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CHAPTER I

Introduction

Recently, there have been great advances in the hunt for physics beyond the Standard

Model (BSM). Novel experiments have begun to probe previously inaccessible regions of

new physics parameter space, and we are finally able to test many of the BSM models that

have dominated the community’s mindset for decades.

The search for two especially well-motivated types of new particle has intensified. First,

we expect there to be particles responsible for stabilizing the electroweak scale against

radiative corrections. The electroweak scale is many orders of magnitude smaller than the

other fundamental mass scale in nature, the Planck scale, and there is much confusion as

to how such a large hierarchy of scales could be natural. As a result, we expect a new mass

scale should lie not far above the weak scale, with associated particles and interactions

that help maintain the smallness of the electroweak scale relative to the Planck scale, in

order to mitigate the severity of this “hierarchy problem” [1].

The second notable case is that of dark matter (DM). There is ample evidence for

the existence of DM that interacts gravitationally and comprises approximately 26% of the

energy density of our universe [2–7]. However, the particle nature of the DM (its properties

and non-gravitational interactions) is as yet unknown. Furthermore, none of the Standard

Model (SM) particles are suitable DM candidates — the only neutral, stable, massive and

sufficiently weakly-interacting SM particles are the neutrinos, which cannot comprise all

1



of the dark matter as their free-streaming (and non-clustering) would suppress structure

formation [8]. Consequently, the SM must be extended to accommodate particle DM.

So far, neither type of particle has been observed, and constraints on favored BSM

scenarios are becoming increasingly stringent, challenging our prior convictions as to the

form new physics should take. As such, it is important to continue to think critically

about new physics and how the variety of possible BSM models could reveal themselves.

Are our “model models” still viable, or should we be developing alternatives? Are our

search efforts sufficiently broad? Below, we will review the arguments as to why we might

expect to observe new particles soon (or even to have observed them already), and we

will explain our motivation behind considering “new places” to look for these types of new

physics.

1.1 Naturalness

The most conspicuous new experiment is the Large Hadron Collider (LHC), which has

already produced one striking new finding: the observation of a Higgs boson h with mass

mh ≈ 125.5 GeV [9, 10]. While this discovery completes the Standard Model (SM), and

has earned Peter Higgs and François Englert the 2013 Nobel Prize in Physics, our compre-

hension of Higgs physics is far from complete. In particular, the principle of “naturalness”

leads us to believe that we should soon discover new particles with masses not too dissim-

ilar to mh. More specifically, our current understanding of Quantum Field Theory (QFT)

leads us to believe that quantum corrections to mh from SM particles tend to drag mh

towards the highest energy scale at which the SM valid (the “cutoff” scale of the theory).

Radiative corrections to mh are parametrically of the form

δm2
h ∼

g2Λ2

16π2
, (I.1)
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Figure 1.1: Diagram involving SM top quark responsible for generating quadratically-divergent
contribution to m2

h.

where g represents the coupling between the Higgs field and that of the SM particle produc-

ing the radiative correction, and Λ represents the cutoff scale of the SM.1 If the SM were a

complete theory of non-gravitational particle interactions, valid all the way to the Planck

scale Λ = MP = 1.22 × 1019 GeV, then for g ∼ O(1) we would expect δmh ∼ 1018 GeV.

Thus, achieving the significantly smaller observed value mh ∼ 102 GeV within the SM

would require extreme cancellations and the very “fine tuning” of certain parameters —

the bare Higgs mass-squared parameter m2
h,0 appearing in the Lagrangian would have to

carefully balance against δm2
h. That parameters should happen to take the precise values

required to yield mh some sixteen orders of magnitude smaller than expected (i.e., than

the scale of mh,0 and δmh) would be considered extremely “unnatural” [11].

“Natural” BSM models, such as weak-scale supersymmetry (SUSY) or composite Higgs

models, solve this problem by introducing new particles with masses comparable to mh

that cancel the SM quantum corrections, stabilizing mh at a lower scale. In effect, natural

theories lower the scale Λ to the mass scale M of the new particles. The value of M can

be estimated by considering the contributions to m2
h from the SM top quark. Within the

SM, the large Higgs boson-top quark coupling yt ≈ 1 yields the largest contributions to

1Eq. (I.1) is the form the divergence will take if the theory is regulated using a hard cutoff, but the quadratic
divergence of δm2

h holds in other regularization schemes as well. Using dimensional regularization in 4−ε dimensions,
for instance, the divergence appears as a ε−1 pole with associated finite quadratic sensitivity to higher mass scales.
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δm2
h via the diagram shown in Fig. 1.1,

δm2
h = −Nc |yt|2

8π2
Λ2 ∼ −(200 GeV)2

(
Λ

TeV

)2

, (I.2)

where Nc is the number of colors running in the loop, Nc = 3. Even for Λ as low as a TeV,

radiative contributions are comparable to the physical mass (δmh ∼ mh) as opposed to

constituting small corrections, indicating a somewhat tuned theory. Consequently, natural-

ness requires the introduction of partner particles to the top quark (“top partners”), which

cancel this quadratically-divergent contribution, with relatively low masses M∼< TeV.

Furthermore, ensuring that the quadratic divergences cancel exactly requires that the

couplings and multiplicities of the top partners are related to those of the top quark. The

relationship between the couplings can be enforced by a symmetry, such as supersymmetry,

and the necessity of equal multiplicities (i.e. that there are also Nc top partners) suggests

that top partners should exhibit the same color SU(3)C quantum numbers as the top

quark (but see [12–14] for an alternative approach). As a result, if kinematically accessible,

they should be copiously produced in hadron colliders via the strong interactions, making

them an appealing target for LHC searches. Furthermore, this statement is largely model-

independent; the top partner production cross section is set (to a very good approximation)

by only the mass and spin of the top partners, and SU(3)C gauge invariance. Model-

dependence exclusively arises in determining the relevant top partner decays.

1.1.1 The Hunt for Naturalness

Unfortunately, top partners have yet to be observed, and the LHC is placing stringent

lower bounds on their masses and those of other particles related to naturalness. In addi-

tion, indirect pieces of evidence favor a (possibly much) higher scale for Λ. Relatively light

particles with significant couplings to h could modify the observed Higgs boson properties.2

For instance, loops of new particles can lead to measurable deviations in Higgs production

2For work by the author in this direction not included in this thesis see [15].
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via gluon fusion (gg → h) or diphoton decay (h → γγ). These processes are particularly

sensitive to new particles because the new physics contributions need only be comparable

to the (also) loop-level SM rates, as opposed to having to compete with a much larger

tree-level rate. Currently, however, measurements of Higgs boson production and decay

rates from ATLAS and CMS suggest a largely SM-like h [9,10,16–19]. This constrains, for

instance, light stop masses in supersymmetric models [20]. Other indirect searches, includ-

ing measurements of electron electric dipole moments (EDMs) and flavour observables such

as B → µ+µ− and b→ sγ are also remarkably consistent with SM predictions. Accommo-

dating these constraints requires either specific (and generally ad hoc) flavour structure in

the new physics or a higher new physics scale — the reach of these experiments can exceed

Λ∼> 100 TeV for new generic sources of flavour or CP violation (see, e.g., [21–23]). This

evidence for larger Λ (or M) creates tensions with naturalness, raising such questions as

“can mh be natural?” and “is naturalness even a good motivating principle?”

However, it would be premature to give up already on the hunt for natural new physics.

The LHC is about to restart with collisions at center-of-mass energy
√
s = 13 − 14 TeV,

and the discovery of new particles required for naturalness may be imminent. If so, the

weak scale could merely be tuned at the level of 10−1 or 10−2, as opposed to the much

more disconcerting level of 10−32. Moreover, LHC limits and our näıve tuning estimates

are generally based on simplifying assumptions, for instance regarding the production cross

sections and decay channels of new states. Some of these assumptions are fairly robust

(as in the case of top partner production discussed above), and the wide range of search

strategies employed at the LHC ensures fairly broad coverage of the new physics parameter

space, but the actual situation is model dependent. In particular, solutions to the hierarchy

problem need not be minimal and, though it is not clear why naturalness should be favored

over simplicity,3 apparently complex but natural BSM models may be well-motivated, e.g.

3One might reasonably argue that non-minimal but natural BSM theories simply constitute a re-absorption of
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from a “top-down” or ultraviolet (UV) perspective.

In this thesis, we will take the view that physics should be (at least somewhat) natural,

and thus that new particles are likely to be discovered soon. Based on this assumption,

we will explore how well-motivated additional structure in natural BSM models — i.e.

particles and symmetries beyond the minimal ones required by naturalness — can lead to

novel experimental signatures not covered by current search strategies. Awareness of this

possibility is important — in order to ensure that we fully understand naturalness and

the weak scale, it is vital to explore the range of possibilities for natural BSM physics,

especially now that the simplest incarnations are under pressure. We will even see that

additional structure may help reduce tuning, although this is not our primary concern.

1.1.2 Little Higgs Models

Specifically, we will consider Little Higgs models, in which the Higgs is a composite state

arising from the breaking of an approximate global symmetry G by some unspecified strong

dynamics. Explicit breaking of G ensures that the Higgs states are not exact Nambu-

Goldstone bosons (GBs) but rather pseudo-Nambu-Goldstone bosons (pNGBs), so can

acquire a potential (and hence a mass). The hierarchy problem is mitigated as radiative

corrections to m2
h are cut off at the compositeness scale [24, 25]. This is analogous to the

case of the pions in QCD — quark condensation breaks a global SU(2)L × SU(2)R flavor

symmetry of the QCD Lagrangian to the diagonal subgroup SU(2)V , resulting in three

light states (π± and π0). Were SU(2)L × SU(2)R an exact symmetry, the pions would

remain massless, but explicit breaking of SU(2)L × SU(2)R (notably by the quark masses

and electromagnetism) causes the pions to acquire a mass. Radiative corrections are cut

off by the scale of the breaking ΛQCD ∼ GeV, though, such that the pions remain light.

Minimal composite Higgs models suffer from the fact that naturalness requires Λ ∼
tuning into “theory space.”
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4πv ∼ TeV — such a low cutoff scale generally leads to tension with precision electroweak

measurements. Little Higgs models avoid this requirement by implementing collective

symmetry breaking in which the Higgs is the would-be GB of multiple global symmetries,

all of which must be explicitly broken in order to generate a potential [26–29]. As a

result, any graph that contributes to the radiative generation of the potential must involve

multiple insertions of explicit breaking, lessening the degree of divergence and ensuring that

quadratic divergences do not appear at one-loop. This permits the cutoff to be increased

to Λ ∼ 10 TeV while still maintaining naturalness.

As we review in Ch. II, implementing collective symmetry breaking in the top sector

only requires a single top partner (exhibiting certain interactions and decays). However,

based on UV considerations concerning the nature of strong dynamics, we will argue that

the top sector will likely exhibit additional structure and symmetries, leading to exotic

top partners. We also highlight the various types of pNGBs arising from spontaneous G-

breaking that may be present beyond a single Higgs doublet. The combination of these

ingredients (additional interactions, exotic top partners and extended Higgs sectors) can

produce novel signatures of Little Higgs-type new physics, the observation of which would

allow for fuller characterization of the Little Higgs particle content and top sector.

We believe that this possibility motivates a broadening of the current search strategies

being employed at the LHC. As such, in Ch. III, we perform a phenomenological study

of one particularly striking exotic decay topology, and discuss the prospects for discovery.

Although we are motivated by Little Higgs models, the results of this section are broadly

applicable to a range of models with fermionic top partners that can decay to extended

Higgs sector states. We emphasize that the possibility of such decays is very important as

they may in fact provide the most promising route for observing an extended Higgs sector.

Moreover, observation (or exclusion) of exotic top partner decays would provide deeper

7



insight into the underlying structure of BSM physics, helping us to better understand

naturalness and the extent to which the weak scale is or is not, in fact, tuned.

1.2 WIMP Dark Matter

We will now discuss the second well-motivated type of new particle: dark matter (DM).

As the evidence for DM is so far exclusively gravitational, there are essentially endless al-

ternatives for its particle properties. That said, many current DM searches are motivated

by the so-called “weakly-interacting massive particle (WIMP) miracle,” a particularly ap-

pealing paradigm as it connects the DM to the visible sector and provides a mechanism for

explaining why the DM abundance is what we observe. Consider a stable4 particle species

χ that annihilates to SM particles. Assuming a thermal cosmological history, as the uni-

verse expands, χ particles will annihilate and the total abundance of χ will decrease until

its annihilations “freeze out.” This occurs when the temperature becomes sufficiently low

that the annihilation rate falls below the Hubble rate, which characterizes the expansion

rate of the universe; in effect, the particles can no longer “find one another” to annihilate.

Subsequently, the total co-moving abundance of χ in the universe remains approximately

constant [30]. The corresponding relic density today is given by [31]

Ωχ ≡
ρχ
ρc
∼ 0.2

(
10−8 GeV−2

σ

)
, (I.3)

where ρχ is the energy density of χ, ρc is the critical energy density corresponding to a flat

universe and σ is the annihilation cross section (supposing s-wave annihilation).

For an annihilation cross section that scales as

σ ≈ α2

M2
, (I.4)

where α is the relevant structure constant and M is the appropriate mass scale, one finds

that the weak-scale values α ∼ O(10−2), M ∼ O(100 GeV) yield a relic density consistent

4Or very long-lived relative to the lifetime of the universe.
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Figure 1.2: If DM annihilates to SM particles, rotating the relevant annihilation diagram can give
rise to diagrams permitting DM-SM scattering or DM production via SM particle annihilation.
These three channels form the basis of indirect detection, direct detection and collider searches for
WIMPs, respectively.

with the observed DM relic density, ΩDM ≈ 0.26 [7]. In this picture, the DM particles

would be weakly-interacting and massive, hence the name “WIMP.” The “miracle” is that

the weak scale “falls out” of this calculation from purely gravitational and cosmological

(as opposed to particle physics) inputs, in particular MP and the current temperature of

the universe T0 = 2.75 K ∼ 10−4 eV.

WIMPs present an appealing target for DM searches. The interactions that permit

WIMPs to annihilate to SM particles should also permit WIMP-SM scattering or WIMP

production in SM particle collisions. This point is (schematically) illustrated in Fig. 1.2 —

rotating the annihilation diagram gives rise to diagrams that generate DM-SM scattering

or DM production in SM particle annihilation. As a result, a variety of different methods

can be employed to search for WIMPs. Moreover, we are currently able to construct

experiments that are sensitive to weak-scale DM-SM cross sections, allowing us to search

for WIMPs today.

WIMPs are also appealing from a theoretical standpoint. After all, we know (and have

known since Enrico Fermi identified it as the relevant scale for nuclear β decay in 1933)

that the weak scale is significant in particle physics. Furthermore, as explained above, we
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expect to see new physics around this scale for “naturalness” reasons unrelated to DM. The

WIMP miracle may even suggest that WIMPs do not just exhibit weak-scale interactions

with SM particles, but are in fact charged under the SM electroweak gauge group. If

so, the SM could be minimally extended to include DM without the need for a host of

additional particles or gauge interactions, and the forces governing WIMP interactions

with the visible sector would already be well-understood. In addition, WIMPs commonly

arise in a variety of BSM models. A particularly well-known example is that of SUSY with

conserved R-parity, in which the lightest supersymmetric particle (LSP) is stable, making

it a viable WIMP DM candidate if neutral.5 Consequently, WIMP searches are considered

one component of a broader search for BSM models such as SUSY.

1.2.1 The Hunt for WIMPs

As the WIMP miracle only indicates a scale for the WIMP-SM interactions, but not a

specific form the interactions should take, there is an extensive and diffuse experimental

program searching for WIMPs. Experiments can be classified as direct detection, indirect

detection or collider experiments.

Direct detection experiments attempt to observe WIMP-nucleon scattering, usually by

looking for either rare scattering events in extremely low background environments or

annual modulation. Examples of the former include the XENON, LUX and Panda-X

experiments, all of which are based on large, heavily-shielded underground containers of

liquid Xenon. The inertness of Xenon produces a very clean environment in which the small

energy deposition associated with WIMP-nucleon scattering could be readily detected, and

the lack of background due to shielding (by the container, the Earth and “self-shielding” by

the Xenon itself) ensures that very few signal events would be required for discovery [32].

In contrast, experiments searching for annual modulation do not go to the same lengths to

5In fact, the LSP is frequently taken to be a neutralino (an admixture of the Bino and the neutral Wino and
Higgsinos), and its phenomenology can indeed be governed entirely by the electroweak interactions.
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shield against background. Annual modulation refers to the modulation of the scattering

rate as the Earth orbits the Sun, resulting from the Earth’s changing velocity relative

to the DM [33]. The scattering rate is maximized (minimized) when the “WIMP wind”

seen by the Earth has the greatest (least) velocity, which occurs around June (December),

such that a modulating signal due to DM should have a definite phase. Assumedly, any

backgrounds do not exhibit the same frequency and phase, making WIMP scattering readily

distinguishable.6

Indirect detection experiments search for SM particles produced in WIMP annihilations,

focusing on regions of the galaxy where there should be an elevated density of DM and

hence a non-negligible annihilation rate [35–42]. These searches in principle suffer from the

fact that astrophysical backgrounds are not always well-understood. However, by exploit-

ing the relatively sharp decrease with energy of SM particle flux from most astrophysical

sources, looking for approximately mono-energetic lines extending above continuum spec-

tra,7 or analyzing spatial features of astrophysical particle flux, experiments can still place

significant indirect limits on WIMPs.8 For instance, WIMP-nucleon scattering would lead

to DM accumulation in the Sun. Subsequent WIMP annihilations could produce (either

directly or via the decays of the annihilation products) high-energy neutrinos that would

escape the Sun and free stream to Earth [35–38]. Such neutrinos are searched for at neu-

trino observatories including Super-K and IceCube. An alternative example is the Fermi

Gamma-Ray Space Telescope, which aims to observe high-energy, monochromatic photons

from WIMP annihilation in the galactic center [44].

Collider experiments aim to produce WIMPs in SM particle annihilations. As WIMPs

6Ref. [34] has recently shown that higher frequency modulation may also be present, and may provide a striking
signal in certain DM or astrophysical models.

7This method is most relevant for DM that annihilates directly to stable particles. The energy of these particles
would be directly related to the mass of the DM, leading to a sizable flux at a particular energy and (potentially) a
way of extracting the DM mass from the signal.

8In fact, using the latter method, Ref. [43] has recently highlighted a spatially-extended gamma-ray signal from
the galactic center as potential evidence for WIMPs.
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must be stable on collider timescales, they would escape the detectors, leading to sizable

missing energy (/ET ) — i.e. energy that is not accounted for by the visible particles pro-

duced in a collision, but that must have been carried away by invisible particles to conserve

energy-momentum in the plane transverse to the collisions. If an annihilation produces only

WIMPs (which are emitted back-to-back), their transverse momenta balance against one

another and the resulting /ET is small. Large /ET arises in annihilations that also yield high

transverse momentum (pT ) jets or photons against which the WIMPs recoil. Mono-jet and

mono-photon channels are correspondingly among the more powerful tools for searching

for generic WIMPs [45].9 However, /ET -based searches do suffer from an irreducible back-

ground due to the SM neutrinos, which likewise escape undetected. In addition, collider

experiments cannot guarantee that an observed DM candidate plays a cosmological role,

so any signals require corroboration by astrophysical measurements.

1.2.2 So where are the WIMPs?

Unfortunately, no WIMPs have been definitively observed even though direct detection,

indirect detection and collider experiments are all now beginning to probe the preferred

regions of WIMP parameter space. It is worth noting that results from several direct

detection experiments may be hinting at the existence of light DM (mχ∼< 10 GeV) [51–54].

However, the masses and scattering cross sections preferred by different experiments are not

clearly compatible. The preferred regions of parameter space are also in tension with null

results from other direct detection experiments, including LUX [55], XENON100 [56] and

SuperCDMS [57]. Even postulating non-minimal features of DM-nucleon scattering (such

as inelastic [58], momentum-dependent [59] or isospin-violating scattering [60, 61]) does

not fully resolve the discrepancies [62–65]. Collider constraints on DM are also becoming

increasingly stringent. This is particularly relevant for light DM as collider searches do not

9Though, for specific models, other searches may be more sensitive [46–50].
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suffer from the same decrease in sensitivity at low DM masses that are exhibited by direct

detection experiments (due to scattering energy thresholds). Collider limits may weaken

depending on the details of the SM-DM interactions — for instance, experimental limits

generally assume a heavy mediator such that the SM-DM interaction can be modeled as a

contact interaction, although bounds can weaken significantly for lighter mediators [66,67]

— but these constraints are still sufficiently strong to put pressure on a number of light

DM scenarios [68, 69]. Consequently, in this thesis, we will focus on the null results for

WIMPs instead of the potential light DM signals.

Just how stringent are the constraints on WIMPs? Are we being forced to concede that

“weakly-interacting” might not mean “electroweakly-interacting,” and thus that a viable

WIMP model at minimum requires the introduction of new forces and particles? Should

the WIMP paradigm be abandoned altogether? In Ch. IV, we explore the extent to which

strictly weakly-interacting DM (i.e. DM whose phenomenology is controlled by the bosons

of the electroweak theory) is constrained by recent experimental results. In doing so, we

elucidate the extent to which minimal WIMP scenarios are under pressure. As one might

expect, since the relic density calculation approximately determines the cross section for

WIMP-SM interactions, but experiments sensitive to such cross sections are yet to observe

any WIMP candidates, serious tension exists between achieving the correct thermal DM

abundance and evading experimental limits.

However, viable regions of WIMP parameter space do remain, even for the case of

strictly weakly-interacting DM. Furthermore, a loophole exists to the above argument

relating Ωχ to WIMP detection. If WIMP annihilation was enhanced in the early universe,

the cross sections relevant for detection today — those for scattering with nucleons, collider

production and annihilation at low velocities — would be smaller than the cross section

needed to yield the correct relic density. As first discussed in [70], this can occur as a result
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of coannihilation, a mass threshold or near-resonance annihilation.

Coannihilation occurs when another state χ′ sharing a quantum number with the DM

has mass close to mχ (generally ∆m = mχ′ − mχ ∼< mχ
20 ).10 Processes that interchange

χ ↔ χ′, χ′ decays and annihilation processes such as χχ′ → SM and χ′χ′ → SM will

affect the DM number density, and can deplete the DM abundance relative to what one

would expect from χχ → SM annihilation alone. If 2mχ were close to the mass threshold

for annihilation to particular final state, this annihilation channel may have been open

in the early universe (when the DM energy was greater) in spite of being kinematically

inaccessible today. Finally, if WIMPs annihilate through an s-channel resonance with

mass∼> 2mχ, annihilation in the early universe would have been enhanced due to the small

propagator. DM-nucleon scattering, which would likely not proceed through the same s-

channel diagram, would not exhibit the same enhancement. In each case, the cross sections

for processes through which we might hope to observe WIMPs today would be smaller than

näıvely expected from the simple freeze-out prediction above, allowing a WIMP to remain

a viable DM candidate in spite of null results.

However, such examples extend beyond the minimal WIMP scenario, requiring addi-

tional particles and/or specific mass relations in the dark sector. To some extent, this

counteracts the straightforward appeal of the WIMP miracle. Consequently, if such a con-

spiracy of parameters is responsible for hiding WIMPs, it would ideally be accompanied by

an explanation as to why (beyond bad luck) WIMPs do indeed comprise the DM and yet

our WIMP search strategies are doomed to fail. In Ch. V, we introduce a new mechanism

in which renormalization group (RG) focusing may attract the relevant parameters to the

necessary (conspiratorial) values in the infrared (IR). Although WIMP detection prospects

would be minimal, we point out that achieving the desired focusing may require the exis-

10mχ′ ≈ mχ is necessary such that the number density of χ′, nχ′ , is non-negligible at the time of χ freeze-out. For

larger mχ′ , the relative Boltzmann suppression nχ′/nχ ∼ e−∆m/T ensures that the existence of χ′ can be ignored.
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tence of additional particles or interactions that could give rise to novel phenomenology in

lieu of WIMP detection.

1.3 Summary: Motivation and Outline

Hopefully, recent experimental progress will lead to new discoveries that allow us to

progress beyond the Standard Model. However, as BSM particles remain elusive, it is vital

to explore

1. to what extent are minimal or favored new physics scenarios under pressure in light

of recent experimental constraints, and

2. where might new physics reveal itself?

It is these broad questions that we aim to contribute to answering in this thesis.

In the case of naturalness, we assume that the null results for top partners do not

yet spell disaster for natural new physics. So, the discovery of top partners should be

imminent. In Ch. II, we consider the case in which these will be the fermionic top partners

of a Little Higgs model, and argue that UV considerations may lead to the existence of a

slew of top partners beyond the minimal set required by naturalness. Moreover, we discuss

the various scalar particles that might be present in addition to the SM Higgs multiplet,

and examine the exotic phenomenology (notably, the exotic top partner decays) that can

arise as a result. We then explore how such decays might be uncovered at the LHC in

Ch. III — note that the results of this section are applicable to all models (not just Little

Higgs models) that exhibit exotic fermionic top partner decays to (non-Higgs) scalars. The

material in these chapters is based on [71] and [72], which were written in collaboration

with Aaron Pierce and Jesse Thaler.

In Ch. IV, we turn our attention to DM, and investigate the current experimental con-

straints on a minimal model of electroweakly-interacting DM. We find that the unexcluded
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parameter space is indeed becoming squeezed, suggesting that we should continue to think

critically about the WIMP paradigm. The analyses presented are derived from [73], writ-

ten in collaboration with Timothy Cohen, Aaron Pierce and David Tucker-Smith, and [74],

written in collaboration with Aaron Pierce. However, they have been updated to reflect

recent experimental results from the LHC [9,10], IceCube [75] and LUX [55].

The results of Ch. IV inspire the model-building of Ch. V, in which we consider models

of WIMP DM exhibiting particular mass relations among dark sector particles. These mass

relations arise from renormalization group (RG) focusing, and result in limited detection

prospects for WIMPs. However, there may be a consolation prize — the particle content

and interactions of the dark sector required to generate the desired mass relations can yield

novel phenomenology. This mechanism was first presented in [76], written in collaboration

with Aaron Pierce.

Finally, in Ch. VI, we present our conclusions, discussing possible directions for high-

energy physics research should either top partners or WIMPs be discovered, or should BSM

particles remain undiscovered in the coming LHC and DM search runs.

16



CHAPTER II

Exotic Top Partners and Little Higgs

This chapter was completed in collaboration with Aaron Pierce and Jesse Thaler [71].

As explained in Ch. I, the principle of naturalness leads us to expect new physics at

energies not significantly above mh in order to protect the Higgs against large quadratically-

divergent contributions to m2
h. One way in which the Higgs can be protected is if it is

a composite state, associated with the spontaneous breaking of an approximate global

symmetry G by some strong dynamics [24,25]. Explicit breaking of G, for instance by the

gauging of a subgroup of G, generates a scalar potential and

δm2
h ∼

ε2

16π2
Λ2 (II.1)

with radiative corrections cut off at (or below) the compositeness scale Λ ' 4πf , where f

is the relevant decay constant. ε represents the explicit breaking parameter — for ε = 0,

G is an exact global symmetry and the Higgs is the associated massless GB. In this limit,

the Lagrangian is invariant under a shift symmetry h → h + ηf (where η is scaled to be

dimensionless), forbidding a Higgs mass term (as well as other interactions). In the presence

of explicit breaking, the Higgs is a light pseudo-Nambu-Goldstone boson (pNGB).

However, maintaining a natural theory with δm2
h ∼ v2 requires f ∼ v, at least in

the simplest implementations of composite Higgs models.1 Consequently, the composite

1One might think this need not be the case if ε could be made very small. However, as we know an SU(2)L×U(1)Y
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Higgs approach was refined in the context of Little Higgs (LH) models [26–29], which ex-

hibit a parametric hierarchy between f and the electroweak scale v. These constructions

mitigate precision electroweak tensions present in other strongly-coupled theories such as

technicolor. The separation between v and f is achieved in part by a collective break-

ing structure that allows the generation of a Higgs boson quartic coupling without the

generation of a Higgs (mass)2 parameter.

Collective breaking occurs when multiple sources of explicit breaking are needed to fully

break the global symmetry protecting the Higgs field. In the simplest implementations, two

couplings ε1,2 both explicitly break G but, for either ε1 = 0 or ε2 = 0, a global symmetry

of which the Higgs is a GB is restored — i.e. if εi = 0, the Lagrangian becomes invariant

under a shift symmetry h → h + ηif and the Higgs remains massless. Consequently, any

diagrams generating a Higgs mass must involve insertions of both ε1 and ε2. The insertion

of both couplings reduces the degree of divergence relative to a single source of explicit

breaking, resulting in one-loop divergent contributions to m2
h that are at worst logarithmic,

δm2
h ∼

ε21ε
2
2

16π2
f2 log

(
Λ2

f2

)
. (II.2)

Quadratic divergences do not appear until higher loop order. This enables the decay

constant to be increased to f ∼ 4πv ∼ TeV and the cutoff to Λ ∼ 10 TeV while still

maintaining naturalness.

Like any natural approach to electroweak symmetry breaking, LH models introduce

top partners to cancel the quadratic divergent contributions to δm2
h from the SM top

quark. The minimal set of top partners needed for naturalness, the “cancellons,”2 can be

determined using a “bottom-up” approach by constructing a Lagrangian that both yields

the desired Yukawa coupling and exhibits collective breaking (i.e. two separate Higgs shift

subgroup of G must be gauged to yield the desired electroweak Higgs doublet, we know the explicit breaking must
be on the order of the electroweak gauge couplings, preventing ε from being too small.

2So-called because cancellon loops cancel the quadratic divergences generated by Fig. 1.1.
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symmetries exist when different couplings are turned off). Under the shift of the Y = +1
2

Higgs doublet H → H + ηf , a Yukawa term transforms as

QHU c → QHU c + ηfQU c, (II.3)

where Q is a fermionic SU(2)L doublet with Y = +1
6 and U c is a fermionic SU(2)L singlet

with Y = −2
3 . The term proportional to η has the form of a mass term, so can be cancelled

by a fermion mass that also transforms under the same symmetry that shifts the Higgs

field. Specifically,

Ltop ⊃ −y1f

(
UU c −QH

f
U c + . . .

)
(II.4)

is invariant under U → U + ηQ
f and H → H + ηf (to leading order — the ellipsis denotes

higher order terms that must be present to ensure full invariance).3 So, with Eq. (II.4), we

have by design restored H → H + ηf invariance for a top sector that generates the desired

Yukawa coupling. The symmetry can be explicitly broken by, e.g., an additional source

of mass for U (which can be interpreted as mixing between the composite quark U and a

fundamental state)

Ltop = −y1f

(
UU c −QH

f
U c + . . .

)
− y2fUu

c. (II.6)

This top sector contains all the necessary ingredients for collective symmetry breaking. By

construction, in the limit y2 = 0, it is invariant under H → H + ηf with U → U + ηQ
f .

Meanwhile, in the limit y1 = 0, it is invariant under a second symmetry that shifts H →

H + η′f and under which the fermions do not transform.

3The choice

Ltop ⊃ −y1f

(
QQc −QH

f
Uc + . . .

)
(II.5)

is also invariant for Qc → Qc + ηUc

f
and H → H + ηf , but requires the introduction of an additional fermionic

doublet Qc as opposed to a singlet.
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We can make connection to the SM top fields by defining

T c ≡ y1U
c + y2u

c√
y2

1 + y2
2

, T ≡ U (II.7)

tc ≡ y1u
c − y2U

c√
y2

1 + y2
2

, qL ≡ Q. (II.8)

We associate qL and tc with the SM left-handed top doublet and right-handed singlet,

respectively (to leading order in v/f). In terms of these fields,

Ltop = −
√
y2

1 + y2
2fTT

c +
y2

1√
y2

1 + y2
2

qLHT
c − y1y2√

y2
1 + y2

2

qLHt
c + . . . (II.9)

The last term resembles the desired top Yukawa with

yt =
y1y2√
y2

1 + y2
2

. (II.10)

In addition, the theory contains a vector-like, charge-2
3 , fermionic top partner that is an

SU(2)L singlet of mass

mT =
√
y2

1 + y2
2f. (II.11)

This cancellon is the minimal new particle required to cancel quadratically-divergent contri-

butions to the Higgs mass from SM top quark loops. As a result of the collective breaking,

at one loop the leading divergence is logarithmic

δm2
h ' −

3y2
t

8π2
m2
T log

(
Λ2

m2
T

)
. (II.12)

Minimizing tuning in the Higgs sector requires that the cancellons are as light as possible

while still avoiding LHC constraints. This suggests a mass scale for the top partners of

mT ' f ' O(TeV), corresponding to a tuning of O(10 − 20%) [77]. Consequently, if

naturalness is a reliable guide, top partners should soon be observed at the LHC.

There have been a number of phenomenological studies of fermionic top partners, with

a primary focus on these cancellons [78–80] (see Ref. [81, 82] for recent reviews). As the

minimal top partner is an SU(2)L singlet, its decays are predominantly determined by the
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qLHT
c Yukawa coupling in Eq. (II.9), which both couples the cancellon to SM fields and

contributes to its mixing with a state charged under SU(2)L. In the limit of large f , the

Goldstone Boson Equivalence Theorem [83–85] implies that the minimal cancellon should

decay to bW± : tZ : th in an approximately 2 : 1 : 1 ratio (although deviations due to

mixing and higher dimension operators are possible — see, e.g., [86]). As a result, the

phenomenology of the simplest cancellon is fairly straightforward and the LHC is actively

searching for a fermion exhibiting these decays [87–89].

In this chapter, we move beyond the minimal cancellons and study exotic top partners

with novel decay patterns, motivated by the following logic:

• The Higgs boson emerges as a pseudo-Nambu-Goldstone boson (pNGB) from the

coset space G/H. It is possible, or perhaps even likely, that the top sector retains

information about the underlying symmetry G in spite of the fact that G is ultimately

broken by various gauge and Yukawa couplings. In this case, top partners come in

complete multiplets of G, although their masses are of course split by various spon-

taneous and explicit G-violating effects. We will refer to these as “long multiplets,”

which can contain exotic top partners in addition to the cancellons.

• When exotic top partners appear in long multiplets, they may in fact be lighter than

the cancellons as a result of the collective breaking structure of LH theories (see

Sec. 2.1.2). This simple observation has an important corollary: exotic top partners

might be discovered prior to the cancellons that actually regulate the Higgs potential.

• Unlike minimal top partners — whose decays are likely dominated by the experimen-

tally well-explored T → th, T → bW+, and T → tZ modes — exotic top partners

may well decay dominantly to other pNGBs besides the Higgs. There are three kinds

of pNGBs that are particularly well-motivated in the context of LH theories (see

Sec. 2.1.3): “quarticons,” a second Higgs doublet, and extra “uneaten” goldstone
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bosons. In particular, quarticons are those fields responsible for (collective) genera-

tion of the Higgs boson quartic coupling, and their presence is required to maintain

the hierarchy v/f � 1.

Notably, direct production and observation of the additional pNGB scalars may be oth-

erwise difficult. Thus, it is possible that the best window into the structure of the LH

theories may be via exotic decays of top partners into additional pNGBs. These pNGBs

will in turn dominantly decay to third-generation fermions and electroweak bosons to yield

high-multiplicity final states at the LHC.

Some of the phenomenology we describe has previously appeared in the LH model

building literature. Indeed, specific examples are well-known to LH aficionados. Here, we

try to make the argument more general and extract a basic lesson: there is substantial

motivation for top partner decays beyond the minimal ones. Experimentally, this implies

that searches for top partners should not be biased to exclusively look for T → th, bW+, tZ

final states; decays like T → thh, T → bW+Z, and T → tbb̄ where mbb̄ 6= mh are, among

others, well-motivated possibilities in realistic LH constructions. Furthermore, if a top

partner is discovered, interpretation of its role with respect to naturalness must be made

with care—it may or may not be the field responsible for stabilization of the weak scale.

The remainder of the chapter organized as follows. In Sec. 2.1, we elaborate on the fea-

tures of LH models outlined above, drawing on examples from the literature to illustrate

the basic points. We then summarize the main phenomenological consequences in Sec. 2.2,

discussing into which exotic scalars top partners might decay, and how the scalars them-

selves likely decay. In Sec. 2.3, we present a new LH model based on an SO(10)/SO(5)2

coset structure. In addition to being a concrete illustration of the phenomenology of ex-

otic top partners, the SO(10)/SO(5)2 construction fills a “missing box” in the LH model

building literature. We present our conclusions in Sec. 2.4.
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2.1 Lessons from Little Higgs Model Building

In LH models, the Higgs boson emerges as a pNGB from the symmetry breaking pattern

G→ H. In this section, we first review the basic logic for why there must be a large global

symmetry G in LH theories, and argue why we expect top partners to come in complete

G multiplets (“long multiplets”). Typically, if G is larger than an SU(3), long multiplets

will contain exotic top partners, which might actually be lighter than the cancellons. We

then discuss why LH theories likely contain additional pNGBs beyond a single Higgs dou-

blet. These ingredients—exotic top partners and extra pNGBs—will set the stage for the

phenomenological discussion in Sec. 2.2.

2.1.1 Enlarged Global Symmetries and Long Multiplets

Why do we expect G to be large? In many cases, a large group G is needed to generate

a quartic coupling for the Higgs boson (see also Sec. 2.1.3). Consider the case of the Simple

Group LH [90]. In the simplest (toy) model, an SU(3) gauge symmetry is broken down

to the weak SU(2)L by a pair of SU(3) triplet scalars, Φ1 and Φ2, with aligned vacuum

expectation values (vevs). The breaking pattern is G/H = [SU(3)/SU(2)]2 to yield ten

Goldstone bosons, and after five of them are eaten by the broken SU(3) gauge fields, the

non-linear sigma model (nlσm) fields are:

Φ1 = eiΘ/f


0

0

f

 , Φ2 = e−iΘ/f


0

0

f

 , (II.13)

with

Θ =
1√
2


0 0

h
0 0

h† 0

+
η

4


1 0 0

0 1 0

0 0 −2

 . (II.14)
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Here, h is the desired complex Higgs doublet, and η is a real singlet. Top partners can

then be introduced as part of a complete SU(3) multiplet

Q = (q, χu)T , (II.15)

where q is the SM quark doublet, χu is a cancellon field, and no exotic top partners are

needed. However, this toy model does not allow the generation of a Higgs quartic coupling

without a large contribution to the Higgs (mass)2. The only non-trivial gauge-invariant

that can be formed from the Φi fields is Φ†1Φ2 = f2 + ifη− h†h, and squaring this to yield

a Higgs quartic coupling also introduces a problematic contribution to the Higgs (mass)2.

To generate a quartic, the authors of Ref. [90] therefore enlarge the symmetry to G =

SU(4)4, broken down to H = SU(3)4 by four scalar four-plets. This approach works

because it allows additional invariants for the quartic, some of which do not contribute

to the Higgs boson mass. A diagonal subgroup SU(4)V is gauged, and is broken to the

weak SU(2)L because of misalignment of the four-plet vevs. The consequence of having an

underlying SU(4) structure is that the fundamental building block of the top sector is a

four-plet

Q = (q, χu1, χu2)T . (II.16)

As we will discuss more in Sec. 2.1.2, χu1 is a cancellon field but χu2 is an exotic top partner

whose presence is only necessitated by the enlarged group G. More generally, we would

expect that some top sector fields transform as long multiplets under whatever extended

global symmetry was used to achieve a Higgs quartic coupling.

There are LH scenarios where, instead of enlarging G from SU(3) to SU(4) to generate

a Higgs quartic coupling, one enlarges SU(3) to SU(3)n. This is the approach taken in

the Minimal Moose LH models [26,91]. Since SU(3)n is a product group, the top partners

need only transform under one of the SU(3)’s and no exotics are necessary. That said,

minimality is not a principle of nature, and moose models with more general Gn symmetries
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are certainly plausible. Such models would contain exotics if the top partners came in long

multiplets.

Another class of LH model featuring large G is based on the “Littlest Higgs” structure.

In this case, G must be large enough to contain two subgroups that act non-linearly on

the Higgs in order to achieve collective symmetry breaking. For instance, in the Littlest

Higgs [27], two SU(3) symmetries protect the Higgs, requiring G be (at least) SU(5)—we

will elaborate on the required size of G in models of this type in Sec. 2.3. Imposing that

fermions come in long multiplets (e.g. complete multiplets of SU(5)) leads to the presence

of additional non-cancellon top partners. In the case of Refs. [92,93], which implement the

“Littlest Higgs” construction of Ref. [27] with long multiplets, these exotic top partners

are the p-fields. As we will discuss in more detail below, if these additional fields do not

participate in soft G-breaking then they can in fact be lighter than the cancellons.

It should now be clear that the G of LH constructions can be large (larger than SU(3)),

and how in principle G might be reflected in the fermion structure of the theory. However,

this by itself does not tell us whether fermions are indeed required to come in complete

G multiplets. In the case of the Simple Group models, complete G multiplets are re-

quired by gauge invariance. More generally, though, most LH models take the form of

G/H with only a subgroup F ⊂ G gauged. An example is the Littlest Higgs [27] where

G/H = SU(5)/SO(5) and F = [SU(2) × U(1)]2. In this case, theoretical consistency of

the gauge symmetry only requires top partners to come in complete F (not G) multiplets.

Alternatively, taking a low-energy perspective, top partners need only transform under the

unbroken symmetry H since one can always use the CCWZ formalism [94,95] to lift an H

multiplet to a G multiplet. So while we have good reasons to expect top partners to come

in F multiplets or H multiplets, it is not clear why one should expect them to come in G

multiplets.
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Our logic for complete G multiplets is as follows. If the Higgs is a pNGB arising from

the breaking of G → H by strong dynamics, then G should be a good symmetry of the

strong dynamics at high energies, only broken by (small) couplings between composite and

elementary operators. It is therefore a distinct possibility (though not a requirement) that

the strong dynamics generates only G-invariant couplings of fermions to the Higgs field.

In that case, some fermions (corresponding to the ones arising from the strong dynamics)

must have quantum numbers corresponding to complete multiplets of G in order to produce

those invariant couplings.

We expect these completeGmultiplets to be subsequently split into smaller multiplets as

a result of both spontaneous and explicit G-breaking effects. At minimum, the spontaneous

breaking G→ H will result in complete G multiplets factorizing into smaller H multiplets

with O(1) mass splittings. In realistic models, G must also be explicitly broken in the

gauge and fermion sectors such that the fields parameterizing the coset space G/H are

pseudo (rather than exact) NGBs. In the gauge sector, gauging F further (explicitly)

breaks the degeneracy of the G multiplets, such that only multiplets of F ∩ H will be

exactly degenerate. In the fermion sector, explicit breaking can always be made “soft,”

accomplished via mass mixing of composite fermions with fundamental fields unrelated to

the strong dynamics, leading to further mass splittings within the G multiplets without

generating quadratic divergences in the Higgs potential.

The AdS dual of this strongly-coupled logic was realized in Ref. [93] (see also Refs. [96–

98]). There, a LH model was constructed on a slice of AdS5 bounded by a UV brane and

an IR brane, shown in Fig. 2.1. The requirement that G be a good symmetry of the strong

dynamics implies that G is a gauge symmetry in the bulk. In particular, bulk fermions

(including the top partners) are introduced in complete G multiplets. The breaking G →

H occurs on the IR brane, making it intuitively obvious that the pNGBs correspond to
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Figure 2.1: A Little Higgs model realized in a slice of AdS5, adapted from Ref. [93]. If top partners
are in the bulk, then they must come in complete G multiplets. Only if the top partners are entirely
localized on the UV (IR) branes would one expect them to only be in F (H) multiplets. UV and
IR boundary conditions for bulk top partners will result in complete G multiplets being factorized
into F ∩H multiplets, leading to multiplets with O(1) mass splittings.

composite states of the strong dynamics. All explicit G-breaking effects (such as the

gauging of the F subgroup) are localized on the UV brane, ensuring that the pNGB fields

are effectively “shielded” from G-breaking. These boundary effects result in O(1) mass

splittings within fermion G multiplets even though, from the point-of-view of the bulk, G

is still the “correct” underlying symmetry.4 This AdS construction is an explicit example

that avoids the “hidden fine-tuning” warned about in Ref. [99], since the bulk G gauge

symmetry ensures that G is indeed a “good enough” symmetry, despite the explicit G-

breaking boundary conditions.5

2.1.2 Exotic Top Partners

Having established the likelihood of both enlarged global symmetries G and complete

G top multiplets, we now turn to the consequences of having long multiplets. A key

question is how the exotic top partners obtain mass. One possibility is that the exotic

partners experience large explicit G-breaking and are simply lifted out of the low energy

spectrum. More interesting for our purposes is if the exotic top partners get mass from the

spontaneous G→ H breaking dynamics, in which case exotic top partners should be near

4In the context of vector mesons in QCD, the ρ and a states can be considered to fill out a complete multiplet of
SU(2)L × SU(2)R, though of course they are not degenerate after chiral symmetry breaking.

5An analogous feature is familiar in the SM, where the π±/π0 mass splitting from photon loops is not logarith-
mically sensitive to high scale physics because QCD dynamics preserves isospin.
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the weak scale. We will look at two scenarios: one where the exotic top partner mass is

unrelated to the generation of the SM top Yukawa, and one where it is related.

As an example of the first case, we return to the Simple Group LH. In Ref. [90], the

quark four-plet in Eq. (II.16) marries up with quark singlets as

L ⊃ y1Φ†1Qχc1 + y2Φ†2Qχc2 + y3Ψ†1Qχc3, (II.17)

where the four scalar four-plets get vevs 〈Φ1〉 = (0, 0, f1, 0)T , 〈Φ2〉 = (0, 0, f2, 0)T , 〈Ψ1〉 =

(0, 0, 0, f3)T , and 〈Ψ2〉 = (0, 0, 0, f4)T . Consequently, prior to electroweak symmetry break-

ing, the top Yukawa is

yt =
y1y2√

2

√
f2

1 + f2
2

y2
1f

2
1 + y2

2f
2
2

, (II.18)

and the spectrum contains two vector-like electroweak singlets with masses

mT =
√
y2

1f
2
1 + y2

2f
2
2 (cancellon), (II.19)

mX = y3f3 (exotic). (II.20)

Electroweak symmetry breaking will induce mixing between the charge-2/3 quarks, produc-

ing corrections to these expressions that are suppressed by powers of v/f . As anticipated,

the y3 term responsible for giving mass to the exotic does not participate in the genera-

tion of the top Yukawa. Correspondingly, the existence of this exotic X is not necessary

to cancel quadratic divergences in this model and only appears because Q is a complete

multiplet of SU(4), which is split by the spontaneous G-breaking into SU(2)L multiplets.6

Precisely because it plays no role in the the Yukawa coupling generation, y3 is a completely

free parameter untied to naturalness, so the exotic top partner can be either lighter or

heavier than the cancellon field.

In alternative top sectors, though, the exotics can indeed get masses from the same

mechanism that generates the top Yukawa coupling. Take the “Littlest Higgs” type struc-

6Similarly, the field χc3 is only needed to marry off χu2.
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ture [27] where the breaking G/H is achieved via a Σ field that transforms schematically

as7

Σ→ GΣG̃−1 (II.21)

and gets a vev 〈Σ〉 = 1 in some basis. We consider Yukawa couplings of the form first

introduced in Ref. [92] and subsequently studied in Refs. [93,100]. The G-invariant Yukawa

couplings generated by the strong dynamics are

LG−inv
Yuk = −y1fQΣQc + h.c. (II.22)

where Q,Qc are complete G multiplets. This coupling exhibits an expanded symmetry

GL ×GR under which, schematically,

Σ→ LΣR−1, Q → QL−1, Qc → RQc. (II.23)

The vev 〈Σ〉 then breaks GL×GR → HV , the vector combination of the subgroups HL,R ⊂

GL,R. To recover the SM as a low-energy theory, an additional SU(2)L doublet q and an

SU(2)L singlet uc are introduced with mass terms

Lsoft
mass = −y2fUu

c − y3fqQ
c + h.c. (II.24)

where U (Qc) is the component of Q (Qc) with the appropriate electroweak quantum

numbers to form the above mass terms.

Mixing between the “composite” fermions in Q,Qc and the “fundamental” fields q, uc

gives rise to both SM top fields and cancellons responsible for regulating the Higgs potential.

In fact, because there are effectively two cancellon fields (T and Q3 defined below), the

top sector contribution to the radiatively-induced Higgs potential is finite and calculable at

one-loop.8 Said another way, this fermion structure exhibits “triple protection”, such that

7Here, tilde represents the operation of sending all broken generators X → −X. If this operation is possible, then
the resulting G/H is called a symmetric space.

8A variation on this top sector was realized in Ref. [101], in which the nlσm field Σ appears in all three yi terms.
This allows the top Yukawa to be generated with lighter cancellon masses.
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y1, y2 and y3 must all be non-zero for a top Yukawa coupling to be generated.9 But beyond

the cancellons, this top sector requires exotic top partners because long top multiplets are

needed to produce the G-invariant coupling in Eq. (II.22).

Explicitly, let Q(c), U (c), X(c) denote the components of Q(c), where X(c) are the set of

all exotic fields. Expanding Eqs. (II.22) and (II.24), one finds

LG−inv
Yuk + Lsoft

mass = −y1f

(
QQc + UU c +XXc −Qh

f
U c + . . .

)
(II.25)

− y2fUu
c − y3fqQ

c + h.c. + . . . ,

where the dots indicate higher order terms and terms involving pNGBs besides the Higgs

doublet h. Prior to electroweak symmetry breaking, the mass eigenstates are

Q3 ≡
y1Q+ y3q√
y2

1 + y2
3

, q3 ≡
y3Q− y1q√
y2

1 + y2
3

, T c ≡ y1U
c + y2u

c√
y2

1 + y2
2

, tc ≡ y2U
c − y1u

c√
y2

1 + y2
2

, (II.26)

such that

LG−inv
Yuk + Lsoft

mass = −
√
y2

1 + y2
2fUT

c −
√
y2

1 + y2
3fQ3Q

c − y1fXX
c (II.27)

+
y1y2y3√

y2
1 + y2

2

√
y2

1 + y2
3

q3ht
c + . . . ,

To leading order, we can identify q3 and tc as the SM top doublet and singlet, respectively,

with a top Yukawa given by

yt =
y1y2y3√

y2
1 + y2

2

√
y2

1 + y2
3

. (II.28)

As expected from the symmetry argument given above, this vanishes unless all yi 6= 0.

There are also a number of vector-like fermions:

mT =
√
y2

1 + y2
2f (singlet cancellon), (II.29)

mQ3 =
√
y2

1 + y2
3f (doublet cancellon), (II.30)

mX = y1f (exotics). (II.31)

9For example, the y2 term explicitly breaks GL while preserving GR, so for y1, y2 6= 0 but y3 = 0, the breaking
of the remaining exact global symmetry GR → HV by 〈Σ〉 ensures that the Higgs is an exact NGB. An analogous
story holds for y2 = 0. For y1 = 0, Σ decouples from the top sector entirely.
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Because of the expanded global symmetry in the top sector, spontaneous G-breaking leaves

this long multiplet degenerate, with mass splittings arising only from the explicit breaking

by y2 and y3. The cancellons are responsible for the collective breaking of the Higgs shift

symmetries. However, G-invariance also gives rise to vector-like non-cancellon fields X,Xc

which (in this construction) are in fact lighter than the cancellons and thus more readily

accessible at colliders.

An interesting corollary is that, if we do not observe exotic top partners at a particular

mass, then the cancellons may be even heavier, thereby increasing naturalness tensions in

LH theories.10 That said, the “triple protection” described above modifies Eq. (II.12) such

that the logarithmic divergence is removed [92],

δm2
h ' −

3y2
t

8π2

m2
Tm

2
Q3

m2
T −m2

Q3

log

(
m2
T

m2
Q3

)
. (II.32)

As a result, even for exotic top partners with mX ∼> 600 GeV (in excess of current LHC

limits [87–89, 102]), tuning is only O(50%) provided the cancellons are not substantially

heavier. Bounds on mX can increase dramatically before these models start to exhibit

significant fine-tuning; for y1 = y2 = y3, tuning is O(10%) for f∼> 700 GeV, corresponding

to mX∼> 1.4 TeV and mT = mQ3∼> 2 TeV.

2.1.3 Additional pNGBs

Just as enlarged G symmetries can necessitate exotic top partners in long multiplets,

large G/H coset spaces can give rise to additional pNGBs beyond just a single Higgs

doublet. There are three particularly well-motivated additions: quarticons, a second Higgs

doublet, and extra uneaten goldstone bosons.

At minimum, a successful LH theory must include quarticons to achieve a collective

Higgs quartic coupling [103]. In order to protect the Higgs doublet(s) from radiative

10One could introduce additional (spontaneous or explicit) G-breaking effects to lift the mass of the exotics, though
this is at odds with our philosophy of trying to maintain G as a good global symmetry of the strong dynamics to
the extent possible.
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(mass)2 corrections yet still generate a quartic interaction, the potential must contain

operators (included by hand or induced radiatively) of the schematic form

V ⊃ λ+f
2

∣∣∣∣ϕ+
h2

f

∣∣∣∣2 + λ−f2

∣∣∣∣ϕ− h2

f

∣∣∣∣2 , (II.33)

where ϕ are the quarticons, and h is a stand-in for one or more Higgs doublets. Each term

in Eq. (II.33) preserves one of two shift symmetries acting on the Higgs:

δεh = ε, δεϕ = −εh+ hε

f
, (II.34)

δηh = η, δηϕ =
ηh+ hη

f
. (II.35)

If only λ+ or λ− is present, the potential respects one of the shift symmetries and the Higgs

is an exact NGB.11 When both operators are present, the quarticon gets a mass12

mϕ = f
√
λ+ + λ−, (II.36)

and integrating out ϕ generates a quartic coupling λh4 with

λ =
4λ+λ−
λ+ + λ−

. (II.37)

Because the quarticons transform under the same shift symmetries that protect the Higgs,

they must be pNGBs from the coset space G/H.

Following Ref. [103], one can determine the electroweak quantum numbers of the quar-

ticons from the SU(2)L × U(1)Y invariance of Eq. (II.33). In the case of a single Higgs

doublet, ϕ must be a (complex or real) electroweak triplet.13 Without a symmetry such

as T -parity [104–106], though, a triplet quarticon will generically get a vev, in tension

with precision constraints on the electroweak ρ parameter. One way to avoid electroweak

precision constraints is to extend G such that H includes a custodial symmetry as in

11The apparent Higgs interactions can be removed by a field redefinition ϕ→ ϕ± h2

f
.

12There would be a factor of two if the quarticon were real instead of complex.
13Though it would have the right SU(2)L ×U(1)Y quantum numbers, a real singlet ϕ is “dangerous” [103]. Since

ϕ has no non-trivial quantum numbers, a quadratically-divergent ϕ tadpole—which by the shift symmetries in
Eqs. (II.34) and (II.35) is necessarily accompanied by an undesirable quadratically-divergent Higgs mass—will arise
at one-loop.
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Refs. [107,108]. If one accepts the philosophy of Sec. 2.1.2, this would require top partners

to come in complete multiplets of SU(2)L × SU(2)R ∼= SO(4)—in addition to the prolif-

eration of non-cancellon top partners, this implies the presence of an exotic charge-5/3

quark [109].

Alternatively (or additionally, as in the SO(10)/SO(5)2 model in Sec. 2.3), G/H could

be expanding to include a second Higgs doublet. This permits (real and complex) singlet

quarticons,14 alleviating the issue of triplet vevs without resorting to T -parity. If tanβ ≡

vu/vd is close to one, then LH models with two Higgs doublets are in good agreement

with electroweak precision measurements [113]. Alternately, one can introduce a custodial

symmetry on top of the two Higgs doublet structure to have more general values of tanβ

[101]. In either case, precision measurements give strong motivation to consider LH models

with a second Higgs doublet. A second Higgs doublet may also be present simply due to

an enlarged global symmetry. For instance, in the Simple Group LH [90], enlarging G from

SU(3)2 to SU(4)4 in order to generate the quartic introduces both a second Higgs doublet

and (complex) singlet quarticons.

Finally, “uneaten” pNGBs may be present due to “modular breaking” of the gauge

groups as in Ref. [101]. In LH models, the breaking of the global symmetry G → H is

generally accompanied by breaking of the gauged subgroup F → SU(2)L×U(1)Y . Some of

the NGBs from G/H are eaten to produce massive W ′ gauge bosons with schematic mass

mW ′ ' gf (II.38)

where g is a gauge coupling. However, experimental constraints—particularly from four-

fermion operators generated by integrating out the W ′ bosons—generally require these

bosons to be quite heavy, [78,113–117]. Heavier W ′ bosons require larger f , which in turn

14The reason these singlets do not suffer from the dangerous singlet pathology is that HuHd is not required to
be a singlet under all symmetries. Thus, singlet tadpoles and the associated Higgs (mass)2 can be prohibited by a
parity in the case of a real singlet [101] or a U(1)PQ symmetry [110,111] in the case of a complex singlet [112].
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requires heavier top partners, at odds with electroweak naturalness.

The setup of modular breaking involves a second nlσm field ∆ that breaks F → SU(2)L×

U(1)Y at a scale V > f . As a result, the heavy gauge boson get mass mW ′ ' gV , but

the scale f can remain somewhat lower. In this case, a set of pNGBs remains uneaten

(corresponding to a linear combination of the would-be eaten fields in Σ and those in ∆).

This is analogous to the situation in the SM where SU(2)L × U(1)Y is broken both by a

quark condensate and, at a significantly higher scale, by the Higgs field, yielding three light

uneaten pions at energies below ΛQCD. In the LH case, the uneaten pNGBs acquire mass

of order (at least) gEWV/(4π) through loops of gauge bosons, so they may be quite light

and therefore produced in top partner decays.15

2.2 Phenomenological Consequences

As argued above, there are compelling theoretical arguments to expect LH models to

contain (1) top partners beyond the cancellons responsible for regulating the Higgs potential

and (2) additional pNGBs beyond a single Higgs doublet, including quarticons, a second

Higgs doublet, and uneaten pNGBs. In this section, we show how these ingredients give

rise to interesting phenomenology beyond the vanilla top partner decays T → bW+, tZ, th

usually considered. Especially for models with top sectors of the form in Eqs. (II.22) and

(II.24), there can be a host of top partners (both cancellons and lighter non-cancellons)

within reach of the LHC, motivating new search strategies. We expect that top partners

will be dominantly pair produced via QCD processes, though single production may also

be important [79,82].

One well-appreciated possibility is that complete G multiplets may include top partners

with exotic charges. As mentioned above, if the coset space G/H exhibits a custodial

15While uneaten pNGBs appeared in Ref. [101], they largely decoupled from the phenomenology due to the unique
form of the top sector alluded to in footnote 8. With the standard top Yukawa structure in Eq. (II.22), there are
indeed couplings between the top partners, SM tops, and the uneaten pNGBs.
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symmetry, then the SM quark doublet may be part of a custodial doublet as well, implying

the existence of an exotic charge-5/3 quark [109]. This quark can decay as X5/3 → tW+ →

bW+W+, yielding exotic same-sign dilepton signatures. Such signals have been searched

for at the LHC and limits of mX5/3∼> 650− 700 GeV have been placed [118,119].

More exotic phenomenology can arise from interactions between exotic top partners and

additional pNGBs. With top partners, quarticons, Higgs doublets, and uneaten pNGBs

all transforming under G, G-invariance will generate renormalizable couplings between

exotic top partners, additional pNGBs, and SM fermions. Such couplings are present, for

example, in the models of Refs. [90, 92, 93, 100, 101] (all of which, at least approximately,

follow the G-invariant philosophy). These couplings can permit novel top partner decays

of the schematic form (with Q denoting a top partner and q a third generation SM quark):

• Q→ σq, with σ an “exotic” (non-Higgs) pNGB;

• Q→ Hdq, which would give rise to final states involving the components of the second

Higgs doublet, H0, A0, and H± (although mixing between Hu and Hd would lead to

the usual Q→ bW+, tZ, th decays as well).

As direct electroweak production of pNGB states in hadron colliders would be limited,

exotic top partner decays may provide the best avenue for discovering these additional

bosons at the LHC.

The first important question is whether these decays are kinematically allowed. It

seems likely that the answer is yes. Because the top Yukawa yt ≈ 1, this suggests that

couplings in the Yukawa sector are yi ' O(1), implying top partners with masses m∼> f .

Meanwhile, pNGB masses tend to be related to electroweak gauge or quartic couplings, and

are therefore lighter. For quarticons in particular, recent measurements of mh ≈ 125 GeV

suggest a quartic λ ≈ 1
4 . Eqs. (II.36) and (II.37) suggest λ± ' λ ⇒ mϕ '

√
λ±f ∼< f ,

making quarticons light enough to be produced in top partner decays.
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One might then ask whether interactions involving top partners and additional pNGBs

are suppressed by v/f relative to expected decays to th, tZ, and bW+. While this can be the

case, it is generally not for all top partners. For instance, in the Simple Group model [90]

(see Eq. (II.17)), the exotic X → qHd decay can arise directly from the χ3H
†
dq Yukawa

coupling, such that which X decay modes dominate will depend on the interplay between

tanβ, v/f corrections, and phase space suppression. Recently, Ref. [120] analyzed top

partner decays in the Bestest LH [101], finding that decays to the second Higgs doublet

can be substantial for certain parameter choices. In Sec. 2.3.3, we will present further

examples of top partners with leading-order decays to SM top fields and additional exotic

pNGBs in the context of an SO(10)/SO(5)2 LH model. So, while exotic decay branching

ratios will be model-dependent, such decays are well-motivated and significant in sizable

regions of parameter space.

The appropriate search strategy for uncovering these exotic top partner decays depends

on how the pNGBs themselves decay (see Table 2.1). Second Higgs doublet states (H0, A0,

and H±) likely decay predominantly to third-generation quarks (assuming we are in a

quasi-decoupling regime). The situation is somewhat more complicated for quarticons. As

they have the correct electroweak quantum numbers to couple to pairs of Higgs doublets,

quarticons cannot form SU(2)L-invariant Yukawa couplings with the SM top fields q3 and

tc. Thus, quarticon decays to third-generation quarks, such as ϕ+ → tb̄ or ϕ0 → tt̄, must

be suppressed by powers of v/f . By contrast, couplings of the form

(λ+ − λ−)fϕh1h2 (II.39)

necessarily arise from the collective quartic structure of Eq. (II.33) with two Higgs doublets,

and these permit quarticons to decay to longitudinal gauge bosons and Higgs bosons at

leading order (assuming no symmetry forcing λ+ = λ−, such as T -parity). In addition,

decays such as ϕ0 → tt̄ or ϕ0 → H+H− suffer from phase space suppression relative to
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Exotic Top Partner Decays Expected pNGB Decays

X5/3 → tH+, tϕ+

Quarticons

ϕ++ → V +V +

X5/3 → bϕ++ ϕ+ → V +V 0

T 2/3 → tH0, tA0, tϕ0 ϕ0 → V +V −, V 0V 0

T 2/3 → bH+, bϕ+

2nd Higgs Doublet

H+ → tb̄

B−1/3 → bH0, bA0, bϕ0 H0 → tt̄, bb̄

B−1/3 → tH−, tϕ− (also uneaten pNGBs) A0 → tt̄, bb̄

Table 2.1: Exotic top partner decays, where Qq and ϕq denote top partners and quarticons of
charge q, respectively. V represents either an electroweak gauge boson (W± or Z) or a scalar Higgs
boson (h, H0, A0, or H±). Due to phase space suppression, quarticon decays to electroweak or
light Higgs boson pairs are expected to dominate (i.e. modes with V = h,W±, Z). Uneaten pNGBs
are expected to exhibit similar decays to second Higgs doublet states. In addition to these decay
modes, there are potentially additional modes with decays widths suppressed by v2/f2.

ϕ0 →W+W−, ZZ, and hh.16 Thus, it seems likely that quarticons chiefly decay into pairs

of light Higgs and electroweak gauge bosons, though the exact branching ratios vary with

masses and couplings, and one channel does not clearly dominate over the entire parameter

space. Uneaten pNGBs have the same quantum numbers as gauge bosons, so also exhibit

v/f suppression in their couplings to SM quark pairs. However, since they could have

been eaten by the W ′ gauge bosons were it not for the modular breaking structure, their

couplings to electroweak bosons tend to be further suppressed. Consequently, like second

Higgs doublet states, uneaten pNGBs are expected to decay to third-generation fermions

and do not require alternative search strategies beyond those developed for the two Higgs

doublet model (2HDM).

Based on these observations, searches for exotic top partners decaying to third-generation-

and electroweak-boson-rich final states are particularly well-motivated, and should be pur-

sued at the LHC. Table 2.1 lists possible exotic top partner decays to third-generation

quarks plus additional pNGBs. Also shown are the likely dominant decay modes of the

pNGBs. Note that there is a wide variety of possibilities, and that a number of the de-

cay chains give rise to different kinematics or even radically different final states to those

16While we have written the decays as for a neutral quarticon ϕ0 in order to be explicit, this should also be true
for charged quarticons, which can decay via, e.g., ϕ+ →W+Z or ϕ++ →W+W+.
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Figure 2.2: Three examples of potentially interesting and relevant exotic top partner decays. T 2/3

denotes a charge-2/3 top partner and X5/3 a charge-5/3 top partner. ϕ represents a generic
quarticon and V a light Higgs or electroweak gauge boson. The upper-left diagram yields the
same final state as the decay T → th → tbb, but with different b-jet kinematics. The upper-right
and lower diagrams yield novel, striking top partner decay topologies. In particular, the lower
diagram yields an extra electroweak boson relative to the usually-assumed X5/3 → tW+ decay.

usually assumed for top partner decays.

Three particularly interesting decay patterns are depicted in Fig. 2.2. For instance, the

decays T 2/3 → bH+ → btb̄ and T 2/3 → tA0 → tbb̄ yield the same final state as T 2/3 →

th, tZ → tbb̄. In principle, this could make searches for these decays challenging as they

would suffer not only from SM backgrounds (particularly pp→ tt+jets and pp→ ttbb), but

also from backgrounds due to (potentially dominant) vanilla top partner decays. However,

as the bb̄ pair produced in the exotic decay will not necessarily exhibit mbb ≈ mh or mZ ,

backgrounds can be suppressed by exploiting the high-b multiplicities and large bb̄ invariant

masses of the signal process. While detecting second Higgs doublet states in top partner

decays is liable to be difficult, it may well be possible at the LHC with
√
s = 14 TeV and

integrated luminosity of 300 fb−1 [72] (see Ch. III).

Cascade decays involving quarticons can be particularly dramatic. Since quarticons

decay to pairs of electroweak bosons, this leads to striking signatures involving large num-
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bers of jets (including b-jets), multiple leptons (including like-sign dileptons), and missing

energy. For instance, the decay T 2/3 → tϕ0 → thh would yield 5bW and 3b3W (with one

W off-shell) final states. Also noteworthy are decays such as X5/3 → tϕ+ → tW+Z, which

yields an extra electroweak boson relative to the usually-considered X5/3 → tW+ decay.

Of course, because top partners are pair-produced in QCD processes, there are significant

combinatoric challenges to unambiguously reconstructing the cascade decay.

2.3 A Concrete Example: SO(10)/SO(5)2

We now present a motivating example model that exhibits all of the features discussed

in the previous sections: a slew of exotic top partners, numerous additional pNGBs, and

the associated interesting phenomenology. This model fills a gap present in the existing LH

literature by showing how a “Littlest Higgs” can simultaneously have two Higgs doublets

and a custodial symmetry. The minimal model that satisfies these criteria involves the

coset space SO(10)/SO(5)2, and SO(10)-invariant Yukawa couplings in the top sector yields

exotic top partner phenomenology.

2.3.1 Method of the Missing Box

Consider the following algorithm for G/H Littlest Higgs model building, a version

of which was originally presented in Ref. [27]. To implement collective breaking in the

gauge sector (and avoid quadratically-divergent contributions tom2
h from electroweak gauge

bosons at one loop), the global symmetry G must contain two copies of a weakly-gauged

subgroup W1,W2 = SU(2), whose diagonal subgroup is WV = SU(2)L ⊂ H. Each Wi must

commute with a different subgroup of G (denoted Xi) acting non-linearly on the Higgs, such

that only when both Wi are gauged are all of the global symmetries acting on the Higgs

broken. Thus, G contains two different but overlapping product subgroups: W1 ×X1 and

W2 ×X2. In fact, to ensure that the Higgs has the correct electroweak quantum numbers
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1HDM 2HDM

Non-custodial, Wi = SU(2)
Xi = SU(3)

[27]
Xi = SU(4)

[112]
G = SU(5) G = SU(6)

Custodial, Wi = SO(4)
Xi = SO(5)

[108]
Xi = SO(6)

G = SO(9) G = SO(10)

Table 2.2: Possible simple group candidates for G to produce a “Littlest Higgs” model that is
(a) either a one (1HDM) or two (2HDM) Higgs doublet model and (b) either not custodially
symmetric (Wi = SU(2)) or custodially symmetric (Wi = SO(4)). The shaded “missing box” is the
new SO(10)/SO(5)2 model that we construct in this chapter.

under WV = SU(2)L, each Xi must contain the other Wj (j 6= i) with some generators

transforming as doublets of Wj . Since both gauge couplings g1 and g2 must enter in any

process that radiatively generates the Higgs potential, the one-loop divergences from gauge

interactions are at worst logarithmic.

Following this reasoning, Ref. [27] concluded that constructing a theory with a single

Higgs doublet required Xi = SU(3), making G = SU(5) the obvious candidate, leading to

the SU(5)/SO(5) Littlest Higgs (see Table 2.2). Alternatively, producing a theory with two

Higgs doublets (i.e. requiring Xi to contain two sets of generators transforming as doublets

under Wj) leads to Xi = SU(4), making G = SU(6) the obvious candidate. This is the

symmetry group on which the SU(6)/Sp(6) model of Ref. [112] is based. However, these

two models do not exhibit custodial symmetry SU(2)L × SU(2)R ⊂ H, generically leading

to tension with precision electroweak measurements. Ameliorating this tension requires

either the introduction of a parity to forbid custodial symmetry violating operators in the

case of Refs. [27,104,105], or that the parameters of the theory reside in an approximately

custodially-symmetric region of parameter space in the case of Refs. [112,113].

If we do not wish G-breaking to lead to custodial symmetry violation, then H must

contain an SU(2)L × SU(2)R ∼= SO(4) subgroup under which the Higgs field transforms as

a 4. By promoting W1,W2 = SO(4) (which are not necessarily entirely gauged but which do

contain gauged SU(2) subgroups), we can construct “Littlest Higgs” models with custodial
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symmetry. Requiring a single Higgs implies Xi = SO(5), and the obvious candidate is

G = SO(9). This case was considered in the SO(9)/(SO(5) × SO(4)) model in Ref. [108].

Unfortunately, this model is not viable because it has a “dangerous singlet” [103] (see

footnote 13).

Now looking at Table 2.2, we see there is a “missing box”, and we can complete the

pattern of Littlest Higgs models by considering a coset space that allows for both two

Higgs doublets and a custodial symmetry. By extending Xi = SO(6) to permit a second

Higgs field, we arrive at the previously unconsidered candidate for a “Littlest Higgs” model

with G = SO(10). As further motivation to consider this model, dangerous singlets can be

avoided in two Higgs doublet models, because a parity can be invoked to prevent a singlet

tadpole (see footnote 14). This is our starting point for a new SO(10)/SO(5)2 construction.

2.3.2 The SO(10)/SO(5)2 Littlest Higgs

Motivated by the aforementioned pattern, we briefly outline the “missing Littlest Higgs”

based on the coset space SO(10)/SO(5)2.

Consider a field Σ that transforms as

Σ→ V ΣV T (II.40)

under G = SO(10). SO(10) is broken to SO(5)2 by the vev for Σ,

〈Σ〉 =



14

0 1

1 0

14


, (II.41)

where 14 denotes the 4×4 identity matrix. In the language of Sec. 2.3.1, W1 and W2 are the

SO(4)’s living in the upper-left and lower-right blocks of SO(10), and H = SO(5)2 contains

their diagonal subgroup SO(4)V (which is identified with the custodial SU(2)L × SU(2)R
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symmetry of the SM). The unbroken generators T a and the broken generators Xa of SO(10)

satisfy the relations

T a〈Σ〉 − 〈Σ〉T a = 0, (II.42)

Xa〈Σ〉+ 〈Σ〉Xa = 0. (II.43)

From the broken generators, we can write a nlσm field for the Goldstone multiplet

parameterizing the coset space SO(10)/SO(5)2 as

Σ = e2iΠ/f 〈Σ〉, (II.44)

where

iΠ = iπaXa =



ωL + ηR h1 h2 φ+ ϕ014

−hT1 0 σ hT2

−hT2 −σ 0 hT1

−φ− ϕ014 −h2 −h1 −ωL − ηR


. (II.45)

Here, (ωL + ηR) is an anti-symmetric 4 × 4 matrix, φ is a traceless symmetric 4 × 4

matrix, h1, h2 are 4 component (column) vectors, and σ and ϕ0 are real singlets.17 As

desired, h1 and h2 are the two Higgs doublets, each transforming as a (2,2) of SO(4)V ∼=

SU(2)L×SU(2)R. The anti-symmetric matrix ωL+ηR can be decomposed into two triplets

transforming as (3,1) (ωL) and (1,3) (ηR). The symmetric matrix φ transforms as a 9 of

SO(4)V or, equivalently, a (3,3) of SU(2)L×SU(2)R. This accounts for the 45−2×10 = 25

pNGBs.

The fields φ, ϕ0, and σ all transform appropriately under the shift symmetries protecting

the Higgs multiplets to serve as quarticons (see Sec. 2.1.3), but the two singlets σ and ϕ0

are potentially “dangerous”.18 However, the chosen breaking pattern ensures that the

17For clarity, we have omitted factors necessary to canonically normalize the fields, since these factors are readily
determined from the kinetic terms for Σ.

18The analog of ϕ0 is indeed a dangerous singlet in the SO(9)/(SO(5)× SO(4)) model [108].
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SO(10)/SO(5)2 Littlest Higgs admits a parity given by Σ→ KΣK with

K =



14

1

−1

−14


(II.46)

under which the pNGB fields transform as

h1 → h1, ωL → ωL, ηR → ηR,

h2 → −h2, σ → −σ, φ→ −φ, ϕ0 → −ϕ0.

This parity prevents σ and ϕ0 from being dangerous, and is the extension of the parity

presented in Ref. [101] to a “littlest” structure. By expanding the G/H coset space to

contain two Higgs bosons, we have constructed a “Littlest Higgs” model which exhibits

custodial symmetry while avoiding dangerous singlets.

The SM gauge group is identified with the subgroup SU(2)L ×U(1)R ⊂ SO(4)V , which

determines the electroweak quantum numbers of the pNGBs—the various pNGBs, their

quantum numbers under SU(2)L × SU(2)R and their components are given in Table 2.3.

Here, we abstain from additional detailed model building in the gauge and Higgs sectors

as the main ingredients needed to complete the model mimic those exhibited by other

LH models. We do, however, provide a sketch of the recipe in App. A.1. Depending on

the details of the gauge sector, and whether or not modular breaking is implemented,

the components of ωL and ηR can either be eaten or remain in the spectrum as uneaten

pNGBs.19

19While the uneaten modes will technically be a linear combination of ωL and ηR and components of another nlσm
field ∆, for V � f the uneaten modes will be predominantly ωL and ηR.
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Type of pNGB Field SU(2)L SU(2)R Components

Higgs Doublets
h1 2 2

h,H0, A0, ZL, H
±,W±Lh2 2 2

Quarticons

φ 3 3

{
C triplet, T 3

R = ±1 : φ0
C, φ

±
C , φ

±±
C

R triplet, T 3
R = 0 : φ0

R, φ
±
R

ϕ0 1 1 ϕ0

σ 1 1 σ

Potentially ωL 3 1 ω0
L, ω

±
L

Uneaten pNGBs ηR 1 3 η0
R, η

±
R

Table 2.3: Table of pNGBs resulting from breaking of SO(10) → SO(5)2. The SM gauge group
is identified with SU(2)L × U(1)R, where U(1)R ⊂ SU(2)R is associated with the T 3

R generator of
SU(2)R. W±L and ZL denote the longitudinal components of the W± and Z bosons respectively,
corresponding to the eaten components of the Higgs multiplets. Depending on which subgroups of
G are gauged and whether or not modular breaking is implemented, components of ωL or ηR can
either be eaten or remain in the spectrum as uneaten pNGBs. Neutral scalars are real except for
φ0
C.

2.3.3 Top Sector

Following Sec. 2.1.2, we now construct a top sector for the SO(10)/SO(5)2 model con-

sisting of the interactions given in Eqs. (II.22) and (II.24),

Ltop = −y1fQTΣQc − y2fU5u
c − y3fqQ

c
4,+ + h.c., (II.47)

where QT = (XT
4 , U6, U5, Q

T
4 ) and Qc T = (Qc T4 , U c5 , U

c
6 , X

c T
4 ) transform as 10’s of SO(10).

Q
(c)
4 and X

(c)
4 are 4-component vectors, each transforming as a 4 under SO(4)V (i.e. a

(2,2) under SU(2)L×SU(2)R). We use Qc4,± to denote the SU(2)L doublet with T 3
R = ±1

2 .

U
(c)
5 and U

(c)
6 are custodial singlets. As in Sec. 2.1.2, q transforms as a (2,1) under

SU(2)L × SU(2)R and uc is a custodial singlet. SU(2)L doublets are contracted with εij .

In order to produce the correct hypercharge assignments for the quark multiplets, we

must gauge a linear combination of T 3
R and an additional global U(1)X acting on the

fermions

TY ≡ T 3
R + TX . (II.48)

Under this U(1)X , fields without a superscript c have charge +2
3 and those with a super-

script c have charge −2
3 .
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Setting Σ equal to its vev gives the leading mass terms for the Qc and Q components,

QT 〈Σ〉Qc = Q4,−Qc4,+ −Q4,+Q
c
4,− +X4,−Xc

4,+ −X4,+X
c
4,− + U5U

c
5 + U6U

c
6 . (II.49)

We thus expect a series of exotic fields at mass y1f (more on these below). As usual, we

define fields as in Eq. (II.26) (for simplicity, we shall assume the yi are real and positive),

Q3 ≡
y1Q4,− + y3q√

y2
1 + y2

3

, q3 ≡
y3Q4,− − y1q√

y2
1 + y2

3

, T c ≡ y1U
c
5 + y2u

c√
y2

1 + y2
2

, tc ≡ y2U
c
5 − y1u

c√
y2

1 + y2
2

,

(II.50)

allowing us to identify mass eigenstates prior to electroweak symmetry breaking (i.e. to

leading order in v/f). The fields q3 and tc have the correct quantum numbers to be

identified as SM top fields to leading order—they are an electroweak doublet with TY = +1
6

and a singlet with TY = −2
3 respectively. Consequently, the cancellons will be the vector-

like doublet consisting of Q3 married to Qc4,+ and the vector-like singlet consisting of U5

married to T c. For clarity, we relabel the other (non-cancellon) components of Q4 (needed

to form a complete multiplet of SU(2)L × SU(2)R) as

Q4,+ ≡ Y4,+, Qc4,− ≡ Y c
4,−, (II.51)

to distinguish them from the cancellon components of Q4. The couplings in Ltop break

all of the shift symmetries acting on the first Higgs doublet h1, so they will radiatively

generate a negative m2
h1

, but as long as other positive contributions dominate (e.g. from

the gauge sector, see App. A.1) the vacuum will be stable.

With a top sector of this form, the spectrum contains a large multiplicity of new states.

The vector-like singlet (T ) and doublet (Q3) cancellons are accompanied by seven vector-

like non-cancellons, arranged into three doublets (X1, X2, and Y ) and a singlet (U6). Two of

these doublets (X1 and Y ) are necessary to complete four-plets of the custodial SO(4)V , and

so necessarily contain exotic charge-5/3 quarks. The constituent fields, charges, and masses
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Name Fields Charge Mass Cancellon? Decays

X1 X4,+/X
c
4,−

5/3 y1f φ++
C b, φ+

C t, V +t

2/3 y1f φ+
C b, φ0

Ct, V 0t

X2 X4,−/X
c
4,+

2/3 y1f φ+
R b, φ0

Rt, ϕ0t, V 0t

1/3 y1f φ−R t, φ0
Rb, ϕ0b, V −t

U6 U6/U
c
6 2/3 y1f σt, V +b, V 0t

Y Y4,+/Y
c
4,−

5/3 y1f η+
Rt, V +t

2/3 y1f η+
Rb, V 0t

T U5/T
c 2/3

√
y2

1 + y2
2f X V +b, V 0t

Q3 Q3/Q
c
4,+

2/3
√
y2

1 + y2
3f X ω+

L b, ω0
Lt, η0

Rt, V 0t

1/3
√
y2

1 + y2
3f X ω−L t, ω0

Lb, η0
Rb, V −t

Table 2.4: Charges, masses (to leading order in v/f), and most relevant decays for the vector-like
top partners (cancellons and exotics) with the top sector in Eq. (II.47). V denotes (longitudinal)
electroweak bosons (h, ZL, or W±L ), but also second Higgs doublet states H0, A0, or H±. As all top
partners couple to Higgs multiplets, the usual top partner decays will still occur. However, different
top partners couple to different Higgs doublets (see App. A.2 for details), so the significance of the
usual decays will depend on, e.g., tanβ. Consequently, only the singlet cancellon T is expected to
exhibit the usual top partner decay pattern, T → bW+, th, tZ in an approximate 2 : 1 : 1 ratio.

(prior to electroweak symmetry breaking) for the various top partners are summarized in

Table 2.4. Also shown are the likely dominant decay modes for each top partner. These can

be determined by examining the marginal operators present in Eq. (II.47) and redefining

fields as in Eq. (II.50), with details given in App. A.2. The additional pNGBs decay as

outlined in Table 2.1.

The decay modes listed in Table 2.4 all arise from renormalizable couplings and are

leading order in v/f , such that exotic decays are likely significant.20 Exact branching

ratios will depend on the specific values of yi, tanβ, mixing between Higgs states, and

phase space suppression (as the additional pNGBs and second Higgs doublet states are

expected to be somewhat heavy). All top partners exhibit renormalizable couplings to SM

fields (q3 or tc) and Higgs doublets, so can exhibit the usual decays to third generation

quarks and (longitudinal) electroweak bosons (h, ZL or W±L ). However, as different top

partners couple to different Higgs multiplets (see App. A.2), if some decay dominantly to

SM bosons then others may well decay more frequently to second Higgs doublet states

20Exotic decays can also arise from higher-dimension operators, but would be suppressed by phase space or inverse
powers of f . In addition, after electroweak symmetry breaking, all of the charge-2/3 quarks will mix—in principle,
this also permits exotic top partner decays, although suppressed by factors of v/f .

46



(depending on the details of the Higgs sector). In fact, it is reasonable to expect that only

the singlet cancellon T will exhibit the usual decay pattern, namely T → bW+, th, tZ in

an approximate 2 : 1 : 1 ratio.

Furthermore, even if cancellons decay predominantly via T → bW+, th, tZ, they can

exhibit sub-dominant decays to extended Higgs sector states. Both singlet and doublet

cancellons can decay to second Higgs doublet states, and the doublet cancellon can also

decay to uneaten pNGBs if they are present. This motivates searches for such exotic

and sub-dominant decays. As they are heavier than the non-cancellons, cancellons could

conceivably undergo cascade decays to other top partner states, although such decays are

expected to be highly phase-space suppressed.

For the non-cancellons, G-invariance and the numerous additional pNGBs give rise to

a wide variety of possible exotic decays outlined in Table 2.4. Consequently, this model

combines all of the features anticipated in Secs. 2.1.2 and 2.1.3, giving rise to the exotic

phenomenology outlined in Sec. 2.2 where top partner pair production yields a final state

with a high multiplicity of third-generation quarks and electroweak bosons.

2.4 The Takeaway

In this chapter, we have highlighted theoretical arguments to suggest that realistic LH

models will contain (1) top partners beyond the minimal set required to cancel quadratic

divergences in the Higgs sector and (2) pNGBs beyond a single Higgs doublet. The existence

of additional pNGBs is mandatory. At minimum, LH models must contain quarticons

to generate a collective Higgs quartic coupling and maintain the parametric hierarchy

v � f . A second Higgs doublet and uneaten pNGBs are also well-motivated, given the

model building goals of preserving custodial SU(2) and lifting gauge partners through

modular breaking. The existence of additional top partners, while strictly speaking not

necessary, follows from a very simple and motivating assumption that the strong dynamics
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is G-preserving up to operators that mix composite and elementary states. Thus, it is

reasonable to expect the strong dynamics to generate G-invariant couplings, in which case

some fermions must transform in complete multiplets of G. As LH theories frequently

feature enlarged symmetry groups G, these long top multiplets will generally contain top

partners beyond the minimal set.

In addition to providing exotic top partners, the large G symmetry could have interest-

ing implications for phenomenology. With top partners and pNGBs all transforming under

G, G-invariance necessarily implies the existence of couplings which could allow exotic

top partner decays beyond the standard T → bW+, th, and tZ modes usually consid-

ered. Exotic decays involving the additional pNGBs can exhibit different event kinematics

than standard decays, and may even produce extraordinary final states rich in b-jets and

electroweak bosons. In particular, events with many b-jets (but different kinematics from

T → bW+, th, and tZ) may be indicative of a second Higgs doublet or uneaten pNGBs,

since both types of additional pNGBs likely decay to third-generation quarks. A corollary

is that experimental searches should avoid imposing requirements like mbb = mh or mZ

to the extent possible. Top partner decays may be the best way to discover new Higgs

multiplets or more exotic pNGBs, as electroweak production of such states is likely to be

limited at the LHC. Consequently, searches for exotic top partner decays may prove vital

to our understanding of the strong dynamics that yield a pNGB Higgs boson. In the next

chapter, we will propose a particular strategy for searching for these decays at the 14 TeV

LHC.
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CHAPTER III

Top Partner Probes of Extended Higgs Sectors

This chapter was completed in collaboration with Aaron Pierce and Jesse Thaler [72].

As we saw in the previous chapter, if the Higgs is a pNGB arising from the breaking of

a global symmetry G → H as in a Little Higgs model, then it is reasonable to expect the

existence of two types of new states with masses not far above the weak scale, namely:

1. fermionic top partners — both cancellons and additional exotic top partners arising

from an underlying custodial symmetry [107–109] or an enhanced global symmetry of

the strong dynamics [92,93] — and

2. extended Higgs sector states, often including a second Higgs doublet or additional

singlet scalars.

The latter feature is particularly prevalent when the Higgs arises as a pNGB, since the

breaking of a global symmetry G → H frequently gives rise to more than just a single

complex Higgs doublet. As emphasized in Ref. [103] and Ch. II, the scalar sector of Little

Higgs models must contain more than just a single Higgs doublet. At minimum, additional

scalars are necessary to achieve the desired the quartic potential for the Higgs boson.

Moreover, unless the theory has a symmetry like T -parity [104,105], precision electroweak

constraints plus the model building constraint of “dangerous singlets” imply the presence
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of at least two Higgs doublets [103].

Because these extended scalar states typically carry only electroweak quantum numbers,

they have small direct production cross sections at hadron colliders like the LHC. Therefore,

it is important to explore new search strategies in order to fully investigate the possible

dynamics of electroweak symmetry breaking (EWSB). In this chapter, we show how top

partners can open additional discovery channels for extended Higgs sectors. Top partners

can be copiously pair-produced at the LHC through QCD processes, and their decays may

provide the best avenue for observing additional scalars. For concreteness, we will focus

on the decay of a top partner T to a charged Higgs H± and a bottom quark b,

T → bH±, H± → tb, (III.1)

where we utilize the charged Higgs decay mode that typically dominates for mH± > mt +

mb. We will also show how the same search strategy is sensitive to neutral singlets ϕ0 via

T → tϕ0, ϕ0 → bb. (III.2)

However, we wish to emphasize a more general point: if new top partners are found,

searches for exotic decays to scalars should be a priority.

The search described here is relevant for standard top partners as well as their exotic

cousins. Furthermore, while we are motivated by Little Higgs models, the phenomenology

we discuss in this chapter is relevant for any theory with exotic top-like states and ex-

tended Higgs sectors. For example, similar phenomenology can be present in heavy fourth

generation models with multiple Higgs doublets as long as the dominant mixing is with

the third generation [121, 122]. Should exotic top partner decays be observed, they will

become an important window to the structure of new physics at the TeV scale.

Previous studies of the detectability of charged Higgs states with mH± > mt + mb

have focused on top quark associated production gb → tH± [123, 124]. The cross section
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for this process can in principle be large because extended Higgs sector states often have

significant couplings to top quarks. However, as we will review, there are a number of

obstacles that make this search challenging. Assuming top partners exist, we will show how

pair production of top partners followed by the decay T → bH± can be a complementary

search strategy. Our approach shares some intellectual ancestry with strategies to find

Higgs bosons through supersymmetric particle decays [125,126], as well as studies designed

to pick out the SM h from top partner decays using jet substructure techniques [127].

The remainder of this chapter is organized as follows. In Sec. 3.1, we compare the

discovery prospects for a charged Higgs boson via top quark associated production pp →

tH± versus top partner decay T → bH±. In Sec. 3.2, we demonstrate a viable search

strategy designed to uncover T → bH±, using realistic detector modeling and matched

Monte Carlo samples to estimate the backgrounds. We show in Sec. 3.3 how the same

search is applicable for other scalar states that may be produced in top partners decays,

such as T → tϕ0 with ϕ0 → bb. We conclude in Sec. 3.4 with possible extensions of our

analysis.

3.1 Charged Higgs Discovery Channels

Many models with extended Higgs sectors contain a charged Higgs state H± with a

potentially large H± → tb branching ratio. For example, in a Type II two Higgs doublet

model (2HDM), the absence of a measured deviation from the SM prediction for b →

sγ indicates that the charged Higgs bosons must be somewhat heavy, mH± ∼> 300 GeV

[128, 129], ensuring the H± → tb decay mode is open. Indeed, for such heavy charged

Higgs bosons, H± → tb dominates over much of the parameter space. In this chapter, we

assume for simplicity that the branching ratio Br(H± → tb) = 1. We briefly comment

on the possibility of other useful decay modes in the conclusion. We highlight the main

obstacles to observing pp → tH± in Sec. 3.1.1, and then discuss the potential advantages
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Figure 3.1: Feynman diagram contributing to gb→ tH± with H± → tb decay.

of the decay T → bH± in Sec. 3.1.2.

3.1.1 Via Top Quark Associated Production

There can be appreciable production of H± in association with a top quark via gb →

tH± (see Fig. 3.1), enabling a search for H± → tb in the ttb final state. In particular, the

final states in which a single top decays leptonically allow for the reconstruction of both

tops (with reduced combinatoric background relative to the dileptonic or dihadronic final

states) and thus the potential observation of a H± resonance peak in the mtb distribution.

Unfortunately, this channel is subject to large SM backgrounds from tt+jets (with a light

jet faking a b) and ttbb. One might hope that the tt+jets background could be avoided by

requiring 3 b-tagged jets in the final state, as advocated in Refs. [123,124,130] and studied

at the detector level in Ref. [131]. However, tt+jets is still a formidable background even

after 3 b-tagged jets are required, in part because there is a relatively high charm mistag

rate (εc ≈ 0.14 [132, 133] as opposed to εc ≈ 0.01 as assumed in Refs. [123, 124, 130, 131]),

and in part because there is a non-negligible probability for QCD jet combinations to

exhibit significant invariant masses (i.e. mjj ∼ mW or mjjj ∼ mt). Alternatively, one

could attempt to search for a charged Higgs in a ttbb final state from pp → tH±b, with

the requirement of 4 b-tagged jets in the final state as suggested in Ref. [134]. Requiring
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Figure 3.2: Feynman diagrams contributing to top partner pair production, with top partners
decaying to yield a 4b, 2W± final state. Our signal, containing decays of the type T → bH± → btb
(left), potentially has a background from the decays T → tZ, th→ tbb (right).

an additional b-jet does suppress the tt+jets background. However, the additional b-jet

produced in pp → tH±b is frequently relatively soft, suppressing the signal process if

typical b-jet pT criteria are imposed. Furthermore, even if the tt+jets background can be

reduced to acceptable levels via this strategy, there is an irreducible background due to SM

ttbb production. Consequently, even using sophisticated techniques to distinguish signal

from background, the reach of this search strategy remains limited. The discovery reach

found in Ref. [135] is tanβ ∼> 50 for mH± = 500 GeV in a Type II 2HDM.1 Comparing

with Ref. [136], this corresponds roughly to σ(pp→ tH±)∼> 700 fb.

Thus, the discovery of a charged Higgs boson via top quark associated production seems

extremely challenging, particularly for intermediate tanβ and larger mH± .2 This motivates

an investigation of alternative methods for searching for charged Higgses.

3.1.2 Via Fermionic Top Partner Decays

In this chapter, we advocate an alternative method for observing H± at the LHC,

namely in the decays of fermionic top partners. Colored top partners can be copiously

1Ref. [135] assumed a conservative b-tagging efficiency of εb = 0.5, so the reach might improve somewhat with
better b-tagging.

2For much larger values of mH±∼> 1 TeV, jet substructure techniques may offer some improvement [137].
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produced at hadron colliders via QCD processes pp → TT as shown in Fig. 3.2.3 If the

branching ratio for T → bH± is non-negligible, top partner decays can yield a significant

number of events containing at least one H±, potentially permitting discovery. Since the

T → bH± branching ratio is not necessarily suppressed at intermediate values of tanβ (but

rather depends on specific model-building details), searches in this channel can complement

top quark associated production searches outlined above.

Like the SM top fields, top partners are generally electroweak singlets or doublets,

permitting renormalizable Yukawa couplings between a top partner, the Higgs field, and

a SM top quark. Consequently, top partners will typically exhibit decays to SM particles

through these couplings:

T → bW±, tZ, th. (III.3)

Decays involving non-SM particles, such as T → bH±, are generally expected to be sub-

dominant due to phase space suppression. The exclusively SM decay modes in Eq. (III.3)

have been extensively studied as possible discovery channels for top partners [78,79,81,138],

and recent limits from the LHC have been set in Refs. [87, 88].

We envision a scenario where the top partner T is discovered—hopefully soon—via one

of the decay modes in Eq. (III.3). We then have the opportunity to search for subdominant

decays like T → bH±. In fact, when top partners are pair produced in pp→ TT , one can

use a decay mode like T → bW± to “tag” events as potential top partner pair events and

thereby reduce SM backgrounds (notably, events with lighter SM tops). For concreteness,

consider the event topology in Fig. 3.2,4

pp→ (T → bW±had)(T → bH± → btlepb)→ 4b+ 2j + `±ν, (III.4)

where the subscript “had” (“lep”) refers to decays of the corresponding W± to jj (`±ν).

3For very large mT ∼> 1 TeV, single top partner production may dominate [79], favoring alternative search strate-
gies.

4For simplicity, we do not distinguish between particles and anti-particles when writing decay chains.
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As the W± from the T → bW±had decay will be relatively boosted, its hadronic decay will

yield a distinctive signature of two fairly collimated jets with mjj ∼ mW that reconstruct

a top partner with a b-jet. Meanwhile, the leptonic decay on the other side of the event

reduces combinatoric background, allowing a reconstruction of a second top partner in the

event.

The dominant SM backgrounds are ttbb and tt+jets with two light jets faking b’s.

However, the presence of four relatively hard b-jets in the signal means that a requirement

of four b-tagged jets can be used (in addition to top partner reconstruction) to greatly

suppress these backgrounds. The low fake rate suppresses tt+jets, whereas ttbb can be

effectively suppressed since the additional b’s often come from gluon splitting, such that

frequently either one b-jet is soft and does not pass a minimum pT,j requirement, or the b’s

are collimated and consequently coalesce into a single jet. High b-multiplicity requirements

have similarly been applied to reduce tt+jets and ttbb backgrounds in the context of SUSY

stop searches [139] and searches for top partners decaying to exclusively SM states [86].

With the SM background under control, a remaining challenge is that other top partner

decays can yield the same final state as Eq. (III.4), notably T → tlephbb and T → tlepZbb

(see Fig. 3.2). These “background” events exhibit a key kinematic difference, however,

since the bb-pair from the h or Z is constrained to have an invariant mass of mbb = mh or

mZ . For signal events the bb invariant mass can be much larger. Consequently, we will see

that a cut on the minimum mbb in the event can be used to efficiently isolate rare T → bH±

decays. As long as the branching ratio T → bH± is of order 10%, then the search presented

below will be sensitive to the bH± states.

3.2 Search Strategy

In this section, we describe a search strategy that can be used to discover the presence

of a charged Higgs produced in T → bH± based on the topology described in Sec. III.4.
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As a benchmark, we choose mT = 700 GeV, a representative value that satisfies current

bounds [87, 88, 102] but is not so high as to create tensions with naturalness. Since a H±

discovery will require high luminosity (' 300 fb−1), we consider events for the LHC with

√
s = 14 TeV.

We first describe some of the details of our simulation framework, and then present

possible event selection criteria that can identify a reasonable fraction of T → bH± events

while rejecting much of the SM and T → th, tZ backgrounds.

3.2.1 Simulation Framework

For our study, we use MadGraph 5 [140] to generate parton-level events, interfaced

with Pythia 6.4 [141] for decay and hadronization. For top partner pair production, we

generate MLM-matched [142,143] samples of

pp→ TT + nj (III.5)

with n = 0, 1, 2 and top partners decaying as

T → bW±, th, tZ, bH± (III.6)

in MadGraph — subsequent decays are carried out in Pythia. Using unmatched samples,

we have confirmed that we obtain similar results by (1) simulating the full TT → bW±X →

bbbbjj`ν (X = bH±, th, tZ) decay chain in MadGraph and (2) simulating TT → bW±X in

MadGraph with subsequent decays in Pythia, indicating that the latter method should

indeed be sufficient for the matched samples. For the benchmark value of mT = 700 GeV,

the MadGraph matched cross section is

σMLM(pp→ TT + nj,mT = 700 GeV) = 470 fb. (III.7)

For the dominant SM backgrounds, we generate MLM-matched samples of pp→ tt+nj for

n = 0, 1, 2 in the four-flavor scheme and unmatched samples of pp→ ttbb. The production
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Figure 3.3: Cross section for inclusive top partner pair production pp → TT at the LHC with√
s = 14 TeV as a function of top partner mass mT (from Ref. [144]). For our studies, we use the

benchmark value mT = 700 GeV.

cross sections from MadGraph for the SM processes are

σMLM(pp→ tt+ nj) = 700 pb, (III.8)

σ(pp→ ttbb) = 10.3 pb. (III.9)

All of the processes considered above are subject to sizable higher-order QCD correc-

tions. At NLO for the 14 TeV LHC, Hathor [144] gives inclusive cross sections (see

Fig. 3.3)

σincl(pp→ tt) = 900 pb, (III.10)

σincl(pp→ TT,mT = 700 GeV) = 600 fb, (III.11)

so we apply a K-factor of K ≈ 1.3 to the tt+jets and TT+jets samples. The appropriate

K-factor for ttbb is less readily determined, but since the ttbb and tt+jets backgrounds are

ultimately comparable, we also apply K = 1.3 to ttbb to avoid significantly underestimating

the ttbb background. As the realistic K-factor for ttbb is likely less than that for tt+jets,

this is a somewhat conservative choice.

Both the signal and background processes will contain two W bosons from top or top
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partner decay. As we will require events to contain one hard, isolated lepton which can be

used to trigger the event, we allow the W pair to decay via all channels capable of yielding

jj` /ET , namely

WW → (jj or τντ )(`ν or τντ ) (III.12)

where the lepton or jets may arise from τ decay. In particular, we do not account for fake

leptons in this analysis, which are expected to be a small effect.

Detector simulation was carried out using Delphes 2.0.3 [145] (with [146, 147]) in-

cluding jet clustering with FastJet [148], using resolution parameters appropriate for the

ATLAS detector. Data analysis was performed using ROOT [149]. Electrons are required

to have pT,e > 20 GeV and |η| < 2.47 (excluding the barrel to endcap transition region

1.37 < |η| < 1.52). Muons are required to have pT,µ > 20 GeV and |η| < 2.5. Furthermore,

isolation criteria are imposed. Electrons are isolated if the transverse momentum deposited

in an isolation cone of radius ∆R =
√

(∆φ)2 + (∆η)2 = 0.2, p∆R<0.2
T < 4 GeV. Isolated

muons are also required to have p∆R<0.2
T < 4 GeV, and in addition are required to be a

distance ∆R > 0.4 from any jet with pT,j > 20 GeV (to suppress leptons from heavy-flavor

decays inside jets). Jets are clustered using the anti-kT algorithm [150] with R = 0.4 and

are required to have pT,j > 20 GeV, |η| < 2.5. These criteria are similar to those used in

ATLAS searches for comparable final states [87,151].

For b-tag, light (u, d, s) jet mistag, and c-mistag efficiencies, we use the functions given

in Ref. [86] as suitable fits to the measured efficiencies [132,133], namely

εb = 0.6 tanh
( pT

36 GeV

)
× (1.02− 0.02 |η|), (III.13)

εj = 0.001 + 0.00005
pT

GeV
, (III.14)

εc = 0.14, (III.15)

respectively. In order to reduce the required number of generated events to achieve reason-
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able statistics (particularly for the tt+jets background), we consider all possible tagging

configurations for any given event and weight each configuration appropriately, as opposed

to implementing b-tagging (and mis-tagging) at the level of the detector simulation.5

3.2.2 Event Selection Criteria

The signal in Eq. (III.4) is characterized by a high multiplicity of relatively hard jets

(including four b-jets), a lepton, and missing energy. The hardest b will be quite hard as

it likely arises from the T → bW±had decay. Since the neutrino arises at the end of a longer

decay chain, the signal is not characterized by particularly large missing energy, though

a mild /ET cut can still help reduce backgrounds. We perform the following basic cuts to

select events of this type:

1. Exactly 1 isolated lepton (pT,` > 20 GeV);

2. Missing energy /ET > 20 GeV;

3. Event contains ≥ 4 b-tagged jets and ≥ 2 untagged jets (pT,j > 20 GeV);

4. Transverse momentum of the hardest b-jet satisfies pT,b1 > 160 GeV;

5. meff > 1.2 TeV, where meff =
∑

j pT,j + pT,` + /ET , and the sum runs over all of the

jets in the event.

As shown later in Table 3.1, these cuts reduce the SM backgrounds by orders of magnitude

relative to the events containing top partners. The exact values chosen give good top

partner-to-SM background discrimination for mT = 700 GeV, but should be adjusted

depending on the measured value of mT (which, as mentioned in Sec. 3.1.2, we assume has

been measured via a dominant decay mode).

5We do not include the effects of event pileup in this study. Our expectation is that pileup would be most
important in the reconstruction of the hadronic W (see cut 7 below). However, since the W is at reasonably high pT ,
some additional handles, including possibly jet substructure techniques, may be able to reject fake W ’s from pileup
jets.
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To further suppress the tt+jets and ttbb backgrounds and to isolate top partner pair

production events containing T → bH± decays, we apply the following invariant mass cuts:

6. Smallest invariant mass for two b-tagged jets in the event satisfies min(mbb) > 150 GeV.

As already mentioned at the end of Sec. 3.1.2, this helps suppress the background of

T → th and T → tZ, but as discussed more below it also helps control the SM

backgrounds.

7. Hardest b-tagged jet (denoted b1) and two untagged jets have invariant mass mb1jj ≈

mT , with the two untagged jets required to have mjj ≈ mW and somewhat small

∆Rjj . For the case of mT = 700 GeV, we require mb1jj ∈ [600, 750] GeV with

mjj = mW ± 20 GeV and ∆Rjj < 1.5.

8. Event should contain three additional b-tagged jets (denoted b2,3,4) that, together

with the lepton and missing energy (from the neutrino), reconstruct a second top

partner, i.e. satisfying mb2b3b4` /ET
≈ mT . For mT = 700 GeV, we require mb2b3b4` /ET

∈

[500, 800] GeV.

The existence (or absence) of a charged Higgs state with significant coupling to top partners

could be inferred from an excess (or lack of excess) of events passing these cuts.

While cut 6 was designed to reject events with h/Z → bb, it is effective at rejecting ttjj

and ttbb events as well. For the ttbb background, this is because the relatively collimated

b’s from gluon splitting can exhibit low invariant mass. For the tt+jets background, this

cut rejects events where one of the quarks from the hadronic top decay is mistagged as

a b-jet; due to the relatively large εc, this can be particularly valuable in suppressing the

background events with a mis-tagged charm from W± → cs. In the decay of a top quark

t→ bqq′ where q is mistagged as a b-jet

m2
bq = (pb + pq)

2 = (pt − pq′)2 = m2
t − 2pt · pq′ = m2

t − 2mtEq′ ≤ m2
t , (III.16)
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where Eq′ is the energy of q′ in the rest frame of the top quark. So, a sufficiently hard

cut on min(mbb) can help mitigate SM backgrounds that yield the same bbbbjj`ν final

state. Since the majority of events are not expected to saturate the bound, we choose the

cut min(mbb) > 150 GeV > mh,mZ as a compromise between rejecting backgrounds and

accepting signal events, some of which have coincidentally small min(mbb).

To demonstrate how these invariant mass cuts are effective, Fig. 3.4 shows distributions

of min(mbb) (cut 6) versus mb1jj (cut 7) for a variety of top partner processes and SM

backgrounds after applying only basic cuts.6 We takemT = 700 GeV andmH± = 500 GeV,

and the benchmark cuts maintain a good fraction of the signal topology in Eq. (III.4). The

cut on mb1jj ≈ mT serves to isolate top partner events with a T → bW±had decay. The

top partner clearly shows up as a band in the mb1jj distribution in panels Fig. 3.4a–

Fig. 3.4c. Furthermore, whereas Fig. 3.4b and Fig. 3.4c are peaked at (mb1jj ,min(mbb)) ≈

(mT ,mh,Z), Fig. 3.4a exhibits a band at mb1jj ≈ mT with min(mbb) extending over a

range of values including min(mbb) > mh,Z . As a result, the cut on min(mbb) isolates the

T → bH± decay from other top partner decays. Also Fig. 3.4e and Fig. 3.4f demonstrate

the efficacy of the mbb cut against the SM backgrounds for the reasons described above.

The process

pp→ (T → bW±lep)(T → bH±had) (III.17)

is largely rejected by our cuts, but is counted as signal as it involves a charged Higgs.7

Distributions of mb2b3b4` /ET
are shown in Fig. 3.5 for the signal TT → bW±bH± and

dominant SM background processes after cuts 1 through 7 have been applied. The presence

of a resonance structure at mb2b3b4` /ET
≈ mT in the signal distribution means that cut 8 on

mb2b3b4` /ET
can be used to isolate events with a second top partner and further reduce the

6As described in cut 7, mb1jj is only shown if there is an untagged jet pair satisfying mjj = mW ± 20 GeV and
∆Rjj < 1.5.

7In principle, one could enhance the signal sensitivity by crafting a selection criteria designed for Eq. (III.17).
We found only a marginal improvement, however, since it is harder to develop a good T → bW±lep tag to reject the

tt+jets background.
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Process
TT → TT → SM

bW±bH± bW±th bW±tZ tt+ nj ttbb
σ × Br [fb] 300 BrbWbH± 170 BrbWth 44 BrbWtZ 4.4× 105 6.6× 103

Basic Cuts 3.6× 10−2 3.0× 10−2 2.6× 10−2 7.4× 10−6 1.6× 10−4

Cut 6: min(mbb) 1.3× 10−2 2.4× 10−3 2.1× 10−3 6.1× 10−7 2.8× 10−5

Cut 7: mb1jj 2.2× 10−3 2.6× 10−4 2.3× 10−4 5.4× 10−8 4.1× 10−6

Cut 8: mb2b3b4`/ET
1.5× 10−3 8.4× 10−5 5.7× 10−5 2.3× 10−8 1.7× 10−6

Events [300 fb−1] 130 BrbWbH± 4.3 BrbWth 0.76 BrbWtZ 3.1 3.4

Table 3.1: Cumulative efficiencies for signal and background events to pass the selection criteria.
Signals are generated for a representative heavy charged Higgs mass, mH± = 500 GeV. In all
events, W± bosons decay as specified in Eq. (III.12), and the Higgs and Z bosons in these events
decay to bb. We take Br(h→ bb) = 0.58, Br(Z → bb) = 0.15, and assume Br(H± → tb) = 1. BrbWX

denotes the branching ratio for TT → bW±X. The cut ranges are defined as min(mbb) > 150 GeV
(cut 6), mb1jj ∈ [600, 750] GeV (cut 7), and mb2b3b4`/ET

∈ [500, 800] (cut 8).

SM backgrounds. Note that the sharpness of the signal peak is enhanced by cut 7 which

helps to resolve combinatoric ambiguity.

3.2.3 Results

Efficiencies for the various cuts from Sec. 3.2.2 are shown in Table 3.1 for a repre-

sentative heavy charged Higgs mass, mH± = 500 GeV. For these efficiencies, the SM

background contributions from tt+jets and ttbb are comparable. Also shown are the dom-

inant background contributions arising from decays of top partners to electroweak bosons.

In principle, top quark associated production of H± is also a “background” (as it does not

serve our goal of uncovering information about the H± coupling to top partners), but it

tends to be negligible unless σ(pp→ tH±)∼> O(600) fb. In terms of the complementarity of

these two channels as methods for searching for H±, it is worth noting that this is exactly

the region in which a top quark associated production search becomes potentially viable,

see Sec. 3.1.1.

The discovery potential of this search depends on the branching ratios of the top part-
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ners. As an illustrative example, consider the parametrization

T →



bH± Br = ε

bW± Br = 1
2(1− ε)

tZ Br = 1
4(1− ε)

th Br = 1
4(1− ε)

. (III.18)

The 2 : 1 : 1 ratio for the bW± : tZ : th modes is what one might approximately expect due

to the Goldstone Boson Equivalence Theorem [83–85]. Using the efficiencies in Table 3.1 for

mT = 700 GeV,mH± = 500 GeV, we find using Poisson statistics that with L = 300 fb−1

of integrated data, one can probe

ε =


0.04 at 2σ (S = 5.5, B = 6.5SM + 1.2 = 7.7)

0.12 at 5σ (S = 13.7, B = 6.5SM + 1.0 = 7.5)

, (III.19)

indicating that this channel is viable even for relatively modest T → bH± branching ratios.

The change in B results from the change in BrbWth,bWtZ as a function of ε, i.e. these decay

processes contribute an expected 1.2 background events at ε = 0.04 but 1.0 events at an

ε = 0.12. In realistic 2HDMs with fermionic top partners, such as the “Bestest Little

Higgs” [101], a wide variety of decay branching ratios are possible for the various top

partners in different regions of parameter space, making this channel worthy of exploration

if fermionic top partners are discovered (for a sense of the various branching ratios possible

in the “Bestest Little Higgs,” see Ref. [120]).

As we consider a signal process involving T → bW± → bjj, there is also in principle an

upper limit on the ε that can be probed using this approach, above which the channel would

be suppressed by small Br(T → bW±). We view this possibility as unlikely because, as

mentioned, the T → bH± decay is likely to be subdominant due to phase space suppression.

If the T → bH± decay does dominate, alternative search strategies would likely be preferred

to tease out the existence of the H±. However, such top partners would at least be
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mT mH± Efficiency Events [L = 300 fb−1] ε (2σ) ε (5σ)

700
400 1.5× 10−3 130 BrbWbH± 0.04 0.12
500 1.5× 10−3 130 BrbWbH± 0.04 0.12
600 8.2× 10−4 73 BrbWbH± 0.08 0.24

Table 3.2: Efficiencies for passing the given selection criteria for mT = 700 GeV and several
representative values of mH± . Also shown are corresponding values of ε (defined in Eq. (III.18))
yielding 2σ and 5σ significance assuming Br(H± → tb) = 1 and L = 300 fb−1. The 2σ (5σ)
significances correspond to S ≈ 5.5 (13.7) and B ≈ 7.7 (7.5).

mT mH± Efficiency Events [L = 3000 fb−1] ε (2σ) ε (5σ)

1000
400 1.2× 10−3 110 BrbWbH± 0.07 0.19
600 1.7× 10−3 150 BrbWbH± 0.05 0.13
800 1.4× 10−3 120 BrbWbH± 0.06 0.17

Table 3.3: Efficiencies for passing the given selection criteria for mT = 1 TeV and several repre-
sentative values of mH± . Also shown are corresponding values of ε (defined in Eq. (III.18)) yielding
2σ and 5σ significance assuming Br(H± → tb) = 1 and L = 3000 fb−1. In this case, we require
mb1jj ∈ [900, 1050] GeV and mb2b3b4`/ET

∈ [800, 1100] GeV. For these cuts, the tt+jets and ttbb
SM processes contribute 6.9 and 3.9 background events, respectively. The 2σ (5σ) significances
correspond to S ≈ 7.0 (17.2) and B ≈ 11.8 (11.6).

discovered via the kinds of multi-b searches used to hunt for T → th final states, as long

as no mbb = mh requirement is applied.

Efficiencies for passing the given selection criteria, and corresponding values of ε yielding

2σ and 5σ significances with the branching ratios described above, are given in Table 3.2 for

several representative values of mH± . For mH± ≈ mT , the efficiency for the signal process

to pass the selection criteria falls because the b quark from T → bH± becomes softer,

increasing the likelihood of an event failing cut 6 by having min(mbb) < 150 GeV. Thus, in

these regions of parameter space, a larger T → bH± branching ratio is required for this to be

a viable search strategy — unfortunately, also in these regions, the phase space suppression

of T → bH± will be greater, likely reducing this branching ratio. For optimal coverage of

this squeezed region, it might be worth pursuing a set of dedicated cuts. For larger values

of mT , we anticipate that comparable separation from SM backgrounds could be achieved

with slightly looser cuts due to the increased hardness of the event. The corresponding

increase in efficiency could partially mitigate the rapid decrease in σNLO(pp → TT ) with

mT (Fig. 3.3).
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To demonstrate the potential reach of this search at the LHC with very high luminosity,

we present the analog of Table 3.2 for mT = 1 TeV and L = 3000 fb−1 in Table 3.3. The

increase in luminosity is necessary to compensate for the decrease in production cross

section,

σincl(pp→ TT,mT = 1 TeV) = 60 fb. (III.20)

In this case, we modify cuts 7 and 8 to require mb1jj ∈ [900, 1050] GeV and mb2b3b4` /ET
∈

[800, 1100] GeV. Ideally, however, the other cuts would also be optimized for mT = 1 TeV.

For instance, heavier top partners produce events with larger pT,b1 and meff, such that

harsher basic cuts may be preferred to further suppress SM backgrounds. As the W± from

the T → bW±had decay would be more boosted, cut 7 could also be modified to require more

collimated jets—jet substructure techniques may even prove useful in this regime. Finally,

as heavier top partners permit more phase space for decays, the min(mbb) required could

conceivably be increased. Appropriately optimizing cuts for different candidate values of

mT would extend the reach of this search.

The above analysis strategy was aimed at getting a signal to background ratio of O(1),

so relatively harsh cuts were needed to control the SM background from top quarks. One

drawback of this analysis strategy is that the number of signal events passing these criteria

is likely to be small, precluding the observation of, e.g., a resonance peak at mtb = mH± .

Multivariate techniques may extend the discovery potential of this search, but are unlikely

to increase event yields sufficiently to allow for the determination ofmH± unless looser event

selection criteria (and alternative ways of controlling the SM top backgrounds) are used.

However, with sufficient data, there are numerous methods through which the charged

Higgs mass could be extracted from this channel, even if H± has leptonic decays. For

example, one way to access the H± mass is via the edge in the mbb distribution for the b’s
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produced in the decay T → H±b→ tbb,

mbb ≤ mT

√
1− m2

H±

m2
T

√
1− m2

t

m2
H±

. (III.21)

This, too, is likely to be challenging due to small statistics, but given lighter top partners, a

sufficiently large data set, or generous branching ratios, it could be worth pursuing further.

To give an idea of how this might work, we first attempt to identify the b quark coming

from the top decay by minimizing |mbk` /ET
−mt| (k = 2, 3, 4, i.e. excluding the harder b

used in the other side T reconstruction). We denote this b as bt. We can then examine the

invariant mass distribution of the remaining two b quarks: medge
bb . A sample distribution

is shown for mT = 700 GeV, mH± = 500 GeV, and ε = 0.12 in Fig. 3.6. For these values,

medge
bb ≤ 460 GeV. Unlike attempting to observe a resonance in an mtb distribution, the

medge
bb distribution has the advantage of not being subject to combinatoric ambiguity once

mbt` /ET
≈ mt has been used to identify the bottom arising from the leptonic top quark

decay.

3.3 Applicability to Neutral Scalars

The strategy outlined above is clearly suitable for searching for any charged scalars ϕ±

produced in top partner decays T → bϕ± with ϕ± → tb. However, it is also applicable to

heavier neutral scalar states ϕ0 produced via T → tϕ0 and decaying as ϕ0 → bb,

pp→ (T → bW±had)(T → tϕ0 → tlepbb)→ 4b+ 2j + `ν. (III.22)

While one could imagine other dedicated searches for such a ϕ0, the search strategy pro-

vided already for H± would at least uncover an excess as long as mϕ0 > 150 GeV to satisfy

the conditions of cut 6.

Efficiencies for two sample values of mϕ0 are given in Table 3.4, along with corresponding

values of ε yielding 2σ and 5σ significances (as above, taking Br(T → tϕ0) = ε and
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mT mϕ0 Efficiency Events [300 fb−1] ε (2σ) ε (5σ)

700
350 1.3× 10−3 120 BrbWtϕ0 0.05 0.13
450 9.9× 10−4 88 BrbWtϕ0 0.07 0.19

Table 3.4: Efficiencies for passing the given selection criteria for several representative values ofmϕ0 .
Also shown are corresponding values of ε yielding 2σ and 5σ significance assuming Br(ϕ0 → bb) = 1.
As in Table 3.2, 2σ (5σ) significances correspond to S ≈ 5.5 (13.7) and B ≈ 7.7 (7.5).

Br(T → bW± : th : tZ) = (1− ε)× (1
2 : 1

4 : 1
4)). As expected, the efficiencies and branching

ratios reach are comparable to the T → bH± search.

Of course, the bb pair produced in T → tϕ0 → tbb should exhibit a resonance structure

at mbb = mϕ0 , so by employing a similar tactic to that used above to identify the edge

(i.e. by forming mpeak
bb using the pair of b’s in {b2, b3, b4} that do not give the minimum

|mbk` /ET
−mt|) one could attempt to search for a resonance peak. A sample distribution for

mT = 700 GeV,mϕ0 = 350 GeV, and ε = 0.13 is shown in Fig. 3.7. The resonance peak is

not particularly sharp in part because we are not using the full neutrino four-momentum

to reject the b jet from the top decay and mitigate combinatoric confusion. The peak could

potentially be improved by solving for the full four-momentum with pνT = /pT and requiring

m`ν = mW and mbbb`ν = mT . Again, the feasibility of discovering a resonance structure in

this fashion is limited due to the small statistics, but such a structure could in principle

help not only to determine mϕ0 but also to distinguish between T → bH± and T → tϕ0.

3.4 Outlook, Alternative Possibilities and Potential Challenges

If the weak scale is in fact natural, new states should soon be discovered at the LHC.

These new states would of course provide insights into why the Higgs boson has a weak

scale mass, but they might also provide an unexpected window into a rich scalar sector

that would be otherwise difficult to access experimentally. In this chapter, we have argued

that heavy charged Higgs bosons can be challenging to observe in standard channels, but

they might well be discoverable in the decays of top partners. Top partner decays can

reveal exotic neutral scalars.
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We have focused on methods for observing extended Higgs sector scalars that decay

predominantly via H± → tb or ϕ0 → bb. These decay channels are likely to dominate if the

extended Higgs sector scalars have large couplings to third-generation quarks. That said,

other decay modes may also be present depending on the exact structure of the theory.

For instance, decays like H± → τ±ντ or H± → W±h may provide alternative signatures

of scalars produced either directly or in fermionic top partner decays.

The strategy presented here makes use of the (likely significant) T → bW± decay to tag

top partner pair production events. However, if other top partner decay modes dominate,

alternative search strategies would be preferred. In particular, if the top partner decays

predominantly as T → th, a cut on min(mbb) can no longer be employed to separate signal

from background. The decay TT → thbH± would yield a striking 6b, 2W± final state, but

combinatoric backgrounds associated with the large number of b-jets would make it difficult

to disentangle this decay pattern from, e.g., TT → thth. Similarly, bottom partners B are

also expected to be light if they are in an electroweak doublet with the top partner T , and

the decay mode BB → tW±tH± (BB → bhtH±) yields a striking 4b, 4W± (6b, 2W±)

final state, albeit with significant combinatoric confusion.

Finally, while this search strategy could reveal the presence of extended Higgs sector

scalars, distinguishing between T → tϕ0 → tbb and T → H±b → tbb would likely prove

challenging given the small statistics. Of course, the first priority is to determine the

presence of additional scalar states, but how to determine their properties is a question of

great interest, especially given the difficulty in uncovering them in the first place. We leave

these questions for future investigation, as we await hints of naturalness from the LHC.
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Figure 3.4: Distributions of min(mbb) against mb1jj after applying basic cuts (1–5), for mT =
700 GeV,mH± = 500 GeV. Here, mb1jj corresponds to all untagged jet pairs satisfying mjj =
mW ± 20 GeV and ∆Rjj < 1.5. Dashed lines denote the signal region (cuts 6 and 7). For Fig. 3.4a
through Fig. 3.4d, scale represent Events/BrbWX [300 fb−1], where BrbWX denotes the branching
ratio for the process TT → bW±X. For Fig. 3.4e and Fig. 3.4f, scale represents Events [300 fb−1].
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Figure 3.6: Distribution of medge
bb taking mT = 700 GeV,mH± = 500 GeV, ε = 0.12. The TT →

bW±tZ distribution is not shown as it is similar in shape to the TT → bW±th distribution, but
is suppressed as Br(Z → bb) < Br(h → bb). For these values, the b’s from T → H±b → tbb are

constrained to have medge
bb ≤ 460 GeV (dashed line, see Eq. (III.21)).
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Figure 3.7: Distribution of mpeak
bb taking mT = 700 GeV,mϕ0 = 350 GeV, ε = 0.13. We assume
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resonance peak at mϕ0 (dashed line).
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CHAPTER IV

Electroweak Dark Matter In Light of Recent Experimental
Results

This chapter was completed in collaboration with Timothy Cohen, Aaron Pierce and David

Tucker-Smith [73,74].

We now turn our attention from naturalness to dark matter, and explore the viability

of the WIMP paradigm in light of recent experimental results.

A weakly-interacting massive particle (WIMP) remains an attractive dark matter can-

didate. But what exactly is meant by “weakly?” Often, all that is implied is that annihila-

tion cross sections are parametrically suppressed by the weak mass scale, σann ∼ m−2
W ; the

precise mechanism of annihilation may or may not involve the bosons of the electroweak

theory. As an example consider supersymmetry, where annihilations may be mediated by

particles of the supersymmetric sector.

In this chapter we address the following question: does a strictly weakly-interacting

particle, i.e., one whose annihilation is controlled by the W , Z and Higgs bosons, remain

an attractive dark matter candidate? Such a DM candidate would not require the intro-

duction of new mediators, and would thus represent a well-motivated, economical scenario.

A particle possessing full-strength interactions with the Z boson, e.g. a heavy Dirac neu-

trino, would have a direct detection cross section many orders of magnitude in excess of
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present limits [?,32]. A simple remedy is to mix a sterile state with this active state. This

mixing has two effects: it reduces the size of the coupling to the gauge bosons and, in the

case of fermions, can transform the DM from a Dirac particle into a Majorana particle.

Together, these variations enable the DM to have both an annihilation cross section con-

sistent with a thermal history and a direct detection cross section that is not yet excluded.

In supersymmetry, the bino may play the role of this sterile state, and can be mixed with

the Higgsinos to achieve a well-tempered neutralino, a possibility emphasized in [152]. For

a different approach to strictly weakly interacting DM, see [153].

Here, we do not confine ourselves to supersymmetric models, but instead explore more

generically the consequences of mixing a SM singlet with an active particle. The particular

case where the charged state has the quantum numbers of a doublet is worthy of special

attention as, in this case, the mixing can naturally be provided by a renormalizable coupling

to the Higgs field. This fermionic singlet-doublet model has been previously explored in

the literature [154–157], and serves to inform us about the viability of strictly weakly

interacting DM in light of negative DM searches.

The status of WIMP DM is of particular interest currently as a number of recent

experimental advances have improved our understanding of the WIMP parameter space.

New direct detection results, especially those based on 225 live days of XENON100 data

[56] and the first results from LUX [55], have extended limits on DM-nucleon scattering.

Similarly, the DeepCore extension to IceCube has dramatically improved indirect limits

based on solar neutrino flux for heavier DM mχ∼> mW [75], complementing the limits from

Super-K [158] on lighter DM mχ ∼< mW . LHC results are also becoming relevant. The

measurement of mh ≈ 125.5 GeV [9, 10] fixes a previously-unknown parameter relevant

for strictly weakly-interacting DM and limits on invisible Higgs decays constrain Higgs-

DM couplings for mχ ≤ mh
2 . Furthermore, LHC searches are finally becoming sensitive
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to electroweak cross sections, resulting in new direct production bounds for WIMPs that

improve upon previous limits from LEP.

Note that, although DAMA [159], CoGeNT [160], CRESST [53] and CDMS II [54]

have reported possible evidence for light DM scattering, this interpretation seems to be

in serious tension with null results from XENON100, LUX and EDELWEISS [161], and

other direct detection experiments, and a coherent explanation for these possible signals is

lacking at present. It is conceivable that a consistent picture may one day emerge, but in

this chapter we operate under the assumption that existing data do not indicate signals,

and DM detection cross sections should lie beneath current bounds.

As we shall see, after imposing a thermal history, much of the parameter space for the

fermionic singlet-doublet model has been excluded. To avoid tension with various bounds,

we find one of the following exceptional cases must apply:

1. the DM mass could be (very) close to mh
2 or mZ

2 ,

2. dark sector masses could be arranged such that co-annihilation is important, or

3. the DM could be heavy mχ ≥ mt with small couplings to h.1

Furthermore, we shall see that the various search strategies are highly complementary, and

will all be important future probes of the remaining viable regions of parameter space,

4.1 The Fermionic Singlet-Doublet Model

We consider an extension of the Standard Model consisting of a gauge singlet fermion

N and a pair of fermionic electroweak doublets,

D =

 ν

E

 Dc =

 −Ec
νc

 , (IV.1)

1This last option does not necessarily imply that the couplings that induce the mixing are small, as there is room
for non-trivial cancellations.
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with hypercharges −1
2 and +1

2 respectively, implying that the ν states are electrically

neutral. These fields are odd under a Z2 symmetry, ensuring the stability of the lightest

state. The doublets have a vector-like mass term, and the neutral components of the

doublets mix with the gauge singlet through renormalizable couplings to the Higgs boson,

∆L = −λDHN − λ′DcH̃N −MDDD
c − 1

2
MNN

2 + h.c., (IV.2)

where SU(2) doublets are contracted with the Levi-Civita symbol εij and H̃ ≡ iσ2H
∗.

Field re-definitions leave one physical phase for the set of parameters {MN ,MD, λ, λ
′}.

For simplicity we take them to be real. Discussions of the consequences of introducing a

non-zero phase may be found in [155,156]. As alluded to in the introduction, in addition to

being an interesting candidate for DM in its own right, this model is similar to neutralino

DM in the MSSM (or Split Supersymmetry), in which the sterile Bino mixes with the

electroweak doublet Higgsinos (in the limit where the Wino decouples, M2 →∞). Conse-

quently, it provides a laboratory where one can potentially gain insight into the physics of

MSSM DM.2

Expanding the Higgs field around its vacuum expectation value, v = 246 GeV, we can

write the neutral mass terms in the basis χ0 = (N, ν, νc) as:

∆L ⊃ −1

2
(χ0)TMχ0 + h.c. = −1

2
(χ0)T


MN

λ√
2
v λ′√

2
v

λ√
2
v 0 MD

λ′√
2
v MD 0

χ0 + h.c. (IV.3)

It can also be instructive to write this in terms of the rotated basis χ0
r = (N, ν

c+ν√
2
, ν

c−ν√
2

):

∆L ⊃ −1

2
(χ0
r)
T


MN

λ+

2 v
λ−
2 v

λ+

2 v MD 0

λ−
2 v 0 −MD

χ0
r + h.c. (IV.4)

2In fact, [162], where a singlet-doublet model was considered (but without a Majorana mass for N), was an
important historical step on the road towards supersymmetric electroweak theories [163].
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where λ± = λ′ ± λ. The three neutral mass eigenstates are a linear combination of singlet

and doublet states:3

νi = ϑiN + αiν + βiν
c, (i = 1, 2, 3). (IV.5)

We let ν1 denote the lightest (Majorana) neutral state — this is our DM candidate. The

spectrum also contains a Dirac fermion E± composed of the fields E and Ec with mass

MD.

As a linear combination of singlet and doublet states, ν1 generically has a coupling to

the Higgs boson and a coupling to the Z. These couplings can provide channels for DM

annihilation in the early universe through s-channel Higgs and Z boson exchange. If the

ν1ν1h coupling is considerable, this coupling may also yield a large spin-independent cross

section. Rotating the Feynman diagram for annihilation of DM to quarks via an s-channel

Higgs boson produces a diagram that contributes to spin-independent direct detection, as

illustrated in Fig. 4.1. Similarly, a large ν1ν1Z coupling may yield a large spin-dependent

cross section. This is a salient feature of strictly WIMP DM — generically, the mediators

responsible for annihilation (h and Z, in particular) also couple to protons, which can

result in observable direct detection signals. However, there do exist additional processes

by which the DM can annihilate in the early universe, including annihilation directly to

gauge bosons via t-channel exchange of various BSM particles (for mν1 > mW ), and co-

annihilation [70]. These processes are also illustrated in Fig. 4.1, and unlike the s-channel

processes have no tree-level direct detection analog. That said, the couplings involved

depend on the mixing angles, so there can still be non-trivial correlations between DM

annihilation in the early universe and direct detection cross sections.

3We agree with the expressions for the masses and mixing angles given in [157] with the caveat that the third
mass eigenvalue given in their Eq. (A.1) corresponds to the mass of the lightest particle, and the first to the mass of
the heaviest.
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Figure 4.1: Relevant diagrams for annihilation and corresponding direct detection diagrams, where
applicable. Achieving sufficient DM annihilation in the early universe in order to obtain the mea-
sured relic density requires at least one of these diagrams to be significant. In the case of s-channel
Higgs or Z boson exchange, this may imply correspondingly large σSI or σSD respectively. In the
case of t-channel annihilation or co-annihilation, there is not a clear direct detection analog, but
the processes will be related through couplings and mixing angles.
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4.2 Relic density and Cross Section Calculations

Given the above discussion it is interesting to ask whether this simple WIMP model

always has large direct detection signals, or whether it is possible to have highly suppressed

spin-independent cross sections σSI and/or spin-dependent cross sections σSD
4. To address

this and related questions we calculate relic densities and direct detection cross sections in

micrOMEGAs3.2 [164], using our implementation of the relevant model. micrOMEGAs employs

the following values for the scalar nuclear matrix elements:

f
(p)
Tu = 0.0191 f

(p)
Td = 0.0153 f

(p)
Ts = 0.0447 (IV.6)

f
(n)
Tu = 0.0273 f

(n)
Td = 0.0110 f

(n)
Ts = 0.0447. (IV.7)

Because of its large mass ms � mu,md (and hence Yukawa), the strange quark content

is particularly relevant. These values are somewhat smaller than those used in previous

versions of micrOMEGAs, consistent with the recent convergence of lattice calculations [165–

168].

It is worth mentioning two approximations employed by micrOMEGAs. First, micrOMEGAs

does not include loops effects or the (velocity suppressed) contribution to the spin-independent

cross section due to Z exchange (the (ν̄1γµγ
5ν1)(q̄γµq) effective operator). While these con-

tributions are generally sub-dominant to those due to Higgs boson exchange, if the ν1ν1h

coupling were to be suppressed, these effects would play a significant role in determining

σSI. Since the spin-independent cross sections produced by such effects tend be well below

the current bounds [153,169,170], we neglect these effects throughout our chapter. Rather,

spin-independent cross sections . 10−10 pb should be taken as illustrative of the very small

direct detection cross sections at these points, and not as precise values. A similar caveat

holds for tiny spin-dependent cross sections. Second, it should be noted that micrOMEGAs

4Throughout this chapter, σSI is strictly the cross section off of the proton, but for the class of models considered
the spin-independent cross sections off the proton and neutron are equal to an excellent approximation
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accounts only for two-to-two scattering when computing the relic abundance. Three-body

processes can be relevant near the opening of a new channel, see e.g. [171]. For instance,

as mν1 → mW , the ν1ν1 → WW ∗ annihilation channel can become particularly relevant,

but will be neglected in our calculations. Similarly, as mν1 → mt, the ν1ν1 → tt∗ final

state can become relevant. This is especially important for DM that annihilates through an

s-channel Z boson, as the ν1ν1 → Z → tt process does not suffer from p-wave suppression.

4.2.1 Suppression of σSI and σSD

For certain values of the parameters, it is indeed possible to cancel the tree-level coupling

of the DM to the Higgs or Z bosons, thereby realizing suppressed σSI or σSD respectively.

The case of the Z is straightforward: the ν1ν1Z coupling goes as (α2
1− β2

1) in the notation

of Eq. (IV.5). Thus, whenever ν1 contains approximately equal amounts of ν and νc the

coupling to the Z boson will be small. This occurs for either λ+ = 0 or λ− = 0. From

Eq. (IV.4), we see that in either case mixing occurs between the N and only one of the

rotated doublet states, ν
c±ν√

2
. Consequently all neutral states mix with either νc+ν√

2
or νc−ν√

2
,

meaning they will contain equal amounts of ν and νc, and thus the ν1ν1Z coupling will

vanish. λ± = 0⇒ λ′ = ±λ corresponds to the maintenance of a custodial SU(2) symmetry

in the new sector.

We now derive the condition for eliminating the coupling between the Higgs boson and

ν1. For MN < MD, the mass of the lightest neutral particle can be written as:

mν1 = MN + v f(MN ,MD, λ v, λ
′v). (IV.8)

By gauge invariance, the ν1ν1h coupling is also proportional to f . Thus, a choice of param-

eters parameters that satisfies mν1 = MN for MN < MD also eliminates the coupling to the

Higgs boson. The following relationship, derived from the characteristic mass eigenvalue
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equation, cancels the ν1ν1h coupling:

λ′crit = −λMN

MD

1±
√

1−
(
MN

MD

)2
−1

. (IV.9)

Note, for MN < MD, it is not possible to simultaneously satisfy this condition and one

of the conditions λ+ = 0 or λ− = 0. In other words, it is impossible in this case to

simultaneously cancel the ν1ν1h and ν1ν1Z couplings.

An example of these cancellations for MN < MD is shown in Fig. 4.2. There, we fix MN ,

MD, and λ, and vary λ′. With MN = 200 GeV, MD = 300 GeV and λ = 0.36, for most

values of λ′ the relic density is set by annihilation through an s-channel Z. Consequently,

for λ′ ≈ −0.36 = −λ (where the ν1ν1Z coupling cancels) the annihilation cross section

decreases and there is a dramatic increase in the relic density. Meanwhile, aside from

this special point, s-channel Higgs boson exchange does not contribute significantly to the

DM annihilation. Correspondingly, at the point λ′ ≈ −0.138 = λ′crit where the ν1ν1h

coupling vanishes, the relic density is essentially unaffected. Since σSI ∼ (λ′ − λ′crit)
2, even

a 10% “accident” where λ′ takes on values close to this critical value can have important

implications for spin-independent direct detection.

For the alternative case where MD < MN , the analogous analysis reveals the condition

for ν1ν1h cancellation to be λ′crit = −λ ⇒ λ+ = 0 (mν1 = MD). The resultant WIMP is

ν1 = 1√
2

(νc + ν), and has suppressed coupling to both the Higgs and Z boson. However,

the DM particle retains a full-strength coupling to the charged dark sector fermion and the

W boson. Because the E± fermion also has mass MD, there is significant contribution to

DM annihilation from co-annihilation with the charged state.5 As this coupling strength is

fixed, to achieve the correct relic density the value of MD is constrained to MD & 1 TeV.

This situation is similar to the case of “pure” Higgsino DM in the MSSM, for which

MD ∼ 1.1 TeV yields the correct value of Ωh2. So, there is the possibility that mν1 & 1 TeV

5Note that, in fact, the E± will be slightly heavier than the WIMP due to Coulombic radiative corrections.
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Figure 4.2: An example of the suppression of σSI and σSD as a function of λ′ for MN = 200 GeV,
MD = 300 GeV and λ = 0.36. The critical value for ν1ν1h cancellation is λ′ = −0.138 (or

λ′ = −0.942, not shown), and for ν1ν1Z cancellation is λ′ = ±0.36. The lines shown are σ
(p)
SD [gray,

solid], σSI [black, solid] and Ωh2 [blue, dotted].
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with heavily suppressed spin-independent and spin-dependent cross sections. For instance,

we find that for MN = 2 TeV and λ = −λ′ = 0.2, the correct relic density is achieved for

MD = 1.1 TeV. For this point, σSI and σSD are heavily suppressed as the ν1ν1h and ν1ν1Z

couplings are small, and mν2−mν1 ∼ 1 GeV, sufficiently large to effectively prohibit direct

detection via inelastic scattering. Incidentally, in contrast to the MSSM, the freedom to

choose the size of the λ coupling allows a wider range of MD∼> 1 TeV values.

In models that have built-in relations between λ and λ′, such as the MSSM, there

is a question as to whether these cancellations are still possible. In the MSSM, we find

cancellations and an appropriate relic density are indeed simultaneously realizable, but only

for small values of tanβ. In particular, the λ+ = 0 condition just discussed is achieved

for tanβ = 1 (it is impossible to achieve λ− = 0 due to the relative signs between off-

diagonal couplings in the MSSM), and for M1 < µ (analogous to MN < MD) we find

the cancellation of the DM coupling to the Higgs boson and the correct relic density only

for values of tanβ ∼< 2. Thus, in the MSSM there is tension between suppressing direct

detection cross sections and generating a sufficiently large Higgs boson mass. However, in

NMSSM-like models that favor smaller tanβ to get mh ≈ 125 GeV (see, e.g., [172]), such

cancellations may be realized [173]. Amusingly, we find for M1 < µ,M2, the high degree

of symmetry between the off-diagonal entries in the neutralino mass matrix results in the

condition for canceling the DM-Higgs boson coupling being the identical for any M2 > M1.

Returning now to the singlet-doublet model, for a small ν1ν1h coupling (and σSI), a siz-

able ν1ν1Z coupling (and σSD) might still be required to achieve sufficient DM annihilation

in the early universe, or vice-versa. Supposing that the ν1 makes up all of the observed

DM relic density of 0.1145 ≤ Ωh2 ≤ 0.1253, a ±2σ determined from PLANCK and other

data on large scale structure [7], we can thus investigate the extent to which it is possible

to satisfy the relic density and DM search constraints. This will provide us with a sense
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of the likelihood of discovery of this particular model as searches improve in sensitivity in

the coming years, and of the fate of fermionic WIMP DM in general.

4.3 Direct Detection, Indirect Detection and Collider Constraints

In this section, we discuss the relevant constraints on the fermionic singlet-doublet

model from direct detection, indirect detection and collider searches. As indirect detection

limits can be somewhat subtle — they exhibit considerable model-dependence and vary

across the parameter space — we examine these constraints in some detail.

4.3.1 Direct Detection

Currently, the most stringent constraints on spin-independent scattering are derived

from the LUX experiment [55], and represent a modest improvement over the compa-

rable XENON100 limits [56]. Direct detection limits on spin-dependent scattering also

exist, with the strongest limits coming from SIMPLE [174] and COUPP [175]. However,

whereas spin-independent scattering happens coherently across the entire nucleus such that

the scattering rate is enhanced by A2 (where A is the atomic number of the target nu-

cleus), spin-dependent scattering is not coherent, leading to significantly weaker limits.

Consequently, the most important bounds on spin-dependent scattering for the fermionic

singlet-doublet model come from indirect rather than direct detection.

4.3.2 Indirect Detection

The accumulation and subsequent annihilation of ν1 in the Sun could lead to a significant

flux of high-energy neutrinos discernible from background [35–38]. Consequently, Super-

K [158] and IceCube [75] have used the lack of such a signal to place limits on the rate of

solar WIMP annihilation. In order to interpret these limits as limits on the DM capture

rate, or equivalently the DM-nucleon scattering cross sections, two model-dependent factors

must be considered, namely
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1. the relative rates of solar capture and annihilation, and

2. the WIMP annihilation products.

The latter point is particularly relevant as it determines the spectrum of neutrinos produced

in DM annihilations. More specifically, neutrino observatories detect muons produced by

solar neutrino charged-current scattering in and around the detector. The muon energy

must be above the detector threshold energy, Eµ ≥ Ethresh
µ , to be observed — harder neu-

trinos produce more energetic muons, leading to larger signals and proportionally stronger

bounds. Consequently, constraints are strongest for WIMPs whose annihilation products

produce the promptest (and hence most energetic) neutrinos.

As a result of this model-dependence, precise bounds on the fermionic singlet-doublet

model will vary throughout the parameter space. Fortunately, in the regions where the

constraints from indirect detection are most relevant, the model exhibits general features

such that it is straightforward to calculate approximate limits.

Constraints on spin-independent scattering are consistently weaker than those from

direct detection experiments, in part because solar composition is dominated by light el-

ements (hydrogen and helium) for which there is not significant A2 scattering enhance-

ment. Frequently, though, indirect detection does provide the most stringent constraints

on spin-dependent scattering [176, 177]. This is the case for the singlet-doublet model;

indirect detection limits are most relevant for points exhibiting large σSD. We find that

for these points, if they exhibit the correct relic density, solar capture and annihilation are

in equilibrium, allowing limits on annihilation to be directly converted into limits on σSD.

Furthermore, the annihilation products for these points are (to a very good approximation)

determined by mν1 , as we shall now explain. Large σSD implies a sizable ν1ν1Z coupling.

Meanwhile, DM particles in the Sun have velocities v ∼ 10−4 − 10−3, so the v → 0 static

limit applies. In this limit, only the s-wave component of cross sections survives. The
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leading contribution to annihilation via an s-channel h is p-wave (proportional to v2), so

vanishes for v → 0. Consequently, WIMP annihilation is dominated by ν1ν1Z coupling,

and the products depend solely on which final states are kinematically accessible.

There are three mass regimes of interest:

mb < mν1 < mW

For mν1 < mW , the only kinematically accessible final states are the light fermions,

via ν1ν1 → Z → ff̄ . As the DM is a Majorana fermion, helicity arguments require

a suppression of (mf/mZ)2. Specifically, the wave function for s-wave annihilation is

symmetric, so Fermi statistics (antisymmetry of the wave function) for identical Majorana

fermions requires that the WIMPs annihilate in the antisymmetric spin-0 state. However,

annihilation proceeds through a spin-1 boson, such that the fermion final state requires a

helicity flip (i.e. a mass insertion) to conserve angular momentum. This mass dependence

favors the ν1ν1 → bb̄ process, with subdominant contributions from τ+τ− and cc̄.

The Super-K “soft” limits given in Ref. [158] suppose annihilation to bb̄. Neutrinos

arising from this final state tend to exhibit fairly low energies as they are predominantly

produced in heavy-flavor hadron decays during showering and hadronization. By contrast,

the neutrino spectrum from the τ+τ− final state is significantly harder (τ± decays yield at

least one prompt neutrino), such that ν1ν1 → Z → τ+τ− can have a significant effect on

the neutrino signal in spite of its subdominance. Similarly, for mν1∼< mW and small MD, t-

or u-channel exchange of the E± state could potentially give rise to a non-negligible rate for

s-wave annihilation to WW ∗. As W± → `±ν decay yields a prompt neutrino, contributions

from this subdominant final state can also enhance the neutrino signal. In order to take

these contributions into account, we simulate the flux of muons above threshold for various

final states. We then calculate the ratio of the flux for a realistic combination of final states

to that for annihilation exclusively to bb̄, and use this to rescale the Super-K limits.
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Specifically, we implemented the singlet-doublet model in MadGraph [178], and simu-

lated DM annihilations at
√
s corresponding to v ∼ 10−3, approximately reproducing the

conditions of DM annihilations in the Sun. We then decayed unstable particles using the

MadGraph DECAY package. The unweighted event output was modified6 such that it

could be passed to Pythia for showering and hadronization [141]. Relevant data about

neutrinos and their parents was extracted for each event, and fed to a modified version of

WimpSim in order to simulate neutrino interaction and propagation to a detector (either

IceCube/DeepCore or Super-K) [179].7 To validate this method, we confirmed that the

cross sections and branching ratios given by MadGraph agreed with those from analytic

expressions for 2 → 2 annihilations in the static limit (e.g., from [181]). Furthermore, we

confirmed that the spectra given for 2 → 2 annihilations were the same as those given by

the unmodified version of WimpSim and [182].

Injection spectra for DM annihilation to bb̄, τ+τ− and WW ∗ based on a simulation of

106 events are shown in Fig. 4.3 for mχ = 75 GeV. We neglect the cc̄ As anticipated, the

neutrino spectra for τ+τ− and WW ∗ are significantly harder than the spectrum for bb̄.

Integration gives the total flux of muons per annihilation above a threshold energy Ethresh
µ ,

Φfinal state
µ (Eµ ≥ Ethresh

µ ), which can be used to determine the relative signal at a detector

from each final state. Muon fluxes at Super-K (Ethresh
µ ≈ 2 GeV) are given in Table 4.1.

For reference, the DeepCore fluxes for two different threshold energies, Ethresh
µ = 10 GeV

(projected [183]) and Ethresh
µ = 35 GeV (a more conservative value quoted in [184]) are

also given — the current DeepCore threshold is somewhere between these values, Ethresh
µ ≈

20 GeV. Note that these values are fairly constant over the mass range 65 GeV ≤ mχ ≤

mW .

6ID codes for the incoming DM particles were changed to those corresponding to e+e− annihilation.
7For propagation, we use the default WimpSim parameters: θ12 = 33.2◦, θ13 = 0.0◦, θ23 = 45.0◦, δ = 0.0,

|∆m21|2 = 8.1× 10−5 eV2 and |∆m31|2 = 2.2× 10−3 eV2 [180], but our results are not particularly sensitive to the
exact choice of these parameters.
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Figure 4.3: Neutrino injection spectra from annihilation to bb̄ (black), τ+τ− (blue) and WW ∗ (red)
for DM mass mχ = 75 GeV. Shown are the spectra for νe (top) and ντ (bottom) — note that
νe = ν̄e = νµ = ν̄µ and ντ = ν̄τ .
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Final State Φfinal state
µ (Eµ ≥ 2 GeV) Φfinal state

µ (Eµ ≥ 10 GeV) Φfinal state
µ (Eµ ≥ 35 GeV)

bb̄ 7.4× 10−39 1.9× 10−39 1.0× 10−41

τ+τ− 1.9× 10−37 1.0× 10−37 1.5× 10−38

Wff̄ ′ 8.5× 10−38 4.6× 10−38 7.0× 10−39

Table 4.1: Fluxes of muons [cm−2 ann−1] with energy Eµ ≥ Ethresh
µ at Super-K (first column) and

DeepCore/IceCube (last two columns) from annihilations of DM with mχ = 75 GeV to various final
states.

Fluxes at Super-K are larger due to its lower threshold, and Super-K currently provides

the strongest bounds on the model in this region of parameter space (although DeepCore

is becoming competitive). Ref. [158] gives a model-independent limit on the total flux from

DM annihilations of Φµ(Eµ ≥ Ethresh
µ ) ≤ 7.0×10−15 cm−2s−1 for mν1 = 75 GeV. This can

be converted to a limit on σ
(p)
SD by assuming the DM annihilates to a particular final state

— generally, “soft” limits are given by assuming annihilation to bb̄. Using the conversion

factor of

σ
(p)
SD/Φµ = 7.6× 1011 cm2 s pb (IV.10)

for annihilation exclusively to bb̄ given in [177], the “soft” bound from Super-K is σ
(p)
SD <

5.3 × 10−3 pb (as given in [158]). Here, we have assumed a local DM density of ρ =

0.3 GeV cm−3. This bound can be adapted to get the appropriate, model-dependent bound

by rescaling by the ratio of the average flux per DM annihilation to the flux per annihilation

exclusively to bb̄. Neglecting the possible contribution from WW ∗, the branching ratios

for annihilation to the various fermionic final states can be determined entirely from the

(mf/mZ)2 suppression and are

ν1ν1 → Z →


bb̄ 0.869

cc̄ 0.079

τ+τ− 0.051

(IV.11)

While we give the branching ratio to cc̄, its contribution to the muon flux is negligible.
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Using these values and the fluxes from table 4.1, we find the muon flux ratio to be

Φave, 2-body only
µ

Φbb̄
µ

(Eµ ≥ 2 GeV) = 2.2 (IV.12)

corresponding to a bound

σ
(p),2-body only
SD < 2.4× 10−3 pb. (IV.13)

For comparison, rescaling bb̄ bound from Ref. [75] would give σ
(p),2-body only
SD < 6.7×10−3 pb

for mν1 = 100 GeV.

This bound does not account for the WW ∗ final state, which as mentioned may be

relevant for smaller values of MD. In Fig. 4.4, we show the impact of the WW ∗ final state.

For simplicity, we set λ′ = λ′critical such that the ν1ν1h coupling vanishes. As a result,

the relevant phenomenology (i.e. WIMP annihilation in the early universe and WIMP-

nucleon scattering) is largely controlled by Z-exchange with subdominant contributions

to annihilation from E± exchange. λ is fixed by requiring Ωh2 = 0.112 (consistent with

earlier WMAP measurements [6]). These are points exhibiting large σSD and hence for

which the indirect limits are relevant. Recall that, as demonstrated in Fig. 4.2, when the

relic density is determined by Z-exchange, Higgs boson exchange does not significantly

alter Ωh2. Furthermore, as annihilation via a scalar is velocity suppressed, contributions

to neutrino fluxes due to h exchange will be negligible even for points with λ′ 6= λ′critical.

As such, these points can be taken as representative of all points with significant σSD and

mν1∼< mW . It is clear that, for smaller values of MD, including the WW ∗ final state does

indeed extend the Super-K limits. However, the improvement is marginal and, once the

LHC collider constraints discussed in Sec. 4.3.3 are taken into account, points with smaller

MD and mν1∼< mW are excluded. Consequently, in this mass regime, we find that the limit

of Eq. (IV.13) applies fairly consistently.
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Figure 4.4: Contours of
Φave, incl. 3-body
µ

Φave, 2-body only
µ

(Eµ ≥ 2 GeV) for Super-K (black) as a function of mν1 = MN

and mD subject to the requirements that λ′ = λ′critical (such that the DM-Higgs boson coupling

cancels completely) and that λ is fixed by requiring Ωh2 = 0.112. Also shown are contours of σ
(p)
SD

in units of 10−3 pb (gray, dashed). Gray hatched regions regions are excluded by Super-K neglect-
ing (coarse) and including (fine) 3-body final states for a local DM density ρ = 0.30 GeV cm−3.
Corresponding regions are shown in red for ρ = 0.23 GeV cm−3.

90



mW ≤ mν1 < mt

In this regime, the main contribution to neutrino signals in the singlet-doublet model

generally comes from annihilation to on-shell electroweak boson pairs. At minimum, for

mν1 > mZ , the DM can annihilate to ZZ in the static limit via t- and u-channel exchange

of the ν1 itself (with the heavier neutral states, ν2 and ν3, contributing as well). In addition,

the DM can annihilate to W+W− via t- and u-channel exchange of the charged SU(2)-

partner. If 2mν1 > mZ + mh, annihilation to a Zh final state, both via t- and u-channel

exchange of the neutral states and via an s-channel Z boson, will also occur.

Assuming annihilation exclusively to W+W−, the DeepCore limit is

σ
(p)
SD < 2.68× 10−4 pb (hard, W+W−). (IV.14)

for mDM = 100 GeV [75]. For larger values of mχ, the decrease in the local number

density nν1 = ρ/mν1 weakens the bound, whereas the increase in ΦW+W−
µ (Eµ ≥ Ethresh

µ )

strengthens it. These effects are comparable, such that the hard limit is σpSD∼< 3×10−4 pb

over the entire range mW ∼< mχ∼< mt.

Though exact bounds depend on the specific annihilation branching ratios, we nonethe-

less find this bound to be robust in the region of parameter space with large σSD. The ZZ

and W+W− final states yield sufficiently comparable spectra that annihilation to ZZ in-

stead of W+W− would not significantly alter the bound. Annihilation to Zh would weaken

the bound by at worst a factor of 2 (assuming the Higgs boson decays overwhelmingly to

bb̄, which would contribute negligibly to indirect detection signals relative to the single Z).8

The bound would weaken more drastically if annihilation to light fermions could be made

to dominate. However, this is not easy to do. While annihilation to W+W− is in principle

suppressed in the static limit for large MD, the same cannot be said of annihilation to ZZ,

for which the mass of one of the exchanged particles is fixed to be mν1 . Thus, if the ν1ν1Z

8For mh = 125 GeV, Brh→bb̄ = 0.58 and Brh→W+W− = 0.22 [185], so the actual factor should be∼< 2.
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boson coupling is large enough to generate a sizable σ
(p)
SD, there will generically be a sizable

cross section for DM annihilation to ZZ. Moreover, in practice the non-negligible mixing

between the singlet and doublet states required to yield a significant ν1ν1Z coupling pre-

vents MD from being too large, such that annihilation to W+W− is generally not heavily

suppressed in regions of parameter space with large σSD and mW ≤ mν1 < mt. Further-

more, potentially competing cross sections for annihilation to light fermions are suppressed

by (mf/mZ)2. Consequently, the branching ratio for annihilation to electroweak boson

pairs invariably dominates, and we find that overall neutrino signals are at most degraded

by a factor of ∼ 2. As we shall see in Sec. 4.4, the hard DeepCore bound is significantly

lower (a factor of ∼ 7) than the general σ
(p)
SD of interest in the singlet-doublet model, indi-

cating such a degradation would not affect the conclusion that the majority of points with

large σ
(p)
SD and mW ≤ mχ < mt are excluded.

mt ≤ mν1

For the top quark, the (mf/mZ)2 dependence referred to above for ν1ν1 → Z → ff̄

constitutes an enhancement rather than a suppression. Thus, if the tt̄ final state is kine-

matically accessible, it dominates. The hardest neutrinos from the tt̄ final state arise from

the W ’s produced in t→ bW decay, which will be softer than the W ’s produced in direct

χχ → W+W− annihilations. Consequently, the tt̄ spectra are softer than those from the

W+W− final state and the comparable ZZ final state. Based on an analysis similar to

that for mb < mν1 < mW , we find that the W+W− DeepCore limits will be degraded by a

factor of ∼ 2 (4) for a threshold of Ethresh
µ = 10 (35) GeV. Currently, DeepCore constrains

σ
(p)
SD < 1.34× 10−4 pb (hard, W+W−). (IV.15)

for mDM = 250 GeV [75]. As we shall see in Sec. 4.4, the values of σ
(p)
SD for singlet-doublet

DM with the correct relic density and mν1 ≥ mt are below this value. Consequently, as
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it does not affect the regions of parameter space that are excluded, we show bounds for

the (optimistic) assumption that annihilation to tt̄ only leads to degradation in limits by a

factor of 2 relative to annihilation to W+W− in order to give an idea of the current reach

of IceCube.

4.3.3 Collider

As mentioned above, the measurement of mh is one of the most important implications

of the recent LHC results for the singlet-doublet model; σSI ∝ m−4
h , so a relatively light

Higgs boson gives rise to larger spin-independent scattering rates and hence makes the

model more tightly constrained. In our study, we take mh = 125 GeV, consistent with the

recent results from ATLAS [9] and CMS [10].

In addition, analysis of Higgs decays can be used to place limits on the Higgs invisible

branching ratio Brh→inv. This constraint is relevant if mνi ≤ mh
2 = 62.5 GeV and there

is a significant ννh coupling. As Higgs production is SM-like in this model, we require

Brh→inv ≤ 0.2 [186, 187]. However, we will highlight points excluded by this constraint to

remain open to the possibility of additional new physics that modifies Higgs production

and decay, and hence the constraint.

LHC limits on direct production of dark sector states are also becoming relevant. Pre-

viously, there was a lower bound on MD due to negative chargino searches performed

by LEP [188]. This bound requires MD ≥ 103 GeV except in cases where 0.15 GeV ≤

MD −mν1 ≤ 3 GeV, for which the slightly weaker bound of MD ≥ 95 GeV applies. Now,

however, LHC SUSY searches for electroweak production of charginos and neutralinos,

notably trilepton and /ET searches for the topology

pp→ χ̃±1 χ̃
0
2 → (W±χ̃0

1)(Zχ̃0
1)→ (`±νχ̃0

1)(`+`−χ̃0
1) (IV.16)

where χ̃0
1(2) is the (second) lightest neutralino and χ̃±1 is the lightest chargino, can also be
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applied. The corresponding LHC limits require mχ̃0
2

= mχ̃±1 ∼> 325 GeV for mχ0
1∼< 100 GeV

[189,190] but depend on the χ̃±1 −χ̃0
2 production cross section, which is calculated for a SUSY

scenario in which the second lightest neutralino and the lightest chargino are degenerate

Winos. As a result, the limits cannot be applied directly to the singlet-doublet model

— the different quantum numbers of the charged states (the D(c) are SU(2)L doublets

whereas the Winos are SU(2)L triplets) and mixing will alter the production cross sections

and hence the bounds. Translating the LHC limits, we adopt the slightly conservative

bound of MD +mν1 ≥ 375 GeV for mν1 ≤ 100 GeV.

Finally, it was observed in Ref. [68] that LHC monojet searches can place limits on

WIMP-quark effective interactions comparable to those from direct searches, and dedicated

analyses are now being carried out at the LHC [191, 192].9 However, the derived limits

suppose that the WIMP-SM interaction can be modeled as a higher-dimension effective

operator, i.e. supposing the particles mediating the interaction can be integrated out, and

bounds weaken substantially for lighter mediators [66, 67]. As the mediators in this case

are the relatively light h and Z, we find that monojet and related searches are not yet

constraining for the singlet-doublet model.

4.4 Results

To explore the parameter space and evaluate the various constraints on the fermionic

singlet-doublet model, we perform a random scan with 0 GeV ≤MN ≤ 800 GeV, 80 GeV ≤

MD ≤ 2 TeV, −2 ≤ λ ≤ 2 and 0 ≤ λ′ ≤ 2. We permit relatively large values of λ and

λ′ to avoid imposing any theory bias. However, we note that restricting to smaller cou-

plings −1 ≤ λ ≤ 1 and 0 ≤ λ′ ≤ 1 would not significantly alter the results. In addition

to requiring the relic density to be in the range 0.1145 ≤ Ωh2 ≤ 0.1253, we require the

mass of the DM to be 40 GeV ≤ mν1 ≤ 500 GeV. Points with mν1 much less than 40

9Similar searches, e.g. for monophotons, are also being carried out.
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GeV would typically lead to an excessive contribution to the invisible width of the Z. This

contribution can be turned off by setting λ′ = ±λ. However, doing so leaves Higgs boson

exchange as the only annihilation process in the early universe, and for these small values

of mν1 it turns out that Higgs boson exchange alone cannot yield a realistic relic density.

Furthermore, we require that the dark sector masses satisfy the LEP chargino and LHC

trilepton search constraints described in Sec. 4.3.3.

Some previous studies of this model have noted the possibility of new dark states charged

under SU(2)L generating a large contribution to the oblique T parameter [157]. For a

relatively light Higgs boson with mh ≈ 125 GeV, such a large contribution is undesirable.

Thus, we require the contribution to the T parameter from the dark sector lie in the range:

− 0.07 ≤ ∆T ≤ 0.21 (IV.17)

Exact expressions for ∆T can be found in [156]. As in [157], we neglect the new physics

contributions to S and U , which are significantly smaller than the contributions to T . The

range given above represents the shift in ∆T required by the new physics to ensure that

the oblique parameter values for the model remain within the 68% ellipse in the (S, T )

plane.10

Plots of σSI and σ
(p)
SD against mν1 are shown in Fig. 4.5, along with the various direct

and indirect exclusion limits. The exclusion curves shown assume a local DM density

of ρ = 0.3 GeV cm−3. It is clear that DM searches are beginning to probe the singlet-

doublet parameter space, and are particularly constraining for points exhibiting larger

σSI. The constraints on σSD are not quite as strong over the entire mass range. In the

region mW ≤ mν1 < mt, the limits on σ
(p)
SD are much lower than the largest values of σ

(p)
SD

exhibited by the DM, such that many of these points will be excluded even if the “hard”

IceCube/DeepCore limits are degraded due to annihilation to Zh rather than W+W− or

10This ellipse is larger than the restrictive 39.35% ellipse shown in [193].
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Figure 4.5: Plots of spin-independent [top] and spin-dependent [bottom] cross sections against DM
mass. Points satisfy the thermal relic density constraint. Shaded regions represent σSI exclusion

limits from LUX [55] [top] and σ
(p)
SD exclusion limits from SIMPLE [174] and COUPP [175] [bottom].

At bottom, we show relevant indirect limits from Super-K [158] and IceCube/DeepCore [75] — see
Sec. 4.3.2 for explanation. Also shown are recent XENON100 limits [56] [top, dotted] and projected
σSI exclusion limits for a one-ton Xe experiment [top, dashed] [194]. In the top plot, light gray
(light blue) points exhibit 0.2 < Brh→inv ≤ 0.5 (Brh→inv > 0.5). Exclusion curves assume a local
DM density of ρ = 0.3 GeV/cm3.
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ZZ. However, exactly which points in this plot with smaller σ
(p)
SD are excluded is not entirely

clear — we shall return to this point shortly. The Super-K limits are also relevant, and we

find that this bound excludes Majorana DM with 70 GeV∼< mχ∼< mW whose annihilations

are controlled by an s-channel Z.

For the plot of σSI against mν1 , we have highlighted points with 0.2 ≤ Brh→inv ≤ 0.5

and Brh→inv > 0.5. It is interesting to observe that Higgs invisible decay constraints can be

quite stringent for this model, and are competitive with direct detection limits, providing

multiple probes of the parameter space with mν1 ≤ mh
2 . While these points violate the

bound of Brh→inv ≤ 0.2 [186, 187], they could in principle avoid LHC constraints if other

new physics existed that modified Higgs production. However, we see that even if such

additional new physics was present, direct detection constraints would be sufficient to

exclude the majority of these points.

At first glance it may appear that much of the parameter space is out of the reach of

both present or near future direct detection, but it is important to consider the correlation

between σSI and σSD. This is represented in Fig. 4.6, which depicts the allowed points in

the σ
(p)
SD vs. σSI plane.

We see that in a large portion of the parameter space permitted by constraints on

Ωh2, points have either a significant spin-independent or spin-dependent cross section. For

heavier DM (with mν1 ≥ 85 GeV), the majority of points lie in either a horizontal band at

the top of the plot or a vertical band to the right. The horizontal band consists of points for

which the relic density is predominantly set by annihilation via s-channel Z exchange, and

these points correspondingly have the largest spin-dependent cross sections. The vertical

band contains points for which the DM annihilates predominantly via s-channel Higgs

boson exchange, resulting in larger spin-independent cross sections. The horizontal band

is at lower values of σ
(p)
SD for 175 GeV ≤ mν1 ≤ 500 GeV than for 85 GeV ≤ mν1 ≤ 160 GeV
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Figure 4.6: Scatter plots of σ
(p)
SD against σSI depicting points with the correct relic density.

Shown are mν1 ≤ 75 GeV [top] and mν1 ≥ 85 GeV [bottom]. At top, red (light gray) rep-
resents (excluded) points with 40 GeV ≤ mν1 ≤ 62.5 GeV and orange (dark gray) represents
(excluded) points with 62.5 GeV < mν1 ≤ 75 GeV. At bottom, blue (light gray) represents (ex-
cluded) points with 85 GeV ≤ mν1 ≤ 160 GeV and green (dark gray) represents excluded points
175 GeV ≤ mν1 ≤ 500 GeV. These mass ranges are chosen to avoid regions where WW ∗ and tt∗

final states are expected to become important (see text for discussion). We also show various indi-
rect detection limits — Super-K limits correspond to the branching ratios of Eq. (IV.11), whereas
IceCube limits assume annihilation to W+W−.
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due to the opening of the ν1ν1 → tt channel. The ν1ν1 → Z → tt channel is significant,

so its opening permits a smaller ν1ν1Z coupling, yielding smaller spin-dependent cross

sections. The location of the vertical band is largely unchanged as the top threshold

is crossed because the ν1ν1 → h → V V (where V is W or Z) channel dominates the

ν1ν1 → h→ tt channel for mν1 ≥ mt. Notably, both spin-independent and spin-dependent

searches are vital for probing this parameter space as, while many points have small σSI or

σSD, relatively few exhibit suppression of both.

In particular, observe that, for 85 GeV ≤ mν1 ≤ 160 GeV, points are either excluded by

LUX or have spin-dependent scattering cross sections far (a factor of ∼ 7) in excess of the

IceCube/DeepCore W+W− bound. Thus, these points will be excluded even if the IceCube

bounds are somewhat degraded, e.g. by annihilation to Zh. Consequently, we find that

the combination of direct and indirect bounds robustly excludes fermionic singlet-doublet

DM with 85 GeV ≤ mν1 ≤ 160 GeV and relic density whose annihilations are controlled

by either an s-channel Z or h. For mν1 ≥ mt, the spin-dependent scattering cross sections

evade even the IceCube limits for annihilation to W+W−, so will certainly remain valid

once the degradation of ∼ (2− 4) appropriate for annihilation to tt̄ is taken into account.

However, we see that the limits are within reach of the horizontal band, such that IceCube

should soon be capable of probing this region of parameter space.

Points that do have relatively small σSI and σSD (those that do not clearly fall into

a band) are those for which co-annihilation and t-channel annihilation to gauge bosons

are particularly significant in the early universe. This permits smaller couplings of the

DM to the Higgs and Z bosons, producing smaller spin-independent and -dependent cross

sections. In general points outside of, but near to, the bands are those for which t-channel

processes are significant. The masses of other dark sector particles are close enough to

mν1 that t-channel exchange is not heavily suppressed, but sufficiently separated that co-
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annihilation is not relevant in the early universe. As the masses of the dark sector particles

become increasingly degenerate, t-channel annihilation processes increase in significance,

and eventually co-annihilation becomes relevant. The points further from both bands are

those for which t-channel annihilation and co-annihilation are the dominant processes in

setting the relic density, so σSI and σSD can be small (and in general must be to avoid

over-annihilation).

For 40 GeV ≤ mν1 ≤ 75 GeV (the upper plot in Fig. 4.6), there is no clear banding

structure. In this mass regime, lower spin-independent and spin-dependent cross sections

can be achieved due to the presence of the Higgs and Z boson poles. This allows the

relic density to still be set by s-channel Higgs or Z boson exchange but with significantly

smaller ν1ν1Z or ν1ν1h couplings to compensate for the enhancement in the annihilation

cross section due to the small propagator. The contribution to the cross section from

the propagator in the early universe goes as (s − m2
h/Z)−2 ' (4m2

ν1
− m2

h/Z)−2, whereas

for direct detection the propagator contribution goes as m−4
h/Z . As a result, enhancement

of the annihilation cross section near a pole does not imply a similar enhancement of

direct detection cross sections. Points exhibiting this enhancement are numerous; the DM

need not be exactly on resonance to take advantage of a reduced s-channel propagator.

Furthermore, the energies of the DM particles follow a Boltzmann distribution, so for

mν1∼< mZ
2 , mh2 some particles will have enough energy to utilize the resonance.

4.5 Discussion: Remaining Parameter Space and Outlook

It is clear that, for fermionic WIMPs of this type, much of the parameter space is

already excluded. The remaining options that avoid exclusion are:

1. the DM mass allows annihilation through a Higgs or Z boson that is enhanced due to

the presence of an s-channel pole in the early universe. This allows smaller couplings

to the Higgs and Z bosons, and suppressed spin-independent and spin-dependent
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cross sections respectively.

2. The dark sector masses are sufficiently close that DM annihilation in the early universe

is predominantly due to t-channel processes or co-annihilation. For many such models,

direct detection and indirect detection signals may be unobservable.

3. The DM-Higgs coupling is small, suppressing σSI. The DM mass is mν1 ≥ mt such

that the relic density is set by Z-mediated annihilation to tt̄.

In each of these scenarios, some tuning of the parameters is required. In the first case, it

is necessary to have mν1 . mZ
2 or mh

2 . For case 2, the masses of the dark sector particles

must be nearly degenerate, ∆m∼< Tfo ' mν1
20 , and σSI and σ

(p)
SD must also be fairly small.

This usually requires MN 'MD, and small λ and λ′. In the final case, for a given value of

λ, λ′ must be tuned to be approximately λ′crit. At present, the required a tuning is mild,

at the level of approximately ten percent; setting λ′ to within ∼ 10% of λ′crit will suppress

σSI by a factor of O(102).

For a fermionic singlet-doublet WIMP with a thermal relic density, the prospects for

discovery or exclusion are very optimistic. While it is possible to suppress either σSI or

σSD in the context of this model, the requirement of sufficient DM annihilation in the early

universe makes suppressing both extremely difficult. Notably, this means that both σSI-

and σSD-based DM detection experiments will be vital for discovering or excluding this

class of models. Moreover, given the correspondence between WIMP-nucleon scattering

and annihilation in the early universe, measurements from both types of experiment may

be vital to determine the properties of a DM particle. A one-ton Xe experiment could

potentially improve bounds on spin-independent cross section by orders of magnitude [194].

For points with very suppressed σSI, IceCube should soon be able to probe case 3, as well

as to improve upon the Super-K limits for mν1 ≤ mW .
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If no hint of solar DM annihilation is observed in future IceCube data, the viable

options for evading direct detection bounds are limited: either the annihilation in the early

universe is enhanced by a small s-channel propagator (due to the Higgs or Z boson poles)

or coannihilation occurs. In either case, the necessity of such dark sector mass conspiracies

is somewhat at odds with the simplistic appeal of strictly electroweakly-interacting DM,

and raises the question as to why such a tuning of parameters might arise. Motivated by

this question, in Ch. V we will explore a mechanism that could give rise to mass relations

similar to those required in cases 1 and 2, albeit in the context of a different model.

The lessons extracted from this analysis extend beyond the specific model consid-

ered. The fermionic singlet-doublet model serves as a minimal proxy for strictly weakly-

interacting DM — while other similar models are possible, such as mixing active DM in

other representations of SU(2)L with a SM singlet, the singlet-doublet model is particu-

larly appealing since it allows mixing between the active and sterile states to arise from

renormalizable couplings to the Higgs field. In addition, the ability to cancel the ν1ν1h

or ν1ν1Z couplings makes effective “Higgs-mediated” or “Z-mediated” models of Majo-

rana DM, where one simply adds the relevant coupling to the Lagrangian with a general

coefficient,

LHiggs-mediated =
ch
2
ν1ν1h, LZ-mediated =

cZ
2
ν1γ

µγ5ν1Zµ, (IV.18)

limits of the singlet-doublet model. In fact, we have determined that models of Higgs-

mediated DM with mW ≤ mν1 ≤ 500 GeV and of Z-mediated DM with 70 GeV ≤ mν1∼<

mt are excluded if they exhibit the correct thermal relic density.
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CHAPTER V

Dark Sector Mass Relations from RG Focusing

This chapter was completed in collaboration with Aaron Pierce [76].

In many models of weak-scale DM, including the fermionic singlet-doublet model ex-

plored in the previous chapter, achieving the correct thermal relic density while avoiding

experimental constraints may require mass relations between particles in the dark sector.

As discussed in Sec. 1.2.2, the DM may be close in mass to another state, permitting coan-

nihilation with or phase-space suppressed annihilation to the other state. Alternatively, the

DM mass may be approximately half that of a resonance [70]. Such relations can enhance

the DM annihilation rate, allowing the correct relic density to be achieved with smaller

couplings, and hence without large detection or production cross sections.

But why should such mass relations exist? Moreover, as masses and couplings vary

with energy scale, one can ask why dark sector masses happen to exhibit the required

relations at the appropriate scale (i.e. around the DM mass). In this chapter, we explore

the idea that dark sector mass relations arise from infrared (IR)-attractive ratios. Though

GUT scale parameters may be a priori unrelated, renormalization group (RG) running

focuses the parameters to particular ratios at the electroweak scale. The mass relations

thus emerge dynamically due to the interactions and quantum numbers of the dark sector

particles.
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For instance, consider a fermion (which we imagine to be the DM) and a vector boson

that both acquire mass via coupling to a scalar field that attains a vacuum expectation

value (vev). If y represents the relevant Yukawa coupling, g the gauge coupling and V

the vev, then the fermion and vector boson masses go as mf ∝ yV and mV ∝ gV , such

that the mass ratio mf/mV ∝ y/g is entirely determined by the ratio of the couplings. At

one-loop order, the RG equations for the couplings are of the form

(4π)2dg

dt
= bg3, (V.1)

(4π)2dy

dt
= y(cy2 − kg2), (V.2)

where t ≡ lnµ is the logarithm of the renormalization scale µ. This system of equations

exhibits an IR-attractive ratio, which can be found by solving

d

dt
ln

(
y

g

)
= 0 ⇒

(
y

g

)
IR

= ±
√
k + b

c
. (V.3)

Certain choices of quantum numbers and couplings (i.e. of b, c and k) will lead to mass

relations such as mf ≈ mV or mf ≈ mV
2 . A toy example of the focusing of

√
2y/g to the

fixed ratio (of 1) is shown in Fig. 5.1 for c = 5, b = 1 and k = 3
2 . Clearly, a particular

coupling (and hence mass) ratio can be achieved at the weak scale without significant

numerical coincidence at the GUT scale.

This idea shares some intellectual ancestry with earlier attempts to predict masses and

mass relations for the top quark and Higgs boson using IR fixed points in the Standard

Model (SM) [195–198]. Other recent attempts to understand dark sector masses using RG

properties include [199–201].

In the next section, we will explore RG focusing in the context of models in which the

DM is charged under a new U(1)X gauge group that kinetically mixes with the hypercharge

U(1)Y of the SM. We will demonstrate how particular mass relations can be achieved and

will discuss the phenomenological implications. Then, we will discuss possible extensions
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Figure 5.1: Evolution of the ratio
√

2y/g as a function of scale µ in the simplified example of RG
focusing based on Eqs. (V.1) and (V.2) with c = 5, b = 1 and k = 3

2 . We fix gGUT = 2 and take
yGUT = 3 (solid) or yGUT = 1 (dashed).

and alternative applications of this idea and conclude.

5.1 Kinetic Mixing Examples

A simple model of DM involves a fermion Ψ charged under a new U(1)X gauge group,

L ⊃ iΨγµ(∂µ + igX(qLPL − qRPR)Xµ)Ψ, (V.4)

where X is the U(1)X gauge boson and qL,R are the U(1)X charges of the left- and right-

handed components of Ψ. The X boson mixes with the Standard Model hypercharge boson

Y via kinetic mixing [202,203],

L ⊃ −sin ε

2
FµνX FY µν . (V.5)

We assume that X acquires mass due to the vev of a scalar field Φ (with charge normalized

to −1),

L ⊃ |DµΦ|2 = |(∂µ − igXXµ)Φ|2 , (V.6)
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such that for 〈Φ〉 = V√
2
, mX = gXV . Diagonalizing the kinetic and mass terms gives rise

to three mass eigenstates (A,Z,Z ′), where A is the SM photon and (Z,Z ′) are admixtures

of the SM Z-boson and X. This mixing allows the correct DM thermal relic density

Ωh2 = 0.1199± 0.0027 [7] to be achieved, as Ψ will annihilate to SM states via the Z and

Z ′ bosons. Throughout this chapter, we assume that the Higgs boson associated with the

U(1)X breaking, ϕ, does not significantly impact the phenomenology.

This type of model provides a particularly nice framework for studying RG focusing.

First, the relative simplicity permits the construction of straightforward yet instructive

examples. Second, both theoretical and experimental considerations tend to require small

sin ε, which makes it difficult to achieve the correct relic density without invoking particular

mass relations [204]. On the theoretical side, the value of sin ε generated by loops of heavy

particles charged under both U(1)X and U(1)Y is expected to be sin ε ∼< 0.1 [203, 205].

On the experimental side, LHC searches for resonances decaying to lepton pairs [206] and

electroweak precision measurements [207,208] place limits on sin ε for a wide range of mZ′ .

Moreover, if the DM exhibits vectorial couplings to X, direct detection constraints on spin-

independent (SI) scattering with nucleons from LUX [55] can be significant.1 The relevant

experimental bounds, which tightly constrain sin ε, are shown in Fig. 5.2.2

Consequently, for approximately weak-scale DM, achieving the correct thermal relic

density with sufficiently small values of sin ε requires either

1. mDM ≈ mZ′ , such that the efficient annihilation process ΨΨ → Z ′Z ′ (which for

mDM > mZ′ would yield a very small relic density even if sin ε ≈ 0) can occur, but

Boltzmann and phase-space suppression prevent over-annihilation, or

1For weak-scale thermal DM, bounds from indirect detection experiments are not currently constraining [204].
For lighter DM (mDM ∼< 10 GeV), limits from BaBar [209] can also be relevant [208].

2Relic densities and SI scattering cross sections are computed in micrOMEGAs3.1 [164] using expressions from
[210]. Approximate projections for the 14 TeV LHC with L = 300 fb−1 are derived based on hadronic structure
functions [211,212] calculated using CalcHEP 3.4 [213], dilepton invariant mass resolution estimates from [193,214],
and variation in background between

√
s = 8 TeV and 14 TeV estimated using PYTHIA 8.1 [215].
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Figure 5.2: Regions in the (mZ′ , sin ε) plane yielding the correct relic density (red), taken to be the
5σ range from PLANCK [7], fixing mDM = 500 GeV and gX = 1. Also shown are constraints from
the LHC (black, solid) [206], electroweak precision tests (gray shaded) [207, 208] and LUX (blue,
solid) [55]. In addition, we include projections for XENON1T (blue, dotted) [194] and the 14 TeV
LHC with L = 300 fb−1 (black, dotted). The three plots correspond to different choices of qL and
qR. For Fig. 5.2c the purely axial DM couplings yield velocity-suppressed SI scattering, so no LUX
limits appear.
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2. mDM ≈ 1
2mZ′ , in which case annihilation ΨΨ → Z ′ → SM SM is enhanced in the

early universe due to a small s-channel propagator, permitting smaller values of sin ε.

The necessity of these mass relations makes kinetic mixing models with weak-scale DM

prime candidates for benefitting from RG focusing. We now present two models with basic

structure as outlined in the introduction, one of which exhibits mf ≈ mZ′ and one of which

exhibits mf ≈ 1
2mZ′ .

5.1.1 mDM ≈ mZ′

Consider χ±, η± to be left-handed Weyl fermions with U(1)X charges ±q and ±(1− q)

respectively. We introduce Yukawa couplings of the form

L ⊃ −y+Φχ+η+ − y−Φ∗χ−η− + h.c. (V.7)

As the fermions come in pairs with opposite charges, this model is anomaly free. We

assume separate Z2 symmetries, which ensure that the new fermions are stable (and hence

DM candidates) and also forbid vector-like masses of the form χ+χ−. After spontaneous

symmetry breaking of the U(1)X , the χ± and η± are married to yield two Dirac fermions

with masses m± = y±V√
2

. The ratio of m± to mX is given by

m±
mX

=
y±√
2gX

. (V.8)

The one-loop beta functions for the couplings are

(4π)2dy±
dt

= y±
(
2y2
± + y2

∓ − 3(q2 + (1− q)2)g2
X

)
, (V.9)

(4π)2dgX
dt

= bXg
3
X , (V.10)

where bX = 4
3(q2 + (1 − q)2) + 1

3 . This system of equations exhibits IR-attractive fixed

ratios

y+

y−

∣∣∣∣
0

= 1,
y±
gX

∣∣∣∣
0

=
1

3

√
13(q2 + (1− q)2) + 1. (V.11)
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The subscript “0” denotes that these ratios are RG invariant — in other words, for couplings

fixed to these ratios, the ratios will be preserved by RG running.

We now imagine that the couplings take some generic values at the unification scale

MGUT . Then, as the couplings are run to the DM scale (taken to be on the order of mZ),

they evolve such that they are attracted towards these ratios. By Eq. (V.8), this leads to

particular relations between the fermion masses and the Z ′ mass — different choices of q

will yield different mass ratios.

By examining Eqs. (V.8) and (V.11), we see that we can approximately achieve the

desired mass relation if q = 5
4 , for which

m±
mX

∣∣∣∣
0

=
y±√
2gX

∣∣∣∣
0

≈ 1.1. (V.12)

Provided that the couplings converge to this ratio sufficiently quickly, the DM will have

mass mχ ∼> mZ′ and so will undergo phase-space suppressed annihilation to Z ′Z ′ in the

early universe, conceivably yielding the correct relic density even for very small values of

sin ε. Both of the new fermions are stable, so they will each constitute a component of the

DM — however, the heavier state will annihilate more efficiently and so the lighter state

will comprise the majority of the DM.

How quickly do the couplings converge to the fixed ratio? Consider the variable δ±,

defined by

y±
gX

=

(
y±
gX

)
0

(1 + δ±), (V.13)

which measures the deviation of the coupling ratio from the fixed ratio. From Eqs. (V.9)

and (V.10), we can derive a differential equation for δ±, assuming δ+ = δ− for simplicity3,

dδ±
dt

=
3g2
X

(4π)2

(
y±
gX

)2

0

δ±(δ± + 1)(δ± + 2). (V.14)

This demonstrates that, for δ± > 0 or −1 < δ± < 0, δ± → 0 as t → −∞; the fixed ratio

is IR attractive. The other fixed points of the equation are δ± = −1, corresponding to
3As this is a point of enhanced symmetry, y+ = y− could perhaps be enforced as a GUT scale relation.
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turning off the Yukawas (and indicating no Yukawas are generated by RG running), and

δ± = −2, which is analogous to the fixed point at δ± = 0 up to re-phasing of the fermion

fields.

The values of δ+,EW = δ−,EW at the electroweak scale after ∼ 33 e-folds of running

(corresponding to running from µ = MGUT to µ ∼ O(mZ)4) are shown in Fig. 5.3a as

a function of gX,GUT for a variety of GUT-scale deviations δ+,GUT = δ−,GUT . It is clear

that, for reasonable values of gX,GUT ≈ O(1), the couplings come very close to the fixed

ratio even if there is significant misalignment at the GUT scale, demonstrating the efficacy

of the focusing. Thus, this mechanism is capable of generating dark sector mass relations

without substantial coincidence of parameters. As expected from Eq. (V.14), the couplings

approach the fixed ratio faster for δ± > 0 than for −1 < δ± < 0.

It is also interesting to consider what happens if the Yukawa couplings are not aligned

at the GUT scale (δ+,GUT 6= δ−,GUT ). The results are shown in Fig. 5.3b. Although the

Yukawas do not end up equal, they are driven to similar values near the IR-attractive ratio.

This gives rise to the situation described above wherein the DM is multi-component, but

dominated by the (slightly) lighter component. In Fig. 5.4, we show the regions in the

(δ+, δ−)GUT plane for which the correct relic density is achieved for two different choices

of gX,GUT . As a result of the RG focusing, a significant region of the GUT scale parameter

space yields the correct relic density.

Our analysis has thus far considered the RG evolution of the couplings only at one-

loop. Given the large GUT scale values for the couplings, a reasonable concern is whether

our conclusions are greatly affected by higher-order terms. For instance, in Fig. 5.3a,

y±,GUT = 7.0 for δ±,GUT = 2.0 and gX,GUT = 1.5, so in this region the plot should

4As the gauge couplings do not unify in this minimal model, it is not obvious what value one should take for
MGUT . Potential candidates range from the scale at which g1 and g2 unify all the way up to the Planck scale, and
depend on the UV completion. We remain agnostic, and simply take ln(MGUT /mDM ) ≈ 33 as a representative
value.
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Figure 5.3: δ± at the electroweak scale after 33 e-folds of RG evolution as a function of gX,GUT
assuming (a) δ+ = δ− and (b) δ+ 6= δ−. Black lines in (a) represent δ±,GUT = 2 (dot-dashed),
1 (solid), −1/2 (dotted) and −2/3 (dashed). In (b), we take (δ+, δ−)GUT = (1/2, 1) (black) and
(δ+, δ−)GUT = (−1/4,−1/2) (red, dotted). In both plots, the gray dashed line represents the value
of δ±,EW for which m± = mX .
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mZ ' = 500 GeV

sinΕ = 0.01
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Figure 5.4: Values of δ±,GUT yielding the correct relic density for gX,GUT = 1.2 (hatched) or 1.4
(red). We fix mZ′ = 500 GeV and sin ε = 0.01. For sin ε∼< 0.015 (chosen to satisfy the LHC limit
shown in the top panel of Fig. 5.2 — here qL,± = ±q = ± 5

4 and qR,± = ±(1− q) = ∓ 1
4 ), the precise

value of sin ε does not affect the cosmology provided that it is large enough that the Z ′ decays prior
to BBN.
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be taken as indicative of the power of one-loop focusing as opposed to an exact result.

Performing a full analysis of higher-loop effects is more complicated, in part because the

(so far unspecified) scalar quartic coupling enters at the two-loop level. However, we

have confirmed that higher-loop corrections of the size expected from [216, 217] do not

significantly alter our results or the rate of convergence to the fixed ratio. This is partly

because the couplings become smaller in the IR, such that the perturbative expansion is

under control in the region where the couplings are approaching the fixed ratio. As a result,

the one-loop terms dominate.

Finally, it is interesting to explore how efficient the focusing would be over fewer e-folds.

For instance, one could imagine a scenario in which the RG equations attain the correct

form to yield the desired IR-attractive ratio after crossing some heavy mass thresholdMH <

MGUT . In this case, we can take (δ±, gX)H to be boundary conditions at the threshold

scale µ = MH . In Fig. 5.5, we show how δ+ = δ− evolves as a function of ln(MH/µ),

fixing gX,H = 1.4. It is evident that δ+ = δ− approaches zero quite rapidly, particularly

for δ±,H > 0. Even for δ+,H = δ−,H = 1.5, δ+ = δ− ∼< 0.05 by log10(MH/µ) = 8. Thus,

this mechanism could be used to generate mass relations in models with mass thresholds

as low as MH ≈ 1010 GeV. In the context of kinetic mixing models, this mass threshold

could perhaps correspond to the mass of heavy states charged under U(1)X and U(1)Y

responsible for generating sin ε.5

The main phenomenological implication of this model is that the DM U(1)X charges

must be qL ≈ 5
4 , qR ≈ −1

4 in order to achieve the desired mass ratio. For these charge as-

signments, the DM exhibits a significant vectorial coupling to the Z and Z ′ gauge bosons,

giving rise to appreciable SI scattering cross sections and enabling direct detection ex-

periments to probe smaller values of sin ε. Depending on the value of m±, the strongest

5The rapidity of the focusing also implies that such a model could give rise to dark sector mass relations at a
significantly higher scale than the weak scale — of course, such a scenario is phenomenologically dismal.
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Figure 5.5: δ+ = δ− as a function of log(MH/µ) for gX,H = 1.4 (the gauge coupling at µ = MH).
The gray dashed line represents the value of δ±,EW for which m± = mX .

constraints in the near threshold region come from either LHC dilepton resonance searches

or LUX and require sin ε∼< (1 − 2) × 10−2 (see the top panel of Fig. 5.2). The DM could

likely be observed by a one-ton Xenon experiment for sin ε∼> 10−3, and for sin ε∼> 5× 10−3

the concurrent observation of the DM and a Z ′ with mZ′ ≈ mDM may be possible.

5.1.2 mDM ≈ 1
2mZ′

As shown in Fig. 5.2, the other region of interest exhibiting the correct relic density and

small sin ε has mDM/mZ′ ≈ 1
2 , such that annihilation in the early universe is approximately

on resonance. Thus, one might also wish to explain this mass ratio via a similar mechanism.

However, for the model above,

2m±
mX

∣∣∣∣
0

=

√
2y±
gX

∣∣∣∣∣
0

≥ 1.3 (V.15)

with the minimum occurring for q = 1
2 . Thus, we are limited in how close we can get to

mDM/mZ′ ≈ 1
2 , at least in this simple model. Gauge couplings drive y± up towards the

IR, whereas Yukawas drive y± down, so to achieve y± sufficiently small with respect to gX
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requires the introduction of additional Yukawa couplings. Said another way, in terms of

Eq. (V.3), to get closer to resonance requires additional Yukawa contributions that increase

c without a correspondingly large increase in b (k is fixed by the DM charges).

This can be accomplished by introducing new fermions with Yukawa couplings to Φ. The

additional fermions will contribute to the scalar wave function renormalization, increasing

c.6 Moreover, if these states have larger U(1)X charges than the DM or are charged

under additional gauge groups, their Yukawa couplings will tend to larger values than

the DM Yukawa couplings, further enhancing c and making it easier to achieve the ratio

mDM/mZ′ ≈ 1
2 . However, the introduction of additional couplings can somewhat reduce

the efficacy of the focusing relative to the mDM ≈ mZ′ case above.

Perhaps the simplest way to introduce new states is to augment Eq. (V.7) to respect an

SU(NF )2 symmetry. For NF = 4 and q = 1
2 , (2m±/mX)0 = (

√
2y±/gX)0 ≈ 1.0. However,

as there are more DM components, the DM must annihilate more efficiently to achieve

the correct relic density. This requires either a larger value of sin ε (in tension with the

constraints mentioned above) or that 2m± is particularly close to mZ′ , which would imply a

significant numerical coincidence in GUT scale parameters even with RG focusing (largely

neutralizing the benefits of the focusing).

Consequently, we instead introduce new fermions X±, N± (in addition to χ±, η±) that

couple to Φ, but decay such that they do not contribute to the DM relic density. X± and

N± have U(1)X and U(1)Y charges ±QX ,±(1−QX) and ±QY ,∓QY respectively. We add

to Eq. (V.7) the Yukawa couplings

L ⊃ −Y+ΦX+N+ − Y−Φ∗X−N− + h.c. (V.16)

When Φ takes on its vev, X± and N± marry to form two Dirac fermions with M± = Y±V√
2

.

As the X±, N± states decay, in principle we do not need to relate their masses to that of

6A similar alternative, which we do not elaborate on here, would be to introduce new “inert” scalars coupling to
χ±, η±, which would increase c by contributing to the fermion wave function renormalization.
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the U(1)X gauge boson as for χ±, η±. However, since the interactions of the new states are

vital for producing the desired IR-attractive ratio, we want these states to contribute to

the RG evolution all the way to the dark scale. In light of this, it is logical that these states

acquire all of their mass from U(1)X breaking such that M± ∼ m± — for this reason, we

assume additional Z2 symmetries forbidding vector-like mass terms. This also leads to a

particular prediction of these models, namely the existence of additional dark sector states

with masses comparable to the DM mass.

The choices of QX and QY determine how X±, N± can decay — one choice that readily

permits decay is QX = q and QY = 1. We introduce a new scalar ẽ with SU(2)L × U(1)Y

quantum numbers (1,−1) and interactions of the form

−∆L = κ+ẽX+χ− + κ−ẽN−η+ + κẽ†``+ h.c., (V.17)

permitting decays such as X− → χ`−ν` (assuming mẽ > M± > m± — superscripts denote

U(1)EM charges).7 Note that the U(1)Y interactions will tend to drive Y± > y± ⇒ M± >

m±. κ± and κ are taken to be sufficiently small that they have a negligible effect on

the dark sector RG evolution, but sufficiently large that the X±, N± states decay prior to

DM freeze-out to avoid repopulating the DM. For approximately TeV scale particles, fast

enough decay occurs if κ± ≈ κ∼> 10−4 such that both of these conditions can indeed be

satisfied.

In this model, the ratios that the couplings approach in the IR are somewhat more

complicated due to the effect of the hypercharge on the RG equations. Symmetry between

+ and − states implies

y+

y−

∣∣∣∣
0

=
Y+

Y−

∣∣∣∣
0

= 1. (V.18)

7Another choice permitting decay is QX = 1, QY = 0. The N± would be gauge singlets, and could decay via the
higher-dimension operator L = 1

Λ
N±ucdcdc. The attractive ratio in this model is (2m±/mX)0 ≈ 1.0 for q = 4

5
.
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However, solving the equations

d

dt
ln

(
y±
gX

)
= 0,

d

dt
ln

(
Y±
gX

)
= 0 (V.19)

yields

y±
gX

∣∣∣∣
0

=

√
17(q2 + (1− q)2) + 1− 36(gY /gX)2

15
, (V.20)

Y±
gX

∣∣∣∣
0

=

√
17(q2 + (1− q)2) + 1 + 54(gY /gX)2

15
. (V.21)

The attractive ratios evolve as a function of scale (or as a function of the values of gX,Y ).

Fig. 5.6 shows regions of GUT parameter space for which 2m±
mX
∈ [0.95, 1.05] at the weak

scale for two charge assignments q = 3
4 and q = 1

2 , taking gX,GUT = 2. For simplicity,

we set y+ = y− and Y+ = Y−. The chosen range for 2m±/mX provides a rough guideline

as to where the correct thermal relic density is achieved, consistent with experimental

constraints, for DM masses O(100 GeV−1 TeV) and sin ε∼< O(0.1). However, valid regions

of parameter space do exist for smaller or larger values of 2m±/mX .

In Fig. 5.7, we show the value of 2m±/mX at the weak scale as a function of y+,GUT =

y−,GUT both with and without the X±, N± states. If these states are present, the slope

of the lines is much shallower in the region of 2m±/mX = 1, such that a wider range of

y+,GUT = y−,GUT will give rise to 2m±
mX
∈ [0.95, 1.05]. Without the additional states, a more

significant conspiracy of GUT scale parameters is needed to achieve m± ≈ 1
2mX .

Again, these results are based on one-loop beta functions only, neglecting the small

kinetic mixing, but we have checked that approximate corrections due to two-loop effects

and kinetic mixing [218, 219] do not significantly alter our results. However, because the

spectrum contains states charged under both U(1)X and U(1)Y , a related consideration

is how sin ε evolves. In particular, one might wonder what values of (sin ε)GUT yield the

desired (sin ε)EW ∼ O(0.1). Generally, depending on the precise choices of q and (sin ε)EW ,

either (sin ε)GUT ∼ O(0.01) or (sin ε)GUT ∼ O(0.5) for gX,GUT = 2. (sin ε)GUT is expected
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Figure 5.6: Regions in the (y±, Y±)GUT plane for which 2m±/mX ∈ [0.95, 1.05] (left- and right-
boundaries, respectively) for q = 3

4 (blue) and q = 1
2 (red), fixing gX,GUT = 2. The dotted contours

give the value of M±/m± at the weak scale for q = 1
2 , with the shaded gray region forbidden as

M± < m± — contours for q = 3
4 are not shown but are largely similar.

118



gX, GUT = 2.0

Y+, GUT = Y-, GUT = 2.0

0.0 0.5 1.0 1.5 2.0

0.6

0.8

1.0

1.2

1.4

y+, GUT = y-, GUT

2
m

±
�m

X

Figure 5.7: The distance from resonance at the weak scale (parameterized by 2m±/mX), fixing
gX,GUT = 2, as a function of y+,GUT = y−,GUT for q = 3

4 (solid) and q = 1
2 (dashed) in the model

without (black) and with (red) the X±, N± states and Y+,GUT = Y−,GUT = 2. The presence of
the extra states with reasonable GUT-scale Yukawas reduces the numerical coincidence required to
achieve m± ≈ 1

2mX . Gray dotted lines demarcate the region 2m±/mX ∈ [0.95, 1.05].

to be O(1) if the operator FXFY is permitted at the GUT scale or ∼ 0 if it is forbidden (by,

e.g., gauge invariance of the unification group). Notably, the GUT boundary conditions

required to give (sin ε)EW ∼ O(0.1) in this model are approximately consistent with one

of these two scenarios.

If the DM relic density is set by near-resonant annihilation in the early universe, it

may well imply the existence of additional states close in mass to the DM, resulting in

novel phenomenology beyond the DM direct detection prospects. For the model above, we

predict new charged particles with masses M± ∼ (1.2 − 1.7)m±. As these particles decay

prior to DM freeze-out, their lifetimes satisfy

τ∼< H−1(Tfo) ⇒ τ∼< 10−9

(
500 GeV

m±

)2

s. (V.22)

For τ close to saturating this bound, the additional particles would be relatively long-lived

and could produce disappearing tracks at the LHC. Such signals have been searched for,

and limits of M±∼> O(400 − 500 GeV) have been placed [220]. For shorter lifetimes, the
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heavier states will decay to yield opposite-sign dilepton plus missing energy signatures, such

that they could potentially be observed in SUSY chargino searches [190,221]. However, the

current reach of such searches is relatively limited (only requiring M±∼> O(100−200 GeV))

due to the somewhat small M± −m± splitting predicted.

Depending on the U(1)X charge of the DM, there can be interesting interplay between

direct detection and LHC dilepton resonance searches. For instance, if q = 3
4 , there are

regions of parameter space exhibiting the correct relic density that are not yet excluded

by current constraints, but which will be probed by both XENON1T and the LHC with

√
s = 14 TeV and L = 300 fb−1. These regions present the exciting possibility of the

concurrent observation of the DM, a Z ′ boson with mZ′ ≈ 2mDM , and a long-lived charged

particle with mass mDM < M± < mZ′ . In other regions of parameter space (or for q = 1
2)

the DM will evade direct detection, but this could be mitigated by the imminent observation

of a Z ′ and perhaps also of a long-lived charged particle with mass
mZ′

2 < M± < mZ′ . Of

course, for 2mDM very close to mZ′ , the small values of sin ε that yield the correct relic

density preclude both DM direct detection and Z ′ observation. The charged states may

still be observed, although this would of course depend on their masses and lifetimes.

5.2 Discussion and Possible Extensions

In this chapter, we have proposed that dark sector mass relations may arise due to IR-

attractive ratios in the dark sector RG equations. We have discussed this in the context of

two simple models consisting of new dark sector fermions charged under a gauged U(1)X ,

which kinetically mixes with the SM U(1)Y .

We have focused on this class of model in part because it permits a straightforward

introduction to this application of RG focusing, but a wide variety of alternative imple-

mentations can be imagined. Throughout this chapter, we have assumed that the Higgs

boson ϕ associated with the U(1)X breaking by the vev of Φ (V ) does not impact the
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phenomenology. However, the mass of ϕ will also be related to V by mϕ ∼
√
λV , where

λ represents the Φ quartic coupling. RG focusing could yield mDM ≈ 1
2mϕ — in the

presence of a mixed Φ, SM Higgs quartic λΦH |Φ|2 |H|2, this would lead to a realization of

resonant Higgs portal DM [222]. The fact that bX > 0 for an Abelian gauge group meant

that achieving mDM ≈ 1
2mX required additional Yukawa couplings. A non-Abelian theory

could potentially allow this fixed ratio to be achieved more readily. Of course, in this case,

it is less trivial to communicate between the dark and SM sectors as gauge invariance now

forbids kinetic mixing terms. Alternatively, one could construct a coannihilation model in

which (M±/m±)0∼> 1, for instance if the heavier states had additional gauge interactions.

This is somewhat similar to the small mass splittings between charged and neutral states

within multiplets that arise from electromagnetic interactions. Aside from the new model-

building possibilities, it may also be the case that pre-existing models of weak-scale DM

exhibit RG focusing.

We have also made several simplifying assumptions regarding the structure of the theory.

For instance, we assumed no dynamics affect the RG equations between µ = MGUT and µ ∼

O(mZ). As alluded to earlier, however, one could imagine more complicated scenarios with

additional mass thresholds that alter the relative running of the couplings. Furthermore,

we considered only a single U(1)X Higgs field — in models with multiple Higgs fields, the

presence of additional “tanβ” parameters will affect the masses of the various particles.

While this provides more model-building freedom, it requires an explanation as to why

ratios of vevs would take particular values as well. In addition, we have remained agnostic

as to why the dark scale and electroweak scale might be related (in other words, why

V ≈ vEW ). This represents a second hierarchy problem, and could be addressed in a UV-

complete model. On a related note, one could attempt to realize a supersymmetric version

of this mechanism. In practice, the additional states present in a supersymmetric theory
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(which contribute to b, must acquire masses etc.) make such examples more complicated.

In models that generate mass relations via RG focusing, achieving specific attractive

ratios requires certain charge assignments or the introduction of additional states and

interactions. While new states need not contribute to the DM relic density, they may still

have properties (such as masses or charges) related to the DM properties. Thus, although

dark sector mass relations may make direct detection more difficult, they may also point to

rich alternative phenomenology. Furthermore, RG focusing can make tightly-constrained

models (such as the kinetic mixing models explored here) more palatable by relating masses

without requiring serious numerical coincidences. RG focusing in the dark sector offers a

wide variety of possibilities and is worthy of future study.
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CHAPTER VI

Summary and Conclusions

Currently, high-energy experiments are producing a wealth of new results and con-

straints that must be taken into account when contemplating the form that BSM physics

might take. As a result, perhaps more now than in past decades, phenomenology is be-

coming increasingly guided by data as opposed to theoretical predilection. The goals of

this thesis have been to understand the extent to which recent results constrain preferred

BSM scenarios, and to explore novel (well-motivated) possibilities for BSM physics and

their implications.

In particular, we have argued that, if the Higgs is a composite pNGB, a slew of exotic

top partners beyond the minimal set required by naturalness and pNGBs beyond a single

Higgs doublet may well exist. We have also demonstrated that direct detection, indirect

detection and collider DM searches are placing stringent constraints on simple WIMP

models, although we noted that non-trivial mass relations in the dark sector could conspire

to hide WIMPs. In both cases, this motivated us to consider new places to look for new

physics, either in exotic top partner decays, which may provide the best opportunity for

observing extended pNGB Higgs sectors, or for additional dark sector states that may be

involved in generating the aforementioned mass relations.

Looking ahead, as experiments continue to probe BSM parameter space, our conception

of new physics will evolve. We are finally exploring the scales where we expect to observe
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new states and interactions, and are uncovering the extent to which our expectations are

well-founded. If our predictions are confirmed, the discoveries will deepen our understand-

ing of the underlying principles that led to them. If not, we will be forced to modify those

principles or even abandon them in favor of radically different ideas about what new physics

should look like. For instance, we may surrender naturalness for minimality, or look to

asymmetric DM [223] instead of WIMP DM. Regardless of what is or is not discovered in

the near future, however, plenty of questions will remain.

If natural new physics is uncovered at the LHC, determining the mechanism employed

by nature to protect m2
h from large radiative corrections will be the first priority. However,

simply determining whether the Higgs is protected by supersymmetry or an approximate

global symmetry is only the tip of the iceberg. Ch. II demonstrates that UV-motivated,

natural new physics is not necessarily minimal new physics. As such, it will be important to

uncover as many of the states involved in naturalness as possible and to fully characterize

their interactions with one another. In this endeavor, searches such as those proposed

in Ch. III will play a vital role. Furthermore, there may still be subtleties involved in

understanding “what is naturalness?” After all, we have seen that, even if the discovery of

top partners is imminent, the electroweak scale may still be tuned at the level ofO(1−10%),

and it is unclear why even this “little hierarchy” should exist. If no top partners or other

states associated with naturalness appear, we will be faced with the (perhaps unanswerable)

question of why naturalness was not a good guide. Perhaps such results would indicate that

the underlying theory of nature was determined by principles other than that of minimizing

tuning, as in Split Supersymmetry [224, 225] or compactified string theory models (see,

e.g., [226]), However, in this case, our efforts may shift to trying to answer questions we

know experimentally require an answer, such as what is the nature of DM or what is the

source of neutrino masses, as opposed to those resulting from our theoretical prejudices.
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Should we finally observe DM non-gravitationally, this will immediately launch a broad

program to identify its properties and interactions. As emphasized in Ch. IV, the interplay

of direct detection, indirect detection and collider experiments will be vital to probe the

full DM parameter space. Should DM remain elusive, gravitational observations at least

give us confidence that it is out there, and we might simply need to develop different search

strategies. Alternatively, it may be worthwhile to consider what other observables the dark

sector may offer — we made some effort in this direction in Ch. V. However, as alluded

to in Ch. I the fact that so far we only know that DM interacts gravitationally means the

possibilities are almost endless. Thus, it will be necessary to think very broadly, and not

become trapped by a single appealing paradigm such as the WIMP miracle.

Thus, it remains a pivotal moment for high-energy physics. We are on the cusp of either

new insight into BSM physics or being forced to reformulate our conception of new physics.

Only time and data will tell.
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APPENDIX

Details of the SO(10)/SO(5)2 Littlest Higgs Model

A.1 Details of SO(10)/SO(5)2 Construction

In this appendix, we give further details on the SO(10)/SO(5)2 Littlest Higgs from

Sec. 2.3.2. The SM gauge group is obtained by gauging subgroups [SU(2) × U(1)]i ⊂ Wi

such that the diagonal SU(2)L × U(1)R ⊂ SO(4)V is left unbroken by 〈Σ〉 and can be

identified as the SM electroweak group. Quadratically-divergent radiative corrections due

to gauge interactions will generate operators as in Eq. (II.33) with h2 replaced by h1h
T
2

(hT1 h2) and with ϕ replaced by φ (ϕ0). However, the corresponding mass terms for φ and ϕ0

will have opposite signs such that one is necessarily tachyonic [227]. This is a manifestation

of a vacuum alignment problem—if 〈Σ〉 were proportional to the identity, then both W1

and W2 (and hence the gauge groups) would be unbroken. The tachyonic direction can

be lifted by inserting “plaquette operators” by hand in such a way as to give additional

(positive) contributions to λ± (ensuring that the operators maintain at least one of the

shift symmetries protecting the Higgs, as in Refs. [108,112,228]).1

Once the tachyonic directions have been stabilized, φ and ϕ0 will both act as quarticons—

integrating them out will collectively generate a Higgs quartic. An additional contribution

1An alternative solution would be to go to still larger G (such as SU(9) [108]) with Σ still transforming as
Σ→ V ΣV T—such a model would not exhibit a vacuum alignment problem.
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to the quartic can be introduced via operators of the form

λ55f
4(Σ55)2 + λ66f

4(Σ66)2, (A.1)

where Σij represents the (i, j) entry in Σ. These operators will produce terms as in

Eq. (II.33) with ϕ→ σ and h2 → hT1 h2.

Such terms have the added advantage of giving a mass to σ, which (being a singlet) does

not acquire a mass due to gauge interactions. Gauge interactions will, however, radiatively

generate logarithmically divergent masses for h1 and h2 of the form

m2
1h
T
1 h1 +m2

2h
T
2 h2 (A.2)

at one-loop, as gauging subgroups of W1 and W2 collectively breaks all of the shift sym-

metries protecting the Higgs multiplets. These masses and the collective quartic will also

receive radiative corrections from the top sector.

To destabilize the origin of field space and trigger electroweak symmetry breaking, it is

necessary to induce a m2
12h

T
1 h2 mass term. Such a term will necessarily not be generated

radiatively (and must be inserted by hand) as all interactions are designed to respect the

parity Σ→ KΣK from Eq. (II.46) in order to avoid dangerous singlets, whereas this Bµ-

type term explicitly violates this parity. However, as long as the parity is broken “softly,”

the radiative contributions to the Higgs potential are suppressed. This can be accomplished

by the inclusion of operators such as

m2
55f

2Σ55 +m2
66f

2Σ66, (A.3)

which includes a Bµ-type term and a σ tadpole. So, while explicit G-breaking terms

are needed to yield a phenomenologically realistic model (as in other Little Higgs con-

structions), these terms can be included in such a way that does not reintroduce one-loop

quadratically-divergent contributions to the Higgs mass terms, maintaining the hierarchy
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v � Λ ' 4πf .2

Finally, it is worth noting that the electroweak triplets φ can acquire a vev.3 Usually,

triplet vevs are required to be significantly smaller than the Higgs vev by precision elec-

troweak measurements. Fortunately, as in Ref. [108], the approximate custodial symmetry

ensures that custodial SU(2) violation from the triplet vevs is limited to be small, consis-

tent with precision constraints. However, direct measurements of Higgs couplings to gauge

bosons may soon place additional stringent constraints on electroweak triplet vevs, even

ones that preserve custodial SU(2).

A.2 Top Partner Interactions in the SO(10)/SO(5)2 Model

In this appendix, we expand Eq. (II.47) and redefine fields according to Eq. (II.50) in

order to determine the most relevant decays of top partners to SM third-generation quarks

(q3 and tc) and gauge bosons or pNGBs. As in the text, we have not canonically normalized

the pNGB fields.

First consider the X fields. To leading order, there are two vector-like doublets: X1,

consisting of X4,+ married to Xc
4,−, and X2, consisting of X4,− married to Xc

4,+. Dimension

four operators in Ltop coupling these fields to the SM top fields include

L(4)
top,X ⊃ y1(Q4,−ϕ0Xc

4,+ +Q4,−φ0X
c
4,+ +Q4,−φ+X

c
4,− −X4,−H2U

c
5 +X4,+H̃2U

c
5) + h.c.,

(A.4)

where φ±, φ0 denote the three SU(2)L triplets. The subscripts on the φ label T 3
R = ±1, 0,

and H2 denotes h2 written as an SU(2)L doublet with T 3
R = +1

2 while H̃2 ≡ iσ2H2 is h2

written as an SU(2)L doublet with T 3
R = −1

2 . Using Eq. (II.50), these interactions can be

2In the case of modular breaking, mass terms may also be required for the uneaten components of ωL and
ηR—again, such masses can be generated radiatively or inserted by hand via plaquette operators [101].

3In the case of modular breaking, ωL can also get a vev. However, this will be suppressed as ωL does not have
tree-level couplings to the Higgs.
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rewritten as

L(4)
top,X ⊃

y1y3√
y2

1 + y2
3

q3

(
ϕ0Xc

4,+ + φ0X
c
4,+ + φ+X

c
4,−
)
− y1y2√

y2
1 + y2

2

(
X4,−H2 −X4,+H̃2

)
tc+h.c.

(A.5)

The first pair of interactions will permit the decays of these non-cancellon top partners to

quarticons and SM fields, including (using Xq and φq to denote an X quark or a component

of φ with the superscript labeling the electric charge q)

X
+5/3
1 → φ+t3, φ

++b3, X
+2/3
1,2 → φ0t3, φ

+b3, X
−1/3
2 → φ0b3, φ

−t3. (A.6)

The second pair of interactions will permit top partner decays to tc in conjunction with the

additional Higgs states present in a two Higgs doublet model, namely H0, A0 and H±. Of

course, these interactions also permit ordinary decays to (longitudinal) electroweak bosons

(h, ZL, W±L ).

We can perform a similar analysis for the U6 and Y fields. U6 consists of the vector-like

singlet pair U6 and U c6 , which forms a Dirac quark of mass y1f and charge ±2
3 . We have

L(4)
top,U6

⊃ y1 (−U6σU
c
5 +Q4,−H2U

c
6) + h.c.

⊃ − y1y2√
y2

1 + y2
2

U6σt
c +

y1y3√
y2

1 + y2
3

q3H2U
c
6 + h.c., (A.7)

permitting U
+2/3
6 → σtc decays and decays to t3 and b3 in conjunction with both elec-

troweak bosons and second Higgs doublet states. Likewise, Y consists of a vector-like

doublet pair Y4,+ and Y c
4,−, also with Dirac mass y1f . If the ηR are (largely) uneaten due

to the implementation of modular breaking, then Y will have the interactions

L(4)
top,Y ⊃ y1

(
Q4,−ηR,+Y c

4,− − Y4,+H̃1U
c
5

)
+ h.c.

⊃ y1y3√
y2

1 + y2
3

q3ηR,+Y
c

4,− −
y1y2√
y2

1 + y2
2

Y4,+H̃1t
c + h.c., (A.8)

permitting decays such as Y 5/3 → η+
Rt3 and Y 2/3 → η+

Rb3. These decays are in addition to

decays to tc in conjunction with both electroweak bosons and second Higgs doublet states.
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If the ηR are eaten, then the dominant decay of Y 5/3 would likely be via Y 5/3 →W+tc as

usually expected.

Cancellon decays to third generation quarks can be determined by analyzing the inter-

actions of U5/U
c
5 and Q4,−/Qc4,+ fields. The singlet cancellon T consists of U5 married to

T c, and exhibits a renormalizable coupling

L(4)
top,U5

⊃ y1Q4,−H1U
c
5 + h.c.

⊃ y2
1y3√

y2
1 + y2

2

√
y2

1 + y2
3

q3H1T
c + h.c. (A.9)

Thus, consistent with the usual expectation for top partner cancellons, the singlet cancel-

lon will decay predominantly as T 2/3 → W+
L b3, ht3, ZLt3. However, small tanβ or non-

decoupling between H1 and H2 could also lead to subdominant decays to second Higgs

doublet states. For the doublet cancellon Q3, consisting of Q3 married to Qc4,+, the sit-

uation is slightly more complicated if there are uneaten pNGBs in the spectrum. The

renormalizable Yukawa couplings are

L(4)
top,Q ⊃ y1

(
Q4,−H1U

c
5 +Q4,−ωLQc4,+ +Q4,−ηR,0Qc4,+

)
+ h.c.

⊃ y2
1y2√

y2
1 + y2

2

√
y2

1 + y2
3

Q3H1t
c +

y1y3√
y2

1 + y2
3

q3ωLQ
c
4,+ +

y1y3√
y2

1 + y2
3

q3ηR,0Q
c
4,+ + h.c.

(A.10)

The first term permits the usual top partner decays Q
2/3
3 → htc, ZLt

c and Q
−1/3
3 →W−L t

c

(and, as for T above, potentially decays to second Higgs doublet states). However, if there

are uneaten pNGBs in the spectrum, the doublet cancellon can also exhibit exotic decays

Q
2/3
3 → ω0

Lt3, η
0
Rt3, ω

+
L b3, Q

−1/3
3 → ω0

Lb3, η
0
Rb3, ω

−
L t3. (A.11)

We have not shown interactions between cancellons and non-cancellons, which are in-

deed present. Because cancellons are heavier than non-cancellons, such couplings permit

cascade decays of cancellons to other exotic top partners, though the branching ratios for
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such cascade decays are likely small due to phase space suppression. Finally, note that dif-

ferent top partners couple to different Higgs doublets: the cancellons and Y fields couple

to H1, while the X and U6 fields couple to H2.
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