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Chapter 1

Introduction

As it stands today, the standard model of particle physics is the most precisely tested theory
we know of. The particle content and properties as well as the underlying Poincaré and gauge
symmetries, which serve as fundamental cornerstones to its formulation, has been thoroughly
examined by numerous high precision experiments and observations [1|. Yet, we have great
confidence that it is not the whole picture and that some new physics, likely manifest in the
form of yet to be discovered particles, is lurking right around the corner. The two questions
we want to address are: why do we expect to find new physics around the TeV scale? and

how to go about looking for such physics?

Let us turn back in time to the 4th of July, 2012, when the ATLAS [2] and CMS [3] collab-
orations at the Large Hadron Collider (LHC) announced at the 5 o level an observation of
a new field consistent with the Standard Model Higgs boson predicted more than 40 years
earlier [4-9|. Since then the significance of the conclusion has only improved, and pending
a measurement of the Higgs coupling with light fermions, we have great confidence that the

final puzzle piece of the standard model has now been found.

With this discovery, however, a well known and dreaded problem has been solidified, the



so-called Hierarchy Problem [10,11]|. In the simplest of terms, it is the question of why
the electroweak scale, characterized by the Higgs mass of 125 GeV, is so different from the
only fundamental scale of a theory with only gravitational interactions, namely the unique
combination of the Planck constant A =, the speed of light ¢, and Newton’s gravitational

constant G = 6.70861(31) x 1073%hc (GeV /c?)~2 which, in units where i = ¢ = 1, results in a

unit of energy known as the Planck energy or Planck mass Mp = 4/ 820 ~ 2.4 %10 GeV [1].

To quantify the problem more, we begin with the observation that the Higgs is, by default,
assumed to be a fundamental scalar, and is the only occurrence found in nature thus far. This
means that there is, in general, no symmetry protecting it’s mass from quantum corrections.
Sure enough, the Higgs receives quadratically divergent mass corrections from various fields,
the largest of which is via it’s coupling with the top quark. A common way of regulating this
divergence is by cutting off the energy integral at the scale beyond which our theory ceases
to be valid which, is taken to be the Planck scale. The Higgs mass we observe is smaller by

about 16 orders of magnitude.

These corrections can, of course, be "swept under the rug" through mass renormalization
where a new term (the counterterm) is introduced in the Lagrangian to absorb the quadratic
correction. The new mass parameter, then, is what we interpret as the observable measured
in our experiments. In other words, we postulate a contribution to the mass term similar
in magnitude to the quadratic corrections in order for our theory to be consistent with
observation. For that to work, though, we would need to fine-tune the counterterm to a level
of roughly one part in 102, a level that is often described as unnatural. If we demand that
our theory is natural, then we would expect new physics to appear at about the TeV scale

to cancel the mass corrections or otherwise invalidate our computation.

One can, however, dismiss the previous argument on the basis that it relies on how we regulate
the divergence and the interpretation thereof. For instance, one can utilize dimensional

regularization in which case the offending quadratic sensitivity does not seem to be present.



Even then, there is a potential source of quadratic mass corrections. It has been demonstrated
that a heavy field that communicates with the Higgs can generate, depending on the nature
of the interaction, sizable mass corrections to the Higgs [12]|. Since we do not observe such
corrections, we expect either that the new physics has to appear at a lower scale or that
some extra physics appears at a lower scale to invalidate our calculation. The question,
then, remains of whether or not such new physics exist. This is an open question which
might lead one to declare the hierarchy problem as being circular; new physics is implied
from the assumption of new physics. Fortunately, there is a strong case to be made for the
expectation of new phenomena at some high, possibly untestable, scale of which we will now

mention a few primary examples.

But before we do that we would like to restate our premise for extra clarity. From a purest’s
perspective, the Higgs mass is considered to be unnatural due to virtual quadratic sensitivity
to the Planck scale which motivates the expectation of new physics to appear at the TeV
scale. From a more pragmatic stand point, the presence of certain classes of new physic at a
high scale would lead to sizable physical corrections to the Higgs mass which, in the absence
of physics at the TeV scale, would require fine tuned cancelations among such corrections.
We will go through a few examples of particle physics puzzles that qualify as stand-alone
motivations for new physics. The solutions to those puzzles will, to varying degrees, lead
to the (fortunate?) corrections to the Higgs mass which then motivates us to look for such

physics at around the TeV scale.

Among the popular examples of new physics is the dark matter hypothesis. A large body
of cosmological evidence, ranging from galactic rotation curves to anisotropies in the Cos-
mic Microwave Background, consistently suggests that about 27% [13] of the matter-energy
content of the universe consist of a new form of massive, non-luminous matter (see Ref. [1]

for a quick up-to-date review of experimental status or [14] for a historical introduction).

At first, dark matter seems disconnected from the hierarchy problem since there is no a priori



a reason to assume that dark matter interacts with the standard model in any way besides
gravity. But such an assumption is nonetheless reasonable and necessary for experimental
investigation of dark matter and so, from a practical sense, a link between dark matter and

the Higgs mass could very well exist.

Another cosmological problem is baryogenesis, the process that generated the asymmetry
between the matter and anti-matter content of the universe. Sakharov derived three con-
ditions required to generate this asymmetry: 1. Out-of-equilibrium dynamics, 2. Baryon
number violation, and 3. CP and C violation [15]. The last condition is the only one that
cannot be accommodated within the standard model and calls for new physics to be added.
One example would be adding extra vector-like generations of standard model fermions [16].
The extra fermions can result in a strong first order phase transition and even provide extra
CP violation through Yukawa couplings with the Higgs which could lead to the unwanted

mass corrections.

A more compelling case arises from what is, arguably, the strongest indicator of new physics,
namely the fact that neutrinos have mass [1]. This has been overwhelmingly verified by the
observation of neutrino flavor oscillations. By comparing the flavors of neutrinos originating
from the Sun, cosmic rays, particle accelerators or nuclear reactors to the flavors measured
at neutrino detectors, it was found that neutrinos can alternate between the three flavors.
Such oscillations are predicted to only occur if the neutrinos have different masses, which

implies that at least two of them are massive.

Neutrino can be given a mass term if they are assumed to be Majorana in nature, that is, the
left handed and right handed fields are identical. But, if we insist on gauge invariance then
this term will necessarily have dimensions larger than four. Such terms are nonrenormaliz-
able, indicating the existence of heavier degrees of freedom that have been integrated out of
the theory in order to generate those terms. A simple and widely popular example is the

type-1 seesaw mechanism [17| where a heavy right handed, and therefore gauge singlet (or



sterile), neutrino is introduced to generate the neutrino masses. In this and similar models,

the hierarchy problem is potentially present.

Interestingly, models of neutrino masses can be used to generate a matter-anti-matter asym-
metry in the lepton sector (leptogenesis) which could be transferred over to the baryonic

sector hence providing a mechanism for baryogenesis [18].

It is quite possible that the origin of neutrino masses is a seemingly unexciting Dirac mass
term generated by a Yukawa coupling between the Higgs, the lepton doublet and a sterile
neutrino. When matched with the observed limits on neutrino masses, though, these Yukawa
couplings would be required to be significantly smaller than any standard model counterpart.
But one can then wonder why such a hierarchy exists. In fact, this would fall under a larger

question addressing the observed mass hierarchy between fermions of different flavors.

A popular class of models in which the flavor structure is explained is the Froggatt-Nielsen
mechanism [19]. In such models, an underlying symmetry is used to forbid the mass terms to
different degrees through a judicious choice of charges which, after the spontaneous breaking
of that symmetry, would lead to a proportionally different masses. Since the terms generated
from such models are Higgs Yukawa interactions, there will, in general, be a connection
between this new physics and the Higgs sector thus leading, once again, to the risk of a

hierarchy problem.

A somewhat related idea is Grand Unified Theories, or GUTs, which are hinted at by the
observation that the standard model gauge couplings get suggestively close at around 10'°
GeV [1]. Depending on how this unification is implemented, we expect that new fields exist
at about the same scale which are charged under the standard model gauge groups. It is
worth pointing out that in some of those models the way the observable matter is embedded

in the unifying group results, at low energy, in a sterile neutrino [20]!

We should reemphasize that non of the above would, by itself, compellingly lead to the



conclusion that new physics exists at the TeV scale. Rather, when one is confronted with an
overabundance of known and unknown possibilities and the urgency to decide which ones
to pursue, an overarching principle is desirable, and it is through the totality of the various
lines of experimentally motivated and intuition based evidence combined with the observed

Higgs mass that such a seemingly optimistic expectation is reached.

We now turn briefly to the second question: how to go about looking for such new physics?
Once the likelihood of new phenomena has been motivated, an ideal approach would be to
look for such phenomena in as model-independent a way as possible. The difficulty with this
approach is that particle physics is generally a large data field with too many observables to

choose from where new physics might hide.

The other extreme would be to concoct a complete model with very concrete predictions.
Given the limitless possibilities of new fields and interactions to introduce, it pays to set a
standard of theoretical motivation and demand that a new model would address one or more
of the known puzzles with little or no contrived assumptions. The down side, obviously, is
that the experimental effort of testing the associated predictions will be harder to carry over

to other theories.

In the remainder of this thesis we will study several examples that fall somewhere on the
spectrum spanning those two extremes. We will begin, in Ch. 2, with a somewhat agnostic
search strategy for new physics at the LHC. We will choose a given final state topology,
namely two leptons and two hadronic jets, and systematically construct all possible ways to
produce such a final state that also leads to a resonance. As it turns out, we could fill in

some of the gaps left by the standard LHC searches.

In Ch. 3, we will take more liberty in borrowing from theoretical frameworks to look for
new physics at the LHC. We will study a model of spin-3/2 vector-like leptons with a set of

effective operators used to induce decays. In models where the know fermions are composite,



it is possible that excited states of higher spins are allowed. Yet, such fermions are not well
studied due to how rarely they appear in the particle physics literature. Note that while we
opt to highlight the theoretical motivations of our model, this is merely for completeness,

and the spirit of our search does not impose such a constraining demand.

In Ch. 4 we will build on the existing lore of supersymmetry, which is one of the leading
candidates to address the hierarchy problem. In this theory, an additional symmetry of space-
time is assumed that interchanges fermions and bosons. As a result, every known degree
of freedom must have an associated degree of freedom with the same mass and charges but
opposite Fermi-Bose statistics. With such a symmetry, all corrections to the Higgs mass
automatically cancel each other out. Additionally, supersymmetry generically improves the
quality of gauge coupling unification and, when supplemented with an additional discrete

symmetry, can provide several attractive dark matter candidates.

Supersymmetry has already been ruled out unless it is spontaneously broken, and the degree
of this breaking, which is typically manifest in the mass scales of the new fields, determines
how fine-tuned the Higgs mass is. Ironically, a common problem with supersymmetry is
that the Higgs mass is too light, requiring either extra assumptions or an increase of mass
correction from the superpartners which generally reintroduces some amount of fine-tuning
back into the theory and renders the new fields too heavy to be discovered in the foreseeable

future.

One idea that has been in the literature for a while is to add an extra generation of vector-like
fermions which can be used to induce mass corrections to the Higgs without the need of too
much fine-tuning. It has also been shown that only two unique combinations of such fields
can be added in order to preserve perturbative gauge coupling unification. We show that, in
addition, we can significantly increase the mass parameter space of one of the dark matter

candidates, the so-called bino.



We will follow up with a comprehensive discussion of the experimental signature of this
model from particle colliders, direct detection, and indirect detection experiments, and the

complementarity of how those experiments probe the parameter space is demonstrated.

A large number of parameters are introduced in supersymmetry, and since fine-tuning is a
key motivation behind its assumption, one has to demand that the choice of such parameters
is not itself a form of fine-tuning. To address this, a more complete picture of how super-
symmetry is broken needs to be included. In Ch. 5, we move further into the liberal end
of the model building spectrum and present an extension to previous work in which super-
symmetry is broken in a secluded sector and the breaking is communicated via the standard
model gauge bosons. The original model has been faced with the difficulty of raising the
Higgs mass to its observed value without increasing the supersymmetry scale and keeping
the new fields beyond the reach of the LHC. By coupling the Higgs more directly to the
supersymmetry breaking sector, we show that a realistic Higgs mass is possible with light

particle spectra, albeit with some drawbacks to be discussed.

Finally, we present our conclusions in Ch. 6.



Chapter 2

Systematically Searching for New
Resonances at the Energy Frontier using

Topological Models

Based on arXiv:1401.1462 [37]

Collisions of particles at the energy frontier offer enormous potential for the discovery of new
particles or interactions. To date, no evidence for physics beyond the standard model has
been reported. However, the current program consists overwhelmingly of searches for specific

theoretical models, and the possibility remains of a theoretically unanticipated discovery.

Searches for new particles without the guidance of a specific theory model face daunting
challenges, the most prominent being the enormous space of signatures in which to search.
An examination of every possible observable in every final state configuration suffers from an
enormous trials factor, such that discovery is nearly impossible unless the signal is enormous.
Previous approaches [38-40| have been to consider only the total yields in a large set of final

states — which significantly reduces the discovery sensitivity, or to search for excesses in


https://arxiv.org/abs/1401.1462

high-pr tails of many distributions in many final states — which suffer from poor statistics

and large systematic uncertainties.

In this chapter, we propose a new approach which focusses on exploring the complete set
of models which have identifiable resonant features: for each final state, systematically con-
struct all possible topologies which would give resonant features, seen as peaks in recon-
structed invariant mass distributions'. This reasonable experimental requirement constrains
the space of discoverable models dramatically without being dominated by theoretical preju-
dice, and guides the analysis strategy: to search for the resonant features of each specifically
constructed topological model. This does not completely evade the trials factor, which is
unavoidable if one examines many final states, but is an experimentally motivated strategy
for reducing the number of observables in a given final state. Limits or discoveries may be
reported in terms of cross sections in the space of particle masses. Perhaps most importantly,
the topological model strategy emphasizes completeness, where theoretical motivations may
not have inspired us to examine specific topologies. For example, we describe below how
topological models motivate a search for Z/ — yi1x2 — ¢7¢~jj which features resonances
in myge, mj; and my;;; this is similar to existing searches for new resonances decaying to
WZ — (4~ jj but without the constraint that my ~ myz and mj; ~ my. In this way, it

points to new directions where discovery potential is untapped in the current data.

This approach shares a motivational principle with the simplified model approach [34], in
that it seeks to characterize our knowledge in terms of particle masses rather than theoretical
parameters, giving limits on cross sections for given decay modes rather than on theoretical
parameters for full theories. However, while simplified models reduce the complexity of a
set of full models by specifying the minimal particle content of a topology, the topological
model strategy aims to cover the complete experimental space of a particular final state or

set, of final states.

IThere are some cases in which resonances may not be reconstructable, such as compressed mass spectra
where the decay products are too soft to be observed, or resonances with invisible decay products.
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This topological model approach is best considered as an extension of the effective field
theory strategy, where the new particles are considered to be too heavy to be directly ob-
served as resonances and the interactions they mediate are replaced by effective operators
which integrate out the details of the complete theory. Typically, exhaustive lists of possible
operators are formed, giving a completeness to the analysis. In the same way, the topolog-
ical model approach we describe here seeks to compile the list of potentially discoverable
new physics topologies, but where the new particles are light enough to be directly seen as

resonances.

The completeness of a survey of topological models in a final state gives more weight to
a negative result: if nothing is seen in the data we can say with some confidence that no
new observable resonances exist. In addition, another strength is it helps to organize the
experimental results, which are currently presented in the context of searches for specific

theories.

The number of topologies grows quickly with the number of final state objects. For concrete-
ness, we choose a final state with a reasonable but non-trivial number of objects: £T£7jj.
Note that in the examples below we have focused on ¢ = e, u, quark-originated jets, and that
in the event selection we allow more than two jets in order to improve the probability to
locate the two jets of interest among those generated by radiation. Additionally, one could

consider further categorization by jet flavor.

Though we examine a single final state here, one important advantage of this approach is that
it allows the coherent consideration of multiple final states. For example, one could consider
4¢ or 47 modes of Z' — x1x2 decay. By contrast, a similar interpretation of multiple
final-state-specific simplified-model results is not possible, as the results are reported per
final-state and the necessary correlational information needed to combine final sates is not

typically reported.

11



In the following sections, we construct the list of topological models for 7/~ 57, detail the-
oretical models built to describe the phenomenology of those topologies, and present LHC

sensitivity studies for each topology.

2.1 Topologies in £/~ jj

In the ¢T¢~jj final state, resonant features can be seen in several distinct topological ar-
rangements; there can be two-, three-, or four-body resonances present. Since it will allow
for the largest production cross section, we always consider the case of a 4-body ¢T¢~jj
resonance. From a ¢ initial state this first resonance must be either a color singlet or octet,
Lorentz vector or scalar, and we focus here on the simple case of color-singlet vector boson,
a Z' boson. In this case the intermediate 2- (3-) body resonances are scalars (fermions). In

particular, the topologies which arise are:

o 7' — x1x2 — (T7)(¢~j) see Fig. 2.1
o 7' — x1x2 — (LT€7)(jj) see Fig. 2.2

7' — (*L — (*((Tjj) see Fig. 2.3

Z" = jQ — j(T0j) see Fig. 24

The first topology (see Fig. 2.1) describes resonant production of new particles, each of which
decays to a lepton and a jet. This is essentially a lepto-quark model [41], and territory which

is well-explored experimentally and will not be discussed further here.

The second topology (see Fig. 2.2) describes production of new particles x; and ys which
decay to lepton pairs or quark pairs. This is similar to searches for heavy resonances which

decay to ZZ with one hadronically and one leptonically decaying Z boson, or decays to W Z

12
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Figure 2.1: Diagram for Z' — y1x2 = {75 {7 j

with hadronic W-boson and leptonic Z-boson decays. This is well-explored territory, but only
for the cases where ; and y2 have masses close to my z. In the case when these intermediate
particles are heavier, the experimental data have not been examined, and discovery potential
remains. This topological approach therefore provides a useful and natural generalization of

an existing effort.

The final two topologies (see Figs. 2.3 and 2.4) include decays Q — £*¢~j or L — (*jj. These
arise from a higher dimension four-fermion contact operator, representing the mediation
of this interaction via some new heavy particle which is integrated out. To be perfectly
exhaustive, one should consider the case where the mediator is light enough to be produced

on-shell, giving, for example Q — Xj — {70 j.

Note that we do not discuss in detail Z" — (£1¢~jj) through an effective five-point interac-
tion, because this topology provides no further intermediate resonances to guide the search

beyond myy;;.

In the next sections, we construct example models which give these topologies, propose
techniques for experimental analysis, and estimate the sensitivity of the LHC at /s = 14
TeV, with £ = 300 fb~1.
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2.2 The Models

In order to allow simulation of these topologies, toy models were built in FeynRules [42]
for MadGraph [43]. To allow production, the Z’ resonance must couple to some of the
SM quarks. This may occur either through charging some of the quarks under the U(1)’,
or through a higher dimension operator as an “effective Z'" [44]. The former requires the
addition of new heavy fermions to cancel gauge anomalies, these can always be vector-like
under the SM and chiral under the U(1)’ [45], and alters the structure of the SM Yukawa
couplings. With some SM quarks charged under the U(1)’ the Yukawa couplings must either
become higher dimension operators, or the leptons will also carry a U(1)’ charge, leading to
strong constraints. The latter approach requires heavy fermions that mix with SM fermions,
these can be vector-like under both the SM and the U(1)" but does not alter the rest of the
SM Lagrangian in anyway. For simplicity, we consider a flavor independent coupling of the
RH quarks to the Z’, although other choices are also possible. Since it does not affect the
physics we are interested in, our toy models are not complete and do not contain either sets
of heavy fermions necessary to make the models consistent. Nor do we attempt a complete
description of the flavor structure of the SM fermions. Furthermore, we assume the Higgs
field that is responsible for breaking the U(1)" is sufficiently massive that it does not play
a role in the following. How the Z’ decays determines the final state topology; each case is

discussed below.

2.2.1 (qq)(¢¢) Topological Model

This toy model contains two new scalars ¢; and ¢o, that are charged under the Z’. These
¢ fields are not the mass eigenstates, instead they mix with one another to give the mass
eigenstates y; and xo. In general there will be decays of Z’ to all open channels i.e.x1x1,

X1X2, and yax2. However, by judicious choice of the scalar charges and mixing angles, it is

15



possible to build a toy model in which the Z’ decays are restricted to jj along with yix»

only, or x1x2 and one of y1x1 or xa2xo.

To allow the scalars to decay we turn on some higher dimension operators of the form
)\Z%&H e§ where n is chosen to make the operator U(1)" invariant and (X) # 0. The
A coefficients are a new source of flavor changing processes mediated by the ¢’s, for which
there are strong constraints. If the \ are taken proportional to the SM Yukawa matrices then
the couplings of ¢ will be diagonal in the quark/lepton mass basis, which then means the
x’s preferentially decay to heavy flavor. However, since we do not take advantage of flavor
tagging in this analysis, we make a simplifying assumption that instead the couplings of y

are flavor universal in the quark and lepton mass bases.

Cross section for Z’ production in pp collisions at /s = 14 TeV is given in Fig 2.5.

2.2.2  (gqq¢)¢ Topological Model

A model to describe this resonant structure begins with a new Z’ boson, as above. In
addition, we include heavy vector-like pairs of leptons (L, L¢) that will mix with the right-
handed standard model leptons. L¢ has the quantum numbers of the RH leptons under the
SM, i.e. Y = 1, and is charge 1 under the U(1)’, the L is the opposite under both. This mixing
is induced through operators involving the field, X, responsible for the Z' mass, AX L;ef.
To avoid lepton flavor constraints we have included three generations of heavy vector-like
leptons and they mix with the SM RH leptons in a flavor universal fashion. However, when
investigating the reach at the LHC in this final state we will focus exclusively on ¢ = e.
This mixing term also allows the heavy leptons to decay, through an off shell X field. We
introduce higher dimension couplings of X to (down-type) quarks of the form )\;]%qu d;
so that L — (qq and, as before, we take this coupling to be universal in the mass basis of

the quarks. Thus, the toy model under investigation is one in which the possible final states
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Figure 2.5: Cross section for Z’ production at /s = 14 TeV, including all decay modes.
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of the Z' are dijets, LY L™, L*eT, and ete™, with the heavy leptons decaying as LT — e*qq.
For small mixing, €, the couplings of these last three states are in the ratio 1 : € : €2, so
the strongly constrained dilepton rate can made parametrically small whilst maintaining an

interesting rate in L*eT.

2.2.3 (g¢¢)q Topological Model

A model describing the resonant structure (¢ff)q begins as well with a new Z’ boson and is
very similar to the model for (¢gf)¢, but the heavy lepton L is replaced by a heavy quark,
@, taken to have the SM quantum numbers of the dr, and X decays to leptons, Fig. 2.4.
The final states of the Z’ are dijet, Qg, and QQ if it is kinematically accessible. Thus, in
addition to the final state we are interested in there will be constraints from dijet resonance
searches as well as strong constraints from multilepton searches. Searches for a heavy quark

decaying as () — ¢Z can also be recast [46] to place bounds on this model.

2.3 Backgrounds to (/7

In pp collisions, the dominant background in the ££j; final state to any of these new models
is Z/~ — €T~ in association with jets. Secondary backgrounds include diboson production
(WZ — q¢t*¢~ and ZZ — q@f*¢~) and top-quark pair production (tf — WHbW b —
¢+tvbl=vb). Other sources, such as W — (*v in association with jets where one jet is

misidentified as a lepton, are minor in comparison and neglected here.

Events are simulated with MADGRAPH5 [43] with PYTHIA [47] for showering and hadroniza-
tion and DELPHES [48]| for detector simulation. Table 2.1 and Fig. 2.6 shows the ex-
pected background yields at this stage. Next-to-leading order cross sections are used in

each case [49-51|. Throughout, limits are calculated using a frequentist asymptotic calcula-

18



Table 2.1: Expected yield from background processes at /s = 14 TeV with £ = 300 fb~!
after preselection requirements. Uncertainties are dominated by theoretical cross section
uncertainties.

Process C0+ij i ee+jj
Z+tjets  (2.35+£0.1)-10" (1.3£0.1)-10" (1.040.1) - 107
YA (5.77£0.3)-10* (3.14£0.2)-10* (2.6+0.1) - 10
WZ (8.68+0.4)-10" (4.64+0.2)-10* (4.0+0.2)-10*
tt (1.24 +£0.1)-10° (6.6 4+0.4)-10* (5.94+0.3) - 10*
Total (2.37+0.1)-10" (1.34+0.1)-10" (1.0+£0.1) - 107

tion [52,53].

We select events which satisfy the basic event topology:

e cxactly two electrons or two muons, both with pr > 20 GeV and |n| < 2.5

e at least two jets, each with pp > 25 GeV and |n| < 2.5

In addition, we require Er < 100 GeV to partially suppress the ¢t background at little cost
to the signal efficiency. This basic selection we refer to as our preselection. For each signal
hypothesis, we make further requirements on the reconstructed invariant masses. Note that
though the masses of the new particles are not specified, we can treat each potential set of
mass values as a distinct model with fixed mass parameters and optimize the selection to
those parameters. This raster scan approach is possible without look-elsewhere penalties in
the case of limit-setting; in the event of an excess in data, the calculation of its significance

would require accounting for the number of mass hypotheses considered.

2.4 Mass reconstruction and LHC Sensitivity

In each topology, there are combinatorial ambiguities in the assignment of reconstructed jets

to colored partons [54]. In the heavy lepton model, there is an additional ambiguity regarding

19



Events

10

10

100 120 140 160 180 200
m, [GeV]

Figure 2.6: Distribution of my+,~ in simulated events for background process contributing
to the £(jj final state in pp collisions at /s = 14 TeV with £ = 300 fb~!, after preselection
requirements.
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which charged lepton is assigned to the decay of the heavy lepton, see Fig 2.3. To resolve
ambiguities, we use the separation AR = /A¢? + An? to either select decay products with
the smallest or largest opening angle depending on the kinematic configuration. Details are

given below in each case.

2.4.1 (¢0)(jj) topology

In the (¢€)(j7) topology, there are no lepton ambiguities, so the (¢/) system is well-defined.
In the case of the jets, if more than two jets are found there are several possibilities for the
(77) system. The (jj) pair momentum balances the momentum of the (¢¢) pair, and we
choose the pair of jets with largest AR(¢/¢, jj). Examples of reconstructed masses are shown

in Fig 2.7.

In addition to the preselection requirements above, we select events with reconstructed mass
values close to the true values, my € [m,, — 25, m,, + 25|, m;; € [m,, — 100, m,, + 50], and
muj; € [mz — 250, my + 100] GeV. Example distributions after my and mj; requirements
can be seen for two examples in Fig 2.8. Efficiency of the final selection and expected upper

limits on o(pp — Z' — x1x2 — €£jj) can be seen in Fig 2.9.

Limits on cross section are shown in Fig 2.10 and converted into limits on the coupling
Gz1qq Versus my in Fig 2.11 for two choices of BF(Z’ — x1x2). The model as constructed
would give a signature in £¢;7, but the new particles and interactions introduced would yield
signatures in other channels, where existing limits may also constrain the parameters of this
model. Specifically, Z — x1x1 gives a £00( final state, while Z/ — yax2 gives a jjjj final

state and Z’ — jj gives a di-jet final state.

Both CMS [55] and ATLAS [56] have SUSY-motivated searches for four leptons and with

and without missing energy using the full dataset. These results place strong constraint on
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Figure 2.8: In the (¢¢)(jj) topology, distribution of my;; in simulated signal and background
events for two example mass points, after requirements on my, and m;; in pp collisions at
Vs =14 TeV with £ = 300 tb~'. Top shows the case of mz = 250 GeV, m,, ,, = 100 GeV;
bottom shows the case of mz = 500 GeV, m,, ,, = 100 GeV. In both cases, an arbitrary
value of o(pp — Z' — x1x2 — €{jj) is assumed.

our 4/ final state that contains no intrinsic missing energy. This constraint is stronger than
those coming from any other channel. However, as discussed earlier, it is possible that the
mixings of the scalars are such that Z/ — x;x7 is forbidden and this strong constraint is
avoided; we focus on this possibility here. Both the Tevatron and LHC have searched for
47 final states [57-59|. These coloron searches can be recast in terms of our model. Finally,
there are bounds on dijet resonances [61-63|, though exactly which analysis is strongest
depends sensitively on the mass of the Z’ boson [36]. Using the constraints on a vector

boson of a gauged baryon number, gg, presented in Ref. [36] our coupling is bounded by

9z'qq S 93/6\/ BF(]])

In order to compare the limits from all these searches we must assume something about
the branching ratios of the Z’. As described earlier, the Z’ must minimally decay to yix2
and jj. Since the 4¢ mode is so constraining we consider the situation where this mode
is forbidden at tree level and further we make the simplifying assumption that branching
fractions to yix2 and x2x2 are equal, with the remaining decay mode being back to dijets.

The constraints from the other modes, along with the results of our analysis, on the common
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Figure 2.9: In the (¢¢)(jj) topology, selection efficiency and expected cross-section upper
limits versus m,, and m,, for several choices of myz at /s = 14 TeV with £ = 300 fb~.
For small values of m,,, the efficiency is small due to jet pr requirements and jet resolution
effects. For values of m,, near my, the larger backgrounds lead to weakened limits.
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Figure 2.10: In the (££)(jj) topology, expected upper limits on the cross section o(pp — 2’ —
X1x2 — 0jj7) at 95% CL versus my for several choices of m,, and m,, in pp collisions at
Vs = 14 TeV with £ = 300 fb~'. The m,, , = 200,100 GeV (red) and m,, , = 100, 200 curves
have different dependences on myz due to the asymmetry in the lepton and jet efficiencies
for large values of p¥..

coupling of gz are shown in Fig. 2.11 for two different choices of branching fraction.

2.4.2 ((¢jj) topology

Resonance reconstruction in the ¢(¢jj) topology begins with the identification of the two
jets produced in L — £jj decay. If more than two jets are found in the event, the pair with
smallest AR(j, j) are chosen. The lepton with smaller AR(Z, jj) is chosen to form my, = my;;.
The second lepton then completes the system. Examples of reconstructed masses are shown

in Fig 2.12.

In addition to the preselection requirements above, we select events with reconstructed mass
values close to the true values, my; € [my—100, mz+50], and my;; € [mz —250,mz +100].
The requirement that myg > 120 GeV suppresses the Z-boson-+jets background. Example
distributions after my;; and my, requirements can be seen for two examples in Fig 2.13. Note

that the dominant background, ¢ — ££jj can be controlled by the mixed-flavor eyjj final
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Figure 2.11: Limits on coupling gz, for two choices of BF(Z" — x1x2). The shaded region
shows the current limits on the coupling from other topologies (see text) where the width of
the band reflects the variation with assumed m,, and m,, in pp collisions at /s = 14 TeV
with £ = 300 fb=1.

state, or could be further suppressed by the application of a b-jet veto.

Efficiency of the final selection and expected upper limits on o(pp — 2’ — (L — (({jj)) can

be seen in Fig 2.14.

As mentioned earlier, there are additional constraints coming from both dijet and dilepton
decays of the Z’. We use the ATLAS search for a dileptonic resonance, using 20 fb=! of
data [60]. The relevant dijet resonance search [61-63| depends upon the mass [36]. All of
these constraints are shown together in Fig 2.15, over most of the parameter space considered

the analysis outlined above provides the strongest constraint.

2.4.3 j(jl¢) topology

Resonance reconstruction in the j(j¢¢) topology begins with the identification of the two
leptons produced in (Q — j¢¢ decay, for which there are no ambiguities. The jet with

smallest AR(j, £¢) is chosen to form mg = mj, and the jet with largest AR(j, j¢¢) is chosen
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to form my = myy;;. Examples of reconstructed masses are shown in Fig 2.16.

In addition to the preselection requirements above, we select events with reconstructed mass
values close to the true values, my;; € [mg—100,mg+50], and my;; € [mz —250, mz +100].
Again, a requirement of my, > 120 GeV suppresses the Z-boson+jets background. Example
distributions after my,; and my, requirements can be seen for two examples in Fig 2.17. As
with the £(£;7) topology, the dominant background of ¢¢ could be suppressed further using a
b-jet veto and calibrated in data using the epjj sample. The efficiency of the final selection

and expected upper limits on o(pp — Z" — jQ — j(jé)) can be seen in Fig 2.18.

As before there are other search modes for this model in related final states that place
constraints on the same couplings. There are constraints coming from dijet decays of the
Z' |61-63]. There is a constraint from an ATLAS search for a heavy quark [64], using 1.04
fb~! of 7 TeV data, where the singly produced heavy quark decays to a light quark and a
leptonic Z. Finally, there is a very strong constraint from LHC multilepton searches [55, 56]
on the pair production of () where each () decays to a jet and two leptons. For the points in
parameter space where the decay of Z/ — QQ is kinematically accessible this is the strongest
constraint, but if Mg > My /2 the multilepton final state is suppressed by three body phase
space and the mode searched for in this study becomes an important constraint. In Fig 2.19
we show the limit on the coupling g4, coming from j(j¢/¢) as well as the strongest, over all
Mg at each My, of these other constraints. Over all of the parameter space considered the
heavy quark constraints are weakest, and the analysis described above is stronger than the
dijet constraints for much, but not all, of the parameter space. Although the multilepton
constraint appears to be the strongest for every Z’ mass, it actually only applies for those

parameter points where Mg < My /2.
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events for two example mass points, after requirements on my;; and my in pp collisions at
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2.5 Conclusions

We have introduced a new approach, topological models, to systematically search for new
physics, which, in the absence of the discovery of a theoretically predicted new particle, can
point to new experimental search directions. Like the simplified model approach, we advocate
for minimal model descriptions to aid in the search for new phenomena. However, rather
than one or two simple models for a given final state, the topological models approach aims to
cover the complete space of topologies for a particular final state. By investigating all possible
kinematic combinations of final state particles, whether they be motivated by existing models
or not, additional discovery potential is unearthed. In addition to the completeness of
this approach, the characterization by final state resonance structure helps organize the

presentation of experimental results.

As an example, we consider the final state of £/jj. Some of the topologies that have been pre-
viously studied have only been analyzed under restrictive assumptions about the resonance
masses, we generalize this. Furthermore, we study those topologies, of the five possible,
that have not been studied before. We propose analysis techniques and study sensitivity for
a 14 TeV LHC with £ = 300 fb ~!. Both this generalization of existing searches and the
addition of new topologies, fill in gaps in experimental analyses where there exists potential
for discovery. Repeating this procedure on actual LHC data and in more final states can

potentially lead to untapped discoveries.
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Chapter 3

Searching for spin-3/2 leptons

Based on arXiv:1609.05251 [67]
3.1 Introduction

A major open question in modern particle physics is whether the standard model fermions
are fundamental particles, or whether they are composite, such as stable states of more

fundamental particles [68] [69] [70] [71] [72].

Such compositeness could be identified by the observation of excited states, which has been
studied in depth [73]. Here, we propose an alternative possibility, the existence of vector-like
spin-3/2 copies of the standard model fermions, in which the left- and right-handed fermions

have identical charges.

In this chapter, we propose such a model, discuss the potential signals at the Large Hadron
Collider (LHC) and apply existing LHC data to calculate constraints on the mass of spin-3/2

leptons.
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3.2 Theory

We assume that the new spin-3/2 lepton fields are charged identically to the standard model
leptons but are vector-like; specifically, the right- and left-handed fields couple identically,
for otherwise the model would be heavily constrained by a combination of constraints from
electroweak precision data and Higgs boson observables [74]. This still leaves two options:
the leptons can be SU(2) doublets, which means they will couple to all electroweak bosons,
or SU(2) singlets, which means they will only couple to photons and Z bosons. The doublet
model will be the focus of this study due to its richer structure; we will supplement it with

effective operators that allow for decays.

The Lagrangian for such a model can be written as:

L= Efree + Egauge + Evector (31>

The first two terms contain the mass and kinetic terms and are given by

'Cfree + Lgauge = 6uupa£;7570DuL; + ZmLEZfV‘LWth (32)

where D is the covariant derivative, y** = %[7“,7”], ¢ can be either e, u, or 7 and the
* denotes the spin-3/2 leptons. If we expand the derivative term, the free part of the

Lagrangian will be

Lfree = G#Vpa(ngrﬁ)%ﬁ)/aaugzi + 17;;175708VV20)

—i—z’mLﬁ:‘f’y“"ﬁf + imLﬂ;M’tuVZV (33)
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Note that the charged and neutral components have the same mass (my) due to SU(2) gauge
invariance. Expanding the covariant derivative we get the interactions with the standard

model vector bosons which, after electroweak symmetry breaking, look like

Lgauge = " [226W (WVJFDZLLIVE)’VUg;i + W;£*+V570V;p)

I
z'e(—% + s%/)

Z 0 ey 05
+ P u V57,
e . .
+ Q&/V—CWZVV@%’YUVZP
+ —ieA s ] (3.4)

where all couplings are well measured electroweak parameters given approximately by

e = Vira~0.3

e
w sw2v2
sinfy ~ 0.5

~ (.2

Sw

cw cosBy ~ 0.9

Next, we move to the effective operators without which the new fields would be stable; note
that the charged and neutral components of the new leptons have identical masses. Since
the compositeness scale is higher than the electroweak scale, it makes more sense to write
down operators that respect the underlying SU(2) symmetry of the theory which reduces the
number of allowed terms and parameters. For concreteness and simplicity we will assume

only the following effective operators
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Evec or — ———B"(L; VL L ,/L*
t 2AB ( /,1,’7 + g ,u,)

(! va (T * T *
+ §EW“ (Luaa/‘yuL—FLO’av’/L#)

t V(T* T *
—59s B (L L+ Loy L)

4 va (T * T *
+ §gWW“ (Loavw L + Logy, L) (3.5)

where Ag and Ay are scales generated by some UV physics to which we are oblivious.
Note that we assume a field definition where the off-shell parameters have already been

absorbed [75].

Other operators that we could have considered are 4-fermion operators involving both new
and standard model fields, in which case the final state leptons are direct decay products
of the spin-3/2 fields rather than secondary particles making them easier to detect. Alter-
natively we could have chosen electroweak symmetry breaking operators that lead to mass
splitting between the neutral and charged fields allowing one to decay to the other. We leave

an exploration of such possibilities for future work.

3.3 Bounds

Since the new fields are vector-like and do not couple to the Higgs at tree level, their elec-
troweak charge causes no conflict with measurement of S,7,U parameters [76] [77] (or,
effectively, the electroweak bosons’ self-energy). The effective operators are, in principle,
constrained by measurements of the anomalous magnetic moment of charged leptons, es-
pecially that of the muon [1|. Such constraints can easily be avoided if the couplings gp

and gy are sufficiently small. Ensuring that these couplings are small also ensures that the
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effective operators do not compete with the gauge interactions in the production of the new
fermions. On the other hand, if the couplings are too small the new fields would correspond
to particles with long lifetimes and would be severely constrained by long-lived charged par-
ticle searches 78] [79] [80]. The range 107 GeV ™' < gp, gw < 107* GeV ' satisfies these
requirements and we will assume such values for the remainder of the chapter. We emphasize
that the exact values are, for a given ratio of gg and gy, unimportant since they modify

neither the branching ratios nor the production rate.

Collider bounds on spin-1/2 vector-like leptons are potentially applicable, but the degree
to which this statement is true depends heavily on the production and decay modes. For
instance, if the production of the new fields is through novel operators [81] then the limits
are difficult to recast into our model where we rely on Standard-Model-like electroweak
production. We are also not interested in searches for long-lived leptons [78] since we will

always assume our fields to decay promptly.

There have been searches for models with production channels identical to ours and with
overlapping final states [82] [83]. Such searches could be recast as limits on certain decay
channels in our model. However, these particular decay channels may be small depending
on our choice of effective couplings, and even in the most ideal scenarios the results could be
improved by taking advantage of the additional channels that exist in our model. Moreover,
it is possible that the difference in kinematics due to the higher spin are significant enough
to alter the limits, so it is worthwhile to study this particular case as an addition to what

has already been done in the literature.
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3.4 Collider Phenomenology

The production of the new fields is predominantly through Drell-Yan pair production with
electroweak gauge bosons as mediators (see Fig. 3.1), and the cross sections are fixed by
standard model couplings for a given mass. As explained earlier, the couplings of the effective
operators are chosen to be small enough to contribute sub-dominantly to production even

at the highest mass considered.

pE e*+ v
W+ Zy

e*+ e*-v

Figure 3.1: Production modes of the spin-3/2 leptons via standard model electroweak bosons.

The pairs that can be produced are I**I*~, pfvf, I*"v), and I*~ 7}, with the last two being
the most common since W production at the LHC is the larger of the three bosons. As for
decays, the effective operators open up a variety of channels. The allowed decays are shown
in the table below.

Table 3.1: Allowed decay modes for spin-3/2 leptons ¢* and v*.

=\ Z- Ayl Wy, W Zuyy Wy, WTW— -
vi | Zvg ywe W WHZE Wiyl Wy,

By contrived choices of gy and g we can turn off one of the decays in the first two columns.
All the other columns depend only on gy and can only be turned off by setting it to zero,
in which case the decays in the first two columns must either be all on or all off. One good
feature of this set of decays is that there will always be some visible decay products, even if

we produce a pair of spin-3/2 neutrinos.

In this work will limit ourselves to 2-body decays including electron and muons, which results
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in promising signals; we leave the photon channels for a future work. We will place the limits
on the benchmark points listed in Table 3.2 where the forbidden decay channel is indicated

in each case.

Benchmark Point | g : g5 Forbidden Channels
1 1 1 None
2 cw T Sw vt — yv
3 cw i -Sw e’ — e
4 Sw I Cw et = Zv
5) Sw i -Cw vt — Zv
6 0 : 1 All decays including W’s

Table 3.2: The ratios of g and gp and the main decay feature of each benchmark point

3.5 Limits from LHC data

Assuming production via an intermediate electroweak boson and the decays given in Ta-

ble 3.1, there are ten distinct production modes for the LHC:

W = 0'v* — Z0Zv, WvZv, WuvW i, Z{W L
Z = 00— 2020 WuWu, ZEW v
Z = vVt — ZvZv, ZvWIE, WIW v

which generate final states including many charged leptons, which offer low background rates

at the LHC.

We apply selections from the same-sign 2¢ [84] and 3¢ |21] searches at ATLAS. We provide

a brief summary below of the signal regions considered.

For the 2/ search, the final states eTe®, et u® and p*u* are considered in categories defined
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Figure 3.2: Distribution of Hi**" for simulated spin-3/2 lepton samples; the selection re-
quired HyP'™ > 500 GeV. The left pane shows the case where only electrons are considered;
the right pane shows the case where electrons and muons are considered.

by the dilepton invariant mass.

For the 3¢ search, events are classified using the three highest-pt selected leptons, distinguish-

ing between those that do not contain an opposite-sign same-flavour pair (denoted no-OSSF)

and those that do contain an OSSF pair, which are further subdivided into on-Z and off-Z

based on the dilepton and three highest-pr selected leptons invariant mass. For each cat-

egory, there are several signal regions used to characterize events based on the quantities:

HP'™ | the scalar sum of the transverse momentum pp of the three leptons used to cate-
¢,min

gorize the event; p7 ", the minimum transverse momentum pr of the three leptons used to

categorize the event; ET"™ the missing transverse momentum; meg, the scalar sum of EF"

Hglfts, and the pr of all identified leptons in the event; and mYY = \/2p5 ERs(1 — cos(Ag)),
defined only for on-Z events. For the transverse mass, p4 corresponds to the transverse
momentum of the highest-pr lepton not associated to a Z boson candidate and A¢ is the
azimuthal angle between the highest-pr lepton not associated to a Z boson candidate and

the missing transverse momentum £
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Simulated samples of spin-3,/2 leptons were generated with MADGRAPH5 [85] [86] using model
files generated through FeynRules [42], and the decays were performed through PYTHIA [87]
for a variety of ¢* and v* masses under two scenarios. First, we consider the simple case in
which ¢* = e* and v* = v}; second, we extend to the second generation and allow ¢* = e*, u*,
v* = v, v,. For both, we set me« = myy = my- = m,:. We generated samples of production

cross sections and decay widths for a range of masses and combined them according to each

of the six coupling benchmarks described in Table 3.2.

From among the signal regions in the two ATLAS searches described above, we choose the
SR which gives the most powerful expected limits: HyP*" > 500 GeV for OSSF off-Z.
Distributions of HlTeptonS in simulated samples after all selection requirements are made are

shown in Fig. 3.2.

According to Ref. [21], the expected backgrounds are 3.7+0.9 events, with one event observed
in data. These give expected (observed) limits of 0.26 (0.18) fb on the visible cross section, at
95% confidence level. To calculate limits on the total cross section, we follow the prescription
provided in Ref. [21], dividing by the total efficiency as shown Fig. 3.3. Observed and

expected limits are shown in Fig. 3.4 and Fig. 3.5, respectively.

3.6 Conclusions

We investigated the sensitivity of existing LHC data to a model of spin-3/2 leptons. Such
fields are possible within the context of fermion compositeness which is well studied in the
literature. We focused on a scenario where the new fields are dominantly produced by Drell-
Yan processes through electroweak bosons and promptly decay through effective operators

to electroweak bosons and standard model leptons of the same flavor as the new fields.

We looked at final states resulting in same-sign 2¢ or 3¢ and found comparable limits for
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Figure 3.3: Overall efficiency of the selection defined in Ref. [21] which requires H**" > 500
GeV for OSSF off-Z, as a function of the spin-3/2 lepton mass. The left pane shows the
case where only electrons are considered; the right pane shows the case where electrons and
muons are considered.

each. The new fields are ruled out at the 95% confidence level for masses up to about 560
GeV for one new field with electron flavor, and up to about 620 GeV for two new, mass
degenerate fields, one with electron flavor and one with muon flavor. We expect to get more

stringent limits if we include the photon channel.
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Chapter 4

Reviving bino dark matter with

vectorlike fourth generation particles

Based on arXiv:1510.06089 [88] and arXiv:1608.00283 [89]
4.1 Introduction

Supersymmetric extensions of the standard model are well-motivated by three promising
features that were first identified over three decades ago. First, supersymmetry (SUSY)
softens the quadratically-divergent contributions to the Higgs boson mass, reducing the
fine-tuning needed to explain the difference between the electroweak scale and the Plank
scale [90-93]. Second, the minimal supersymmetric standard model (MSSM) provides the
required new field content to improve the unification of gauge couplings [94-97|. And third,
with the addition of R-parity, supersymmetric extensions contain stable neutralinos, which

are natural candidates for weakly-interactiong massive particle (WIMP) dark matter [98,99].

The lack of direct evidence for supersymmetry, particularly after Run I of the LHC, has

excluded some supersymmetric models, but not others [100,101|, and it remains important
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to develop supersymmetric models that continue to have the potential to realize the original
motivating promises. In this study, we consider MSSM4G models in which the MSSM is
extended to include vector-like copies of standard model particles. These models have been
considered previously for their promise of raising the Higgs boson mass to the observed value
without extremely heavy superpartners. We will show that these models also restore Bino-
like neutralinos as excellent dark matter candidates in a broad range of parameter space
that simultaneously preserves gauge coupling unification and satisfies all constraints from

new physics searches and Higgs, electroweak, and flavor physics.

In the non-supersymmetric context, the possibility of a 4th generation of fermions has been
considered at least since the 3rd generation was discovered. The multiple deaths and re-
births of this idea are nicely summarized in Ref. [74]. Briefly, in the 1990’s a 4th generation
of chiral, or sequential, fermions was severely constrained by precision electroweak measure-
ments at LEP, as parametrized, for example, by the S, T, and U parameters of Peskin
and Takeuchi [77,102|. These constraints excluded degenerate chiral fermions, which have
vanishing contributions to 7' [103|, but non-degenerate chiral fermions that contribute to
both S and T in a correlated way remained viable [104]. The status of chiral 4th generation
fermions changed once again, however, with the advent of Higgs physics at the LHC. Since
chiral fermions must get their mass from interactions with the Higgs boson, they contribute
to Higgs production through gluon fusion if they are colored and to Higgs diphoton decay if
they are electrically charged. These contributions are famously non-decoupling, and current
constraints exclude chiral 4th generation fermions up to perturbative values of the Yukawa
couplings. Although loopholes still exist, for example, in models with extended Higgs sec-
tors [105], even these possibilities are now severely constrained by the rapid improvements
in precision Higgs measurements, and chiral 4th generation fermions are now essentially

excluded.

The situation is completely different, however, for vector-like 4th generation fermions. They

49



can be added in any combination, as vector-like fermions do not contribute to anomalies,
and they may get masses without coupling to the Higgs boson, so their contributions to
Higgs production and decay do decouple, and they may rather easily satisfy bounds from
precision Higgs measurements. This also means that they do not contribute to electroweak
symmetry breaking effects at leading order, which keeps them safe from precision electroweak
constraints. Models with vector-like 4th generation fermions therefore remain viable, and

such models have been studied for a variety of reasons [106].

In the context of supersymmetry, the possibility of vector-like 4th generation particles
takes on added significance. As is well-known, the measured Higgs boson mass, m;, =
125.09 £ 0.21 £ 0.11 GeV [107], implies there must be large radiative corrections [108-110].
In the MSSM, this typically requires heavy squarks, which, barring some explanation, strain
naturalness. But 4th generation fermions and their scalar superpartners also contribute ra-
diatively to the Higgs boson mass, reducing the need for very heavy superpartners. This
was first noted long ago [111,112| and has gained increasing attention through the years
as the lower bound on the Higgs boson mass has grown [113-132]. At the same time, in
supersymmetry, 4th generation extensions are highly constrained if one requires that they
preserve gauge coupling unification and raise the Higgs mass significantly. These aspects
have been discussed at length, for example, in Ref. [115], where the different possibilities
for vector-like fermions were explored exhaustively with respect to their ability to increase
the Higgs mass, while maintaining gauge coupling unification and avoiding bounds from

electroweak precision data.

In this study, we show that, in supersymmetry, vector-like 4th generation particles are also
motivated cosmologically. In many well-motivated supersymmetric models, renormalization
group evolution or other effects imply that the Bino is the lightest gaugino, and so it is
the lightest neutralino in “half” of parameter space (with the Higgsino being the lightest

in the rest of parameter space). Pure Binos do not annihilate to W or Z bosons, and
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they annihilate to standard model fermions only through ¢-channel sfermions. For these
annihilation channels to be sufficiently efficient that Binos do not overclose the Universe,
Binos must be lighter than about 300 GeV [133,134]. Such light Binos are now excluded
in many cases by results from the LHC. For example, searches for gluino pair production,
followed by decays to neutralinos, exclude neutralino masses below 300 GeV, provided the
gluinos are lighter than 1.4 TeV and not highly degenerate with the neutralinos [135,136].
Light neutralinos produced in squark decays are similarly excluded [135,136]. These bounds
have loopholes. For example, if neutralinos are degenerate with staus to within 5%, they
co-annihilate in the early Universe and may be as heavy as 600 GeV without overclosing the
Universe [137,138]. Such possibilities are currently viable, and will be probed completely in
the upcoming LHC run [139-141]. However, barring such degeneracies and other accidental

mass arrangements, Bino dark matter in the MSSM is now significantly constrained.

Here we will show that vector-like copies of 4th (and 5th) generation fermions open up
new annihilation channels for the Bino, reducing its thermal relic density to the measured
value or below. These new channels are extremely efficient, with even a single 4th generation
lepton channel dominating over all MSSM channels combined. Binos are therefore restored as
excellent dark matter candidates in regions of parameter space where naturalness is improved,
gauge coupling unification is preserved, and all constraints are satisfied. Dark matter in 4th
generation supersymmetry models has been discussed previously. In Refs. [16, 142|, for
instance, 4th generation neutrinos were considered as dark matter candidates. In Refs. [120,
121], neutralinos were shown to be viable dark matter candidates when highly degenerate
with co-annihilating sleptons. To our knowledge (and surprise), there are no discussions in
the literature of the effects of vector-like 4th generation particles on the thermal relic density

of Binos in the generic, non-co-annihilating case, which is the focus of this study.

In the final part of this chapter, we determine the prospects for discovering MSSM4G models

at dark matter and collider experiments. The possibility of heavy Binos with the correct

51



thermal relic density is not realized in the MSSM, and so is not very well studied. As we
will see, for direct detection, the scattering of Binos is highly suppressed, first by Yukawa
couplings, as is typical of “Higgs-mediated" dark matter candidates, but, second, also by the
smallness of the Higgsino component of the dark matter. The predicted cross sections are
typically below current bounds, but are above the neutrino floor, making MSSM4G dark
matter ideal targets for future searches. In short, direct detection eliminated “Z models"

long ago, are currently exploring “Higgs models," and will soon probe these “Bino models"

on their way to the neutrino floor.

For indirect detection, MSSM4G dark matter annihilates to 4th-generation leptons, which
then decay to W, Z, and h bosons and SM leptons. We examine the prospects for detecting
these decays through charged particles, neutrinos, and gamma rays, and find particularly
promising prospects for future gamma-ray experiments, such as the Cherenkov Telescope

Array (CTA), when the 4th-generation leptons are heavy or when they decay to taus.

Last, we examine the prospects for colliders. In contrast to the conclusions for CTA, the LHC
is most promising when the 4th-generation leptons are light and decay either to electrons
only or muons only. When they are heavy or decay to taus, even the high luminosity LHC
with 3 ab™! cannot discover new particles in the parameter region favored by thermal relic
density constraints [143]. The LHC and CTA regions of sensitivity are therefore highly
complementary. We also consider the prospects for TeV-scale lepton colliders, such as the

International Linear Collider (ILC).

The chapter is organized as follows. In Sec. 4.2 we present the particle content, simplifying
assumptions, and existing bounds for the 4th generation models we will study. Simply
requiring that the vector-like 4th generation particles preserve gauge coupling unification and
contribute significantly to the Higgs boson mass reduces the number of models to consider
to essentially two. We then examine these two models in detail in Secs. 4.3 and 4.4, where

we present out results for the relic density and Higgs mass, respectively. We then consider
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discovery signals in direct detection, indirect detection, and colliders in Secs. 4.5, 4.6, and

4.7, respectively, and present our conclusions in 4.8.

4.2 The Model

4.2.1 Particle Content

The standard model, supplemented by right-handed neutrinos, includes quark isodoublets
(doublets under the weak isospin SU(2) gauge group) @, up-type quark isosinglets U, down-
type quark isosinglets D, lepton isodoublets L, charged lepton isosinglets F, and neutrino
isosinglets N. Beginning with the MSSM, we add vector-like copies of these fermions (and
their superpartners). By this we mean adding both left- and right-handed versions of fermions
whose SU(2)xU(1)y charges are identical to one of the standard model fermions. As we are
only considering vector-like extensions here, as a shorthand, we will list only one of the chiral
fields, with the chiral partner implicitly included. Thus, for example, a model with an extra

Q (or 5) multiplet implicitly also includes its chiral partner @ (or 5).

Gauge anomalies cancel within each vector-like pair, so there is no need to add a full gen-
eration at once. This would seem to lead to a Pandora’s box of possibilities. However, the
number of models to consider may be greatly reduced simply by requiring that the new
particles preserve gauge coupling unification and contribute significantly to raising the Higgs

boson mass.

To preserve gauge coupling unification, we begin by considering only full SU(5) multiplets,
that is, 1, 5, and 10 multiplets. Using 1-loop renormalization group equations (RGEs), the
gauge couplings remain perturbative up to the GUT scale with a full vector-like generation

of 5+10, but this is not true when 3-loop RGEs are used [115]. Thus, gauge coupling
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unification reduces the remaining possibilities to either one 10 multiplet or one, two, or

three 5 multiplets (plus any number of singlets).

The 5 multiplets contain D and E fields. To raise the Higgs boson mass, these fields must
couple to the Higgs field. The D field would require a @) field, which would bring in an entire
10, ruining gauge coupling unification. The F field requires only an /N, which is consistent
with gauge coupling unification. However, as shown in Ref. [115], perturbativity up to the
GUT scale requires that lepton Yukawa couplings be at most h = 0.75. The contribution of
N, = 3 extra generations of leptons/sleptons to the Higgs boson mass scales as Nyh* < 1;
this is to be compared with the contribution from N, = 3 colors of top quarks/squarks in
the MSSM, which scales as Ny} ~ 3. Extra lepton generations can therefore help raise the
Higgs mass to its measured value only if the sleptons have extremely large masses, leading to
extra fine-tuning, which defeats one of the primary purposes of adding a 4th generation [115].
This leaves us with only one possibility, adding a 10 and any number of 1s. The singlets do
not impact gauge coupling unification, cannot interact through Yukawa couplings with the
Higgs boson in this model, and do not couple to Bino dark matter, and so have no effect;
we will therefore omit them. The resulting model, known as the QUE model, is consistent

with perturbative gauge coupling unification and can raise the Higgs boson mass through

the H,QU interaction with a significant Yukawa coupling.

The additional particles in the QUE model are

Dirac fermions: Ty, By, t4, T4 (4.1)

Complex scalars: T4L;T4R7B4L,B4R;£4L7£4R77-4L77:4R s (42)

where the subscripts 4 denote 4th generation particles, upper- and lower-case letters denote
isodoublets and isosinglets, respectively, and L and R denote scalar partners of left- and

right-handed fermions, respectively. The SUSY-preserving interactions are specified by the
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superpotential
Waue = Mo, QuaQ4 + My, isty + My 747y + kH,Quly — hHQuly | (4.3)

where the carets denote superfields, Q4 = (T4, E4) is the quark isodoublet, t, and 7, are the
quark and lepton isosinglets, and the vector-like masses Mg, , M;,, and M, and the Yukawa
couplings k£ and h are all free parameters. We also assume small but non-vanishing mixings
of these fields with, say, 3rd generation fields, so that the 4th generation fermions decay and
are not cosmologically troublesome. These have relevance for collider physics, but are not
significant for the topics discussed here and so are not displayed. Finally, there are the soft

SUSY-breaking terms

Loue = =mg,[Qul* —mG [Quf” —mi [ff* — mi [fal* —m2 7" —md, |7

T4

_At4HuQ4t:4 - Ab4HdQ4E4 - BQ4Q4Q4 - Bt4f4g4 - B7-47~—47:—4 ) (44>

where all the coefficients are free, independent parameters.

If one drops the GUT multiplet requirement, there is another possibility consistent with per-
turbative gauge coupling unification [115]: the QDEE model, with the U of the 10 replaced
by a D, and an additional (5th generation) E. This model also (accidentally) preserves
gauge coupling unification and raises the Higgs mass through the H;Q) D interaction, and we

will include it in our analysis.

With notation similar to that above, the QDEE model has the extra particles

Dirac fermions: Ty, By, by, 74, T5 (4.5)

Complex scalars: Ty, Tur, Bar, Bar, bar, bar, Tar, Tar, T5L, TsR - (4.6)
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The superpotential is
WabEe = MQ4Q4Q4 + Mb45454 + M, 747y + M, 7575 + kH,Qsby — hH Quby (4.7)

and the soft SUSY-breaking terms are

Looee = —m?@|Q4|2—m%4|Q4|2—m§4|l§4|2—m§4|l34|2—m24|%4|2—m§4|%4|2—m§5|%5|2—m§5|%5|2
— Ay, HyQuby — Ap, HiQuby — Bo,Q4Qs — By,baby — By, 74Ty — By 7575 . (4.8)

4.2.2 Simplifying Assumptions

Although we have reduced the number of models we consider to two fairly minimal ones, in
each model there are still a large number of new parameters. To make progress and present
our results, we make a number for simplifying assumptions about the weak-scale values of

these parameters.

For both models, we choose the ratio of Higgs vacuum expectation values to be tan 8 = 10,
a moderate value that makes the tree-level Higgs mass near its maximal value. To maximize
the radiative corrections from the 4th generation quark sector, we fix the up-type Yukawa
couplings to be at their quasi-fixed point values: £ = 1.05 in the QUE model and 1.047 in
the QDEE model [115]. The down-type Yukawa couplings h have lower quasi-fixed point
values. They can boost the Higgs boson mass if A < 0, but their effects are suppressed by
tan [ and so typically quite subdominant; for simplicity, we set h = 0. We also assume |p| is
sufficiently large that the lightest neutralino is the Bino B. Finally, we choose A-parameters
such that there is no left-right squark mixing, that is, A;, —ptan = 0 and A,, —pcot 8 =0,

and assume the 4th generation B-parameters are negligible.

For the QUE model, we assume spectra of the extra fermions and sfermions that can be
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specified by 4 parameters: the unified (weak-scale) squark, slepton, quark, and lepton masses

mg, = My, =My =Mmp  =Mp =My, =My, (4.9)
my = Mz, = My, (4.10)
Mg, = Mp, =Mp, =My, (4.11)
me, = Mg, . (4.12)

Strictly speaking, some of these relations cannot be satisfied exactly, as quarks (squarks) that
are in the same isodoublet have SU(2)-preserving masses specified by the same parameters,
and their physical masses are then split by electroweak symmetry breaking. However, these
splittings are small compared to the masses we will consider and so ignoring them will have

little impact on our relic density results.

For the QDEE model, we also assume 4 unifying masses

Mg = mT4L - m’th - mB4L - mB4R - ml~74L - m54R (4'13)
mg, = My, = Magyp = Mgy, = Migp (4'14)
Mg, = Mrpy = Mp, = My, (4.15)
My, = My = Mgy . (4.16)

Finally, for both models, we assume that the Bino is lighter than all squarks and sleptons so
that it is the lightest supersymmetric particle (LSP), but heavier than at least some fermions,
so that it can annihilate to them and reduce its thermal relic density. For simplicity, we
assume the mass ordering

Mgy, My, Mg, > Mp > My, (4.17)

so that Binos annihilate to 4th generation leptons, but not 4th generation quarks. As we

will see, the addition of the 4th generation lepton channels is enough to reduce the Bino relic
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density to allowed levels. This ordering also allows the colored new particles to be heavy

enough to avoid LHC bounds.

4.2.3 Existing Bounds

We have included a Higgs-Yukawa term for the vector-like up-type quarks, even though these
already have vector-like masses. The motivation, of course, is to induce corrections to the
Higgs boson mass. One has to worry, though, that such couplings could violate electroweak
constraints. In Ref. [115], however, it is shown that already for 350 GeV vector-like up-type
quarks, the contributions to the ST'U parameters are within the 1o exclusion contours, and

the contributions are even smaller for the heavier masses that yield the correct relic density.

Another reason one might worry about the Higgs terms is constraints from Higgs physics,
namely Higgs production and decay through triangle diagrams with fermions in the loop. As
mentioned in the introduction, for chiral fermions, the linear relation between the fermion
mass and the Higgs Yukawa slows down the decoupling of those triangle diagrams as the
fermion mass is increased so that, by the time the experimental constraints are satisfied, the
Yukawa coupling are non-perturbative [106]. Adding a vector-like mass makes these triangle
diagrams decouple more quickly. However, there are still some limits from the LHC Higgs
data, which we take from Ref. [106]. According to their analysis, vector-like quarks of about
1 TeV are (barely) safe from experimental limits. Note however that their fit is based on a
model with both up- and down-type isosinglets, so their limits will be weaker when applied
to our models, where either the down-type or up-type isosinglet is missing. The authors also
perform a fit to the STU parameters that confirms our conclusions based on Ref. [115] that

our model is safe.

Last, as noted above, to allow the 4th generation fermions to decay and so satisfy cosmological

bounds, we assume that they mix with MSSM fields. In general, the 4th generation fields may
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then induce magnetic or electric dipole moments or mediate flavor-violating observables for
fermions in the first 3 generations. We will assume that these mixings are minute, however,
and dominantly with the 3rd generation, where bounds are weak and easily consistent with

the lifetime requirement from cosmology.

4.3 Relic Density

With the assumptions of Sec. 4.2.2, there are now new dark matter annihilation processes:
BB — 777, mediated by ¢- and u-channel sleptons 7;;, and 7;z, where i = 4 for the QUE
model and ¢ = 4, 5 for the QDEE model. These new channels increase the thermally-averaged
annihilation cross section (ov), which may reduce the Bino thermal relic density Q3h* to

acceptable levels even for large and viable Bino masses.

For the present purposes, it suffices to calculate the relic density using the approxima-

tion [144]
Qh® = 1.07 x 10° GeV™! s 4.18
B VG=mpral[l +b/(2axp)] (4.18)
1
rp = lnr—ﬁln(lnr)—i—ln(l—t—b/lnr) (4.19)
ro= 0.038—2 (4.20)

)
V g«mp1m,a

where zr = mp/TF, the ratio of the dark matter mass to the freezeout temperature Tp, g.
is the number of massless degrees of freedom at freezeout, g = 2 is the number of degrees of
freedom of the Bino, mp; ~ 1.22 x 10" GeV is the Planck mass, and a and b are the S- and
P-wave cross section coefficients given below. For the parameters of interest here, we find
rr &~ 24, and so Tk is between the W and b masses and g, ~ 87.25. The current bound on
the dark matter relic density is Qpyh? = 0.1199 + 0.0022 [13]. Equation (4.18) is accurate

to 5% [144] or better, and we will require Qzh? = 0.12 to within a fractional accuracy of
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10%.

The cross section for BB — f* f~ mediated by ¢- and u-channel sfermions fL, r With masses

mp, r and hypercharges Y7 p is

do
ds?

1
E |M’2 = Zgi’?Yf
i!f

1 4mf

= Z IM|? (4.21)

oM 256725 4m A

(m?% +m3 —t) (m% +m} — u)? 2m% (s — 2m3) ]

(mi — 1) (my —w?  (m} —t)(m} —u)

Ly | mEtmy =0 fmp mf — ) 2mi(s — 2m)

D IRk (my—up? (mh—t)(m}—u)

1, 4m? A2

—gy YZYEm? b B
TR G 3, —6)  (m — ) (m, — )

s — 2m= s — 2m2
% ; L , (4.22)
(2 — )%, —w)  (m? —w)(mk — 1)

where gy ~ 0.35 is the U(1)y gauge coupling.

Multiplying this differential cross section by the relative velocity v, expanding in powers of

v, integrating over angles, and carrying out the thermal average, we find

(ov) = a+bap (4.23)
4 2 4 4 212
gy My 2 o | YL | Yr | 2YPYR
_ My s o |, e 4.24
T Tgrmp VBT | A T A2 TALA, (424)
4 4 212
gh 1 ] Y, Y Y2Y2
b = L+ -Efrr+ mffLR ; (4.25)
5127 mp m2}§ mf Al A% ApAg
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where

frorr = 13mG +m$ (—26m] 5 — 36m%) +mj (T0m7 zm% + 13m] p +49m3})

+m?c (—44m3 pmy — 26m] pm% — 42m%) + 16 (mL rMp +m}) (4.26)

fir = (18m} —12m3%)
8 (mQB — mfc

A7 A%

—|—m;1c ( 6m — 17mLm —3m] — 17mRm —3mp — 12m%m2R)

[—3 f—l—mf (8m +6mL+6mR)

—I—m?c (6m‘,§m§2 + 7mim% + 16m%m%
+6mpm37 + 7m31%m23 + 16m%{m% + 30m%m%m23)
+m~ —5mLm —4mLm 9mLmRmB

—5mpm% — dmpmy — Imymim% — 3mymy, — 18mimymp] (4.27)

— 2 2 2
and Ay g = m% +my g —mj.

Equations (4.23)—(4.27) are valid for sfermions with different masses and hypercharges. For
degenerate vector-like sfermions with m j=Emp =mg and Yy = Y, = Y, the cross section

coefficients simplify to

2 _ 2
_ ogYmp YT (4.28)
32m mp (2 +m2 — m? ’ ‘
B f f
g Yy 1 1
L i
1287 m m% — mfc <mQB + m?; — m%)
[17mS — 2m (17m? + 20m% ) + m (86mEm? + 17m’ + 37ms )
— 2m3 (26mm? + 1mmt + 1m ) + 8y (mb+m)| . (429)

The expansion in v assumes that v is the only small parameter. This is not true when f and

B become degenerate and the annihilation is near threshold. In this limit, the expressions for
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b in Eqgs. (4.27) and (4.29) become singular, signaling the breakdown of the expansion. The

expansion is essentially an expansion in even powers of o = v/4/1 — (m/mz)?. Requiring
that the next omitted (D-wave) term be less than a 10% correction implies roughly a? <
0.1. For characteristic velocities of v ~ 0.3 at freezeout, this implies m; < 0.85mpz. The
case of near-threshold annihilation was considered in Ref. [134], where it was shown in a
generic setting that corrections to (ov) above the few percent level may occur if m; >
0.95m . There, alternative expressions valid in the degenerate limit were derived. Here, as
we are primarily interested in the cosmologically preferred regions without accidental mass
degeneracies, we will use Egs. (4.28) and (4.29) and simply take care to avoid applying these
cross section formulae to cases where the dark matter and final state fermion are in the
degenerate region. We note also that an expression for (ov) was presented in Ref. [133]
for degenerate sfermions. The expressions there differ from our result in Eq. (4.23) with

my, = mg, but the disagreement is numerically small and at most at the 5% level.

The annihilation cross section has some interesting features. First, hypercharge enters to
the fourth power. Isosinglet leptons have the largest hypercharge of any MSSM fields. As
we show below, the squarks need to be above a TeV to achieve the correct Higgs mass. But
leptons and sleptons can be relatively light. As a result, annihilation to leptons is particularly
efficient, and it is fortunate that they exist in both the QUE and QDEE models. Note also
that because the fermions are vector-like, there is no chiral suppression. This differs greatly
from the MSSM, where annihilations to isosinglet leptons are hypercharge-enhanced, but
extremely suppressed by the chiral suppression of the S-wave cross section, since all MSSM
leptons are light. In both the QUE and QDEE models, there are heavy isosinglet leptons,
and annihilation to them is neither hypercharge- nor chirality-suppressed. Annihilations to

4th generation particles therefore completely dominate over MSSM channels.

In Fig. 4.1, we show regions of the (mj ,mz) plane, with my, fixed to the values indicated,

where Bino dark matter freezes out with a relic density within 10% of the value required to
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Figure 4.1: Cosmologically preferred regions in the (m;,,mp) plane for the QUE (left) and
QDEE (right) models. In each shaded region, the relic density is in the preferred range
Qzh% = 0.12 £ 0.012 for the value of my, indicated.

be all of dark matter. These regions are bounded on all sides. We must require the mass
ordering my, < mp < my, so that the Binos are the LSPs, but may pair-annihilate to 4th
generation leptons. The mass of ¢, is bounded from below by heavy lepton searches. As
this mass is increased, the Bino and slepton masses must also increase to maintain the mass
ordering. As the masses increase, however, the annihilation cross section (ov) decreases, and
at some point the thermal relic density of Binos is too large, providing an upper bound on
all of these masses. To guarantee that the velocity expansion is reliable in the regions shown
in Fig. 4.1, we have required my,, < 1.1mgz. We have not included co-annihilation, which

would be important for Binos and sleptons that are degenerate to more than 5%.

Without co-annihilation, the largest possible masses are about my,, = 470 GeV in the QUE
model and 670 GeV in the QDEE model. To see this upper bound more clearly, in Fig. 4.2
we plot the relic density bands in the (mj,, my,) plane for fixed mp = 1.2my,. Larger masses
are allowed in the QDEE model, because there are two new annihilation channels, and since

(ov) ~m™2, the upper bound on the masses is larger by roughly a factor of V2.

63



450 500 550 500 550 600 650 700 750 80
m, (GeV) m, (GeV)

Figure 4.2: Contours of constant relic density Qzh? for the QUE (left) and QDEE (right)
models in the (m;,,my,) plane with fixed mp = 1.2my,. Between the dashed lines 2 ph? =
0.12+0.012.

In Figs. 4.1 and 4.2 we have completely neglected the MSSM annihilation channels; includ-
ing them would only move the preferred regions to slightly lower masses. For the reasons
mentioned above, vector-like 4th generation particles are extremely efficient channels for
annihilation and completely dominate the MSSM contributions in the case of Bino dark
matter. As a result, the cosmologically-preferred Bino masses are significantly higher than
in the MSSM and completely eliminate the tension between the relic density constraints and

current LHC bounds on neutralino masses.

4.4 Higgs Boson Mass
In the MSSM, the Higgs boson mass is maximally the Z boson mass Mz = 91 GeV at tree

level, but is raised by radiative corrections, dominantly from the diagrams with top quarks

and squarks in loop. Up to 2-loop corrections, assuming no left-right stop mixing, the Higgs
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boson mass is [145]

3 m? 3 m; 1 [/3m?
2 2 2 t t t 2
mh = MZ COS 25 (]_ — @ﬁt) —I— mﬁ |:t + 167‘(2 (5? — 3271'0[3) t :| N (430)
where
t | _Mf 4.31
M,
my = —— 4.32
as(M
Qa3 by 3( Z) D) 5 (433)
I+ Bag(Mz) n(MZ/M3)

by = 11—2N;/3=T1, (4.34)

M; = 174 GeV is the top quark mass, M; characterizes the masses of the left- and right-
handed top squarks, v = 174 GeV is the Higgs vacuum expectation value, az(Mz) = 0.118 is
the strong gauge coupling at the Z pole, and b3 is the beta coefficient for the strong coupling
in the MSSM without the top quark and any extra matter. For tan f = 10, the tree-level
mass is near its maximal value, but even with top squark masses M; = 2 TeV, the Higgs

mass is only 115 GeV, far short of the measured value of 125 GeV.

With the addition of vector-like quarks, however, this mass can be significantly increased.

The contribution from a vector-like 4th generation of top quarks and squarks is [114,115]

N_v?

Am? =
M 472

(ksinB)* f(z) | (4.35)

where N, = 3 is the number of colors, k is the up-type Yukawa coupling in Egs. (4.3) and
(4.7), and

f@) = Ine— % (5 - i) (1 - i) (4.36)

Mg,

r = : (4.37)
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As a reminder, m,, and mg, are the physical masses of the 4th generation quarks and
squarks, respectively, and we set k at its quasi-fixed point value £ = 1.05 and neglect the
4th generation down-type Yukawa h. Note that we are also neglecting 2-loop contributions

from vector-like matter, since those contributions are small for mg,, mg, > my, [115].

We can see from Eq. (4.35) that the 4th generation contribution to the Higgs boson mass
is maximal when ¢, is as light as possible. In Fig. 4.3 we show contours of the Higgs mass
in the (m;,,m;) plane for fixed m;, = 1 TeV. This choice of m,, is based partly on the
~ 700 GeV limit on chiral 4th generation up-type quarks [103] and partly on the STU and
Higgs constraints mentioned earlier. We see that, with the addition of 4th generation tops,
the correct Higgs mass can be achieved for a range of m;, and mj; where both are below
3 TeV and discoverable at future runs of the LHC. One can see from Eq. (4.35) that the
corrections from the vector-like matter are functions of = m;, /my,. One can use this to
reinterpret Fig. 4.3 as determining the required ratio x to get the correct mass. For example,
for my;, between 1 and 2 TeV, the correct Higgs boson mass can be obtained as long as z is

between 2.5 and 2.

4.5 Direct Detection of Dark Matter

In both the QUE and QDEE models, the lightest neutralino B may interact strongly enough
with nuclear matter to be detected by current or future direct detection experiments. We
explore this possibility for both spin-independent (SI) and spin-dependent (SD) direct de-
tection. In Sec. 4.5.1 we discuss the qualitative behavior we expect, given an approximate
analytic expression for the effective couplings between neutralinos and nucleons, which is
derived in Appendix B. In Secs. 4.5.2 and 4.5.3 we use the MICROMEGAS package to cal-
culate the SI and SD cross sections for a wide range of parameter space and compare these

predictions against current and future experimental sensitivities.
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Figure 4.3: Contours of constant Higgs boson mass (in GeV) in the (mg,, m;) plane, assuming
no left-right squark mixings, for fixed m;, =1 TeV.

4.5.1 Effective Neutralino—Nucleon Coupling

Interactions between Bino dark matter and the nucleons of a particle detector are primarily
mediated by t-channel scalar Higgses, h® and H°, or by s-channel squarks, ¢;. As a result,
the QUE and QDEE have nearly identical direct detection prospects: the contribution from
the 4th-generation quarks is limited to BBgg interactions mediated by heavy squark /quark

loops, which we neglect.

The non-observation of squarks at the LHC suggests that their masses are significantly
larger than the Higgs mass. SI squark-mediated scattering is proportional to left-right
squark mixing angles, which are highly suppressed by quark masses for the most relevant
quarks, namely those of the first and second generation. For O(TeV) squark masses we find
that the SI cross section is dominated by Higgs-mediated scattering, despite the associated

suppression by Yukawa couplings and the small Higgsino fraction of the neutralino. In
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Appendix B we derive a simple expression for the effective neutralino—nucleon coupling for
Bino-like neutralinos, in the limit of large squark masses and moderate-to-large values of

tan 8 (5 < tan 8 < 50). The main results are given in this section.

The differential cross section for dark matter scattering from a nucleus with mass number A

and charge Z is [146]
do 1

g7 = mE At A= DEFFQ), (4.38)

where ¢ is the momentum transferred in the interaction; v is the velocity of the dark matter;
fp and f,, are the effective couplings to protons and neutrons, respectively; and F(Q) is the
nuclear form factor, where () is the energy transfer. In our model, f, and f, tend to be

approximately equal.

When all the squarks and the heavy neutral Higgs boson are significantly heavier than the
light Higgs boson with mass m;, = 125 GeV and tan g is moderate or large, the couplings of

the dark matter are approximately

fpn 92 2
- 11 [Noy 11 tan Gy | 4mwm% fra — fru + fr 27fTG (4.39)

where the coefficients /Vj; are the components of the neutralino dark matter in the gauge basis
{B W, H,, }N[u}, Oy is the weak mixing angle, and fr, and fre parameterize the quark and
gluon content of the nucleon. For Bino-like dark matter, Ni; ~ 1, and the other coefficients

are suppressed by powers of M;/u. Expanding for large |u|, we find

Jom  Mimgtan Oy sin Oy, g°
my,  p2— M?+msin® Oy

2) {de — fru+ frs — 237ng . (4.40)

dmwymy

Values for fr, and fry can be obtained from pion-nucleon scattering; fr, is found more

precisely from lattice calculations. The sum fr¢ + >, ., frq = 1 determines frg. In
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MICROMEGAS, the following values are used for fr, [147]:

P — 00153, £ =00191, £ =0011, £ =00273, fP=0.0447. (4.41)

u

The value for fr, agrees with recent lattice calculations [148], which find fr, = 0.053+0.0114
0.016 (see also Ref. [149]). There are much larger discrepancies in the published values for fr,
and frq. In Refs. [150,151], it is suggested that fr, ~ 0.02 and fr4 ~ 0.04. The combination
that appears in the direct detection amplitude is therefore frq — fro + frs — %f re ~ —0.007
in MICROMEGAS, but one should bear in mind that, because of large cancellations, this is

subject to O(1) uncertainties.

Equation (4.40) displays the m,f dependence common to all Higgs-mediated processes, which
have cross sections that are currently being explored at direct detection experiments. At the
same time, the Mymy/u? prefactor signals a further suppression from the Bino-ness of the
neutralino dark matter. This implies that cross sections in this scenario are expected to be
significantly smaller than in other models with Higgs-mediated interactions. It is particularly
interesting to see whether these cross sections stay above the neutrino floor, and also how
they depend on |u|, which is often taken as a simple indication of the naturalness of a SUSY
model. To explore these issues, we now turn to a numerical analysis of the direct detection

cross section.

4.5.2 Spin-Independent Cross Sections

We use the package MICROMEGAS [147, 152] to calculate the particle spectrum and to
evaluate the direct detection cross sections. The 4th-generation squarks add small correc-
tions to the MSSM cross section through box and triangle diagrams that induce couplings
of the neutralinos to the gluon content of the nucleons: however, if the squark masses mg,

are sufficiently larger than m, + m,,, where m, is the dark matter mass, then these correc-

69



Parameter Minimum Maximum | Parameter | Minimum | Maximum
M, 200 GeV 700 GeV mg, Mg 1.2 TeV 4.0 TeV
W M; 4+ 20 GeV | 12.8 TeV M3z, Mg 1.2 TeV 4.0 TeV
ma 0.8 TeV 10 TeV m;, 0.9 TeV 4.0 TeV
tan 8 5 50 m; 0.9 TeV 4.0 TeV

Table 4.1: List of relevant parameters to the direct detection cross section, and the ranges
used for our MICROMEGAS calculation.

tions can be safely ignored. In this region of parameter space, the MSSM model used by

MICROMEGAS needs no alteration to accurately estimate the direct detection cross section.

We determine the SI cross section at several thousand randomly-selected points in parameter
space, within the ranges shown in Table 4.1. The 3rd-generation squark mixing is turned
off by fixing A; — ppcot 5 =0 and A, — ptan 5 = 0, as in the fourth generation. We fix the
gaugino masses to the unification ratios My : My : M3 =1:2:7, and we consider the range

200 GeV < M; < 700 GeV.

With these parameters, there is always a choice of 4th-generation parameters that can give
the correct thermal relic density. Since these 4th-generation parameters do not enter the
direct detection cross sections, the impact of restricting our models to those with the correct
thermal relic density is simply that it restricts the mass range to 200 GeV < M; < 540 GeV
for QUE models, while the entire range 200 GeV < M; < 700 GeV is accessible for QDEE
models. Note that the parameter scan does include values of m, and tan g for which res-
onance annihilation effects are important and our calculation of the relic density is not
reliable. However, such points only make up a small fraction of the parameter space and we
have checked that excluding them does not significantly alter the the direct detection results

shown below.

In Fig. 4.4, we show the relationship between the SI cross section and the Bino, Wino, and
Higgsino composition of the neutralino dark matter. The cross section predicted by Eq. (4.40)

is plotted along with the MICROMEGAS results; we see that the analytic approximation is
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an excellent approximation for many of the models. Smaller values of |u|, when the Higgsino
fractions are largest, correspond to the largest direct detection cross sections. The width of
the bands in Fig. 4.4 is due to the variation of the squark and neutralino masses, and the
variation in tan §. These effects combine to change the cross section by O(1) factors, which

are quite small compared to the five orders of magnitude explored by varying NZ .
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Figure 4.4: Left: For MSSM4G models, the correlation of the neutrahno dark matter’s W,
H,, and H, fractions with the SI proton scattering cross section a nght For MSSM4G

models, the correlation of the neutralino dark matter’s H, fraction Wlth O'él), color-coded by
the value of |u| for each model point. The dashed line represents the analytic approximation
for the cross section given in Eq. (4.40). In both panels, points in each scatter plot represent
QUE and QDEE MSSM4G models that have 125 GeV Higgs bosons, are consistent with all
collider bounds, and have the thermal relic density Qpyvh? = 0.12 4 0.012.

In Fig. 4.5 we compare our theoretical predictions to the current experimental bounds from
LUX |[22] and the projected 2 ton-year sensitivity of XenonlT [24], as well as several other
future experiments. The current LUX results exclude all of the MSSM4G models generated
with |p] < 500 GeV. For heavier m,, models with larger values of |u| ~ 700 GeV can be
ruled out. For larger |u| 2 1 TeV the cross sections are suppressed, as expected, and for
|| = 6 TeV, the cross section drops below the floor from coherent neutrino scattering [153].
Of course, absent a quantitative theory relating the p-parameter to the SUSY-breaking
parameters, such large values of |u| require large fine-tuning to obtain the observed weak

scale and are typically judged unnatural.
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To summarize, then, for extremely low or high values of |u|, direct detection cross sections
are either excluded or below the neutrino floor, but for a large intermediate region with
500 GeV < |pu| < 6 TeV, MSSM4G theories with the correct thermal relic density predict SI
scattering cross sections that are not yet excluded, but will be tested by future experiments

as they improve their sensitivity down to the neutrino floor.

4.5.3 Spin-Dependent Cross Sections

Although the SD direct detection cross section is generally larger than the SI cross section,
it is much more difficult to probe experimentally, as the SD cross section does not scale
directly with the mass of the nuclei. As a result, current bounds on the neutron SD cross

section are less stringent by a factor of 10°.

We use MICROMEGAS to predict the proton and neutron SD cross sections for the same
range of models considered in Section 4.5.2. As in the SI case, the proton and neutron
have similar SD cross sections. It requires different experimental techniques to measure the
two cross sections, and several experiments, including PICO-2L [154], PICO-60 [31], and

IceCube [32] probe only the proton SD cross section.

In Fig. 4.6, the theoretical predictions and experimental bounds are plotted together for the
proton and neutron SD cross sections. The models shown in the two scatter plots are the

same set shown in Fig. 4.5, although the models with |u| > 6.4 TeV are not shown here.

Of the existing limits from XENON 100 [28|, LUX [29], PICO |[31], and IceCube [32], only
IceCube sets any constraint on the MSSM4G. The limits from IceCube assume that the
dark matter annihilates in the Sun to produce either 7t7=, W+W~, or bb. In the QUE and
QDEE models, Bino annihilation produces taus and W bosons indirectly as decay products

of 4th- (or 5th-) generation leptons. As a result, the observed 7% or W¥ will carry only a
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fraction of the initial energy, and IceCube becomes somewhat less sensitive to the MSSM4G.
In Fig. 4.6, we make the approximation that the energy of the 7% or W¥ reconstructs only
half of the Bino mass. This shifts the published limits from IceCube to higher masses by a

factor of two.

Future experiments such as LZ [29], XenonlT and DARWIN [30] are projected to probe
MSSM4G models with 0.4 TeV < |u| < 1 TeV. However, Fig. 4.5 shows that the same
experiments will put much more stringent bounds on the SI cross section. Of the models
that could be discovered by future SD experiments, almost all of them have already been

ruled out by LUX. The SI cross section is a much more promising test of MSSM4G models.

4.6 Indirect Detection of Dark Matter

One of the primary features of MSSM4G models is that the dark matter has new annihilation
channels in the early Universe. Barring the highly degenerate case where these annihilations
are kinematically forbidden in the late Universe, these annihilations then contribute to indi-
rect detection signals. Indeed, the Binos can annihilate to 74 pairs in the QUE model (and

to both 74 and 75 pairs in the QDEE model), which then decay to SM particles.

The decays of the new leptons arise from the Yukawa mixings with their SM counterparts.
These mixings imply decays to Wy, Z¢ or h{ where ¢ = e, p,or 7. It is reasonable to
expect that decays to one of the first three generations will dominate, and in this study,
we will analyze the special cases where the mixing is purely to one of the three SM lepton
generations. We will label the respective cases as “e-mixing”, “p-mixing”, and “7-mixing”,

after the SM lepton with which 7 (5) mixes.
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The partial decay widths of vector-like leptons are [143]

2

€
[(myp — Wiy) = Emm,JW(l — )22+ 1/rw) ,
2

€
[(14s — Z0) = %mmgz(l — 12?24+ 1/rz), (4.42)
2

€
(145 — hl) = %mms(l — rh)2 ,

2

where my,, mz, and my, are the W, Z, and Higgs boson masses, respectively; rx = Tn%(/mT4 .

for X =W, Z, h; l = e, u, 7; and € parameterizes the mixing between the SM leptons and the
new leptons. Note that the e dependence drops out when calculating the branching ratios. In
the limit where m., ; > my, mz, my,, the branching ratios satisfy B(Wv,): B(Z(): B(hl) =
50% :25%:25%, which is already almost the case for m., , = 200 GeV.

In the following subsections, we consider the prospects for the indirect detection of dark

matter in MSSM4G models through gamma rays, neutrinos, and positrons.

4.6.1 Gamma Rays

Experiments such as Fermi-LAT, H.E.S.S. II, and CTA can search for high-energy photons
from the dark matter annihilation in the Galactic Center or in dwarf spheroidal Milky Way

satellite galaxies.

In the 7-mixing case, all the decay products (except for neutrinos) have sizable branching
ratios to hadrons, resulting in 7% decays that produce a significant excess of gamma rays
that may be observed above astrophysical backgrounds. On the other hand, in the p-mixing
and e-mixing cases, although hadronic decays of the W, Z, and h bosons result in gamma

rays, the p and e lead to much weaker gamma-ray signals.

Various experimental collaborations provide current or projected sensitivities to the dark

matter annihilation cross section to W*W ™~ or 777~. We have also analyzed the gamma-ray
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signal from annihilation to p*pu~, but the resulting bounds are very weak and we therefore

omit them in this study.

In the experimental bounds it is assumed that the dark matter annihilates directly to the
SM fields, and so their energies are equal to the dark matter mass. In our case the dark
matter annihilates to 4th- or 5th-generation leptons, which then decay to SM fields, resulting
in a distribution of final state energies. To test our model against these results we make two
assumptions. First, we treat all bosons (W,Z, and h) to be the same and compare the
total rate of their production to the limit on the W*™W~ channel. This is a reasonable
approximation since all three have comparable masses and branching ratios to hadrons.
Second, we use the average of possible final state energies to compare with the limits. To
a good approximation, this average energy is simply £ = mp/2. This is justified by the
observation that the energy distribution of the decay products is fairly uniform for non-
relativistic mother particles and the fact that the experimental sensitivities are fairly constant
as functions of the dark matter mass for the range of masses we are considering. In the
following we will consider the sensitivities to the W*W = and 77~ channels separately. In
a more thorough analysis, one would combine these results, resulting in greater sensitivity

or more stringent limits.

Given the smallness of the dark matter velocity in the late Universe, the thermally-averaged
cross section is dominated by the S-wave piece. The only relevant process is the annihilation
to fermions through sfermion exchange which, assuming the left- and right-handed sfermions

are degenerate, is given by

2 2
4Y2Y2 m2 m= — mf
<0"U> _ gy Yy, R f B s (443)
32m  mp m2% + m2% — m?2
B f f

where gy ~ 0.35 is the U(1)y gauge coupling, Y7, and Yy are the left and right hypercharges

respectively (in the convention where @ = T3 + Y/2), my is the fermion mass, m; is the
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sfermion mass, and mp is the Bino mass. One can see that even the top quark contribution,
enhanced by the factor mfv, is suppressed compared to the 745 contribution by a factor of

(33)?/(2%)? = 1/81 and we therefore neglect the SM contributions.

For presentation purposes we want to reduce the number of independent masses appearing
in Eq. (4.43). To maximize the Bino mass, we set mz = 1.2m,,, so it is close to the
fermion mass, but far enough away that the velocity expansion gives accurate results. The
sfermion masses m3, ; are then constrained by the requirement of correct relic density which
is measured to be Qpyh? = 0.1199 + 0.0022 [13]. In the QDEE model m,, = m,, and

mz, = Mz are assumed in this study.

The theoretical predictions are shown in Fig. 4.7 for the QUE and QDEE models along with
current and future experimental sensitivities. The green strips contain the predictions for
MSSM4G models with the correct thermal relic density to 10%. These strips can be extended
to lower masses, although these values are less interesting in light of collider bounds on Binos.
On the other hand, extending the strip to higher masses would re-introduce the overclosure

problem of Bino dark matter.

There are two things to note when comparing the theory predictions with the published
experimental sensitivities. First, as mentioned above, the energy of our final state particles
is roughly half of the dark matter mass, which means the experimental bounds have twice
the mass reach. Second, the 745 leptons decay to h7 and Z7 only half of the time, which
reduces the annihilation cross section limit by a factor of two compared to the more common

case where the dark matter annihilates directly to taus.

The strongest current limits come from a combined analysis of MAGIC and Fermi-LAT
observations of dwarf spheroidal satellite galaxies [155]. The limits are barely at the threshold
of probing our model and are not expected to improve much in the future. H.E.S.S. II is

expected to announce limits that are slightly stronger, but still fairly weak.
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CTA, on the other hand, has the ability to probe a large portion of the parameter space
through the W*W = channel and can probe the T-mixing scenario completely through the 7
channel with 500 hours of observation of the Milky Way Galactic Center [156]. The number
of years this will take depends on the fraction of arrays that go online during the first run,
which is subject to funding. Optimistically the results shown should be available after less
than 3 years of running. The bounds from the W™~ channel, although unable to probe
Bino masses below around 340 GeV, are applicable to all three mixing scenarios. Therefore,
in the e- and p-mixing scenarios, this limit needs to be complemented by a different search

method.

There are, however, a couple of caveats. First, the limits assume an Einasto dark matter
profile; less cuspy profiles give a signal weaker by up to two orders of magnitude. This is
mainly due to the uncertainty in the J-factors for Galactic Center observations [157]. We
note that the corresponding uncertainty on limits from Fermi-MAGIC observations of dwarf
spheroidal galaxies is not as significant [158,159|. Second, as we approach the coannihilation
domain, the Bino mass needs to be larger to retain the desired thermal relic density. Since
coannihilation does not take place in the late Universe, the indirect detection signal will be

weaker, according to Eq. (4.43).

4.6.2 Neutrinos and Positrons

In principle, it is possible to place limits on indirect detection from IceCube neutrino obser-
vations [160]. In these MSSM4G models, the leading signal is from the decays 745 — W,
which produce the most energetic neutrinos. Softer neutrinos are also produced as secondary
decay products. Unfortunately, the limits on the annihilation cross section from IceCube are

larger than 1072* cm?®/s and are therefore far less sensitive than gamma-ray searches.

Dark matter annihilating to positrons is also an important signal, but here the prospects
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are less clear. In the 7-mixing scenario, the data can be well fit by assuming dark matter
annihilation to 777~ with cross section (ov) = 6.8733 x 1072* cm?/s [161], which is two
orders of magnitude larger than one would expect from a thermal relic annihilating primarily
through S-wave. The corresponding cross sections in the e- and p-mixing scenarios are
(ov) = 52735 x 107" ecm®/s and (ov) = 8.47%57 x 10726 cm?/s, respectively, and so much
closer to those of thermal relics. Given the large uncertainties in astrophysical backgrounds,
however, it appears that in MSSM4G QUE and QDEE models, the prospects for a compelling

indirect detection signal are stronger in gamma rays than in positrons.

4.7 Collider Signals

Given thermal relic density constraints, the 4th- and 5th-generation leptons and sleptons
in MSSM4G models cannot be arbitrarily heavy. As a result, MSSM4G models have two
robust signatures at hadron colliders: one is Drell-Yan pair production of the 4th- (and 5th-)
generation lepton(s) 74(5), and the other is Drell-Yan pair production of their superpartners
T4L4R(5L,5R), Which are the next-to-lightest SUSY particles. With a large mixing parameter e

between the SM and extra-generation lepton(s), we also have single production of 745 [162].

The decays of the extra particles are controlled by the mixing parameter €. The decay widths

of the extra lepton(s) are summarized in Eq. (4.42). The decay length is given by

-1 —17
. <m74,5 €2> _ 5x107" m 200 GeV (4.44)
167 €2 Mir, 5
for m,, ; 2 200 GeV. The extra sleptons decay through
Fart = To+ B, (4.45)

where a = 4(,5) and M = L, R, if kinematically allowed. However, as we will see in Fig. 4.9,
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this channel is kinematically forbidden in a large portion of the viable parameter regions of
MSSM4G obtained in Ref. [88], and it is allowed only in a small region of the QDEE models
with mz, ; ~ 450-500 GeV. In the rest of the QDEE parameter space, as well as in all of

the QUE parameter space, the sleptons decay through the mixing € via

TaM — lz + B s (446)

where [; is the lepton that mixes with 7,. This channel gives exactly the same signature as

the MSSM right-handed slepton that mixes with the extra sleptons.

Consequently we have three relevant searches for MSSM4G models. If the mixing is tiny,
with € < 1078, searches for long-lived charged particles (LLCPs) are relevant. With a
larger mixing, 745 can be searched for by dedicated vector-like lepton searches, and the
superpartners by MSSM slepton searches. With the unified-mass assumptions of Eqs. (4.12)
and (4.16), the extra particles in the QUE models are thus equivalent to one vector-like lepton
and two right-handed sleptons, while in QDEE models, they are equivalent to two vector-
like leptons and four right-handed sleptons.! The discussion below assumes that the extra
lepton(s) and their superpartners mix purely with either the 1st-, 2nd-, or 3rd-generation
leptons and sleptons, respectively, but it can also be generalized to more complicated mixing
patterns. In fact, LLCP searches are obviously independent of the mixing patterns, and

sensitivities of the vector-like lepton and slepton searches would be worse in the case of

multiple decay channels.

!Note that the production cross section of 7,3s is the same as that of the MSSM right-handed sleptons,
despite their being labelled with subscripts ‘L’ and ‘R.’
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4.7.1 LLCP searches

LLCPs are searched for by their anomalous energy loss and longer time-of-flight at the LHC.
The CMS Run 1 search excluded leptons with charge +e lighter than 574 GeV, and staus
lighter than 340 GeV, assuming only Drell-Yan pair-production [78,163|, and the ATLAS

Collaboration provided similar exclusion limits [79].

Interpreting this bound under the unified-mass assumptions, one finds that the QUE models
with my, < 574 GeV or m; < 410 GeV are excluded, while in the QDEE model the
regions with my, < 650 GeV or m; < 470 GeV are excluded, if the relevant particles are
effectively stable in collider detectors. Therefore, all the parameter regions of the QUE
models, and most of them of the QDEE models, which is summarized in Ref. [88] (see also
Fig. 4.9), are already excluded if ¢ < 1078, The remaining region of the QDEE models with

650 GeV < myy S 700 GeV is expected to be covered soon at Run 2 of the LHC [141].

For slightly larger €, the leptons 745 have an intermediate decay length Imm < c7 < 1m
and their superpartners remain effectively stable at colliders, or both leptons and sleptons
can have intermediate decay lengths. Charged particles with intermediate decay lengths are
searched for at the LHC but constrained less severely [80], while stable 7,,,’s lighter than
~ 800 GeV may be discovered at LHC Run 2 with 300 fb™" of data [141].

4.7.2 Vector-like Lepton Searches

LHC searches for vector-like leptons are performed under the assumption that they mix only
with electrons or with muons, which partially excludes the region with m < 200 GeV [82]
(see also Refs. [164-166]). Constraints on vector-like leptons mixed with taus are obtained

at LEP, which excluded them with masses less than 101 GeV [167].

The Run 2 prospects for 7-mixed vector-like leptons are studied in Ref. [143]. Interpreting
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their results in our scenarios, we find that the 13 TeV LHC with 3000 fb™' of data may
exclude 745 leptons lighter than 234 GeV (264 GeV) in the QUE (QDEE) model with a
very optimistic background estimation. Consequently, e™e™ colliders are essential to search
for T-mixed vector-like leptons. Considering the pair-production ete™ — 7,77, , the ILC with
Vs = 1 TeV will cover the whole parameter region of the QUE models, while the QDEE
model, which is viable for m., ; < 700 GeV, will be fully covered by /s 2 1.4 TeV. Models
with relatively large mixing parameters, roughly € 2 0.01, may also be searched for through

the single production process et*e™ — 7577 at smaller collision energies [168,169].

The discovery prospects for e- and p-mixed vector-like leptons are considerably brighter than
for the 7-mixed case. We have performed Monte Carlo simulations to determine the future
prospects of searches at LHC Run 2 with /s = 14 TeV. A thorough description of the

analysis is given in Appendix C, and the results are summarized in Table 4.2.

4.7.3 Extra Slepton Searches

We now consider searches for the 4th- and 5bth-generation sleptons. As stated above, in a
small portion of the QDEE parameter region with 200 GeV < my, < 230 GeV and 420 GeV <
mg, < 510 GeV, the decay T,y — 7o + B is allowed. As the 4th- and Sth-generation leptons
are much lighter than their superpartners in this region, vector-like lepton searches are
expected to be more sensitive than extra slepton searches. We therefore concentrate on

other parameter regions in which the signature is
PP = TonTans — (I"B)(I"B) , (4.47)

with [ being the charged lepton that mixes with 7,. This signature is equivalent to pair-
production of right-handed slepton pairs lN;_SL[}_% in the MSSM, but with a production cross

section that is twice (four times) as large in the QUE (QDEE) models.
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Table 4.2: Future prospects for searches for vector-like leptons at the 14 TeV LHC for three
values of integrated luminosity. The first table is for the QUE models, and the second for the
QDEE models. We consider vector-like leptons with a mass my, > 200 GeV; the expressions
0120 GeV etc. show that the central value of exclusion or discovery limit is below our model
points and we may achieve the limit of 250 GeV with 1o statistical fluctuation. In the
dashed entries the upper limit is less than 200 GeV even with 1o statistical fluctuation.
The CL, method is used for statistical treatment, where the statistical uncertainty and a
20% systematic uncertainty for the background contribution are taken into account, while
the theoretical uncertainty on the signal cross section as well as the NLO correction are not
considered. See Appendix C for further details.

QUE model 300fb~" 1000 fb~" 3000 fb~"
95% CL exclusion | e-mixed | 24075 GeV | 310735 GeV | 35070 GeV
p-mixed | 270+ GeV | 330750 GeV | 37071 GeV
30 discovery e-mixed | 0720 GeV | 25075 GeV | 300720 GeV
p-mixed | 0120 GeV | 26075 GeV | 32015 GeV
50 discovery e-mixed — 07210 GeV | 220720 GeV
p-mixed — 07210 GeV | 24072 GeV

QDEE model 300fb~ ! 1000 b1 3000 fb~*
95% CL exclusion | e-mixed | 350750 GeV | 390730 GeV | 430750 GeV
p-mixed | 360755 GeV | 40073 GeV | 44070 GeV
30 discovery | e-mixed | 20073 GeV | 34073 GeV | 38073 GeV
p-mixed | 3107 GeV | 360730 GeV | 40073 GeV
50 discovery e-mixed | 0720 GeV | 26075 GeV | 31075 GeV
p-mixed | 0260 GeV | 280730 GeV | 32015 GeV

For the e-mixed and p-mixed cases, we derive the current bound and future sensitivity from
studies of slepton (ég, fir) searches, since electrons and muons have a similar acceptance
and efficiency at the LHC. Current bounds have been obtained by the ATLAS and CMS
Collaborations at the 8 TeV LHC [33,170], and prospects for LHC Run 2 have been discussed
in Ref. [171]. We re-interpret the ATLAS result at the 8 TeV LHC [33| and the results in
Ref. [171] in the context of our MSSM4G models.

The results are summarized in Fig. 4.8. For the QUE (QDEE) model, the solid (dashed) lines
display the exclusion region; the dark-gray (light-gray) region is excluded by the current 8
TeV bounds, and the other three lines corresponds to the expected sensitivity at 14 TeV LHC

with integrated luminosities of 300, 1000, and 3000 fb~* from left to right. Small dots show
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the model point we used in the simulation to determine Run 2 prospects, which is performed
with exactly the same method as in Ref. [171], utilizing MADGRAPHS AMC@Q@NLO [85],
PyTHIA 6 [172] with PYTHIA-PGS, and DELPHES 3.2.0 [173] with FASTJET [174,175]. A

systematic uncertainty of 5% as well as statistical uncertainty is taken into account.

For the 7-mixed case, the current bounds on 745 are no more than m; < 120 (180)
GeV [176,177| in the QUE (QDEE) models, even for mz = 0 GeV, which is far below
the cosmologically-favored MSSM4G parameter regions. We have estimated the prospects
for searches at LHC Run 2 with two methods. One method is Monte Carlo simulation. It is
done in a similar way to our analysis of vector-like lepton searches. As another method, we
have rescaled the Run 2 prospects for e- and p-mixed models by the results of the ATLAS
Run 1 searches [33,176]. Both analyses give the result that the 14 TeV LHC is sensitive only
below m s < 210 (140) GeV in the QUE (QDEE) models even with an integrated luminosity
of [ £ = 3000 fb~!. This region is far below the parameter space motivated by the MSSM4G
scenario. The extra slepton searches are not sensitive to the MSSM4G scenario with mix-

ings with taus, as long as the only available production process is Drell-Yan pair-production

~+ ~
pp — TaMmTaM -

4.7.4 Collider Summary and Discussion

In this section we have discussed the current constraints and future prospects of collider ex-
periments in the MSSM4G models. Let us interpret the results focusing on the cosmologically-

motivated parameter space of the MSSM4G scenario (Fig. 1 of Ref. [88]).

First, we found that MSSM4G models with € < 107® are mostly excluded by LLCP searches,
regardless of the mixing pattern. A small parameter region of QDEE models with m,, >
650 GeV is still valid, and it will be covered in the early stage of the Run 2 LHC. We also

briefly discussed the prospects for models with a slightly larger mixing, 1078 < ¢ < 1076,
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Such models will be investigated by searches for leptons decaying inside the detector as well

as long-lived sleptons.

With € > 1079, the extra particles decay promptly at the LHC, and signatures depend on the
pattern of their mixing with SM leptons. We discussed this case with two assumptions: the
mixings are purely with one of the SM three generations, and only the Drell-Yan production
of extra particles (pp — (Z,7) — 7,77, and pp — (Z,7) — 7., T.y) are available at the

LHC.

For the 7-mixing scenario, i.e., models in which the extra particles mix only with 3rd-
generation MSSM leptons and sleptons (7 and 7), we found that the LHC sensitivity is very
limited even with 3000fb~! data. The cosmologically favored MSSM4G parameter region
requires my;, > 220 GeV, but searches for extra sleptons are expected to be insensitive to
this region. Only a limited region with my, < 234 (264) GeV of the QUE (QDEE) models
is expected to be covered by extra lepton searches [143|. Improvements in tau-tagging
techniques may give better, but still limited, sensitivity. Discovery of the extra leptons as
well as exclusion of further region requires ete™ colliders, or proton—proton colliders with

higher energy.

For models with e- or p-mixing, we found that searches for extra leptons and extra sleptons
are both sensitive. The results of our analyses are summarized in Fig. 4.9, restricting to
mye, > 200 GeV for simplicity. The left (right) figure is for e-mixing QUE (QDEE) models,
and similar results are obtained for y-mixed models. In the color-filled regions, one can tune
the lepton mass my, so that the models have a DM relic density Qpmh? = 0.12. The red
line in the right figure illustrates my, + mg = m;,. Below this line the extra sleptons decay
as Tam — Ta + B. Our discussion of extra slepton searches is not applicable to this region.
They are valid only above this line, and in all of the (color-filled) region of QUE models,

where the extra sleptons decay into e (or x) and a Bino.

84



The black lines are the expected exclusion limit at 14 TeV LHC. Those parallel to the
my,-contours are from the extra lepton searches, and the others are from the extra slepton
searches. Dotted, dashed, and solid lines are for integrated luminosities of [ £ = 300, 1000,
and 3000 fb™!, respectively. We found that, in most cases, the extra lepton searches are
more sensitive than the extra slepton searches. This is because the MSSM4G scenario
prefers model points at which the extra sleptons and the Bino are rather close in mass.
The degeneracy results in a smaller missing energy from slepton pair-production, and limits
the sensitivity of slepton searches. Even so, it is very interesting that a considerably large
portion of the parameter space is expected to be investigated by both of the searches; si-

multaneous appearance of excesses in both searches will be a very strong evidence of the

MSSM4G model.

To summarize, the exclusion limit for models with e- or u-mixing are expected to be my, <
350 (430) GeV for QUE (QDEE) models at the 14 TeV LHC with 3000fb~" data. Further
exploration at collider experiments requires more luminosity, more beam energy, or lepton
colliders. For discovery, the extra lepton searches are promising, and their sensitivity is

summarized in Table 4.2.

Let us remark again that this discussion for € => 107% is based on the assumptions that the
vector-like lepton(s) has a single dominant mixing and that the other extra particles are not
produced. If other MSSM superparticles are within the reach of the LHC, they will also give
some event excess in SUSY searches. More interestingly, the other vector-like particles are
naturally expected to be within the LHC reach. Extra vector-like quarks are searched for
by their characteristic signatures [121,178,179]|, and their superpartners may be found in
squark searches. For models in which the extra vector-like leptons (sleptons) are mixed with
more than one generation of SM leptons (MSSM sleptons), searches for extra leptons are still
promising, while those for the extra sleptons suffer from their multiple decay channels. In

general, future prospects for such models are determined by the e- or py-mixed extra lepton
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searches with the signal yield properly reduced.

4.8 Conclusions

In this chapter, we have considered the cosmology of MSSM4G models, in which the MSSM
is extended by adding vector-like 4th (and 5th) generation particles. Remarkably, requiring
perturbative gauge coupling unification and that the extra particles raise the Higgs boson
mass significantly reduces the number of MSSM4G models to two: the QUE and QDEE

models.

Here we have shown that these models accommodate an excellent dark matter candidate, the
Bino. In the MSSM, Bino dark matter must be lighter than 300 GeV to avoid overclosing
the Universe. Such light Binos are in tension with constraints from the LHC in many
scenarios. In contrast, in the MSSM4G models, Binos may annihilate to extra leptons
through BB — (0, where i = 4 in the QUE model, and i = 4,5 in the QDEE model.
These annihilation channels are enhanced by the large hypercharges of lepton isosinglets,
are not chirality-suppressed, and completely dominate over all of the MSSM annihilation
channels combined. We have shown that these extra channels enhance the annihilation cross
section to allow Bino masses as large as 470 GeV and 670 GeV in the QUE and QDEE
models, respectively, without requiring co-annihilations or resonances. MSSM4G models are

therefore motivated by dark matter also, as they accommodate Bino dark matter with the

correct relic density in completely generic regions of parameter space.

An interesting question is how to discover supersymmetry if these MSSM4G models are re-
alized in nature. As we have discussed, these models satisfy precision constraints from Higgs
boson properties, electroweak physics, and low-energy observables; future improvements in

these areas could see hints of anomalies from 4th generation particles, but this is not generic.
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These models also have improved naturalness relative to the MSSM, in the sense that the
top squarks and 4th generation quarks and squarks, even without left-right mixing, may be
lighter than 2 to 3 TeV and still give the correct Higgs boson mass. These are within reach
of future runs of the LHC. As noted in Sec. 4.4, however, it is also possible for the stop and

4th generation quarks and squarks to all be beyond the reach of the LHC.

However, the relic density does imply upper bounds on the masses of the 4th generation
leptons and sleptons. Given this, it is very interesting to see how one could best search for
these at both hadron and lepton colliders. Of course, Bino dark matter can also be searched

for through direct and indirect dark matter searches.

Next we investigated the current and future prospects of direct, indirect and collider searches
for MSSM4G models, where the MSSM is supplemented with vector-like 4th- (and 5th-)

generation particles.

For direct detection, we found that for neutralino—nucleon scattering, the light Higgs boson-
mediated processes dominate over the squark-mediated processes for most of the parame-
ter space, despite the fact that the Higgs-mediated diagram is suppressed by Yukawa cou-
plings and the smallness of the dark matter’s Higgsino component. We determined the SI
and SD scattering cross sections for various points in MSSM4G parameter space using MI-
CROMEGAS, and for the SI cross section, we derived an accurate analytical expression for

the scattering cross section to validate and better understand the results.

SI searches were found to be much more promising than SD searches. Current limits from
the LUX experiment already exclude all models with |u| < 500 GeV, while models up to
|| < 6 TeV will be probed by future planned experiments. Parameter points with larger
|p| were found to lie below the neutrino floor and would require other approaches, such
as directional dark matter detection [180]. We note, however, that large values of |u| are

typically considered unnatural and less motivated. MSSM4G dark matter is therefore an
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ideal target for current and future direct detection searches.

To discuss indirect detection and collider searches, we needed to be more concrete about
the decay channels of the 4th- (and 5th-) generation leptons. We picked three benchmarks
models in which the 4th- (and 5th-) generation leptons have Yukawa mixings with only one
of either electrons, muons, or taus, which leads to decays to Wy, ZI, or hl where | = e, u,

or 7.

For indirect detection, Bino annihilation to 745y followed by decays to SM particles gives
a robust gamma-ray signal. Current bounds from the Fermi-MAGIC combined analysis of
dwarf spheroidal Milky Way satellites do not yield significant constraints on the MSSM4G
parameter space. However, assuming an Einasto (or, in other words, cuspy) dark matter
halo profile for the galactic center and 500 hours of observing time, CTA is projected to see
a dark matter signal if mz 2 340 GeV in the e- or y-mixing scenarios, or for the entire range
of cosmologically-preferred mp in the 7-mixing scenario. Prospects for indirect detection
through neutrinos at IceCube and through positrons at AMS were found to be significantly

less promising.

Finally, we examined the sensitivities of collider searches. In the case of Yukawa mixings of
€ < 1078, the 4th- (and 5th-) generation leptons produced at the LHC are long lived and
are either excluded or will be covered by Run 2. The case of 107® > ¢ > 107% will also be

explored through, for example, displaced vertices.

For larger mixings, both current and projected bounds depend heavily on the decay products
of the new leptons/sleptons. Assuming 3000 fb™' of data at the 14 TeV LHC, the 7-mixing
scenario will only be probed up lepton masses of m,, < 230 (250) GeV in the QUE (QDEE)
model. For the e- and p-mixing scenarios the sensitivity reach is up to my, < 350 (430) GeV
for the QUE (QDEE) model. Interestingly, indirect searches will be sensitive right at the

mass threshold where the LHC ceases to be effective, and so the two approaches are highly
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complementary.

We also analyzed the special regions in parameter space where the decay 745 — 745 + B is
allowed. We found that the 14 TeV LHC with 3000 fb~' of data will have poor sensitivity

for the 7-mixing case but will fully probe such points for the e- and p-mixing cases.

We have shown that MSSM4G models are perfectly viable on the one hand and predict
diverse and promising experimental signals on the other. Although direct detection exper-
iments have strong sensitivities regardless of the details of the extra generation fields, the
indirect detection and collider searches are highly dependent on such details and comple-
ment each other. Needless to say, all of those projections come with their own caveats. For
instance, the direct detection rates are subject to the small uncertainty in the local dark mat-
ter density, indirect detection rates are subject to assumptions about halo profiles and our
understanding of astrophysical backgrounds, and collider sensitivities depend on the quality
of background estimation at higher energies as well as improvements in particle identification

techniques.

We note that there are many variations one could consider. We have assumed many mass
unifications to simplify the presentation of our results; these could be relaxed. One could
also contemplate left-right mixings for the squarks and their impact on the Higgs boson
mass, or allow the lightest neutralino to include Higgsino or Wino components. We believe
that the essential point is clear, though: the combination of supersymmetry and vector-like
fourth generation particles accommodates an excellent Bino dark matter candidate even in
its simplest realizations, and the QUE and QDEE models are among the more motivated

and viable supersymmetric extensions of the standard model.

In summary, MSSM4G QUE and QDEE models are among the motivators of both current
and proposed experiments from either the pure (or almost pure) Bino dark matter or the extra

generation perspective. It is interesting to continue the search for Bino dark matter with
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mass ~ 300-700 GeV. At the same time, we demonstrated both the power and limitations of
the upgraded LHC, both important points to take into consideration in discussing proposals

for future lepton and hadron colliders.
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Figure 4.5: Scatter plot of theoretical predictions for MSSM4G models in the (m,,, Jé’f)) plane.
The points represent QUE and QDEE MSSM4G models that have 125 GeV Higgs bosons, are
consistent with all collider bounds, and have the correct thermal relic density. QUE models
populate the mass range 200 GeV < m, < 540 GeV, and QDEE models populate the full
range 200 GeV < m, < 700 GeV. The points are color-coded by the value of |u| in each
model point. The upper shaded region is excluded by the current bound from LUX [22], and
the dashed contours indicate the projected future sensitivities for DEAP3600 [23], Xenon
1T [24], DarkSide G2 [25], LZ [26], and Darwin [27]. In the lower shaded region, coherent
neutrino scattering is a background.
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Figure 4.6: Left: Predictions for the neutron SD cross section in MSSM4G models, along with
experimental bounds. The shaded regions show the excluded parameter space from Xenon
100 [28] and LUX [29], and the projected sensitivities of LZ [29], XenonlT and DARWIN [30]
are given by dashed lines. Right: Predictions of the proton SD cross section in MSSM4G
models, along with existing bounds from PICO-60 [31] and IceCube [32] and the projected
sensitivities of LZ and DARWIN. The IceCube bounds assume dark matter pair annihilates
to WTW = or 7777, as indicated.
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Figure 4.7: Theoretical predictions for, and current and future experimental sensitivities to,

the annihilation cross sections to W*W = (left) and 777~

(right) final states in the QUE

(top) and QDEE (bottom) MSSM4G models as functions of the dark matter mass (top
axis) and average energy E = m /2 of the annihilation products (bottom axis). The green-
shaded regions are the theoretical predictions for models with thermal relic density in the
range Qpyvh? = 0.12 £ 0.012; decays to 3rd-generation leptons are assumed for the 77~
panels. The dashed blue lines are the existing dwarf bounds from the combined MAGIC
and Fermi-LAT data, and the dashed red lines are the CTA projections for Galactic Center
sensitivities assuming 500 hours of observation time and an Einasto dark matter profile.
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Figure 4.8: Current bounds and LHC Run 2 discovery prospects for searches for extra
sleptons 7y(5) in MSSM4G models with e-mixed or p-mixed extra lepton generations. For
the QUE (QDEE) model, the dark-gray (light-gray) region is excluded by 8 TeV searches [33],
and the solid (dashed) contours outline the expected exclusion sensitivities of the 14 TeV
LHC with integrated luminosities of 300, 1000, and 3000 fb™', from left to right. The small
dots show the parameter points we simulated to determine the Run 2 prospects.
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Figure 4.9: The cosmologically preferred parameter space of QUE (left) and QDEE (right)
MSSM4G models, and the exclusion sensitivity of LHC searches in the e-mixing case. The p-
mixing case results in almost identical sensitivity, while the LHC is expected to be insensitive
to the 7-mixing case. In both panels, the unified mass relations are assumed and we consider
my, > 200 GeV. In the shaded regions, my, is can be tuned so that the model has Qpyh? =
0.12; contours of constant my,, are shown in gray. Outside the shaded regions, the model
cannot satisfy Qpyh? = 0.12 with my, > 200 GeV. The black lines are the expected exclusion
limits at the 14 TeV LHC. Those parallel to the m,,-contours are from extra lepton searches.
The other lines are from extra slepton searches; they are not limited to the color-filled region
because they are independent of my,. For both searches, dotted, dashed, and solid lines are
for an integrated luminosities of [ £ = 300,1000, and 3000 fb~!, respectively. On the red
contour in the right plot, the masses satisfy the relation my, +mpz = my,.
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Chapter 5

Flavored Gauge Mediation, A Heavy

Higgs, and Supersymmetric Alignment

Based on arXiv:1209.4904 [181]
5.1 Introduction

The null results of direct searches for supersymmetry suggest that it does not manifest itself
in the form of light, flavor-blind superpartners. Furthermore, if the recently discovered scalar
at 126 GeV [2,3] is indeed the Higgs boson, its relatively large mass requires either a large stop
mixing or very heavy stops, at least in the context of the Minimal Supersymmetric Standard
Model (MSSM) [182]. These results are especially problematic for Gauge-Mediated Super-
symmetry Breaking (GMSB) models [183,184], which predict zero A-terms and flavor-blind
spectra at the messenger scale. Low scale gauge mediation is therefore strongly disfavored by
the Higgs mass, and even high-scale models, with A-terms generated by the running below
the messenger scale, require stop masses of around 8-10 TeV [185,186] in the context of

minimal gauge mediation [184]. Given the tight relations between squark and gluino masses
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in minimal GMSB (mGMSB), this implies that all superpartners are very heavy in these

models, and beyond the reach of any foreseeable experiment.

From a purely theoretical point of view, however, GMSB models are very attractive, since
both the breaking of supersymmetry and its mediation are described by well understood
quantum field theories, as opposed to unknown Planck-scale physics. Indeed, flavor-blind
extensions of gauge mediation have been extensively discussed in recent years [187|. These
extensions too are only consistent with a 126 GeV Higgs for high messenger scales, unless
the stops or the gluino are very heavy [188|. Here we will study instead a flavor-dependent
extension of gauge mediation, specifically, the Flavored Gauge Mediation (FGM) models
of [189]. In these models, the flavor structure of GMSB is in principle modified, due to
superpotential couplings of the messengers to SM fields [190]. We will show that these
messenger-matter couplings can yield significant stop A-terms!, as well as new contributions
to the stop soft masses, resulting in a heavy Higgs and fairly light superpartners for a wide

range of messenger scales.

The superpartner masses in FGM models are generated by both the SM gauge interac-
tions, and by Yukawa-type superpotential couplings of the messengers to the SM matter
fields. Thus, while the interactions mediating the breaking are not purely gauge interac-
tions, they are still completely “visible”™— occurring within simple field theoretic extensions
of the MSSM, and potentially at low scales. Since the matter-messenger couplings are in
principle flavor dependent, they are strongly constrained by the non-observation of flavor
changing neutral currents. As stressed in [189], however, there are good reasons to consider
these couplings. At the very least, given our ignorance about the origin of the SM Yukawas
structure, it is conceivable that the messenger-matter couplings have some special structure,
which results in an acceptable pattern of soft terms. Indeed, the structure of the SM fermion

masses hints at some theory of flavor, and any such theory will necessarily also control the

!Scenarios where non-trivial flavor structure leads to maximal flavor mixing have also been considered in
the context of horizontal symmetries and MSSM, see for example [191]
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sizes of matter-messenger couplings. Furthermore, as superpartner masses are pushed to
higher values by direct searches (as well as by the large Higgs mass), there is more room
for non-degenerate spectra. From the point of view of LHC searches for supersymmetry, the
assumption of Minimal Flavor Violation (MFV), which underlies many analyses, can result
in reduced sensitivity to non-MFV spectra [192-194|. So when searching for gauge-mediated
supersymmetry, it is important to keep the possibility of flavor-dependent spectra in mind,

and FGM models provide useful examples of such spectra.

The main new ingredient in our models will be superpotential messenger-matter interactions,
with the up-type Higgs (or also the down-type Higgs) replaced by a messenger field of the
same gauge charges. Since we would like to generate a large top A-term, the messengers need
only couple to the top. As a concrete realization of this scenario, we invoke a flavor symmetry
under which the Higgs and messenger field have identical charges. Flavor constraints in our
models are thus satisfied by a combination of degeneracy — coming from the pure gauge
contributions, and alignment [189]. Unlike in the original alignment models of [195], in which
the flavor symmetry controls the soft terms directly, here it controls the supersymmetric
messenger-matter couplings so that they are aligned with the SM Yukawas. The soft terms
therefore inherit this structure, even though they are generated at the messenger scale, which

is typically much lower than the flavor-symmetry breaking scale.

We note that three other works appeared recently [196-198] which rely on messenger-SM
couplings to raise the Higgs mass. The differences between our models and the models
of [196-198] arise due to the different choices of symmetries and, as a result, the allowed
messenger-SM couplings. In [196], the messengers are chosen to have the same R-parity as
the SM matter fields, so the relevant coupling is the analog of the Yukawa coupling with
one SM matter field replaced by a messenger. Messengers in 5+5 representations of SU(5)
in these models do not affect the u¢ mass, and as a result can raise the Higgs mass only

to around 118 GeV for stops below 1.5 TeV. Therefore [196] uses messengers in 10+10.
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In [197,198], a coupling of the type Higgs-messenger-messenger is used, with one messenger
being a SM gauge singlet. Since none of the fields involved is colored, the effect of this
coupling is moderate, so that the Higgs mass is viable only at low messenger scales, where
the negative one-loop contributions to the Higgs soft masses-squared are important [198|.
It is interesting that, although the new messenger couplings in our models do not involve
the Higgs at all, they have a significant effect on the Higgs mass. The reason is that the
key feature needed for getting a large Higgs mass is a modified stop spectrum, which only

requires that the messengers couple to the top.

To calculate the 2-loop contributions to the soft terms we use analytic continuation [199].
The messenger-Higgs mixing present in the models has led to some erroneous results in the
literature (including in an earlier version of this article?). We clarify this issue and discuss
the calculation in detail in the Appendix. The key point is the correct identification of the
relevant couplings and wave function renormalizations, for which one must match the high-
energy and low-energy theories correctly. We give a simple and intuitive prescription for
the calculation by identifying the physical messenger field, given by the heavy combination,
and the physical Higgs field, given by the light combination, and their respective running

couplings.

The resulting spectra are rich and quite unusual. There are essentially two different regions
of the parameter space which lead to an enhanced Higgs mass. In the first region, the stop A-
terms are substantial, while the LL and RR stop masses are largely unmodified, because they
receive both positive and negative contributions from the new couplings. Since these negative
contributions are dominated by 1-loop effects which are higher order in the supersymmetry
breaking, this region occurs for relatively low messenger scales. The resulting spectra can be
very light, with colored superpartners even well below 2 TeV. In the second region, the LL

and RR stop masses are enhanced as well, so that the large Higgs mass is driven not by the

2Specifically, our results for the Higgs masses were correct, but our results for the remaining scalars were
wrong. We thank M. Ibe for pointing this out to us.
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large mixing but rather by large stop masses. Thus a 125 GeV Higgs requires heavy stops.
While only the stop masses are modified at the messenger scale, the running to the weak
scale can affect the remaining masses dramatically, since the stop masses are large. While
most colored superpartners are above 2 TeV in this case, the weak gauginos and sleptons
can be light. Furthermore, the new contributions to the soft masses can reverse the effect of
the stops on the remaining sfermions through the RGEs, leading to novel spectra with the

NLSP being either the neutralino, or a L-handed slepton.

The organization of this chapter is as follows. In Section 5.2.1 we briefly review FGM and
introduce the symmetries and the superpotential of our models. In Section 5.2.2 we give
expressions for the soft terms in the limit of third-generation dominance. In Section 5.3
we present the Higgs mass and superpartner spectra for different choices of parameters.
Our conclusions and discussion of the results are presented in Section 5.4. We present the
calculation of the soft masses in the Appendix. In A.1, we derive the soft terms in a simple
toy model with Higgs-messenger mixing. We generalize this to the models of interest in A .4.
Full expressions for the soft terms for general 3 x 3 coupling matrices in generation space
are presented in A.5. As a cross-check, we also calculated the relevant terms explicitly. We

describe this calculation in A.6.

5.2 Models

5.2.1 The models and supersymmetric alignment.

We begin by briefly reviewing FGM models [189]. The starting point in these models is
mGMSB [184]. Specifically, we will take N sets of messengers transforming as 5+5 of SU(5),
coupled to a supersymmetry-breaking singlet (X) = M + F6?. We use capital letters to
denote the messenger fields, with 5 =T + D and 5 = T + D, where T (T) and D (D) are
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fundamentals (anti-fundamentals) of SU(3) and SU(2) respectively. The SM gauge symme-
try permits different couplings of the messengers to SM fields, and these would generically

give rise to flavor-dependent soft-terms [190,199-203|3.

As in [189], we will assume that the SM fermion masses are explained by a flavor symmetry.
This symmetry then also controls the messenger-matter couplings*. In the models we will
consider, these coupling matrices will be aligned with the SM Yukawa matrices, so that flavor
constraints are satisfied. Naively, one would think that alignment can only be relevant for
high-scale supersymmetry breaking. This is indeed the case in the original alignment models
of [195]. In these models, a Froggatt-Nielsen flavor symmetry [19] dictates the structure of
the soft-term matrices at the supersymmetry-breaking scale. As explained above however,
the non-universal parts of the soft terms in FGM models are generated by superpotential
matter-messenger couplings. These supersymmetric coupling matrices are the ones controlled
by the flavor symmetry at high scales, and their near-diagonal structure is inherited by the
soft terms, which are generated at much lower scales. We therefore refer to this type of

alignment as “supersymmetric alignment”.

In addition to the flavor symmetry and R-parity, we impose a Z3 symmetry with charges

given in Table 5.1. The following superpotential is then allowed by the symmetries,

W=X (X2 + TIT] + D[D[) + HUqYU'Ll,c + HDqYDdC + HDZYLGC

+  Dyqyuu + Daqypd® + Dalyre® (5.1)

where I = 1,..., N runs over messenger pairs, yy, ¥p, ¥y are messenger-matter Yukawa
matrices, Yy, Yp, Y7 are the SM Yukawa matrices, and ¢, u¢, d¢, [, e¢ are the MSSM chiral
multiplets. We assume that the u-term(s) are forbidden by some U(1) symmetry. Note that

to have messenger couplings to both up quarks and down quarks we need at least two sets

3The model of [201] relies on an extra dimension in order to obtain MFV couplings.
4In general, some messenger fields may be charged under the flavor symmetry.
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Superfield R-parity | Z3
X even 1

D, even -1
D, even
Dy even

D2 even —1
Tr, Ty, Dis2, Drs2 | even
q,u,d [, e° odd
Hy,Hp even

Table 5.1: R-parity and Z3 charges.

of messengers [189,201]. We also display here the term X3, required in mGMSB in order
to generate the X VEVs, and motivating our choice of a Z3 symmetry. In the following,

however, we will limit ourselves to treating X as a supersymmetry breaking spurion.

At this point, Dy and Hp, as well as D; and Hy, have identical charges under all the

symmetries, and therefore the following terms are allowed as well,
XD\Hy +XHpD, . (5.2)

However, we can set these couplings to zero without loss of generality. Consider for con-

creteness the Hy and Dy couplings

injblqz'U; + YUinUQiu§ ) (5.3)

where 4, j are generation indices. Taking Hy and D; to have the same charges under the
flavor symmetry, we can define the combination of D; and Hy that couples to X to be the
messenger (indeed, this is the massive eigenstate), and the orthogonal combination to be the
Higgs. A similar redefinition can be done for Dy and H,;. Thus (5.1) is the most general

superpotential and the entries yy,; and Yp,; are the same up to order-one coefficients®.

5The running between the UV scale and the messenger scale will introduce, of course, some mixing
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Since the only order-one entry of Yy is Yy 33, the two matrices Y, and yy are approximately
diagonal, and the soft terms inherit this structure. Inter-generational mixings are thus

suppressed by supersymmetric alignment®.

5.2.2 A-terms and scalar masses

At leading order in F'/M?, the messenger-matter couplings of Eq. (5.1) generate one-loop
contributions to the A-terms, and two-loop contributions to the sfermion masses-squared.
We present full expressions for the soft terms in Appendix A. In the case of interest, only
the 3-3 entries of the coupling matrices are important and the soft terms (at the messenger

scale) simplify to,

1 F
U 2, .2
Az = T [3y7 + v3) i
1 F
D 2 2
Agy = — 1672 [3% + yt] i (5.4)
3y? F
AL — I ©
33 1672 M

where Y; = Y33 and similarly for the remaining couplings, and,

between Hy; and Dy, but the only effect of this running is to modify the order-one coefficients of yy and Y.

6 Tt is also possible to choose different charges for Hyy and Dy, (and similarly for Hp and Ds) such that
the terms (5.2) are either forbidden or very suppressed. In this case, yy and Yy will have different textures,
and these can be chosen to be compatible with flavor constraints [189].
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(5.5)

If the messenger scale M is below roughly 107 Gev, the one-loop O(F*/M°®) contribu-

tions [190] to the soft masses may be important. In the limit of third-generation dominance,
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these contributions are given by,

(bi)as = —s s (4 + ) o
4

() % 1617T2 vi Z\leﬁ

(6Me)33 = ; 161772 Yp ]\14;[‘; (5.6)
4

(97i)ss = (131617T2 Ur J\Z6

(977 )ss ;161772% J\Z46 ‘

For completeness we also show the next-to-leading contribution in F//M? to the top A-term,

1, F3

U _
O = 5

(5.7)

Comparing the new contributions to the mGMSB expressions, we see that the importance of
the new contributions relative to the mGMSB expressions is maximal for the smallest possible
number of messengers. Thus we will take N = 1 when the only new Yukawa coupling is v,

and N = 2 if y, and/or y, are present as well.

As is well known [182], at one-loop, the Higgs mass is approximately given by,

3m M:  X? X?
2 2 2 ¢ S ¢
m; = my cos” 2 + 12y [log el + Mg [1 - 12M§} } : (5.8)
where X; = A, — pcot 8 is the LR stop mixing and Mg = (m;,mg,)"/? is the average stop
mass. Clearly, the Higgs mass can be increased either by increasing the average stop mass,
so that the log term is large, or by increasing the stop mixing, so that X;/Mg is large, with
the maximal m? obtained for X;/Mg of around 2.4 [204].

Since our main objective is to obtain the correct Higgs mass with superpartners within LHC

reach, we need a large X; /Mg, and therefore a large A;. As can be seen from equations (5.5), a
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non-zero y;, which generates A;, also gives new contributions to the stop masses, proportional
to y}. These contributions are positive, so that Mg is increased as well. Note that the new
coupling also gives rise to negative contributions to the stop masses, proportional to y2g?,
but there is an accidental cancellation between these and the positive y2Y;? contribution. At
low messenger scales however, the one-loop contributions are important, and since these are

negative, one can obtain large X;/Mg with low Mg.

Thus, at low messenger scales, our models can give a heavy Higgs together with light stops,
while at high scales, a heavy Higgs necessitates heavy stops. The messenger-scale masses of

the remaining superpartner remain unchanged, and will only be modified by the running.

5.3 Higgs mass and superpartner masses

5.3.1 The Higgs and stop masses

We first consider models with one set of messengers. With the Z3 charges of Table 5.1,
only the D; messenger couplings to matter are allowed. Moreover, since we assume that D;
and Hy have the same charge under the flavor symmetry of the model, the only significant
messenger coupling is y; = (yu)s3. We use SOFTSUSY [205] to calculate the Higgs mass for
different choices of the GMSB parameters and y;. Given the theoretical uncertainty in the
calculation of the Higgs mass, it is interesting to study Higgs masses in the 124-128 GeV

window.

In Fig. 5.1 we show contours of the Higgs and stop masses as a function of A = F'/M and y;,
for a low messenger scale of M = 900 TeV, with tan 3 = 10. For such a low messenger scale,
the one-loop O(F*/M?Y) corrections are not necessarily negligible and have been taken into

account. Fig. 5.1a shows the Higgs mass contours for a wide range of y;. The white region
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Figure 5.1: The Higgs and stop masses for N = 1, M = 900 TeV, tan = 10. Fig. 5.1a
shows the Higgs mass for a wide range of 1;. The predictions of minimal gauge mediation can
be read off from the line 3, = 0. The white region is excluded because it leads to tachyonic
stops (see text). In Fig. 5.1b, we show Higgs mass (solid), heavy stop mass (dotted) and
light stop mass (dashed) contour lines in a smaller region of y;. In Fig. 5.1c we show Higgs
(solid), p (dashed) and x; = | X;/Mg| (dotted) contour lines in the same region.
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for intermediate values of y; is excluded. In this region, the stops are either tachyonic or too
light for successful electroweak symmetry breaking. As explained above, for these values of
yt, the negative one-loop contribution to the stop mass-squared is comparable to the positive
contributions from pure GMSB. As y; is increased, the y} contribution to the stop masses
guarantees that the stops are non-tachyonic, but because of the partial cancellation between
the 1-loop and 2-loop contributions, the A-term becomes appreciable compared to the stop
masses and the resulting large mixing allows for a heavy Higgs. As y; is increased further,
the stops become heavy relative to the other superpartners. In this regime, the heavy stops

and large A-terms both play a crucial role in making the Higgs heavy.

In Fig. 5.1b, we zoom in on the interesting range y; ~ 1, and show contours of the Higgs
mass together with the two stop masses, with the remaining parameters being the same as in
Fig. 5.1a. In Fig. 5.1c, we also show contours of y and the mixing parameter z, = | X;/Mg]|.
As expected, the largest values of x; are obtained close to the excluded regions where one
of the stops is relatively light. Thus, appreciable A-terms can be obtained without a large
increase in the stop squared masses. Indeed, as can be seen in Fig. 5.1b, for these large
values of z;, the Higgs mass can be large even for low A’s, such that the stops are light. For

yr ~ 1 we can therefore find at least one stop below 2 TeV.

We can get even lighter stops by lowering the messenger scale, which allows for a lower A. In
Fig. 5.2 we show the behavior of the models for M = 400 TeV. Note that since we only know
the leading F'/M? behavior of the new contributions to the soft masses, we keep F//M? < 0.5
(the pure GMSB higher-order corrections are known to be small [206]). Indeed, a Higgs mass
of 125 GeV is obtained with both stops between 1.5 and 2 TeV, and stops below 1.5 TeV
allow for Higgs masses above 124 GeV (as mentioned above, one should bear in mind the
uncertainty in our Higgs mass calculation). The remaining squarks will be quite light too in

this region, and we will give a few example spectra to illustrate this in the next Section.

For higher messengers scales, the behavior of the models is qualitatively different. To demon-
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Figure 5.2: Same plots as in Fig 5.1a and 5.1b with M = 400 TeV and tan 5 = 10

strate this, we present similar plots for two other messenger scales, M = 102 Gev in Fig 5.3
and M = 10®Gev in Fig 5.4. Clearly, the tachyonic stop region for moderate v, is absent
for these high scales, since the negative one-loop contribution is negligible. Thus a 125 GeV
Higgs requires heavy stops, above 4 TeV. It is interesting to compare our results for high
messenger scales with models of minimal gauge mediation. As is well known, with a lot of
running, appreciable A-terms can be generated in pure GMSB models. This is, however, not
sufficient—as was shown in Ref. [186|, even with a high messenger scale a heavy Higgs re-
quires very heavy stops near 8-10 TeV. For example, with M = 7.9-10'? Gev and tan 3 = 10,
a Higgs mass of 125 GeV can be achieved if A = 1.3-10° Gev [186]. With such a high value of
A, one of the stops is the lightest squark and has a mass of 7.9 Tev. In contrast, if we choose
the same messenger scale in the FGM model with y; = 1.1, a Higgs mass of 124.2 Gev can
be achieved with A = 3.35 - 10° Gev. While the stops are still very heavy (around 5 TeV)
due to the messenger Yukawa contributions, the remaining superpartners are significantly
lighter, with the gluino and right handed up and charm squarks around 2.3-2.4 TeV, and a
461 GeV bino NLSP.
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Figure 5.3: Same plots as in Fig 5.1a and 5.1b with M = 102 GeV and tan 8 = 10

While the models with only messenger-top Yukawas are the most economical ones, viable
models with additional messenger-bottom and messenger-tau couplings may also be viable.
As an example, in Fig. 5.5 we present Higgs mass contours in the y; — 1, plane for N = 2,
with M = 108 Gev, A = 230 Tev, and tan 8 = 10. For large values of v, the sleptons become

tachyonic, leading to the white excluded region on the right.

Since we are turning on order-one superpotential couplings, it is interesting to ask at what
scales these become non-perturbative. For example, if N = 1 the high scale models with
M = 10'? GeV remain perturbative even above the GUT scale. For M = 10® GeV, one
loses perturbativity at around 10*2 — 10*® GeV for y, ~ 1. Finally, with M = 900 TeV, the
models stay perturbative up to 10° — 10'° GeV for y, above 1, and for a smaller y, ~ 0.9
(as is the case with one of the lighter spectra we show below. See Table 5.2) up to scales of
around 10 GeV. In the case of N = 2 the couplings remain perturbative for a few order of

magnitude above the messenger scale.
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Figure 5.4: Same plots as in Fig 5.1a and and 5.1b with M = 10® GeV, tan 3 = 20.

5.3.2 Superpartner spectra and LHC signatures

To understand the phenomenology of our FGM models, we present in Table 5.2

complete superpartner spectra for several choices of the parameters at low, intermediate and
high messenger scales. A detailed analysis of the experimental signatures is beyond the scope
of this chapter, and these spectra are only meant to illustrate the general features of the
models. Thus for example, spectrum 1, which has a light gluino and first generation squarks,
is ruled out by jets-plus-missing-energy searches like [207,208] and possibly by specific GMSB

searches [209,210]. It is nonetheless useful to point out a few key features.

First, large regions of the parameter space yield gluiono and squark masses that will hopefully
be accessible in the 14 TeV LHC. Indeed, in many of the examples shown in Table 5.2, the
gluino and some first generation squarks are below 2.5 TeV, and sometimes considerably

lighter.

Second, even with a single messenger pair, for which mGMSB models usually predict a
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Parameter | Spect. 1 | Spect. 2 | Spect. 3 | Spect. 4 | Spect. 5 | Spect. 6 | Spect. 7 | Spect. 8
M ess 2-10° 4-10° 9.10° 1-108 1-108 1-102% | 1-102 |7.9-10%
A 1.05-10° | 1.65-10° | 3.03 - 10° | 3.08 - 10° | 2.74 - 10° | 4.00 - 10° | 3.55 - 10° | 3.35 - 10°
tan g3 10 10 10 20 20 10 10 10
Yt 1.45 1.20 0.92 1.19 1.18 1.13 1.14 1.10
I 2606 3165 4053 6405 5648 7844 7091 6278
ho 124.9 1254 126.0 125.0 124.5 125.0 124.5 124.2
A 2686 3281 4248 6570 5792 8107 7319 6493
Hy 2686 3281 4250 6567 5791 8105 7319 6493
Hy 2687 3283 4249 6571 5792 8107 7320 6494
t 1620 1997 1795 5698 4986 6243 5634 4899
to 2050 2315 2623 7232 6305 7576 6855 5826
br, 1680 2069 2615 5654 4948 6195 5591 4864
br 1119 1683 2918 2721 2439 3359 3007 2803
ur, cr 1179 1780 3116 2987 2672 3616 3229 3029
UR, CR 1096 1668 2950 2508 2257 2704 2401 2281
dr, Sr, 1182 1781 3117 2987 2673 3617 3230 3030
dr, Sg 1133 1698 2950 2844 2546 3403 3048 2839
ern, HL 305 525 1039 569 523 578 417 620
€R, IR 356 458 618 1514 1333 2378 2149 1991
TL 244 550 1038 505 462 555 390 603
TR 392 418 604 1476 1303 2363 2135 1979
Ve 295 519 1035 555 509 562 397 606
Uy, Vs 295 519 1036 563 516 571 408 614
X1 151 233 425 426 378 552 488 461
X2 299 457 822 826 732 1056 935 880
X3 2642 3208 4107 6573 5793 8010 7239 6403
X4 2643 3209 4108 6573 5793 8010 7240 6404
i 299 458 823 826 733 1056 935 880
X 2643 3210 4109 6573 5794 8011 7240 6404
g 894 1315 2240 2251 2024 2832 2540 2404

Table 5.2: Model parameters, and resulting Higgs parameters and spectra for eight sample
models. All mass parameters are given in GeV.
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neutralino NLSP, the NLSP in our models can be either a bino, a left-handed charged slepton,
or a sneutrino, depending on the choice of parameters. This is due to the fact that the
U(1)y contributions to the RG evolution of sfermion masses contain a term proportional to
S = Tr[)/jméj], where the trace is taken over all the SM sfermions. Normally this contribution
suppresses the right-handed sfermions masses, but in flavored GMSB the sign of S changes
for sufficiently large y;. Furthermore, since for large y; the stop masses are much larger
than the remaining soft-terms, the effect of S through the running is dramatic. As a result,
in some regions of the parameter space, the right-handed sleptons become heavy while the

left-handed ones are relatively light.

While squarks are generically heavy in this class of models, the sleptons, charginos and
neutralinos can be quite light, and may therefore be discovered even if produced directly.
This depends of course on the details of the spectrum, and in particular on the identity
and lifetime of the NLSP. Whether or not the NLSP decays inside the detector depends
on the gravitino mass, which involves a lot of uncertainty”. In any case, the fact that the
gravitino is the LSP in these models can provide additional handles for their discovery,
using either prompt NLSP decays to the gravitino as in [209,210], or the long lifetime of a
charged NLSP. Thus for example, the current bound on a long-lived charged slepton NLSP
in mGMSB is 300 GeV [212] and the model-independent bound on Drell-Yan produced right-
handed sleptons just somewhat below that. These bounds are likely to improve considerably

for long-lived charged left-handed sleptons at the 14 TeV LHC.

It would also be interesting to study models with more messenger pairs. Since the pure gauge
contribution to the scalar squared masses is proportional to IV, we expect that for such models

the cancellation between the negative new contributions and pure gauge contributions will

7 If Fx is the dominant F-term, the gravitino mass in our models varies between about 100 eV for
M =900 TeV to a GeV for the high-scale models. It is quite plausible however that there are much higher
F terms in the supersymmetry-breaking sector, as is often the case in calculable models, in which case Fx is
generated through several small couplings from a higher F-term. For large values of the gravitino mass, the
NLSP would decay outside the detector. Heavy gravitinos from late NLSP decay could also supply warm
dark matter [186,211].
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be less dramatic than for the N = 1 models, so that very light spectra would not occur.
Such models would typically give rise to gluino masses above squark masses, and to slepton

or sneutrino NLSPs.

5.4 Conclusions

We have shown that gauge-mediated models with messenger-matter couplings can give rise
to an acceptable Higgs mass, with colored superpartners within LHC reach. The important
new ingredient in these models is the messenger-scale top A-term, which gives rise to sig-
nificant stop mixing, and therefore enhances the Higgs mass. While a heavy Higgs can be
obtained for a wide range of messenger scales, the details of the superpartner spectra may
vary significantly. For low messenger scales, the one-loop O(F*) negative contributions to
the stop masses are important, so that the stops are relatively light while the Higgs mass is
raised largely due to the A-terms. For large messenger scales, the stops become heavy due to
large positive contributions proportional to the messenger Yukawas. As a result, the Higgs

mass is raised both due to the A-terms and to the large stop masses.

The messenger Yukawas often lead to another novel effect — the U(1)y contribution to
sfermion RGE’s may change sign so that left-handed sleptons become light. We see that
the resulting spectra can be quite diverse with either a neutralino or slepton NLSP. We
leave a detailed study of the phenomenology of these models for future work. It would also
be interesting to examine models with down-type messenger couplings, which may lead to
rather different phenomenology. We further note that while we have concentrated on models
with only a single pair of messengers and a messenger-top coupling, the results can be easily
generalized to models with several messenger pairs, with or without messenger down-type

couplings.
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The structure of the matter-messenger couplings can naturally be the same as the structure
of the usual Yukawas, since the new couplings are obtained by replacing Hy and/or Hp
by the messenger of the same gauge charge. The models are therefore protected against
flavor-violation by supersymmetric alignment. This can be simply realized in the context of
flavor symmetries if the Higgs and corresponding messenger have the same charges under

the flavor symmetry.

The amount of tuning in our models is related to the tuning of the new messenger-matter
coupling ¥;. As can be seen in Table 5.2, for spectrum 1, which relies on a finely-dialed ¥, to
obtain a light spectrum, the p-term is 2.6 TeV, while less tuned choices of y; require larger
p-terms; around 6 or 8 TeV. Generating an acceptable u-term in our models is an important
direction to pursue. If there is a successful mechanism for generating the p-term, the tuning
question would translate into the question of how finely one needs to tune the coupling y;.
It is probably far from trivial to find a successful mechanism for generating the u-term, and
even if it is found, the required tuning of ¥, is likely to be significant. Still, since y; is a
superpotential coupling, the tuning involved is qualitatively different from the tuning of the

Higgs mass in the standard model.

Note added

After posting the original version of this article on the archive, M. Ibe drew our attention
to [213,214], which use the same messenger-top coupling in order to raise the Higgs mass.
There is thus some overlap between our work and [213,214| as concerns the implications of a
heavy Higgs. The origin of the messenger-matter coupling is different however in [213,214],
with the result that these models are MFV. Also, while we calculate the new contributions of
the full 3-generation coupling matrices, [213,214| only consider third generation couplings.

While completing this revised version, Ref. [215] appeared, which surveys different messenger-
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matter couplings. Our results for the soft masses now agree with [213-215], but our approach

to the calculation differs from theirs.
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Figure 5.5: Higgs mass contours in the 1 — y; plane with M = 108 Gev, A = 230 Tev, and
tan g = 10.
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Chapter 6

Conclusion

The hierarchy problem, in association with other standing puzzles such as dark matter,
baryogenesis, neutrino masses, flavor hierarchy, and gauge coupling unification, gives us
great hope that some new physics exists at the TeV scale. In this work, we have presented
various approaches of searching for such new phenomena utilizing a variety of experimental

techniques.

In Ch. 2 we presented a systematic way of looking for new resonances at the LHC based on
classifying the final state topology. We analyzed the future prospects for a concrete example,
namely a 2-lepton and 2-jets topology which has not been well studied. In constructing a
simple toy model to perform the analysis we were forced to consider existing limits on the
model using alternative channels that are well explored in the literature, and it is not clear
whether our chosen topology would continue to provide complementary results at future LHC
runs. Although, the simplicity of the approach and the flexibility of the result presentation

remain attractive features nonetheless. This idea has been pursued further by Ref. [225].

In Ch. 3, we investigated a model of spin-3/2 leptons using LHC data supplemented with

effective operators inspired by fermion compositeness. Such model, while possible within
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some theoretical framework, has not been well explored due to the lack of such fields in

popular new physics models. Limits based on current LHC data were presented.

An extension of the MSSM has been studied in Ch. 4, where it was supplemented by extra
vector-like matter. We showed that, in addition to the well known motivations of solving the
hierarchy problem and preserving perturbative gauge coupling unification, this model can

significantly expand on the parameter space of viable bino dark matter.

Additionally, the current and future sensitivities of colliders, direct detection, and indirect
detection experiments has been presented. We found that the parameter space will be

comprehensively covered by a combination of those experiments.

Finally, we delved deeper into the structure of the MSSM in Ch. 5 to better understand the
extent to which fine-tuning can be reduced if gauge mediation is relied upon as the primary
mechanism of transmitting supersymmetry breaking to the observable sector. We concluded
that additional flavor interactions can induce desirable corrections to the Higgs mass while
maintaining an experimentally accessible spectrum of superpartners. However, the additional
structure suffers from its own sources if fine-tuning as well as a loss of perturbativity at
high energy. The model still serves as useful proof of principle for constructing models of

supersymmetry breaking.

We have a great amount of experimental and observational resources at out disposal, and
with the infinite possibilities of new discoveries to be made, a balance needs to be made in
deciding on search strategies. In exploring a variety of different approaches, we hope that, in
addition to the results specific to each model, their advantages and disadvantages has been
highlighted and will serve to help guide the searches of new physics in the exciting years to

come.
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Appendix A

Derivation of the soft terms

In this Appendix, we describe the calculation of the soft terms. As pointed out in [199],
these can be extracted from the wave function renormalizations of the light fields, treating
the heavy threshold as a spurion. The main advantage of this method is that the running
of the wave function renormalizations, as well as of the various couplings, is only needed at
one-loop. The method of [199] was used in [201]| to obtain the soft terms in models with
messenger-matter couplings. However, the analysis of [201], as well as the analysis in an
earlier version of this article, did not treat the matter-messenger mixing correctly. In A.1
we clarify this issue by discussing a simple toy model. In A.4, we generalize the results to
models with multiple fields and couplings. Our final results are given in A.5. As a double
check of our derivation, we explicitly calculate the relevant contributions, namely the mixed

y?Y? terms, in A.6.
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A.1 Analytic continuation in the presence of mixing

To discuss the calculation of the soft terms in the presence of messenger-SM mixings, we

first consider a simple toy model, with the superpotential
W =XDD+ (y"D+ Y H)le. (A1)

Here X = M + F6? is the SUSY breaking spurion, D, D, H, | and e are singlet fields, and we
use the superscript © to denote the superpotential couplings y° and Y in order to distinguish

them from the running couplings.

Our analysis closely follows [201], which applied the method of [199] to models with multiple
couplings, in which one cannot integrate the one-loop RGEs to obtain closed-form expressions
for the wave function renormalizations and couplings. The necessary ingredients in the
calculation are the RGE’s for the various couplings, and the boundary conditions for these
couplings. In the absence of mixing between the messengers and SM fields, there is a clear
distinction between the messengers and light fields. In our toy model however, H and D
mix, and as a result, there is some ambiguity in the identification of the messenger and Higgs
couplings. The key in the calculation is therefore the correct matching of the high-energy
and low-energy theories, which we will perform by identifying the physical heavy and light
combinations of messenger and Higgs fields, and by demanding that the physical coupling

of the light combination is continuous across the threshold.

Let us first recall the main results of [199]. At leading order in F//M?, the soft mass of the

light field f can be extracted from its wave function renormalization Zy,

_1(’32 InZ;(u) F?

4 9lnM?2 M2’ (A-2)

mf(M) =

at u < M. This relies on the fact that, at this order, the only threshold dependence
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enters through the one-loop running of Z¢, and therefore one can obtain the soft masses
by promoting M to a superfield. Specifically, as argued in [199] based on symmetries and
holomorphy, Z;(M) — Z;(v'XTX). Note that, since the theory is defined at a scale A above
M, the derivatives with respect to M are taken while holding the physical couplings at A
fixed. It is therefore natural to choose a canonical Kéhler potential at A, and to hold the

superpotential couplings fixed while taking derivatives with respect to M.

It will be convenient to rewrite our model by defining, ¢; = D, ¢ = H, ¢y = y° and y§ = Y°.

The high energy theory is then defined at the cutoff A, by the superpotential
W = XDéy + y)psle (A.3)

where i = 1,2. As noted above, we take the Kéahler potential to be canonical at A.

At any scale i below A and above the messenger scale, the renormalized fields are

o) = 22 ()i 65 () = 221, e(p) = 2w e, (A.4)

Here Z'/? is the square-root of the two-by-two wave-function renormalization matrix Z. The

running couplings are given by

vi(p) = 272 (0) 277 () 272 () s (A.5)

Note that Z is a real superfield. At one loop, Z runs according to

A
o= VARSVAILE (A.6)

where v is the two-by-two matrix of anomalous dimensions.

At the messenger scale puyx, we have a heavy combination $p1 and (the orthogonal) light
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combination ¢,o,

o = [Z7(ux)ndm + 27 (ux)12¢r2] /O (ux) (A7)
Gra = [Z_I/Q(Mx)ngbm - Z_l/Q(,uX)mqbn] /C(ux) (A.8)

where
Olpx) =\ (272 (ux)1)? + 122 (x)a? (A.9)

and where we used

(Z712)y = (271 (A.10)

We can now find the physical couplings at the threshold. The physical coupling of the heavy

combination ¢,; to [ and e is,

—1/2 ~1/2 —1/2
98221 / (/~LX> (Zn / (MX) + Zoo / (MX)>

1 (ix) = 27 P (ux) Z2V2 (ux) Cux) |00 +

C(px)? ’
(A.11)
and the physical coupling of the light combination ¢, to [ and e is,
B 3 - Z—1/2 Lx Z—1/2 x o Z_I/Q(,UX 2
() = 27 ) 2 p) ke el g (q g
VIZ72 () 2+ 127172 (px ) o
The physical messenger scale is
wx = (1272 () nl® + 1272 (noel?) XX (A.13)

To leading order, we can replace u% by XX, since the difference between the two gives a
3-loop correction to the soft masses (see also [216]). In the following we will therefore set
pux = M. Furthermore, the expression for the soft masses (A.2) involves the running of

Z and the couplings at one-loop only. Thus we only need to match the couplings at the
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threshold at one-loop, and at this order the coupling of the heavy combination is
B(M) = 272 (M) 2720 2712 (M) () + 2272 (M) 08) (A.14)
while the coupling of the light combination is,
(M) = 2, P(M) ZZ V(M) 27 (M) o (A.15)

Equations (A.14) and (A.15) are the key results of the preceding analysis, and lead to the
main difference between our results and the results of [201]. The point is that these couplings
do not coincide with the running couplings y;(M) of eqn. (A.5). In particular, the coupling
of the light combination at the threshold, 7»(M), does not involve either y? or the mixed
anomalous dimension 7,5 since at one loop (Z -1/ 2)22 only depends on 755. Consequently, as
we will see below, the soft mass of the light combination H does not depend on the mixed
anomalous dimension v,. This is precisely what one would expect intuitively!. On the other
hand, the coupling of the heavy combination (A.14) involves both 3? and ¢9, with the latter
multiplied by the mixed anomalous dimension 7,5. However, this contribution appears with

a factor of 2 compared to the analogous term in the running coupling y; (M).

The two conclusions of the above discussion, namely, the absence of 75 in the coupling
of the light combination, and the factor of 2 multiplying ;2 in the coupling of the heavy
combination, only involve the fields H and D, and are not affected by the structure of the
couplings to the remaining fields [ and e. These conclusions therefore carry over trivially to
the full 3-generation model. In other words, we only need to integrate out the heavy field

once, and at one-loop, this procedure only involves the wave-function renormalizations of H

and D.

'In fact, in the earlier version of this article, this intuition motivated us to ignore the contributions of 12
in the soft masses. This is indeed correct for H, but not for the other SM fields.
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We can now turn to the low energy theory. Clearly, this theory can be written in terms of
the fields I, e, and H. Its coupling is defined by matching to the high scale theory at the
threshold. That is, we require that the running coupling in the low-energy theory, Y (u)

match the physical coupling of the light combination at the threshold M at one-loop,
V(M) = g2(M) (A.16)
with go(M) given by eqn. (A.15). The low-energy theory is therefore defined by
W =Y Hle (A.17)

with Z;(M), Z.(M) and Zy(M) continuous across the threshold. More precisely, for the
latter?,

Zy(M) = Zs(M). (A.18)

Thus, both the wave-function renormalization and the physical coupling of the light com-
bination are continuous across the threshold as one would expect, but, as noted above, the

coupling of this combination is different from the running coupling ys(M).

Note that, since we only have a single combination of ¢; and ¢, in the low-energy theory, we
have reverted to the original notation and replaced y3 by Y°. The running coupling below

M 1is therefore

zi ) 20wz
—1/2 ~1/2 12 Ya(M). (A.19)

Z7 (M) Z2 VP 7, (M)

2Note that at one loop, (Zyy'/?)? = Z3".

Y(t) =
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A.2 slepton mass

Let us use this to calculate the [ mass following [201]. For u < M,

InA In M
) = [ ar@ar— [ o). (A.20)
1 t

n M

with ¢ = In . We use the superscript > (<) to denote the theory above (below) M.

We have
02 () = 57 (M) - <(M>—/IHM O () (A.21)
o M T K ¢ 9 M ! ’ '
and
S M Z0M) = 5 6 O0) =2 () = g ) (A.22)
dln M? na  O0lnM i i 8lnM% t=In M - )

The jump in the [ anomalous dimension is given by the contribution of the heavy field to ;.

Therefore,

7 (M) = 27 (M) = == [in (M) (4.23)

The [ anomalous dimension at scales below M is given by

) = oy VP, (A.24)
with
2 _ ZZ(M) Ze(M) Zh(M) B | -1 -1 02
|Y<t>| - Zl(ﬂ) Ze(,u) ZH(N) Y(M) _Zl (:U’)Ze (:u)ZH (/vb)‘y2| . <A25>
Thus,
mi (M) = _411 ’% ﬁanl(M) (A.26)
- H% 16271'2 [812M|g1(M)|2+8lr?M|Y(t)|2|tZIHM ‘ (A.27)
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The derivatives in the expression above involve of course the beta functions of the two cou-
plings, which in turn are combinations of the various anomalous dimensions. The derivative
of the first term can be obtained from eqn. (A.14), and, as explained above, involves double

the usual contribution of 5.

In contrast, the derivative of the second term does not contain 7,5 at all, since ;5 cannot
appear in the theory below M, and does not appear in Y (M) as we saw above. To obtain

the second term of eqn. (A.26), we can use first eqn. (A.20) which gives at one loop,

ath In Zy(n) = Au(M) =7 (M) =7 (M) (A.28)
so that
ah?MZl_l(“) = —An(M). (A.29)

We also need the analogous expression for Zpy,

In M
InZy(p) =1nZy(M) — / vy dt’ (A.30)
t
so at one-loop
0
alnMZH(H) =Y22(M) —yu(M) =0. (A.31)

Plugging these in eqn. (A.26), we have,

2

1

2
M) = -
mi (M) =7 765

= (A.32)

(7 + 92 + 7)Y + 272yY — [Ay; + Av]Y?]

with everything evaluated at the scale M. Substituting in the values of the anomalous

dimensions one gets

1
mi = Lyt 2y |

(4m)

, (A.33)
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or for a simplified model where all fields are singlets

1 F
m? = Gyt 2 | (A.34)

(4m)*

simplified

Alternatively, we can rewrite eqn. (A.32) in a way that is more similar to the expression

of [201],

dA~ dv
v12=0 — 2 dy Y- dY [ BY Y12= 0)

(M) =~ (dM 65 (A.35)

Here the various f’s and anomalous dimensions are the standard ones, and [].,,,—o indicates

Y12

that 712 should be set to zero in the expression for the relevant 5. One could in principle
denote the couplings collectively by A, as in [201], but Ay only depends on the messenger

couplings y, whereas v< only depends on the Higgs couplings Y.

A.3 Higgs mass

To calculate the Higgs mass we again need to take two derivatives of

InZy(p) =1n Zoo(M) — /tlnM”yfI(t’) dt'. (A.36)

Since there is no jump in the anomalous dimension of H, one could immediately start with

the analog of eqn. (A.22) and set Ayy = 0. We can also derive this result more carefully.

Writing
InA
Zyp(M) =1~ / (224 21?),, dt (A.37)
In M
we find (dropping 3-loop terms)
0? )
In Zgy(M M) . A.
™ (M) = i Mm( ) + a2l (M) (A.38)
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Then

Oln a2 A =M = G

(Yoo (M) = v (M)) + |2l —

i (Blemar - (A.39)

Note that y29(M) and vy (M) differ at one-loop:

(M) = =2 D = =25 B2 0) 274 (0) 2 (M) + (ol 25 200) + ec)]

1672 1672
(A.40)
whereas
-2 2 -2 | 92,1 -1 1

) = == [P = S P25 0N Z7 (M) 2 (M) (A1)

Therefore

0 _ —2 0 0, 0% rr—1/2 _ 2

alnM(PYZQ(M) - WH(M)) - 167T2 8lnM (ylyZ Zl? (M) + CC) - _|P)/12(M)’ ) (A42)

which precisely cancels the third term in (A.39). We are then left with

2

Oln M?

0
—mnM”YH(t)h:lnM : (A.43)

p=M

In Zy (M)

In this case, the soft mass only depends on the anomalous dimension in the low-energy
theory, and therefore does not involve the mixed anomalous dimension ;5 as explained in

the previous section.

Using the results of the last section we find,

1 2 ? 1 2
== Ay + AV)|Y P || = - Y | A.44
mh = 1 om B+ AVE || =~ G || (e
or for a simplified model where all fields are singlets
1 2
=AY |— A45
= gyt CUPIYP) (A.45)
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Again, we can rewrite this in analogy with eq.(A.35),

2

, (A.46)

U

F

,y<
L ABY], 0 |77

where we used Ayy = 0.

A.4 Multiple couplings

We can now generalize these results to models with multiple fields and couplings. Specifically,

we will take the superpotential to be
W =XDD + (y2,D + Y2 H)lseq, (A.47)

where the different fields can have different multiplicities®>. As before we define ¢, = D,
¢ =H, 0, =1°, and y3,, = Y2 . The various wave-function renormalizations are now all

matrices, and the expressions for the soft masses at 2-loops generalize to

2

L | (A.48)

mi () = 1

Z(p) (0Z(u) ) ’

F
Oln M?2 Oln M ‘_

M

and similarly for e. Using the RGE for the matrix Z; (in analogy with eqn. (A.6)) this can

be written as (at u = M),

" (A.49)

_ = _ <
m; (M) = alnMA%(M) S (1)

, 17 d )
1

F
n=M M

3This covers also the models with both down-quark and lepton couplings, with @ = 1...3 running over
quarks and a = 4...6 over leptons etc.
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and similarly for e. For completeness we display again the expression for the Higgs mass,

2

F

MM‘M

1 <
19ma i W (A.50)

Note that the second term of (A.49) is common to all the SM fields including H and <
given by the square of the low-energy coupling Y. On the other hand the first term of (A.49)
does not appear in the H mass (since its anomalous dimension is continuous across the

threshold), and A~(M) is given by the square of g(M).

It is now easy to evaluate these expressions. Let us do this explicitly for the [ mass. The

first term of (A.49) is then

9 2 9
ot 1M e = (_E) {«%am At } (4.51)
1/ 2\ ,,
= -3 (——16W2) [V (Vi1Wa0 + Voabsa + Vialas + 2775 Yaa) + cc]

where in the second line we omitted the tildes because the expression is already of two-loop

order. The second term of (A.49) is,

9 < 2 )
0ln M% (M) u=M o (_ 1671'2) |:)/bo<al MYaoc + CC:| (A52)
1 2
= _§ ( 16 ) [yba (AIYbayba + A’Yﬁayaﬁ) + CC] .

Finally we need to substitute,

Ape = (—1627T2) (vy') (A.53)

and the analogous expression for e. Here again we used the fact that Ay ~ g(M)? but to

leading order § = y.
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A.5 Soft terms in the three generation model

We are now ready to present the soft terms resulting from general coupling matrices vy, yp

and yr,.

Note that our couplings Yy are actually the complex conjugates of the commonly used
standard-model Yukawas, which we denote by y,. To conform with the standard notation
we will therefore express the soft terms in terms of Y, and y, (and similarly for the down

and lepton couplings with

Yo=Yy, Ya=Yp, Y=Y,

*

Yo=Yy Ya=UYp, Y=Y (A.54)

The 2-loop soft squared masses at = M are

) ) 16 13
m = w || { (3T7” (viyu) — 3932, —3g5 — 1—59%) Yuyl

+ (T r <3y2yd +y yz) - 93? — 395 — %gf) Yay,

+ 3yl vl + 3yaylyayl + vuybyayl + vayiyayl

+ 20 Y1 Yoyl + 200V Yyl — 2Viyly, Y — 2YaylyaY]
+y. Y Tr (3ylY,) + Yoyl Tr (3Y,y,)

VyaYiTr <3yjle + leYg> + YayhTr <3ijd + Yﬁyl>
+2N5 <§9§ + 293 + %gil) 13><3}

(A.55)
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~ 2 16 13
ity =t {2 (37 Gl - ot 20 - a2 )

+ 6yl gyl v + 200 Y Yy + 201 YoV v + 20 yaylve
—QYTyuqu — QYTydde + ZyLYuTr (BYTyu)

4 4
+2YTyuTr (3y Y) + 2 (§g3 15) N59113><3} (A56)

- 2 16 7
My = @y |37 { 2 (TT <3y§yd +yf yz) - ggi — 395 — E%) Y

+ 6ylyaylya + 200V Y ya + 20t yuylva + 205 YaY ya
— 2V yyl Yo — 2V yaylYa

2y T (3Yj Ya + nyl) + 2y Tr <3ded +y Y)

4 1
2N, 154
+ 5<3 +15 ) 33}

(A.57)
~ 2 9
mi = oy | ] { (TT <3y$yd +y§yz> — 393 — 59?) iyl
+ 3yl + 20 Yy — 2viylu Y
YT (3y Y, + y}Y) 4 Yyl Tr <3Y;yd + Yﬁyl)
3 3
+2N5 (ZgQ 20 > 13><3} (A.58)
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~ 2 9
e = g {2 (7 (s sf) =303 = 307 sl
+ 6yl vyl v + 291y — 2V Y,
2y iTr (3 fya + Yiw ) + 2wl (3yYa+ yivi)

6
+5N5gf13><3} (A.59)

~ 2
i = o | 5] { —3Tr (YJ Yyl Yo + YiyayhY, + 2V Yuylyu>

s, A.60
+2N5 (492 2091) } ( )

wiye = i G o (malYa+ Viuala+ 2] Vil

3 3
—Tr (YlTylleY} + 2YZTYzleyz) +2N5 (193 + %gf) }

(A.61)
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In addition, we give here the fully-flavored 1-loop contributions to the soft masses,

1 4
6m3L = 2 6 (yuyu + ydyd> 276 (AGQ)
1
5miR = 2§ (3/ Yu) ﬁ (A.63)
1 F?
omg, = 23 (y yd> 6 (A.64)
1 F*
omi = 26 (?JZ?JD G (A.65)
1 F*
Sm2 = - ( ) . A.
m, 123 W) 3 (A.66)
The A-terms, i.e the coefficients of the Lagrangian terms L D (Au)i,j(jLia}({jHU
+ (Ad)i,quicZ}de + (Al)i,jzué}%de at the scale M are,
AF = — L <y y! —I—ydyT> Y, +2Y, (yly )] r (A.67)
u 1672 L\7"7" dj - AT LM
1 7 F
ko i T T
A = ~1gm _(yuyu + ydyd) Yo+ 2Yy (ydydﬂ i (A.68)
1 7 F
x i T
Al = T _<?/lyl> Y, +2Y; (?Jz yz)} i (A.69)
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A.6 Explicit 2-loop Calculation

A a cross-check of the calculation described above, we have also calculated the mixed 3?Y?
terms explicitly. Since we are only interested in verifying the two loop contributions, which
are only known to leading order in F'/M? we work in the limit F < M?, treating F' as an

insertion.
The scalar interaction Lagrangian is
Lscstar O —FDD — F*D*D* — |Fp|* — |Fp|* — |Fy|* — |F)|* — |F.|?
= —FDD — F*D*D* — |MD + yle|* — |MD|? — |Yle|?
—|YHe +yDe|* — |Y HIl + yDI|?
= —FDD -~ F*D*D* — |M|?D*D — |M|*D*D
—My*Dl*e* — M*yD*le — (|[Y|* + |y|*)I*le*e
—(|Y|?H*H + |y|’D*D + Yy*HD* + Y*yH*D)e*e

—([YPPH*H + |y|’D*D + Yy*HD* + Y*yH*D)l*l (A.70)
and the fermion Lagrangian is

— Lyermion = Mpp+Y (Hpe+-ehibu +1uthe) +y(Dpe+edybp+lhpihe) +c.c (AT1)

For the sake of brevity we will define

Jee= [ | oy (A7

While we are working in the F//M? < 1 limit, it is important to remember that the sfermions

obtain small soft mass (of order F*/M?) already at one loop. Indeed, loops of massless scalars
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in the calculation presented below lead to spurious IR divergences which manifest themselves
in the fact that the results of the calculation appear to depend on the order of integration.
The presence of non-vanishing scalar masses cuts off these divergences leading to a finite
result independent of the order of integration. For the sake of brevity, below we choose the
order of integration which gives the correct result even when light scalars are treated as

massless.
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A.7 H field soft mass squared

The four 2-loop diagrams with two insertions of the SUSY breaking spurion and their con-

tributions are given by,

D
¥ T X
( l,e )
e?\\ - :/01 " ) ) M2
H__ _ . _ _ H_ = ¢|F|*|lyY d A.73
ilFly |/ (’Dp4(k:2—M2)3(p—k)2 ( )
D
Y
NI
><
/N
e ]*[ ] (’]
N ) 1
Bo__ o Ho o Z‘F|2|yy|2/d(’0 I (A.74)
D
o
v _Ley
el el
o 0
_ 2p- (p— k)
Le = —ilFI? y2/d A.75
il F|*|yY| gpp4(p—k)2(/€2—M2)3 ( )
NG
RN
/
/ \
o xR oo H
\ /
s PRy [ d ! AT
! - Z‘ ||y | Sp(kz_Mg)g,(p_k)QpQ ( : )

The integrals on the right-hand side represent contributions of either [ or e propagating in

the loop. Multiplying the results by a factor of two to account for the number of fields in
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the loop and summing the diagrams we obtain

I

, 1 M? 1 1 2p-(p—k)
2|Y 2F2/d 3 -
Z| ?J| | | SOpQ(k‘Q _ M2)3 (p2(p — k)2 + p? + (p - k)2 pz(p - k’)2 )
k2+M2
— 2y 2F2/ =
i|Yy|*| F] d¢p4(/€2 — M2)3(p — k)2 (A.77)

As discussed above, to avoid spurious IR divergences we will choose to perform the k integral,

associated with the massive messenger loop momentum, first followed by the p integral.

The resulting Higgs mass squared is

Yy | P

(47)t

F
M

mi =

(A.78)

consistent with the results obtained using analytic continuation in Equation (A.45).

A.7.1 [ field mass squared

The diagrams contributing to the I-field soft mass squared which contain a |yY|* term are

D
X X
0
SN 2Bl + [V M
A = |F Y d {A.79
PP+ V) | derr AT
D
Y
\ /
><
/ \
€ | | €
ool PP VP e (A0
(k:2_M2)3p4
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L — |

= 22'IFIQIyYIQ/dsD

(p—Fk)

. P
= —2@|F|2|yY|2/d90

(k2 — M2)3(p — k)?p!

1

IFPlyMP (2 + 2V ) / dp

(k2 = M?)*(p — k)?p?

1
(k2 — M?2)3k4p?

(A.81)

(A.82)

(A.83)

2 FRIMEYE [ oo
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o e M
Fobel = PP+ IYP) [ ot

(A.85)

R S R —4i|F|2]yY|2/d<p (A.86)

(kQ _ M2)3k2(p _ k)2p2

1
(k2 — M2)3k2p?

i A 4i|F|2|yY|2/dgp (A.87)

We note that contributions of Feynman diagrams A.80-A.82 are identical to the diagrams
contributing to the Higgs mass. The last of these diagrams, A.82, has an additional factor
of two due to due to two possible choices of “chirality” for D and H propagators. The |yY|?
contribution to the [ soft squared mass in the diagrams of Eqs. A.80-A.87 can be written as
a sum of three integrals,

7- / d it
~ ) MR k)t (dn)iE

k2 + M 3
I7=3 [ d _— A.88
’ / PRk — M23(p— k)2 (Am)iD2 (A.88)

(p — k)2 — p? 9 M
727 = [ 4o e s (e )
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Summing all contributions, the |yY|> part of the [ soft squared mass reads

C2yyP | F P

e GT)

F

7 (A.89)

2
my

consistent with the results obtained in the revised analytic continuation in Equation (A.34).
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Appendix B

Spin-Independent Scattering Cross

Section of Bino-Like Neutralinos

In this Appendix, we derive a simple expression for the differential cross section for SI
neutralino-nucleus scattering in the limit where the neutralino is Bino-like. The resulting
expression will require some additional approximations, but will provide an analytic cross-

check for the numerical results derived in the body of the paper.

The SI cross section for neutralinos x scattering off a nucleus N, with nuclear charge Z and

mass number A, is [146]

do _ 1
alg?

Zf, +(A—2)f.)" F*(Q) | (B.1)

where ¢ is the momentum transferred in the interaction; v is the velocity of the dark matter;
fp and f, are the effective couplings to protons and neutrons, respectively; and F(Q) is the

nuclear form factor, where () is the energy transfer.
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For the form factor, a common parameterization is [217]
FAQ) = e /%, (B.2)

where

1.5

- B 1/3 s
Q= RO—[03+091<GV> }xlO m. (B.3)

In the non-relativistic limit, the maximum energy transfer from elastic scattering of dark

matter is
2m N v?

Qmax = (1 I mN/mX)2 5 (B4)

where m, and my are the masses of the dark matter and the nucleus, respectively. For all

but the heaviest nuclei, v*m3 R? is small enough that F?(Q) ~ 1 is a good approximation.

In the heavy-squark limit, the effective nucleon couplings f, and f,, are approximately equal

and are given by [146]

o _ Z qufq+ f Z fq (B.5)

Mpn

q=u,d,s q= cbt

where fry = (n|myqq|n)/m, and fr¢ = 1—73_ , fry Values for each fr, are shown in
Eq. (4.41).

The neutralino interaction strength is encoded in the parameters

gTzuhz XnW,
Z 9Lailtigg 1 Z mﬁ QJ;LX ‘j_lmq>2 ) (B.6)

i=h,H

The first term of Eq. (B.6) represents the t-channel Higgs exchange diagrams. The effective
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Higgs couplings are [218]

Thi1 = sina QY + cosa S|, Ty = —cosa @) +sina Sy,
11 = N31(Nog — Nygtan by ) 11 = Nu1(Noy — Nyp tanby) |
o _gmucosa P sin «
P oy sin B S mw sin 87 (B.7)
gmg sin g1mg COS
hhig = +——— , higg = ———— ,
hed 2myy cos 3 Hdd 2myy cos 3
2 2 2 2
sin 2o = —sin 23 <%> , cos2a = —cos 2(3 <H) .
H My H My

Here my is the CP-odd Higgs masses, 0y is the weak mixing angle, and N;; are entries in

the matrix N that diagonalizes the neutralino mass matrix, given below in Eq. (B.11).

The second term in Eq. (B.6) represents the s-channel squark exchange processes. For
the SI amplitude, this requires left-right squark mixings, which we assume are negligible.
In particular, for the third and fourth generations we take them to be zero by tuning A-
parameters. As a result, tree-level squark exchange contributes only to the SD amplitude,

and the SI amplitude is dominated by the Higgs-mediated scattering.

In the case where my,my > my, we may also neglect the heavy Higgs diagram. In this
limit @« ~ f — 7/2, so that sina ~ cosf$ and cosa ~ sin5. We consider models with

5 <tanf < 50, so sin 8 ~ cosa >~ 1 and cos f ~ sina ~ 0. With these approximations,

hhuu_)_ g ’ hhdd_) g ‘ (B.8)

Thi1 — Na1(Nag — Nyp tanbyy) | - o = o
u W d W

The effective couplings f, , can then be expressed very simply as

fom 9
_— = N41 [Ngl — N11 tan ew] —4

- fra — fru+ frs — —fTG +0 (mHO’m—z) . (B.9)

n
To further simplify the expression, we can determine the neutralino mixing matrix factors
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in terms of the underlying SUSY parameters. The lightest neutralino x can be written in

the gauge basis {B, W3, HY, H%} as
X = Nj,B+ N3yW?® + Nj H) + N; HY) (B.10)

where the matrix N diagonalizes the neutralino mass matrix

M1 0 —mzcgSw mzspgsw
0 M, mgzcgCy  —MyzSgCw
M, = ) (B.11)
—MzC3Sw  MzCCw 0 —u
MmzSgsw  —MzSgCw — 0

For |u| > M, the lightest neutralino is primarily Bino with a small Higgsino fraction. Given
the gaugino mass unification relation M, = 2M;, the W fraction | Noy |2 is negligible compared
to the H fractions, as can be seen in Fig. 4.4. We may then diagonalize the mass matrix in
the limit that the W decouples from the lightest neutralino and tan 3 is large. In this case

we may expand in the small parameter

2 2
Swihz
T = , B.12
p? = M +misiy (B12)
and find that, to leading order in =z,
M
Ny ~ —g——— (B.13)
mzSw
and the neutralino mass is
2 M2
mszl(2 e S ) (B.14)
p* — M{ + m7 sin® Oy

For |u| = 250 GeV and M; = 200 GeV, Eq. (B.14) is accurate to 8%. The approximation
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becomes poorer for smaller values of u? — M.

The effective neutralino-nucleon couplings f,, can now be written explicitly in terms of SM

and SUSY parameters as

fpn Mlx 92 ) , » B
y _— _ ” - O ’ 7 -
Mpn my cos by \ dmpymsi fra = fro+ fr 27fTG + O, my",mz")
Mlmz tan 9W sin QW 92 9
— JTu s T 55 B.15
p2 — M2+ m2 sin® Oy \ Amym? Jra = Jru+ J1 27fTG ( )

Equation (B.15) provides a simple analytic expression for the effective scalar neutralino—
nucleon couplings when the squarks are effectively decoupled, m 4 > myo, tan § is moderate

or large, and the neutralino dark matter is Bino-like.
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Appendix C

Monte Carlo simulation of vector-like

leptons at the LHC

This Appendix describes our Monte Carlo simulation of searches for vector-like leptons at
the 14 TeV LHC. We focus on vector-like leptons that mix with electrons or muons; the

Run 2 prospects for 7-mixed vector-like leptons are studied in Ref. [143].

C.1 Analysis procedure

SM background events are estimated with the Snowmass background set for 14 TeV pp
colliders [219-221]. Signal events are generated with the same procedure that generated the
background, i.e., the hard processes are calculated with MADGRAPH5 AMCQNLO [85],
showering and hadronization are performed with PYTHIA 6 [172| with the PYTHIA-PGS
interface, and the detector is simulated with DELPHES tuned by the Snowmass Collaboration
based on DELPHES 3.0.9 [173], with FASTJET [174, 175| utilized for jet reconstruction. In

the detector simulation, electrons, muons, and jets are reconstructed and identified based on
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the same procedure and efficiency as the Snowmass background set. The lepton identification
efficiency is 98% (99%) for electrons (muons) with Pr > 10 GeV and |n| < 1.5, and jets are
reconstructed by the anti-kr algorithm [222] with R = 0.5. The objects are required to be
separated from each other by the procedures in Ref. [223], and electrons and muons forming

same-flavor opposite-sign (SFOS) pairs with mgros < 12 GeV are removed.

We do not include further efficiency factors for lepton identification, reconstruction and
isolation, even though the results of our analysis, which focuses on events with multi-leptons,
are sensitive to these efficiencies. This is because these efficiencies are determined only
through LHC Run 2 data. In view of this limitation, the production cross section of the
leptons are calculated at tree-level without an NLO K-factor, and we refrain from using
tau-tagging (therefore taus are classified as jets), despite the fact that taus from Z and W
would increase the sensitivity of the searches. For the same reason b-tagging is not utilized;

as we will see later, the background from top quark events is small.

Background events from the Snowmass background set and signal events after the DELPHES
simulations are then analyzed as follows. Electrons (muons) with Pr > 20 GeV and |n| < 2.47
(2.4) are tagged as “signal” electrons (muons), which together we call “signal” leptons,! and
jets with Py > 20 GeV and |n| < 2.5 are tagged as “signal” jets. These objects are used in

the analysis described below.

Events with N, > 3 are selected, where N, is the number of signal leptons. The leading
(sub-leading) lepton must have Pr > 120 GeV (Pr > 60 GeV). We define five categories, as
described in Table C.1. Each category is then divided into several signal regions (SRs) as

follows:

i The WZ(j) category is designed for the signature 7,77, — (Wv)(Z{) — (jjv)(¢¢¢). This

category is divided into two SRs according to the number of Z-like lepton pairs Nz,

'In this Appendix, ¢ denotes electrons and muons, but not taus.
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where a lepton pair is tagged as Z-like if it is SFOS and |mg — mz| < 10 GeV:

a WZ(j)~ for Nz =0,

b WZ(])Z for Nz(gg) 2 1.

The WZ({) category is designed for the signature 7,77, — (Wv)(Z{) — (fvv)(LL0).
Two SRs are defined by Nz, but here a Z-like lepton pair must not contain any of the

leading two leptons:

a WZ(K)f for NZ(ZZ) =0,

b WZ(@)Z for Nz(gg) Z 1.

The ZZ(j) category focuses on the signature 7,77, — (Z()(Z{) — (jj€)(¢¢¢). For this
category, three flags are defined: J if the event has a jet pair with |m;; —myz| < 10 GeV,
L if it has Z-like lepton pairs not containing the leading lepton, and Z if the leading
lepton does not make a Z-like lepton pair with another lepton. Eight SRs are defined
according to whether the flags are on or off. For example, ZZ(j)’%Z requires all the flags

be on, ZZ(j)? requires only the Z flag, and ZZ(j)® requires that all the flags are off.

The ZZ({) category is for 7,77, — (Z0)(Z{) — (£00)(£e0). Three inclusive SRs are
defined according to the number of jets: ZZ({¢) for any number of jets, ZZ(¢)<? for

Nj < 2, and ZZ(£)<1 for Nj < 1.

.2 Results

The selection flow for the background events is summarized in Table C.2.2 From the expected

background contribution, the expected 95% confidence level (CL) upper limit on the number

2 According to the categorization of the Snowmass background set, “di-boson” corresponds to the sum of

LLB and BB, “tri-boson” to BBB, and “top” is the sum of the categories tB, tj, tt, and ttB.
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Table C.1: Definition of signal region (SR) categories. Each category is further divided into
SRs, as described in the text. N, and N; are the number of signal leptons and signal jets,
respectively, and my; is the invariant mass of the two leading jets. Ny is the number of
SFOS lepton pairs with |mg — mz| < 10 GeV.

WZ(j) WZ(¢) ZZ(7) ZZ(0)
N, >3 >4 >4 >5
N; > 2 <2 >2 —
5 — mg] - — <40 GeV | —
T > 60 GeV | > 100 GeV — —
Nz (o) — > 1 >1
é‘ 14TeV LHC exclusion | e 09,05, at 300Mb E 14 TeV LHC exclusion | - 683y, at 300fb
:a e-mixed VLL = o = e at 1000 ? mu-mixed VLL — ® = P gsq at 1000/
ks e == o0, at 3000fb kS N = 0{joss at 3000
g —&— LO cross section (QUE) g —=&— LO cross section (QUE)
L I U -~ - LO cross section (QDEE) @ --® - LO cross section (QDEE)
w - 2}
A 72} 2.
z o
S T N — =
5 . )

oo b by by b
200 250 300 350 400 450 500
VLL mass [GeV]

oo b by by b
200 250 300 350 400 450 500
VLL mass [GeV]

Figure C.1: The 95% CL expected upper limit on the production cross section of pp — 7,77,
at the LHC with /s = 14 TeV and an integrated luminosity of [ £ = 300, 1000, and
3000fb~'. 1In the left (right) plot, 74 is assumed to be mixed exclusively with electrons
(muons). The uncertainty band is shown only for [ £ = 3000 fb~!. A systematic uncer-
tainty of 20% is assumed for the background, and statistical uncertainty is included. The
signal cross section is calculated at tree level and the theoretical uncertainty on that is not
considered.

of events, Nyp, is calculated for each signal region with the CL, method [224], and shown
in the table for three values of an integrated luminosity, [ £ = 300, 1000, and 3000 bt

Here, we use a systematic uncertainty of 20% for the background contributions.

Seven model points with m,, = 200-500 GeV are defined for both the e-mixed case and the
p-mixed case. The selection flow of the signal events is shown in Table C.3. The values in
this table are for the QUE model; for the QDEE model, due to the unified-mass assumptions,

all the values in the table are doubled.
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Table C.2: Selection flow of the background events in the vector-like lepton search. Upper
bounds on the number of events in each SR, Nyp, are shown for three values of integrated
luminosity, where systematic uncertainty of 20% as well as statistical uncertainty is included.

background cross section [fb] Nyp,
di-boson | tri-boson top total | 300fb~1 | 1000fb~* | 3000 fb~!

N, >3 222 5.1 13.4 249 — — —

WZ(j)~ 0.071 0.013 0.082 | 0.166 25.1 70.4 200
WZ(5)% 0.643 0.071 0.183 | 0.898 111 359 1060
WZ()~ 0.014 0.025 0.017 | 0.056 11.9 27.4 71.1
WZ(6)? < 0.001 0.005 0.003 | 0.008 5.1 7.9 14.5
ZZ(j)O 0.194 0.016 0.058 | 0.268 37.2 111 321
Z7(5)” 0.064 | 0.007 | 0.022 |0.093| 164 41.8 114
ZZ(5)*F 0.182 0.012 0.024 |0.218 31.2 91.7 263
Z7Z(5)% 0.020 0.004 0.019 | 0.043 10.2 22.2 55.7
Z7Z(5)'t 0.060 0.005 0.009 | 0.075 14.2 35.3 94.3
Z7(5)"% 0.008 0.001 0.008 | 0.017 6.7 11.9 25.6
ZZ(j)*% | 0.020 | 0004 | 0019 |0.043| 102 22.2 55.9
ZZ(5)1% | 0.008 0.001 0.008 | 0.017 6.7 11.9 25.5
ZZ(0) < 0.001 0.005 < 0.001 | 0.005 4.7 6.8 11.5
Z7(0)<* < 0.001 0.003 < 0.001 | 0.004 4.2 5.8 9.2

Z7Z(0)< < 0.001 0.001 < 0.001 | 0.001 3.6 4.5 6.3

Table C.3: Selection flow of the signal events in searches for the e- or g-mixed 74 in the QUE
model, displayed as a signal cross section in fb. SRs marked with *, 1 and I are the most
sensitive for exclusion at £ = 300, 1000, and 3000 fb~*, respectively.

m, |GeV], mixing | 200, e | 200, x | 300, e | 300, | 400, e 400,
total 95.7 96.0 21.2 | 21.2 6.76 6.74
Ny >3 2.23 2.42 | 0.634 | 0.671 | 0.231 0.230
WZ(j)~ 0.018 | 0.022 | 0.020 | 0.024 | 0.011 0.012
WZ(5)%? 0.049 | 0.063 | 0.034 | 0.036 | 0.014 0.014
WZ ()% 0.012 | 0.014 | 0.008" | 0.008 | 0.003 0.004%
Z7(5)° 0.066 | 0.065 | 0.035 | 0.044 | 0.015 0.015
Z7Z(5)7 0.035 | 0.033 | 0.018 | 0.023 | 0.008 0.007
ZZ(j)F 0.045 | 0.048 | 0.026 | 0.031 | 0.011 0.012
Z7Z(5)? 0.039* | 0.042* | 0.025*T | 0.029" | 0.010* | 0.012f
Z7(5)"" 0.025 | 0.025 | 0.013 | 0.016 | 0.006 0.006
Z7(5)7% 0.021 | 0.022 | 0.013 | 0.015% | 0.005 0.006
Z7Z(j)t% 0.039 | 0.042 | 0.025 | 0.029* | 0.010" | 0.012*
7Z7(5)" 0.021 | 0.022 | 0.013 | 0.015 | 0.005 0.006
Z7(0) 0.015™ | 0.014™ | 0.005 | 0.007 | 0.003* 0.002
Z7(0)<2 0.010 | 0.009 | 0.003 | 0.004 | 0.002 0.001

ZZ(0)<t 0.004 | 0.003 | 0.001 | 0.002 | 8x10™* |6 x 10~*
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For each model point, the expected 95% CL upper limit on the signal cross section, oyr,,
is obtained by the following procedure. First, the upper limit on the signal cross section is
calculated for each SR based on Nyp, and the signal yield. Then, we select the SR that gives
the lowest upper limit as the most sensitive. They are indicated in Table C.3. Because the

SRs are not mutually exclusive, oyr, for the model point is given by the most sensitive SR.

The obtained oy, are compared against the signal cross section, o(pp — 7'&5)7'4_(’5)), as
depicted in Fig. C.1. The red solid (dash-dotted) lines are the signal production cross
section in the QUE (QDEE) model. They are calculated at the leading order, and theoretical
uncertainty is not considered for simplicity. The black lines are the oy, at the three values
of an integrated luminosity.® For [ £ = 3000 fb~!, the green and yellow bands indicating
the uncertainty of oy, are also displayed; the observed limits would fall in the green (yellow)
band with a probability of 68% (95%). Based on this comparison, the expected upper bound
on the vector-like leptons are obtained for each of the four scenarios, i.e., the QUE and

QDEE models with the vector-like lepton mixed with electron and muons.

The discovery sensitivity of the 14 TeV LHC is also calculated in terms of CLy, i.e., p-value
of the background-only hypothesis, as shown in Fig. C.2. Solid (dotted) lines are for e-
mixed vector-like lepton(s) in the QUE (QDEE) model with three values of the integrated
luminosity, [ £ = 300,1000 and 3000 fb! from top to bottom. Similar sensitivities are

obtained for the u-mixed case.

The results are summarized in Table 4.2 of the main text.

3To be precise, the values of oy, displayed in the figures are calculated for the QUE model. The upper
limits for QDEE model points are slightly better because of our statistical treatment but the difference is
negligible.
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Figure C.2: The expected sensitivity of the 14 TeV LHC to the discovery of vector-like
leptons, calculated under the assumption that the background contribution has a systematic
uncertainty of 20%. Solid (dashed) lines are for QUE (QDEE) model with e-mixed vector-

like leptons, corresponding to the integrated luminosity of 300, 1000, and 3000 fb™" from top
to bottom. Similar sensitivity is expected for p-mixing cases.
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