − tβ plane assuming a BR(H± →
τν) = 100%. The weakened limits with a
light neutral Higgs correspond to the cyan
region.

Similarly, figure 4.5 shows how the CMS limits in themH± − tβ plane
weaken in the presence of an additional light Higgs. The union of the
yellow and cyan regions is excluded by CMS assuming BR(H± → τν) =
100%, while only the cyan region is excluded assuming the branching
ratios predicted by a Type II 2HDM in the presence of a CP-odd neutral
Higgs with a mass of 70 GeV. This weakening is most prominent in
the low tβ region - the lower limit on charged Higgs masses reduces
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to about 150 GeV for tβ < 15. Therefore, the presence of exotic decay
modes substantially weakens the current and projected future limits
from searches based on the conventional H± → τν, cs decay modes.

A light charged Higgs could have a large impact on precision and
flavor observables as well [62]. For example, the bounds on the rate of
the decay b → sγ restrict the charged Higgs to be heavier than 300 GeV
for a Type II 2HDM. A detailed analysis of precision and flavor bounds
on 2HDMs can be found in [49, 50]. Flavor constraints on the Higgs
sector are however typicallymodel-dependent, and could be alleviated by
contributions from other new particles in a particular model [56]. Since
our focus in this work is on collider phenomenology, we consider light
charged Higgses that satisfy the direct bounds set by collider searches
for Higgs bosons.

Our study also assumes the existence of a light neutral Higgs A/H.
This type of Higgs has been constrained by the A/H → ττ searches
at the LHC [30, 31], in particular, for mA/H > 90 GeV and relatively
large values of tβ . No limit, however, exists for mA/H < 90 GeV due
to the difficulties in the identification of the relatively soft taus and the
overwhelming SM backgrounds for soft leptons and τ-jets. Furthermore,
LEP limits [29] based on VH associated production do not apply to the
CP-odd A or the non-SM like CP-even Higgs. The LEP limits based on
AH pair production also do not apply, as long as mA +mH > 208 GeV.
Therefore, in our analyses, we choose the daughter (neutral) Higgs mass
to be 70 GeV3.3The mass of 70 GeV is also chosen to be

less than half the mass of the SM Higgs
(126 GeV). This prohibits the decay chan-
nel hSM → AA and enforces consistency
with the current measurements of branch-
ing ratios of the SM Higgs.

There have been other theoretical studies on light charged Higgses
as well - the authors of [63] and [64] analyze light charged Higgses
produced via single top production and decaying to the τν final state,
while the authors of [65] and [66] investigate light charged Higgses that
are produced via the top pair production channel and decay to the µν
and γγW final states.

Charged Higgses heavier than the top quark have been analyzed in
detail in [40], which considers the associated production channel H±tb
and the exotic decay channel H± → AW/HW±. Given that our study
considers the same final state bbWW(A/H) as the one in [40], we can
use a similar search strategy to find light charged Higgses that come
from the decay of pair-produced top quarks.

4.3 Collider analysis

In our analysiswe study the exotic decayH± → (A/H)W of light charged
Higgs bosons (mH± < mt) produced via top decay. We consider two
production mechanisms for the parent top quarks: t-channel single top
production4 (t j) and top pair production (t t̄) [67].4We only consider the dominant t-channel

single top mode since the s-channel mode
suffers from a very small production rate
and the tW mode has a final state similar
to that of the top pair production case.

The light neutral Higgs boson can either be the CP-even H or the
CP-odd A. In the analysis that follows, we use the decay H± → AW± as
an illustration. Since we do not use angular correlations of the charged
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Higgs decay, the bounds obtained for the H± → AW± channel will apply
to the H± → HW± channel as well.

The neutral Higgs boson A itself will decay further. In this analysis
we look at the decay A → ττ for single top production and both the
ττ and the bb modes for top pair production. While the bb mode has
the advantage of a large branching ratio, the ττ case has smaller SM
backgrounds and therefore leads to a cleaner signal. We study both
leptonic (τlep) and hadronic (τhad) decays of the tau lepton, and consider
the following combinations of τ decays: τhadτhad, τlepτhad and τlepτlep.
The τlepτhad case is particularly promising since we can utilize a same
sign dilepton signal with the leptons from the decays of theW and the τ.

We use Madgraph 5/MadEvent v1.5.11 [22] to generate our signal
and background events. These events are passed to Pythia v2.1.21 [23]
to simulate initial and final state radiation, showering and hadroniza-
tion. The events are further passed through Delphes 3.07 [25] with the
Snowmass combined LHC detector card [68] to simulate detector effects.
The discovery reach and exclusion bounds have been determined using
RooStats [69] and theta-auto [70].

In this section, we will present model-independent exclusion and
discovery limits on σ × BR for both single top and top pair production
with the final states ττbWj and ττbbWW/bbbbWW . We consider
parent charged Higgses with masses between 150 and 170 GeV and a
daughter Higgs A with a mass of 70 GeV.

Single Top Production

For single top production, we consider the channel

pp → t j → H±b j → AW±b j → ττWb j.

The dominant SM backgrounds areWττ production, which we generate
with up to two additional jets (including b jets), and top pair production
with both fully leptonic and semileptonic decay chains, which we gen-
erate with up to one additional jet. We also take into account the SM
backgrounds t jττ and ttl l with l = (e , µ, τ). Our approach is to per-
form a traditional ‘cut-and-count’ analysis, with the following selection
cuts.

1. Identification cuts:

• Case A (τhadτhad): We select events with exactly one lepton
(e or µ), two τ tagged jets, fewer than two b tagged jets, and
at least one untagged jet. We also require the τ-tagged jets
to have opposite-sign charges.

• Case B (τlepτhad): Same as case A, except that we require
exactly two leptons instead of one. Additionally, we require
that both of these leptons have charges of the same sign,
which is opposite to the sign of the τ tagged jet.
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• Case C (τlepτlep): Same as case A, except that we require ex-
actly three leptons instead of one. No constraints are placed
on the signs of the charges for this case.

The following criteria were also required for the identification of
leptons, and jets: ∣η l ,b ,τ ∣ < 2.5, ∣η j ∣ < 5, pT(l1 , j, b) > 20 GeV and
pT(l2) > 10 GeV.

2. Neutrino reconstruction: We reconstruct the momentum of the
neutrino using the missing transverse momentum and the mo-
mentum of the hardest lepton as described in [71], assuming that
the missing energy is solely from the decayW → lν.

3. Neutral Higgs candidate: The τ jets (case A), the τ jet and the softer
lepton (case B) or the two softer leptons (case C) are combined
to form the neutral Higgs candidate. The reconstruction of the
neutrino and the neutral Higgs candidate are relatively poor in
cases B and C due to additional missing energy from the neutrino
associated with the leptonic τ decay.

4. Charged Higgs candidate: The momenta of the neutral Higgs can-
didate, the reconstructed neutrino and the hardest lepton are
combined to form the charged Higgs candidate.

5. Mass cuts: We place upper limits on the masses of the charged and
neutral Higgs candidates, optimized for each mass combination.
For mH± =160 GeV and mA = 70 GeV, we impose the cuts mττ <
48 GeV, and mττW < 148 GeV.

Figure 4.6: Normalized distributions of
cos θ∗ (top) and the transverse momen-
tum of the t j system pT(t j) (bottom), for
case A with mH± = 160 GeV.
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The imposed cuts are indicated by the ver-
tical dashed lines.

6. Angular correlation: The angle θ∗ between the momentum of the
top quark in the tj system’s rest frame and the momentum of the tj
system in the lab frame acts as a unique kinematical signature of
single top production [72]. The differential distribution for cos θ∗
is shown in figure 4.6(a) for the signal (red), and the backgrounds
t t̄ (blue) andWττ (green). The signal distribution tends to peak
around cos θ∗ ≈ -1 while the background distributions are flat. If
the top quark could be reliably identified, the cos θ∗ distribution
for the t t̄ background would peak around cos θ∗ = 1, as shown
in [72]. However, in this study we approximate the top quark
momentum by the momentum of the charged Higgs candidate,
which results in a flat distribution of cos θ∗ for the t t̄ system. In
our analysis we require cos θ∗ < -0.8.

7. Top and recoil jet system momentum: In single top production,
we expect that the transverse momentum of the top quark and
recoil jet should balance each other, as shown in figure 4.6(b) by
the red curve. We require that the transverse momentum of the t j
system, pT(t j), must be less than 30 GeV. This further suppresses
the top pair production background in the presence of additional
jets coming from the second top quark.

In table 4.1, we show a representative cut flow table for a signal bench-
mark point with mH± = 160 GeV and mA = 70 GeV at the 14 TeV LHC.
The first row shows the total cross section before cuts, calculated using
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Table 4.1: Representative cut flow table for the benchmark point with mH± = 160 GeV and mA = 70 GeV at the
14 TeV LHC. (Single top production)

Case Cut σSignal σW(W)ττ σt t̄ σt jττ/t t l l S/B S/
√
B

Original 100 2000 6.3 × 105 257 - -

A Identification 0.29 5.36 130 1.39 0.002 0.43
Mass cuts 0.16 0.34 2.62 0.04 0.05 1.55
cos θ∗ and pT ,t j 0.07 0.03 0.07 0.001 0.67 3.72

B Identification 0.25 4.45 2.46 1.33 0.03 1.51
Mass cuts 0.11 0.31 0.20 0.05 0.19 2.48
cos θ∗ and pT ,t j 0.06 0.04 0.02 0.002 0.91 3.99

C Identification 0.18 3.07 6.77 6.74 0.01 0.78
Mass cuts 0.12 0.55 0.94 0.28 0.07 1.63
cos θ∗ and pT ,t j 0.07 0.08 0.10 0.01 0.38 2.84

All cross sections are given in femtobarns. We have chosen a nominal value for σ × BR(pp → t j → H± jb →
ττWb j) of 100 fb to illustrate the cut efficiencies for the signal process. The significance, S/

√

B is calculated
for an integrated luminosity of 300 fb−1 .

MadGraph. The following rows show the cross sections for the signal and
major backgrounds after applying the selection cuts discussed above. We
have chosen a nominal value of 100fb for σ×BR(pp → H±b j → ττWb j)
to illustrate the cut efficiencies5. 5This is consistent with the branching ratio

of the top quark into a charged Higgs with
mass 160 GeV in a Type II 2HDM, which
is typically between 0.1% and 1% (see fig-
ure 4.1). Using the single top production
cross section from [67], σt j = 248 pb, and
assuming the branching ratios BR(H± →
AW±) = 100% and BR(A → ττ) = 8.6 %
leads to the stated σ× BR of between 21 and
210 fb.

We can see that the dominant backgrounds after particle identifica-
tion are tt for cases A and C, andWττ for case B. The reach is slightly
better in case B since the same sign dilepton signature can efficiently
reduce the t t̄ background. Nevertheless, soft leptons from underlying
events or b-decay can mimic the same sign dilepton signal. The obtained
results are sensitive to the τ tagging efficiency as well as the misidentifi-
cation rate. In our analyses, we have used a τ tagging efficiency of 60%
and a mistagging rate of 0.4%, as suggested in [68]. A better rejection of
non-τ initiated jets would increase the significance of this channel.

Top Pair Production

We now turn to the top pair production channel,

pp → tt → H±tb → AbbWW → ττbbWW/bbbbWW . (4.3)

As mentioned earlier, a detailed collider study with the same final states
has been performed in [40] with a focus on high charged Higgs masses.
We adopt the same strategy for the light charged Higgs case and refer to
[40] for the details of the analysis.

To analyze this channel, we consider the same decay modes for the
neutral Higgs as we did for the single top production case: τhadτhad,
τhadτlep, τlepτlep, along with the additional mode A → bb. We require
that one of the twoW bosons from the decays of the charged Higgses
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Table 4.2: Representative cut flow table for the same benchmark point as table 4.1 and the decay mode
A→ ττ. (Top pair production)

Case Cut σSignal σt t̄ σt t̄ l l σW(W)ττ S/B S/
√
B

Original 1000 6.3 × 105 247 2000 - -

A Identification 4.1 23.3 0.58 0.078 0.17 14.9
mττ vs mττW 0.6 0.31 0.021 0.003 1.9 18.8

B Identification 3.3 0.35 0.697 0.072 3.0 55.3
mττ vs mττW 0.69 0.035 0.042 0.007 8.1 41.1

C Identification 3.1 2.35 5.11 0.058 0.41 19.9
mττ vs mττW 0.62 0.25 0.16 0.006 1.4 16.5

We have chosen a nominal value for σ × BR(pp → tt → H± tb → ττbbWW) of 1000 fb to illustrate the
cut efficiencies for the signal process. The significance, S/

√

B is calculated for an integrated luminosity
of 300 fb−1 . See [40] for the details of the selection cuts used.

decay leptonically, and the other hadronically, to strike a balance be-
tween reducing backgrounds and keeping a substantial production cross
section.

The dominant SM background for the ττ channel is top pair pro-
duction with semi and fully leptonic decay chains. We also take into
account ttl l production with l = (e , µ, τ), as well asWττ andWWττ.
We ignored the subdominant backgrounds from single vector boson
production, WW, ZZ, single top production, as well as multijet QCD
background. Those backgrounds are either small or can be sufficiently
suppressed by the cuts imposed. Similar backgrounds are considered
for the bb process.

In table 4.2, we show a representative cut flow table for a signal
benchmark point withmH± = 160 GeV andmA = 70 GeV and the decay
A → ττ at the 14 TeV LHC, similar to table 4.1. We have chosen a
nominal value for σ × BR(pp → tt → H±tb → ττbbWW) of 1000 fb to
illustrate the cut efficiencies for the signal process.

After the cuts, the dominant backgrounds are t t̄ (for the τhadτhad,
τlepτlep cases) as well as t t̄ l l (for the τhadτlep cases). Other backgrounds
including vector bosons do not contribute much. Similar to the single
top case, we find that the τlepτhad case gives the best reach.

Model-independent limits

Figure 4.7: Exclusion and discovery limits
on σ×BR(t → H+b)
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(a) Single top production
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(b) Top pair production

The upper panel represents the single top
channel and the lower panel represents the
top pair production channel. The vertical
axis on the left represents the limit on the
quantity σ×BR, while the vertical axis on
the right represents the corresponding lim-
its on the branching ratio of the top quark
to the charged Higgs boson.

Figure 4.7 displays the exclusion (green) and discovery (red) limits at
the 14 TeV LHC for the single top production and top pair channels,
assuming BR(H± → AW±) = 100% and BR(A → ττ) = 8.6%, and a
systematic error of 10%. The dot-dashed, solid and dashed lines show the
results for integrated luminosities of 100, 300, and 1000 fb−1 respectively.
The left vertical axis shows limits on σ×BR, and the right vertical axis
shows the corresponding limits on BR(t → H+b). In these plots, we have
combined all three cases of τ decays. While in the single top channel,



light charged higgses at the lhc | 49

cases A, B, and C contribute roughly the same to the overall signif-
icance, the sensitivity achieved in case B is substantially greater than
in cases A and B in the top pair production channel. Due to the small
number of events in both channels, the statistical error dominates over
the systematic error in the background cross sections. Therefore, higher
luminosities lead to better reaches. Assuming 300 fb−1 of integrated
luminosity, the exclusion limits on σ ×BR are about 35 and 55 fb for the
single top and top pair production processes respectively. The discovery
reaches are about three times higher.

Assuming BR(H± → AW) = 100% and BR(A → ττ) = 8.6%6, we 6Assuming bb and ττ are the dominant de-
caymodes of a lightA, BR(A→ ττ) = 8.6%
in a Type II 2HDMor theMSSMatmedium
to large tβ . This branching ratio decreases
for small tβ when the cs-channel is en-
hanced.

can reinterpret the limits on σ × BR as limits on the BR(t → H±b), as
indicated by the vertical axes on the right. While the limits on the cross
section are better in the single top channel, the corresponding limits
on BR(t → H±b) are weaker due to the smaller cross section for single
top production. The lowest achievable upper limits on BR(t → H±b)
are about 0.2% for the single top process and 0.03% for the top pair
production process, respectively.

A study of the A→ bb decay using the top pair production channel
leads to worse results due to the significantly higher SM backgrounds.
For the 14 TeV LHC with 300 fb−1, the exclusion limit on σ ×BR is about
7 pb for a charged Higgs with a mass of 160 GeV, assuming the existence
of a light neutral Higgs with a mass of 70 GeV. Thus, given the typical
ratio

BR(A/H → bb)
BR(A/H → ττ) ∼

3m2

b
m2

τ
,

we conclude that the reach in the bb case is much worse than that of the
ττ case.

We reiterate here that the limits on σ × BR are completely model
independent. Whether or not discovery/exclusion is actually feasible
in this channel should be answered within the context of a particular
model, in which the theoretically predicted cross sections and branching
ratios can be compared with the model-independent limits. We will do
this in the following section for a Type II 2HDM.

4.4 Implications for a Type II 2HDM

Two-Higgs Doublet Models allow us to interpret the observed Higgs
signal either as the lighter CP-even Higgs (h-126) or the heavier CP-
even Higgs (H-126). The authors of [50] have identified the regions
of the parameter space of Type II 2HDMs that survives all the existing
experimental and theoretical constraints in both of these cases, assuming
m2

12
= 0. In the h-126 case, we are restricted to either a SM-like region

at sβ−α = ±1 with tβ < 4 or an extended region with 0.6 < sβ−α < 0.9 and
1.5 < tβ < 4 with relatively unconstrained masses. In the H-126 case, a
SM-like region around sβ−α = 0 and tβ < 8, and an extended region with
-0.8 < sβ−α < 0.05 and tβ up to 30 or higher, survive all constraints.

We can interpret the results of the previous section in two ways: the
light neutral Higgs that the charged Higgs decays to could be either the
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Masses (GeV) Kinematically allowed? Favored

{mH± ,mA,mh ,mH} H± → AW H± → hW Region

BP1: {160, 70, 126, 700} Yes No sβ−α ≈ ± 1

BP2: {160, 700, 70, 126} No Yes sβ−α ≈ 0

Table 4.3: Benchmark points used for illus-
trating the discovery and exclusion limits
in the context of the Type II 2HDM. Also
shown are the typical favored regions of
sβ−α for each case (see [50]).

CP-even Higgs h or the CP-odd Higgs A. The decay mode H± → HW is
not possible given that mH ≥ 126 GeV. The decay H± → AW is possible
in both the h-126 and H-126 cases and the partial decay width is inde-
pendent of sβ−α . However, the branching ratio does depend on whether
the channel H± → hW is open or not. For simplicity, we choose a repre-
sentative benchmark point BP1, with {mH± ,mA,mh ,mH} = {160, 70,
126, 700} such that only the decay mode H± → AW is kinematically
accessible. The decay width H± → hW depends on sβ−α and is only
sizable in the H-126 case. We illustrate this case with a second bench-
mark point, BP2: {mH± ,mA,mh ,mH} = {160, 700, 70, 126}, assuming
that the CP-odd Higgs A decouples. We list the benchmark points in
table 4.4.

In figure 4.8, we show the branching faction BR(H± → AW) for BP1,
which is independent of sβ−α and decreases with increasing tβ due to
the enhancement of the τν mode. The branching ratio can reach values
of 90% or larger for small tβ < 4 and stays the dominant channel until
tβ = 12.

Figure 4.8: Contours of branching ratios
for the benchmark point BP1.

-1.0 -0.5 0.0 0.5 1.0

10

20

30

40

50

sinH Β-ΑL

ta
n

Β

90 %

50 %

25 %

H±®AW±

BP1

8160,70,126,700<

The branching ratio is independent of sβ−α ,
and is dominated by the τν mode at high
values of tβ . For small tβ less than 12, it is
the dominant channel, reaching values of
90% or larger for tβ < 4.

Figure 4.9: Contours of branching ratios
BR(H± → hW±) for the benchmark point
BP2.
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This branching ratio reaches its maximum
at sβ−α=0 , since larger values of ∣sβ−α ∣ lead
to the suppression of the H±hW± cou-
pling.

Figure 4.9 shows the branching ratio, BR(H± → hW), for BP2. It
reaches maximal values around sβ−α = 0 and decreases for larger ∣sβ−α ∣
compared to BP1 due to the suppressed H±hW coupling.

In 4.10, we display the regions that can be excluded (yellow regions
enclosed by the solid lines as well as the cyan regions) and discovered
(cyan regions enclosed by the dashed lines) for BP1 (left panel) and BP2
(right panel) at the 14 TeV LHC with 300 fb−1 integrated luminosity.
The red lines represent the limits from the top pair production channel,
and the blue lines represent the limits from the single top production
channel.

For the benchmark point BP1 with H± → AW±, the exclusion reach
based on top pair production covers the entire parameter space, while
discovery is possible for small tβ < 6 and large tβ > 18, independent of
sβ−α . Intermediate values of tβ have a reduced branching ratio BR(t →
H±b) (see figure 4.1) and therefore the total σ×BR is suppressed. At
high values of tβ , BR(t → H±b) is enhanced enough to overcome the
reduced branching ratio BR(H± → AW). The search based on single
top production is only effective in the small tβ region, with an exclusion
reach of tβ < 4 and a discovery reach of tβ < 2.

The right panel of 4.10 shows the reach for BP2. The exclusion
region for top pair production covers the entire parameter space except
for ∣sβ−α ∣ > 0.85 and tβ > 4. Discovery is possible for large tβ > 18
with ∣sβ−α ∣ < 0.5 and for small tβ < 6. The reach from the single top
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Figure 4.10: The exclusion (yellow and cyan regions combined, bounded by dashed
lines) and discovery (cyan region only bound by solid lines) reach achievable in the tβ
versus sβ−α plane for the benchmark points 1 and 2, with an integrated luminosity of
300 fb−1 at the 14 TeV LHC.
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(a) Benchmark point 1
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(b) Benchmark point 2

The red lines represent the reach achievable by the top pair production channel, while
the blue lines represent the reach achivable by the single top channel.

Erratum: The plot on the right is labeled H± → AW , when it should actually be
H± → hW .
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Figure 4.11: Exclusion (yellow regions
bounded by solid lines as well as the
cyan regions) and discovery (cyan regions
bounded by the dashed lines) imposed by
the t j-channel (blue) and tt-channel (red)
in the mH± − tβ parameter space for 300
fb−1 luminosity with mA = 70 GeV. The
same limits apply for mh = 70 GeV and
sβ−α = 0 if A is decoupled. The black
hatched region indicates the region ex-
cluded by the CMS search based on H± →
τν [33].

production channel is limited to the small tβ region.
In figure 4.11, we show the reach in themH±− tβ plane forH± → AW

with mA = 70 GeV with decays of H± to both h and H kinematically
disallowed. These limits also apply forH± → hW withmh = 70 GeV and
sβ−α = 0 with a decoupled A. We display the exclusion (yellow regions
enclosed by the solid lines as well as the cyan regions) and discovery
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limits (cyan regions enclosed by the dashed lines) for an integrated
luminosity of 300 fb−1 at the 14 TeV LHC. Superimposed are the current
CMS limits (black hatched region) [33] which exclude the large tβ region
for mH± < 160 GeV.

The best reach is obtained by the top pair channel (region enclosed
by the red lines). Charged Higgs masses can be excluded up to 167 GeV
for all values of tβ , and up to 170 GeV for tβ < 4 or tβ > 29. Discovery
is possible for both low tβ < 6 with mH± between 150 and 170 GeV
and high tβ > 17 with mH± between 155 and 165 GeV. The reach is
weakened for intermediate values of tβ due to the reduced branching
ratio BR(t → H±b). The single top channel (region enclosed by the blue
lines) only provides sensitivity in the low tβ region, permitting exclusion
for tβ ≲ 4 and discovery for tβ < 3.

We conclude this section with the following observations:
• Both the H± → AW channel (for the h-126 case) and the H± →
hW channel (for the H-126 case) permit exclusion and discovery
in large regions of the parameter space.

• While the top pair production channel covers a large region of pa-
rameter space, the single top channel permits discovery/exclusion
only in the low tβ region.

4.5 Conclusion

After the discovery of the first fundamental scalar by both theATLAS and
CMS collaboration, it is now time to carefully measure its properties to
determine its nature. Current measurements still permit the possibility
that the discovered signal is not the SM Higgs particle, but just one scalar
particle contained in a larger Higgs sector, predicted by many extensions
of the SM.

In this workwe consider the prospects of discovering a chargedHiggs
lighter than the top quark, produced via top decay (t → H±b). Due to
the large single top and top pair production cross sections at the LHC,
such a chargedHiggs can be produced copiously. Assuming that the light
charged Higgs predominantly decays into τν, both ATLAS and CMS
exclude a light charged Higgs for most regions of the MSSM and Type II
2HDM parameter spaces. However, the branching ratio BR(H± → τν)
can be significantly reduced once the exotic decay channel into a light
Higgs (H± → AW/HW), is open. This weakens the exclusion bounds
from the τν search, in particular for small and intermediate tβ , leaving
the possibility of a light charged Higgs open. This loophole, however,
can be closed when we consider the exotic charged Higgs decay channel
H± → AW/HW .

Our analysis examines the decay modeH± → AW/HW decay mode
assuming that the lighter Higgs A/H decays into either ττ or bb. While
the top pair channel benefits from a large production cross section, the
single top channel permits a cleaner signal due to its unique kinematic
features. Assuming the existence of a light neutral Higgs with a mass of
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70 GeV, the model independent exclusion limits on σ×BR based on the
ττ channel are approximately 35 fb for the single top channel and 55 fb
for the top pair channel. The discovery reaches are about three times
higher. Assuming BR(H± → AW/HW) = 100% and BR(A/H → ττ) =
8.6%, the exclusion limits on BR(t → H+b) are about 0.2% and 0.03%
for single top and top pair production, respectively. A significantly worse
reach is obtained in the bb channel.

We discuss the implications of the obtained exclusion and discovery
bounds in the context of the Type II 2HDM, focusing on two scenarios:
the decay H± → AW with a light A in the h-126 case and the decay
H± → hW in the H-126 case. The top pair channel provides the best
reach and permits discovery for both large tβ > 17 around mH± = 160
GeV and small tβ < 6 over the entire mass range, while exclusion is
possible in the entire tβ versus mH± plane except for charged Higgs
masses close to the top quark mass threshold. The single top channel
is sensitive in the low tβ region and permits discovery for tβ < 3. In
particular, the low tβ region is not constrained by searches in τν channel,
making H± → AW/hW a complementary channel for charged Higgs
searches.

While most of the searches for additional Higgs bosons have focused
on conventional decay channels, searches using exotic decay channels
have started to garner additional interest [37–48]. Studying all of the
possibilities for the non-SM Higgs decays will allow us to exploit the full
potential of the LHC and future colliders to improve our understanding
of the nature of electroweak symmetry breaking.
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5 exotic higgs decays at 14 and 100 tev

In the previous chapter, we showed how exotic decay modes can offer
an complementary avenue for discovering charged Higgs bosons at the
LHC. While that analysis was performed for a single BSM Higgs and a
single exotic decay mode, the project that forms the basis of this chap-
ter aims to do something much more ambitious, namely, to perform a
comprehensive set of collider analyses for all the exotic decay modes for
heavy Higgses in Type II 2HDMs, both at the 14 TeV LHC, as well as a
future 100 TeV hadron collider. The structure of this chapter is as follows.
In section 5.1, we present the general case for considering large mass
splittings among heavy higgses, thus motivating the consideration of
exotic Higgs decay channels. We also briefly discuss the physics potential
of a future 100 TeV collider and provide a few references. In section 5.2,
we summarize the most general decay modes for BSM Higgses as well
as benchmark planes corresponding to a set of exotic decay modes that
satisfy theoretical and experimental constraints. In section 5.3, we enu-
merate some of the existing studies in the literature on exotic decays. In
section 5.4, we describe the exotic decay modes we have studied so far,
and the strategy we used to do so. In section 5.5, we present some of the
preliminary results we have obtained. Finally, we conclude in section 5.6
with a summary and discussion of future work.

5.1 Exotic Higgs decays: The Big Picture

As pointed out in chapter 4, most experimental analyses aimed at dis-
covering BSM Higgses focus on conventional decay modes to Standard
Model Particles. The reason for this is that most studies assume the
scenario known as the decoupling limit, where the states H,A,H± are
much heavier than the state h. Decoupling implies the phenomenon of
alignment, that is, h is the SM Higgs boson, or equivalently, the angles
β and α satisfy the condition β − α = π/2 [73]. The limit of decoupling
with alignment is an attractive one, since it implies that the undiscovered
Higgses are all much heavier than the SM Higgs, accounting for why
they have not been found yet. However, in the decoupling limit, the
splitting between the squared masses of heavy Higgses is constrained to
be small, on the order of ∼ O(v2) [74]. This constraint on the size of the
mass splittings implies that decays of heavy Higgses into final states that
contain other heavy Higgses will be kinematically disfavored, and thus
they will dominantly decay to final states with SM particles instead.

The relation between decoupling and alignment is not bidirectional,
though - alignment does not necessarily imply decoupling. In the limit
of alignment without decoupling, it is possible to have sizable mass split-
tings between the heavy Higgses. While this scenario is necessarily less
generic than the decoupling limit, it is well worth considering, especially
given that large mass splittings are consistent with a strongly first or-

54
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der electroweak phase transition [42]. This type of phase transition is
necessary for the mechanism of electroweak baryogenesis, which can
explain the observed level of baryon asymmetry in the universe. It is
also possible to generate such mass splittings away from the alignment
limit. While this scenario is experimentally disfavored [75], it has not
yet been excluded, and so we study it for completeness.

The presence of large mass splittings opens up the possibility that the
heavy Higgses could decay into final states containing other heavy Hig-
gses, that is, they could decay via exotic decay channels. As mentioned
when we studied the exotic decay mode H± → AW in chapter 4, in cer-
tain regions of parameter space, once the exotic decaymodes are allowed,
they will dominate the conventional decay modes. This is illustrated in
figure 5.1 for a few scenarios. Panels (a) and (b) show the branching
ratios for the decays of A, with m2

12
= m2

Hsβcβ . Panels (c) and (d) show
similar plots, this time for the branching ratios of H±, with m2

12
equal

to m2

Hsβcβ and 0 respectively. The dashed lines indicate the branching
ratios to SM particles in the absence of the exotic decay modes. These
channels have begun to garner additional interest in recent years, with
the publication of a number of original analyses on the topic [3, 38–42,
76–82].
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Figure 5.1: branching ratios for exotic de-
cays in Type II 2HDMs, as a function of tβ ,
with cβ−α = 0. Source: [4].

A 100 TeV collider would open up an immense number of physics
opportunities not afforded to a 14 TeV collider [83]. Such a collider
would be a natural next step after the LHC, and is being actively discussed
in the particle physics community. The two major proposals being
considered are the FCC-hh machine by CERN [84], and the SppC by
IHEP in China [85]. Executing a project of this size requires an immense
amount of planning, over many years. Thus, now is an opportune time
to begin to fully explore the physics potential of a 100 TeV collider. There
have been a number of studies conducted already, and more are coming
out in the literature on a regular basis. We will not attempt to enumerate
them all, and instead point the interested reader to the references sections
of the review papers [73, 83, 86, 87].

5.2 Classifying exotic decays

Taking all the possible combinations of parent and daughter Higgses
yields the complete list of exotic decay modes in 2HDMs, shown along
with the dominant SM final states in table 5.1.

Given the large number of degrees of freedom in generic 2HDMs, it
is important for us to whittle down the number of possible scenarios to
a more managable number by imposing some constraints. The authors
of [4] have systematically categorized the scenarios (with differing mass
orderings and splittings, values of the parameter m12, and degrees of
deviation from alignment) that are still viable after imposing all the
relevant theoretical and experimental constraints. Based on this catego-
rization, they have presented a set of benchmark planes to guide searches
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Table 5.1: Summary of all the possible exotic decay modes and dominant final states for non-SM Higgs bosons

Parent Higgs Decay type Channels in 2HDM Main Final States

HH H → AA, hh (bb/ττ/WW/ZZ/γγ)(bb/ττ/WW/ZZ/γγ)
Neutral Higgs HZ H → AZ ,A→ HZ , hZ (ll/qq/νν)(bb/ττ/WW/ZZ/γγ)
H,A H+H− H → H+H− (tb/τν/cs)(tb/τν/cs)

H±W∓ H/A→ H±W∓ (lν/qq’)(tb/τν/cs)

Charged Higgs HW± H± → hW±/HW±/AW± (lν/qq’)(bb/ττ/WW/ZZ/γγ)

Here, we do not take experimental and theoretical constraints into account. In the second column, H refers to any of the neutral
Higgs bosons h,H, and A. Source: [73].

Name Plane Decays m2

12

IA mA > mH = mH± A→ H±W∓ m2

Hsβcβ
A→ HZ 0

IB mA < mH = mH± H → AZ/AA 0
H± → AW±

IIA mH > mA = mH± H → AZ/AA 0
H → H+H−/H±W±

IIB mH < mA = mH± A→ HZ m2

Hsβcβ
H± → HW± 0

III mA = mH = mH± A→ hZ ,H± → hW± m2

Hsβcβ
vs cβ−α H → hh 0

Table 5.2: Summary of benchmark planes
for exploring exotic Higgs decays in
2HDMs that survive theoretical and exper-
imental constraints. Source: [4].

for new scalars at the LHC via exotic decay modes. These planes are
summarized in table 5.2.

Even after this constraining, there remain a plethora of possible final
states, as evidenced by the last column of table 5.1. In this work, we aim
to answer the questions: which among these final states are the most
promising to find new physics, and what are the best strategies to do so
at a collider? In the next section, we summarize some of the existing
studies on exotic Higgs decays.

5.3 Literature review

There are a number of theoretical studies in the literature that examine
exotic Higgs decays. We summarize some of the more recent ones.
In [39], the exotic decay of a heavy neutral Higgs, A/H → HZ/AZ is
studied. The same authors subsequently study the exotic decay of a heavy
charged Higgs: H± → (A/H)W±. The prospects of finding a charged
Higgs boson lighter than the top quark are examined in [3] (which forms
the basis of chapter 4). The study in [41] examines the exotic decay of
a neutral heavy Higgs: A/H →W±H∓. Constraints are derived in the
mH± − tβ plane for the decay chain H → H±W± → W+W−A in [80],
while the authors of [79] examine heavy charged Higgses produced in
association with a W boson and decaying into a lighter neutral Higgs.
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In [78] the signals for a fermiophobic charged Higgs arising in a 2HDM
with right handed neutrinos are examined. Finally, the whitepaper [38]
investigates the prospects of discovering a heavy neutral Higgs through
the decay A/H → ZZ/Zh, with the Z decaying leptonically, and the
h decaying to either the bb or ττ final states. All of these studies are
performed for the 14 TeV LHC.

5.4 Crafting features for our classifier

Preliminary analyses have been carried out for two of the benchmark
planes described in table 5.2: benchmark plane IB, with mA < mH =
mH± , and benchmark plane IIB, mH < mA = mH± , both assuming
m2

12
= m2

Hsβcβ . For benchmark plane IB, we examine the production
and decay chains for the neutral Higgs H:

bb/g g → H → AZ → ττl l .

For benchmark plane IIB, we consider the following production and
decay chains for the neutral Higgs A:

bb/g g → A→ HZ → ττl l .

In addition, we examine the following production and decay chain for a
heavy charged Higgs H± in benchmark plane IIB:

pp → tbH± → (Wb)b(HW)→ (Wb)b((ττ)W),

where one of the W bosons decays leptonically, and the other hadroni-
cally. This production and decay chain has been previously considered
in [39]. Events were generated using MadGraph 5 [22], interfaced with
Pythia 6 [23] for showering and hadronization andDelphes [25] for a fast,
parameterized detector simulation. Recognizing the power of statistical
learning techniques to efficiently find non-linear decision boundaries
in feature space, we use boosted decision tree classifiers to discriminate
between signal and background events. For each channel, we provide
the classifier with a mixture of low-level and high-level features. Low-
level features include readily available information such as the momenta
of the final state particles, whereas high-level features are functions of
the low-level features designed to exploit kinematic relations unique to
each decay topology. In practice, using high and low level features in
conjunction with each other yields better results than using either of
them alone.

Exotic decays of neutral Higgses

For the exotic decay modes (A/H)→ (H/A)Z with the final state ττl l ,
the following strategy was taken to prepare feature arrays for the boosted
decision tree classifier. We consider two possibilities for the decay of
the Z boson: Z → bb (case A), and Z → l+ l− (case B). The procedure is
described below.
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1. Trigger. We selected events that passed one of the following trigger
criteria:

a) At least one lepton with pT > 30 GeV.
b) Two leptons, with the hardest lepton having pT > 20 GeV

and the second hardest lepton having pT > 10 GeV.
c) A minimum missing transverse energy of 100 GeV.

2. Identification. We required events have at least two b-tagged jets
(case A), or at least one pair of oppositely charged τ-tagged jets
(case B). For both cases, we require exactly two leptons (electrons
or muons) with the same flavor and opposite sign.

3. Calculate and collect features. For events that pass the trigger and
identification criteria above, we construct the following set of
features:

a) Z candidate. We combine the momenta of the two same
flavor, opposite sign leptons to form the Z candidate, and
calculate its invariant mass, m l l .

b) Lighter neutral Higgs candidate. We combine the momenta
of the two leading b-tagged jets (case A) or the two τ-tagged
jets (case B) to form the lighter neutral Higgs candidate, and
calculate its invariant mass, denoted either mbb or m l l .

c) Heavier (parent) neutral Higgs candidate. We combine the
momenta of the Z candidate and the A/H candidate to form
the charged Higgs candidate H±, and calculate its invariant
mass, denoted m l l bb (case A) or m l l ττ (case B).

d) Other features: We also collect the following set of features:
the transverse momenta of the leptons, and b-tagged jets
(case A), or the τ-tagged jets (case B). Finally, we collect the
missing transverse energy and hadronic transverse energy
of the event.

Figure 5.2: Feynman diagrams for charged
Higgs production in association with a
heavy quark.)
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Exotic decays of the charged Higgs

The search channel involving the charged Higgs, has the production and
decay chain:

pp → tbH+ → (Wb)b(HW)→ lνbbτhτ l j j.

Here, one of theW ’s and one of the τs decays hadronically, and the other
decays leptonically. We employed the following strategy to construct
input features for our classifier.

1. Identification. We required events have exactly one or two b-tagged
jets, at least two untagged jets, exactly one τ-tagged jet, and exactly
two leptons (electrons or muons) with the same charge which is
opposite to that of the τ-tagged jet.

2. Calculate and collect features. As a test of the software setup, we
analysed this channel with only the following low-level features:
the transverse momenta of the leptons, the leading b-tagged jet,
and the untagged jets, and the missing and hadronic transverse
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energies of the event. In the future, we aim to reconstruct the
lighter Higgs H and the charged Higgs H±, building upon the
strategy in [39], and using the calculated invariant masses as input
features for the classifier.

5.5 Preliminary results

Figure 5.3: Exclusion and discovery limits
for the channel A → HZ → ττl l , for the
14 TeV LHC with 100 fb−1 (solid red line)
and 300 fb−1 (dashed red line) and a 100
TeV collider with 1000 fb−1 (solid blue line)
and 3000 fb−1 (dashed blue line).
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H sβ cβ . The top
panel represents the bb → A production
channel, while the lower one represents
the g g → A production channel.

In this section, we will present some of the preliminary results of this
project. In figure 5.3, we see the reach obtainable in the A→ HZ → ττl l
channels in the mA = mH± − tβ plane, with mA −mH = 200 GeV. The
results are shown separately for the A produced via bb → A (top panel),
and g g → A (bottom panel). The bb production channel has a signif-
icantly higher reach, being able to exclude points with mA = mH± up
to 3.5 TeV for tβ between 15 and 20, for a 100 TeV collider (combined
green, brown, and cyan regions). The corresponding reach for the g g
production channel is only up to about 2 TeV. In figure 5.4, we see the
reach obtainable in the H → AZ → ττl l channels, with mH − mA =
200 GeV. Similar to the results for A → HZ, the results for the bb
production channel (left panel) are significantly better than those for
the g g production channel (right panel). The bb production channel
will be able to exclude points in the mH = mH± − tβ plane up to 3.5 TeV
for a wide range of values otβ between 10 and 50. The reach for the g g
production channel is seen to be low for intermediate values of tβ of
about 20. This plane simply represents the region along the diagonal of
benchmark plane IIB - this region was chosen since it survives all the
theoretical and experimental constraints. Varying tan β does not vary
the kinematics of the final state particles, just the total σ×BR.

For the charged Higgs channel H± → HW described in the previous
section, the reach for a 100 TeV collider is shown in figure 5.5, in the
mH± = mA vsmH plane. We see that with the simple set of input features
described in section 5.4, we are able to exclude charged Higgses with
masses up to 2 TeV for neutral HiggsesH with masses up to 500 GeV.We
expect that the addition of high-level features such as invariant masses
will substantially improve the results. In all cases, the significance is
calculated using the formula S/

√
B. For the 14 TeV LHC, we consider

an integrated luminosity of 300 fb−1, and for a 100 TeV collider, we
consider an integrated luminosity of 3000 fb−1.

5.6 Conclusions and outlook

In this chapter, we have provided some preliminary results from an
ongoing project aimed at evaluating the prospects of discovering new
heavy scalars from 2HDMs at the 14 TeV LHC and a 100 TeV collider,
in the physically well-motivated but underexamined scenario where
they can have large mass splittings. The approach we take is to examine
the resulting ‘exotic’ decay modes of these heavy scalars, since they
can dominate over the conventional decay modes in certain regions of
parameter space once kinematically allowed. We began by examining
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Figure 5.4: Exclusion and discovery limits for the channel H → AZ → ττl l for the 14
TeV LHC with 100 fb−1 (solid red line) and 300 fb−1 (dashed red line) and a 100 TeV
collider with 1000 fb−1 (solid blue line) and 3000 fb−1 (dashed blue line).
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two of the benchmark planes suggested in [4]. The first, benchmark
plane IB, with mA < mH = mH± was probed using the exotic decay
H → AZ, with the subsequent decays A → ττ, Z → l l . The second
plane, labeled IIB, with mH < mA = mH± , was investigated using the
exotic decay modes A → HZ and H± → HW±. For the first mode,
we consider the final state ττl l , similar to the H → AZ case, while for
the second, we consider the more complicated final state bbWWττ,
where one τ and one W decay hadronically, and the other τ and W
decay leptonically. We used boosted decision tree classifiers to separate
signal and background events, using a mixture of low-level features and
physically inspired high-level features that are unique to each of the
channels. For the benchmark plane IB, we found that we are able to
exclude points with mA = m±H up to 3.5 TeV at optimal points in the
mA = mH± plane, with a fixedmA−mH = 200GeV, for a 100 TeV collider.
For benchmark plane IIB, we found that the reach is higher - we can
discover points with mH = mH± up to 3.5 TeV, again for the same mass
difference between the parent and daughter Higgs. Preliminary results
for the charged Higgs channel H± → HW± → ττW± show an exclusion
reach in benchmark plane IIB up to charged Higgs masses of about 2
TeV, for mH up to 500 GeV. This region is complementary to the region
explored by the channel A→ HZ (section 5.4) in the benchmark plane
IIB. These preliminary results look promising, and we aim to complete
our investigation of all the benchmark planes in the near future. An
extended scalar sector arises frequently in theories beyond the Standard
Model, andwould have important implications for the electroweak phase
transition, electroweak baryogenesis, as well as the hierarchy problem.
Thus, understanding its structure is vital, and exotic decays provide a
complementary avenue to do so.



6 a razor search for dark matter at 100 tev

6.1 Introduction

In 1933, the Swiss astronomer Fritz Zwicky turned his telescope to the
night sky to measure the velocities of galaxies in a particular galaxy
cluster known as the Coma cluster. He discovered that the visible matter
in this cluster could not account for the speeds at which the galaxies were
moving. He postulated that there must be some matter that does not
emit light, but has mass and interacts only gravitationally with known
matter. He termed this ‘dunkle materie’, or dark matter. The evidence
for dark matter has only continued to grow since then, and we now
know that there is far more of it in the universe than there is regular, or
baryonicmatter. The nature of dark matter is one of the most compelling
mysteries in physics today.

Over the years, there have been many dark matter candidates, but
the most widely accepted view today is that dark matter is comprised
of a completely new kind of particle that interacts only weakly with the
particles of the Standard Model and moves at at non-relativistic speeds.

One of the most tantalizing clues as to the nature of dark matter
is the so-called ‘WIMP miracle’ - the remarkable coincidence that the
observed dark matter density in the universe can arises naturally from
a particle with mass and couplings comparable to the weak scale. This
raises the hope that such particles might feasibly be detected at colliders
or direct detection experiments.

χ SM

χ SM

Indirect

Collider

D
ire

ct

Figure 6.1: DM detection, three ways

There are three main methods of detecting WIMP dark matter. The
first, direct detection, involves constructing a well shielded, giant vat of a
relatively inert substance, and waiting for dark matter particles to inter-
act with that substance. The second, termed indirect detection, involves
searching for signs of darkmatter particles annihilating each other in the
cosmos. The third method, collider detection, involves producing dark
matter through high energy particle collisions and searching for their as-
sociated signatures. The three methods are depicted in figure 6.1, where
χ and SM represent dark matter and SM particles respectively, and the
arrows represent the flow of time. The first two methods place relatively
stringent constraints on the nature of dark matter, but have their own
limitations. The smallest interaction cross-section between dark matter
and regular matter that direct detection can measure is limited from
below by the background of neutrinos from the sun. Indirect detection,
on the other hand suffers from large astrophysical uncertainties [88].
Collider detection, therefore, is competitive with, and can possibly even
surpass the other two methods.

WIMPs arise naturally in many extensions of the SM. Of these exten-
sions, one of the most studied is the Minimal Supersymmetric Standard
Model (MSSM), introduced in section 2.3. In the MSSM, the lightest su-

62
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persymmetric partner (LSP) is predicted to be absolutely stable, making
it a good candidate for darkmatter. The identity of the LSP is determined
by the mass hierarchy of the superpartners, which in turn depends on
how supersymmetry is broken. However, taking into account experi-
mental constraints and phenomenological considerations, the lightest
neutralino emerges as the most attractive candidate for the LSP [89].

Though a natural MSSM spectrum has the potential to tame the
hierarchy problem, it is under siege from recent data from the LHC. A
compelling alternative scenario comes in the form of split supersym-
metry (split SUSY) [90–92]. In this scenario, the lightest superpartners
are the fermionic ones (gauginos and higgsinos), with masses on the
order of 1-10 TeV, while the scalar superpartners can be much heavier,
on the order of 100 - 1000 TeV. In exchange for accepting some level
of fine-tuning, we obtain numerous benefits, including the suppression
of flavor-changing neutral currents and greater compatibility with data
from CP-violation experiments [90].

τ̃

B̃0 τ

τ̃ Z

Figure 6.2: Feynman diagram for bino-stau
coannihilation.

The most interesting regions of the split SUSY parameter space lies
beyond the reach of the LHC. Consider, for example the case in which
the dark matter candidate is a nearly-pure bino. Even though the sim-
plicity of its gauge singlet structure makes it an attractive DM candidate,
It is well known that heavy bino LSPs heavier than about 200 GeV result
in an overabundance of dark matter in the universe, in conflict with ex-
perimental observations. However, if the bino is nearly mass-degenerate
with another supersymmetric particle, such as the gluino, stau, or a
squark, it can coannihilate with it (see figure 6.2 for a Feynman diagram
depicting the coannihilation with a stau), thereby reducing the dark mat-
ter abundance to acceptable levels [93]. Coannihilation with a gluino
would raise the acceptable bino mass to ∼ 7 TeV, and coannihilation with
a stop or squark raises the acceptable bino mass to ∼ 2 TeV. Bringing one
of these particles down to the low-energy spectrum should not affect the
branching ratio of the higgsinos too much. Gluino coannhilators would
not change the branching ratios of the neutral higgsinos, since higgsinos
are uncharged under SU(3)1. Higgsino-fermion-sfermion couplings 1But doing so would reduce the importance

of electroweak search channels in compari-
son, as gluinos would then be abundantly
produced.

are Yukawa-like, and are proportional to the mass of the fermion in the
interaction vertex. Thus, this coupling will be relatively small (with the
possible exception of the higgsino-top-stop case). In this study, we will
simply assume that a scalar can be brought down into the low-energy
spectrum to be nearly mass-degenerate with the bino, thus satisfying
the relic density requirement. Such heavy binos are out of the reach of
the 14 TeV LHC, but well within the reach of a 100 TeV collider.

This study aims to add to the corpus an assessment of the prospects
of finding pair-produced neutral higgsinos that decay to binos via in-
termediate Z and h bosons, at a future 100 TeV collider, using razor
variables. These variables [94] were originally designed for searches
involving two heavy, mass-degenerate pair-produced particles, each of
which decays into a visible and invisible set of particles. This topology
matches that of our search channel, making this set of variables a natural
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choice for our analysis.
Finding higgsinos has traditionally been more challenging than find-

ing winos, due to their lower production rate - it is thus important to
devise innovative strategies to do so. In addition, the higgsino mass
parameter µ that governs the mass of the higgsino plays an important
role in electroweak symmetry breaking [95]. This combination of NLSP
(next-to-lightest supersymmetric partner) and LSP has been studied
earlier in [96] with intermediate vector dibosons and multilepton final
states. In this study, however, we attempt to exploit the relatively high
branching ratio of the SM Higgs boson to b quarks (as suggested in [97]),
and choose the decay modes Z → l l and h → bb for the intermediate Z
and h bosons in our search channel.

At a 100 TeV collider, the backgrounds are going to be even larger
than at the LHC. We will need to harness all the possible tools we can
to deal with them. An ancillary goal of this study is to investigate the
potential for machine learning (ML) techniques to augment our analysis.
with the advent of more powerful computers and simultaneous advances
in the field of statistical learning in recent years, the usage of ML is rising
in experimental particle physics. In fact, the discovery of the SM Higgs
boson in 2012 was done with the help of neural networks [1] and boosted
decision trees [2].

The rest of this chapter is structured as follows. In section 6.2, we de-
scribe our model and search channel in more detail, and list the existing
experimental constraints on it. In section 6.3, we describe our analysis
strategies and results obtained for both the traditional cut-and-count
analysis and the analysis performed with boosted decision trees. Finally,
we conclude with the implications in section 6.4.

6.2 Model and experimental constraints

In this section, we will elaborate a little more on the structure of the
neutralino sector in the MSSM, motivate our chosen search channel,
and review some of the relevant experimental literature and limits.

The neutralino sector

The neutralino sector of the MSSM consists of four mass eigenstates
( χ̃0

1
, χ̃0

2
, χ̃0

3
, χ̃0

4
) that aremixtures of the gauge eigenstates (B̃0

, W̃0
, H̃0

u , H̃0

d )
- the bino, the wino, and the two neutral higgsinos, originally encoun-
tered in section 2.3. In the basis of these gauge eigenstates, the mass
matrix of the neutralino can be written as

Neutralino mass matrix
MÑ =

⎛
⎜⎜⎜⎜
⎝

M1 0 −cβsWmZ sβsWmZ
0 M2 cβcWmZ sβcWmZ

−cβsWmZ cβcWmZ 0 −µ
sβsWmZ −sβcWmZ −µ 0

⎞
⎟⎟⎟⎟
⎠
,

where sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW . The angle
β is basically the same one encountered in section 2.2. It is a central
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parameter of the theory, parameterizing the mixing between the two
Higgs doublets, Hu and Hd . It is defined as tan β = vu/vd , where vu and
vd are the vacuum expectation values ofH0

u andH0

d . The parametersM1,
M2, and µ are the coefficients of bino, wino, and higgsino mass terms in
the soft supersymmetry breaking Lagrangian.

Figure 6.3: Feynman diagrams for the sig-
nal and background processes (Generated
using [98].)
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This matrix can be diagonalized with the unitary matrix N to obtain

N∗MÑN
−1 =
⎛
⎜⎜⎜⎜
⎝

m χ̃1 0 0 0

0 m χ̃2 0 0

0 0 m χ̃3 0

0 0 0 m χ̃4

⎞
⎟⎟⎟⎟
⎠
,

where m χ̃ i are the masses of the neutralino mass eigenstates.
In the limit of mZ ≪ ∣µ ± M1∣, ∣µ ± M2∣, the mass eigenstates are,

to good approximation, a nearly pure bino, B̃0, with mass M1, a nearly
pure wino, W̃0, with mass M2, and nearly pure higgsinos H̃0

1,2
= (H̃0

u ±
H̃0

d)/
√
2, with mass ∣µ∣. This limit is well-motivated, since we are con-

sidering heavy electroweakinos that are out of the reach of the LHC - the
minimum mass of the higgsinos considered is 500 GeV, and the wino is
decoupled to 5 TeV.

The optimal search strategy for finding electroweakinos is highly
dependent on the mass difference between them. Phenomenological
collider studies on finding electroweakinos separated by about 0.1 - 50
GeV at a 100 TeV collider can be found in [88, 99–101], while well-
separated spectra have been studied in [95, 96].

So far, the well-separated spectra have been studied using multi-
lepton channels, of the form

pp → χ̃NLSP χ̃NLSP → VV + χ̃LSP χ̃LSP → 2l/3l + /ET + χ̃LSP χ̃LSP

where χ̃NLSP is the next-to-lightest neutralino or chargino, and χ̃LSP is
the lightest neutralino. These searches work well since the large mass
difference between the electroweakinos can lead to energetic leptons that
can be easily identified. Among the multi-lepton searches, the trilepton
searches (with W and Z as the intermediate dibosons) have the best
reach, due to the high production cross-section of chargino-neutralino

Stage χ̃0
2,3
χ̃±
2

χ̃0
2
χ̃0
3

Pair production cross section 60 fb 16 fb
Intermediate diboson contribution (WZ) 30 fb (Zh) 8 fb
Applying BR(W → lν), 0.42 fb 0.32 fb
BR(Z → l l) & BR(h → bb)

Table 6.1: Comparison of cross-sections for ( χ̃0
2,3
χ̃±
2
) and ( χ̃0

2
χ̃0
3
), for ∣µ∣ ≈ 1 TeV, at

a 100 TeV pp collider. The pair-production cross sections are taken from [96]. The
branching ratio to intermediate dibosons is evaluated in the limit where the Goldstone
equivalence theorem applies so that BR( χ̃0

2,3
→ χ̃1

0
h) ≈ BR( χ̃0

2,3
→ χ̃1

0
Z) ≈ 50%. The

branching ratios of W, Z, and h are taken to be the same as the SM ones listed in the
PDG review [62].



66 | model and experimental constraints

500 1000 1500 2000 2500
µ (GeV)

10
−1

10
0

10
1

10
2

10
3

σ(
pp
→
̃ χ0 2

̃ χ0 3
)
(
f
b
)

Figure 6.4: Higgsino pair production cross
section as a function of µ, for M1 = 25 GeV.
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Figure 6.5: Higgsino decay branching ra-
tios of µ, for M1 = 25 GeV.

pairs combined with the large reduction in tt and QCD backgrounds
obtained by requiring three leptons. Multilepton searches with Zh and
ZZ as the intermediate dibosons are unlikely to be as powerful, due to
the lower pair-production cross-section of neutral higgsinos, combined
with the low branching ratio of Z to leptons. However, if we move
beyond multilepton searches, the channel with Zh as the intermediate
dibosons emerges as a possible competitor to theWZ channel. If the Z
decays leptonically and h decays to a pair of bs, then after applying the
relevant branching ratios, the signal cross sections become comparable
(for details, see table 6.1).
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In this study, we will focus on a well-separated electroweakino

Our signal process

spectrum, with M2 ≫ ∣µ∣,M1, and study the process:

pp → χ̃0
2
χ̃0
3
→ (Z χ̃0

1
)(h χ̃0

1
)→ ((l+ l−)B̃0)((bb)B̃0),

which is manifested at colliders as a final state with two b-jets, two same
flavor, opposite sign leptons, and missing transverse energy. Note that
χ̃0
2,3

represents neutral higgsino-like NLSPs, and χ̃0
1
represents bino-like

LSPs. The main backgrounds for this process are: tt, tbW with the b and
W not coming from a t, and bbWW with no intermediate s-channel
top quarks. See figure 6.3 for representative Feynman diagrams for the
signal and background processes. The typical pair-production cross
section for the higgsino-like NLSPs is on the order of less than 10 fb for
∣µ∣ > 1 TeV, as can be seen in figure 6.4.

Couplings and branching ratios

The mixing of the neutralino gauge eigenstates gives rise to compli-
cated expressions for the couplings involving the mass eigenstates. For
consistency, we use susy-hit [102] to calculate the branching ratios
BR( χ̃0

2,3
→ h χ̃0

1
), BR( χ̃0

2,3
→ Z χ̃0

1
), and BR(h → bb). The branching

ratios for higgsinos decaying into h/Z + χ̃0
1
is shown in figure 6.5. For

all our benchmark points, we decouple the neutral wino, setting M2 = 5
TeV.

Review of experimental searches and limits

While the majority of the existing searches for supersymmetry focus
on gluino pair production, there are a number of analyses involving
electroweakino pair production as well, which we will attempt to briefly
review here. Searches involving multiple leptons and missing energy
(2l/3l + /ET) in the final state are described in [103–105], assuming a
wino-like NLSP and a bino-like LSP. The best reach is obtained in the
2/3l channel, with NLSP masses up to 1 TeV excluded for LSP masses
up to 500 GeV. The trilepton channel is a close second-best, with NLSP
masses up to 1 TeV excluded for a massless LSP. Both of these results
have been calculated with 13.3 fb−1 of 13 TeV LHC data by ATLAS.

Topologies with one or two hadronically-decaying tau leptons and
missing energy in the final state have been studied in [106, 107], with the
greatest reach obtained by ATLAS in [106], using 13 TeV data - they are
able to exclude wino-like NLSPs up to a mass of 700 GeV for a massless
bino-like LSP.

Photon signatures with the final states γγ/γb/γ j/γl/γ j j + /ET been
used to probe gauge mediated supersymmetry breaking models in [108–
112]. Winos are excluded below 710 GeV for nearly bino-like LSPs that
are nearly mass-degenerate with them in [112]. The study [110] excludes
winos up to a mass of 590 GeV in the final state γγ + /ET . The final state
γl + /ET is used to exclude winos up to 360 GeV in [109].
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Searches with a combination of leptons and jets in the final states
can be found in [113–115]. Winos up to 465 GeV are excluded in the
2l +0/2 j final states in [113]. A compressed mass spectrum is studied in
[114], with a mass difference of about 50 GeV between winos and binos.
This study uses the vector boson fusion channel, with a final state of
2l + 2 j + /ET , and excludes winos up to a mass of 170 GeV. Of particular
interest to us is the analysis in [115], where higgsinos can be excluded
up to a mass of 380 GeV using the bbl l + /ET final state, but cannot be
discovered in any region of the relevant parameter space. As we shall see,
a 100 TeV collider will enable us to greatly improve upon these limits.

6.3 Analysis Details

In this section, we will describe out strategies for both the traditional
cut-and-count analysis, as well as the analysis carried out with boosted
decision trees.

Simulation

We simulated parton-level events using MadGraph5 v2.3.2.2 and MadE-

vent [22], then passed those events to Pythia 6 [23] for showering
and hadronization. Finally, we used Delphes 3 [25] to perform a fast,
parametrized detector simulation, with the detector card devised by
the FCC-hh working group2. For the backgrounds, we allowed up to2https://github.com/HEP-FCC/

FCCSW/tree/master/Sim/Sim/Delphes/

Interface/data
one additional jet in the final state, to approximate NLO QCD effects,
and performed MLM matching with the xqcut parameter set to 40
GeV. The Higgsino pair production cross sections were calculated using
Prospino2 [116]. To decouple the wino, we set its mass parameter M2

to 5 TeV.
One of the challenges we faced while performing this analysis was

dealing with the sheer number of background events to generate and
analyze. At a 100 TeV collider, the background cross-sections grow very
large compared to their 14 TeV counterparts. For example, the cross
section for the inclusive production of top quark pairs increases from ∼
975 pb (N3LO) to ∼ 34,000 pb (NLO) [87], that is, increasing the collision
energy by about seven times increases the number of events by a factor
of more than 30! Multiplying this by 3 ab−1 (the expected integrated
luminosity from the first 10 years of running the FCC), gives us 96
billion top pair production events. Simulating this many events would
require enormous amounts of computing time as well as huge amounts
of storage. To alleviate the first problem, we generated events on the
University of Arizona cluster, leveraging the power of many computing
nodes to perform event generation simultaneously. But this alone would
not be enough.

Since we expect our signal process to have a dilepton resonance from
an on-shell Z boson, we restricted the phase space for event generation
for backgrounds to the region where the invariant mass of dilepton pairs
lies between 80 and 100 GeV. Additionally, the bino dark matter that

https://github.com/HEP-FCC/FCCSW/tree/master/Sim/Sim/Delphes/Interface/data
https://github.com/HEP-FCC/FCCSW/tree/master/Sim/Sim/Delphes/Interface/data
https://github.com/HEP-FCC/FCCSW/tree/master/Sim/Sim/Delphes/Interface/data


a razor search for dark matter at 100 tev | 69

escapes the detector would result in a large amount of missing transverse
energy (/ET), so we required a minimum /ET of 100 GeV at the parton
level for the backgrounds as well.

At the reconstructed level, we relaxed the lepton isolation criterion in
the Delphes detector card, ∆Rmin from 0.4 to 0.05. This is motivated by
the fact that due to the large mass difference between the higgsino NLSP
and the bino LSP in our search channel, the intermediate Z bosons
will be highly boosted, and the leptons to which they decay will be
highly collimated. The value of 0.05 is consistent with what is suggested
in previous 100 TeV studies ([95, 96, 117]) and will allow for easier
comparison between strategies.

Rectangular cuts

For the cut-and-count analysis, we implemented successive one-dimensional
cuts on the variables listed below, using theMadAnalysis 5 package [118].

1. Trigger: Events were selected if they had at least one lepton with
pT > 100 GeV.

2. Identification:
• We required that events contain exactly two leptons of the

same flavor and with opposite signs (sfos), with pT > 15
GeV and ∣η∣ < 2.5.

• We required that events contain at least two b-tagged jets
with pT > 30 GeV and ∣η∣ < 2.5.

3. Invariant mass of Z-candidate: We required that the invariantmass
of the two leptons, m l+ l− , lie between 85 and 95 GeV.

4. Invariant mass of h-candidate, We combine the two b-tagged jets
with the highest pT to form a h candidate and require that its
invariant mass, mbb , lies between 75 and 150 GeV.

5. Missing Tranverse Energy: We required events to have a minimum
missing transverse energy of 400 GeV.
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Figure 6.6: Normalized distributions of the
razor kinematical variables MR (top) and
MR

T (bottom) for a 1 TeV higgsino NLSP
and 25 GeV bino LSP

6. Razor variables: Consider the pair production of two massive par-
ticles S1 and S2 that decay into the particles (Q1 , χ1) and (Q2 , χ2)
respectively, where χ1,2 are invisible and have the same mass. The
first razor variable, MR , inherits the knowledge of the mass differ-
ence between the parent particle (the higgsino), and the invisible
particle (the bino). It is given by

MR =
√
(E1 + E2)2 − (qz1 + qz2)2 ,

where E i are the energies of the visible particles Q i , and qzi are
the z-components of their momenta. The second razor variable,
MR

T , can be thought of as a longitudinally-invariant analogue of
the transverse mass, and is given by:

MR
T =
√

1

2

[/ET(∣q⃗1T ∣ + ∣q⃗2T ∣)2 − /⃗ET ⋅ (q⃗1T + q⃗2T)].
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σsignal σtt σtbW σbbWW σtotal, background S/B S/
√
B

Original 0.37 35,998 4,176 7.8 40,182 9.1× 10−6 0.10
Trigger 0.31 5,321 1,058 2.5 6,382 4.9× 10−5 0.21
sfos leptons 0.25 1,774 360 0.88 2,135 1.2× 10−4 0.30
2 b jets 0.04 290 62 0.09 352 1.3× 10−4 0.13
/ET < 400 0.03 5.3 6.8 0.007 12 0.003 0.49
m l l ∈ [85, 95] 0.03 2.1 3.3 0.004 5.3 0.005 0.62
mbb ∈ [75,150] 0.02 0.59 0.30 8.2× 10−4 0.90 0.02 1.3
MR > 800 0.02 0.03 0.20 3.3× 10−4 0.23 0.09 2.2
MR

T > 400 0.02 0.008 0.18 1.9× 10−4 0.19 0.10 2.4

Table 6.2: Representative cut flow table for the benchmark point ∣µ∣ = 1 TeV, M1 = 25 GeV, for a traditional cut-and-count
analysis. All cross sections are given in femtobarns, and the units for the missing energy, invariant mass, and razor
variable cuts are GeV. The significance, S/

√

B, is calculated for an integrated luminosity of 3 ab−1 .

For our process, the visible particles Q i correspond to the recon-
structed SM Higgs and Z bosons, and the invisibles χ i correspond
to the bino LSPs. We scanned across a range of values of these
variables to find the cuts that yielded the greatest significance.
Representative kinematic distributions of these variables for a 1
TeV higgsino and a 25 GeV bino are shown in figure 6.6, after the
trigger, identification, and /ET cuts. We can see that the distribu-
tion ofMR is peaked around 1 TeV for the signal, which consistent
with what we would expect, since it corresponds to the mass differ-
ence between the NLSP and LSP. The distribution for the bbWW
background is not shown, since it is negligible in comparison to
the others. For this mass combination, requiring MR > 800 GeV
and MR

T > 400 GeV yields the greatest significance.

In table 6.2, we show the cut efficiencies for a representative signal
benchmark point with ∣µ∣ = 1 TeV and M1 = 25 GeV. The initial signal
cross-section is calculated using Prospino2 at next-to-leading order, and
is then multiplied by the branching ratios calculated using SUSY-HIT.
The cross-sections of the backgrounds are averages of the cross-sections
output by MadEvent after performing the MLM matching procedure.
Their small size reflects the m l l and /ET cuts we imposed at the parton
level. For all the benchmark points, we require a minimum of 5 signal
events left over after cuts. We can see that, after applying our cuts,
tt and tbW remain as the dominant backgrounds. The values of the
razor variable cuts were chosen to maximize the significance, S/

√
B

(calculated for an integrated luminosity of 3000 fb−1), shown in the last
column.

Optimizing using gradient boosted decision trees

For each signal benchmark point and background process, we prese-
lected events that passed the lepton trigger, contained two SFOS leptons
and two b-tagged jets, and calculated a number of features for each
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Figure 6.7: Distribution of the decision
function of the gradient boosted decision
tree classifier algorithm for the signal (∣µ∣ =
1 TeV, M1 = 25 GeV) and backgrounds.

σsignal σtt σtbW σbbWW σtotal,background S/B S/
√
B

Original 0.37 35,998 4,176 7.8 40,182 9.1e-06 0.10
Preselection 0.04 290 62 0.09 352 1.3e-04 0.13
bdt response > 5.1 0.04 0.02 0.04 4.8e-04 0.06 0.63 8.4

Table 6.3: Representative cut flow table for the same benchmark point and integrated luminosity as in table 6.2, but
using a boosted decision tree (BDT) analysis instead. The preselection is equivalent to the trigger and identification cuts
listed in table 6.2. As before, all the cross sections are in femtobarns.

event. A mixture of low-level and high level features was seen to have
the greatest effectiveness. The features chosen were m l l , mbb , MR , MR

T ,
/ET , the total hadronic transverse energy THT, and transverse momenta
of individual final state leptons and b-quarks: pT(l1), pT(l2), pT(b1),
and pT(b2). We then divided the events into training and test sets, with
the training set comprising 75% of signal events and 30% of background
events. We used the scikit-learn package [119] to implement our
analysis. A boosted decision tree classifier was trained with 1000 weak
learners and a learning rate of 0.025. After the classifier is trained, we use
it to assign scores to individual events. A more negative score indicates
a more background-like event, and a more positive score denotes a more
signal-like event. After the scores have been assigned to the events in
the test sets, we can use this score just as we would a regular kinematical
variable, that is, we apply a cut that selects events with a minimum of
this score. The value of the cut is chosen to maximize the significance
for each signal benchmark point. The distribution of scores for the spe-
cific benchmark point with ∣µ∣ = 1 TeV and M1 = 25 GeV is shown in
figure 6.7. We observe that there is an appreciable separation between
the signal and background distributions.

Table 6.3 shows the cut efficiences for the same representative bench-
mark point as in table 6.2, but this time for a boosted decision tree (bdt)
analysis. We observe that the statistical significance we can achieve goes
up from 2.4 to 8.4, a roughly four-fold increase.
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Note on low event counts and statistics. For certain values of the cuts on
kinematical variables or the score of the ML classifier, no events survived
for one or more of the background components. To guard against overly
optimistic estimates of the significance S/

√
B, we set a lower bound of 3

for the number of events after cuts for each background component. This
corresponds to the 95% confidence interval for a Poisson distribution.

Reach in parameter space

Figure 6.8 shows the expected reach in parameter space for exclusion
and discovery. The cut-and-count strategy is able to discover higgsinos
up to 750 GeV and exclude them up to 1.3 TeV. The boosted decision
tree analysis, improves upon this - it is able to discover higgsinos up to
1.3 TeV, and exclude them up to 1.8 TeV in favorable points in parameter
space. Similarly, binos can be discovered up to 300 GeV and excluded
up to 800 GeV with the rectangular cut analysis, while the bdt analysis
can discover them up to about 900 GeV and exclude them up to 1.3
TeV. Table 6.4 contains a summary of these results. We do not include
systematic errors in these estimates.

This improvement is substantial, but perhaps not spectacular. How-
ever, it should be kept in mind that this is probably a conservative es-
timate. Since we reserve 30% of the data for training purposes, and
impose the condition that the minimum number of events after cuts for
the backgrounds must be 3 (see note at the end of section 6.3), the true



a razor search for dark matter at 100 tev | 73

Analysis type 5σ (discovery) 1.96σ (exclusion)

Rectangular cuts (0.75, 0.30) (1.3, 0.8)
BDT Analysis (1.3, 0.90) (1.8, 1.3)

Table 6.4: Discovery reaches and expected
exclusion limits (in TeV) for the parame-
ters (∣µ∣,M1) for the rectangular cuts and
boosted decision tree analyses.

rate of background rejection by the classifier is likely underestimated,
and the expected significance from the bdt analysis will improve. This
extrapolation is qualitatively supported by the high degree of separation
between signal and background events seen in figure 6.7, and the fact
that a larger fraction of the signal events are preserved with the BDT
approach compared to the rectangular cut approach, as can be seen in
tables 6.2 and 6.3.

In regions with large mass differences between the LSP and NLSP,
the reach is not as good, since the intermediate SM higgs boson will be
highly boosted, and thus decay into a highly collimated pair of b-jets.
The extent to which this affects our results can be estimated from the
fourth row in table 6.2. We see that requiring two b-tagged jets reduces
our signal cross-section by roughly 87%, which is far more than the 28%
reduction that might be naively expected from the b-tagging efficiency
of about 85% specified in our Delphes card.

6.4 Conclusion

In this study, we examined the potential for a 100 TeV collider to discover
pair-produced heavy higgsinos that decay to bino LSPs via intermediate
Z and h bosons, that in turn decay to a pair of leptons and b quarks
respectively. More specifically, we examined a split-SUSY like scenario
where the scalar superpartners and the wino are heavy and decoupled,
reducing the number of available decay channels for the higgsinos.

To do this, we pursued two analysis strategies. While one was more
traditional, using rectangular selection cuts on kinematical variables,
the other used a boosted decision tree classifier trained with a number
of low and high level features. We expected that the machine learning
approach would be able to more efficiently determine the optimal deci-
sion boundary between signal and background events in feature space
than the traditional rectangular cuts.

Overall, we find that the reach of our analysis strategy is a significant
improvement over the current limits from the LHC. We found that the
rectangular cut strategy has the potential to discover higgsino LSPs up
to a mass of 750 GeV, and exclude them up to a mass of 1.3 TeV. As
expected, the boosted decision tree classifier performs better, with the
ability to discover higgsino NLSPs up to 1.3 TeV and exclude them up to
a mass of 1.8 TeV. With this analysis, bino dark matter candidates can be
discovered up to 900 GeV, and excluded up to 1.3 TeV. In the process, we
highlighted the importance of generating enough Monte Carlo events to
estimate the huge backgrounds at a 100 TeV collider.
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Additionally, we found that the reach for both strategies is consid-
erably reduced when the difference M1 − ∣µ∣ is high, since it results in a
highly boosted h that decays to a collimated pair of b’s that will most
likely be identified as a single jet. This is not an insurmountable dif-
ficulty - there are ways to deal with collimated jets, although they are
beyond the scope of this work. This issue does, however, highlight the
necessity of improving isolation performance at a 100 TeV machine,
where large mass hierarchies can result in highly boosted and collimated
decay products. For a review of currently used methods to determine
jet substructure, see [120]. In the future, machine learning techniques
might be profitably applied to this area as well - for a review of develop-
ments along this line, see [121]. The collimation of the b-jets and the
fact that we take into account detector effects using Delphes result in a
lower reach in the high ∣µ∣, low M1 region than the multilepton analysis
in [96], which is able to exclude higgsinos up to a mass of 2.9 TeV for
massless binos. The reach of our analysis is slightly higher in the region
where the difference between ∣µ∣ and M1 is smaller. This is consistent
with our usage of the razor variable MR , which is sensitive to the mass
difference between the parent and daughter particles.

A 100 TeV proton-proton collider represents an excellent oppor-
tunity to discover physics beyond the standard model. The extremely
high energies and luminosities involved will present new challenges for
particle physicists, and it is likely that machine learning will play an
important part in facing them.
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7conclusion

The discovery of the Higgs boson in 2012 completed the framework
of the Standard Model of particle physics, which has been verified to
unprecedented levels of precision. However, the journey is not yet over -
the StandardModel either provides unsatisfactory answers to issues such
as the hierarchy problem, or is silent on other quesions such as the nature
of dark matter. Clearly, it is not the final word on the subject of particle
physics. To address the issues that the SM does not, we must go beyond
it, constructing new theories that provide satisfactory explanations of
physics at high energy scales.

Many of these new theories predict scalar sectors larger than that
of the SM. Two-Higgs Doublet Models (2HDMs) provide a general
framework for studying these extended scalar sectors. They predict a
collection of Higgs bosons, (as opposed to the single Higgs boson of the
SM): two CP-even states h and H, a CP-odd state A, and a charged state
H±. Traditional searches for these Higgses at particle colliders focus on
them via their decays to SM final states. However, there are compelling
scenarios in which these heavy scalars decay predominantly through
exotic modes to non-SM final states. In certain regions of parameter
space, these exoticmodes can dominate the conventional decaymodes to
SM final states, and thus provide a complementary avenue for discovery.

In chapter 4, we presented an analysis aimed at discovering light
charged Higgses produced via top quark decay at the 14 TeV LHC. We
found that the exotic decay channel H± → AW± is able to probe the low
tβ region better than the conventional decay channels.

In chapter 5, we presented preliminary results from a project aimed
at systematically covering a number of exotic decay scenarios through
collider analyses for both the 14 TeV LHC and a future 100 TeV collider.
We find that the preliminary results are promising, and cover a large
swathe of 2HDM parameter space, up to scalar masses of 3.5 TeV, for a
wide range of values of tan β, at a 100 TeV collider.

Additionally, in chapter 6, we presented an analysis aimed at discov-
ering pair produced higgsino-like neutralinos that decay to bino-like
neutralino LSPs at a 100 TeV collider. Both of these particles arise from
the Minimal Supersymmetric Standard Model, described in section 2.3.
This heavily-studied model can be viewed a special case of a 2HDM that
incorporates supersymmetry, a symmetry that connects fermions and
bosons. This analysis is performed using the razor variables and boosted
decision trees. We find that we are able to exclude Higgsinos up to 1.8
TeV for binos up to 1.3 TeV with this analysis.

In some ways, the three analyses presented in this dissertation can
be viewed as a progression on two fronts. On the one hand, they involve
increasingly high collider energies, going from 14 TeV to 100 TeV. On
the other, they involve an increasing use of machine learning techniques.
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The first analysis solely uses rectangular selection cuts, the second quali-
tatively compares rectangular cut and machine learning strategies, and
the third uses machine learning exclusively. The author believes that it
is likely that this trend will be reflected in experimental particle physics
research in the future, as we attempt to grapple with increasingly difficult
questions at the frontier of the field. Increasing collider energies will be
required to probe physically well-motivated scenarios with a TeV scale
mass spectrum, while machine learning techniques will be increasingly
needed to tackle the extremely large backgrounds and small signal rates
at future colliders.

Open Science

The author strongly believes in the value of reproducible research and
open science. In this spirit, an effort has been made to make as much
of the source code involved in the creation of this dissertation has been
made freely available online.

• The source code for the dissertationmanuscript itself can be found
at

https://github.com/adarshp/dissertation.
• The code for the analysis in chapter 6 can be found at

https://github.com/adarshp/Dark-Matter-at-100-TeV

• The code for the analysis of the H± → HW± decay channel in
chapter 5 can be found at

https://github.com/adarshp/ExoticHiggs.
• In addition, the code for both of these analyses utilizes a Python-

based software framework, clusterpheno, written by the author
during the course of his graduate work, for the purpose of perform-
ing large-scale event generation and analysis on the University of
Arizona cluster. The source code for this framework can be found
online at

https://github.com/adarshp/clusterpheno.

https://github.com/adarshp/dissertation
https://github.com/adarshp/Dark-Matter-at-100-TeV
https://github.com/adarshp/ExoticHiggs
https://github.com/adarshp/clusterpheno
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