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The extreme sensitivity of the mass of the Higgs boson to quantum corrections
from high mass states, makes it ‘unnaturally’ light in the standard model. This ‘hi-
erarchy problem’ can be solved by symmetries, which predict new particles related,
by the symmetry, to standard model fields. The Large Hadron Collider (LHC) can
potentially discover these new particles, thereby finding the solution to the hierarchy
problem. However, the dynamics of the Higgs boson is also sensitive to this new
physics. We show that in many scenarios the Higgs can be a complementary and
powerful probe of the hierarchy problem at the LHC and future colliders.

If the top quark partners carry the color charge of the strong nuclear force,
the production of Higgs pairs is affected. This effect is tightly correlated with single
Higgs production, implying that only modest enhancements in di-Higgs production
occur when the top partners are heavy. However, if the top partners are light,
we show that di-Higgs production is a useful complementary probe to single Higgs

production. We verify this result in the context of a simplified supersymmetric



model.

If the top partners do not carry color charge, their direct production is greatly
reduced. Nevertheless, we show that such scenarios can be revealed through Higgs
dynamics. We find that many color neutral frameworks leave observable traces in
Higgs couplings, which, in some cases, may be the only way to probe these theories at
the LHC. Some realizations of the color neutral framework also lead to exotic decays
of the Higgs with displaced vertices. We show that these decays are so striking that
the projected sensitivity for these searches, at hadron colliders, is comparable to
that of searches for colored top partners. Taken together, these three case studies

show the efficacy of the Higgs as a probe of naturalness.
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Chapter 1: Introduction

We demonstrate understanding of nature’s structure through prediction and
verification. Over time, this process is self correcting. Experiment may corrobo-
rate an idea, but more precise measurements often reveal deviations from the initial
model. Then, the model is refined and must be tested against a new set of predic-
tions, and so it goes.

A useful case study of this process is the sequence of atomic models. With the
benefit of hindsight, many past models appear simplistic. But only from our unfair
access to more data. We know a model that more perfectly explains phenomena
unknown to the past.! To learn from the pattern of the past we cannot judge by
the data of the present.

That atoms even existed was debated for many years. Dalton’s quantitative
theory motivated the utility of atoms in chemistry [2-4], and over time they become
widely accepted by chemists. Such physicists as Clausius [5, 6], Maxwell [7-10], and
Boltzmann [11-13] used the atomic hypothesis of hard spheres obeying Newtonian

mechanics to obtain much of thermal physics. However, even these successes were

Tt seems appropriate to include this caution about how we treat the intellectual achievements
of others: “It is a rare mind indeed that can render the hitherto non-existent blindingly obvious.
The cry ‘I could have thought of that’ is a very popular and misleading one, for the fact is that
they didn’t, and a very significant and revealing fact it is too.” [1]



insufficient to convince some skeptics, including Ernst Mach [14,15] and the future
Noble Laureate in chemistry Wilhelm Ostwald [16,17]. The critics finally relented as
recently as 1905 with Einstein’s explanation of Brownian motion [18], which relied
crucially on physical atoms.?

Before even this vindication of the atomic hypothesis, J.J. Thomson had dis-
covered the electron [20]. These particles were correctly surmised to be a constituent.
Consequently, before it could finally take its place as an accepted model, the notion
of atoms as unbreakable hard spheres had to be corrected.

Thomson’s own atomic model drew upon the known facts about atoms: they
contain electrons and are electrically neutral. To balance their negative electric
charge, Thompson embedded the point-like electrons in a diffuse, positively charged
fluid [21]. This fit the established facts and made new predictions of atomic struc-
ture.

Rutherford set out to verify Thomson’s model in his famous gold foil experi-
ment, carried out by Geiger and Marsden [22]. By projecting a-particles at a thin
gold foil and observing their deflection as they passed through, he hoped to sub-
stantiate Thomson’s ideas. Instead of only small angle deflections, however, they
measured wide angle a-particle scattering that was inconsistent with Thomson’s
construction [23]. This led to Rutherford’s own ‘solar system’ model of the atom,
with a small dense positively charged nucleus at its center and the electrons orbiting
about its edge.

Such a configuration, however, is at odds with classical electrodynamics. The

2A discussion as to whether or not Mach ever accepted physical atoms is given in [19)].



orbiting, and hence accelerating, electrons should quickly radiate all their energy
and collide with the nucleus. Thus, for Rutherford’s atom to match experiments
probing atomic lengths, unknown dynamics had to be postulated to keep atoms
stable.

Niels Bohr made the crucial jump toward understanding atomic physics [24—
26]. Using Planck’s quantum hypothesis [27] and Einstein’s physical photon expla-
nation of the photoelectric effect [28], Bohr supposed that electron orbits might be
stable if they could only radiate discrete amounts of energy. This atomic model
was simplistic, assuming circular electron orbits, and somewhat ad hoc in its rules.
However, these simple rules explained the Balmer series of Hydrogen spectra [29]
and correctly predicted the Rydberg constant [30] in terms of atomic parameters.

Bohr’s rules were fantastically successful in explaining the spectrum of the
Hydrogen atom, but no other. When applied to Helium, or any other atom they
disagreed with experiment. More complete formulations of Quantum Mechanics by
Heisenberg [31] and Schrédinger [32-35] did much to explain Bohr’s rules and led
to successful analyses of many other atomic and molecular systems.

However, increasingly sophisticated scrutiny of atomic spectra showed clear
deviations from this first quantum mechanical understanding. This led to the in-
clusion of spin [36] and fully relativistic quantum mechanics [37-39]. Eventually,
quantum field theory (QFT), quantum electrodynamics (QED) in particular, was
used to explain the small shift in the Hydrogen spectrum discovered by Lamb [40].
In half a century, the interplay between theory and experiment, in modeling and

testing, transformed our perception of the atom from a hard sphere to roiling quan-



tum fields.

This review of atomic models should remind ourselves how scientific under-
standing progresses. The present experimental facts motivate a self-consistent con-
struction to ‘explain’ them. This framework, without fail, makes predictions (not
always recognized at the outset) beyond the present data. New experiments are im-
plemented to test the predictions. This examination leads to corrections, whether
small or large, to the model and the cycle continues.

Indeed, what we today call the Standard Model of particle physics took decades
of back and forth between experiment and modeling. Eventually it was recognized
that the weak nuclear force had a vector-like interaction with matter [41,42]. This
indicated that this force could be described by a Yang-Mills [43,44] gauge theory.
However, the limited range of the weak force meant that the mediators of the force
had to be massive [45-47], unlike the massless photon of electromagnetism. It was
unclear, however, how to incorporate these massive vectors in a self-consistent way:.

The crucial step toward overcoming these problems was realizing that the
massive vectors we measure at experimental energies need not be fundamentally
massive. Initially massless vectors may obtain a mass at low energies when a scalar
field develops a vacuum expectation value (VEV) [48-51]. This process does not
require that the scalar field be elementary, but this simplest construction makes a
good first model of electroweak (EW) interactions [52,53].

This most basic guess has since taken its place within the Standard Model
(SM) of particle physics. In some ways the choice of an elementary Higgs field (the
name acquired by this scalar) echoes Bohr’s circular electron orbits. It captures the

4



essential behavior, and is simple to analyze.

From another view, an elementary Higgs is like Rutherford’s orbiting electrons.
In that case, the stability of the electron orbits appeared at odds with electrodynam-
ics. Our understanding of classical physics makes such a construction theoretically
uncomfortable. Similarly, our understanding of scalar fields in QFT makes us sus-

picious of a light SM Higgs.

1.1 Naturalness

The paradigm of effective field theory (EFT) is both powerful and perceptive.
Effective theories focus on the degrees of freedom relevant to the physical process
being considered, freeing the analysis from less important effects. This involves
removing particles and interactions that play a subdominant role. Such a modifi-
cation of the QFT implies there is a scale, often denoted A, above which the EFT
cannot be trusted to give accurate results. The energy scales above and below A are
often called ultraviolet (UV) and infrared (IR) in analogy to the electromagnetic
spectrum, and a model of high energy physics that reduces to the low energy EFT
is called a UV completion.

For instance, in many condensed matter systems the low energy degrees of
freedom are insensitive to the details of the molecular lattice they move through.
The interactions among these modes are encapsulated by an EFT involving only
these low energy states, and exhibit similarities across many distinct lattices. This

simpler model makes very successful, and universal, predictions for processes at



energies below the scale of the lattice spacing a, or A ~ a~!. Above A the details of
the lattice are important, and the EFT should not be used.

Now, suppose there were tiny particle physicists living on one of these lattices.
The first experiments such physicists would perform would be at low energy, and
therefore insensitive to the details of the lattice. A tiny theorist might construct a
model of these interactions, but without knowledge of higher energy, only the EFT
would be verifiable. The physicists might suppose the EFT to be fundamental, or
they might not. As the experiments pushed to higher energies the deviations from
the EFT, those specific to whatever lattice their world consisted of, would begin to
appear.

Our Standard Model of particle physics must be an EFT. The SM cannot
explain the dark matter (DM) observed gravitationally throughout the universe.
The SM cannot explain the asymmetry between baryons and anti-baryons. The
SM says nothing about gravitational interactions. There must be more going on,
making the SM and EFT below some scale associated with the new particles needed
to explain these phenomena. Hopefully, the LHC will continue to reveal the nature
of our vacuum, just as the tiny lattice bound physicists strive to determine which
lattice they live on.

What does this have to do with the SM Higgs? Scalar masses are generically
sensitive to very high scales. The SM Higgs is sensitive to at least the highest scales
in the EFT. This can be seen most clearly in the one loop contribution to the Higgs’

self energy (see Fig. 1.1), which is quadratically sensitive to A.> This was noticed

3All Feynman diagrams drawn with the FEYMP package [54]
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Figure 1.1: The contribution to the Higgs self-energy due to the top quark. Because of the

top’s large coupling to the Higgs, this process is the most sensitive to new physics scales
A.

explicitly when embedding the SM in grand unified theories (GUTSs) [55,56]. In
that case, the Higgs mass was naturally at the GUT scale ~ 10'% GeV. Without a
mechanism to protect its mass, we also expect Planck scale, Mp; ~ 10! GeV, effects
related to gravity to set the Higgs a mass close to Mp.* This if often referred to as
the hierarchy problem.

In 2012 the Higgs boson was discovered at the Large Hadron Collider (LHC)
[57,58]. The mass of the Higgs is about 125 GeV [59], some 17 orders of magnitude
below the Planck mass. As pointed out in 1979, the SM can only produce this
hierarchy of scales by choosing parameters to cancel, not exactly but precisely to
one part in 103 [60]. Such a tuning of parameters is termed ‘unnatural.’

Note that the idea of naturalness is somewhere between a matter of aesthetics
and a logical necessity. We cannot simply apply the Sherlockian adage that “When
you have excluded the impossible, whatever remains, however improbable, must
be the truth” [61-64]. We do not know why nature has the structure it does,

many varieties appear possible, but not chosen. This resonates with the response

4In this dissertation we use units with ¢ the speed of light and & Plank’s constant divided by
27 equal to unity.



to Sherlock from another English detective about a hundred years later. Speaking

of Sherlock’s advice, Dirk Gently declares [65]

“I reject that entirely. The impossible often has a kind of integrity
to it that the merely improbable lacks. How often have you been pre-
sented with an apparently rational explanation of something that works
in all respects other than one, which is that it is hopelessly improba-
ble?...The first idea merely supposes that there is something we don’t
know about...[t|he second, however, runs contrary to something...we do
know about. We should therefore be very suspicious of it and all its

specious rationality.”

The point is that we are exploring the great unknown of nature’s structure. We
deem something impossible when in contradicts experimental results, but there are
a wide variety of possible extensions of the SM that do not contradict current data.
Therefore, we judge by qualities somewhat less ironclad than logical impossibility.
If, however, one takes impossibility as the limit of vanishing probability, then the
chance of 1 in 10%* is close to impossible. Or, to use Dirk’s words, a light SM Higgs
is “hopelessly improbable.”

The success of the naturalness principle, as defined by 't Hooft [66], in former
particle physics questions has been outlined in, for instance, [67].> These include
some retrodictions related to the mass of the electron [68,69] and the mass split-

ting of the charged and neutral pions [70]. However, the mass of the charm quark

5t Hooft’s definition is sometimes called technical naturalness.



was (correctly) predicted [71] by combining naturalness arguments with the GIM
mechanism [72].

If the Higgs is not an elementary scalar, but a composite of tightly bound
fermions [60,73,74], then its mass is generically set by the strength of the binding
force. This compositeness scale is the cut off A of the SM EFT. Tying the Higgs
mass to this new force leads to experimental consequences like seeing other composite
states with mass similar to the Higgs. In addition, signals of the Higgs non-point-
like structure should become visible in the properties of the weak force carriers.
The Large Lepton-Positron (LEP) collider, which discovered these force carriers,
also studied them in great detail. Their results indicate that the scale of Higgs
compositeness must be significantly larger than the mass of the Higgs.

An elementary Higgs may be naturally light if it is protected by a symmetry.
The most studied possibility is supersymmetry (SUSY) [75]. This structure relates
bosons and fermions, giving them identical masses. Consequently, scalars in SUSY
models can inherit the mass protection enjoyed by chiral fermions. This prevents
the Higgs mass from getting large quantum corrections. Effects from the top quark,
for instance, are exactly canceled by contributions from the top squarks (or stops),
scalar particles related, by SUSY, to the top quark.

There are other symmetries that can keep scalars light. In theory of the
strong nuclear force, quantum chromodynamics (QCD), for instance, the pion is
a composite particle with mass an order of magnitude below the compositeness
scale of about 1 GeV. This is because the pion is a pseudo-Nambu-Goldstone boson

(pNGB) of chiral symmetry breaking. In a similar way, the Higgs, as a composite



or as an elementary particle, could be the pNGB of some symmetry, making it a
‘Little Higgs’ [76-79]. The signals of these scenarios are new states related to the
SM particles by the protecting symmetry.

Modern composite frameworks take advantage of this pNGB idea; for a review
see [80]. There are many symmetries that might keep the Higgs light, and each gives
their own particular experimental signature. Unexpectedly, some of these models
[81-83] are intimately related, through the AdS/CFT correspondence [84-86], to
geometric frameworks [87,88] that address Higgs naturalness.

Whether the Higgs is elementary or composite, if a symmetry keeps it light,
new partner states must appear. Because the top quark gives the largest correction
to the Higgs’ mass, the so-called ‘top partners’ should have masses below about 1
TeV in a natural theory. Other SM particles give smaller corrections, so naturalness
allows them to be somewhat heavier. This is why searches for top partners is a focus
of the LHC program. So far, however, no top partners have been found.

However, there is still room for these top partners, even if they are light. In
SUSY for example, the stops could be stealthy and nearly degenerate with the top
quark [89-94], or part of a compressed spectrum such that it is heavy but approxi-
mately degenerate with the particle it decays to [95-103], though these possibilities
are coming under increased scrutiny [94,96,101,104-110]. The stops might decay
into other light SUSY particles (like the scalar partner of the tau lepton [111,112]), or
decay via baryon number violating R-parity violation [113-115] where LHC searches
are just starting to become sensitive [116-120]. Because top partners can be hidden

in various exotic decay modes, complementary indirect searches may play a crucial
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role in their discovery.

The most obvious indirect probe is Higgs production through gluon fusion.
This loop level process is affected by new colored sates that couple to the Higgs.
So far, this production mode has seem consistent with the SM [121,122]. Another
indirect search is the production of Higgs boson pairs. The leading production
mechanism for these pairs is also sensitive to new colored particles that couple to
the Higgs. In addition, the SM di-Higgs rate exhibits a cancellation near threshold,
which these new particles can spoil. Therefore, if top partners carry SM color,
they may affect the di-Higgs rate more than singe Higgs production. This topic is
explored in Chapter 2, see also [123]. While the more detailed analysis has been
completed for SUSY, the qualitative results apply to generic colored top partners.

As the constraints on colored top partners increase, it may seem that natural-
ness is not a good guide [124]. However, the lack of colored symmetry partners can
also be seen as a clue to nature’s structure. It is something like the ‘curious incident
of the dog in the night-time’ [125]. Once, when Sherlock’s case appeared to have
no way forward, Holmes seemed confident it was nearly solved. This prompted the

following exchange,

“Is there any point to which you would wish to draw my attention?”
“To the curious incident of the dog in the night-time.”
“The dog did nothing in the night-time.”

“That was the curious incident.”

In like manner, a lack colored top partners at the LHC may indicate that the sym-

11



metry partners are not colored. Because the top quark is colored, it was historically
assumed that its symmetry partner would also be colored. However, if the protect-
ing symmetry does not commute with SM color, then the top partners can be color

neutral. These scenarios are manifestations of neutral naturalness.

1.1.1 Neutral Naturalness

Neutral naturalness (NN) is the name given to symmetry based solutions to
the hierarchy problem whose partner particles do not carry SM color.® The first and
prototypical realizations of this framework are the Mirror Twin Higgs (MTH) [129]
and Folded SUSY (FSUSY) models [130].”

Theories like the MTH [132-136] are completely neutral to all SM gauge forces.
This framework has been reduced to the minimally required field content in the
Fraternal Twin Higgs (FTH) [137] and generalized systematically in the orbifold
Higgs [138,139]. As they stand these are effective models with a low cutoff, around
5-10 TeV, but many possibilities have been explored to UV complete them. These
include supersymmetric [140-142], Randall-Sundrum [143], or composite Higgs [144—
146] setups. These UV completions offer new experimental signals [147] as well as
possible connections to flavor [148].

Because the SM and Mirror sectors may only connect through the Higgs, many
of the experimental constraints on these models are cosmological. These include

possible DM candidates [149-153], detectable gravitational waves [154, 155], and

6There are also ideas that address Higgs naturalness without compositeness or symmetry [126—
128] and N-naturalness.

"The related Left-Right Twin Higgs [131] model predicts colored top partners.
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connections to the SM neutrino sector [156, 157]. Finite temperature effects [158]
and baryogenesis [159] are also being studied.

Other models produce top partners that are color neutral, but carry EW
charge. FSUSY, including its deconstructed [160] and generalized [161] versions,
is of this type, and so are the Quirky Little Higgs (QLH) [162] and Dark Top [163]
models. In the Dark Top a hidden sector color group is broken and the top partner
can make up the DM.

NN seems to require that top partners be charged under a hidden sector SU(3)
gauge group of similar strength to the SM. Some phenomenological studies have
focused on the ‘quirky’ [164-166] nature of the top partners states [167-172]. But
other striking signals of these constructions may also occur [173], including exotic
Higgs decays to mirror glueballs [174].

Although specific models have not yet been constructed, qualitatively distinct
NN models may be possible. Studies have been made of guaranteed signals of these
more general possibilities and how to discover them at the LHC or a 100 TeV
machine [175,176]. It seems that almost all symmetry based naturalness can be

detected by experiment in one way or another.

1.2 Using the Higgs to Probe Naturalness

The naturalness problem of the SM Higgs has been discussed for decades.
However, now that the Higgs has been discovered we have a new angle on natu-

ralness: the Higgs itself. In determining whether the Higgs is composite we now
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investigate the Higgs’ properties. If the Higgs is protected by a symmetry we know
partner particles must couple to it, making the Higgs a guaranteed portal to the
partner sector. In short, the Higgs is uniquely suited to asses its own naturalness.

An experimental program to examine the Higgs’ properties has begun in
earnest at the LHC. Naturalness, however, suggests that these studies may be a
window to new particles and interactions. The exquisite sensitivity of its mass
makes the Higgs the SM particle to point the way to what lies beyond.

This dissertation outlines several ways the Higgs can probe symmetry based
solutions to the hierarchy problem. In so doing we follow the Higgs from the cradle
to the grave, that is, from production to decay. Higgs production from and decays
into SM states are used to test Higgs couplings. Deviations from the SM couplings
signal something new, but the evidence is indirect. By exploring how the couplings
change for specific extensions of the SM we can see patterns emerge.

Some loop induced production and decay channels are additionally sensitive
to new physics. New states, like symmetry partners, can contribute to the process,
changing its magnitude and often the differential distribution of its cross-section.
As with the tree level Higgs couplings, understanding how these processes change
when new particles are added gives particular benchmarks to look for in experiment.

Finally, the Higgs may have ‘exotic’ decays, meaning decays into particles
beyond the SM. In some cases this merely leads to invisible decays, where the new
particles are not detected. However, because the Higgs connects the two sectors, it
may be that the hidden states can decay back into SM fields on detector length scales.

Often these types of decays are suppressed by some large mass scale associated
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with the hidden sector, and this can make the life times of the hidden states long.
The experimental signal is therefore a displaced vertex, where the displacement is
due to the hidden particle traveling some large distance before decaying into SM
particles. Such processes do not occur in SM Higgs decays, making these signals
loud declarations of new physics.

In Chapter 2 we consider the corrections to Higgs pair production due to col-
ored top partners. This channel is accidentally small in the SM, making it a good
place to look for deviations from SM expectations. We show, however, that the
di-Higgs rate is closely tied to single Higgs production, making the likely deviations
small, unless the top partners are light, making the model more natural. In this case,
we show that di-Higgs production can probe top partners that single Higgs produc-
tion does not see. Chapter 3 introduces case study models for neutral naturalness
that span much of the possible phenomenology. Then, in Chapter 4 we determine
the modifications of Higgs couplings to SM states in these models. We find that
the LHC is not expected to have the necessary precision to probe NN through cou-
plings alone. Next, in Chapter 5 we demonstrate how exotic decays of the Higgs
can be used to discover or exclude NN at colliders the LHC and future colliders.
This chapter demonstrates the impressive reach of these signatures, comparable to

colored top partner searches, due to the displaced decays of hidden glueballs.
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Chapter 2: Higgs Pair Production

One of the crucial experimental properties of the Higgs is its production modes
and rates. These are intimately related to the tree level and loop level couplings
of the Higgs to SM and BSM particles. In this chapter we consider the effects of

symmetry parter particles on the production of Higgs boson pairs.

g h g h

g h g h

Figure 2.1: Leading gluon to di-Higgs diagrams in the Standard Model.

Like single Higgs production, the dominant di-Higgs production channel at the
LHC is gluon fusion, which is depicted in Fig. 2.1. In the SM and its extensions,
di-Higgs production probes a different combination of couplings and masses than
other loop processes such as single Higgs production via gluon fusion. One could
then imagine that, even if for some reason the hGG coupling were SM-like, there
could be large deviations in di-Higgs production. This expectation is further moti-
vated by the fact that in the SM the two diagrams of Fig. 2.1 interfere destructively
making the SM di-Higgs production cross section smaller than the naive expecta-
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tion [177-179].! Tt appears that typical BSM scenarios would spoil this cancellation,
significantly modifying the di-Higgs rate. Indeed this is the case for models with
modified electroweak sectors or where di-Higgs production is resonantly enhanced

through heavy fields that decay to Higgs pairs.

g h g h
/
/
//
h
----- A
\
\
\
g h g h

Figure 2.2: Gluon fusion to di-Higgs diagrams with EFT vertices. The green lines indicate
the amplitudes focused on in this work. We refer to the diagrams on the left (right) as

triangle (box) diagrams because of their topology in the SM.

In this Chapter we instead focus on another potential source of modifications:
new colored fields that couple to the Higgs. Such fields are particularly motivated by
simple symmetry solutions to the hierarchy problem. The top partners in such sce-
narios carry color charge and in the most natural realizations are not too heavy. We
investigate how much these frameworks may modify di-Higgs production at the LHC
and future hadron colliders by their impact on the momentum-dependent hGG and
h2GG vertices (shaded green in Fig. 2.2), while keeping the Higgs quartic coupling
A at its SM value. Throughout we refer to these as ‘non-resonant’ corrections.

As a first step, consider the EFT below some cutoff A for the Higgs-gluon

couplings hGG and h*GG. In general, integrating out new heavy m ~ A colored

Throughout this work we refer to the diagrams on the left (right) of Fig. 2.2 as triangle (box)
diagrams because of their topology in the SM.
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fields that couple to the Higgs generates operators of the form
(&1 Co v
(F\HF + F!H|4+...) GG | (2.1)

where H is the Higgs doublet in the unbroken theory. In the broken theory, we ex-
pand the operators to quadratic order in the physical Higgs field h. By including the

SM contribution, which we denote cgy >~ /127, we obtain the effective operators

h 210 degv? .
V2o (CSM Az T pa T ) GG
h? 2c10%  12c904
+4—U2(—CSM /i2 + Ai +) G GH, (2.2)

where v = 174 GeV and the sign flip between single and double Higgs couplings in
the SM has been included.

We now introduce a core observation from the first run of the LHC: modifica-
tions to the total single Higgs production rate are small. If the only BSM physics
is new colored fields coupled to the Higgs, the cross section modifications must be
S O(20%) [121,122], implying modifications to the hGG coupling of < O(10%).
A careful study of Eq. (2.2) reveals the implications of this observation for non-
resonant di-Higgs production.

For heavy decoupling states, the usual rules of EF'T apply. In particular, small
corrections to single Higgs production imply c;v?/A? < cgy and we can safely ignore
the higher order terms. Then, Eq. (2.2) implies that the corrections to the h*?GG
coupling are small if corrections to hGG are small, as both are controlled by the
same parameter combination c;v?/A? < cgy. Thus, we expect similar suppression

in the non-resonant contributions to both diagrams in Fig. 2.2.
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The cancelation the occurs in the SM is due to the non-decoupling nature of
the fermions that run in the loop, as their mass increases so does their coupling to
the Higgs. Unlike the SM fermions, decoupled non-resonant new physics generically
exhibits constructive interference between the triangle and box diagrams. There-
fore, non-resonant corrections to di-Higgs production may spoil the SM cancellation,
increasing corrections beyond single Higgs production. But, from Eq. (2.2) we see
that this happens at order v*/A%, so it is a small effect.

Quite generally then, the constraint that the hGG coupling be SM-like im-
plies that models with only colored, non-resonant, BSM states have fairly SM-like
di-Higgs rates where the EFT is valid. Clearly, this scenario’s best chance for large
deviations from the SM di-Higgs rate is that the new particles are somewhat light
so that an EFT analysis is inapplicable. In this case models must be checked indi-
vidually. This chapter explores this possibility in the context of scalar top partners
(stops) in a simplified supersymmetric extension of the SM.

Supersymmetry is attractive because it provides a solution to the hierarchy
problem, provides simple dark matter candidates, and unifies the gauge couplings.
In natural SUSY models one expects stops with masses below the TeV scale. Such
stops have been searched for directly at colliders, but these searches depend strongly
on the superpartner spectrum and specific decay modes of the stop. The bounds on
stops decaying to a top and neutral LSP are approaching the TeV scale when the
LSP is light [180-183], and are expected to get stronger with future LHC data [184,
185]. The bounds on very light stops, with masses in the 100 - 200 GeV range are
much more difficult to evade. Possibilities do exist, however, many of which are
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mentioned in Sec. 1.1. Because stops can be hidden in various exotic decay modes,
complementary indirect bounds on top squarks are a crucial tool in the exploration
of weak scale SUSY.

Indirect probes of stops include modifications to the W mass [186, 187], cor-
rections to Higgs production rates and branching ratios [188, 189] in loop pro-
cesses, Higgs kinematic distributions [190,191] especially at high pr, effects on Higgs
wavefunction renormalization [175,192], and stop-onium resonances [104,193-195].
Stronger constraints could be obtained with future colliders [196, 197]. Because
these probes of new physics are indirect, if a deviation is found it will be difficult
to solve the inverse problem: what is the nature of the new physics that modifies a
particular observable? Therefore, it is very important to explore as many different
complementary probes as possible.

Higgs pair production has been studied in the Minimal Supersymmetric Stan-
dard Model (MSSM) [198, 199], with [200,201] exploring the effects of scalars in
loops. In this chapter we use stops as a concrete and well motivated example to
show that small deviations in single Higgs gluon fusion makes it very difficult to
generate large enhancements in double Higgs production from non-resonant contri-
butions alone. We show this in the context of EFT, with stops using low energy
theorems [202-205] (LETSs), and with a full one-loop calculation [200,201]. Despite
these considerations, we do find that current Higgs data allow small, tuned, regions
of parameter space with O(1) deviations in the di-Higgs total cross section.

In the following section, we survey the experimental and phenomenological

literature on di-Higgs production at hadron colliders. Despite significant uncertainty,
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these motivate sensitivity benchmarks for this study. In Sec. 2.2, we analyze generic
(and decoupling) heavy physics contributions to di-Higgs production using EFT,
while in Sec. 2.3 we analyze heavy stops in the non-decoupling regime using LETs.
Finally in Sec. 2.4 we do the full one-loop calculation necessary for the case of light
stops. In this case, we find regions of parameter space where di-Higgs production
has potentially observable modifications at the LHC and a 100 TeV machine which

are nonetheless consistent with single Higgs production constraints from Run 1.

2.1 Collider Phenomenology

We begin by reviewing the prospects to measure the di-Higgs channel at the
LHC and future hadron colliders. Due to its importance in understanding elec-
troweak symmetry breaking, di-Higgs production is a well studied channel. The
SM di-Higgs production rate was calculated long ago [206,207], and at LHC en-
ergies the gluon fusion channel (see Fig. 2.1) dominates [208]. This process was
computed at leading order (LO) [198,208] and next-to-leading order (NLO) in the
heavy top limit [209], with more recent computations including higher orders in
1/my [210-212], parton shower effects [213], and virtual corrections [214]. There
are also computations of di-Higgs plus one jet [215-217] and vector boson fusion
(di-Higgs plus two jets) [218]. Calculations continue to improve, but due to the
difficulty of the final state, the uncertainty in projecting the collider reach in this
channel is dominated by experimental challenges.

With Run 1 data, ATLAS has released a search for non-resonant di-Higgs
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in the bbyy channel [219] setting a limit three orders of magnitude above the SM

prediction.?

There are also resonant searches in the 4b channel from CMS [220,
221] and ATLAS [222,223], and in the bbyy [224] and the multi-lepton/photon
channel [225] from CMS and bbr7 and yyWW from ATLAS [226], all of which have
cross section limits that are O(pb), while the pair production cross section in the
SM at 8 TeV is O(tb). Both ATLAS [227,228] and CMS [229,230] have recently
released 13 TeV searches, and with the incoming data these are expected to improve.
Future projections depend very strongly on estimations of experimental efficiencies
and systematics. Preliminary studies for high luminosity LHC at ATLAS [231]
and CMS [232] in the bbyy channel and CMS in the bbW W [233] show a marginal
sensitivity to observing pair production with 3,000 fb=! at 14 TeV, but studies are
ongoing.

There are phenomenological studies that are more optimistic about the reach,
but their sensitivity estimates vary greatly, even among those considering the same
channels. For the most studied channel, bbyy [234-239] significance estimates span
from about 20 to 60. Other channels, including bbr7 [215,235,240], bbW W [215,
235,241], and 4b [215,242,243] have similar qualitative variance in the observability
of these channels. Therefore, we take uncertainty benchmarks of 30% and 60% for
observing deviations from the total SM rate, but ultimately more study will be

needed to determine the true sensitivity of future searches.

It is important to note, however, that di-Higgs modifications from stops also

2This search sees a 2.40 excess, but as we will see below, this excess cannot be explained by
new particles running in loops.
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lead to a modified spectrum in the di-Higgs invariant mass my, or pr. Thus, to
obtain the strongest possible limit one would ideally perform an analysis that is
sensitive to not only the total cross section but also the spectrum, especially features
at higher center of mass energies. Such an analysis would depend heavily on the final
state which is being observed. Therefore, instead of a full shape analysis for a specific
final state we consider two invariant mass bins to demonstrate the importance of
considering the spectrum.

If loops of new particles, such as stops, are responsible for a modification to
the di-Higgs total rate, then other di-Higgs production channels will have SM-like
rates and can be used to disentangle new physics scenarios. Vector boson fusion is
a large component of di-Higgs plus two jets. This channel has been studied [218,
235,244] but because of the small cross section, it is quite challenging at the LHC.
Higgs pair production in association with ¢t is another challenging channel [245,246],
but perhaps a combination of these channels in conjunction with improvements in
collider analysis could yield sensitivity in the future. Di-Higgs production has also
been explored for BSM physics, both in the context of EFTs [238,239,247-250], as
well as specific new physics models [179,198-201, 205, 251-269].

Planning is underway for higher energy hadron colliders where the larger cross
section for Higgs pair production may dramatically improve measurement prospects.
The details of any putative collider and detector are still largely uncertain, but there
have been several phenomenological studies of this process. The bbyy [238, 270,
4W [271], and bb+ leptons (and possibly also photon or missing energy) [272] all
appear to be promising ways to measure di-Higgs production at a 100 TeV collider.
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We also consider modifications to di-Higgs production due to stops for a 100 TeV
proton-proton collider, taking precision benchmarks of 10% and 20% on the rate.
Finally, as we have emphasized, it is useful to compare gg — hh to gg — h.
The fitted rates for single Higgs production in gluon fusion, normalized to the SM
value, are 0.857)17 at CMS [121] and 1.237)33 at ATLAS [122], so we take the
current bound to be 20%. These bounds will improve in the future, but ultimately
will be systematics limited because of uncertainties in the SM prediction as well as
experimental complications. With 3,000 fb=!, the expected error on the coupling is
3-5% [273], so we take the ultimate expected error on the rate (twice the error on

the coupling) to be 10%.

2.2  EFT Modifications to di-Higgs Production

In this section, we consider the generic effects of new heavy colored particles
on di-Higgs production from an EFT perspective. When integrated out, these states
will induce the effective operators presented in the introduction in Eq. (2.2). We

can then write the relevant couplings contributing to di-Higgs production as

12\/_7w<1 R R4 R GeG
2
48‘; (1 + kI 4 k4R Ge, G — %hﬁa (2.3)
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Here we have defined the relative coupling shifts induced by the higher dimension

operators defined in Eq. (2.1),

247 v?
h_ _  hh _
Ky =—r{" =0 o A2 (2.4)
48 v*
h_ hh _
Ky = —3Ky"' = Cy o AT (2.5)

We would like to understand the extent to which these coupling shifts can modify
the di-Higgs production rate while being consistent with the observed SM-like single
Higgs production.

The total di-Higgs production cross section can be written as

o(pp — hh) = / 1 del—E&(m), (2.6)

Th T
where the gluon parton luminosity is defined as

e [td
- [ Zhw@neQ,

and f,(x, Q) is the gluon parton distribution function (PDF), with factorization scale
@. Throughout this paper we use the MSTW [274-276] PDFs when calculating the
hadronic differential cross sections, with renormalization and factorization scales
set to the invariant mass of the di-Higgs system. The LO partonic cross section in

Eq. (2.6) is given by

55) = =250 ap, (2.7

915 32 13 44
with 8, = (1 — 4m?2/5)"/2. From the couplings in Eq. (2.3), the function A(3) is
given by

. 3mj,
A(s):§_m7’;12(1+n?+m§+...)—(1+/<;§Lh+/<;§h+...). (2.8)
h
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Consider the case in which the new heavy colored states decouple from the
Higgs as their mass is raised. This happens when EWSB gives a subleading contri-
bution to their mass. In this case, there is a separation of scales, v < A, and the
EFT expansion in Eq. (2.2) is a useful one. The dimension 6 operator dominates
over the dimension 8 (and higher) operators, ¢;v2/A? > cyvt/A* and there is a
well-defined relation between the single and double Higgs production rate via gluon
fusion in terms of the parameter x: k" = —xf". In Fig. 2.3 we plot the ratio of the
di-Higgs production cross section to the SM prediction as a function of the hGG
coupling shift k. As the Run 1 Higgs results restricts || < 10%, we observe that
an enhancement or suppression of the di-Higgs production rate of order 30% is still
allowed by the data within the context of the EFT. In this case, one can easily un-
derstand the origin of the enhancement (suppression) when x” is negative (positive)
by examining the interference between the box and triangle diagrams (see Fig. 2.2)
via the function A(3) in Eq. (2.8). For instance, when s’ is negative, the smaller
triangle amplitude is suppressed, while s = —x" is positive and the dominant box
amplitude is enhanced. This implies that the interference between the amplitudes
is reduced in comparison to the SM and the di-Higgs rate is enhanced.

There are two qualitatively distinct cases to consider. In the first new heavy
colored states do not decouple from the Higgs as their mass is raised. This occurs
if the new states obtain a substantial portion of their mass from EWSB. In the
language of the EFT, each operator in Eq. (2.2) is of similar size and thus the
expansion is not useful from a practical point of view. This type of non-decoupling

behavior is of course very familiar from the top quark contribution to the hGG and
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Figure 2.3: Di-Higgs production cross section relative to the SM value as a function of
hGG coupling deviation in an EFT dominated by the leading dimension six operator (red,
/i?) computed in Sec. 2.2, and for heavy stops using the LET (blue, /1?) computed in
Sec. 2.3. The coupling deviation « is taken in range [—0.1,0.1] as suggested by the LHC
Run 1 Higgs data.

hhGG couplings. In this case it is instead necessary to specify the model for the
new heavy colored states and apply the LETs [202-205], as seen for light stops in
Sec. 2.3.

Finally, when the new states are light enough neither the EFT nor LET de-
scriptions are valid. In the case of di-Higgs production, this occurs when the masses
of the new states in the loop are similar to the characteristic invariant mass of the
di-Higgs system under consideration. In this situation it is necessary to specify the

model under consideration and compute the full one loop contribution to di-Higgs

production. This is carried out for light stops in Sec. 2.4.
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2.3 Heavy Stop Modifications: Low Energy Theorem

For the remainder of this chapter we specialize to the case of stops in supersym-
metry, which provides a well-motivated, concrete example of new colored particles
with significant couplings to the Higgs. As is well known, the MSSM requires two
Higgs doublets. However, motivated by the lack of evidence for new scalars and
the fact that the Higgs production and decay rates are measured to be near the SM
value, we take the 125 GeV Higgs to be the lightest neutral scalar boson and work in
the decoupling limit. For the light stops that we consider in this work, we typically
cannot obtain the 125 GeV Higgs mass in the MSSM. However, there are many pos-
sible scenarios that raise the Higgs mass including, for example, the NMSSM (for
a review see [277,278]) or non-decoupling D-terms [279,280] an example of which
is given in Chap 3. Therefore, we assume the SM Higgs potential, particularly the
triple Higgs coupling, to focus on the stop contributions.

We begin by describing our conventions for the stop sector. The stop mass

matrix is given by

2 2
mrr Mir
M? = : (2.9)
m%R m%ﬁR
where we have defined
mi, = my, +yive + Ag(v] — vl),
mir = mi, +yivi + Ay(vi —l),
mip = YA, — pva) = m Xy, (2.10)

with Ag = $(392—19"?), Ay = 3(2¢™). We also take /v2 +v2 = v = 174 GeV and

28



define tan 8 = v, /vy. This matrix can be diagonalized, with eigenvalues m; and my

satisfying mo > my, by performing a rotation of the basis by the angle 6 defined by

2. —m3 2m X
cos 20 = M, sin 20 = —% . (2.11)
my — My my —my

In this section we examine the generic corrections to the di-Higgs production
rate in the limit that the stops are heavy in comparison to the typical di-Higgs
invariant mass. As alluded to in the previous section, the stops can in general exhibit
non-decoupling behavior as their masses are raised if the X; parameter is also raised
in a correlated fashion. This is analogous to the case of the top quark in the SM.
Because of this potential non-decoupling behavior, we apply the LET [202-205] to
derive the couplings of the Higgs to gluons induced by stops. The starting point is
the stop threshold contribution to the running of a,. After canonical normalization

of the gluon field, we obtain the following effective Lagrangian:

505
Lo % [log det M2] G, G™, (2.12)

where b = % is the QCD beta function coefficient for stops.

Using Eq. (2.12) we determine the couplings of the Higgs h to gluons generated
from stops by expanding around v, and v, in the Higgs fluctuations. Including the
dominant SM top quark contribution, we arrive at the following effective Lagrangian

describing the Higgs couplings to gluons:

Ky + K G G' — s (k" 4+ KIMR? G L, G (2.13)

a
L =5 _ s h
12\/§7w( 48?2 t

The coefficients ], £} (7, k") encode the top quark (stop) contributions to the
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hGG and h2GG couplings. In particular, for the stop contribution we have

v 0 0
“? = 3 (Ca_é?vu — sa—avd) log det ./\/ltg, (2.14)
2 2 2 2
o V50 2 0 9 2
Ry = —g (C(Xa—vz + Saa—v2 — QSQCam) 10gdet Mf'

Here ¢, = cosa and s, = sin a encode the mixing between the light and heavy CP-
even Higgs bosons by an angle a. Neglecting the small contributions from D-terms

(9,9 — 0) and taking the decoupling limit (o — 8 — 7/2) we obtain

po_ Lmi(mi+mi— XP)
Ky = 1 T ) (2.15)
mims;
2
e _mi [ (md i XE) (kw3 X2)
t m2ms3 4m? 2m2ms3
4
h(Q .h my
R 1) — 2.16
Ht( Ry ) m%mgv ( )

h
7

h

"' in terms of . These stop-induced

where in the final step we have written x
contributions are to be compared to the top quark contributions, which in the de-
coupling limit are s = k" = 1. Therefore, the parameters /-i? and /i?h measure the
relative coupling shift from the SM values in an analogous way to the EFT coupling
shifts defined in the previous section. We see from the last line in Eq. (2.16) that
a definite correlation exists between the hhGG and the hGG couplings, and in the
limit of heavy stops, my o > my, the hhGG coupling shift is fully determined by m?.

As emphasized above, the Run 1 data probe deviations in the hGG coupling
at the 10% level, || < 10%. We use this constraint to estimate the allowed size
of the corrections to the di-Higgs rate from heavy stops by using Eq. (2.16). We
find that O(50%) corrections are possible when the hGG coupling is smaller than

its SM value by about 10%, see Fig. 2.3. The behavior is easily understood by
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examining the couplings /-cif and /i?h and accounting for the interference between the

h

two diagrams depicted in Fig. 2.2. For instance, when 7 is negative the s-channel

Higgs exchange amplitude is slightly suppressed compared to its SM value, while the

hh

larger-in-magnitude contact diagram is mildly enhanced (since x7" is positive when

HJ? is negative, assuming the stops are heavy). Therefore, the interference between
the diagrams is less effective leading to the enhanced rate in this region, shown in
Fig. 2.3.

The figure also shows the importance of the non-decoupling behavior by com-
paring the EFT and LET calculations. Large A-terms mean the stops can get a
large fraction of their mass from EWSB even if they are relatively heavy. This leads
to different and potentially larger effects in di-Higgs production. Therefore, if a
deviation is observed but no on-shell states are discovered, the size of the devia-

tion could disentangle different types of decoupling vs non-decoupling new physics

scenarios.

2.4 Light Stop Modifications: Full Loop Calculation

Finally, we consider the effects of light stops on the di-Higgs rate, which re-
quires a full one loop analysis. To calculate the parton-level single Higgs and di-Higgs
production cross sections we implemented the SM+Stops model described above into
the FEYNARTS package [281,282] and employed the FEYNARTS, FORMCALC, and
LooprTooLs suite of packages [281,282] to calculate the amplitudes and evaluate

loop functions. We used the MSTW [274-276] PDFs when calculating the hadronic
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differential cross sections, with renormalization and factorization scales set to the
invariant mass of the di-Higgs system. For the spectra in Fig. 2.4 we use constant
K-factors to normalize our LO result to the NLO results in [235]. However, to the
order we are working in, the K-factors cancel out in all other plots as only ratios
of the BSM rate with the SM rate are shown. We have also cross checked our re-
sults using the full one-loop MSSM computations of Refs. [200,201], finding good
agreement.’

We begin by examining some benchmark models and their effect on the di-
Higgs invariant mass spectra. In the SM, the amplitude for di-Higgs production
vanishes at threshold because of a cancellation between the top box diagram and a
triangle diagram that utilizes the triple Higgs coupling [177-179], and this is true for
any field content as long all masses are acquired via the Higgs vacuum expectation
value. Therefore, the invariant mass distribution in the SM is very small near
threshold and grows to a peak near my;, ~ 2m;, as we see in Fig. 2.4. Generic new
physics that mediates one-loop di-Higgs production will spoil this cancellation, so
light colored particles can lead to large deviations near threshold. We demonstrate
this for some benchmark cases in Fig. 2.4.

Benchmark A has m; = 325 GeV, my = 500 GeV, sinf = 0.4: it has both

3We differ in the writing of the function F3 defined in equation (B.2) of [201]:

Fy(s,t,hy, hg,m2 ,m2 ) = — s(t +mZ )CH(s) + smz CPi (s )—tthzlJo() tt q’;’;o()

( —h h2)0h1h2( ) — 2stm Dhlhgoo(s t)

iji i3
+ [St — 2t1t2mqi —|—3( m ) ] Dhih200( 4

1jit

+ g [p%(mgz- +m3,) + (méi —m2)? } DI04 ) + (t <> u). (2.17)
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Figure 2.4: Invariant mass spectrum for di-Higgs events at the LHC14. We show spectra
for the SM, which peaks at ~ 2m;, and the benchmark points: A) Both stops near the weak
scale and current constraints satisfied, m; = 325 GeV, mg = 500 GeV, sinf = 0.4, B) One
stop heavy, current constraints satisfied and a large enhancement of di-Higgs production
through tuning of the mixing angle, m; = 200 GeV, mo = 1000 GeV, sinf = 0.223,
C) One stop light and single Higgs production constraints not satisfied, m; = 150 GeV,

ma = 1000 GeV, sin 6 = 0.
stops light but the mixing angle is such that the rate of gg — h is only enhanced
by ~ 15% and the h — ~v rate is within 5% of the SM value. This is a typical
case where even having light stops the di-Higgs spectrum looks SM-like, and the
total rate is ~ 86% of the SM; a modification unobservable at the LHC. This also
illustrates the effect found in Fig. 2.3 that the sign of the modification in single
production is anti-correlated with that of the di-Higgs rate. Benchmark B has one
light stop and one heavy stop, m; = 200 GeV, my = 1000 GeV, sinf = 0.223,
with the mixing angle carefully tuned to give a large enhancement in the di-Higgs

rate while still being allowed by single Higgs data. The largest enhancement in the
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spectrum occurs around 400 GeV where the lighter stop in the loop can go on-shell.
The total di-Higgs rate is enhanced by ~ 70%, the single Higgs rate is reduced by
~ 20%, and the di-photon modification is small.

In benchmark C we show the generic but excluded case with one light stop:
my = 150 GeV, my = 1000 GeV, sinf = 0. Here the cancellation in the matrix
element at threshold discussed in the introduction is spoiled and there is a large cross
section enhancement at low invariant mass. The total cross section is enhanced by
~ 90%, but the single Higgs rate is also enhanced by ~ 80%.

We now discuss the expected modifications to the di-Higgs production rate as a
function of more general stop sector parameters. Throughout we consider corrections
to single Higgs and di-Higgs production. We will also consider two bins of di-Higgs
invariant mass: 260 < my, < 350 GeV and 260 < my, < 2000 GeV. The first
region is motivated because for light stops, the di-Higgs invariant mass spectrum
can deviate significantly from the SM prediction for my, < 2m,, as illustrated in
Fig. 2.4. Thus, although the total number of signal events may be smaller, when
constraining new non-resonant contributions to di-Higgs production it may help to
focus on di-Higgs invariant mass bins close to the threshold for production as this is
where corrections are likely to be greatest. We also consider the full invariant mass
regime to make contact with previous phenomenological studies.

In this section we consider corrections at 14 TeV and 100 TeV. The total di-
Higgs production cross section increases substantially when going from 14 to 100
TeV, which is essentially due to the increased gluon luminosity. This is the main
reason that sensitivity to di-Higgs production improves significantly with a 100 TeV
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Figure 2.5: Percentage corrections to the single Higgs (red) and di-Higgs (black) pro-
duction cross sections at /s = 14 TeV in a low energy bin with invariant masses
260 < mpp < 350 GeV (left) and a wide bin with 260 < mp, < 2000 GeV (right).
For the wide energy bin the corrections fall below the benchmark sensitivity for all soft
masses shown. Both stop soft masses are varied independently and the A-terms are set

to zero. The masses on the axes are the physical masses of the left- and right-handed
stops. Small differences between left and right-handed stops due to different D-term cou-

plings can be seen. We also show blue contours of the approximate color-breaking vacuum

constraint described in Sec. 2.4.

proton-proton collider when compared to the LHC. However, for light stops the ratio
of cross section modifications to the SM cross section remains roughly the same for
both colliders. The reason for this is that although the total gluon luminosity in
both cases is significantly different, the gradient of the gluon luminosity with respect
to parton center of mass energy is not significantly different in the region of interest
for di-Higgs production. Thus, when integrating over the PDFs the increased gluon
luminosity is roughly a constant factor, especially in the low invariant mass bin.
Therefore, when the ratio of total cross section with stops to the total SM cross
section is taken this factor essentially drops out. Therefore, the fractional corrections
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Figure 2.6: Same as Fig. 2.5 but for v/S = 100 TeV.

are very similar at 14 and 100 TeV. This does not persist when the stops are heavy
and features in the invariant mass distribution appear at large my; where the gluon
luminosity between 14 and 100 TeV is significantly different. In this case, however,
the corrections are typically smaller than the expected sensitivity. Thus, for the
fractional corrections to the total cross section the 14 TeV results are also roughly
illustrative of the 100 TeV result, although the expected sensitivity is increased at
higher center of mass energy, so it should be kept in mind that contours of different
di-Higgs cross section are appropriate in this case.

In general the stop parameter space can be described by three physical pa-
rameters, such as the two stop mass eigenvalues mq, msy, and the mixing angle, or
alternatively the two soft masses my, mgr and the mixing parameter X;. To plot
the corrections a projection down to a two-dimensional subspace is necessary. Re-
sults for a variety of projections for the full loop calculation are shown in Figs. 2.5

through 2.10. In Figs. 2.5 and 2.6 the stop mixing X;-terms are set to zero and only
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Figure 2.7: As in Fig. 2.5 with the exception that both stop soft masses are set equal
and the A-terms are varied. In both cases regions which lead to a ~ —20% change in the
single production rate typically imply a ~ 30% change in the pair production rate. The
approximate color breaking vacuum constraint shown in blue is relevant for large mass
splittings due to the large X;-terms.

the physical mass eigenvalues are varied. In Figs. 2.7 and 2.8 the two soft masses
are set equal, m; = mpg, and varied and the X;-term is also varied. The results
are shown in the basis of physical masses. In Figs. 2.9 and 2.10 we fix the mass
eigenvalue of the heavy stop to a benchmark value and then vary the light stop mass
and the stop mixing angle.

In all figures a consistent picture emerges. Usually, cases with observable
deviations in the di-Higgs production rate also have observable deviations in the
single Higgs production rate. Furthermore, in the ‘blind spot’ region where the single
Higgs corrections are small the di-Higgs corrections are also typically suppressed

unless both stops are quite light, consistent with our EFT analysis. Thus, when

indirectly constraining light stops, where the EFT expectation does not apply, which
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Figure 2.8: Same as Fig. 2.7 but for v/S = 100 TeV.

may have evaded direct detection at the LHC, the single Higgs production and
di-Higgs production processes are highly complementary. The strongest indirect
constraints, especially for light stops, would arise from the combination of the two.
Furthermore, Figs. 2.5 through 2.10 suggest that tuned regions of parameter space
may remain after LHCS8 in which observable non-resonant stop contributions to
di-Higgs deviations may still arise at LHC14.

It is also interesting that, as advertised previously, in Figs. 2.7 through Fig.
2.10 it is clear that deviations relative to the SM may be significantly larger in low
invariant mass bins than they are for the total cross section. However, due to the
smaller signal rate, the statistics will be lower in the low mass bin than for the
total cross section. Thus, in a collider analysis aimed at indirectly constraining stop
squarks it may be necessary to study a number of invariant mass cuts to determine
the optimal constraint.

Finally, in Figs. 2.9 and 2.10 it is clear that if both stops are light the stan-
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Figure 2.9: As in Fig. 2.5 with the exception that the heavy stop mass is fixed at 1000
GeV (upper panels) and 500 GeV (lower panels) and the light stop mass and mixing angle
are varied.

dard ‘blind spot’ in stop contributions to single Higgs productions may be closed
by constraining di-Higgs production. This is consistent with our EFT discussion,
as even when the stop loop contributions to the hGG coupling have been tuned to
precisely zero there will remain contributions to the h?GG coupling coming from
a dimension-8 operator. Therefore, the h2GG coupling in the blind spot will typi-

cally be O(m}/m3m3). Hence, if we face the unfortunate situation that both stops
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Figure 2.10: Same as Fig. 2.9 but for v/S = 100 TeV.

are light and hGG deviations are absent due to a pernicious cancellation between
stop loop contributions to the hGG coupling, it may still be possible to indirectly

constrain this scenario through di-Higgs production measurements at the LHC.

Additional Indirect Constraints

There are other indirect constraints on stops. We briefly comment on how
they compare to the constraints and predictions considered previously. The most

relevant of these constraints comes from very large A-terms. These can generate
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charge- or color-breaking vacua in the scalar potential that are deeper than the
EW vacuum [283-293]. One can approximate the maximum allowed A-term by
considering a D-flat direction in field space where (H,) = (f;,) = (tg), and requiring
that all minima in that direction have positive vacuum energy. This leads to the

condition [283-287]
A} <3(miy, + |pl* +md, +mp,) . (2.18)

In the decoupling limit, m%;, + |u|*> = —mj /2 where my, is the physical Higgs mass.
We can take the small p or large tan 8 limit which sets A; = X;. This allows us to
plot the bound from Eq. (2.18) in Figs. 2.5 through 2.10.

We stress that Eq. (2.18) is a very crude approximation for the stability bound
on the A-terms. In order to accurately compute the bound, one must take into ac-
count loop contributions [294,295], tunneling effects [296-298|, and properly account
for cosmological history [299]. There now exist sophisticated computer codes [300]
which can compute bounds in various different supersymmetric models [301-303].
Other groups have recently considered the effect of the 125 GeV Higgs on these
bounds [304-307]. A full computation of the vacuum stability of our scenario is
beyond the scope of this work, so we use Eq. (2.18) to give a rough sense of where
those bounds would lie.

Precision EW observables can also be used as constraints [308]. One par-
ticularly important example is the p-parameter, which measures the splitting of
electroweak multiplets. This constraint depends sensitively on the mass of the right

handed sbottom as well as the mixing in the sbottom sector, and because of this
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additional model dependence we do not show the constraint on our figures. We find
that generically the p-parameter gives weaker constraints than vacuum stability.

In this chapter we have explored the impact of new colored states coupled to
the Higgs particle on the production of Higgs boson pairs. Such states are moti-
vated by naturalness, with prime examples being top-partners. Therefore, di-Higgs
production is a one way to use the Higgs to explore naturalness.

This class of non-resonant new physics can in principle lead to significant mod-
ifications to di-Higgs production. In most cases, however, the current experimental
constraints on single Higgs production in the gluon fusion channel limit the extent
to which the di-Higgs rate can deviate from the SM prediction. This can easily be
seen in the case of heavy new colored states from an EFT analysis. The case of new
light colored states requires a more detailed specification of the model and a full one
loop calculation of the di-Higgs rate. We have performed such an analysis for the
case of stops in supersymmetry, finding that modifications are typically small, but
that tuned regions with O(1) enhancements to the cross sections exist.

This result demonstrates that future di-Higgs measurements could be used
to place indirect constraints on the presence of light stops if they have somehow
otherwise evaded detection at the LHC. However, these modifications are likely to
be modest given the present constraints on single Higgs production. Thus, if large
modifications in the di-Higgs production rate were observed this work would suggest
that they are more likely to come from resonant new physics, or modifications of the
weak sector and /or Higgs self-coupling, rather than from non-resonant contributions
from new colored fields coupled to the Higgs.

42



Chapter 3: Models of Neutral Naturalness

In this chapter we introduce three specific constructions that span much of the
NN model-space: Mirror Twin Higgs [129], Folded-SUSY [130], and Quirky Little
Higgs [162]. The fact that they are motivated by naturalness means that the top
partners are expected to be close to the EW scale, < TeV. However, because they
are color neutral, the production rates are small at the LHC. This makes the Higgs
among the strongest probes of these scenarios. However, the details vary from cases
to case as we see below and explore in the following chapters.

The sense in which the models we focus on span the NN ‘theory space’ is
shown Table 3.1. The top partners in symmetry based solutions to the hierarchy
problem are separated by their spin and the charges they share with the SM.! The
most familiar models, like SUSY or pNGB models, predict top partners that carry
all SM charges. However, NN models may have only EW charges or none at all.
The models we outline in this chapter span the different spin choices of EW charged
top partners. In addition, we outline the Twin Higgs model, but cannot describe
a completely neutral framework with scalar top partners as none have yet been

discovered. As mentioned in the introduction, the Higgs portal may be the only

!There also exist spin 1 top partner models [309, 310].
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Scalar Fermion
QCD & EW SUSY pNGB Higgs / RS
EW Folded-SUSY | Quirky Little Higgs
None 777 Twin Higgs

Table 3.1: Schematic ‘theory space’ of symmetry based solutions to the hierarchy problem.
The top partner’s representation under the Lorentz Group vary by column while the
charges it shares with the SM vary with row.

robust probe of such a model. However, there may be some other requirement of

the construction that provides additional avenues for discovery.

3.1 Mirror Twin Higgs

The MTH model assumes a mirror copy of the complete SM, called the twin
sector, along with a Z5 symmetry that exchanges each SM particle with the corre-
sponding twin. In addition, the Higgs sector of the theory is assumed to respect
an approximate global symmetry, which may be taken to be either SU(4)xU(1)
or O(8). This global symmetry is not exact, being explicitly violated by the SM
Yukawa couplings, and the SM EW gauge interactions. In particular, a subgroup
of this global symmetry is gauged, and contains the SU(2)xU(1) electroweak in-
teractions of the SM, and of the twin sector. The SM Higgs doublet emerges as a
light pNGB when the global symmetry is spontaneously broken. Even though the
gauge and Yukawa interactions explicitly violate the global symmetry, the discrete
Z5 symmetry ensures the quadratically divergent contributions to the Higgs mass

cancel at one-loop order.
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The next step is to understand the cancellation of the quadratic divergences
in this model. We first consider the case where the breaking of the global symmetry;,
which for concreteness we take to be SU(4)xU(1), is realized by a weakly coupled
Higgs sector. The SU(2)xSU(2)xU(1) subgroup of SU(4) and the additional U(1)
are gauged giving rise to the electroweak interactions in the SM and twin sectors.
We use the labels A and B to denote the SM and twin sectors respectively. Then,
under the action of the discrete Z, symmetry, the labels A and B are interchanged,
A < B. In this notation, H4 represents the SM Higgs doublet and Hpg the twin

doublet. The field H, defined as

Hy
H= , (3.1)
Hp

is chosen to transform as the fundamental representation under the global SU(4)

symmetry. The SU(4) invariant potential for H takes the form
m?HH + \(H'H)?. (3.2)

If the parameter m? is negative, the SU(4) x U(1) symmetry is spontaneously broken
to SU(3)xU(1) and there are 7 massless NGBs in the spectrum. Depending on the
alignment of the VEV | several of these NGBs will be eaten. If, however, the VEV
of H lies along Hp, the SM Higgs doublet H4 will remain massless.

The gauge and Yukawa interactions give rise to radiative corrections that vio-
late the global symmetry and generate a mass for H4. We focus on the top Yukawa

coupling, which takes the form

AaHaqata + A\pHpqpts . (3.3)
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These interactions generate quadratically divergent corrections to the Higgs poten-

tial at one loop order. The corrections take the form

3
AV = A7 (AZHLHA + AQBHLHB> , (3.4)

where A is the UV cutoff. The Z5 symmetry, however, ensures Ay = Ag = A so that

A2
A2 (HLHA + H;HB) = 2NNt (3.5)

872

3\

82

AV

Thus, this contribution respects the global symmetry and cannot contribute to the
mass of the NGBs. The leading contributions to the SM Higgs potential therefore
arise from terms which are only logarithmically divergent. Consequently, there are
no quadratically divergent contributions to the Higgs mass at one loop order.

The discussion so far has been restricted to the case when the breaking of
the global symmetry is realized by a weakly coupled Higgs sector. However, the
cancellation is independent of the specifics of the UV completion and depends only
on the symmetry breaking pattern. To see this we consider the low energy EFT
for the light degrees of freedom, in which the symmetry is realized nonlinearly. We
parametrize the pNGB degrees of freedom in terms of fields I1*(z) that transform
nonlinearly under the broken symmetry. For the purpose of writing interactions, it

is convenient to define an object H which transforms linearly under SU(4)xU(1),

0
Hy i 0
H = = exp (?H> : (3.6)
Hp 0
f
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Here f is the symmetry breaking VEV, and II is given, in unitary gauge where all

the B sector NGBs have been eaten by the corresponding vector bosons, by

0 0 0|n
0 0 0|hy
= (3.7)
0 0 0|0
bt hi 0] 0

The discrete Z5 symmetry continues to interchange Hy and Hp. Expanding the

exponential we obtain

hmsm 7
H= 0 (3.8)

()
f cos 7

if (m)

where h = (hy, hy)t is the Higgs doublet of the SM

Hi=h if sin( hTh)zih—{—..., (3.9)

Vhih f
0 0
Hp = - , . (3.10)
fcos(@) f—ﬁhTh—i-...

Now consider again the Z, symmetric top quark sector, Eq. (3.3). To quadratic

order in h this takes the form

) 1
ihqgata + N (f — ﬁhTh) qBts . (3.11)

From this Lagrangian, we can evaluate the radiative contributions to the Higgs mass
parameter. The contributing diagrams are shown in Fig. 3.1.
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Figure 3.1: Cancellation of quadratic divergences in the Mirror Twin Higgs model. The
cancellation holds when the top and its partner are charged under different SU(3)s.

Evaluating these diagrams we find that the quadratic divergence arising from
the first diagram is exactly canceled by that of the second. The first and second
diagrams have been colored differently to emphasize that the particles running in
the two loops carry different SU(3) charges. The first loop has the SM top quarks
which carry SM color. The particles running in the second loop, however, are twin
top quarks charged under twin color, not SM color.

We also note the recent minimal incarnation of this model, the Fraternal Twin
Higgs [137]. Rather than the full doubling of the SM, this model only includes the
third generation in the mirror sector. In such a model, the lightest mirror states

may be glueballs of SU(3)p, depending on the mass of the mirror bottom quark.

3.2 Folded Supersymmetry

SUSY is perhaps the best known solution to the hierarchy problem. In su-
persymmetric theories every known particle is related by the symmetry to another
particle with a different spin, called its superpartner. The gauge quantum numbers

of each particle and its corresponding superpartner are identical. In supersymmetric
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extensions of the SM, the quadratically divergent contributions to the Higgs mass
from loops involving the SM particles are canceled by new diagrams involving the
superpartners.

In the case of the top quark, whose left and right components belong to the
SU(2) doublet g and SU(2) singlet u, the corresponding scalar partners are the scalar
stops, which we label by ¢ and u. Supersymmetric extensions of the SM generally
contain two Higgs doublets, one labeled H, which gives mass to the up-type quarks
and another, labeled H,, which gives mass to the down-type quarks and leptons.
Both H, and Hy have fermionic superpartners, the Higgsinos. In supersymmetric
theories, the one loop quadratically divergent contributions to the up-type Higgs
mass associated with the top Yukawa coupling are canceled by diagrams involving

the stops. The relevant couplings take the form
(MHyqu +H.c.) + X2 |GH, > + X2 |[a]” | H,|” . (3.12)

These interactions lead to radiative corrections to the up-type Higgs mass from the

diagrams shown in Fig. 3.2.

Figure 3.2: Cancellation of quadratic divergences in the Folded SUSY model. This

divergence is canceled even if the top and stop transform under different color groups.

From the form of the interaction in Eq. (3.12), we see that for the cancellation
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to go through, the left-handed stop ¢ must carry charge under the SU(2) gauge
interactions of the SM. At the diagrammatic level, however, the cancellation does
not depend on whether the stops transform under SM color.

In Folded Supersymmetric theories the cancellation of the one loop quadratic
divergences associated with the top Yukawa coupling takes place exactly as in the
diagrams above, but the top and its scalar partners, labeled “folded stops” or “F-
stops”, are charged under different color groups. While the fermions transform under
the familiar SM color group, now labeled SU(3)4, the scalars transform under a
separate hidden color group, labeled SU(3) 5. The electroweak quantum numbers of
the F-stops are identical to those of the corresponding SM fermions. This scenario
can be realized in a 5D supersymmetric construction, with the extra dimension
compactified on S'/Z, (see [160] for an alternative UV completion). A combination
of boundary conditions and discrete symmetries ensures that the spectrum of light
states includes the SM particles and the scalar folded superpartners (“F-spartners”)
that cancel the quadratic divergences arising from the couplings of SM fermions
to the up- and down-type Higgs bosons. The gauginos are projected out by the
boundary conditions, and are not part of the low energy spectrum. The slepton and
EWino spectrum is the same as in the MSSM, with soft masses given by the scale of
the extra dimension in the minimal model.? The interactions of the top quarks and

the F-stops with the up-type Higgs have exactly the same form as in (3.12), and

2Note that there is no tuning associated with splitting the folded squarks from the gauginos.
In the extra dimensional construction the folded squarks have zero mass tree level; the scale of
their soft masses is given by gauge (and Higgs for the third generation) interactions, see [130] for
the explicit soft masses. Thus, the squarks are generally lighter than the gauginos by the gauge
coupling squared divided by a loop factor.
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the cancellation of quadratic divergences between the fermion and scalar diagrams
happens in exactly the same way.

The F-stops are not charged under SM color, which drastically reduces their
production cross section at hadron colliders compared to colored stops in stan-
dard SUSY theories. However, because they still carry EW charge, Large Electron-
Positron (LEP) collider limits require that they be heavier than ~ 100 GeV. The
lightest states in the mirror sector are therefore the SU(3)p glueballs, which can
be produced in decays of the SM-like Higgs and lead to the discovery signature
discussed in Chapter 5.

Direct production of the F-squarks in Drell-Yan-like processes and subse-
quent annihilation through quirky dynamics may yield additional discovery sig-
natures [167], including W~ resonances at the LHC [311]. Possible glueball signals

from these processes are discussed in [172].

3.3  Quirky Little Higgs

In Little Higgs models the Higgs doublet emerges as a pNGB whose mass is
protected against one loop quadratic divergences by collective symmetry breaking.
To understand how this mechanism operates, consider the Simplest Little Higgs
model [79]. In this theory the SU(2);,xU(1)y gauge symmetry of the SM is em-
bedded in the larger gauge group SU(3)yw xU(1)x. All the states in the SM that
are doublets under SU(2), are now promoted to triplets. The Higgs sector for this

theory is assumed to respect a larger approximate global [SU(3)xU(1)]* symmetry,
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of which the gauged SU(3)w xU(1)x is a subgroup. This approximate global sym-
metry, which is explicitly violated by both the gauge and Yukawa interactions, is
broken to [SU(2)xU(1)]?, which contains SU(2);xU(1)y of the SM as a subgroup.
The SM Higgs doublet is contained among the uneaten pNGBs that emerge from
this symmetry breaking pattern, and its mass is protected against large radiative
corrections.

The symmetry breaking pattern may be realized using two scalar triplets of
SU(3)w, which we denote by ¢; and ¢o. If the tree level potential for these scalars,

V(¢1, @) is of the form

V1, ¢2) = Vi(o1) + Va(92) , (3.13)

then this sector possesses an [SU(3)xU(1)]?® global symmetry. When ¢; and ¢,
acquire VEVs f; and f,, this symmetry is broken to [SU(2)xU(1)]?. For simplicity
we assume that the two VEVs are equal, so that f; = fo = f. However, this is not
required for the mechanism to work. Of the 10 resulting NGBs, 5 are eaten while
the remaining 5 contain the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences
associated with the top Yukawa coupling arises in this theory. The top sector takes

the form

MP1Qt1 + Xad2Qts (3.14)

where @) represents the SU(3) triplet containing the third generation left-handed
quarks, while ¢; and t, are SU(3) singlets that carry the same electroweak charge
as the right-handed top quark in the SM. These interactions do not respect the full
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[SU(3)xU(1)]? global symmetry but only the gauged SU(3)yxU(1)x subgroup. As
a consequence, the potential for ¢; and ¢, will receive corrections, and the 5 uneaten
NGBs will acquire a mass. However, this radiatively generated contribution to the

mass is not quadratically, but only logarithmically divergent.

to

¢1 -T=- L-- ¢1 ¢2 - == - 2

qr qr

Figure 3.3: Quadratic divergences from the top sector of the Littlest Higgs model.

The diagrams that can potentially lead to quadratically divergent contribu-
tions to the masses of the pNGBs are shown in Fig. 3.3. The divergent parts of

these graphs are given by

3 3
Aol + S5 A A oles (3.15)

However, we see that these terms respect the full global SU(3)xSU(3) symmetry
and so cannot contribute to the mass of the pNGBs. This is not a coincidence,
but a consequence of collective symmetry breaking. To see this, note that in Eq.
(3.14) if either of the ); is set to zero then the Lagrangian for the top sector recovers
the full SU(3)xSU(3) global symmetry and all the resulting NGBs are all massless.
Therefore, the global symmetry is violated only in the presence of both A\; and
A2, which collectively break the symmetry. Therefore, any correction to the pNGB
masses can only arise from a diagram that includes both A\; and Ay. There are,
however, no such quadratically divergent diagrams. The lowest order diagram that

23



corrects the potential and contains both A; and Ay is the box diagram, shown in

Fig. 3.4, which is only logarithmically divergent.

b1 @, (03
t1 i
“oqn
b1 03

Figure 3.4: Logarithmically divergent contribution to the Higgs potential. This contri-

bution vanishes unless both A1 and Ao are nonzero.

We can show that this protection mechanism depends only on the symmetry
breaking pattern of the model and is independent of the details of the dynamics that
breaks the symmetry. To do this, we parametrize the uneaten pNGBs, in unitary
gauge, by a set of fields m(x). It is convenient to construct from the m(x) two objects

¢1 and ¢, that transform linearly under the full broken SU(3)xSU(3) symmetry.

0 0
Y1 = eiH/f 0 y P2 = eiin/f 0 ) (316>
f f
with the relevant degrees of freedom encapsulated by
0 0
h
I1= 0 0 . (3.17)
h' 0

The Lagrangian for the top sector then takes the form

A A
715 TQt, + 725 Qs . (3.18)
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Expanding to quadratic order in h and making the definitions

. A1 A
tc=i ty — t , 3.19
(w//\§+)\§2 NGYESY 1) (3.19)
A2 A
¢ = ty + t 3.20
NSV ES VNV Ve (3:20)
this becomes
1
Here we have defined
V2A1 X0 A5 — A\ [
N=—F——s, A\p=1 . omp = =1/ A2+ N2 3.22
NV ES YN,/ VIS v Lo A 522

The diagrams contributing to the Higgs mass, see Fig. 3.5, demonstrate the can-
cellation of quadratic divergences. Notice that because ¢ couples to both t¢ and T
that the top partner must transform under the same SU(3) as the top. Thus, the
two loops have been given the same color. If, however, there is some symmetry that
forces Ay = Ay then the coupling Ay of ¢ to T vanishes and the cancellation goes

through even if ¢© and 7 transform under different SU(3) color groups.

mr

te,T¢

—mr/(2f?)

Figure 3.5: Cancellation of quadratic divergences in the Littlest Higgs model. The two

fermions must transform under the same SU(3) unless A\; = Ao.

In Quirky Little Higgs models the one loop quadratic divergences generated by
the top quark are canceled exactly as in the diagrams shown above, but the fermionic
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top partners 7' and T do not transform under the SM color group, SU(3).. These
partners are instead charged under a different SU(3), labeled as SU(3). However,
the electroweak quantum numbers of the quirks are the same as those of their SM
partners. In this construction, all the fermions that are charged under SU(3)p have
masses much above the scale where the gauge group gets strong. As a consequence,
the system exhibits quirky dynamics.

Quirky Little Higgs models can be realized in a 5 dimensional space with the
extra dimension compactified on S*/Z,. The breaking of the SU(3)y xU(1)x gauge
group down to the SM is realized by boundary conditions and separately by a scalar
field @ that transforms as a triplet under SU(3)y,. The 5 dimensional theory also
possesses an SU(6) gauge symmetry that is broken down to the SM SU(3)4 color
group and to SU(3)p by boundary conditions. This construction allows the third
generation quark doublet ¢ and the top partner T' to emerge as zero modes from
the same bulk multiplet, but transforming under different color groups. The Higgs
doublet is contained among the pNGBs that emerge from ¢ after the breaking of
the SU(3)w xU(1)x symmetry. The interactions in Eq. (3.21) arise from couplings
of ® to the multiplets that contain the top quarks and the top partners. The SU(6)
gauge symmetry ensures the equality of the couplings in Eq. (3.21) that is necessary
to enforce the cancellation of the quadratic divergence.

As in FSUSY, the quadratic corrections to the Higgs mass of the SM fermions
are canceled by partners charged under a different SU(3), but carry the same elec-
troweak charges. This means that they can be produced directly at colliders and

give rise to phenomenology similar to FSUSY, including glueball signatures [172].
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The most significant difference is that the top partners are fermions, which leads to
deviations in the couplings of the Higgs to SM particles. In short, the Higgs is the

persistent channel for discovering these models.
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Chapter 4: Higgs Couplings Predictions

Any structure that seeks to protect the Higgs mass from large quantum cor-
rections by way of a symmetry predicts new particles that couple strongly to the
Higgs. The complete framework may also predict couplings between the Higgs and
SM fields that differ from the SM results. Projections for the full high luminosity
LHC run (3000 fb™') [273] show that the Higgs invisible branching fraction will be
probed down to about 10%. The precision for the signal strengths in the cleanest

Higgs channels, ZZ, WW  and ~v, is projected to be around 5%.

4.1 Mirror Twin Higgs

In order to understand the implications of the MTH model for Higgs produc-
tion and decays, we first determine the couplings of the Higgs to the states in the
low energy theory. We employ the nonlinear model defined in Eq. (3.8) and choose

the unitary gauge in the visible sector with h; = 0 and hy = (v + p)/v/2 to obtain

0 0
H, = Hp = 4.1
! 1 f sin (m) o f cos (m) .
V2f V2f
The couplings of the weak gauge bosons to the Higgs originate from
2 2
|Di'Ha|” + | D) Hp| (4.2)
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where the D4® denote the covariant derivative employing the A, B gauge bosons.

Expanding out the kinetic terms we find

*g* .o [V+p
— T, IN
4 cos? Oy Apsa| S V2 f

2.2 2.2
9t e g u s (V+Dp
LI W w L . 4.3
+|: 9 Bu'' B +4C0829 Bp B:| cos (\/if) ( )

*g?
2

1 _

From this we obtain the masses of the W* and Z gauge bosons in the visible

and twin sectors and their couplings to the Higgs, p. We find that

The masses of the Z bosons are related to those of the Ws by the usual factor of

cos Byy. Notice that the VEV of the Higgs in the SM, vgw =246 GeV, is related to

the parameters v and f of the MTH model by the relation

vpw = V2f sin (\/_LQf) = V2fsind . (4.5)

From this expression, which defines the angle ¥, we see that v and vgw become
equal in the v < f, or equivalently ¢ < 1, limit.

In the absence of any effects that violate the Zy symmetry, minimization of
the Higgs potential requires vgw = f, so that the state p is composed of visible
and hidden sector states in equal proportions. In order to avoid the experimental
limits on this scenario, it is desirable to create a hierarchy between these scales so
that vgw < f. This is most simply realized by a soft explicit breaking of the Z,
symmetry. This allows the gauge and Yukawa couplings to remain the same across

the A and B sectors, so that the cancellation of quadratic divergences remains intact.
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We can expand out Eq. (4.3) to obtain the couplings of the Higgs to the

electroweak gauge bosons

1 m
5 L.pOt p + [m%VAWXMWZ_ + Za ZAMZZ] <1+2L COS"L9—|-"')

2 VEW
m2 P
+ [m%/VBWEMWg_ + 2ZB ZBng:| (1 - 2@ tansind + - - ) . (46)

We see that the couplings of p to the W and Z differ by a factor of cosd from the
SM prediction.
We now turn to the top quark sector (3.3). Expanding this in the unitary

gauge we find

. _(v+p vtp
N o 47
t|:lfQAASHl<\/§f> fQBBCOS<\/§f)} (4.7)
A
=i ZUEW it {1 + 2 cos 19} + A\ fqptp cosV [1 — L tan 9 sin
V2 VEW VEW

where for simplicity we have not differentiated the components in the SU(2) dou-

blets. We also see that the mass of the top quark’s mirror twin partner is
my = A\ f cos) = my cot 9. (4.8)

We can now determine the implications of the MTH model for Higgs produc-
tion and decays. We have seen that the tree level couplings of p to the visible sector
fermions and bosons are simply altered by a factor cos ¥ relative to the SM. Since the
new particles in the model carry no SM charges, the radiatively generated couplings
of the Higgs to gluons and photons are modified relative to the SM by exactly the
same factor. It follows that all production cross sections are modified by the square
of this factor,

a(pp — p) = cos® ¥ osm(pp — h), (4.9)
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where h is the SM Higgs boson. There is a similar relation for decays of the Higgs

into A sector particles,
[(p — A;) = T°™(h — SM;) cos? 9, (4.10)

where the subscript ¢ labels particle species. In addition, p will decay into B sector
particles that are light enough. A factor of sin ¢} accompanies couplings of p to twin
sector states, relative to the corresponding SM interactions. We define the fraction

0 as

5 Llp—B)

= 4.11
SM(h) sin? o (4.11)

In the limit that the states in the twin sector have the same masses as their visible
sector partners, 0 = 1. Away from this limit, ¢ is expected to differ from unity due
to kinematic effects. The total Higgs width in the MTH model is given by

I(p) = IT°™(h) [cos® I + dsin* V] . (4.12)

Employing the expressions T} (h — SM;) and I'gr(p — A;) to denote the

branching fractions into the same particle species ¢ we obtain

olpp = p)Ter(p = A)  cos®d 1 (4.13)
osm(pp — h)LEN(h — SM;) 1+ dtan®y m? m?\ '
1+ o) (14 2
mr mr

As explained earlier, in the case when the Z5 symmetry is only softly broken,
the gauge and Yukawa couplings are the same in the visible and twin sectors. This
allows us to obtain expressions for the masses of the particles in the twin sector,
and predict 0. The masses of the B sector particles are related to those in the A
sector by

mp = macot, (4.14)
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and so for f > v the B sector masses are significantly larger that those of the A
sector. The B sector particles couple to p with the same coupling as in the SM, but
modified by the factor — sin .

The leading order relation for SM Higgs decays to fermions f is given by

B Nc m2 3/2
T(h— ff) = 167Tmh)\?c (1 - 4m—£) : (4.15)

where A; is to be evaluated at the Higgs mass. For decays into gauge bosons we

use [312]
o 3my my mi,
Db VV') = S0 o <m—%{ , (4.16)
where &), =1, 8% = 5 — 2 sin® Gy + P sin® Oy, and
3(1 — 8z + 202 (3 —1 1—2z
Ry(z) = ( Tl )COS ! ( T ) -5 (2 — 13z + 4727)

— ;(1 — 67 +42°)Inz, (4.17)

when the mass of the vector is less than the mass of the Higgs. By suitably modifying
these expressions, we can obtain the width of the Higgs into twin fermions and twin

electroweak gauge bosons. The Higgs may also decay into twin gluons gp:
3 am2\ |”
q
12 (5F)
q

with Ap defined in Eq. (4.45). The sum is over the twin quarks, but is dominated

2,3
My

T2m302

I(p — grgn) = (4.18)

by the twin top.

We use these formulas in conjunction with the factor of sin®%) to determine §
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as a function of m;/mr:

2
?jm% i R Vj_sz
1—-4 5 o T mi2z m%
msi m
6= Ejr (h = fif;) —;;2,5 +§ I (h — V;V) —
1 —4—L Ry | =2
my, m%
4m2\ |?
+ (b — g9) Wf 5 (4.19)

In our analysis, we take into account the decay modes of p into the twin sector
bottom and charm quarks, and into the tau and muon leptons. We use the Higgs
widths reported in [313].

Using these results we can determine the rate of Higgs events into any SM state
and the branching fraction into twin sector states. We plot these results in Fig. 4.1.
The blue line represents the rate of Higgs events into SM final states in the softly
broken MTH model normalized to the SM. The green line denotes the branching
fraction of the Higgs into the twin sector particles. A key observation is that the
MTH model predicts a relation between the Higgs invisible branching fraction and
the modification to standard model rates. In a more minimal construction like the
FTH, this can vary somewhat, but even in that case the dominant decay channels,
to twin bottoms and taus, contribute to the invisible width, but the detailed value
will be different. The SM coupling modifications, however, do not depend on the
mass of the twin sector particles.

The corrections to the Higgs couplings in the MTH model relative to the SM
are constrained by precision electroweak measurements. In theories where the Higgs
emerges as a pNGB, its couplings to the fermions and gauge bosons are generally
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Figure 4.1: 1In blue, a plot of the rate of Higgs events into SM states normalized to the
SM. The green line is the invisible branching ratio of the Higgs into mirror twin particles.
The vertical orange and red lines are the 95% confidence bound from precision electroweak
(PEW) constraints for a 1 and 5 TeV cutoff respectively.

smaller than in the SM. In [314] precision electroweak constraints were applied to the
MCHM4 model [82], which, like MTH, modifies the Higgs couplings to all the vector
bosons and fermions by a universal factor. Their bound on €, where /1 — €2 = cos 1),
also applies to the MTH model in a strongly coupled UV completion, and can be
translated into a bound on the top partner mass. Their analysis was carried out

assuming a cutoff A =3 TeV. In general, however, the leading contributions to the

oblique parameters go like

ol ~ —e*In <A) , aS~éeln <£) : (4.20)

mgz
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where my is the mass of the Z boson. For e sufficiently small we expect these
parameters to dominate the analysis. In that case we may translate the bound on

€ at A to a bound on ¢ at A’ by

A / /
621D(A>:€2 1+M ln(A )56'21n<A ) (4.21)
my In (L) myz mz

mz

The 20 bound on €' can be translated into a limit on the top partner mass. In Fig.
4.1 we denote bound corresponding to a 1 and 5 TeV cutoff by the vertical orange
and red lines respectively.

Finally, we estimate the tuning A,, of the Higgs mass parameter m? as a
function of the top partner mass as a measure of the naturalness of the MTH model.

We use the formula
—1

26m?
mj,

Ay, = (4.22)

to estimate the tuning. We have denoted the quantum corrections to the Higgs mass
parameter as dm? and the physical Higgs mass as m; = 125 GeV.

The diagrams in Fig. 3.1 lead to

2,9 2
|6m?| = SA In (A—> : (4.23)

2 2
8 ma

up to finite effects. We take the cutoff A to be 5 TeV. In Fig. 4.1 we have denoted
the top partner masses corresponding to 30%, 20%, and 10% tuning.

The results of Fig. 4.1 should be compared to our expectations for the precision
at which the LHC will be able to constrain these couplings. Projections for the full
high luminosity LHC run (3000 fb~!) [273] show that the Higgs invisible branching

fraction will be probed down to about 10%. The precision for the signal strengths in
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the cleanest Higgs channels, ZZ, WW, and 7+, is projected to be around 5%. The
visible signal strengths are thus a stronger constraint on the model and can probe
a level of tuning of about 10% (although combining several channels may improve
this sensitivity). The sensitivity at the end of Run II is only slightly worse. We
conclude that models that are tuned at the level of one part in ten may be able to

escape detection at the LHC.

4.2 Folded-SUSY

In general, the low energy spectrum of FSUSY contains two Higgs doublets.
Our analysis in this section will focus on the limit when one of the doublets is much
lighter than the other, so that the corrections to the Higgs phenomenology primarily
arise from the effects of the F-stops. In our discussion we follow the conventions of
Haber [315]. In particular, we take vgw = \/m = 246 GeV where v, and v,
are the VEVs of the up-type and down-type Higgs fields respectively. The ratio of
the up-type and down-type Higgs VEV is parametrized in terms of an angle /3 such
that tan 8 = v, /vg.

It is well known that in order to obtain a mass of 125 GeV for the light
Higgs h" the MSSM is driven into a constrained parameter space with very heavy
stops, resulting in significant tuning. This issue carries over to the folded SUSY
construction. One of several possible ways to alleviate this constraint is to add
another U(1)y gauge symmetry to the MSSM whose D-term contribution to the

Higgs quartic increases the Higgs mass [279].
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4.2.1 Raising the MSSM Higgs Mass with an Extra U(1)x

Suppose we add a U(1)x gauge symmetry, with coupling gx, to the MSSM
which is then spontaneously broken. This affects the Higgs mass, the scalar masses,
and the Higgs couplings to the scalars. We focus on the stop sector and closely
follow the work of [279].

All MSSM matter content is given equal charge under hypercharge and U(1) x.
In addition, the heavy scalar fields ¢ and ¢°, which spontaneously break the symme-
try, carry charges +q under the new U(1)x but are singlets under every other MSSM

gauge group. These fields are part of chiral superfields ® and ®¢ with superpotential
W =AS (90° — w?) (4.24)

and soft masses

m3 (|0 + 16°F) . (4.25)
For \2w? > mé and equal soft masses these scalars obtain identical nonzero VEVs
(¢). The U(1)x gauge field Z, also gets a mass mz = 2qgx(¢). For Z, to be

phenomenologically viable mz cannot be far above the scale of the soft masses [316].

The usual MSSM D-terms

2 2 2 2
2 ( > ¢:qz-aa¢>i> + 7 <Z qzs:qm) (4.26)

MSSM MSSM

(with the ¢; denoting the charge of the ith field with respect to the appropriate

gauge symmetry) are joined by

2
2
e (Z S0+ qlof —qrcbcr?) ' (.27

MSSM
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When ¢ and ¢¢ have masses much higher than the weak scale we can integrate them

out. This generates the leading D-terms

2 22 2
=z ( 3 as;*qmaasi) + gygs (Z ¢;*qi¢i) (4.28)

MSSM MSSM
where
—1
2 2
A2 2 My UVEw
— 14+ — 4.29
* T < 2m3>> 4m? (429)

After integrating out the ¢ fields the tree level Higgs quartic becomes

2

-1

m:

g+ot+ox|1+5 (|H,* = |Ha?) . (4.30)
2m¢

8
This effective enhancement of the hypercharge D-term raises the tree level Higgs

mass to

mpe = mycos® 20 (1+ §). (4.31)

The D-term contributions to the Higgs-stop couplings and the stop masses are
similarly modified, as shown below.

This method, while not the unique way to raise the Higgs mass, serves to
illustrate that models of this type may have only moderate tuning from the top
sector. For concreteness we pick gx such that the Higgs mass, including one loop
effects from the top and stops, is 125 GeV. For my =4 TeV and m, =5 TeV a
perturbative gx can be chosen to give the correct Higgs mass.

In the limit that only one Higgs doublet is light, its tree level couplings to the
fermions and gauge bosons are necessarily of the same form as in the SM, up to

small corrections. Therefore, we need only determine the couplings of the Higgs to
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the F-stops. The stop mixing matrix is given by

1 2 1.
M% +m7 +m? (5 — 552 - 632> cos 23 my(A; — pcot f)
2
my(Ay — pcot 3) M[»Qj +m? + m2Z§ cos 20 (sy, + §°)

(4.32)

where sin Oy = sy, m; = MUpw Sin(ﬁ)/\/ﬁ.
Although the original incarnation of FSUY has A; = 0, in our analysis we
allow for the possibility that there may be more general constructions that admit

nonvanishing A;. Then the heavy stop T and the light stop ¢ can be written as

T = cos auq + sin ot (4.33)
t = —sin oy + cos oyl (4.34)
where
M2 b mzeos28 (5 2 -3 oA peot )
cos2qy; = 5 5 , sin2q; = 5 5 ‘
(4.35)
and
2 1 2 2 5, 1 5 2
mE; =3 M@ + Mg +2m; + §mZ0082B (1 +5 )
1 1 4 5.\
+ 3 {M% — MZ +m7 cos 23 (5 - 532 — 6§2)] +4m3?(A; — pcot 8)2.
(4.36)

To ensure that the light stop ¢ has non-negative mass the relation

my | Ay — prcot ] <

1 2 1 2
\/{M% +m? +m? (5 - §S€V — 6§2> Cos 25} [M[% +m? + mQZ§ cos 23 (s, + §?)

(4.37)
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must be satisfied.
We can then obtain the couplings of the heavy and light stop mass eigenstates

to the light Higgs, y#h°|T|? and y;h°[t[2. These are given by

2 1 1, 1 2 5
Y7 = - {mt2 +m7 cos 23 {Z + 132 + (Z_l — gs%,v — 532) cos 20@]
1
+ émt(At - ,LLCOt B) sin 20415} 3 (438)

2 1 1 1 2 5
y{E E {7’)’71152 + m2Z COS 26 |:Z + Z§2 — (Z — gS%/V — —§2> COS 2()ét:|

— %mt(At — pcot B) sin 2at} . (4.39)

We are now in a position to determine the Higgs phenomenology of this model.
At tree level, the couplings of the Higgs to the fermions and to the W and Z gauge
bosons are the same as in the SM model. Furthermore, since the F-stops carry no
charge under SM color, the couplings of the Higgs to the gluons, which are generated
at one loop, are also the same as in the SM. It follows that the Higgs production
cross sections in the gluon fusion, associated production and vector boson fusion
channels are largely unchanged from the SM predictions.

The Higgs decay widths into SM fermions, gluons and massive gauge bosons
are also very close to the SM predictions. However, since the F-stops do carry
electric charges, the rate of Higgs decays to two photons is affected. This can be

used to constrain the model [189].
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4.2.2 Higgs Decays to Photons

In the models we consider, the effects of new physics on Higgs production and
decays often occur as simply a multiplicative factor relative the SM. In tree level
processes this is a reflection of modified couplings between the Higgs and SM fields.
Loop mediated processes, however, have more complicated corrections.

Because we are considering top partners which are not charged under color
the gluon fusion and h — gg decay are affected in exactly the same way as tree
level processes. When the top partner is electrically charged, however, the analysis
of h — ~~ is more subtle.

At leading order the partial width of the Higgs to v is given by

D(h > 7y) = 2T ‘ZMF

4.4
102473 (4.40)

where the amplitudes M for each electrically charged vector, fermion, or scalar are

given by

My =7 S;V)Q%,Av(xv), (4.41)
1%

Mp = %Q%AF(:@), (4.42)
Mg =2 <mS)Q§AS(xS). (4.43)

2
mg

In these definitions the (Js are the electrical charges in units of e, the charge of the

proton and g(m) is the coupling of the particle to the Higgs. The A functions are
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given by

Ay (z) = —a? [% + ; +3 (% — 1) arcsin® (%)} , (4.44)
Ap(z) = 22° E + (% - 1) arcsin? (%)] : (4.45)

Ag(r) = —2° E — arcsin® (%)} (4.46)

where z; = 4m?/m? and is understood to be greater than one. The couplings g are

defined by
g(m) 1 Im?(v)
= 4.47
m? m?(v) v (447)
where in the case of fermions the mass squared is taken to mean |m(v)[*. Using
these results we find the FSUSY result
a?md, | 2 4m? 2 4 4m?
L(h’ — y7y) = L L4 ZA t
( 'Y'}/) 102471'3 VEW v ( mio + VEW 3 r mio
yr 4 4m? Y 4 am2\ |°
LA L T A L 4.48
+m§3 S(mio)—'—m?ﬁ?) S<m20> (4.48)

where we have employed Eqgs. (4.38) and (4.39) in the last two terms.

Having now accounted for all the decay modes we find the corrections to the
total width are negligible. Therefore, we focus on only the diphoton channel. It
can be seen from Eqs. (4.38), (4.39), and (4.48) that in general the stop loops will
contribute with the same sign as the top loops and therefore lead to a reduction in
the diphoton decay rate. If the mixing A; is increased, however, the coupling of the
Higgs to the light stop can change sign, and enhance the rate. We parametrize this

difference from the SM value by

L(h° = yy) = T™M(h — )

5 pu—
ISM(h = v7)

. (4.49)
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Then, neglecting corrections to the overall Higgs width, we have

o(pp — hO)Tr(h® — 1)

=149. 4.50
osm(pp = WTER(h — 77) (4:50)
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Figure 4.2: Plots of the total Higgs to diphoton rate normalized to SM value as function

of the square averaged stop mass m2T The red, blue, and green lines correspond to

mixing A; — pcot 5 equal to 100, 400, and 500 GeV. We have taken the soft masses equal,
tan 8 = 10, and pu = —200 GeV. Contours of tuning are also plotted. The color of the
contour indicates the size of A; for which it applies.

In Fig. 4.2 we plot the total rate of the h® — ~~ normalized to the SM value
as a function of the square averaged stop mass m% = %(m?Tv + m%) For definiteness
we take the stop soft masses to be equal, y = —200 GeV, and choose tan = 10.

The red, blue, and green lines correspond to mixing terms A; — p cot 5 equal to 100,

400, and 500 GeV respectively. We see that for small mixing the rate is reduced
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while for larger mixing the rate can be enhanced.
All numerical results, see Fig. 4.2, use the value of § such that m;o = 125

GeV with stop loop corrections to the Higgs mass included [75]:

3/\2 i 02 J : 22 m2~
i = i cos? 23 (14 2) 4 200 {m?ln(méi"f)“m - )i 7

272 ; 4 m2

t
-4 2
sin” 2oy 1, 4 ms

where we have used the definition of sin 2¢y from Eq. (4.35).
The tuning A,, of the Higgs mass parameter m? in this model differs only

slightly from the MSSM case. As in the MTH model, we estimate the tuning as

-1

20m?

2
my

Ay = ’ (4.52)

where dm? represents the quantum corrections to the Higgs mass parameter and
my, = 125 GeV is the physical Higgs mass. In addition to the diagrams in Fig. 3.2,
there is a logarithmic divergence due to stop mixing, as shown in Fig. 4.3. From

these loops we find, for equal stop soft masses mgop;,

52—3%22221221A2 A% A 4.53
|om*| = M — 2m; — Sy cos B(1+8)+ A7 In(— (4.53)

2 T
167 soft

where A = 5 TeV is the cutoff of the model. We have shown the tuning for various
values of m2 in Fig. 4.2. The color of each tuning contour corresponds to value of
Ay used to generate the corresponding curve in the figure.

We see that the modifications to the Higgs couplings in FSUSY are very small,

even when for very mild tuning. Therefore, precision Higgs couplings at the LHC
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Figure 4.3: Contribution to the logarithmic divergence in FSUSY from the stop mixing
term.

will not strongly constrain naturalness. In this framework, however, top and quark
partners are charged under electroweak interaction and will be produced. This can
lead to W~ resonances [167,311] and jets of mirror glueballs which can decay back

through an off-shell Higgs to SM states [172].

4.3 Quirky Little Higgs

In the QLH model, when the scalar field ® acquires a VEV, the SU(3)y xU(1) x
gauge symmetry is broken down to SU(2),xU(1)y of the SM. We associate the SM-
like Higgs doublet with some of the NGB modes that emerge from this breaking
pattern. We parametrize the relevant degrees of freedom (neglecting the SU(2)y

singlet that plays little role in the phenomenology) as

0
® = exp (%H) 0 (4.54)
f
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with

0 0|
M= 0 0|hy |. (4.55)
htoRs| 0

Employing the symbol h for the SU(2)y doublet of h; and hy we find

if . (Vh'h
h sin
Vhih f
P — (4.56)
Vhih
f cos
f
The top sector Yukawa interaction takes the form
- Nf . [Vhth Vhih
—1 sin hit°q + N fcos | —— | TT". 4.57
ik ( g e | 7y 57

After moving to the unitary gauge hy = 0, hy = (v + p)/+/2 this becomes

At [—if sin (%) tpt® + f cos (zi/—t—l]f) TTC} (4.58)

with ¢y and t¢ transforming under SU(3) 4 and T and T transforming under SU(3) .

Expanding to first order in p and defining ¥ = v/(v/2f) we find

. UEW p
A | —t—=trtp 1+ — g+ ..
t[zﬁLR(—FUEWCOS + )

+ fcosvTTe <1 — L tan9sing + .. )] (4.59)
VEwW

with vgw = V2fsind. We see from this that the mass of the top and the mass of
the top partner are related by m; = mprtan1. The gauge sector analysis is very
similar to that of the A sector in MTH models. We expand the gauge kinetic term

|D“q)]2 in the unitary gauge to find the couplings between p and the gauge bosons:

2
my W, WH + %ZNZ“} (1 + 2& cosd + .. ) : (4.60)
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We see from this that all zero mode quark and gauge boson couplings are suppressed
by a universal factor of cos ¥ relative to the SM.

The fact that all the Higgs couplings are corrected by the same factor implies
that all the production modes are also suppressed by a common factor relative to
the SM,

a(pp — p) = cos® ¥ osm(pp — h). (4.61)

A similar relation holds for all decay modes of the Higgs I'(p — A;), with the
exception of I'(p — =), which receives new contributions from loops involving the
top partners. The sign of the coupling of the top partner to the Higgs is opposite
to that of the top. This causes their contributions to partially cancel, leading to an
enhancement in the v rate. Using Eq. (4.40) we find

3

a’m
T(p—7) = 10247:3

2 Am? 2 4 4m?
—— cos Ay < m;,[,> + cosV—Ap (%)
VEW ms VEW 3 ms

2 4 Am?
— ——tanV-Ar ( sz)
V2f 3 m?2

2

(4.62)

We conclude that for all decay modes except the diphoton,

o(pp — p)I'sr(p — Ai) 1

osm(pp — BTSN (h — A;) L+ ﬂf ’
mi,

(4.63)

where we have neglected tiny effects of order I'(p — ~vv)/T'sm(h). For diphoton

decays

o(pp = p)Ter(p = vy)  Tlp—= 1)

M

_ . 4.64
osm(pp = MTER(h = vy)  Tsm(h — v7) (4.64)

These functions are plotted in Fig. 4.4. The solid blue line denotes the rates for

all final states other than diphoton and the dashed red line denotes the rate to
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diphotons. Note that even though the rate into two photons is enhanced because
of the top partner loop, the universal suppression factor more than compensates for

this, leading to a net suppression.

Tuning

1.0(
0.9

0.8

0.6
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Figure 4.4: Ratios of the rate of Higgs events into a given final state in the QLH model
normalized to the SM. The solid blue line denotes the rates for all final states other than
diphoton and the dashed red line denotes the diphoton final state. The vertical orange
and red lines represent the 95% confidence bound from precision electroweak (PEW)

constraints at 1 and 5 TeV respectively.

As with the MTH model, modification of Higgs couplings in the QLH model
relative to the SM is constrained by precision electroweak measurements. The anal-
ysis of the MCHM4 model in [314] also applies to the QLH . Their bound on e,
where v/1 — €2 = cos¥, can be translated into a bound on the top partner mass.
This analysis was carried out assuming a cutoff A =3 TeV. As in the MTH case, we
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can translate this bound on € at A to a bound on € at A’; see Eq. (4.21). The 20
bound on €' can be translated into a limit on the top partner mass. In Fig. 4.4 we
denote the bound corresponding to a 1 and 5 TeV cutoff by the vertical orange and
red lines respectively.

Finally, we estimate the tuning A,, of the Higgs mass parameter m? as a

function of the top partner mass as a measure of the naturalness of the QLH model.

We continue to estimate the tuning by

A — 26m?|

, (4.65)

mj,
where have denoted the quantum corrections to the Higgs mass parameter as dm?

and the physical Higgs mass as m;, = 125 GeV.

The diagrams in Fig. 3.5, with A\ = Ay = \; lead to

3NZm2. [ A
|6m?| = (T 1y (—) : (4.66)

2 2
8m map

up to finite corrections. We take A = 5 TeV as the cutoff of the theory. In Fig.
4.4 we have labeled the top partner masses corresponding to 30%, 20%, and 10%
tuning. We see again that even at the 5% branching fraction precision expected at
full luminosity, the LHC will not be able to probe tunings at the 10% level. Studies
of the direct collider limits on quirky top partners are thus well motivated.

We have seen in this chapter modifications to Higgs couplings in NN theories.
In frameworks like the Twin Higgs (TH) and QLH, both with fermionic top partners,
the Higgs couplings to SM states are reduced. However, is FSUY the coupling

variations are likely to be quite small. This motivates finding additional ways to
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probe FSUSY. As the next chapter demonstrates, we may use another property of

the Higgs, its exotic decays, to effectively probe FSUSY.
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Chapter 5: Exotic Higgs Decays

Partner particles in NN models can interact with the SM through the Higgs.
Therefore, the Higgs can decay into sufficiently light hidden sector particles. If the
lightest states in the hidden sector are heavier than light SM states, they can decay
back, through the Higgs, to SM states. These exotic decays of the Higgs have great
power to discover many NN models.

In FSUSY the mass of the Higgs is protected by an accidental low-energy
SUSY limit, with the SM fields and their superpartners charged under different
SU(3) gauge groups. The couplings of the superpartners to the SUSY Higgs fields
requires them to carry EW charge. Therefore, such top partners are EW charged
scalars.

These models, and related constructions like QLH, include a mirror sector
with its own strong force SU(3)p under which the top partners are charged.! This
leads to either mirror baryons or, in the absence of light SU(3)p-charged matter,
glueballs (see [317-319]) at the bottom of the mirror sector spectrum, connecting
Hidden Valley phenomenology [320-325] to naturalness. Future high-energy collid-

ers, dark matter experiments, and cosmological observations might explore this rich

'We use the terms ‘mirror sector’ and ‘mirror particles’ to refer to the new sectors and particles
in theories with colorless top partner.
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new world, but what can the LHC teach us now?

A few phenomenological studies of NN exist [167,311], but these were not
focused on the vital third generation partners. Recently, the authors of [137] pointed
out the exciting connection between exotic Higgs decays and colorless top partner
models. In this chapter we explore this direction further, and place it in the broader
context of what experimental signals NN “requires.”

All known theories with fermionic top partners assume the Higgs is a pNGB.
As shown in chapter 4, this leads to unavoidable Higgs coupling shifts relative to
the SM. They occur at tree-level and are of the same order as the tuning in the
theory. The LHC will only be sensitive to O(10%) deviations, but future lepton
colliders like the ILC, TLEP or CEPC will constrain these coupling at the sub-
percent level [273,311]. Therefore, natural fermionic-top-partner solutions to the
hierarchy problem should produce measurable deviations. While diagnosing the
details of the theory might be challenging, possibly requiring access to the UV
completion with a 100 TeV collider, these couplings serve as a smoking-gun for
the discovery of TH-type theories. (Higgs coupling deviations are, of course, also
generated at loop-level if the mirror sector has any SM charge. However, chapter
4 showed that the small size of these deviations make them an unlikely discovery
channel for partner masses above a few 100 GeV, see also [311].)

A more declarative signature is mirror glueballs. Our understanding of con-
fining pure gauge theories has advanced significantly since the first uncolored nat-
uralness theories were proposed [317-319]. The FTH setup, without light first and

second generation partners [137], can have glueballs at the bottom of the mirror
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sector spectrum. These glueballs couple to the visible-sector Higgs through a top
partner loop, leading to glueball production by exotic Higgs decays. The glueballs
then decay to two SM fermions via an off-shell Higgs. While the quantitative phe-
nomenological details of this signature were not fully explored, it is clear that the
corresponding decay lifetimes can be in the observable range, leading to striking
LHC signatures.

As exciting as this experimental signature is, it is not required by generic TH
models—the SM-singlet sector can easily have relatively light quarks, making the
hadron spectrum similar to the visible sector. On the other hand, mirror glueballs,
and their associated signals, are required for NN theories with EW-charged mirror
sectors, like FSUSY or QLH. This is due to LEP limits that forbid EW charged BSM
particles lighter than about 100 GeV [326]. Therefore, the mirror sector cannot
contain very light strongly interacting matter, leaving glueballs at the bottom of
the mirror-QCD spectrum. Consequently, mirror glueballs provide the smoking-gun
discovery signal for NN frameworks with EW charged top partners.

It is interesting to think about, as yet unconstructed, theories with SM-singlet
scalar top partners. If such theories exist, and require no SM-charged states near
the weak scale, discovery could be quite difficult. A FSUSY like spectrum with
weak-scale soft masses implies mirror glueballs and their accompanying experimental
signatures. If, however, the mirror sector contains light matter or mirror-QCD is
broken, discovery must proceed through Higgs-portal observables: invisible direct
top partner production h* — #t [327,328], Higgs cubic coupling shifts [176,327] at

a 100 TeV collider, or sub-percent oy, shifts at a lepton collider [175]. In each
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case, the currently understood sensitivity extends only to singlet stop masses of
about 300 GeV for the considered future machines (depending on the number and
coupling structure of the partners). If the partners are heavier, we must rely on
probing the UV completion for discovery channels.

This picture assumes the mirror sector is charged under a mirror QCD. This
ensures similar running of the visible and hidden sector Yukawa couplings to protect
the one-loop cancellation (see [137] for a recent discussion), but depending on the
UV completion scale this is not technically essential.? We also focus on signatures
due to the 3' generation partners, because of their direct link to the hierarchy
problem. Other signatures (like EW precision tests, or direct production of the
first two generations and subsequent quirky annihilation [167,311]) are certainly
possible. Finally, it is likely possible to engineer theories that avoid these smoking-
gun signatures. Nevertheless, this generic expectation gives an instructive overview
of the experimental potential for probing NN.

Given the importance of mirror glueball signatures, we study their phenomenol-
ogy in detail. We find that, for representative mirror sectors, the lightest glueball
is favored to have a mass in the ~ 10 — 60 GeV range, which permits production
via exotic Higgs decays. There are still uncertainties in our understanding of pure
glue dynamics, most importantly possible mixing effects between glueballs and the
Higgs and details of hadronization. We outline how to effectively account for these

unknowns in a collider study, and demonstrate that concrete sensitivity predictions

2There are uncolored top partner theories without mirror color [163], but the scale of the UV-
completion, defined broadly as the scale where additional states appear, is only a few TeV in the
fully natural case.
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can still be made.

In our collider analyses we make use of efficiency tables for the reconstruction
of displaced vertices (DVs) supplied by the ATLAS studies [329,330]. We hope that
this simple method for estimating signal yield can serve as a template for future
theory studies of scenarios involving long-lived particles.?

We estimate the sensitivity of the LHC to discover these mirror glueballs, and
find sensitivity to ~ TeV top partners (scalar or fermion) across the entire mass
range with 3000 fb™! of luminosity. This assumes present-day detector capabilities,
which may be conservative. New searches are required to achieve this coverage,
so our results provide strong motivation to implement the required experimental
analyses, some of which require the reconstruction of displaced vertices 50 pm from
the interaction point.*

We also estimate the reach of a 100 TeV collider by scaling the same searches
to higher energy. As the triggering and reconstruction capabilities of new colliders
are likely to greatly exceed the LHC, these estimates are very pessimistic. Even so,
they demonstrate the impressive reach of such machines.

There is potential for an exciting complementarity between the experimental
signatures of NN. Top partner direct pair production and annihilation could not
only produce another detectable glueball signal [172], but also allow hidden sec-
tor masses and couplings to be determined, testing the solution to the hierarchy

problem. Higgs coupling measurements would independently hint at the mass of

3The data driven techniques employed by [331,332] may also aid in further studies.

4The issue of how to trigger on exotic Higgs decays is a pressing one (see e.g. [137,333]), but
we show that standard trigger strategies give significant reach to NN models.
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fermionic top partners. Finally, the mirror sector’s connections to cosmology might
also be probed: the existence of glueballs implies an absence of light quark flavors,
which gives rise to a strong first-order chiral phase transition in the early universe.
In that case there may be detectable gravitational-wave signals [154]. Correlating
cosmological and LHC signals would serve as a powerful diagnostic of the mirror
sector dynamics.

In this chapter we describe, in Sec. 5.1, the expected spectrum and properties
of the mirror glueballs associated with the models defined in Chapter 3. In Sec. 5.2
we find the expected experimental reach for these models from exotic decays of the

Higgs into mirror glueballs.

5.1 Mirror Glueballs

As outlined above, the mirror sector of many NN theories is pure gauge SU(3) g
at low energies. In this section, we briefly review the resulting mirror glueball
spectrum and derive the range of glueball masses favored by RGE evolution for a
range of mirror sectors. We find that mirror glueballs, if they exist, are likely to
have masses in the ~10 — 60 GeV range. We also show the form of the effective
mirror-glue coupling to the visible SM-like Higgs through a top partner loop, and

discuss the resulting mirror glueball and Higgs decays.
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5.1.1 Spectrum

The low-energy spectrum of a pure SU(3) gauge theory has been computed on
the lattice by [317,334]. There are 12 stable (in the absence of other interactions)
JPC eigenstates, shown in Fig. 5.1. Masses are given as multiples of mg, the mass
of the 01" scalar glueball state at the bottom of the spectrum. In terms of the
familiar MS QCD confinement scale, mg ~ TAqep to a precision of about 5%. The
other glueball masses, as a multiple of mg, are known to ~ few % or better. Above
~ 2 — 3 mg there is a continuum of glueball states that decay down to the 12 stable
states shown in Fig. 5.1. Hadronization will be discussed in Sec. 5.1.4.

The mass of the mirror glueballs is entirely determined by the running of the
B sector strong coupling constant af(u). Given the mirror sector matter content
we can compute the running o (1) using the standard one-loop beta function. De-
fine yu). as the scale satisfying af(pfole)_l = 0, and similarly z,, for the visible
sector. The A-sector beta function is also computed at one-loop and matched to the
measured value of az(myz). The mirror glueball mass can then be obtained using

the lattice result [334]:
my = ap - 1y, ap=4.16 £0.12 , (5.1)

where 75! is the hadronic scale, with (rS™)~! = 410420 MeV. Rather than comput-
ing rg in the mirror sector directly from the running gauge coupling, which requires

a more sophisticated treatment than one-loop RGEs, we estimate it by a simple
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Figure 5.1: Spectrum of glueballs in pure SU(3) theory [317], arranged by JF¢ quantum
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numbers. Plot taken from [319]. Masses given in units of my++ = mo ~ TAQcp.-

rescaling of the one-loop Landau poles,

MBl
my = ag - (rg) A (5.2)
Mpole

We then compute the well-motivated range of m in several representative NN the-
ories, showing that glueball masses below half the Higgs mass are strongly theoret-

ically favored. We take ag and r§™ at their central value for these estimates.

Folded SUSY

In FSUSY without soft masses or Yukawa terms, the Kaluza-Klein (KK) -
states of A-quarks (B-squarks) have masses {0,1/R,2/R, ...}, while the A-squarks
(B-quarks) have masses of {1/(2R),3/(2R), ...}. Both sectors have identical gauge-
KK-towers, with no zero-mode gauginos. At each threshold n/(2R) the A- and B-
states have different spin but identical gauge quantum numbers and multiplicities.

Their contributions to the asA’B beta-functions are identical, so the two SU(3)a s
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strong interactions have identical couplings.’

The introduction of soft masses and Yukawa terms results in very small shifts
to the KK-towers, assuming my > m2 ., M3 ... Lhe most significant effect is
the lifting of zero modes. Assuming the largest B-squark soft mass is larger than
the A-sector top mass, the two strong couplings track each other from some UV-
completion scale p = Ayy down to u = mg,, which we designate as the scale (near
the largest B-squark soft mass) where the Zy symmetry between the two strong
couplings is broken.

Without knowing the soft mass spectrum of the theory it is impossible to
predict the mirror glueball mass mq precisely. However, it is possible to highlight
the range mg can take. Heavier mirror sector soft masses lead to heavier glueballs,
since less light matter causes the mirror-QCD to confine more quickly in the IR.
Therefore, we find the most probable range of glueball masses by considering the
opposite extremes of possible particle masses.

Without loss of generality, £¥ can be designated as the lightest B-squark zero
mode. Its mass, myz , sets the bottom of the mirror sector matter spectrum. For a
given mgz, where o’ (mg,) = a®(mgz,), we compute a? (1) at one-loop order for two
scenarios: one where all the B-squarks except ¢, have mass mg,, and one where all
B-squarks are degenerate with ;. The resulting minimum and maximum values of
my for different my, are shown in Fig. 5.2. For values of mgz, up to 20 TeV, which is

very high considering the Higgs mass is only protected at one-loop, the glueball mass

®Small differences are introduced at two-loop [335], but this should not affect our estimate of
my in a significant way.
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Figure 5.2: The minimum (blue) and maximum (red dashed) glueball mass mg as a
function of the lightest B-squark mass in FSUSY. Different contours correspond to mgz,
varying from 1 to 20 TeV. For the minimum glueball mass, all squarks were taken to have
mass my,. For the maximum glueball mass, all squarks except t1 were taken to have mass

mgz,.

ranges from ~ 12 — 55 GeV. While these extremes do not represent the most natural
realizations of the framework, they span the lightest to heaviest glueball possibilities,
with the more motivated models lying within these boundaries. For instance, if we
keep the entire third generation at the light stop mass (a “Natural SUSY”-like
construction [336]) then the upper glueball mass bound is lowered slightly to 50

GeV.

Twin Higgs

In the MTH model, the entire SM fermion spectrum is duplicated in the B

sector. In that case there are no mirror glueballs, because the ug, dg, sg and possibly
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Figure 5.3: Glueball masses in TH models where the mirror symmetry is broken for the
first two quark generations and optionally also the bottom quark, as a function of mgz,
(contour labels) and the mirror top mass my,,. Blue (dashed red): for mq By, = M and
My = 1Myt with 7 =1 (3). Gray (dashed gray): for mqp , = mp, =7 Myt
with 7 = 1 (3). (In this case, there is no dependency on my, since all mirror states are

light.) Note that glueball states only exist if they are lighter than approximately twice

the lightest hidden sector quark (straight lines).

also the cp quarks are lighter than my.

Departing from the exact mirror symmetry assumption, a variety of hidden
sector spectra are possible. This makes it impossible to predict, without additional
information, whether mirror glueballs are realized in the TH framework, and at
what masses. Even so, we can demonstrate that glueballs below half the Higgs mass
are a plausible and well-motivated possibility.

For example, the FTH model [137] contains only third-generation bg, tg quarks

in the mirror sector, which is sufficient to preserve the TH mechanism. Assuming
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the two QCD forces unify a?(mgz,) = a(my,), we can then calculate the glueball
mass as a function of m,, and the scale mgz, as for FSUSY above. This is shown as
the blue contours in Fig. 5.3, and motivates glueballs in the ~ 12 — 35 GeV range.

The glueball mass has to be below approximately twice the mirror bottom
mass mp, = My, for glueball states to form.® Therefore, in the above scenario,
there are no glueballs for mirror tops lighter than about 400 GeV. As we saw in
chapter 4, however, TH top partners of such low masses lead to Higgs coupling
deviations greater than 20%, which will be effectively probed by LHC run 2, see
also [311].

It is possible to break the mirror symmetry even further and allow the mirror
b-quark to depart from the Z, prediction by a modest amount. The red dashed
contours in Fig. 5.3 show the glueball mass if the mirror bottom mass is enhanced
by a factor of 3. The effect on the glueball mass is minor, but glueballs can now exist
for mirror tops as light as 200 GeV. Similarly, the mirror b-quark can be lighter than
expected, which would decrease the parameter space with glueballs at the bottom
of the spectrum.

Another possible scenario is a non-maximally broken mirror symmetry for
the first two quark generations — rather than completely removing them from the
spectrum (pushed to mgz,), they could merely be significantly heavier than expected

by the cot 9 scaling of the B sector masses, Eq. (4.8). The glueball mass for this

scenario, where mq, = r - mtBZ—’Z with » = 1 or 3, is shown as gray lines in Fig. 5.3.

6See [137] for a careful discussion of the relative importance of mirror bottomonium and glueballs
in the FTH model. We avoid these complications here and focus on the regime where glueball states
dominate the low-energy mirror sector.
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This leads to glueballs with a mass of a few to 10 GeV, with no dependence on mgy, .

Finally, it is possible that the Z,; symmetry is only approximate at mgz, (possi-
bly due to threshold effects at even higher scale). A 10% difference between g4 and
g% can change the glueball masses by about an order of magnitude in either direc-
tion compared to the above predictions [137]. That being said, if the deviations are
the typical size of threshold corrections at mgz,, then the range of possible glueball
masses is similar to that obtained in FSUSY.

In summary, while the TH framework makes it difficult to predict the exis-
tence or mass of mirror glueballs, there are many scenarios, including the FTH,

where glueballs in the ~ 10 — 60 GeV mass range arise. This motivates our close

examination of glueballs in this window.

Quirky Little Higgs

The mirror sector spectrum of the QLH [167] framework is similar to FSUSY,
but containing a fermionic partner for each SM quark. All except the top partner,
however, are given bulk masses to remove them from the low energy spectrum. This
is phenomenologically motivated by LEP limits and the EW charge of the B sector
partners. This results in approximately the same range of preferred mg values as

the FSUSY setup described above.
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5.1.2 Mirror Gluon Coupling to a SM-like Higgs Boson

The visible SM-like Higgs couples to mirror gluons through a top partner loop,
in exact analogy to its coupling to visible gluons through a top loop. Assuming the
top partner is significantly heavier than my; /2, this interaction is described by an

effective dimension-6 operator:

(6) af [ 2 ~(B) (B)H
oL = | |H|> GDG
T
B 2
- 3—[@—] GG (5.3)

where H is the SM-like Higgs doublet, G,(f) is the mirror gluon field strength, and
the second line arises from the substitution H — (0, (v 4+ h)/v/2)". We adopt the
notation of [319] and use [y?/M?] as a coefficient that is independently set for each
theory.

Dimension-8 operators coupling two gluons to two visible or mirror sector
EW gauge bosons can also be generated, depending on the top partner quantum
numbers. This can open additional decay channels, but for top partners above ~ 100
GeV they do not significantly contribute to the 07+ decay width [319], which is our

primary focus.
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Folded SUSY

The B-sector squark zero modes in FSUSY have a standard MSSM spectrum,

with stop mass matrix

MEQL + th mtXt

mtXt M~2 + m2
R t

1 ~ 2
M? =mg, + g o8 26(1+2cos20,,)my MEZR =mf, + 3 oos 28sin*0,m% (5.5)

are dominated by the Higgs independent soft masses.” On the other hand, the terms
depending on

1
m; = —2)\t sin v, X; = A; — pcot 3, (5.6)

V2

arise from the B-stops’ interaction with the Higgs field. The leading contributions

to the hGG operator in Eq. 5.3 are therefore (see e.g. [337])

2 2 2 2 y2
y 11 |m m m; X
e _ T m?t 4 gt — gt mtg . (Folded SUSY) (5.7)
t1 to t1 to

A useful benchmark point is to assume X; = 0 and m;, = mz, = m;. In that case,

vy _ 1 m (5.8)

We use the parameter m; to represent both stop masses in FSUSY.

"We are being agnostic about how the correct Higgs mass is achieved. In the case of new
D-terms given in chapter 4 the variation to our analysis is very subleading.
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Twin Higgs

In the TH model each Higgs doublet couples to the gluons in its sector:

(6) of y? 24(A) (1(A) af yp? 2+(B) (B)
O = g Al o G g g Bl G G (59)

Cancellation of the quadratically divergent contributions to the light Higgs mass
from the A- and B-top quarks requires y{* = yZ, which we assume from now on.

The SU(2) doublet pNGB h field can be described in a non-linear model (see chapter

4):
2
sl = L
2 h 2
|HA|? = f?stQ (U—}_ ):UEzW—i—hvacosﬁ—i—... (5.10)

where we have used the definitions in Eq. (4.5), up to a factor of /2, in the definition
of f. The relevant dimension-6 operator coupling the visible SM-like Higgs to both

visible and mirror gluons is therefore

a? 2 a? y2
s It (A (A - Zs It ~(B) (B | 511
24w m? M 24w m2. M (5.11)

OLO) = |H 4

The [y/M] coefficient in Eq. (5.3) is read off the second term:

2 2 2
Yy 1 y; I my R
S gm_% cost) = P m—2T cos U. (Twin Higgs) (5.12)

Quirky Little Higgs

The nonlinear low energy parameterization of the QLH model is nearly iden-

tical to the TH. While there is not a complete copy of the SM, recall from chapter
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3 that the B-sector contains a scalar SU(2),, singlet ® whose VEV is related to the
EW VEV by vy + v3 = f2, just like TH. The induced coupling of ® to mirror
gluons is then related to the coupling of the Higgs to mirror gluons as above. In

short, y/M is identical for the TH and QLH models.

5.1.3 Mirror Glueball Lifetime

The dimension-6 operator Eq. (5.3) allows glueballs to decay to SM particles
through an off-shell Higgs. The corresponding decay widths were computed in [319].

For the lightest glueball decaying to two SM particles we have

2
D0+ = g6) = <1217r2 [AZ—Z} m> (47raSBF§++)2 F%l\i&(mg), (5.13)
where F§, . = (0|Tr GLE)G(B)“”|O++> is the annihilation matrix element of the glue-
ball through the scalar operator composed of gluon field strengths, and Fff\_{gg(mg) is
the partial decay width of a SM-like Higgs with mass mg, computed to high precision
using HDECAY 6.42 [338]. Mirror glueballs therefore have the same SM branching
ratios as a SM-like Higgs of the same mass.

The hadronic matrix element can be extracted from lattice studies [334,339].

We use the more recent result [339]:
AmaPFo = fo - g, fo=16T+16 . (5.14)

The main observable of mirror-QCD is the glueball mass, so we express the matrix

element in terms of my, see Eq. (5.1):

fo
3

AnaBFS., = (a ) Cmy o~ (2.3) mp . (5.15)

0
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Since T9M . (mf) ~ my, this gives the familiar scaling Lo++ ~ m(/(M*mj). We take
mp as an input in our collider study. For this strategy, the main uncertainty in the
total width is given by the uncertainty of the dimensionless number fZ/a, which is
about 25%.

The resulting decay length is shown, as a function of my and top partner mass
in FSUSY Eq. (5.8) and TH Eq. (5.12) theories, in Fig. 5.4. The 25% lifetime
uncertainty on the contours is indicated with blue bands.

Clearly, discovering very light glueballs would be challenging. However, the
situation is more promising for the preferred 12 — 60 GeV regime, with decay lengths
ranging from microns to kilometers.

The heavier glueball states have lifetimes that are several orders of magnitude
longer than 07*. Since that state already decays on macroscopic scales, we will

focus exclusively on detecting 0" decays as a probe of NN.

5.1.4 Exotic Higgs Decays

For mg < my,/2, the inclusive exotic branching ratio of the Higgs to mirror-

glue can be obtained from the SM branching ratio to gluons via a simple rescaling:

Br(h — gpgs) =~ Br(h — gg)sm - (% 4o? [&—2})2 (5.16)

where Br(h — gg)su =~ 8.6%.

B

B(my)/a(my,) depends on the mirror sector spectrum

The coupling ratio «

between mg and my,. Ignoring threshold effects below my,, it can be estimated by
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Figure 5.4: Contours show log; c7/(meters), where c¢r is the mean decay length of the
lightest glueball state 07 . Computed with Eq. (5.13) in FSUSY Eq. (5.8) and TH Eq.
(5.12) theories. The blue bands correspond to the shift of the contours resulting from the

25% uncertainty in the total 0™+ width.

solving Eq. (5.2) for ,ufole and evolving to p = my:

b m m
B -1 h B A 0
o =—1 wh 7 =  —— 5.17
s (mh) D) 0g quc)le ) ere pole :upole O(T(S)M)_l ( )

The minimal assumption, b = 11, corresponds to no mirror sector matter below
my,, which is almost required by LEP limits for FSUSY and QLH. The resulting
coupling ratio (af(mh)/af(mh))2 is shown as the green band in Fig. 5.5 (left),
ranging from about 1 to 2.5 for mg from 10 to 60 GeV. For a likely FTH scenario,
with a single mirror bottom below my, (assumed for illustrative purposes to be close
to mg in mass), the ratio is only about 10% higher due to the negative contribution
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Figure 5.5: Left: The overall (asB(mh)/af(mh))Q factor in Eq. (5.16), using one-loop
RGE extrapolation from my, assuming either pure gauge (green, b = 11), one mirror bot-
tom (purple, b = 31/3) or five light mirror quarks (red, b = 23/3). The pure gauge and one
mirror bottom case closely resemble typical FSUSY and FTH scenarios, respectively. The
width of the band represents the range obtained by letting ay and r(S)M vary independently
within their uncertainties. Right: Estimate of Br(h — 07T0%") for kK = kpax = 1 from
Eq. (5.18) for FSUSY Eq. (5.8).

to b, as indicated by the purple band. If much more matter is present there can be
significant enhancement, as shown by the red band for all mirror quarks being close

in mass to mg except the mirror top. However, as illustrated by Fig. 5.3, in TH

scenarios this is only compatible with glueball masses below about 10 GeV.

5.1.5 Estimating 07" production

Owing to the vastly different lifetimes of the glueball states, we need to esti-
mate the exclusive production rate of 07 from exotic Higgs decays, as it is likely to
be the only glueball state that decays observably (though there can be exceptions).
This requires detailed knowledge of pure-glue hadronization, which is not available.

However, by parameterizing our ignorance and being pessimistic about signal rates
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we can make a conservative sensitivity analysis.

First, we assume 01 glueballs are only produced in symmetric two-body Higgs
decays. For very light glueballs (mg < my/2) this might seem to be a poor approx-
imation, since mirror hadronization is likely to result in more than two glueballs.
Nevertheless, the two-body assumption is suitable for a conservative signal estimate
in DV searches. Compared to a realistic modeling of mirror hadronization, which
would be challenging to do reliably, it underestimates glueball multiplicity and over-
estimates the pr of the resulting glueballs. The former trivially reduces the derived
signal, but so does the latter, because the larger boost makes the glueballs more
likely to escape the detector in this low-mass long-lifetime regime (see Fig. 5.4). We

can then bootstrap an estimate for the exclusive Higgs branching fraction:

BR(h — 0710%") ~ Br(h — gg)sm <% 4o {Q—QDQ 1— amg K(mo).
(5.18)

For our benchmark models of FSUSY and FTH we use the lower green curve in Fig.

B

B(my,)/a?(my,). The phase-space factor in

5.5 (left) to conservatively estimate «
Eq. (5.18) ensures the branching ratio approaches zero at the kinematic threshold.
Finally, x(mg) is a nuisance parameter which encapsulates our ignorance about
glueball hadronization, as well as non-perturbative mixing effects between excited
0" states and the Higgs. Fig. 5.5 (right) shows the branching ratio for x = 1.
For a given [y/M] and mg, BR(h — 07T0") is completely fixed up to the overall

factor k. A search which is sensitive to these exotic Higgs decays will therefore set

an upper bound on k.
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Thermal partition functions with 7" ~ Aqcps give one estimate of the relative
abundances of the different glueballs [340]. Since the glueball masses are almost
an order of magnitude higher than the confinement scale, Boltzmann suppression
significantly favors the lightest state 0" relative to the other species, despite the
small relative mass difference. These arguments suggest x ~ 0.5, but this estimate
is unlikely to be correct in detail. For glueball production in exotic Higgs decays,
some or all of the heavier glueball final states are forbidden if my 2 20 GeV, further
complicating the picture. To span the range of expected possibilities we choose
two benchmark functions Kmin max(mo) that roughly take the decreasing number of
available final states with increasing mg into account.

With some exceptions (discussed below) it seems unlikely that x be bigger

than unity. Therefore, we define

Rmax = 17 (519)

as a maximally optimistic signal estimate. A more pessimistic assumption (given
the thermal expectation of k ~ 0.5) is that only ~ 10% of glueballs end up in the
0** state if all two-glueball final states are kinematically allowed. This pessimistic
estimate should approach the optimistic one as the glueball mass is increased to
the point where only 0% is allowed. We therefore choose the ad-hoc ratio of phase

space factors

Kmin(M0) = , (5.20)

7

where i runs over stable glueball states with m; < my/2. (Note the absence of
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Figure 5.6: The high and low benchmark values for k(myg), representing optimistic and
pessimistic estimates of exclusive h — 070" production.

spin multiplicities.) This factor ranges from about 1/12 for my ~ 10 GeV to 1
for mg 2 45 GeV, see Fig. 5.6. These two assumptions represent optimistic and
pessimistic estimates of hadronization effects on the 0% signal rate. Our projections
show explicit exclusion regions using x = Kmin, Fmax tO illustrate the potential reach
of the LHC and a future 100 TeV collider.

There are also non-perturbative effects which could, for some values of my,
modify x [137]. The 07" glueball, which has the same quantum numbers as the
physical Higgs boson, has a tower of excited resonances 0?:)“* There is evidence [317]
for the first excited resonance OEFJ around mass Mo ~ 1.5my. Going up in energy,
there are likely to be a few more excited states before they get lost in the glueball
continuum. These excited states could mix with the Higgs if Mo+ ~ my, leading to

enhancements in Br(h — 07T0"), since the glueballs have O(1) couplings amongst

themselves. Similarly, if my, lies between two such resonances, Br(h — 0710"™)

103



could be suppressed. These non-perturbative enhancements and suppressions can
be significant, though very likely smaller than a factor of 10.

We interpret these non-perturbative effects as possible enhancements or sup-
pressions of k(mg) for some glueball masses. To understand when this could be sig-
nificant, consider a toy-model of four Oz;;* states, with mOH*/mO = 1.5, 2, 2.5, 3.

In that case,

mo ~ 50, 42 GeV (k-enhancement), (5.21)

would enhance k due to the Higgs mixing with OZZJ* and OBL* respectively. On the

other hand,

mo ~ 56, 46 GeV (k-suppression), (5.22)

could lead to k-suppression. The above values of mg are indicated in our limit

projection plots, to indicate where x may be significantly different from ry;, or

K'max .

5.2 Sensitivity of Exotic Higgs Decays

The enormous number of Higgs bosons already produced at the LHC, and the
fact that mirror glueballs are likely to be in the ~ 10 — 60 GeV mass range, make
Higgs decays to mirror glueballs an excellent discovery channel for NN. Displaced
decay searches are expected to be very sensitive to mirror glueballs.

The HL-LHC will produce about 10® Higgs bosons. With Br(h — 07F0*) ~
1075 — 1072 for Folded SUSY stops in the 200 - 1000 GeV mass range (see Fig. 5.5),

the number of produced mirror glueballs could be in the thousands or millions. This
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should result in several detectable glueball decays even for kilometer decay lengths.

In this section we estimate the total number of exotic Higgs decay events
where, under the assumptions outlined in Sec. 5.1.5, one or more glueballs decay
in various subsystems of the ATLAS detector. (The results would be qualitatively
similar for CMS.)

These events form the ‘raw material’ for displaced searches. We then apply
estimated reconstruction efficiencies and trigger requirements to estimate the actual
discovery potential of the LHC, as well as a hypothetical future 100 TeV collider.
The HL-LHC could be sensitive to uncolored top partners with TeV scale masses.
Achieving full coverage requires several new search strategies, some of which involve

the reconstruction of DVs within 50um of the interaction point.

5.2.1 Geometrical Signal Estimates

We start with a purely geometrical signal estimate for the three detector vol-
umes defined in Table 5.1. This gives an intuition for the amount of ‘raw material’
available for DV searches of NN. In the next section, we include triggers and recon-
struction efficiencies.

The number of expected glueball decays in these detector volumes is estimated
as follows. The HAHM MADGRAPH model [341] is used to simulate the kinematics
of Higgs bosons produced via gluon-fusion and vector-boson-fusion. These decay
into two scalars s, which each decay dominantly into two b-quarks. This can be

used to model the kinematics of h — 07+0**, 07+ — ff. The hard matrix element
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for h — ss is different from the hard matrix element for h — gggp, but since the
Higgs is a scalar the distribution of the final glueballs is isotropic in the Higgs rest
frame, which is the case for either matrix element. Glueball decay, on the other
hand, occurs long after mirror hadronization, when the glueball is a genuine scalar.
This is correctly modeled by having the scalar s decay to ff.

Matched samples with 0 or 1 extra jet are generated in MADGRAPH 5 and
showered in Pythia 6 [342,343]. The total signal cross section is computed by using
the Higgs working group cross sections [344] for gluon fusion or vector boson fusion.
These are multiplied by the Higgs to Glueballs branching ratio Eq. (5.18) with
K = Kmax (Kmin) glving optimistic (pessimistic) signal estimates assuming that the
Higgs to glueball decays are dominantly two-body.®

Displaced glueball decays are analyzed by extracting the decayed scalars s
(the glueballs) from each event, and using their boosted decay length |p3|/mg - cT
and angle 6 to the beam axis to compute their probability of decaying within each
detector volume in Table 5.1. This allows us to estimate the number of events with
(a) at least one glueball decaying in the tracker, and (b) two glueballs decaying in
the barrel HCAL or Muon System (MS).

Fig. 5.7 shows the estimated event rates for LHC run 1, the 14 TeV LHC with
3000 fb~! of data, and a hypothetical future 100 TeV pp collider with 3000 b~ of

data. The numbers for the 100 TeV collider should be seen as suggestive, since we

8 Assuming SM Higgs production is not exactly correct for the TH, where the cross sections are
reduced by a factor of cos? 9 due to mixing with the mirror Higgs. However, this effect is negligible
(compared to other uncertainties) for top partner masses near the edges of sensitivity that we
derive. Since we are interested in the top partner mass reach of different searches we neglect this
effect to preserve the easy comparison of FSUSY and TH.
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r(m) | [z (m) | [n]
Tracker (0, 1) 0,2.7) | <24
HCAL (barrel) (2.25,4.25) | (0,4.3) | —
Muon System (barrel) (5, 10) — <11

Table 5.1: Extent of detector volumes for geometrical signal estimates, modeled on the
ATLAS detector.

use the ATLAS detector geometry to estimate signal yield, and the future detector
layout will be different.

Clearly, reconstructing DVs in the tracker is crucial for detecting glueballs
above ~ 30 GeV. In principle, the 14 TeV run of the LHC may access top partners
as heavy as a TeV, with the potential reach exceeding 3 TeV for the HL-LHC.
However, as shown below, triggering and DV reconstruction significantly reduce

that sensitivity. Even so, the reach is very relevant for constraining NN models.

5.2.2 Estimated Sensitivity of Searches

The purely geometrical signal estimate of the previous section suggests that
the LHC might have very promising reach for NN. However, arriving at a real-
istic sensitivity estimate is challenging. A detailed collider study involving DVs,
and including backgrounds, is far beyond our scope and would be very difficult to
validate.

Fortunately, the ATLAS collaboration recently released two experimental searches
[329,330] for exotic Higgs decays of the form h — XX — 4f, where X is long-lived
and decays with SM-Higgs-like branching ratios to SM-fermions. This is identical
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Figure 5.7: Geometrical signal estimates of the number N of Higgs production and
decay to gluballs of mass mg as defined in Table 5.1. Left, center, and right columns
correspond to LHC run 1, HL-LHC, and a hypothetical 100 TeV collider. The vertical
axes correspond top partner masses in FSUSY and TH. Black (dashed red) contours show
logig N for k = Kmax (Kmin), giving an optimistic (pessimistic) signal estimate assuming
h decays dominantly to two glueballs. Shaded bands around contours indicate effects of
the 25% uncertainty in 01+ lifetime. Vertical solid (dashed) lines show where x might be
enhanced (suppressed) due to non-perturbative mixing effects. Light (dark) green shaded

regions have more than 10 events for £ = Kmax (Kmin)
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to the h — 0T10™* signature we are focusing on, and the ATLAS analyses contain
important lessons that we can use to estimate LHC reach, both beyond run 1 and
beyond these two particular searches.

The first search [329] used specialized triggers to look for a single displaced
decay in the HCAL. A second decay in the HCAL was then required to reduce the
background to a very low level, about 20 events. The second search [330] followed a
similar strategy, using a specialized trigger for displaced decays in the muon system
(MS). Two separate offline analyses were performed, which required (a) one DV in
the MS and another DV in either the MS or the inner tracker (IT), or (b) one DV in
the MS, and at least 4 jets passing stringent pr cuts. The requirement of one fully
reconstructed displaced vertex in addition to either another DV or a hard kinematic
cut resulted in, effectively, zero background.

Displaced vertices are a very distinctive signature. The two ATLAS searches
suggest (and CMS agrees [347]) that searches for DVs could be regarded as background-

free, provided they look for

(a) two DVs, or

(b) one DV, in addition to a stringent non-DV requirement, such as high jet ac-

tivity or leptons.

We suspect these guidelines to be particularly applicable for fully reconstructed DVs
in the MS or IT. The absence of track reconstruction in the calorimeters is likely
one factor leading to higher (though still very low) background levels in the HCAL
search.
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Trigger 8 TeV 14 TeV

Ljet Py > 180 GeV pit > 290 GeV
Mj1.50| > 2
inclusive VBF Mja1j < 0 same
|77j1 - 77j2| > 3.6
mj,j, > 600 GeV mj,j, > 1000 GeV

PR > (70,50,35) GeV | pit?® > (112,80, 56) GeV
VBF h — bb 03.2] < (5.2,5.2,2.6)

same
|7]j1| or |77j2| <26

) one lepton with
single lepton pr > 25 GeV, ) < 2.4 same

Table 5.2: Triggers explored for DV searches of exotic Higgs decays to mirror glueballs.
Top three rows: three representative jet triggers. The VBF h — bb trigger is modeled
on [345], the others are representative generic triggers [346]. The 14 TeV thresholds are
derived from the 8 TeV thresholds by a 60% upscaling, and for illustrative purposes the 100
TeV thresholds are assumed identical to 14 TeV. Bottom row: single lepton trigger [346]
for DV searches in the Wh, Zh, tth production channels.

The two ATLAS searches looked for particles with about meter decay lengths.
However, the geometrical signal estimate demonstrated that sensitivity to much
shorter decay lengths is required to cover the whole (mg, mrp) parameter space of
NN theories with long-lived glueballs (where mrp stands for the top partner mass).
This forces us to utilize strategy (b), since at present there is no way to trigger on
only displaced decays in the tracker without other requirements like high Hyp [347].
Therefore, we explore the sensitivity of several possible searches that require one DV
in the tracker, and additional hadronic or leptonic activity in the event to trigger

on.

A list of prompt trigger candidates, modeled on existing experimental searches,
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Search Displaced Vertex requirements Conv§nt1onal
Trigger
(IT, r > 50 pm)x(1L) one DV in IT with » > 50 ym | single lepton
(IT, r > 4 em)x (VBF h — bb) 1 DV in IT with r > 4 cm VBF h — bb
(HCAL)x (HCAL) 2 DVs in HCAL barrel /endcap —
1 DV in MS barrel /endcap
(MS)x (MS or IT) and an additional DV in —
either MS or IT (r > 4 cm)

Table 5.3: Summary of explored DV searches for exotic Higgs decays to mirror glueballs.
The (IT)x (non-DV-trigger) searches in the first two rows are newly suggested searches.
(HCAL)x (HCAL) and (MS)x(MS or IT) are recasts of [329] and [330]. DV reconstruction
efficiencies and trigger information are listed in Tables 5.2 and 5.4.

is presented in Table 5.2. To be conservative we require glueballs to decay to bb in
order to pass the VBF h — bb trigger. The multijet trigger from [330] is not included,
since it has very low efficiency for Higgs decays. For jet triggers, we follow [330] and
assume DV reconstruction down to a minimal impact parameter of r,;, = 4 cm.
We find the VBF h — bb trigger to be the most useful above the bb threshold, but
other triggers can perform comparably, as we outline in more detail below. Probing
parameter regions with relatively heavy glueballs requires sensitivity to even shorter
decay lengths, down to O(10um). Such DV reconstruction might be possible with
a clean enough dataset [346]. We test this by requiring exotic Higgs decays from
Wh, Zh,tth production to pass a single lepton trigger, and assume that DVs can
be reconstructed down to r;, = 50 um with the same efficiency as for ry;, = 4 cm.
Such an analysis would, no doubt, be challenging, but our work serves as powerful

motivation to pursue this search.
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r (m) |z| (m) I Etrig offline
Inner Tracker (rmin, 0.3) | (0, 2.7) <24 — | epy =0.10
HCAL (barrel) (2.1,3.5) | (0,4.3) — 0.22
Eoffline = 0.4
HCAL (endcap) (2.25,3.5) | (4.3,5.0) | <32 | 007
Muon System (barrel) (4, 6.5) — <11 0.40 | epy = 0.25
Muon System (endcap) — (7,12) | (1.1,24) | 0.25 | epy =0.5

Table 5.4: ATLAS detector regions with sensitivity to DVs. eg is the efficiency to trigger
on a single displaced decay in that detector region. In the tracker and MS, each displaced
decay has offline reconstruction efficiency epy. The overall reconstruction efficiency of an
event with two decays in the HCAL that already passed triggers is €omine- Geometrical
definition and approximate efficiencies for displaced h — XX — 4f decay based on [329]
(HCAL) and [330] (Muon System and tracker). For the tracker, [330] gives about rmin = 4
cm, which we use as well. However, for a clean final state recorded via the lepton trigger
we consider ryi, = 50 pm [346].

The four searches we investigate are summarized in Table 5.3: one search
of the form (jet activity)x(DV in IT), another of (lepton)x(DV in IT), and the
two existing searches (HCAL)x(HCAL) and (MS)x(MS or IT). We assume these
searches have close to zero background and estimate sensitivities accordingly. As
explained above, this assumption is likely too optimistic for the HCAL search.

To arrive at approximately realistic signal estimates, it is necessary to under-
stand triggering and offline reconstruction efficiencies for displaced decays. Fortu-
nately, the two ATLAS searches supply these efficiencies either directly, or in the
form of final event yields, see Table 5.4. The displaced decay triggers in the HCAL

and MS have triggering efficiencies €,z per decay that can be taken to be approxi-

mately constant and (for our purposes) independent of glueball mass in the relevant
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detector volume. A full DV in the IT or MS can be reconstructed with an offline
efficiency epy per vertex [330]. For displaced decays in the HCAL, an overall offline
efficiency €,mine is applied to the event, which reproduces the ~ 500 signal events
predicted for this search at run 1 of the LHC with Br(h — X X) = 1 [329].

For the prompt lepton trigger, a flat lepton reconstruction efficiency of 85% is
applied. For jet triggers, PGS is used for hadronic object reconstruction. This might
not, at first, appear sufficient, since PGS assumes prompt decay. However, when
glueball final states are used for triggering the prompt assumption under-estimates
trigger efficiency, since it does not take into account collimation of glueball final
states decaying on the edge of the tracker, which increases the likelihood of sur-
passing jet thresholds. Therefore, our simple pipeline is sufficient for a conservative
signal estimate.

Our results can be easily rescaled for different DV reconstruction efficiencies.
This is especially salient since projecting HL-LHC limits using current ATLAS ca-
pabilities may be very conservative. First, even though the CMS displaced dijet
search [347] has no sensitivity to exotic Higgs decays due to a large Hr requirement,
it does suggest that CMS may be able to reconstruct DVs in the tracker with signif-
icantly higher than 10% efficiency. Second, both detectors will undergo upgrades as
part of the HL-LHC program, which should greatly improve tracking and triggering
capabilities [232,348]. As a result, the 3000 fb~* signal may be larger than what we

project by an O(1) factor, but this does not affect our main conclusions.’

Tt should be noted that our DV + (lepton or jets) searches are robust at the O(1) level, even
under the pessimistic assumption that most of the unstable glueballs are produced in asymmetric
h — 07+ 4+ X decays. The searches requiring two DV’s would have to be modified, but in that
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Figure 5.8: Contours of excludable (discoverable) values of logy, &, for Br(h — 07707 1),
if N = 10 events can be excluded (discovered) in the four searches of Table 5.3. All

formatting same as Fig. 5.7.
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Figure 5.9: Projected sensitivities of the displaced decay searches listed in Table 5.3,
expressed model-independently as limits on the exotic Higgs decay branching ratio Br(h —
X X) as a function of the proper lifetime c7 of X, for mx = 30 GeV. Zero background is
assumed, which is not likely to be realistic for the HCAL search. Decreasing (increasing)
mx shifts the curves slightly to the left (right).

The results are presented in Fig. 5.8. The dark (light) shaded colored regions
indicate which regions of the (mg, mTp) parameter space give more than N = 10
detected signal events for kK = Kmin (Kmax), Which for a relatively background-free
search approximates discovery or exclusion potential. The black contours indicate

the value of k required to give N = 10 across the whole parameter space. This

allows for an easy rescaling of the actual parameter space exclusions for different

case it should be possible to combine a single reconstructed vertex in the MS or HCAL with a
lepton or jet requirement and recover a similar sensitivity to what we show for the MS and HCAL
searches.
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hypotheses of what k(mg) might be. It also makes clear that our conclusions are
robust even assuming O(1) uncertainties for our signal estimate (as might be the
case if additional cuts are required to reduce background to zero in a realistic anal-
ysis). We also show the sensitivity of these searches in a model-independent way,
as projected limits on the exotic Higgs decay branching ratio Br(h — XX) as a
function of lifetime for mx = 30 GeV in Fig. 5.9.

The 8 TeV (HCAL)x (HCAL) and (MS)x(MS or IT) searches have very little
sensitivity to NN, and only probe a small part of parameter space with very light top
partners.’® The MS limits in Fig. 5.9 agree well with the experimental exclusions
[330], while our background-free assumption overestimates the sensitivity of the
HCAL compared to the published limits [329], as expected. If the two new searches
with a single DV in the IT were performed on the run 1 dataset, mirror glueballs
lighter than about 40 GeV could be probed for top partner masses of about 100 — 300
GeV.

At the HL-LHC, the most coverage is achieved by looking for one DV in
association with a lepton. For lighter glueballs, jets + one DV or two DVs in
the muon system provide additional coverage. The jets + one DV search could
cover much of the same parameter space as the lepton + one DV search if DV
reconstruction down to ry;, = 50 um was possible for that search as well. Overall,
the HL-LHC should be able to probe NN via Higgs to glueball decay with top partner

masses up to about a TeV for a wide range of theoretically motivated glueball masses.

10This region is already probed by h — ~v signal strength measurements and other Higgs
coupling measurements for the case of FSUSY and TH respectively [311].
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The reach at the 14 TeV LHC with only 300 fb™! can be easily read off from
Fig. 5.8 by shifting the exclusions one log;,x contour inward, corresponding to
a factor of 10 reduction in signal compared to the HL-LHC. Most of the glueball
masses are covered, and top partners up to 500 — 700 GeV can be probed, though
the lepton + one DV search loses sensitivity for my ~ 60 GeV, mrp ~ 200 GeV.

The 100 TeV results are illustrative only, since our assumptions are driven
by the limitations of present-day experiments. By the time the next collider is
built, it is likely that full track reconstruction can be used for low-level triggering, if
triggering is needed at all. DV reconstruction capabilities might be superior as well.
That being said, new backgrounds, like those from B and D decays, which are not
essential at current energies and luminosities, may play a role at 100 TeV. Even so,
our estimates serve to demonstrate an enticing potential sensitivity to exotic Higgs
decays with glueballs in the final state. This provides strong motivation to make
sure such relatively soft signatures, which in this case give access to multi-TeV scale
top partner masses, are not missed in the detector design of future machines.

We have used the VBF h — bb and the inclusive VBF trigger for our example
of a (jets)x (IT) type search. In Fig. 5.10 we show how sensitivity depends on the
type of jet trigger utilized for a search at the HL-LHC. All the jet triggers have
roughly comparable performance.

Finally, it is possible that other glueball decays provide additional sensitivity
in certain parts of parameter space. For example, the 27* glueball has a mass of
~ 1.4my and a lifetime several orders of magnitude longer than the 0" state [319].

Depending on the details of mirror hadronization, h — 27"+ X decays may therefore
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Figure 5.10: Comparison of different (IT, » > 4 cm) x (jet trigger) searches for /s = 14 TeV
with 3000fb~!. The solid (dashed) lines bound regions with more than 10 signal events
for K = Kmax (Kmin). For the purpose of this comparison, glueball lifetime uncertainties
are not shown.

produce DV’s in the tracker or MS for 30 — 40 GeV < mg < 52 GeV, when decays
to 2% are kinematically allowed, and 07 is relatively short-lived.

The overall lesson of our investigation is clear. The LHC has great potential
to probe NN. Exotic Higgs decays to mirror glueballs, with reconstruction of the
subsequent displaced decay down to 50 um from the interaction point, give sensitiv-
ity to glueballs across the theoretically preferred 12 — 60 GeV range, with uncolored
top partner masses up to around a TeV.

In this chapter we present the first detailed phenomenological analysis of these
exotic Higgs decays to mirror glueballs. RG arguments suggest that the lightest and

most unstable glueball, which is a prediction of FSUSY and QLH models and a
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possible outcome of the TH scenario, has a mass in the ~ 10 — 60 GeV range, which
makes the discovered 125 GeV SM-like Higgs a powerful probe of NN. A careful
treatment of hadronization and non-perturbative uncertainties of the mirror sector
allows us to perform an explicit signal estimate for the 8 and 14 TeV LHC, as well
as a hypothetical 100 TeV machine. This is greatly aided by efficiency tables for DV
reconstruction released by the ATLAS collaboration [329,330]. We suggest several
new searches requiring one DV in the IT along with jet or lepton triggers. This
approach is vital to probe glueballs with 2 30 GeV masses, and strongly motivates
the reconstruction of DVs with decay lengths ~ 50 pm.

The discovery potential of various searches is summarized in Fig. 5.11. Our
approach for estimating signal has been conservative, both by assuming only two-
body production of 0 from Higgs decays and by assuming present-day ATLAS
detector capabilities for all future projections. Even so, the achievable reach at the
LHC across the whole range of considered glueball masses is impressive. Folded-
stops could be discovered with masses up to 600 (1100) GeV at the LHC with 300
(3000) fb~! of data, while TH top partners could be accessible with masses up to
900 (1500) GeV. At a 100 TeV collider, top partner masses in excess of 2 TeV are
easily probed. This allows for an exciting complementarity between measuring the
low-energy consequences of NN and directly probing details of the UV completion
required by such theories.

Fig. 5.11 also shows the TLEP limit [273] on Br(h — invisible), as applied
to the perturbative prediction for Br(h — all glueballs). However, lepton colliders

could also set powerful limits by directly looking for prompt or displaced h — 4b
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decays. This channel deserves future study. Indirect constraints on FSUSY from
Higgs coupling measurements will only constrain for top partner masses < 350
GeV [311]. Direct production of first and second generation FSUSY mirror squarks
would be a distinctive signal, but their mass is not tied directly to the little hierarchy
problem and they could easily escape detection in a natural theory [311]. In the
TH and QLH models, precision Higgs measurements with 3000 fb™! of data may
probe top partners up to < 800 GeV (depending on the cutoff). Exotic Higgs decay
searches could easily surpass this sensitivity.

All the searches we examine lose sensitivity if the glueball mass is below the
bb threshold. This leads to very long glueball lifetimes and very few decays in the
detector. While theories with EW top partners (FSUSY, QLH) motivate glueballs
heavier than 12 GeV, such light and long-lived glueballs can easily be realized in
TH models, and developing searches with sensitivity to these scenarios is highly
motivated.

It has long been understood that future lepton colliders allow for the detection
of all known natural TH scenarios through precision Higgs coupling measurements.
We demonstrated that the LHC has sensitivity to TeV-scale top partners through
exotic Higgs decays to mirror glueballs, which covers FSUSY and QLH theories.
This makes clear once again the special role of the Higgs in probing naturalness.
This complementarity puts all known uncolored top partner theories within our

reach, and might allow us to eventually probe naturalness in all its forms.
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Figure 5.11: Summary of discovery potential at LHC run 1, LHC14 with 300 fb~!, HL-
LHC and 100 TeV if searches like those in Table 5.3 are approximately background-free,
and ~10 events allow discovery. Note different scaling of vertical axes. The inclusive TLEP
h — invisible limit, as applied to the perturbative prediction for Br(h — all glueballs), is
shown for future searches. Lighter (darker) shading corresponds to optimistic (pessimistic)
signal estimates kK = Kmax (Kmin), assuming h decays dominantly to two glueballs of mass
myg. The vertical axes correspond to top partner mass in FSUSY and TH or QLH. Vertical
solid (dashed) lines show where x might be enhanced (suppressed) due to non-perturbative

mixing effects.
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Chapter 6: Conclusion

The discovery of the Higgs has been rightly recognized as a triumph for the SM.
However, there must be particles and interactions beyond the SM to explain dark
matter and the matter-antimatter asymmetry. Other puzzles, like flavor structure
and the lack of C'P violation in QCD, point outside the SM for their solutions.
In short, the SM must be an EFT, albeit an remarkably successful one. Still, the
enticement of leaving the SM for unknown waters drive theory and experiment to
carefully examine every possible point of departure. Because the Higgs mass is tied
to the EFT cutoff, the Higgs is a window onto whatever lies beyond.

With its extensively planned and precisely executed program, the LHC is
poised to make great discoveries during its second run. In fact, hints of something
beyond the standard model are already in the air [349-354]. These results are very
preliminary, but they have the potential to address at least one of the outstanding
mysteries in particle physics. If they signal a new particle, then its mass is about
right to connect it to a natural Higgs mass. While this is very far from compelling
evidence, it is consistent with naturalness. Time and testing will tell if they are
linked.

If this signal fades into the background as more data is collected, then much of

122



the second run of the LHC will focus on the properties of the Higgs. This is in part
due to its potential to first reveal how the SM breaks down. The most natural ways
to keep the Higgs light and remain consistent with experiment either involve colored
top partners that happen to be difficult to discover, or colorless top partners, which
are difficult to produce. In the former case, indirect probes are a valuable diagnostic
tool in finding the top partners. Probes that are tied to the Higgs have particular
utility in addressing naturalness, making the di-Higgs rate, discussed in Chapter 2,
especially interesting.

However, we showed that the non-resonant di-Higgs rate is anti-correlated with
single Higgs production, which is close to the SM prediction. This implies that heavy
top partners will be probed more effectively by single Higgs production. However,
if the top partners are light, di-Higgs production is sensitive to top partners that
single Higgs production misses, making it a useful complementary probe of light top
partners.

Our analysis also showed how to make smaller deviations more apparent. The
SM rate experiences a cancellation close to threshold, which generic new states are
likely to spoil. Therefore, looking at the invariant mass spectrum near threshold can
reveal large deviations from the SM, even when the total rate is quite similar. This
gives extra discriminating strength to searches at the LHC and at future hadron
machines.

Discovering colorless top partners requires different search strategies, but the
Higgs remains a powerful probe. As shown in Chapters 4 and 5 both the Higgs

couplings to SM states and its exotic decays can give valuable information about
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colorless top partners. Using the models defined in Chapter 3, we determined how
top partners affect Higgs production and decay rates. This allowed us to place
limits on the top partner masses, and therefore on naturalness. In some cases, like
the Mirror Twin Higgs,these coupling shifts are the only required LHC signals. For
these models, even with 3000 fb~" at 14 TeV, the LHC Higgs studies will not be able
to strongly disfavor naturalness. We also saw that Folded SUSY predicted coupling
shifts far below what the LHC can find. This led us to consider other methods of
detecting such frameworks.

Chapter 5 presented the first detailed phenomenological analysis of exotic
Higgs decays to mirror glueballs. Such decays are guaranteed in NN models, like
FSUSY, that share the EW force between SM and mirror sectors, and may occur in
when the mirror sector is completely neutral to SM forces. Using RGEs to estimate
the range of glueball masses, we set discovery limits both for the LHC and a future
100 TeV collider for the case study models of Chapter 3.

Exploring these scenarios made clear that new experimental searches are needed
to maximize reach. We outlined these new strategies and determined their potential
to discover NN. We found sensitivity to top partners of nearly TeV masses at the
LHC and multi-TeV at future colliders. Unexpectedly, the displaced nature of these
exotic decays leads to reach comparable to colored top partner searches. This gives
an additional way to pursue naturalness at the LHC.

All these processes underscore the great utility of using the Higgs to investigate
its own naturalness. Gluon fusion, the leading Higgs (and multi-Higgs) production
mechanism, is a loop process, so new colored states affect the rate, if they are not too
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heavy. Frameworks in which the Higgs is the pNGB of a broken symmetry predict
variations in the tree level Higgs couplings, even if the new states are completely
neutral to SM forces. If the couplings are not shifted, as can occur in SUSY, the
symmetry partners can mediate decays into mirror states, like glueballs. These new
decay channels have the potential to yield displaced vertices at the LHC. Such a
conspicuous sign of new physics allows these searches to probe much of the natural
parameter space.

In short, when a symmetry protects the Higgs’ mass in some degree, the Higgs
is necessarily tied to the symmetry partner particles. This allows for many natural
frameworks to be probed by a limited number of tests. This efficiency in testing
comes from being closer to the source. When we want the direct answer about Higgs

naturalness, we should ask the Higgs.
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