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This thesis explores the interplay between the Higgs potential, partners to the top

quark, and LHC data. Due to the intimate connection between the top quark and

the Higgs, top partners play a special role in any theories designed to resolve the

hierarchy problem of the Standard Model using symmetries to protect the Higgs

from large quantum corrections. We begin by reviewing the general framework

of top partners and the hierarchy problem, and the way in which symmetries can

impose cancellations between quadratically divergent diagrams contributing to the

Higgs mass.

Following this, we discuss an interpretation in terms of stops of an anomaly

in an ATLAS search for SUSY in events with a leptonically decaying Z, jets and

MET. We argue that this excess can be understood as resulting from pair produced

heavy stops decaying into lighter stops and Z bosons, t̃2 → t̃1Z, with masses in

the range mt̃ ' 300–500 GeV. While such light stops are natural in terms of the

hierarchy problem, they place the MSSM in great tension with the measured mass

of the Higgs boson. We therefore explore the possibility that this tension is resolved

by new non-decoupling D-term contributions to the Higgs mass associated with

a new SU(2)R gauge symmetry broken at ∼ few TeV. In particular, we consider

the possibility that the W ′ associated with such a gauge symmetry is responsible

for another ATLAS excess in a search for diboson resonances, while remaining

consistent with a 125 GeV Higgs. We finish our tour of supersymmetric theories

with a discussion of the prospects for discovering top partners of spin-1 at a future



collider.

The second half of the thesis discusses some new phenomenology of spin-1/2

top partners. We construct models in which the collider phenomenology and impli-

cations for the Higgs mass differ markedly from generic top partners. By imposing

an approximate or exact discrete symmetry on the new states, it is possible to

mimic final states that are reminiscent of R-parity conserving or violating SUSY,

and we explore the limits that searches for these scenarios impose on the spin-1/2

scenario. Finally, we discuss how Yukawa structures that can be found in these

theories can provide significant radiative enhancements for the Higgs mass.
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and encouragement. Additionally, I appreciate the support of the other members

of my special committee: Jim Alexander, and Maxim Perelstein, who have been a

constant source of stimulation and ideas.

Next I would like to thank my collaborators who have directly contributed to

the work presented in this thesis: Archana Anandakrishnan, Jeff Dror (also for

the ‘alcohol’ and general merriment), Marco Farina (for good food and a cultural

awakening), Bithika Jain, Erik Kuflik (thanks for tea), Wee Hao Ng (he is with the

birds now), Nicolas Rey-Le Lorier (who never made reparations for the kettle).

In addition, there have been many who are in or who have passed through the

Cornell theory group from whom I learnt much about physics and about life, and

who made my time here a blast. I thank Monika Blanke, Josh Berger, Mathieu

Cliche, Gauthier Durieux, Yuval Grossman, Naresh Kumar (mainly for brunch),

Salvator Lombardo, Cody Long, Liam McAllister, Paul McGuirk, Riccardo Pavesi,

Clara Peset, Mike Saelim, Javi Serra, Bibhushan Shakya, John Stout (for Weinberg

and whiskey), Flip Tanedo, Yuhsin Tsai.

Finally, I would like to thank Cari Cesarotti and Chloe Stott, who have helped

me through uncertain times, and Jo Mosley, Mark Collins and Frank Collins for

unconditional support.

iv



TABLE OF CONTENTS

1 Introduction 1
1.1 The hierarchy problem of the Standard Model . . . . . . . . . . . . 4
1.2 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 The Higgs as a pseudo Nambu Goldstone boson . . . . . . . . . . . 6
1.4 Thesis map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Mixed Stops and the ATLAS on-Z Excess 10
2.1 Model Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Relevant searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 A 2 TeV WR , supersymmetry, and the Higgs mass 34
3.1 The Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Flavour constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.A W ′ and Z ′ couplings and partial widths . . . . . . . . . . . . . . . . 59
3.B Non-Decoupling D-terms and Fine Tuning . . . . . . . . . . . . . . 61
3.C Flavour constraints: Additional details . . . . . . . . . . . . . . . . 62

4 Spin-One Top Partner: Phenomenology 71
4.1 Future Prospects for Direct Searches . . . . . . . . . . . . . . . . . 72
4.A Parton-Level Cross Sections for Swan Production . . . . . . . . . . 74

5 Odd Top Partners at the LHC 76
5.1 Simplified Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.2 Bounds from 8 TeV LHC . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3 The Oddest Littlest Higgs . . . . . . . . . . . . . . . . . . . . . . . 95
5.4 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . . . . . . 103
5.A An Extended Fermion Sector for the Oddest Littlest Higgs . . . . . 106
5.B Oddest Littlest Higgs Potential . . . . . . . . . . . . . . . . . . . . 108

6 A Little Enhancement for the Higgs Quartic 112
6.1 The Mechanism for an Enhanced Radiative Collective Quartic . . . 115
6.2 An Effective Theory for a Supersymmetric SU(3)/SU(2) Model with

Enhanced Quartic . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.3 Towards a UV Completion: SU(4)/SU(3) . . . . . . . . . . . . . . . 129
6.A One-loop beta functions . . . . . . . . . . . . . . . . . . . . . . . . 135

Bibliography 136

v



LIST OF TABLES

2.1 Flavor Conserving Compressed, Flavor Violating Compressed, and
Flavor Violating Split scenarios . . . . . . . . . . . . . . . . . . . . 18

2.2 Benchmark points for ATLAS on-Z excess scenarios . . . . . . . . 28

3.1 Matter content for Left-Right symmetric model. . . . . . . . . . . . 39
3.2 Parameters for the diboson excess. . . . . . . . . . . . . . . . . . . 45

5.1 Sample spectra input parameters . . . . . . . . . . . . . . . . . . . 103
5.2 Sample mass hierarchies . . . . . . . . . . . . . . . . . . . . . . . . 103

6.1 Charge assignments for the SU(4) model. . . . . . . . . . . . . . . 134

vi



LIST OF FIGURES

1.1 Quadratically divergent loop contributions to the Higgs mass. . . . 4
1.2 Supersymmetric cancellation of quadratic divergences between top

and stop loops. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Cancellation of quadratic divergences between top and fermionic

top partner loops. . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Decays contributing to the on-Z excess . . . . . . . . . . . . . . . . 12
2.2 Heavy stop branching ratios in the split scenario . . . . . . . . . . 17
2.3 Parameter space scans of scenarios for the on-Z excess. . . . . . . . 27
2.4 Kinematic distributions for the ATLAS on-Z excess. . . . . . . . . 29
2.5 Jet-Z balance distributions for the on-Z excess. . . . . . . . . . . . 31

3.1 Maximum tree level Higgs mass from D-terms consistent with W ′

data and limits on Z ′ → `+`−, case 1. . . . . . . . . . . . . . . . . 46
3.2 Maximum tree level Higgs mass from D-terms consistent with W ′

data and limits on Z ′ → `+`−, case 2. . . . . . . . . . . . . . . . . 48
3.3 Maximum tree level Higgs mass from D-terms consistent with W ′

data and limits on Z ′ → `+`−, case 3. . . . . . . . . . . . . . . . . 49
3.4 Maximum D-term contribution to the tree level Higgs mass as a

function of mZ , and the required loop contribution from stops. . . 51
3.5 Regions in parameter space allowed by the tree-level Z ′ FCNC con-

straints. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.6 Allowed parameter space for the diboson excess when considering

additional BSM decays for W ′ and Z ′. . . . . . . . . . . . . . . . . 60
3.7 Examples of |∆F | = 2 box diagrams for D − D̄ and K − K̄ mixings. 69

4.1 Swan production cross sections at a 100 TeV pp collider: pp→ ~Q~Q
(blue), ~Qg̃ (green dashed), ~Qχ̃0

1 (red dashed). . . . . . . . . . . . . 73

5.1 Spectra for odd top partner decays. . . . . . . . . . . . . . . . . . . 78
5.2 Decay scenarios for odd top partners . . . . . . . . . . . . . . . . . 81
5.3 LHC bounds for scenario 1, T → tη. . . . . . . . . . . . . . . . . . 87
5.4 LHC bounds for Scenario 2, T → bω+. . . . . . . . . . . . . . . . . 91
5.5 G and F functions which contribute to the Higgs mass parameter

and quartic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.1 Feynman diagrams yielding log-divergent contributions to the Higgs
potential at one loop in generic and ‘twisted’ models. . . . . . . . . 118

6.2 The size of the radiative contribution to the Higgs quartic for vary-
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CHAPTER 1

INTRODUCTION

At the time of writing of this thesis, the field of particle physics is in a critical

period in its exploration of the electroweak scale. Our current understanding of

fundamental particles and their interactions below the TeV scale is described by

the Standard Model (SM) of particle physics, which incorporates the electroweak

theory of Glashow, Weinberg and Salam. With the announcement in 1995 of the

discovery of the top quark by the DØ and CDF collaborations at the Tevatron all

but one element of the Standard Model had been confirmed by experiments by the

end of the 20th century. The remaining question was the nature of electroweak

symmetry breaking, which is incorporated into the SM via the Higgs mechanism [1].

The characteristic signature of this mechanism, a neutral scalar called the Higgs

boson, was finally discovered at Run 1 of the Large Hadron Collider (LHC) in 2012

running at a center of mass (COM) energy of 8 TeV [2,3].

This explanation for the origin of the masses of the W and Z bosons was not

unique but it was naively the simplest, and early measurements of the properties

of the Higgs boson have confirmed that this model is essentially correct to lead-

ing order []. While this confirmation of a decades-old prediction is on the one

hand a testament to the communty’s understanding of the fundamental principles

that govern the interactions of elementary particles at scales far below the Planck

scale, it raises a question as fundamental as the one it has finally resolved. As

I shall illustrate later in this chapter, elementary scalar particle masses are typi-

cally subject to violent quantum corrections that tend to raise them to the highest

scale in the theory such as the Planck scale, MPl ' 1019 GeV. The measured

ratio, m2
h/M

2
Pl ' 10−34 implies a fine tuning of this order in the fundamental the-

1



ory which contains the SM as its effective low energy description unless a special

mechanism is at work to protect the Higgs mass from large quantum corrections.

This is the hierarchy problem of the SM.

A number of mechanisms have been suggested for protecting the Higgs mass

from these large quantum corrections, all falling into at least one of the follow-

ing three categories: supersymmetry, strong dynamics, and extra dimensions. In

the first two cases, the protection can be traced to a chiral symmetry acting on

fermionic states related to the Higgs, while in the latter case the hierarchy can be

negated by lowering the fundamental scale of gravity to not far above the weak

scale. Because the Standard Model itself does not possess any symmetry that

could protect the Higgs mass, any explanation of this kind requires the presence

of new states not far above the electroweak scale in order to complete symmetry

multiplets (or to modify the running of the the gravitational coupling in the latter

case). While the detailed spectrum of new particles depends sensitively on the

nature of the underlying theory, there are certain minimimal ingredients of a uni-

versal nature which can be deduced from bottom-up considerations. The foremost

of these is a presence of new states related to the top quark, called top partners,

which follows from the O(1) coupling of the top quark to the Higgs boson. The

absence of such states at LEP, the Tevatron, and run 1 of the LHC implies at least

an apparent little hierarchy problem independent of the structure of the ultraviolet

(UV) completion.

The focus of the work in this thesis is the little hierarchy problem, with an

emphasis on bottom-up model building and collider physics for top partners. Many

of the ideas presented here can be incorporated in a variety of UV completions,

though I will often make specific choices for concreteness. The structure of the

2



top sector is essential in determining not only the overall scale for the Higgs mass,

but also the detailed relation between the Higgs mass and its vacuum expectation

value (vev). As described in later chapters, in concrete scenarios there is often a

substantial tension between resolving the little hierarchy problem and reproducing

the measured value of the Higgs mass, mh = 125 GeV. This is the second major

focus of this thesis.

It is worth noting that there exist a few alternative paradigms for resolving the

hierarchy problem which don’t rely on protecting the Higgs mass parameter from

quantum corrections. These are anthropic selection on a landscape of physical

universes, cosmological relaxation [4], or cosmological selection from a landscape

in theory-space. These ideas may be used to understand either the large or the

little hierarchy problem, and do not necessarily predict new states accesible to

the LHC. Nonetheless, dynamical solutions at the weak scale remain the most

attractive possibility, and may at some level be related to the many additional

pieces of evidence for new physics beyond the SM and some of the unresolved

questions related to it. This includes, in roughly a descending level of interest

to the author: the observation of astrophysical dark energy and dark matter,

gauge coupling unification, the origin of the baryon asymmetry in the universe,

the structure of the neutrino sector, the nature of the electroweak phase transition,

and the origin of the peculiar structure of masses and mixings for the fermions of

the SM.
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Figure 1.1: Quadratically divergent loop contributions to the Higgs mass.

1.1 The hierarchy problem of the Standard Model

The renormalizable potential for an SU(2)L scalar doublet is given by

V (H) = m2 |H|2 + λ |H|4 . (1.1)

For m2 < 0, the minimum of the potential is at |H| 6= 0. The doublet can be

expanded as

H = eiπ
aσa/2

 0

(v + h)/
√

2,

 (1.2)

The would-be Goldstone modes πa are ‘eaten’ by the W and Z bosons and are

realized as the longitudinal modes of these massive spin-1 particles, and the vev

v = 246 GeV sets their mass. This is the Higgs mechanism. The radial mode h is

the Higgs boson, whose mass is measured to be 125 GeV. These values are related

to the Lagrangian parameters by

v2 =
|m2|
λ

, m2
h = 2λv2. (1.3)

In the Standard Model couplings of the Higgs to fermions and gauge bosons,

as well as its self-couplings, give rise to quadratically divergent loop contributions

to the mass parameter m2, illustrated in Fig. 1.1. The largest of these comes from

loops of the top quark. Without additional states to cancel these divergences, the

typical scale for the Higgs mass parameter would be MPl and a substantial fine

tuning would be required to lower it to O(100 GeV). The sizes of these loops and

4



the necessary mass scale for new states associated with them in order to evade a

worse than ∼ 10% fine tuning are indicated in Eq. (1.4). We require new physics

in the top sector by 2 TeV, in the gauge sector by 5 TeV, and in the Higgs sector

by 10 TeV.

Gauge:

δm2 = 9
64π2 g

2Λ2

Λ . 5 TeV

Top:

δm2 = − 3
8π2y

2
tΛ

2

Λ . 2 TeV

Higgs:

δm2 = 1
16π2λ

2Λ2

Λ . 10 TeV

(1.4)

1.2 Supersymmetry

The supersymmetric solution to the hierarchy problem involves an extension of

the Poincare symmetry of space-time to include fermionic generators. These gen-

erators, when acting on physical states, change the spin by 1/2 and switches the

statistics between fermionic and bosonic. As a consequence this symmetry relates

particles of different spin. Minimal N = 1 supersymmetry (SUSY), which involves

a single pair of fermionic generators, allows for fields to be embedded in either

chiral multiplets (which contain spin-0 and spin-1/2 states), or vector multiplets

(which contain spin-1/2 and spin-1 states). The Higgs must therefore be embedded

in a chiral multiplet, and is related to fermionic Higgsinos by a SUSY transforma-

tion. Fermion masses are protected from large loop corrections by chiral symmetry,

and this property is inherited by their scalar superpartners in the supersymmetric

limit. So long as SUSY breaking is soft, then the Higgs mass will only be quadrati-

cally sensitive to the largest soft SUSY breaking masses in the theory, which might

be O(TeV), thus resolving the large hierarchy problem and predicting new states

accessible to the LHC. I will not review the basics of supersymmetric theories in

this thesis, as they are well covered in other documents such as [5].

5



yth yt h

t

(a) δm2 = − 3
8π2 y

2
tΛ

2 + ...

y2
t

h h

t̃

(b) δm2 = 3
8π2 y

2
tΛ

2 + ...

Figure 1.2: Supersymmetric cancellation of quadratic divergences between top and
stop loops.

From the point of view of infrared (IR) physics the critical ingredient is the

superpartner to the top quark, the stop, whose quadratically divergent loops cancel

those coming from the top quark as in Fig. 1.2. Taken together, these diagrams

leave a residual quadratic sensitivity to the stop mass,

δm2 = −(3/8π2)y2
tm

2
t̃ log(Λ2/m2

t̃ ). (1.5)

. This requires mt̃ . 1 TeV in order to avoid a significant tuning in the Higgs

potential, which is already in some tension with LHC limits in generic scenarios.

For instance, run 1 searches for pair produced stops decaying via t̃ → tχ (with χ

invisible) exclude stops up to ∼ 800 GeV unless mχ > 300 GeV or there is some

O(50%) degeneracy between the stop and neutralino masses [3, 6].

1.3 The Higgs as a pseudo Nambu Goldstone boson

An alternative mechansim for protecting the Higgs mass from large quantum cor-

rections is if it is not an elementary boson, but is in fact a composite state formed

from a pair of elementary fermions held together by confining gauge interaction

with a confinement scale not far above the electroweak scale. Since there is no

evidence of strong dynamics associated with the electroweak symmetry breaking

6



yth yt h

t

(a) δm2 = − 3
8π2 y

2
tΛ

2 + ...

− y2
t

mT

h h

mT

×
T

(b) δm2 = 3
8π2 y

2
tΛ

2 + ...

Figure 1.3: Cancellation of quadratic divergences between top and fermionic top
partner loops.

sector at the ∼ 100 GeV scale, the Higgs must be light compared to the other

resonances of the strong sector. This can be assured if, like the pion of QCD, the

Higgs is a pseudo Nambu Goldstone boson (pNGB) of some approximate global

symmetry acting on the elementary fermions. It is amusing to note that in both

the weakly coupled SUSY explanation, and the strongly coupled composite ex-

planation, the Higgs is protected by connecting it to chiral symmetries acting on

fermionic states related to the Higgs.

The idea of the Higgs as a pNGB is more broadly applicable however, and

might be realized for instance in supersymmetric theories that are weakly coupled

at scales that will be accessible to colliders in the forseeable future. The essential

ingredient is simply that the Higgs is protected by a global symmetry under which

it transforms non-linearly. Since the couplings of the Higgs to the top quark do

not preserve any such symmetry, the top quark must be part of a larger multiplet

with at least one top partner which cuts off quadratically divergent contributions

to the Higgs mass at a scale mT , as illustrated in Fig. 1.3. The manner in which

such a structure could be realized will be explored in Chapters 5 and 6.
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1.4 Thesis map

The structure of this thesis is as follows. The first half of the thesis, Chapters 2 and

3 focus on supersymmetry and spin-0 top partners. Chapter 2 explores the possi-

bility that a recent 3σ excess in an ATLAS SUSY search at run 1 of the LHC could

be caused by direct stop production followed by a cascade decay into lighter stops

and Z bosons. In this case, the stop masses are in the 300—500 GeV range. In

the MSSM, this would have the consequence that the predicted mass for the Higgs

boson is too light, since raising it to 125 GeV requires large loop contributions from

stops in the multi-TeV range. Therefore, Chapter 3 explores the possibility that

new gauge contributions might raise the tree level Higgs mass, allowing for light

stops. In particular, we investigate the possibility that an anomaly in a search for

resonances decaying into WZ can be understood in terms of a new W ′ with a mass

of 2 TeV associated with a new gauge symmetry which can provide important con-

tributions to the Higgs mass. In Chapter 4, we finish the tour of supersymmetric

top partners by briefly considering the more exotic possibility that is at lease one

spin-1 top partner. Because such a theory must relate particles of different spin

by a symmetry, it must be a supersymmetric theory. In the model we explore,

the left handed top quark is in fact a gaugino associated with an extended gauge

symmetry.

The second half of the thesis focusses on the Higgs as a pNGB with spin-1/2

top partners. In generic models, the discovery channel for fermionic top partners is

in the decays T → th, T → tZ, T → bW . However it is possible that a symmetry

analagous to the R-parity of the MSSM forbids these decays. In Chapter 5 we

explore the possibility that because of such a symmetry, the top partner decays

into additional Goldstones associated with a larger global symmetry, T → ω0t,

8



T → ω±b. Depending on the decays available to the new Goldstones, these scene-

rios can mimic aspects of the collider phenomenology of R-parity violating or R-

parity conserving SUSY and we explore the limits that dedicated searches of this

kinds impose on the spin-1/2 top partners. The spurions necessary to implement

the parity in the Yukawa couplings allow for enhanced radiative contributions to

the Higgs mass, a theme we explore in more detail in Chapter 6. We construct

simplified models of this kind, and show that a 125 GeV Higgs is natural in these

scenarios.

Chapter 2 is based on the paper [7], which was written in collaboration with

Jeff Dror and Marco Farina. Chapter 3 is based on [8] which was written in

collaboration with Wee Hao Ng. Chapter 4 is based on [9] in collaboration wtih

Bithika Jain, Maxim Perelstein, and Nicolas Rey-Le Lorier. Chapter 5 is based

on [10] in collaboration with Archana Anandakrishnan, Marco Farina, Eric Kuflik

and Maxim Perelstein. Chapter 6 is a a work in progress with Csaba Csáki.
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CHAPTER 2

MIXED STOPS AND THE ATLAS ON-Z EXCESS

Supersymmetry (SUSY) is a leading candidate for resolving the large hierarchy

problem of the Standard Model. In the Minimal Supersymmetric Standard Model

(MSSM) and simple extensions, a necessary feature for a complete resolution of

the hierarchy problem is the presence of two light (sub-TeV) colored stops and

one light left handed sbottom (to accompany the left handed stop). A common

assumption in these models is an exact R-Parity, and the presence of a neutral,

stable lightest Supersymmetric particle (LSP). In this case, if the third generation

squarks are accompanied by a neutralino LSP, χ0, then typical decays of these

particles include t̃1,2 → t(∗)χ̃0 (where the superscript on t indicates the possibility

that it is off-shell), t̃2 → t̃1Z and b̃1 → bχ̃0. The signatures of this scenario are

therefore jets, missing transverse momentum (Emiss
T ), leptons and b-tagged jets.

Dedicated searches for 3rd generation squarks have found no deviations from

SM predictions, placing stringent constraints on its parameter space. On the other

hand there remain significant windows allowing the mass of the lightest stop mt̃1 to

be as light as 200 GeV, provided that there is a compressed spectrum which softens

the pT distributions of the final state particles. Intriguingly, a recent ATLAS search

found a 3σ excess in final states containing a leptonically decaying Z boson, jets,

and large Emiss
T [11]. They found 29 events in a combined signal region with

expected SM background of 10.6 ± 3.2 events. We wish to explore the possibility

that this excess is a first signal for direct production of t2 followed by the decay

t2 → t1Z
1.

Various attempts have been made to explain this excess in terms of SUSY

1See [12] for other recent work on this signature
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models2 [14–22]. In all of these studies, pair produced colored particles (squarks or

gluinos) decay into quarks and an uncolored particle, which then decays into a Z

boson and an LSP. The principal challenge faced by these models is in explaining

the ATLAS excess while simultaneously evading the many bounds imposed by

other searches by ATLAS and CMS for multileptons or jets and Emiss
T , as well

as a similar CMS search for the same final state [23] which saw no excess over

Standard Model (SM) backgrounds. This latter search imposed different cuts from

the ATLAS search and so does not necessarily rule out new physics explanations

for the ATLAS excess, yet it still imposes stringent constraints (see, e.g. [16]).

The phenomenology of the signal proposed in this paper differs from that of the

aforementioned possibilities in several key respects. Firstly, the topology differs

in that the Z boson is emitted at the first stage in the decay, rather than at the

end with the LSP. This opens up the possibility that the CMS search is subject to

significant background contamination, as we discuss at the end of Sec. 2.3. More

significantly, our scenario requires the presence of three new light colored particles

in the spectrum which can all be directly produced, only the heaviest of which

gives rise to the desired signature. These colored particles are much lighter than in

previous explanations. Evading dedicated searches for these particles places very

particular constraints on the mass splittings and decays of the squarks. As we

shall discuss in Sec. 2.1, this requires a compressed splitting between t̃1 and χ̃0,

and possibly also between t̃1 and t̃2. This in turn motivates the consideration of

flavor violating decays of t̃1 into uχ̃0 or cχ̃0, resulting from mixing between the

right handed squarks. Such mixings have been discussed in recent years motivated

by the question of natural SUSY and light stops [24–26], but without the Z decay

necessary to explain this excess.

2See [13] for a discussion of this excess in the framework of Composite Higgs models.
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Figure 2.1: Flavor conserving (left) and flavor violating (right) decays contributing
to the on-Z excess. In the flavor violating case, q can be either an up or a charm
quark.

In Sec. 2.1 we provide a systematic discussion of the possibilities that this

minimal stop scenario affords for explaining the excess, identifying three distinct

scenarios characterized by the mass splittings involved and the assumed decay

mode for the light stop. We proceed in Sec. 2.2 to describe the main experimental

searches placing limits on these scenarios, and perform scans of their parameter

spaces to find regions in which the excess can be explained while evading those

limits in Sec. 2.3. We also note the possibility that the signal topologies that we

have identified could cause significant background contamination in the CMS on-Z

search.

2.1 Model Overview

In this paper we assume a minimal model including two light stops, t̃1 and t̃2,

and a left-handed sbottom b̃1. We also require one neutralino LSP, χ̃0. As will

be discussed below, the identity of this neutralino is not relevant to collider phe-

nomenology for two of the scenarios that we consider, while for the third case it

will be assumed to be mostly Bino3. All other SUSY states are assumed to be

3We do not want to address any cosmological issue in this work but let us notice that a stable
Bino is overproduced in the early universe according to the usual thermal freeze-out calculation.
On the other hand, a small t̃1–χ̃0 mass splitting of O(30 GeV allows for the possibility that the
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heavier than these particles and decoupled. In the MSSM, the stop and sbottom

mass matrices in the gauge-eigenbasis are given by [5]:

m2
t̃

=

m2
Q3

+m2
t + ∆ũL v (a∗t sβ − µytcβ)

v (atsβ − µ∗ytcβ) m2
u3

+m2
t + ∆ũR

 , (2.1)

m2
b̃

=

 m2
Q3

+ ∆d̃L
v (a∗bcβ − µybsβ)

v (abcβ − µ∗ybsβ) m2
d3

+ ∆d̃R

 , (2.2)

where mQ3 , mu3 , md3 , at , µ are soft SUSY breaking parameters, cβ and sβ denote

the cosine and sine of β, and ∆q̃ = (T3q̃ − Qq̃ sin2 θW )c2βm
2
Z with T3q̃ and Qq̃

denoting the third component of weak isospin and electric charge respectively.

The Higgs vev v is ≈ 174GeV. We assume the right handed sbottom is decoupled,

with m2
d̃3
� m2

Q3
. We replace the MSSM parameters in these mass matrices with

physical parameters: the stop mass eigenstates mt̃1 , mt̃2 , and the mixing angle

0 < θt̃ < π/2 which rotates the gauge-eigenstate basis into the mass basist̃1
t̃2

 =

cθt̃ −s∗θt̃
sθt̃ cθt̃


t̃L
t̃R

 . (2.3)

The sbottom mass is then given by

m2
b̃1

= m2
t̃1
c2
θt̃

+m2
t̃2
s2
θt̃
−m2

t −∆ũL + ∆d̃L
. (2.4)

We assume the decoupling limit for the Higgs sector, so that the Higgs mix-

ing angle α = β − π/2. The phenomenology of this simplified model varies only

slightly with tan β and we therefore choose to fix tan β = 20. The remaining free

parameters in the model are mt̃1 , mt̃2 , mχ̃0 , and cθt̃ . Even with such a modest

amount of new particles, this model admits a rich phenomenology with many pos-

sible final states, depending mainly on the assumed mass splittings and mixings

correct relic density results from stop-neutralino coannihilation [27, 28]. Alternative solutions
simple solution are to assume a low reheating temperature or that that the Bino is actually the
NLSP (for instance with a gravitino LSP) but still stable on detector lengths.
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involved. We seek scenarios with a large branching ratio (BR) for t̃2 → t̃1Z, and

which are poorly constrained by dedicated searches for t̃1 and b̃1. In the follow-

ing subsections, we systematically discuss the various possibilities and present a

categorization of interesting scenarios based on the assumptions made about the

decays of t̃1 and the mass splitting between t̃1 and t̃2.

2.1.1 t̃1 decays

The strongest constraints on the t̃1 apply if it decays directly to a neutralino and

on-shell top, leading to final states with large Emiss
T , hard b-jets, and leptons. We

therefore take the splitting mt̃1 −mχ̃0 < mt, such that the only flavor-conserving

decays that are kinematically available to the light stop are into the three- or four-

body final states Wbχ̃0 or ff ′bχ̃0 (where ff ′ are pairs of fermions that may be

produced in the decay of an off-shell W ). This allows t̃1 to be as light as 300 GeV

for generic values of this splitting, and as low as 200 GeV in some narrow windows

of parameter space (see [3] for a detailed discussion).

Due to the substantial kinematic suppression of the partial width into these

states, it is possible that flavor violating decays might dominate even with small

couplings. This motivates our consideration of flavor violating decays. One well

explored possibility arises even with Minimal Flavor Violation (MFV) [29], in

which case it is possible that loop-induced decays into charm and neutralino can

dominate over four-body decays [30]. In recent years an alternative scenario has

been explored, that non-MFV mixings between right handed up-type squarks can

substantially alter stop phenomenology. Briefly, the essential point for our analysis

is that the strongest constraints on the size of squark flavor mixings from low

energy observables apply to the down sector, and on mixings between up and
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charm squarks. The constraints on the down sector also impose constraints on the

left-handed up type squarks. Crucially, there are no direct constraints on t̃R− c̃R or

t̃R− ũR mixings individually, but only on their product (coming from the D0− D̄0

system). We refer readers to the papers [24–26] for a more detailed discussion. As

a consequence, there may be size-able mixing between t̃R and c̃R or t̃R and ũR, but

not both.

The degree of flavor mixing can be parameterized by the quantity ε ≡

(m2
ũ)i3/(m

2
ũ)ii, where m2

ũ is the up-type squark mass matrix in the Super-CKM

basis and i is 1 or 2. We do not require O(1) mixings in order to change the

decay patterns of the lightest stop, so long as it has an O(1) admixture of t̃R. In

particular, in the four-body region4, ε & 10−3 is sufficient for the decay t̃1 → qχ̃0

to occur at least 90% of the time, while ε & 10−2 is sufficient for much of the

three-body region. These flavor-mixing angles are sufficiently small not to play a

noticeable role in the phenomenology of the t̃2, and are relevant for t̃1 only because

its flavor-conserving decays are heavily suppressed. It can also be assumed that

(m2
ũ)ii � (m2

ũ)33, such that despite introducing a small admixture of first or second

generation squark flavor into the two dominantly stop mass eigenstates, the other

mass eigenstates are beyond reach of the first run of the LHC.

We therefore consider separately scenarios where t̃1 undergoes a flavor-

conserving decay (denoted FC ), or a flavor violating one (F/ ). In either case

we will assume a 100% BR for the light stop for simplicity, though as pointed

out in [31] the limits on light stops can be substantially reduced for mixed F/ and

FC decays. The flavor violating decay may be into uχ̃0 or cχ̃0, but not both. The

4Even when talking about flavor violating two-body decays, we find it convenient to label
the regions of parameter space in the t̃1, χ̃

0 plane by the possible flavor conserving decays. The
‘three-body region’ is defined by mW + mb < mt̃1

−mχ̃0 < mt, while the ‘four-body region’ is
defined by mb < mt̃1

−mχ̃0 < mW +mb.
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only difference this makes regarding collider phenomenology is that the constraints

on final states containing charm quarks are often stronger than on up quarks, due

to significant progress made on charm flavor tagging by the experimental collabo-

rations. This will be discussed in more detail in Sec. 2.2. It should be noted that

the precise measurement of the neutron Electric Dipole Moment (EDM) places

constraints on t̃R − ũR mixing in the presence of large stop L-R mixing as exists

in our model. This comes from loop contributions to the up quark EDM involv-

ing gluinos, and depends sensitively on details about the particles which we have

assumed to be decoupled in our scenario. Nonetheless, it is demonstrated in [32]

that ε . 10−2 can be consistent with the EDM constraints without making unnat-

ural assumptions about the masses of the other particles, or about cancellations

between different contributions.

2.1.2 t̃2 decays

The second important distinction to be made between different classes of scenarios

relates to the mass splitting between t̃2 and t̃1, and the role that this plays in

determining the branching ratios of the three squarks. For sufficiently large mass

splittings, the possible two-body decays of the heavy stop are t̃2 → t̃1Z, t̃2 → t̃1h,

t̃2 → b̃1W
+ and t̃2 → tχ̃0. The BRs into these states are most sensitive to the

mixing angle cθt̃ , and for splitting 150 GeV . mt̃2−mt̃1 . 300 GeV the BR into Zt̃1

is maximized at a value between 0.6 . BR(t̃2 → t̃1Z) . 0.8 for 0.5 . cθt̃ . 0.55,

as illustrated in Fig. 2.2. Since we are interested in maximizing the t̃2 → t̃1Z BR

we can use this to fix the mixing angle. This class of scenario, which we label

‘split’, has a three-dimensional parameter space in mt̃1 , mt̃2 and mχ̃0 . Note that

for small cos θt, t̃1 and b̃1 are almost degenerate and hence the decay t̃1 → b̃1W is
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Figure 2.2: Heavy stop branching ratios in the split scenario, for mt̃2 = 450 GeV,
mt̃1 = 250 GeV, mχ̃0 = 210 GeV, tan β = 20.

not kinematically available.

An interesting alternative is that the t̃2 − t̃1 mass splitting is sufficiently small

that the only two-body decay kinematically allowed for t̃2 is t̃2 → t̃1Z. For mt̃1 −

mt̃2 < mh, the decay t̃2 → t̃1h is forbidden. For a wide range of cθt̃ , the decay t̃2 →

b̃1W
+ is not kinematically available. Finally, if mt̃1 + mZ < mt̃2 < mt + mχ̃0 , the

only two-body decay that is kinematically available is the Z decay. Combining the

bounds gives the requirement that mt̃1−mχ̃0 < mt−mZ ≈ 85 GeV. Coincidentally,

this turns out to overlap almost exclusively with the four-body region, which is

defined by mt̃1 − mχ̃0 < mW + mb ≈ 85 GeV. This condition defines what we

call the ‘compressed’ scenarios, in which the only two-body decay available to the

heavy stop is into t̃1Z. The t̃2 BRs are therefore insensitive to cθt̃ in this regime.

This parameter does control the mass, and therefore also the decays of b̃1. A

heavy b̃1 can decay into t̃1W
−, but if this is not available it will have ∼ 100% BR

into bχ̃0. For generic mass splittings this decay is highly constrained by dedicated

searches, but having chosen small splittings for t̃1−χ̃0 and t̃2−t̃1, this automatically

places also the sbottom decay into the compressed regime in which this channel

is particularly challenging for experimental searches. As we shall discuss in more
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Scenario t̃1 decay mt̃2 −mt̃1 BR(t̃2 → t̃1Z)
FC-C ff ′bχ̃0 100 GeV 1
F/ -C cχ̃0 / uχ̃0 100 GeV 1
F/ -S cχ̃0 / uχ̃0 (125 – 300) GeV 0.7± 0.1

Table 2.1: The three scenarios considered in this paper, labeled Flavor Conserv-
ing Compressed, Flavor Violating Compressed, and Flavor Violating Split. The
FC /F/ designation refers to the decays of t̃1, and the compressed/split designation
refers to the splitting between t̃2 and t̃1.

detail in Sec. 2.2, for a broad range of stop mixing angles the sbottom lies in a

funnel of parameter space not constrained by these searches.

2.1.3 Three Scenarios

Four combinations of FC versus F/ and split versus compressed are possible. Flavor

conserving split (FC -S) is the most highly constrained by dedicated searches, and

we have been unable to find a region of its parameter space which permits an

explanation of the Z excess without being excluded by other searches. We therefore

do not discuss this possibility in detail in this paper. Three combinations remain,

which are summarized in Table 2.1. For the compressed scenarios, we choose

mt̃2 − mt̃1 = 100 GeV and explore the mt̃1 − mχ̃0 plane. We set the branching

ratios BR(t̃2 → t̃1χ̃
0) = 1 and BR(b̃1 → bχ̃0) = 1. In principle, t̃2 also has

competing three-body decays to b̃1, but these are sensitive to mb̃1
and would have

a BR no more than O(5%). We neglect this effect for simplicity. For the split

scenario, we explore t̃2 − t̃1 mass splittings between 125 and 300 GeV, choosing

cθt̃ = 0.5 which is close to the optimal value for maximizing BR(t̃2 → t̃1Z) over

most of the parameter space. This angle then also sets the BRs for the b̃1. We

also compute the t̃2 → tχ̃0 and b̃1 → bχ̃0 BRs assuming a Bino LSP.
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2.2 Relevant searches

ATLAS and CMS have a wealth of searches looking for large MET with all types

of additional particles in the final state, each potentially providing a limit on stop

and sbottom production. Since in general t̃1, t̃2, and b̃1 will contribute to each

bound, the constraints needs to be recast with care. Our goal is to examine all

the parameter space with the simplified topology discussed in Sec. 2.1. For the

compressed cases this involves a scan in the mχ̃0−mt̃1 plane while for the split case

it involves a scan in both mχ̃0 −mt̃ and mt̃1 −mt̃2 . We will be exploring scenarios

with compressed mass splittings, especially between t̃1 and χ̃0. This is a region

that is very challenging experimentally. The most robust and model-independent

limits in the most compressed regime come from searches for hard monojets com-

ing from Initial State Radiation (ISR), which do not depend sensitively on the

details of the t̃1 decay. Searches for jets and Emiss
T are highly constraining, but are

challenging to interpret in the compressed regime where there are large systematic

uncertainties. Searches involving b-tagged jets place important limits on some of

our decay channels. Finally, there are dedicated searches for events containing

Z bosons which could be sensitive to our model. We discuss the details of these

searches in the following subsections, beginning with the ATLAS on-Z search with

a 3σ excess.

2.2.1 ATLAS on-Z

The ATLAS on-Z search looked for final states with two leptons with invariant

mass around the Z-pole, Emiss
T > 225 GeV, and HT ≡ p`1T + p`2T +

∑
i∈jets p

i
T >

600 GeV. The HT and Emiss
T cuts pick out events with large kinetic energies.
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ATLAS found 16 events (4.2± 1.6 expected) in the electron channel and 13 events

(6.4 ± 2.2 expected) in the muon channel for a total of 29 events (10.6 ± 3.2

expected). Running pseudo-experiments they concluded that this corresponds to

a 3.0σ deviations from the SM.

To estimate the number of events needed to explain the signal we use a log-

likelihood method and profile over the background uncertainties using a Gaussian

approximation. Using asyptotic formulae [33] to establish two-sided convidence

limits (CL), we find that a minimum of 7.1 (12.4) signal events are required to be

consistent with the excess at the 95% (68%) CL.

2.2.2 CMS on-Z

CMS performed a search analogous to that done by ATLAS, looking for events

with opposite-sign same-flavor leptons and Emiss
T [23] which provides an important

constraint on our model. CMS split their on-Z signal regions into six bins, de-

pending on jet multiplicity and Emiss
T . Three bins measure events with njets ≥ 2,

and three use njets ≥ 3. Our signal model does not produce a significant number

of 2-jet events, and we therefore place constraints on our scenarios using the 3-jet

inclusive bins which have higher expected sensitivity. The three bins in this cat-

egory are split into the following Emiss
T windows: 100 GeV < Emiss

T < 200 GeV,

200 GeV < Emiss
T < 300 GeV, Emiss

T > 300 GeV. We use the most constraining of

these bins to constrain our scenarios at each point in parameter space, using the

95% CLs limit to set bounds [34]. In our scans (described in Sec. 2.3) We found

that the mid Emiss
T bin usually provides the dominant limit, but the high Emiss

T bin

is sometimes competitive. The low Emiss
T bin is never competitive with the other
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two in our simulations.5

2.2.3 t̃2 → t̃1Z

Searches for the signal t̃2 → t̃1Z at 8 TeV have been performed both by ATLAS [35]

and CMS [36]. The searches have competitive bounds, with ATLAS having a

slightly better exclusion. For simplicity we only use the ATLAS search to place

bounds on the FC-C scenario. The main cuts in this search are on the invariant

mass of the leptons (which are required to be around the Z pole), the number

of jets, number of leptons, and the pT of the reconstructed Z. We find that the

reach of the search is limited in the compressed regime, both due to the small t̃2–t̃1

splitting and the small t̃1–χ̃0 splitting. Firstly, the search regions requiring two

leptons require a boosted Z candidate which is suppressed in the FC-C scenario by

the small t̃2–t̃1 splitting. Secondly, we find that the soft leptons and b-jets coming

from the decay of t̃1 in the 4-body regime reduce the acceptance in the 3-lepton bins

and the b-tagging efficiency. Having recasted this search for the FC-C scenario, we

find that it does not place competitive limits and we therefore omit it from our

scans. We note that the CMS search is optimised for mass spitting mt̃1−mχ̃0 ' mt

and has potential sensitivity to our FC-C scenario only in its 3-lepton bins, and

will therefore also have degraded sensitivity in the 4-body region.

5A possible concern is that the combined limit from different bins could be more severely con-
straining. We find that usually only one bin is constraining and we do not expect a combination
to notably alter the limits.
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2.2.4 Jets+MET+0/1 lepton

The MSSM-inspired jets+MET searches6 provide an important constraint on our

scenarios as t̃1, t̃2, and b̃1 can all contribute to this signal. ATLAS [37] and CMS [38]

have both performed searches for this signature at 8 TeV and interpreted them in

terms of a variety of SUSY models, including direct production of squarks decaying

via q̃ → jχ̃0 (which is identical to t̃1 in the F/ scenarios). In this work we focus

on the 200 GeV . mt̃1 . 350 GeV region but CMS only presents limits for

mq̃ & 300 GeV. Thus to study the bounds from these searches we use the ATLAS

analysis. Jets + MET searches in these regions are particular challenging due

to the low pT of the outgoing particles. As a consequence their search does not

constrain single squark production decaying in this channel for mχ̃0 > 160 GeV.

Another key factor which limits the reach of this search in the compressed regime

is the systematic uncertainty on the (acceptance× efficiency) associated with the

high sensitivity to ISR. ATLAS provides uncertainties for each signal region in their

auxiliary material (available on the ATLAS public results website), and these range

from 10% to 50% in constraining bins.

In order to interpret the results of this search in terms of limits on our scenarios,

it is necessary to combine the contributions from t̃2, t̃1 and b̃1. Each of these

channels will come with its own set of uncertainties which vary from bin-to-bin.

Without a dedicated detector simulation it is not possible to robustly account

for these effects. Instead, we estimate reasonable sizes for these uncertainties

and study the effects of varying these assumptions. The ATLAS collaboration

also interpreted their results in terms of some multi-step decay chains, and find

6It was pointed out in [26] that searches using shape-based analyses might have better sensi-
tivity for t̃1 → jχ̃0 then jets+MET in the limit of small mt̃1

−mχ̃0 . The bounds were computed
using 7 TeV data and are not constraining compared to the 8 TeV jets+MET search. It would
be interesting to see how these would change with the full 8 TeV data set.
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uncertainties that range from 10% to 80% in similarly compressed regimes. Using

the ‘r’ method7 [39], we find good agreement with the ATLAS exclusion on t̃1 if

we assign a uniform systematic uncertainty of 30% on its signal strength across

all signal regions We then assign a nominal 30% uncertainty also on the t̃2 and

b̃1 contributions, consistent with the aforementioned uncertainties quoted by the

ATLAS collaboration for other compressed multi-step decay processes. In order

to asses the sensitivity of our results to this choice, we also vary the uncertainty

on the t̃2 and b̃1 channels to 20% and 40%. We used CheckMATE [39] to apply

this technique to all our scenarios however we found the bounds of this search to

be subdominant in all cases except the F/ -S case. This is because this is the only

scenario in which we venture close to the existing bounds on q̃ → jχ̃0, where a

combination with the other channels might then result in an exclusion.

In addition to jets+MET there are searches which require an additional isolated

lepton by both ATLAS [40] and CMS [41], which are potentially sensitive to the

FC-C scenario. However, the limits on the light stop are weaker than the other

limits which we consider for this search, and we find that the heavy stop production

does not contribute significantly to this signal. We therefore do not include this

limit in our scans.

2.2.5 Sbottom bounds

The sbottom mass is determined by the mixing angle as given in Eq. (2.4). The

phenomenology of the sbottom differs substantially between the compressed and

split scenarios. In the compressed scenario, the only two-body final state available

7In the r-method, a signal is excluded if r ≡ (S − 1.96∆S)/Sobs
95 > 1, where ∆S is the

systematic uncertainty on the signal strength and Sobs
95 is the limit on the signal strength at the

95% confidence limit.
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for it to decay into is bχ̃0. Furthermore, the mixing angle is a free parameter since

the branching ratio of t̃2 → t̃1Z is fixed to 1 by the kinematics. On the other hand,

in the split scenario this mixing angle is fixed at cθt̃ = 0.5 and the sbottom decays

almost exclusively into t̃1W in most of the parameter space.

The b̃1 → bχ̃0 decay of the compressed scenarios is constrained by dedicated

CMS and ATLAS searches [42, 43], and we focus on the ATLAS analysis because

it places stronger limits in the compressed regime. This search places strong limits

on this channel, but allows for a sbottom with mass mb̃1
' 250 GeV if it has a

small mass splitting with the neutralino. We also require that the sbottom is heavy

enough to forbid the decay t̃2 → b̃1W , i.e., mt̃2 < mb̃1
+mW or in terms of t̃2 − t̃1

mass splitting, mb̃1
> mt̃1 + ∆mt̃ −mW . Combining the bounds gives

mt̃1 < mlim

b̃
(mχ̃0)−∆mt̃ +mW (2.5)

where mlim
b̃

(mχ̃0) is the maximum allowed value of the sbottom mass for each mχ̃0 ,

coming from the ATLAS limit. This provides an additional constraint on the

possible values in the mχ̃0 ,mt̃1 plane. The additional t̃1, t̃2 production channels

are not expected to contribute significantly to this search.

In the split scenario, F/ -S , the sbottom decays predominantly in b̃1 → t̃1W →

jχ̃0W . While there are no direct searches for this signal, there are searches for

q̃ → χ±W → jχ̃0W . We have checked the constraints due to this signal and found

that we are well within experimental bounds for all regions of parameter space.
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2.2.6 High pT + 0, 1, 2 lepton

In this work we are primarily interested in regions of parameter space with small

t̃1 − χ̃0 splitting where many jets may not pass the pT cuts. In this case we

have additional constraints from monojet searches. This search has been done

by ATLAS for both t̃1 → jχ̃0 and t̃1 → bffW stop decay modes in a search by

ATLAS [44]. For the split case t̃1 is the only production channel which can replicate

this signal, but in the compressed cases the b̃1 → bχ̃0 could provide additional

monojet events. To this end we recast the search including just t̃1 production and

both t̃1 and b̃1 but we found comparable exclusions. For this reason we simply

include the constraints computed by ATLAS directly in our analysis.

CMS has performed a search for events with a high momentum ISR jet with

the additional requirement of one or two soft leptons [45]. The preliminary results

of this search provide the strongest existing constraints on the 4-body region of

flavor-conserving t̃1 decays, sensitive to stop masses up to 320 GeV. The strongest

bounds are derived from the 2-lepton signal region, and we therefore expect this

limit to be highly sensitive to the t̃1 BR.

2.2.7 Charm-tagging

A final constraint on our signals are charm-tagging searches. ATLAS has two

searches that employ charm-tagging looking for both t̃1 → cχ̃0 [44] as well as

c̃ → cχ̃0 [46]. The t̃1 → cχ̃0 search assumes the stop is in the four-body regime

and hence is optimized for our signal. For this reason it has better sensitivity in

our region of interest. For this reason we omit it from our plots.
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The c-tagging searches put constraints on F/ models which involve charm. For

the F/ -S split scenatrio we find that these constraints rule out the region preferred

by the ATLAS on-Z excess at the 95% CL. For this reason in this scenario we

assume t̃1 decays to uχ̃0. For the F/ -C scenario the constraints are milder since we

are exploring relatively large mt̃1 values. Recasting the t̃1 → cχ̃0 search we find

that the limits on this scenario comparable to those directly on t̃1 alone, and thus

we use the limits on this channel that are provided in [44].

2.3 Scan

For the scan we use Madgraph 5 v2.2.3 [47], Pythia 6.4 [48], and PGS [49], includ-

ing 1-jet matching. For jet clustering we use anti-kT algorithm with ∆R = 0.4.

To roughly account for next-to-leading order (NLO) effects we rescale our cross

sections to their NLO values calculated by the SUSY Cross Sections group [50].

For jets+MET and double-checking monojet constraints we use CheckMATE [39],

which makes use of DELPHES 3 [51], FastJet [52], and the anti-kT clustering

algorithm [53]. For the compressed scenarios, FC-C and F/ -C , there is one less

free parameter (since the range of mt̃2 has a relatively small range of viable op-

tions). We can perform a two dimensional scan over mt̃1 −mχ̃0 . F/ -S requires a 3

dimensional scan but for simplicity we scan over two slices in the parameter space.

The scan showing the signal as well as limits from the different searches is shown

in Fig. 2.3, with the regions preferred by the ATLAS on-Z excess indicated by green

shading and the contours labelling the 90% and 68% two-sided confidence intervals.

The constraining 95% confidence intervals discussed in Sec. 2.2 are shown by solid

lines. The dashed line in the F/ -C scan indicates the limit on the decay t̃1 → cχ̃0,
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Figure 2.3: Scans of the three scenarios. The regions favoured by the ATLAS
on-Z excess are shaded green, with contours indicating 95% and 68% confidence
intervals. Additional solid lines indicate the 95% limits described in the text.
The dashed lines indicate limits under specific model assumptions that do not
necessarily apply, as described in the text. The band on the jets+MET limit
illustrates the considerable uncertainty on the strength of this limit. Black stars
indicate the benchmark points chosen from each scenario, and they also indicate
the region of parameter space that is not excluded by the other searches.
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Benchmark mt̃2 [GeV] mt̃1 [GeV] mχ̃0 [GeV] p-value
FC-C 380 280 260 0.095
F/ -C 370 275 255 0.17
F/ -S 450 250 210 0.055

Table 2.2: Benchmark points chosen from the three scenarios. All other parameters
are as described in Sec. 2.1. The two-tailed p-values are calculated as described in
Sec. 2.2.1, and a p-value of 1 would represent perfect agreement with the measured
total event rate.

though the alternate decay t̃1 → uχ̃0 is also possible and not constrained by this

line. The CMS on-Z limit in the F/ -S scenarios is dashed as it has been calculated

assuming no background contamination. As we shall discuss below, considerable

background contamination is expected which severely limits the sensitivity of the

CMS search to this scenario. The jets+MET limit in the F/ -S scenario is plotted

with a band indicating the large uncertainties associated with this search in the

compressed regime, as discussed in Sec. 2.1. The central line assumes a systematic

uncertainty on the signal from all channels and in all bins of 30%. The band is

obtained by varying the uncertainty on the t̃1 and b̃1 production channels to 20%

and 40%.

These plots indicate that all three scenarios can be consistent with the ATLAS

on-Z excess at the 90% level and the two compressed scenarios at the 1σ level,

allowing for as many as 14 signal events. From each scenario we have chosen a

benchmark point indicated by a black star in Fig. 2.3, and detailed in Table 2.2.

2.3.1 Kinematic distributions

To further check the consistency with the data we compare our m``, E
miss
T , HT ,

and njets distributions with those measured by the ATLAS on-Z search (these
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Figure 2.4: The kinematic distributions compared to those of ATLAS in the on-Z
search. The simulation predictions are summed with the ATLAS-calculated SM
background to produce the model predictions.

correspond to Fig.6 and 7 in [11]). To compare the quality of our signal we re-

produce these plots in Fig. 2.4 using the results by ATLAS to retrieve the SM

background. We see good agreement across all kinematic variables. In partic-

ular, unlike for other viable models which tend to peak at high number of jets

(large numbers of jets is often accompanied by large HT ), we can roughly repro-

duce the jet multiplicity plot distributions. If the excess persists this could be

a powerful variable to discriminate between candidate interpretations. We also

note that this signal peaks at values for HT and Emiss
T far below the the thresh-

olds for the kinematic cuts of the ATLAS search, as opposed to models based

on the cascade decays of much heavier particles that have been previously con-

sidered. Nonetheless, we still evade the bounds from the CMS search which has

weaker Emiss
T cuts, due to the sharp increase in the background. For instance, the

CMS background estimates were 478± 43, 39.2± 6.6, and 5.3± 2.3 events in the
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100 GeV < Emiss
T < 200 GeV, 200 GeV < Emiss

T < 300 GeV, and Emiss
T > 300 GeV

bins with njets ≥ 3, while for the /F − C benchmark we predict 35, 11, and 5.4

events respectively. We see that the large event rates in the low Emiss
T are well

within the background uncertainties.

2.3.2 Background contamination

Another interesting feature of our signal is that it allows for the possibility of

significant background contamination in the CMS search for the same final state

described in Sec. 2.2.2. One of the most significant backgrounds in this search

comes from SM Drell Yan (DY) production of Z bosons. To estimate this back-

ground, the CMS collaboration used two independent data-driven methods and

took a weighted average. One of these methods is based on the variable ‘jet-Z

balance’ (JZB) [54, 55], which is important particulatly in the high Emiss
T search

regions which constrain our signal. The JZB of an event is defined by

JZB ≡
∣∣ ∑
i∈jets

~piT
∣∣− ∣∣~p(Z)

T

∣∣ =
∣∣ ~Emiss

T + ~pZT
∣∣− ∣∣~p(Z)

T

∣∣. (2.6)

SM processes like DY production typically result in JZB distributions that are

symmetric about JZB = 0 GeV (because a non-zero value arises from jet energy

resolution effects), while some BSM processes can have JZB distributions that are

strongly skewed towards positive values. This is expected when the Z is emitted

back-to-back with an invisible particle, e.g. in a decay chain ending in χ̃0
2 → χ̃0

1Z.

For this reason, the JZB method estimates the DY background by assuming all

events with JZB < 0 GeV are produced by DY, and extrapolating this to positive

JZB values under the assumption that DY production is JZB-symmetric.

It is clear therefore that signals with symmetric JZB distributions would con-
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scenario has the most positively skewed JZB distribution, while the F/ -S has almost
symmetrical JZB.

taminate this background estimate, reducing the sensitivity of the CMS search.

In Fig. 2.5 we plot the JZB distributions after applying the cuts for the CMS

njets ≥ 3, mid Emiss
T bin for our three benchmark points, as well as for a gluino

production model with the decay g̃ → qqχ0
2 → qqχ0

1Z (we have chosen the param-

eters mg̃ = 950 GeV,mχ0 = 50 GeV). We find that the JZB distribution is highly

sensitive to the t̃1–t̃2 mass splitting in this model. For small splitting, the Z tends

to be very soft resulting in positive JZB. For large splitting, the hard Z can result

in symmetric or even negatively skewed JZB distributions. The F/ -S benchmark

point has 41% of events with JZB < 0 GeV, comparing with only 8% in the gluino

model. This also highlights the potential for the JZB distribution to be used as a

discriminating variable between new physics explanations of this excess should it

persist in the next run of the LHC, due to its sensitivity to where the Z is emitted.
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2.4 Conclusion

Motivated by the recent 3σ excess reported by the ATLAS collaboration in a

Z + jets + Emiss
T channel we have studied if it can potentially be explained in

the context of a natural supersymmetric spectrum involving light stops. Strong

constraints on such scenarios have led us to a compressed spectrum featuring two

light and mixed stops and a light LSP. We identified three possible scenarios,

characterized by flavor conserving or flavor violating decays of the lightest stop,

and the splitting between the two stop masses. We have shown that in all three

scenarios it is possible to produce the excess within 2σ, while in F/ -C and FC-

C we can reproduce the excess within 1σ of the ATLAS measurement. While

the scenarios should be taken as examples, it is clear that possible interpolations

between them are capable of addressing the excess and would retain the same

general features. Such features are a light stop with 225 GeV . mt̃1 . 325 GeV,

almost degenerate with a Bino-like LSP and mixed with a second light stop with

mass 325 GeV . mt̃2 . 550 GeV.

The topology of the process differs from previous attempts to address the excess.

The most substantial difference is the production of the Z’s in the first step of

a decay chain, and not in the last step in association with an invisible particle

responsible for the Emiss
T . Interestingly, we have shown that it could lead to the

contamination of background estimation based on the JZB method. This method

is employed in a CMS search for a similar final state. We have estimated that as

much as half of the signal could fall in the background control region, which could

lead to over-exclusions. Additionally, we notice that the JZB variable could be

used to discriminate between different signal topologies if this excess turns out to

be due to new physics.
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Should this excess persist in run-II, it will be crucial to distinguish between the

signal hypotheses. The signature proposed in this work is distinguished by its light

compressed spectrum. This resulted in monojet searches being a highly sensitive

probe of our signal. In addition, the search for b̃1 → bχ̃0 is highly complementary,

and between these searches the region of parameter space which can explain the

excess should be fully explored at 13 TeV.

We note in passing that there are additional modest excesses of around two

sigma or more in final states containing b-jets, leptons and MET, including a 1.9

sigma ‘on-Z’ excess in events with low jet multiplicity [56], and various hints of

same-sign dileptons with b-jets and MET (see [57] for a summary). Light stops and

sbottoms can give rise to all of these signatures, and it is interesting to consider

the possibility that if these really are all hints of new physics, they could have a

unified explanation in a more complete model. Whether the ATLAS excess is a

fluctuation or a first tantalizing hint of new physics will soon be decided.
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CHAPTER 3

A 2 TEV WR , SUPERSYMMETRY, AND THE HIGGS MASS

The recently discovered Higgs boson with mass around 125 GeV creates some

tension in the Minimal Supersymmetric Standard Model (MSSM). This is because

its quartic interaction comes only from its supersymmetric gauge interactions at

tree level, resulting in the well known result that at tree level the Higgs mass is no

greater than the Z boson mass of 91 GeV.

m2
h,tree =

1

4
(g2 + g′2)v2 cos2 (2β) ≤ m2

Z (3.1)

Evading this constraint with minimal matter content requires significant radiative

corrections from stop loops, necessitating some combination of a large soft SUSY

breaking mass and large A-terms. This in turn incurs a large fine tuning penalty

in the Higgs potential due to the quadratic sensitivity of the Higgs soft mass to

these parameters. It is possible that this little hierarchy problem is resolved by

extending the matter content of the MSSM to allow for new tree level contributions

to the Higgs quartic, either from F -terms as in the NMSSM [58, 59], indicating

the presence of new chiral superfields, or from new D-term contributions as is

possible in gauge extensions of the MSSM [60–62]. The latter possibility predicts

the existence of heavy gauge boson resonances that may be observable at the LHC.

With this in mind, it is intriguing that a number of small anomalies with local

significance of up to 3.4σ have been reported by the ATLAS and CMS experiments

which might speculatively be interpreted as resulting from a new resonance with

mass 1.8 – 2 TeV. The most significant excess is in an ATLAS search for resonances

decaying in pairs of SM vector bosons (either W or Z) which in turn decay hadron-

ically [63], finding a maximum local significance of 3.4σ and limits weaker than
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expected for diboson resonances with masses between 1.8 and 2.2 TeV1. However,

their leptonic and semileptonic searches for diboson resonances which have a simi-

lar sensitivity in this mass range saw no deviation from SM expectations [66,67]. A

combination of these ATLAS searches finds a maximum significance of 2.5σ, with

limits weaker than expected in the mass window 1.9 – 2.1 TeV [68]. A CMS search

for hadronically decaying diboson resonances saw a much smaller excess of 1 – 1.5σ

in the mass window 1.8 – 2.0 TeV [69], and their semileptonic search for a lepton-

ically decaying Z and a hadronically decaying vector boson found a 1.5σ excess in

the mass window 1.7 – 1.9 TeV [70]. A CMS search for WH resonances decaying

into lνbb found a 1.9σ excess in the mass window 1.8 – 2 TeV. In addition, CMS

and ATLAS find modest excesses in their dijet mass distributions in the window

1.7 – 1.9 TeV with significance 2.2σ and 1σ respectively [71, 72]. Finally, a CMS

search in the eejj final state found a 2.8σ excess consistent with being produced

by a resonance in the mass range 1.8 – 2.2 TeV [73].

It has been pointed out that a compelling candidate to explain these anomalies,

if they are indeed a first hint of new physics, is a W ′ from a broken gauge symmetry

which couples to right handed (RH) currents [74–85], as in models with Left-Right

symmetry (LRS) [86, 87]. Firstly, such a particle is not constrained by the strong

limits on l+l− or lν resonances if it is charged and does not have a significant

coupling to LH leptons. Secondly, the eejj excess might be explained by a decay

chain via RH neutrinos, WR → eRνR → eReRjj [88]. The possibility of a new gauge

symmetry is exciting in and of itself, but it could have a very special significance

in the context of a supersymmetric theory due to the interplay between gauge

symmetries and the Higgs mass. The purpose of this paper is to explore the

possibility that these anomalies could be directly related to the Higgs mass. We

1See also [64,65] for a detailed discussion of this excess.
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therefore consider a model with 1.9 TeV WR with properties necessary to explain

the anomalies.

The simplest possibility for electroweak symmetry breaking (EWSB) in these

models is that it is generated by the vevs of a bidoublet under SU(2)L × SU(2)R,

which contains the Hu, Hd fields of the MSSM with vevs vu, vd. This provides

the WL–WR mixing that is necessary for the diboson decay signature. As we shall

review in more detail in Sec. 3.1, the D-term contribution to the Higgs mass in

these models is given by [89,90]

m2
h,tree ≤

1

4

(
g2 + g2

R

)
v2 cos2 (2β) , (3.2)

where tan β = vu/vd as in the MSSM. Large contributions to the Higgs mass

therefore require large gR and large tan β. In a minimal model this is not possible

to reconcile with the anomalies. This is because the partial width Γ(W ′ → WZ)

is suppressed by a factor sin2(2β)/24 compared to the partial width into dijets. A

recent paper [74] fitted the cross sections for the dijet and diboson signatures, and

found that

σ × BR(W ′ → WZ)

σ × BR(W ′ → jj)
=

sin2 2β

24
>

2.4 fb

144 fb
. (3.3)

Satisfying this inequality requires tan β ' 1. Furthermore, fitting the overall signal

cross section requires gR/g < 0.8 in minimal models [74–85], since σW ′ ∝ g2
R.

Fitting the excess with larger tan β and gR therefore requires a departure from

minimality. This might be possible by suppressing the WR coupling to the RH

quark doublets, which would modify the Drell-Yan production cross section and

the inequality of Eq. (3.3). In this paper we achieve this by introducing a vector-

like charge −1/3 quark for each generation which mixes with the SU(2)R quark

doublets after that gauge symmetry is broken. The right handed down-type quarks

of the SM are then admixtures from the SU(2)R doublets and the singlets, with
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some mixing angle θd. The WRuRdR coupling is then suppressed by a factor of

cos θd. Varying this mixing angle allows the freedom to fit the data with a larger

value of tan β, and since σW ′ ∝ g2
R cos2 θd, a smaller cos θd also allows the excess

to be fit with a larger gR. It is worth noting that while we introduce these new

fields for purely phenomenological purposes, they are expected in E6 GUTs [91].

We do not explore the neutrino sector in this paper, and therefore do not discuss

the eejj signature in any detail. The collider phenomenology of the right handed

neutrinos might be modified by light electroweak SUSY states such as Higgsinos

as has been discussed in some detail in a recent paper [81].

We describe the model in Sec. 3.1, where we also review non-decoupling D-

terms and the relevant experimental data. The main results of our paper – the

implications for the Higgs mass in our model – are presented in Sec. 3.2. The

couplings associated with the new quark fields are strongly constrained by flavour

changing neutral current (FCNC) observables, which we discuss in Sec. 3.3. Finally,

we review the main conclusions of this work in Sec. 3.4.

3.1 The Model

We work with the gauge group SU(3)c × SU(2)L × SU(2)R × U(1)X , with a sym-

metry breaking SU(2)R × U(1)X → U(1)Y at ∼ 2 TeV. The chiral superfields of

the model are summarized in Table 3.1. In general, the RH gauge symmetry might

be broken by some combination of doublet and triplet vevs

HR =

 H+
R

vD√
2

+H0
R

 , ∆ =

 1
2
∆+ ∆++

v∆√
2

+ ∆0 −1
2
∆+

 , ∆ =

1
2
∆
− v∆̄√

2
+ ∆

0

∆
−− −1

2
∆
−

 .

(3.4)
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The HR might be identified with a RH lepton doublet, or else must come with a

conjugate superfield with opposite X charge for anomaly cancellation. For simplic-

ity we assume such a field does not acquire a significant vev, though this would not

significantly alter our conclusions. The unbroken hypercharge generator is given

by

Y = T 3
R +X, g′−2 = g−2

R + g−2
X . (3.5)

Writing v2
T = v2

∆ + v2
∆̄

, the W ′ and Z ′ masses are given by

m2
W ′ =

1

4
g2
R

(
2v2

T + v2
D

)(
1 +O

(
v2

2v2
T + v2

D

))
(3.6)

m2
Z′ =

1

4

(
g2
R + g2

X

) (
4v2

T + v2
D

)(
1 +O

(
v2

4v2
T + v2

D

))
(3.7)

with v = 246 GeV the EWSB vev. By analogy with EWSB, the relation between

the W ′ and Z ′ masses can be parametrized in terms of a new Weinberg angle, θw′ ,

and ρ′ parameter

m2
Z′

m2
W ′

=
ρ′

c2
w′

(3.8)

with

1 ≤ ρ′ ≤ 2 c2
w′ ≡

g2
R

g2
R + g2

X

= 1− s2
wg

2

c2
wg

2
R

. (3.9)

For pure doublet breaking ρ′ = 1 as in the SM, while for pure triplet breaking

ρ′ = 2.

If EWSB is achieved with by a bidoublet Φ = (Hu, Hd) with vevs vu/
√

2, vd/
√

2

and v2 = v2
u + v2

d then the WL–WR mass matrix is given by

M2
W,LR =

1

4

 g2v2 −2ggRvuv
∗
d

−2ggRv
∗
uvd g2

R (2v2
T + v2

D + v2)

 . (3.10)

This matrix is diagonalised with a rotation angle

sinφ ' gR
g

m2
W

m2
W ′

sin 2β, (3.11)
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SU(3)c SU(2)L SU(2)R U(1)X
QLi = (uLi, d

′
Li) � � 1 1/6

Qc
Ri = (d′cRi, u

c
Ri) � 1 � −1/6

D′i � 1 1 −1/3
D′ci � 1 1 1/3
LLi = (νLi, `Li) 1 � 1 −1/2
LRi = (`Ri, νRi) 1 1 � 1/2
Φ = (Hu, Hd) 1 � � 0
∆,∆ 1 1 3 ±1
HR 1 1 � 1/2

Table 3.1: Chiral superfields.

with tan β = vu/vd. The decay responsible for the diboson signature, W ′ → WZ,

has a width given by

Γ(W ′ → WZ) ' m5
W ′

192πm2
Wm

2
Z

g2

c2
w

sin2 φ

=
mW ′

192π
g2
R sin2 2β, (3.12)

which can be calculated from the kinetic terms of the Lagrangian [74, 92]. The

diboson signature is therefore maximised for vu ' vd and hence sin 2β ' 1.

3.1.1 Non-Decoupling D-terms

In this model, the D-terms in the Higgs sector are given by

VD =
g2

8

∣∣Φ†σaΦ∣∣2 +
g2
R

8

∣∣∣H†RσaHR + 2∆†σa∆ + 2∆
†
σa∆ + ΦσaΦ

†
∣∣∣2

+
g2
X

8

∣∣∣2∆†∆− 2∆
†
∆ +H†RHR

∣∣∣2 (3.13)

Substituting in the vevs of Eq. (3.4) and focussing on the terms relevant for the

calculation of the potential for the neutral EWSB Higgses, we arrive at

VD ⊃
1

8

(
g2 + g2

R

) (∣∣H0
u

∣∣2 − ∣∣H0
d

∣∣2)2

+
g2
R

2
Re
(

2v∆∆0 − 2v∆̄∆
0

+ vDH
0
R

)(∣∣H0
u

∣∣2 − ∣∣H0
d

∣∣2) . (3.14)
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The effective D-term for the MSSM-like Higgs fields is obtained by adding the first

term from the equation above with the term obtained by integrating out the linear

combination Re(2v∆∆0 − 2v∆̄∆
0

+ vDH
0
R). This field is the scalar superpartner of

the Goldstone which is eaten by the Z ′, and in the supersymmetric limit in which

this symmetry breaking occurs far above the scale of supersymmetry breaking the

mass of this field is the same as that of the Z ′ and integrating it out returns the

classic MSSM result, VD = (g2 + g′2)(|H0
u|2 − |H0

d |2)/8 [60–62].

In the case that mSUSY ∼ mZ′ that we will be considering in this paper, this

scalar will gain an additional SUSY breaking contribution to its mass that is im-

portant for calculating the effective quartic for the EWSB Higgses. The general

result is that the tree level Higgs mass contribution from D-terms is given by

m2
h,tree =

1

4

(
g2 + ξg2

R

)
v2 cos2 2β, ξ = 1− g2

R

g2
R + g2

X + δ
. (3.15)

Any model dependence is encoded in the parameter δ, which interpolates between

the decoupling limit (δ → 0) and the non-decoupling limit (δ → ∞)2. The rela-

tion between δ and the paramers of the scalar potential is generically of the form

δ ∼ m2
0/v

2
R, where m0 is the typical scale of the SUSY breaking parameters in the

SU(2)R Higgs sector. The precise form of this relationship will be model depen-

dent, but larger values of δ will generically correspond to a greater degree of tuning

in the SU(2)R breaking potential. We discuss a simple model of triplet breaking in

appendix 3.B which illustrates the main points. For our numerical work in the next

section, we take as benchmark points the values δ = ∞ and δ = 2.5 to describe

tuned and untuned scenarios respectively.

As in the MSSM, the D-term contribution to the Higgs mass is maximised for

cos 2β = 1, while the diboson signature is maximised is for sin 2β = 1, Eq. (3.12).

2We have implicitly assumed that the decoupling limit exists in this discussion.
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This is a key tension in trying to reconcile the diboson signature with large non-

decoupling D-terms.

3.1.2 Exotic Quarks

The couplings of the quarks to the Higgses are given by the superpotential

W ⊃ yQLΦQc
R + zD′HRQ

c
R +MD′D′c (3.16)

where y, z, M are matrices in flavour-space. After the breaking of SU(2)R but

before EWSB, a linear combination of d′cR, D
′c marries the field D′ and obtain a

large Dirac mass, mD '
√

(zvD)2/2 +M2, with the remaining linear combination

remaining massless and which can be identified with the RH down-type quarks of

the SM, dcR. We can write
dcR

scR

bcR

 '

cd

cd

cb



d′cR

s′cR

b′cR

+


sd

sd

sb



D′c

S ′c

B′c

 (3.17)

with cd = cos θd, sd = sin θd, and tan θd ∼ z11vd/(
√

2M11). In the limit M → ∞

we recover the structure of a minimal left-right symmetric model, in which the RH

down-type quarks are SU(2)R partners of the RH up-type quarks and sd, sb → 0.

In order to evade constraints from FCNCs, we have assumed that the upper left

2 × 2 block of the rotation matrix is close to the identity matrix and the mixing

between the third and first two generations are small. This structure might be

enforced by an approximate U(2) × U(1) flavour symmetry. We will explore the

constraints on this flavour structure in more detail in Sec. 3.3.

Because the up and down type quarks couple to the bidoublet with the same

Yukawa matrix y, the expectation from Eqs. (3.16) and (3.17) is that their masses
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have the relationship

mu

md

' mc

ms

' tan β

cd
,

mt

mb

' tan β

cb
. (3.18)

The mass relationships for the light quarks might easily be modified without in-

troducing large FCNCs either as a result of additional loop contributions from the

squark sector [93], or from additional small sources of EWSB which couple to the

first and second generation quarks via non-renormalizable operators [94]. How-

ever, it is difficult to account for the mass ratio for the third generation quarks

with small tan β and cb = 1 by altering the EWSB sector without also suppressing

the diboson signature. On the other hand, this mass ratio is well accounted for

if cb ' tβmb/mt ' tβ/35. We will assume this relationship in this paper. This

means that bcR is mostly an SU(2)R singlet and the partial width for W ′ → tb is

suppressed by a factor c2
b . On the other hand, due to the potential sensitivity of

the light quark masses to other small corrections we do not use these mass ratios

to constrain cd.

As a consequence of this mixing, the production cross section of the W ′ and its

partial width into dijets are modified:

σW ′ ∝ c2
d g

2
R, (3.19)

Γ (W ′ → jj) =
mW ′

8π
c2
d g

2
R, (3.20)

Γ (W ′ → WZ)

Γ (W ′ → jj)
=

sin2 2β

24 c2
d

. (3.21)

A smaller cd allows for a larger diboson branching fraction, providing the freedom

to lower sin2 2β, due to Eq. (3.21). It also allows the same W ′ cross section to be

achieved with a larger gR due to Eq. (3.19). The combination of these factors is

what allows for an enhancement of the tree level Higgs mass in Eq. (3.15) compared

to the minimal model which corresponds to cd = 1. It is worth bearing in mind
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that while we are mainly driven by the relation between the experimental excesses

and the Higgs mass, the region of parameter space near cd ' tβms/mc ' tβ/14

might be particularly interesting for flavour physics.

It is expected that the first and second generation exotic quarks D,S would

decay via D → Zj, D → Wj with significant branching fractions via W ′–W and

Z ′–Z mixing. Only one dedicated LHC search exists for this scenario, a search

for Q → Wq by the ATLAS experiment [95]. They found a broad 2σ excess, and

excluded the mass range 320 GeV to 690 GeV for BR(Q → Wq) = 100%. There

are no exclusions if this branching ratio is less than 40%. On the other hand,

there are a variety of searches by both the ATLAS and CMS collaborations for

bottom quark partners decaying via B → hb, B → Zb, B → Wt [96–100]. The

strongest bounds were set by CMS, which found upper limits on the mass of the

bottom partner ranging between 750 GeV and 900 GeV depending on its branching

ratios. Giving the bottom partner a sufficiently large mass to evade these limits

requires vD & 1 TeV if the theory is weakly coupled. Since we are allowing for

a dominantly triplet-breaking scenario with ρ′ ' 2 in our analysis, it needs to

be checked that this is compatible with a TeV scale doublet vev. Indeed, setting

gR = g and vD = 1 TeV results in ρ′ = 1.97 and vT = 4.0 TeV, while for gR = 1.4 g

we get ρ′ = 1.94 and vT = 2.8 TeV. It is therefore compatible to take ρ ' 2 while

assuming the vector-like quarks are heavy and mix significantly with the doublet

quarks.
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3.2 Results and Discussion

In this section we explore the parameter space of the model in order to find regions

that can explain 2 TeV anomalies and generate a large D-term contribution for

the Higgs mass without being excluded by other searches. The main parameters

controlling the W ′ signature in the diboson and dijet channels are gR, c2
d, tan β. In

this section we choose to set BR(W ′ → SM) = 100% for simplicity of the analysis.

Additional decays are possible into `RνR (which might be responsible for the eejj

excess), into exotic quarks, squarks and other SUSY states, and to additional states

in the Higgs sector3. We provide a brief discussion of these effects in Sec. 3.A and

Fig. 3.6.

Important constraints on the parameter space will come from limits on the mass

and couplings of the Z ′ due to LHC resonance searches and due to electroweak

precision constraints. This makes the parameter ρ′ relevant to the analysis. Addi-

tionally, the Higgs mass depends on the parameter δ which we will take as either

2.5 or ∞. We use the fits to the W ′ diboson and dijet signatures provided in [74].

The W ′ and Z ′ cross sections and branching ratios are calculated using the cou-

plings listed in Appendix 3.A and the NNPDF2.3 NLO PDF set [102], multiplied

by NLO K-factors of 1.15 and 1.16 for the W ′ and Z ′ respectively [63, 103]. The

dominant uncertainty in the production cross sections comes from the uncertain-

ties in the PDF data sets at large x, and we find them to vary between 10–40%

for Drell-Yan production of vector bosons with masses between 2 and 3 TeV at

√
s = 8 TeV, consistent with the results of [79]. The parameter ranges considered

in this analysis are summarized in Table 3.2.

3It is worth noting that it is possible that decays via new Higgs bosons into three body states
might also contribute to the ATLAS hadronic diboson excess [101]
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Experimental Input Theoretical Input Eqn.
mW ′ = 1.9 GeV gR > g sw/cw

2.4 fb < σWZ < 10.2 fb 0 < c2
d < 1 (3.17)

46 fb < σjj < 144 fb tan β > 1
1 ≤ ρ′ ≤ 2 (3.8)
δ =∞, 2.5 (3.15)

BR (Z ′ → SM) = 100%, 66%
BR (W ′ → SM) = 100%

Table 3.2: Parameter ranges considered in this analysis.

In the case that the right handed leptons are embedded in SU(2)R multiplets,

the Z ′ will be strongly constrained by dilepton resonance searches for sufficiently

large gR. ATLAS and CMS have set limits on sequential Z ′ resonances (which

are assumed to have the same couplings to fermions as the SM Z boson) at ∼

2.8 TeV [104, 105], and the limit in our model will generically be comparable.

Dijet resonance searches are far less constraining for this scenario. There are also

important limits on Z ′ masses and couplings coming from electroweak precision

tests, especially those constraining the oblique parameters, four-fermi operators

involving at least two leptons, and from measurements of the Zbb̄ couplings. In

order to assess these constraints we use the formalism and results of [106]. That

analysis neglects the constraints coming from four-fermi operators involving right

handed quarks as these are generically weaker. However, in the limit of large gR

these might provide important constraints, and so we separately consider the limits

on these effective operators derived in [107]. We find that these indirect constraints

are always weaker than the ones coming from dilepton resonance searches for the

standard lepton embedding.

We also consider the leptophobic case in which the right handed leptons are

not charged under SU(2)R. One possible implementation of this possibility which

does not introduce gauge anomalies is to introduce three generations of SU(2)R
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Figure 3.1: Maximum tree level Higgs mass from D-terms consistent with W ′ data
and limits on Z ′ → `+`−, for δ = 2.5 and BR(Z ′ → SM) = 100% with the standard
lepton embedding. In each plot we have optimised over all remaining parameters,
as explained in the text. Dark grey: Incompatible with the 2 TeV anomalies.
Light grey: Excluded by Z ′ → ``. Contours: Maximum tree level Higgs mass from
D-terms compatible with the above requirements, in GeV. In the region shaded
green, it is possible to exceed the MSSM tree level Higgs mass bound of 91 GeV.
The blue line is t2β/c

2
d = m2

c/m
2
s, near which the charm/strange mass ratio might

be explained by the exotic quark mixing.

singlet charged leptons which mix with those in the SU(2)R doublets, in the same

fashion as for the down-type quarks. In this scenario the direct constraints coming

from dijet and dilepton resonance searches turn out to be comparable and weak.

The limits coming from corrections to the oblique parameters then turn out to be

the most constraining, which are a consequence of the tree level Z–Z ′ mixing given

by

sin θZZ′ '
gR
g

m2
Z

m2
Z′
cwcw′ . (3.22)

The constraints from four-fermi operators are weak due to the small coupling of

the Z ′ to leptons, and the corrections to Z → bb̄ are small due to the fact that bR

is mostly an SU(2)R singlet.

In Fig. 3.1 we set δ = 2.5 and BR(Z ′ → SM) = 100% and take the RH leptons
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to be charged under SU(2)R. In the left plot, we scan the c2
d, tan β plane. In

the dark grey region in the top right of the plot, it is not possible to explain the

diboson excess without being excluded by dijet resonance searches. This can be

seen by noting the ratio between these two widths depends only on tan β and c2
d

σWZ

σjj
=

sin2(2β)

24 c2
d

. (3.23)

Similarly, the dark grey region in the bottom left of the plot cannot explain the dijet

excess without being excluded by the upper limits on the diboson cross section.

The remaining region of parameter space is a funnel which can simultaneously

explain both excesses. At a generic point in this region, there are a range of values

for gR compatible with the excesses. For small c2
d, gR is required to be large to

generate a sufficiently large W ′ cross section due to the relationship σ(W ′) ∝ g2
Rc

2
d.

On the other hand, large gR reduces the mass splitting between the Z ′ and the

W ′ and increases the Z ′ production cross section, while the dominant production

channel for this Z ′ at the LHC is uRūR → Z ′ which is not suppressed by a small

mixing angle. The Z ′ has a significant dilepton branching ratio of 8–18% and so

this region of parameter space is constrained by the dilepton resonance searches.

In the light grey region in the top left of the plot, it is not possible to evade the

Z ′ limits while explaining the W ′ excesses.

In the surviving region of parameter space we calculate the maximum value

of gR compatible with the constraints and use this to calculate the maximum

D-term contribution to the Higgs mass, which is shown in GeV by the labelled

contours. The region of parameter space compatible with mh,tree larger than the

MSSM tree level bound is highlighted in green. The blue contour highlights the

part of parameter space in which the charm/strange mass ratio might be explained

by the mixing with the exotic quarks. In the right plot we perform a similar scan

in the gR, tan β plane, this time optimising over c2
d. In both plots we have also
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Figure 3.2: Maximum tree level Higgs mass from D-terms consistent with W ′ data
and limits on Z ′ → `+`−, for δ =∞ and BR(Z ′ → SM) = 66% with the standard
lepton embedding. In each plot we have optimised over all remaining parameters,
as explained in the text. Dark grey: Incompatible with the 2 TeV anomalies.
Light grey: Excluded by Z ′ → ``. Contours: Maximum tree level Higgs mass from
D-terms compatible with the above requirements, in GeV. In the region shaded
green, it is possible to exceed the MSSM tree level Higgs mass bound of 91 GeV.
The blue line is t2β/c

2
d = m2

c/m
2
s, near which the charm/strange mass ratio might

be explained by the exotic quark mixing.

optimised over ρ′ and over the parton luminosities within the 1σ uncertainties

calculated from the NNPDF ensemble, assuming that the uncertainties on W ′ and

Z ′ production are completely correlated. In practise, this means setting ρ′ = 2 and

using the lower prediction for the parton luminosities, except for a narrow band at

large tan β where higher estimates are preferred. In Fig. 3.2 we perform a similar

scan for δ =∞ and BR(Z ′ → SM) = 66%. This would be the enhancement in the

Z ′ width if, for example, every SM fermion had a light SUSY partner. In Fig. 3.3

we consider a leptophobic scenario with δ = 2.5 and BR(Z ′ → SM) = 100%. This

time the paramer space is constrained by indirect constraints on the Z ′ in the

regions labelled ‘EWPT’. In all other respects the procedure is the same as for the

previous plots.
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Figure 3.3: Maximum tree level Higgs mass from D-terms in the leptophobic model
consistent with W ′ data and EWPT, for δ = 2.5. In each plot we have optimised
over all remaining parameters, as explained in the text. Dark grey: Incompatible
with the 2 TeV anomalies. Light grey: Excluded by EWPT. Contours: Maximum
tree level Higgs mass from D-terms compatible with the above requirements, in
GeV. In the region shaded green, it is possible to exceed the MSSM tree level
Higgs mass bound of 91 GeV. The blue line is t2β/c

2
d = m2

c/m
2
s, near which the

charm/strange mass ratio might be explained by the exotic quark mixing.

We see that there is a region of parameter space with 0.1 . c2
d . 0.5, 2.5 .

tan β . 6 and 0.8 . gR/g . 1.2 with a D-term contribution to the Higgs mass

at least as large as the MSSM tree level bound consistent with requirement of

explaining the 2 TeV and evading Z ′ limits. Fine tuning considerations are model

dependent, but a tree level Higgs mass of 110 GeV is compatible with δ = 2.5

which need not be associated with significant fine tuning. Allowing the Z ′ to have

a significant branching fraction into non SM states allows for a broader region

of parameter space to explain the excess, as illustrated in Fig. 3.2, though the

main impact on the Higgs mass in this scan (which may exceed 120 GeV) comes

from taking the decoupling limit δ →∞ which would come with a significant fine

tuning penalty. Due to the weaker Z ′ bounds, the leptophobic model allows for

the greatest D-term Higgs quartic as larger values of gR and tan β are permitted.
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A tree level Higgs mass of 120 GeV is possible in this model with δ = 2.5. Note

that the line c2
d = 1 which corresponds to the model without the exotic quarks

cannot accomadate a tree level Higgs mass larger than 70 GeV while explaining

the excess.

3.2.1 Implications for the Z ′ and stops

Due to the constraints on gR, there is a close relation between the Z ′ mass and the

possible enhancement to the Higgs mass. In the left of Fig. 3.4 we plot the max-

imum possible tree level Higgs mass compatible with all constraints as a function

of mZ′ in each of the three scenarios described above. For large mZ′ the size of gR

is limited by Eq. (3.8) and the requirement ρ′ ≤ 2, and this is the main constraint

on the Higgs mass for mZ′ & 3 TeV. Converseley, small mZ′ corresponds to larger

values of gR. In this case, the main constraint on the Higgs mass are the direct

or indirect limits on the Z ′. The kinks represent the transition between these

scenarios. We see that the requirement mh,tree > 100 GeV can be satisfied only

for 2.6 TeV ≤ mZ′ ≤ 3.3 TeV, assuming the right handed leptons have SU(2)R

charge. The Higgs mass is maximized for mZ′ ' 2.95 TeV. This result is especially

interesting in light of the anomalous 2.9 TeV dilepton event observed by the CMS

experiment with 65 pb−1 of integrated luminosity [108]. In the case of a leptopho-

bic Z ′, its mass might be as low as 2.2 TeV while still permitting a large D-term

contribution to the Higgs mass.

We now turn to a brief discussion of the radiative corrections to the Higgs

mass. In the MSSM, the Higgs mass might be raised to 125 GeV by a large stop

mass, but this loop contribution grows more slowly than log(m2
t̃
/m2

t ), requiring

mt̃ ∼ 10 TeV in the absence of large mixing between the LH and RH stops. This
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Figure 3.4: Left: Maximum D-term contribution to the tree level Higgs mass for
a given value of mZ′ in three scenarios. Orange: δ = 2.5, BR(Z ′ → SM) = 100%.
Green: δ = ∞, BR(Z ′ → SM) = 66%. Blue: Leptophobic, δ = 2.5. Each line
stops at small mZ′ at the limit from direct searches for dilepton resonances, or
electroweak precision constraints in the case of the leptophobic model. Right:
Stop mass required to raise the Higgs mass to 125 GeV without left-right stop
mixing.

might be reduced to ∼ (2 – 5) TeV for sufficiently large mixing in the stop sector.

A comparison of results using diagrammatic and effective field theory techniques

can be found in [109], which compares the codes SUSYHD [109], FeynHiggs [110],

and SuSpect [111]. In our model the requirements on the stop sector will be

significantly relaxed due to the increased tree level contribution to the Higgs mass.

There will also be additional radiative corrections due to the new (s)quark states

in the third generation, but these will not be log enhanced if there is not a large

splitting between the exotic quark and squark masses and so are expected to be

subdominant compared to the stop contributions. In lieu of a complete calculation

of the radiative corrections in this model, we use the following approximation to

estimate the relaxed requirements on the stop sector. We consider the MSSM

contribution in the limit of no left-right mixing and large tan β and define the

function

∆(m2
t̃ ) = m2

h(MSSM)(m
2
t̃ )−m

2
Z . (3.24)

This function can be taken from the SUSYHD, FeynHiggs, and SuSpect calcu-
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lations. We then estimate the Higgs mass with the new tree level contributions

as:

m2
h(m

2
t̃ ) = m2

h,tree + ∆(m2
t̃ ). (3.25)

This approximation neglects additional wavefunction renormalization effects due

to the enhanced Higgs quartic, and threshold effects from the exotic states. In

Fig. 3.4 right we plot the stop mass required to achieve a Higgs mass of 125 GeV

using this approximation.

We see that stops may be lighter than 1 TeV in this model, alleviating their

contribution to the little hierarchy problem of the MSSM. In this case, as in other

such models which address the tension between the MSSM and the Higgs mass, the

main direct constraint on the level of tuning comes from the limits on the gluino

mass [112]. A heavy gluino contributes to Higgs mass parameter at two loops

and to the stop mass at one loop, making a large hierarchy between the stop and

gluino masses unnatural. Nonetheless, the channel Z ′ → t̃t̃ could be interesting

to explore in run 2, with a branching fraction ∼ 10% if the kinematic suppression

from the stop mass can be neglected. This would correspond to σ × BR ∼ 4 fb at

√
s = 13 TeV for mZ′ = 3 TeV and gR = g.

3.3 Flavour constraints

There have been numerous studies of flavour constraints on generic LRS models

[113–117] and on models with vector-like down-type quarks [118, 119]. However,

certain features of our model prevent direct application of the existing constraints,

and hence necessitates a separate analysis. First, most constraints on LRS do

not consider the effects of large mixings with vector-like quarks in the RH sector,
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which reduces the coupling of the physical light quarks to the RH gauge bosons.

Second, the strongest constraints on most vector-like quark extensions to the SM

typically comes from tree-level Z FCNCs involving LH quarks due to violation of

the Glashow-Weinberg-Paschos condition [120, 121]. However, this constraint is

much weaker in our model since terms of the form HdQLD
′c are now forbidden

by the RH gauge symmetry, as a result of which there is an additional Yukawa

suppression in the mixing between d′L and D′. Besides the above constraints, we

also have contributions to FCNCs that involve the superpartners, in particular new

box diagrams involving gluinos and the exotic squarks. On the other hand, these

depend on parameters such as soft squark masses which are not closely related to

the phenomenology discussed in the previous sections. There is also the possibility

of cancellations between gauge boson and supersymmetric diagrams as suggested

in [122].

Since the complete analysis of all flavour constraints on the model is a rather

formidable task, we have restricted our attention to mainly tree-level and a small

subset of one-loop |∆F | = 2 FCNC processes that are directly related to the

new quarks. We postpone a more complete analysis, including CP violation and

other FCNC processes such as b→ sγ to future work. We find that the strongest

constraints come from tree-level Z ′ FCNCs involving the RH quarks, which we

discuss in this section. Details of the conventions used and constraints from other

FCNC diagrams are presented in the appendix.
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3.3.1 Tree-level Z ′ FCNCs

The interaction basis d′cR and D′c can be written in terms of the mass basis as

d′cR = (cRU
d
R)∗dcR + terms involving Dc,

D′c = (sRU
d
R)∗dcR + terms involving Dc.

(3.26)

Here, cR and sR are matrices that describe the mixing between the d′cR and D′c as

discussed in Sec. 3.1.2, except that we no longer assume cR to be a diagonal matrix

with elements cd and cb. Ud
R is the RH unitary transformation that diagonalises

the light down-type mass matrix obtained from the pre-diagonalisation with cR

and sR. For convenience, we also define the RH equivalent of the CKM matrix

V R
CKM ≡ cRU

R
d . (3.27)

Further details of the definitions above can be found in the appendix.

Since d′cR and D′c couple to Z ′ differently, the Z ′-coupling to the mass basis dR

is non-universal and given by the matrix Ctree
Z−dL , defined as

L ⊃ Z ′µdcRC
tree
Z′−dcR

σ̄µd
c
R,

Ctree
Z′−dcR

=
gR
cw′

[
1

2
V R†

CKMV
R

CKM −
1

3
s2
w′

]T
.

(3.28)

We now consider |∆F | = 2 processes, in particular K − K̄ mixing. While there is

a large mass suppression from mZ′ in the propagator, if we simply regard cR as a

completely generic matrix of order O(cd), the contribution to ∆mK ends up being

much larger than the experimental constraints. Instead, we require that(
gR/g

1.2

)(
0.9

cw′

)(
3 TeV

mZ′

)2
(

(V R†
CKMV

R
CKM)12

0.2

)2

. 0.001 (3.29)

in order to satisfy bounds on ∆mK [123]. (Note that gR/g and cw′ should not be re-

garded as independent parameters.) In other words, the 12 elements of V R†
CKMV

R
CKM

should be much smaller than typical values of O(c2
d).
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To achieve a small (V R†
CKMV

R
CKM)12, one possibility is to consider an analogue

of the Glashow-Iliopoulos-Maiani (GIM) mechanism. We recall that V R†
CKMV

R
CKM =

(Ud
R)†c†RcRU

d
R, and that Ud

R is unitary. Therefore, should c†RcR be proportional to

the identity matrix, the same will be true for V R†
CKMV

R
CKM so off-diagonal elements

become zero. One could impose an approximate U(3) flavour symmetry such that

all the couplings are universal, in which case cR is itself proportional to the identity.

However, this is inconsistent with the down-type mass spectrum which requires

that the third diagonal element cb be somewhat smaller than the first two elements

cd. Instead, we impose an approximate U(2) symmetry for the first two generations,

and further require that the mixings with the third generation be small. This

ensures that cR remain approximately diagonal, while also suppressing the 31 and

32 elements of Ud
R. The suppression is required since the GIM cancellation is now

incomplete.

To quantify the constraints on z and M , we work in a D′−D′c basis such that

M is diagonal. We then parameterise z as UzdiagV , where U and V are arbitrary

unitary matrices. For simplicity, we assume the 12 rotation angles in both matrices

be of the same order O(θ12), and the 13 and 23 rotation angles be of order O(θ3).

We also define a parameter δ that quantifies the breaking of the universality in the

first two generations, i.e. we expect that M22/M11 and (zdiag)22/(z
diag)11 are both

1 +O(δ). In view of the requirements on cR, we expect a strong constraint on θ3,

and a possibly weaker constraint on θ12 that depends on δ.

Fig. 3.5 shows regions of θ12 and θ3 for different δ allowed by the tree-level Z ′

FCNC constraint. For each choice of the three parameters θ12, θ13 and δ, 1000

sets of mixing angles, M and zdiag are then randomly generated with characteristic

sizes specified by the parameters. A parameter choice is “allowed” if at least half
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Figure 3.5: Regions in parameter space allowed by the tree-level Z ′ FCNC con-
straints. θ12 gives the characteristic size of 12 alignment angles, while θ3 does so
for the 13 and 23 angles. δ quantifies the breaking of the universality in the first
two generations.

of the corresponding 1000 random sets are found to satisfy the Z ′ constraints. We

see from the plot that θ3 should be at most O(0.05 rad) which is comparable to

(V L
CKM)13 and (V L

CKM)23, suggesting an alignment similar to what is already in the

SM. Meanwhile, the constraints on θ12 are as expected much weaker should the

extent of universality breaking be small. For example, a 5% breaking will allow

for a alignment angle of more than 1 rad.

3.4 Conclusions

We have explored the possibility that an SU(2)R gauge extention of the MSSM

which is compatible with an explanation of the recent diboson, eejj and dijet

resonance excesses in terms of a 1.9 TeV WR might also give rise to a signifi-

cant non-decoupling D-term enhancement to the Higgs mass. This requirement,

combined with the limits coming from LHC constraints on dijet resonances, re-
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quires a departure from minimality. We have therefore been lead to an extended

model which also includes a charge −1/3 vector-like quark for each generation

which mixes significantly with the SU(2)R doublets, suppressing the W ′ coupling

to quarks and allowing the excesses to be fit with larger gR and tan β. The mixing

angle for the third generation quarks suppresses the mass ratio mb/mt and the

branching fraction of the W ′ into tb. Without this suppression, the absence of a

signature in this channel so far is a leading constraint on gR.

The additional quark fields raise many questions related to flavour physics,

and we have addressed some of these questions in this paper. We have argued

that the strongest constraints on the flavour structure of this new sector will come

from FCNCs induced at tree level by the flavour-violating couplings of the Z ′.

Nonetheless, an approximate universality among the first two generations combined

with an alignment of the mixing angles with the third generation comparable in

size with that already present in the SM CKM matrix allows us to evade those

constraints. Additional contributions to FCNC observables in the quark and lepton

sectors are expected to come from the extended Higgs sector and from squark and

gaugino loops. Furthermore, we have not yet provided a complete account of the

generation of the full flavour structure of the quark sector in the SM. On the other

hand, we have found that the region of parameter space which maximises the

Higgs mass is also compatible with the naive expectation for the charm/strange

mass ratio if this is purely a consequence of tan β and the mixing with the exotic

quarks. We leave a complete analysis of the flavour structure of this model to future

work. While our analysis places no direct constraints on the masses of the exotic

quarks, it is possible that they are sufficiently light to be directly pair-produced

and observed at run 2 of the LHC. A natural expectation is that they will decay

into D → jZ with a significant branching fraction via the Z–Z ′ mixing, which
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would provide an opportunity to directly measure their mass from the invariant

mass of the j and Z.

The essential result of our analysis is that we have identified a region of pa-

rameter space in a model with right handed leptons charged under SU(2)R with

mh,tree > 100 GeV for 0.1 . c2
d . 0.4, 3 . tan β . 6, and 1 . gR/g . 1.2 without

imposing an irreducible fine tuning. This region is broadened by relaxing the as-

sumption BR (Z ′ → SM) = 100% and by taking the extreme decoupling limit for

the D-terms. The leptophobic scenario in which the right handed leptons are not

embedded in SU(2)R multiplets is also more weakly constrained and allows for a

larger contribution to the Higgs mass.

A key finding of this analysis is that the possible D-term enhancement of the

Higgs mass is closely related to the Z ′ mass. A light Z ′ is favoured for raising

the Higgs mass, as this corresponds to larger gR. On the other hand the Z ′ is

quite constrained by dilepton resonance searches from LHC run 1 or electroweak

precision measurements for mZ′ . 3 TeV. We find that with the standard lepton

embedding, the range 2.6 TeV < mZ′ < 3.3 TeV is compatible with mh,tree >

100 GeV, while the Higgs mass bound is optimised for mZ′ ' 2.95 TeV. This

scenario should result in a clear dilepton resonance at run 2 of the LHC. On the

other hand, the leptophobic scenario is compatible with large contributions to the

Higgs mass and is not excluded for mZ′ > 2.2 TeV. This Z ′ is more challenging

to discover at the LHC. Looking forward we should be paying close attention to

any hints of a 2 TeV resonance in the new data from the LHC, but we should bear

in mind that the broader and potentially quite significant implications of such a

resonance might depend sensitively on the results of searches for related particles

like a Z ′, vector-like quarks and leptons, massive neutrinos, etc.
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3.A W ′ and Z ′ couplings and partial widths

The partial widths for the W ′ are taken as

Γ(W ′ → jj) =
g2
Rc

2
d

8π
mW ′ , (3.30)

Γ(W ′ → tb) =
g2
Rc

2
b

16π
mW ′

(
1 +O

(
m2
t

m2
W ′

))
, (3.31)

Γ(W ′ → WZ) =
g2
R

192π
mW ′ sin

2 2β

(
1 +O

(
m2
W

m2
W ′

))
, (3.32)

Γ(W ′ → Wh) =
g2
R

192π
mW ′ cos2(α + β)

(
1 +O

(
m2
W

m2
W ′

))
. (3.33)

We take the decoupling or alignment limit for the Higgs, with α = β + π/2.

Calculating the W ′ production cross section requires the the coupling L ⊃

gW ′uRdRW
−uRd

c
R + h.c. which is given by

gW ′uRdR = gRcd. (3.34)

The Z ′ couplings to SM fermions, defined by L ⊃ gZ′ff ′Z
′ff ′, are given in the

flavour conserving limit by

gZ′ff̄ =
gR
cw′

(
c2
dT

3
R − s2

w′Y
)

(3.35)

where cd is the cosine of the mixing angle of the SM quark into an SU(2)R state.

In particular, the couplings are

gZ′ucRucR =
gR
cw′

(
−1

2
+

2

3
s2
w′

)
gZ′uLuL = −1

3

s2
w′

cw′
gR (3.36)

gZ′dcRdcR =
gR
cw′

(
c2
d

2
− 1

3
s2
w′

)
gZ′dLdL = −1

3

s2
w′

cw′
gR (3.37)

gZ′`cR`cR =
gR
cw′

(
1

2
− s2

w′

)
gZ′`L`L = −1

2

s2
w′

cw′
gR (3.38)

gZ′νcRνcR = −1

2

gR
cw′

gZ′νLνL = −1

2

s2
w′

cw′
gR (3.39)
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Figure 3.6: Allowed parameter space when considering additional BSM decays for
W ′ and Z ′. In each case, the region above and to the right of the coloured line is
excluded. Case A: Only decays to SM states. Case B: Include decays of the W ′

and Z ′ involving a single light generation of RH neutrino with mνR � m′W . Case
C: Inlcude decays of the W ′ and Z ′ to the first two generations of exotic quark,
with mD � mW ′ . In all other respects the plot is generated as described in the
caption to Fig. 3.1 and the related text in Sec. 3.2.

The partial width to fermions is then given by (up to corrections of order m2
f/m

2
Z′)

Γ(Z ′ → ff̄) =
Nc

24π
mZ′g

2
Z′ff̄ . (3.40)

The partial widths into SM bosons, again up to corrections suppressed by m2
Z′ , are

given by

Γ(Z ′ → WW ) =
g2
R

192π
mZ′cw′ sin

2 2β (3.41)

Γ(Z ′ → Zh) =
g2
R

192π
mZ′cw′ cos2 (α + β) . (3.42)

The width into WW ′ is suppressed by m2
W/m

′2
W compared to those above.

In Fig. 3.6 we explore the effect of allowing the W ′ and Z ′ to decay into right

handed neutrinos or first and second generation vector-like quark. In each case we

assume that the new particles are very light, and neglect any kinematic suppression
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from their masses. There are two main effects at work. Firstly, the additional

channels dilute the W ′ diboson signature, requiring a larger value of sin2 2β and

a smaller value of tan β. Secondly, these channels also dilute the constraining

Z ′ → `` signature, allowing for larger values of gR. The net effect is a small

reduction in the allowed size of the tree level Higgs mass from D-terms.

3.B Non-Decoupling D-terms and Fine Tuning

We consider a simple model to illustrate the main features in the relationship

between the decoupling parameter δ and the parameters of the SU(2)R breaking

potential. Suppose that v2
D � v2

T so that we have a triplet breaking scenario, and

the triplet has the superpotential

W = λS
(
∆∆− f 2

)
, (3.43)

where we have introduced a singlet S. We also introduce soft masses

Vsoft = m2
SS
†S +m2

∆∆†∆ +m2
∆̄∆
†
∆ +B∆

(
∆∆ + h.c.

)
. (3.44)

For m2
∆ = m2

∆̄
and m2

S > 0, there is a potential minimum with v∆ = v∆̄, 〈S〉 = 0,

which satisfies the minimization condition

1

2
λ2v2

∆ = λf 2 −m2
∆ −B∆. (3.45)

Integrating out the heavy field now results in

VD,eff ⊃
1

8

(
g2 + ξg2

R

) (∣∣H0
u

∣∣2 − ∣∣H0
d

∣∣2)2

, ξ = 1− g2
R

g2
R + g2

X +
m2

∆

v2
∆

. (3.46)

This interpolates between the decoupling and non-decoupling limits, g′2 ≤ ξg2
R ≤

g2
R. We see that the non-decoupling limit, m2

∆/v
2
∆ → ∞, can only be achieved at
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the expense of a fine-tuned cancellation between terms on the RHS of Eq. (3.45).

A crude fine tuning measure can be defined by ∆FT ≡ 2m2
∆/(λ

2v2
∆). For λ2 ∼ 1,

m2
∆/v

2
∆ ' 2.5 is compatible with ∆FT ∼ 5. There will also be a fine tuning

associated with the sensitivity of the EWSB Higgs soft masses to m∆, but this

arises only at two loops [124]

dm2
Φ

d log µ
∼ g4

R

16π4
m2

∆

(
DR
)
. (3.47)

This contribution to the fine tuning of the EWSB Higgs potential is usually sub-

dominant compared to that associated with the RH gauge symmetry scale, and so

we will neglect it here.

3.C Flavour constraints: Additional details

In this appendix, we provide more details of the convention used in our flavour

analysis, and also present the constraints from other FCNC contributions that we

have analysed. Note that these constraints are significantly weaker than that from

tree-level Z ′ presented in the main text.
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3.C.1 Down-type quark masses and mixing

Here, we introduce the conventions we have adopted for down-type quark masses

and mixing. The full 6× 6 down-type quark mass matrix is given by M, where

L ⊃ −
(
d′cR D′c

)
M

d′L
D′

+ h.c.,

M =

 vd√
2
y′ vD√

2
z

0 M

 .

(3.48)

We have introduced a new Yukawa matrix y′ which in general differs from y. This

is motivated by the need to modify the tree-level mass matrix as suggested in

Sec. 3.1.2 to obtain the correct light quark mass relations. The origin of such a

modification will be discussed later.

We first perform block-diagonalisation of the mass matrix before EWSB, i.e.

with vd = 0. No transformation of the LH quarks is required, while the RH quarks

transform as d′cR

D′c

 ≡
cR −s̃R

sR c̃R


∗ d′′cR

D′′c

 , (3.49)

where d′′cR and D′′c are intermediate basis. In this basis, the full mass matrix

becomes

M′ =

0 0

0 MD

 ,

MD ≡ −
vD√

2
s̃†Rz + c̃†RM.

(3.50)

We reintroduce the EWSB masses, so M′ is no longer block-diagonal

M′ =

 vd√
2
c†Ry

′ 0

− vd√
2
s̃†Ry

′ MD

 . (3.51)
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Due to the hierarchy between the EWSB masses and MD, we can use the see-

saw formula for block-diagonalisation. We define ε ≡ |vd|/mD, where mD is the

characteristic eigenvalue size of MD. The LH quarks now transform asd′L
D′

 ≡
cL −s†L

sL c̃L


d′′L
D′′


≈

1− |vd|
2

4
y′†s̃R(MDM

†
D)−1s̃†Ry

′ − v∗d√
2
y′†s̃R(M †

D)−1

vd√
2
M−1

D s̃†Ry
′ 1− |vd|

2

4
M−1

D s̃†Ry
′y′†s̃R(M †

D)−1


d′′L
D′′

 ,

(3.52)

with mixing angles of order O(ε). The RH quarks also transform but with much

smaller mixing angles of order O(ε2), which we ignore for now. The full 6×6 mass

matrix becomes

M′′ ≈

Md 0

0 MD

 ,

Md ≡
vd√

2
c†Ry

′.

(3.53)

Md can be thought of as the 3 × 3 mass matrix for d′′L and d′′cR , and MD for D′′

and D′′c. We now perform 3×3 unitary transformations Ud
L, (Ud

R)∗, UD
L and (UD

R )∗

on the intermediate basis to diagonalise these mass matrices. Combining all the

transformations, we find the following relation between the interaction basis and

the mass basis: d′L
D′

 =

cL −s†L

sL c̃L


Ud

LdL

UD
L D

 ,

d′cR

D′c

 =

cR −s̃R

sR c̃R


∗ (Ud

R)∗dcR

(UD
R )∗Dc

 .

(3.54)

For example, cLU
d
L can be identified with the usual CKM matrix V L

CKM, and cRU
d
R

with the RH analogue V R
CKM.

We now discuss the quark mass spectrum. Generic LRS models require that
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the quarks couple through two sets of Yukawa couplings to the bidoublet Higgs Φ

and its conjugate Φ̃, to generate the correct up- and down-type mass spectrum.

In our model however, the coupling to Φ̃ is forbidden by the holomorphy of the

superpotential, so we only have a single set of couplings y. In the up-type mass

basis, we expect that y =
√

2Mdiag
u /vu, where Mdiag

u is the diagonalised up-type

mass matrix. Meanwhile, due to the mixing between dcR and Dc, the down-type

mass matrix becomes c†Ryvd/
√

2, so a suitable choice of the matrix cR should in

principle reproduce the correct down-type mass matrix. For example, one can

reproduce the correct strange and bottom masses ms and mb given cR of the form

cR ≈


cd 0 0

0 cd 0

0 0 cb

 , (3.55)

with the appropriate values of cd and tan β taken from, say, Fig. 3.4. We have

chosen the first two diagonal elements of cR to be the same to avoid flavour issues,

which we elaborate later. However, the down quark mass md always ends up

too small, even if we now increase the first diagonal element from cd to 1. As

mentioned in Sec. 3.1.2, one solution is to introduce nonrenormalisable operators

that can contribute to the down-type mass matrix, analogous to the approach used

in [94] for up-type quarks. This is equivalent to adding to y a generic matrix of

size O
(√

2m′u/vu
)
, where we have defined m′u ≡ mcmd/ms. The modified matrix,

which we denote as y′, remains approximately diagonal and hierarchical:

y′ ≈
√

2

vu


O(m′u) O(m′u) O(m′u)

O(m′u) mc O(m′u)

O(m′u) O(m′u) mt

 . (3.56)

We leave the feasibility study of such a modification to future work. We note that

it may also be possible to obtain the correct quark mass spectrum through loop

effects involving the SUSY-breaking terms [93].
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There are various attractive features associated with having y′ of the form given

in Eq. (3.56). First, as we shall see later, it helps to alleviate some of the FCNC

constraints on the model. Second, since Ud
L is the transformation that diagonalises

y′†cRc
†
Ry
′, and since cL deviates from identity only by O(ε2), the form of y′ also

ensures that Ud
L and hence V L

CKM is close to identity with only small mixing angles,

in agreement with measurements. Finally, we note that the strongest constraint

on CKM unitarity comes from the experimental measurements [125]

∆CKM ≡ |(V L
CKM)ud|2 + |(V L

CKM)us|2 + |(V L
CKM)ub|2 − 1 = (−1± 6)× 10−4. (3.57)

In the model, ∆CKM is suppressed both by a factor of O(ε2) as well as the small

elements of y′ and so satisfy the unitarity constraints.

3.C.2 Tree-level FCNCs

Higgses

In generic LRS models, due to the quarks coupling to both Φ and Φ̃, one linear

combination of the neutral Higgs can generate tree-level FCNCs, which in turn

constrains its mass to more than 10 TeV. In supersymmetric model, the coupling

to Φ̃ is forbidden due to holomorphy; however, the issue of tree-level Higgs FCNC

still lingers in the down-type sector due to the mixing with vector-like quarks. In

particular, we consider the quark coupling Ctree
hd to the neutral down-type Higgs

L ⊃ − 1√
2
d′cRy

′d′Lh
0
d + h.c

= −dcRCtree
hd

dLh
0
d + (terms involving D and Dc) + h.c.,

Ctree
hd
≡ V R†

CKMy
′V L

CKM

=
1

vd
Mdiag

d − v∗d
4
Mdiag

d Ud†
L y
′†s̃R(MDM

†
D)−1s̃†Ry

′Ud
L,

(3.58)
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where Mdiag
d is the 3× 3 diagonal matrix of down-type quark masses. Besides the

overall mass suppression of order O(ε2), the off-diagonal terms of Ctree
hd

are further

suppressed by the fact that Mdiag
d , y′ and Ud

L are diagonal and/or hierarchical. As

a result, the |∆F | = 2 FCNC contributions from this coupling turns out to be

negligible.

Another source of tree-level FCNC is the down-type quark coupling to the

neutral component of the RH Higgs doublet HR

L ⊃ − 1√
2
d′cRzd

′
Lh

0
R + h.c

= −dcRCtree
hR

dLh
0
R + (terms involving D and Dc) + h.c.,

Ctree
hR
≡ V R†

CKMzsLU
d
L

= vdV
R†

CKMz(MD)−1s̃†Ry
′Ud
L.

(3.59)

There is again a mass suppression of order O(ε), while y′ and Ud
L further sup-

presses off-diagonal couplings except for dcRbL and scRbL. Therefore, the strongest

constraints comes from Bd − B̄d mixing. Assuming experimental bounds on the

operator (dcRbL)2 to be comparable to that of (dcRbL)(dLbcR), we find that [123](
3 TeV

mHR

)2(
2 TeV

mD

)2(
4

tan β

)2
(

(V R†
CKMz(M̃D)−1s̃†R)13

0.4

)2

. 0.03. (3.60)

where we have defined M̃D = MD/mD so that it is a generic O(1) matrix. The

reference value of 0.4 for (V R†
CKMz(M̃D)−1s̃†R)13 assumes cR to be a generic matrix

of order O(cd), and all other matrices of order O(1).

The constraint above seems to imply the need for some suppression of the

relevant 13 element. However, one finds from numerical simulations with generic

z and M that this element is almost always already smaller than what is required

above. A brief explanation goes as follows: First, since Ud
R and Ud

L diagonalises

MD, we have V R†
CKMy

′Ud
L = Mdiag

d , which implies that the 12 and 13 elements of
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V R†
CKM are necessarily small. Second, the O(cd) hierarchy between vD√

2
z and M

results in the combination z(M̃D)−1s̃†R being roughly diagonal. Combining both

effects, we find the relevant 13 element to be much smaller than the generic size.

Neutral gauge bosons

We now consider tree-level FCNCs from Z and Z ′. We work in the basis before

Z−Z ′ mixing and regard the mixing as a perturbative mass insertion, in which case

the couplings to Z and Z ′ are simply (g/cw)(T 3
L −QEMs

2
w) and (gsw/cw)(T 3

R/tw′ −

QXtw′) respectively, where tw′ ≡ gX/gR.

Since D′ and d′L have different Z-couplings, the Z-coupling to the mass basis

dL is non-universal and given by the matrix Ctree
Z−dL , defined as

L ⊃ ZµdLCtree
Z−dLσ̄µdL,

Ctree
Z−dL ≡

g

cw

[
1

3
s2
w −

1

2
V L†

CKMV
L

CKM

]
=

g

cw

[
1

3
s2
w −

1

2
+
|vd|2

4
Ud†
L y
′†s̃R(MDM

†
D)−1s̃†Ry

′Ud
L

]
.

(3.61)

Besides the mass suppression of order O(ε2), the off-diagonal terms in Ctree
Z−dL is

further suppressed by y′ and Ud
L. As a result, their contributions to |∆F | = 2

processes turns out to be negligible. A similar argument can be made for Z ′-

couplings to dL.

We now move on to dcR. Since both d′cR and D′c have the same couplings to

Z, there is no tree-level FCNC mediated by Z. The FCNC mediated by Z ′ has

already been discussed in the main text.
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Figure 3.7: Examples of |∆F | = 2 box diagrams for D − D̄ and K − K̄ mixings.

3.C.3 One-loop FCNCs

Numerous box diagrams in our model can contribute to |∆F | = 2 processes. Be-

sides those from LRS and vector-like quarks, we also have additional diagrams

involving the superpartners. A complete analysis of all such box diagrams and

interference lies beyond the scope of this work, and we will only consider a small

subset of diagrams involving the new quarks as shown in Fig. 3.7.

WL/R −WL/R box diagrams for D − D̄ mixing

The WL/R gauge couplings of interest are given by

L ⊃ g√
2
W+µ
L uL(−s†LU

D
L )σ̄µD −

gR√
2
W+µ
R Dc

R(−s̃RUD
R )T σ̄µu

c
R + h.c. (3.62)

Due to the factors of O(ε) and y′ present in sL, it turns out that the WL−WL and

WL−WR contributions are highly suppressed, so only the WR−WR contributions

are of interest. The box diagram can in principle be evaluated using the Inami-Lim

formula [126]. However, we will make a pessimistic approximation, from which we

obtain the effective Hamiltonian

Heff
WR

(|∆C| = 2) ≈ g4
R

128π2

m2
D

m4
W ′

(
max
i

[(s̃RU
D
R )ui(s̃RU

D
R )∗ci]

)2

(ccRσ̄µu
c
R)2 + h.c.

(3.63)

69



To satisfy the bounds on ∆mD, we require that(
gR/g

1.2

)4 ( mD

2 TeV

)2 (
max
i

[(s̃RU
D
R )ui(s̃RU

D
R )∗ci]

)2

. 0.01. (3.64)

We see that we only require a small suppression of the off-diagonal s̃RU
D
R elements

since they appear here to the fourth power.

Box diagrams involving HR

We have chosen to consider box diagrams involvingHR instead of those involving Φ,

since we expect constraints from the latter to be weaker due to y′ being hierarchical

and nearly diagonal. The relevant couplings are given by

L ⊃ − 1√
2
dcR(V R†

CKMzc̃LVL)Dh0
R + h.c. (3.65)

The formula for the loop integral can be obtained from [127], although we will again

make a pessimistic approximations. We then obtain the effective Hamiltonian

Heff
HR

(|∆S| = 2) ≈ 1

512π2

1

m2
hR

(
max
i

[(V R
CKMzc̃LU

D
L )si(V

R
CKMzc̃LU

D
L )∗di]

)2

(dcRσ̄µs
c
R)2+h.c.

(3.66)

for K − K̄ mixing, from which we require that [123](
3 TeV

m2
hR

)2(
maxi[(V

R
CKMzc̃LU

D
L )si(V

R
CKMzc̃LU

D
L )∗di]

0.2

)2

. 1. (3.67)

The reference value of 0.2 is again based on regarding cR as a generic matrix of

order O(cd), and all other matrices of order O(1). We see that the constraint is

satisfied without any suppression of the off-diagonal terms. The same holds for

box diagrams for Bd(s) − B̄d(s) mixing.
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CHAPTER 4

SPIN-ONE TOP PARTNER: PHENOMENOLOGY

Discovery of the Higgs boson brought into sharp focus the long-standing theoret-

ical problem of the Standard Model (SM), the hierarchy problem. If the SM is

the complete description of physics up to scale Λ, radiative corrections generate a

contribution to the Higgs mass parameter of order Λ/(4π). The Higgs mass pa-

rameter is now precisely known, µ = (126 GeV)/
√

2 ≈ 90 GeV. Unless unrelated

contributions to µ cancel, we expect the scale of SM break-down Λ to be of order 1

TeV. This argument strongly motivates experimental searches for non-SM physics

at the LHC energies, and an extensive program of such searches is ongoing.

The hierarchy argument does not uniquely fix the nature of new physics at scale

Λ, but it does provide some important clues. Precision electroweak measurements

constrain the scale at which generic strong-coupling extensions of the SM may

become relevant to ∼ 10 TeV or above. This indicates that the solution to the hi-

erarchy problem must rely on weakly-coupled physics, unless significant fine-tuning

is involved. All known weakly-coupled solutions to the hierarchy problem involve

new particles at the scale Λ <∼ TeV. Loops of these particles introduce additional

contributions to the Higgs mass parameter, which cancel the leading contribution

of SM loops. Such cancellations can occur naturally due to symmetries; known

examples are supersymmetry, shift symmetry, and gauge symmetry extended to

models with extra compact dimensions of space. Each of these symmetries can be

implemented in a variety of ways, leading to a large zoo of possible explicit models

for non-SM physics at the TeV scale. Most of these models have a rich spectrum

of new states, and their masses are typically extremely model-dependent, making

it difficult to choose optimal targets for experimental searches. However, in all
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models, the particles canceling the loops of SM tops, the “top partners”, play a

special role. The large value of the top Yukawa in the SM implies that the top

partners must be quite light, below a few hundred GeV, for the model to be natu-

ral, independent of model-building details. This makes top partners a particularly

well-motivated target for the LHC searches.

The conventional wisdom says that top partners fall into one of two classes:

spin-0 partners, or “stops”, if the hierarchy problem is solved by supersymmetry;

and spin-1/2 partners, if it is solved by shift symmetry or higher-dimensional

gauge symmetry. Both these possibilities are extensively covered by experimental

searches. There is, however, an alternative possibility, which has so far received far

less attention: a spin-1 top partner. An explicit model realizing this scenario was

constructed by Cai, Cheng and Terning (CCT) in 2008 [128]. However, to date, no

comprehensive study of phenomenology of this model has been performed. In [9]

we rectified this ommission. In this section we focus on the collider phenomenology

at a 100 TeV collider, while a more general study of the phenomenology of this

model can be found in the original paper.

4.1 Future Prospects for Direct Searches

Existing bounds on the swan mass, and the fact that swans must be pair-produced,

preclude the possibility of direct swan production at the LHC. Of course, it may

well happen that other particles in the CCT model, such as a Z ′ or some of the

MSSM-like states, will be within the reach of the LHC-14. However, without a

direct observation of the swan, it would be difficult to distinguish between this

model and more conventional realizations of weak-scale supersymmetry. If a Z ′
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Figure 4.1: Swan production cross sections at a 100 TeV pp collider: pp → ~Q~Q
(blue), ~Qg̃ (green dashed), ~Qχ̃0

1 (red dashed).

is discovered, some indirect evidence can perhaps be obtained by measuring its

couplings, which are predicted in the CCT model with few free parameters (see

Appendix A). A much more direct and convincing test would have to await the

direct discovery of the swan, and measurement of its spin. A next-generation pp

collider with
√
s = 100 TeV, which is currently under discussion in the high-energy

physics community, would provide an opportunity for such a direct discovery. As

a first step to an estimate of the potential of such a collider to search for swans,

we computed the cross sections of swan pair-production, along with associated

production with a gluino g̃ and a neutralino χ̃0
1. The analytic formulas for parton-

level cross sections are collected in Appendix C. The cross sections for 100 TeV

pp collisions are plotted in Fig. 4.1. Here we assumed mg̃ = 1 TeV and mχ̃0
1

=

0.5 TeV; the plotted associated production cross sections represent the maximum

possible values, and would decrease ifmg̃/mχ̃0
1

are increased. We used the NNPDF2.3

NNLO parton distribution functions [129], including top quark pdf’s for associated

production, and set the renormalization/factorization scale to Q2 = (10 TeV)2. It
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is interesting to note that the large associated production cross sections are due to

appreciable b and t content in the proton at this scale.

Swans within a broad mass range will be copiously produced in 100 TeV pp

collisions. For example, if 3000 fb−1 of data is collected (the integrated luminosity

assumed in the Snowmass study [130]), we expect that ∼> O(100) swans would be

produced in pair-production up to m ~Q ≈ 15 TeV, and in association with gluinos

up to m ~Q ≈ 25 TeV (assuming mg̃ � m ~Q). This suggests that direct reach of such

an experiment for swan discovery can potentially extend into 10−20 TeV domain,

although the actual reach depends on the swan decay chains, which will determine

relevant backgrounds, kinematic cuts, etc. Once a swan is produced, its spin could

be determined using the techniques proposed for top partner spin determination

at the LHC, see e.g. [131]. Thus, a 100 TeV collider may be capable of directly

demonstrating the existence of a spin-1 top partner.

4.A Parton-Level Cross Sections for Swan Production

In this Appendix, we list the formulas for parton-level cross sections of swan pro-

duction in pp collisions. For swan pair-production, we find

dσ(gg → ~Q ~̄Q)

d cos(θ)
=

g4
3

16πs

√
1−

4m2
~Q

s

[
4 +

9
(
m4

~Q
+m2

~Q
s− tu

)
4s2

+
6m4

~Q
+ 2s2

3
(
t−m2
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)2

+
6m4

~Q
+ 2s2

3
(
u−m2

~Q
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(
m2
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+ s
)(

m2
~Q

+ 3s
)

2s
(
m2
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− u
) −

(
m2

~Q
+ s
)(

m2
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+ 3s
)

2s
(
t−m2

~Q

) ]
.(4.1)
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The quark-initiated contribution to swan pair-production is negligibly small in the

relevant swan mass range. The associated swan-gluino production cross section is

dσ(gtL → ~QG̃)

d cos(θ)
=

g2
3 ĝ

2
5 cos(θG̃)2

16πs2
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s−m2
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−m2
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where cos(θG̃) is the overlap of the gaugino being produced with the SU(5) gaugino.

(In Fig. 4.1, we assumed that the mixing angle for gauginos and corresponding

gauge bosons are aligned.) Finally, the associated swan-neutralino production

cross section is

dσ(gtL → ~QÑ)

d cos(θ)
=

g2
3 ĝ

2
5 cos(θÑ)2

16πs2
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CHAPTER 5

ODD TOP PARTNERS AT THE LHC

Many well-motivated extensions of the Standard Model (SM) at the weak scale

contain “top partners”, particles that cancel the quadratic divergence in the top

loop contribution to the Higgs mass parameter. Quantum numbers of the top

partners are somewhat model-dependent. In a large class of SM extensions, in-

cluding Little Higgs models [132] and five-dimensional “Pseudo-Goldstone Higgs”

models [133] (see [134–137] for reviews), the top partner is fermionic (spin-1/2),

colored (fundamental representation of the SM SU(3)C), has an electric charge of

+2/3, and is mostly an SU(2)W singlet. This particular species of top partner will

be the focus of this paper.

Collider phenomenology of the top partner is largely determined by its mass and

its quantum numbers. A fermionic top partner T in the (3,1)+2/3 representation

of the SM gauge group is expected to be pair-produced at the LHC through QCD

interactions, and decay to tZ, th, and bW , with branching ratios of 25%, 25%, and

50%, respectively, fixed by the Goldstone boson equivalence theorem [138, 139].

LHC experiments have pursued dedicated searches for these processes, and their

non-observation places a strong lower bound on the top partner mass: roughly,

mT ∼> 800 GeV from a recent ATLAS search based on 19.5 fb−1 of 8 TeV data [96]

(see also [140] from CMS). These bounds, together with the discovery of a 125

GeV Higgs boson, rule out the most natural parameter region of the model. The

required fine-tuning can be estimated as (see, e.g., [141])

∆ ≈ 3λ2
tm

2
T

4π2m2
h

log
Λ2

m2
T
∼> 10, (5.1)

where mT is the top partner mass, and Λ ∼ 10 TeV is the cutoff scale of the

model. It seems that top partners of this kind are increasingly endangered, at least
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if naturalness is to be taken seriously as a guide to the new physics landscape.

This conclusion may need to be modified, however, if top partners do not de-

cay according to the pattern assumed in the LHC searches. This is the possibility

that we investigate here. Deviating from the standard top partner decay pattern

requires two ingredients. Firstly, T needs alternate particles to decay to. Secondly,

the couplings leading to the standard decays need to be suppressed. The first ob-

jective can be achieved by using global symmetry breaking patterns which contain

more pseudo-Nambu-Goldstone bosons (pNGBs) than just the Higgs. This opens

up the possibility that the top partner decays into a top and a neutral pNGB, or

bottom and charged pNGB. The second objective can be achieved by implement-

ing an approximate parity symmetry, under which all SM particles are even, and

the top partner and the new pNGBs are odd.1 The possibility that the top partner

which cancels the quadratic divergences coming from top loops is odd under such

a parity was first considered in [145], in the context of Little Higgs models with

T-parity [146,147]. In the case of an exact symmetry, heavy odd states will decay

into light odd states and SM particles, and the lightest odd state would be stable.

In the presence of small parity breaking, the lightest odd state will decay. We

therefore consider Lagrangians with the generic form:

L = Leven + εLodd , (5.2)

where Leven contains all of the parity preserving interactions, including all of the

SM couplings and those required for the cancelation of quadratic divergences from

top loops. Lodd contains all parity breaking interactions, which will be responsible

for the decay of the lightest odd particle. The spurion ε schematically represents

1Models with non-standard top partner decays have been previously considered, for example,
in Refs. [142–144]; however, those models did not include a parity symmetry, so that both
standard and non-standard T decays were allowed. In contrast, here we will study models in
which T → tZ, th, and bW decays are forbidden by symmetry.
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Figure 5.1: The type of spectrum considered in this paper. Solid, orange lines
represent parity-odd particles, while parity-even states are represented by dashed
blue lines. We assume that LHC phenomenology is dominated by a set of parity-
odd states below the TeV scale, including a single top partner responsible for the
cancelation of quadratic divergences, and a set of scalars that allow it to have
interesting phenomenology. There may be additional fermionic and bosonic states
at a multi-TeV scale associated with a UV completion of this picture.

the size of the parity violation. Since there is an enhanced symmetry in the limit

ε→ 0, it is technically natural for these couplings to be very small.

In this paper we do not consider explicit extensions of the gauge sector which

cancel the quadratic divergences coming from gauge boson loops. In the absence

of new states associated with the gauge sector below a few TeV, there remains a

residual little hierarchy problem in the gauge sector. This possibility was explored

in [148], if the cutoff is not low. Alternatively, the cancelation of divergences in the

gauge sector can be decoupled from that in the fermion sector by having two sym-

metry breaking scales [149], or by introducing supersymmetry at an intermediate

scale (in which case the cancelation is achieved as in the MSSM by gauginos). In

both of these cases, the new states can have masses of order a few TeV, without

introducing significant fine tuning in the Higgs potential. Our choice of focusing

only on the top and scalar sector is motivated by simplicity in the effective theory,

but our models could derive from a UV completion in any of these categories.

The rest of the paper is organized as follows. A simplified model that encom-
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passes the LHC phenomenology of interest to us, and the three particular top

partner decay scenarios that occur naturally in this model, are presented in Sec-

tion 5.1. The LHC constraints on this simplified model, within each of the T

decay scenarios, are studied in detail in Section 5.2. In Section 5.3, we describe

the “Oddest Little Higgs”, a complete non-linear sigma model (NLSM) that gives

rise to the simplified model, and hence the LHC phenomenology, considered in the

first half of the paper. We summarize our conclusions in Section 5.4.

5.1 Simplified Models

We suppose that the Higgs is a pNGB of a spontaneously broken approximate

global symmetry, and extend the SM top sector so that the top Yukawa couplings

only break the global symmetry collectively, eliminating the one-loop quadratic

divergence in the Higgs mass parameter. We further assume that the non-linear

sigma model (NLSM) that encodes the global symmetry breaking, as well as the

extended top sector, are invariant under a parity such that all SM particles are

even and any new particles with masses . 1 TeV are odd. We refer to this

extra symmetry as “t-parity”, to distinguish it from the conventional T-parity;

our effective theory does not contain any new states in the gauge sector, allowing

for simpler implementation of parity compared to the conventional LHT models.

In Section 5.3, we will present an explicit theory, the “Oddest Little Higgs” (OLH),

that satisfies these requirements and is phenomenologically viable. First, however,

we would like to focus on the LHC signatures of this class of models, using a

simplified model approach.

Below the TeV scale, our model contains a vector-like pair of fermionic top

partners, T and T c; and additional scalars which are pNGBs of the global sym-
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metry, η and ω. Their quantum numbers of these states under the SM SU(2)L ×

U(1)Y gauge symmetry are as follows:

T, T c : 1±2/3, η : 10, ω : 30. (5.3)

We assume that one of the electrically neutral scalars, either η or ω0, is the lightest

t-odd particle (LtP); otherwise, strong LHC limits on stable charged particles [150]

would apply if the LtP were both charged and long lived.

The LHC phenomenology is described by the following simplified Lagrangian:

L = LSM + LKin +
1

2
m2
η +m2

ωTr
[
ω2
]

+mTTT
c + yηTt

cη +
yω
f

(Q3
LωH)T c

+
1

f

(
QLε

(u)
η ucHη +QLε

(d)
η dcH∗η +QLε

(u)
ω ucωH +QLε

(d)
ω dcωH∗

)
.(5.4)

Here, f is the mass scale at which the non-renormalizable interactions of the model

are generated; in the OLH model, it is identified with the “pion decay constant”

of the NLSM. The t-parity preserving couplings in the first line arise in the OLH

model from the same operators responsible for the top Yukawa, and generically yη,

yω ∼ O(1). We assume that the similar parity-preserving couplings involving the

light quarks are Yukawa suppressed and negligible. The couplings in the second

line of Eq. (5.4) encode the possibility of small t-parity violation; in the presence

of these couplings, the LtP can decay to SM quarks, leading to interesting LHC

signatures. The ε couplings are matrices in flavor space and are not related to the

SM Yukawas, and therefore have much more freedom in their flavor structure. The

most flavor-safe structures would be minimally flavor-violating (MFV) or universal,

but anarchic and inverted structures are also possible so long as the overall scale of

these spurions is sufficiently small to avoid flavor constraints. This is technically

natural due to the enhanced symmetry when all of these couplings are set to zero.

The LHC constraints will generally be weakest when the decay products are light
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Figure 5.2: Decay scenarios depending on the mass hierarchies. The decay T → tη
will typically dominate if it is kinematically allowed (scenario 1). If mη > mT−mt,
then the decay T → bω+ will dominate if it is allowed (scenario 2). If mT > mω >
mη > mT −mt, then cascade decays may be typical.

jets, and for simplicity we will assume that the LtP either decays exclusively to

first generation quarks, or is stable on detector time scales and neutral.

At the LHC, the t-odd top partners will be pair produced with a QCD produc-

tion cross section [151]. Unlike the traditional top partners, the single production

of such partners is forbidden by t-parity. (T-violating interactions may induce sin-

gle production cross section of order ε2; we assume that this is too small to play

a role in the LHC phenomenology.) The experimental signatures of the t-odd top

partner are model-dependent, since a variety of decay patterns are possible. Three

phenomenologically distinct, simple scenarios can be realized by the Lagrangian of

Eq. (5.4):

Scenario 1: Singlet LtP

In the OLH model, it is natural for η to be the LtP, since ω receives quadratically

divergent contributions to its mass from gauge loops, while η does not. If this

is the case, the decay T → tη will typically dominate. (Even if decays to ω are

81



kinematically accessible, the corresponding couplings are suppressed by a factor

of (v/f).) If t-parity is exact, η is a stable, weakly-interacting particle, leading

to a SUSY-like signature tt̄ + E/T , see Section 5.2.1. If t-parity is approximate so

that the decay η → jj is allowed, the final state is instead tt̄jjjj, with two jet

pairs forming resonances with the same mass, mη. The η decays may be either

prompt or displaced, depending on the value of ε. Hadronic decays of the top

can result in final states with 10 hard jets (including two b’s), potentially more

with additional hard gluon emissions. This scenario will therefore be strongly

constrained by multi-jet R-Parity Violating (RPV) gluino searches, as we discuss

in Section 5.2.1.

Scenario 2: Triplet LtP

Since the size of the UV contributions to the scalar masses is not calculable, we

should also consider the possibility that ω is the LtP. In this case, if T → tη is not

kinematically available, the top partner will decay via T → tω0 or T → bω+. The

first of these decays leads to the same phenomenology as scenario 1. However, if

mT −mb > mω > mT −mt, the decay T → bω+ dominates. Radiative corrections

and non-renormalizable operators in the OLH model inevitably induce a small

splitting, typically O(10 MeV), between the ω states. We assume that ω0 is the

LtP, in which case ω± will decay to qq̄′ω0 or `±νω0; however, the jets and leptons

produced in these decays are too soft to be detected. If t-parity is exact, this

scenario results in a signature bb̄+E/T , covered by SUSY searches, see Section 5.2.2.

If t-parity is approximate, the bb̄jjjj final state is produced, and constraints from

multi-jet searches will apply. However if the T -ω mass splitting is small, the b jets

will typically be soft, relaxing the constraints from such searches. This will be

discussed in Section 5.2.2.
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Scenario 3: Cascade Decays

Finally, it is also possible that both η and ω are light enough to participate in the

decays of the top partner, leading to cascade decays and complex, high-multiplicity

signatures. For example, the chain T → bω+, ω+ → qq̄′η, may produce a bb̄+4j+E/T

final state, if the t-parity is exact, or a bb̄+8j final state, if it is approximate. Some

of the jets may be soft depending on the T -ω and ω-η mass splittings.

5.1.1 Electroweak Precision Constraints on the Simplified

Model

Electroweak precision data place significant constraints on the parameter space of

models with fermionic top partners, which need to be taken into account in any

discussion of direct searches. For example, in Littlest Higgs models, based on the

same coset as our OLH model, potentially large tree-level contributions to elec-

troweak precision observables arise from the vacuum expectation value (vev) of

the triplet scalar, and from Z ′ exchange diagrams [152]. Neither of these effects is

present in our model: triplet vev is forbidden by t-parity, while Z ′ bosons do not

appear at the scale f . Moreover, the leading one-loop contributions to the elec-

troweak precision observables that dominate the constraints in the Littlest Higgs

model with T-parity [153] are also absent, since those loops involve parity-even

top partners absent in our model [145]. Thus, we expect the precision electroweak

constraints on our model to be quite weak.

Here, we consider the contributions to precision electroweak observables pro-

duced by the particles and interactions of the simplified model, Eq. (5.4). These
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are in a sense “irreducible”, since they follow directly from the structure that gives

rise to the LHC signatures of interest to us. It turns out that these contributions

are in fact quite small, allowing the t-odd top partners to be as light as 300 GeV. Of

course, a more complete description of the physics that gives rise to Eq. (5.4) will

generally introduce additional, model-dependent contributions to precision elec-

troweak observables; we leave an analysis of those contributions in the OLH model

for future work.

Starting with Eq. (5.4) and integrating out the heavy top partner and ω triplet

leads to one-loop corrections to the top Zb̄LbL vertex. Following the conventions

of [154], the corrections to coupling are

δgbL '
|yω|2

32π2

v2

f 2

[(
−1

2
+ s2

w

)
log

Λ2

m2
T

+

(
−1

2
+

4

3
s2
w

)
log

Λ2

m2
ω

]
+ finite. (5.5)

here the coupling δgbL is defined by effective Lagrangian Leff = e
swcw

Zµ(gbL +

δgbL)b̄Lγ
µbL and gbL = 1

2
+ 1

3
s2
w is the SM coupling. The divergence indicates

that there is a counterterm somewhere in the full theory, that can contribute

to δgbL but is incalculable within the chiral Lagrangian. We can still get an es-

timate on the constraint, requiring that the above contribution not be too large

for Λ = 4πf ∼ 4
√

2πmT , where in the last step we used the relation mT ≈ f/
√

2

obtained in the OLH model.

The SM prediction from electroweak precision fits and the measurements from

LEP [155] are

gbL(SM) = −0.42114+0.00045
−0.00024, gbL(LEP) = −0.4182+0.0015

−0.0015 .

The one-loop contribution can only worsen the fit. Requiring that the top partner

does not contribute another 2σ deviation from the SM prediction constrains

yω
v

f
. 0.58 . (5.6)
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Given that generically yω ∼ 1, this bound is satisfied for f ∼> 500 GeV, or (again

using mT ≈ f/
√

2) for mT ∼> 300 GeV.

The light scalar triplet, ω can contribute logarithmically divergent contributions

to theW boson mass, if the masses of charged and neutral component are split. The

corresponding contribution to the Peskin-Takeuchi oblique T parameter [156,157]

is

δT =
1

2πs2
wc

2
w

δm2
ω

m2
Z

log
Λ2

m2
ω+

, (5.7)

where δm2
ω ≡ m2

ω+ −m2
ω0 . The current bounds on T constrain δm2

ω . 200 GeV2.

A general UV-completion can be expected to generate mass-splitting δm2
ω ∼

a × v4

f4m
2
ω0

, where a is a model-dependent numerical factor. In the OLH model

presented in Section 5.3, we find a = 1
16

at leading order. Assuming mω0 ∼ v, as

will be typical for the phenomenological scenarios considered here, we find a bound

f ∼> 500 GeV, corresponding to mT ∼> 300 GeV in the OLH model.

5.2 Bounds from 8 TeV LHC

In this section, we estimate the current LHC bounds on the different topologies

described above. To do so we recast searches performed by both ATLAS and

CMS, mainly in the context of supersymmetric models. In all cases the pp→ T T̄

process has been simulated with MadGraph5 aMC@NLO 2.2.3 [158], using CTEQ6L

parton distribution functions [159], followed by decaying, showering and detector

simulation performed through Pythia 6.4 [160,161] and PGS4 [49]. After all cuts

the LO cross sections have been rescaled by a K-factor extracted from [151], which

amounts to a factor ∼ 1.5 in most of the mass range under consideration.

The following sections describe in detail the recast searches. Each is character-
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ized by a fixed decay channel for the top partner, either T → tη or T → bω+, and

by the properties of the scalar involved in the decay chain, in particular whether

it is stable or decays promptly. We do not consider the case where LtP lifetime

corresponds to displaced decays inside a detector, since displaced decays into jet

pairs are very strongly constrained at the LHC independent of the details of the

event [43]. In all scenarios we assume 100% branching ratio in the channels of

interest for both T and the scalars.

5.2.1 Scenario 1: T T̄ → tt̄ηη

If the singlet η is the LtP, the decay T → tη dominates. We consider two cases:

exact t-parity (stable LtP) and broken t-parity (unstable LtP).

Exact t-Parity

The signal topology in this case is identical to that of stop squark (t̃) pair-

production, where the stop decays via t̃→ tÑ and Ñ is a stable neutralino. Many

searches for this SUSY process have been performed at the LHC. In the region of

the parameter space where a two-body decay to tÑ is kinematically allowed, the

strongest bounds can be derived from the ATLAS and CMS searches for isolated

lepton, jets, and missing transverse momentum (MET) [40, 41, 162]. The ATLAS

collaboration supplies acceptances and efficiencies to pass the selection cuts as a

function of mt̃ and mÑ for mt̃ < 800 GeV. We assume that these acceptances

and efficiencies apply to the fermionic top partners as well, with mT = mt̃ and

mη = mÑ . This assumption ignores the differences in the kinematic distributions

of the fermionic and scalar top partners; we will comment on this effect below. We
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Figure 5.3: LHC bounds for scenario 1, T → tη. Left panel: Exact t-parity
case. The blue/orange shaded areas are excluded by the CMS [162]/ATLAS [40]
searches for isolated lepton, jets, and missing transverse momentum, assuming the
same acceptance and cut efficiency for spin-1/2 and spin-0 signal models. The
dashed line indicates the bound from the CMS cut-and-count search in the same
channel [41], including the difference in the cut efficiencies. The purple area is
excluded by the mono-jet search [44]. Right panel: Approximate t-parity case,
η → jj. The blue shaded area is excluded by the ATLAS multijet analysis [163]. In
both panels, below the horizontal gray line the Higgs decay h→ ηη is kinematically
accessible.

then use the calculated T pair-production cross section and the 95% C.L. bounds

reported by ATLAS to place constraints on the mT -mη plane, shown in the left

panel of Fig. 5.3 (solid orange line). Likewise, the CMS collaboration provides

a 95% C.L. upper bound on the pp → t̃t̃∗ cross-section, in mt̃ − mÑ plane, for

mt̃ < 900 GeV and mt̃ −mÑ > 100 GeV. Neglecting the differences in kinematic

distributions, we use the calculated T pair-production cross section to obtain the

bound shown in Fig. 5.3 (solid blue line).

To test the effect of the differences in kinematic distributions of spin-1/2 top

partner and stop signals, we compared the efficiency of the cut-and-count search

presented in Ref. [41] for the cases of the T → tη and t̃ → tÑ signal models, for

a grid of points in the parameter space. We find that across the parameter space,
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the efficiency is significantly lower in the case of the T → tη signal, compared

to the t̃ → tÑ signal with the same mother and daughter masses. The reason is

that the spin-1/2 top partners on average have smaller production-frame velocity

compared to stops of the same mass, due to a steeper rise of the cross section

at the kinematic threshold in the spin-1/2 case. This translates into lower MET

and lower pT of the visible decay products. The bound from the cut-and-count

search [41] on our model, including the effect of kinematic distributions, is shown

by the dashed blue line in Fig. 5.3. Unfortunately, we were not able to evaluate the

effect of kinematic distributions on the other relevant searches in this channel, since

they involve advanced multivariate statistical techniques such as boosted decision

trees. However, we note that for the case of stops, the bounds imposed by the cut-

and-count search [41] are only slightly weaker than those from the more complex

searches. We expect the same to be true for the spin-1/2 top partner, meaning

that the true bound is somewhat, but not dramatically, stronger than indicated by

the dashed line. In any case, this analysis strongly suggests that the solid blue and

orange lines in Fig. 5.3 represent a very conservative interpretation of the data,

and the true bounds are likely to be significantly weaker. We conclude that for a

light LtP these searches can probe fermionic top partners up to 650 GeV . mT .

1 TeV, but in the compressed region with mT −mη < 175 GeV their sensitivity is

substantially degraded, leaving a window that is unconstrained.

In this compressed region, constraints from the mono-jet search [44] become im-

portant. In this case, we use CheckMate [39], based on the fast detector simulation

DELPHES 3 [51] to recast the bounds in terms of our model. This procedure au-

tomatically takes into account the differences in kinematic distributions between

our model and the case of stops. The excluded region is also shown in the left

panel of Fig. 5.3 (purple line). This search rules out very degenerate spectra below
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mT ≈ 400 GeV (which compares to the reach of ≈ 300 GeV for stops), and does

not impose any constraint for heavier top partners. The CMS search for soft lep-

tons in association with initial-state radiation (ISR) jet and MET [45], may also

be relevant in the compressed region. This search has a similar reach for stops as

the ATLAS monojet search, and we expect the same is true for fermionic top part-

ners. The compressed region is also probed by the ATLAS search in the W+W−

topology [3] This analysis is sensitive for stops only in the region mt̃
<∼ 200 GeV,

and while the top partner bound is probably somewhat stronger due to higher

production cross section, the rapid decrease of the cross section with mass implies

that this search does not constrain the masses of interest to us. Therefore we do

not explicitly recast it in this work. We conclude that top partners with mass

mT & 400 GeV are not yet constrained by searches in this compressed regime,

which compares to ∼ 300 GeV for stops.

Approximate t-Parity

The decay chain of interest in this case is T → t(η → jj). Most searches with tops

in the final states rely on the presence of extra leptons, as in the case of standard

fermionic top partners decays in tZ or bW , or rely on same-sign dileptons as

typical in supersymmetric models involving stops. As such they do not apply to

our case. We thus require the tops to decay hadronically and we recast an ATLAS

analysis for massive particles decaying to multiple jets, designed to search for RPV

gluinos [163].

The analysis requires ≥ 6 or ≥ 7 jets each with high pT and |η| < 2.8. Different

search regions are categorized by different pT cut and number of minimum required

b-tagged jets. In particular our signal at parton level is comprised of 2 b’s and 8
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jets. Given the presence of b’s and the fact that intermediate state particles are

on-shell, we find the most constraining search category to be the one requiring a

minimum of 2 b-tags and pT > 80 GeV for all ≥ 7 jets. The expected background

is 1670 ± 190 events, while 1560 events have been observed during data taking,

corresponding to 20.3 fb−1 of collected luminosity at 8 TeV.

First we compute the expected number of signal events for each point in pa-

rameter space. The signal likelihood is then estimated through the standard CLs

technique, where we fix the expected background to its central value. The 95%

C.L. excluded area is shown in Figure 5.3, right panel. The upper bound on the top

partner mass is at most mT & 850 GeV, and degrades to approximately 700 GeV

in the light-LtP region mη = 0, and to as low as 500 GeV in the quasi-degenerate

region mη ≈ mT . In the former region, η is produced with a large boost, so that

the two jets stemming from its decay are often merged. This effect reduces the

total number of jets of the final state, making it less likely to pass the ≥ 7 jets

cut. In the latter region, the tops and the η’s are produced almost at rest in the

lab frame, and thus their decays produce softer jets which often fail to pass the

pT > 80 GeV cut.

Let us briefly comment on possible constraints in similar scenarios with different

η decays, namely into third generation quarks. If η → bb̄ we can expect the bounds

to be somewhat stronger than in the light generation case, since the higher number

of b’s in the final state increases the probability of passing the b-tag cut, while

the kinematics is nearly identical. If η → tt̄, an interesting six tops final state

appears which is not directly addressed by any search at present. However, a recent

recast [164] points to bounds of the order mT & 700 GeV for most η masses.

If the η → jj decay is long lived on detector scales, much stronger constraints
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Figure 5.4: LHC bounds for Scenario 2, T → bω+. Left panel: Exact t-parity case.
The blue shaded area is excluded by the ATLAS search for 2 b-jets and E/T [43].
The purple area is excluded by the mono-jet search [44]. Right panel: Approximate
t-parity case, η → jj. The blue shaded area is excluded by the ATLAS multijet
analysis [163], while the red shaded area is excluded by the CMS dijet resonances
search [169].

coming from the CMS displaced dijet search [43] apply for lifetimes between 1

mm and 1 km. For the case where mη > mT , the topology is very similar to the

displaced gaugino decay, g̃/Ñ → jjj, studied in [165–168].

5.2.2 Scenario 2: T T̄ → bb̄ω+ω−

We next consider the scenario where ω0 is the LtP, and ω+ and ω0 nearly degen-

erate. In the case of exact t-parity, the ω+ decays to ω0 and soft leptons or jets,

which are too soft to be detected. In the case of approximate t-parity, the direct

decay ω+ → qq̄ is permitted along with the decay via an intermediate ω0. Both

of these channels are phenomenologically equivalent, appearing as ω+ → jj. We

assume that mη > mT , so that η plays no role in the top partner decays. We focus

on the decay T → bω+, which we assume is the dominant top partner decay. This

assumption is a good approximation for mT > mω ∼> mT −mt. If mω < mT −mt,
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the top partner would decay in both bω+ and tω0 channels. The latter channel

produces signals identical to the ones considered in Sec. 5.2.1 above. Since we will

find that the mass bounds on the bω+ and tω0 channels are quite similar, we do

not attempt a detailed combination of the two; either one can be taken as a good

estimate of the bound on this scenario in the region mω < mT −mt.

Exact t-Parity

In this case, ω0 escapes the detector undetected, resulting in a 2b+ E/T signature.

The signal topology is identical to sbottom squark (b̃) pair-production, where the

sbottom decays via b̃→ bÑ and Ñ is a stable neutralino The strongest bounds can

be derived from the ATLAS search for two b-jets and missing transverse momen-

tum [43]. We recast this search in terms of our signal model using CheckMate. The

95% C.L. constraints on the mT -mη plane are shown in the left panel of Fig. 5.4.

For light ω, the top partner masses up to at least 800 GeV are ruled out; the true

bound is probably higher, but no information on cross section bounds beyond 800

GeV was provided in [43]. Again, the bound is weakened significantly if T and ω

are quasi-degenerate, even for a rather modest degree of degeneracy: for example,

mT = 500 GeV is allowed if mT −mω
<∼ 100 GeV.

In the compressed region, we again evaluate constraints from the mono-jet

search [44], recasting it using CheckMate. The excluded region is shown in the left

panel of Fig. 5.4 (purple line). We conclude that top partners as light as 400 GeV

are allowed, as long as T and ω are degenerate at a O(10%) level.
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Approximate t-Parity

The decay chain of interest here is T → b(ω+ → jj). Notice that the T pair

production signature here closely resembles the gluino pair production signal, with

R-parity violating decay g̃ → bjj. Thus the search recast in Section 5.2.1 is relevant

also in this case. We proceed as before using the same search category. The results

are shown in the right panel of Fig. 5.4. For generic spectra, the top partner mass

below 700 − 750 GeV is excluded. The near-degenerate region, mT ≈ mω, is

not constrained by this search: the two b’s present in the final state are required

to pass a pT > 80 GeV cut and will often fail in this region. In this case, the

signal topology is similar to a pair of massive particles decaying into two jets each.

With this in mind we recast a dedicated CMS search looking for pair-produced

dijet resonances [169]. This search is also motivated by RPV supersymmetry and

is specifically intended for stop pair production with RPV decays in two (light)

quarks. Events with at least 4 jets with pT > 80 GeV or pT > 120 GeV and

|η| < 2.5 are selected, and a series of additional cuts pair the four leading jets in

order to reconstruct two objects with invariant mass close to each other. Given

the large background, the signal is searched for as a bump on top of a continuous

distribution of events with variable dijet invariant mass. To recast the analysis, we

fix mT and mη, simulate the original t̃t̃ signal for corresponding mt̃ and mÑ and

compute the cut efficiencies, and repeat the procedure for the T T̄ signal. Finally

we rescale the T pair production cross section by the ratio of the efficiencies, and

extract a limit on mT corresponding to the 95% C.L. upper bound of the CMS

analysis. The result is shown in Figure 5.4, as the red shaded area on the right

panel. The results are consistent with CMS bounds once the difference in the pair

production cross section between fermionic and scalar top partners is taken into

account, which amounts to a factor of ∼ 6. We conclude that top partner masses
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below about 550 GeV are excluded for any value of mω.

We conclude this section by noticing that CMS has performed a similar search

for pair production of 3-jet resonances [170]. This search places gluino mass bounds

very similar to those of the ATLAS multi jet search recast above, and the limi-

tations of the two searches, such as the jet pT cuts that degrade the efficiency in

the mω ≈ mT region, are also similar. Thus, we do not expect the CMS search to

add significantly to the recast bounds from the ATLAS search shown in Figs. 5.3

and 5.4.

5.2.3 Scenario 3: Cascade Top Partner Decays

In this scenario, the parameter space is mode complicated than in the other two,

since mT , mη and mω all play a role. However, the signal topologies are quite

similar. The typical final states are 2b + 4j + E/T (exact t-parity) or 2b + 8j

(approximate t-parity), the same as in the scenario 1, T → tη, with hadronic top

decays. There may be slight differences in the kinematic distributions since no on-

shell tops/W s are present in the cascade scenario, but we do not expect them to

have a significant effect on the mass bounds. The only possibility to significantly

relax the top partner mass bound seems to be to assume an approximate triple

mass degeneracy of mT , mη and mω, and exact t-parity. This case is very similar to

the decay T → tη with an off-shell top, which was already considered in Scenario

1.
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5.3 The Oddest Littlest Higgs

In this section we finally describe a non-linear sigma model which can reproduce the

simplified model used in earlier sections in certain regions of its parameter space.

We use the Littlest Higgs coset [132], SU(5)/SO(5), which preserves custodial

symmetry and provides a collective tree level quartic for the Higgs. The Goldstones

are parameterized by the field Σ

Σ = eiΠodd/f eiΠh/f Σ0 e
iΠT

h /f eiΠ
T
odd/f = eiΠodd/f e2iΠh/f eiΠodd/f Σ0, (5.8)

with

Σ0 =


12

1

12

 , (5.9)

and we have chosen to separate the Goldstone fields as follows:

Πodd =


ω − η/

√
20 0 φ

0
√

8/10η 0

φ† 0 ωT − η/
√

20

 ,

Πh =


0 H∗/

√
2 0

HT/
√

2 0 H†/
√

2

0 H/
√

2 0

 . (5.10)

As is typical in Little Higgs models based on this coset, the pNGB φ will get a

quadratically divergent contribution to its mass and is generically expected to be

heavier than the other scalars. We impose a t-parity symmetry which has the

following action on the scalar sector

Σ→ Σt ≡ ΩΣΣ†ΩΣ, ΩΣ =


12

−1

12

 . (5.11)

95



On the Goldstone fields, this has the action:

H → H, η → −η, ω → −ω, φ→ −φ. (5.12)

In contrast to the original Littlest Higgs construction, we gauge only the SM

SU(2)L and U(1)Y subgroups of SU(5), with generators:

Qa =


σa/2

0

−σa∗/2

 , Y = diag(1, 1, 0,−1,−1)/2. (5.13)

The t-parity acts trivially on the gauge fields. The H field has the quantum num-

bers of the SM Higgs, while the Goldstone fields η, ω, φ have quantum numbers

10, 30, 31 under SU(2)L× U(1)Y . The global symmetry is broken explicitly by

the gauge couplings, and also by the Yukawa couplings described below. Quantum

effects will then generate a potential for the Goldstone fields. This potential is

discussed in detail in Section 5.3.1. For reasonable choices of model parameters, a

tachyonic mass term is generated for H, triggering EWSB, while all other Gold-

stones acquire positive mass. (A few explicit examples of viable parameter points

are listed in Table 5.1.) It can be easily shown that

e2iΠh/f =



1 0 0 0 0

0 1
2

+ 1
2

√
1− s2

h
i√
2
sh 0 −1

2
+ 1

2

√
1− s2

h

0 i√
2
sh

√
1− s2

h 0 i√
2
sh

0 0 0 1 0

0 −1
2

+ 1
2

√
1− s2

h
i√
2
sh 0 1

2
+ 1

2

√
1− s2

h


, (5.14)

sh ≡ sin

(√
2h

f

)
,

where H = (π+, (h + iπ)/
√

2)T and we dropped the π fields that are eaten in the

EWSB. Reproducing the W mass requires

〈sh〉2 = 2
v2

f 2

(
1− v2

2f 2

)
, (5.15)
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with v = (
√

2GF )−1/2 ≈ 246 GeV. After EWSB, the t-odd pseudo-Goldstones

decompose as

ω = ωaσa/2 =

 ω0/2 ω+/
√

2

ω−/
√

2 −ω0/2

 , (5.16)

φ = φaσa =

 φ++ φ+/
√

2

φ+/
√

2 (−φ0 + iφ0
P )/
√

2

 . (5.17)

In order to build a Lagrangian of the form of Eq. (5.2), a candidate operator

O can be added in the following way:

L ⊃
(
O +Ot

)
+ ε
(
O −Ot

)
, (5.18)

where Ot is the t-image of the operator O, and ε is a small parameter. The top

sector of our model consists of a triplet χ, and two singlets uc1, uc2 (where the

superscript c indicates the field is a color antifundamental, and all fermion fields

are two-component left-handed Weyl spinors). The action of t-parity on these

fermions is:

uc1
t←→ uc2, χ

t←→ Ωχχ, Ωχ = diag (1, 1,−1) . (5.19)

The third, odd component of χ will marry the odd linear combination of uc1, uc2,

gaining a large Dirac mass and leaving the SM third generation quarks massless

before EWSB. The t-preserving top Yukawas are given by:

LYuk = −yt
4
f
(
χiOiuc1 + χtiOtiuc2

)
+ h.c., (5.20)

where

Oi = εijkεxyΣjxΣky; (5.21)

Oti = εijkεxyΣ
t
jxΣ

t
ky.
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Here all repeated indices are summed over: i, j, k = 1, 2, 3 and x, y = 4, 5. The

Higgs is protected by two SU(3) subgroups of the full SU(5), and these are in-

terchanged by t-parity. Each term in this Lagrangian breaks one SU(3) while

preserving the other, so the full global symmetry protecting the Higgs is com-

pletely broken only non-locally in theory space. This guarantees the absence of

quadratic divergences in the Higgs mass2 at one-loop, ameliorating the little hier-

archy problem [132].

In the top sector, the mass eigenbasis before EWSB is obtained by the following

field redefinitions:

tc =
1√
2

(uc1 + uc2) , (5.22)

T c =
1√
2

(uc1 − uc2) . (5.23)

χ =

(
σ2 ·Q, T

)
. (5.24)

Expanding out the Σ field to quadratic order in H, the Lagrangian reads:

LHiggs = − yt√
2
fTT c + ytHQt

c +
yt√

2

|H|2

f
TT c + h.c. (5.25)

It can be easily seen that the quadratic divergence from the T -loop cancels that of

the t-loop by noticing that the trace of the Higgs dependent masses, TrM2(h) =

m2
T (h) + m2

t (h), vanishes at order h2. Before electroweak symmetry breaking the

odd top partner T gets a mass m̂T ≡ ytf/
√

2, and the top quark is massless. After

EWSB, the leading couplings of the 3rd generation quarks to the Goldstones is

given by:

L ⊃ 1

2
ytfshtLt

c +

√
2

5
iytTt

cη +
iyt

2
√

2
shbLT

c
(
ω− − φ−

)
(5.26)

iyt

2
√

2
shtLT

c

(
1√
10
η +

1√
2
ω0 − φ0 − iφ0

P

)
+ h.c.,
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where sh is defined in Eqs. (5.14), (5.15). These are exactly the t-preserving

couplings of Eq. (5.4). It can be seen that the leading decay for the top partner

will be T → tη if this channel is kinematically available, as the decays to φ and

ω involve couplings suppressed by 〈sh〉 ∼ v/f . However, if the mass splitting

between T and η is sufficiently small so that this decay cannot proceed on-shell then

the decays T → bω+ may dominate if either of these are kinematically available.

We note that while the doubly charged scalar φ±± could result in some striking

signatures, it is unlikely to play an important role in the phenomenology of the

top partner due to its quadradically divergent mass and due to the fact that its

couplings to the top partner only arise at higher order in the v/f expansion.

In the phenomenological analysis of Sections 2 and 3, we also considered a

scenario with approximate t-parity, where the pseudo-Goldstones η and ω may

decay to quark pairs. To incorporate this possibility in the OLH model, we can

introduce couplings of the form

Lodd ⊃ Qî
aε

(u)
ab u

c
b

(
Oî −O

t
î

)
+Qî

aε
(d)
ab d

c
b

(
O∗
î
−O∗t

î

)
, (5.27)

where all repeated indices are summed over: î = 1, 2 while a, b run over three

generations. The flavor structure of the ε couplings will determine the decays of

the lightest t-odd state.

5.3.1 The Scalar Potential

In this section we describe qualitatively the contributions to the Goldstone po-

tential, leaving the lengthy explicit formula to the Appendix. First note that the

assumption of t-parity assures that there are no tadpoles for the triplet ω after

EWSB, since t-odd scalars appear in the potential only with even powers. This
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evades a major constraint on more generic models of this kind from triplet vevs.

We will therefore only be interested in the Higgs potential and the masses for the

Goldstones, requiring them to real. We introduce a tree level mass for the Gold-

stones by including the following explicit global symmetry breaking (but custodial

and t-parity invariant) term in to the scalar potential,

V ⊃ f 2Tr [MΣ] + h.c., (5.28)

where

M =
1

32


4m2

2

5m2
1 −m2

2

4m2
2

 . (5.29)

This particular normalization is chosen for convenience after expanding out

the Σ field in terms of the Goldstones. When expanded in terms of the Goldstone

fields, it introduces a mass for η of m1, and a mass contribution for ω and φ of m2.

In order to reproduce the compressed spectrum of section 5.2.2, we will need to

make mη > mT −mt. This will require us to explore the region of parameter space

where m2
1, and possibly also m2

2 are not negligibly small compared to f . A precise

study would require considering all operators that can be constructed, consistent

with the symmetries, in powers of M/f 2. However for the purposes of this work,

we only introduce the additional operators that will add qualitatively new features

to the potential, setting the other coefficients to zero for simplicity.

Quadratically divergent fermion loops involving the couplings in Eqs. (5.20),

require the introduction of a counterterm:

L ⊃ y2
t

8
f 4cT εijkεklmεxyεwzΣixΣjyΣ

∗
lwΣ∗mz + t-image, (5.30)

where cT is an O(1) number determined by UV physics. This contributes the

ordinary tree level collective quartic for the Higgs, as well as a large contribution
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to the φ mass. We also include the operator:

L ⊃ y2
t

4
f 2cTMεijkεklmεxyεwzMixΣjyΣ

∗
lwΣ∗mz + t-image + h.c.. (5.31)

which also typically has an O(1) coefficient cTM and a parametric suppression

M/f 2. This operator contributes to the masses of the all of the Goldstones.

The additional fermion loop contributions to the Goldstone potential are cal-

culated using the Coleman-Weinberg (CW) potential [171]

VCW = − Nc

32π2

∑
i

M4
i

(
log

(
M2

i

Λ2

)
− 3

2

)
(5.32)

where the sum is over the eigenvalues of the fermion mass matrix. There is a

log-divergent piece which contributes to the Higgs quartic and φ mass which is

degenerate with the quadratic divergence in Eq. (5.30) and can therefore be ab-

sorbed by a redefinition of cT . Remaining log divergences are cut off at a scale

Λ = y2f , with y2 ∼ O(2). This may be the scale of new fermion resonances, an

example of which is given in Appendix (5.A). This log divergent and additional

finite parts contribute to both the Higgs mass and quartic, but only contributes

to the masses of the other Goldstones after EWSB and so this effect is suppressed

by v2/f 2.

Quadratically divergent gauge boson loops require counterterms of the form

L ⊃ c2g
2
2f

4Tr [QΣQ∗Σ∗] + cY g
2
Y f

4Tr [Y ΣY Σ∗] . (5.33)

These operators provide tree level contributions to m2
H , m2

φ, m2
ω, and the Higgs

quartic, and sub-leading corrections and mixings after EWSB. Additional terms

obtained by including insertions of the mass matrix M are degenerate with a

redefinition of the mass matrix.

For obtaining the correct Higgs potential in the compressed scenario, we also in-

troduce the following term which explicitly breaks all of the symmetries protecting
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the Higgs

L ⊃ 5

128
f 2m2

3

(
Σ2

33 + h.c.
)
. (5.34)

This operator provides positive masses for η and h, but does not contribute to the

Higgs quartic. The role of this term will be discussed in more detail in Appendix

(5.B).

5.3.2 Sample Spectra

The top partner has mass O(f/
√

2). The pNGBs φ and ω get quadratically di-

vergent contributions to the masses, typically raising them significantly above the

Higgs mass unless there is some additional tuning. On the other hand, the loop

generated mass for η is of order v/
√

2π and so unless there are large tree level

contributions to its mass it tends to be somewhat lighter than the Higgs.

In tables (5.1), (5.2), we show sample parameter space points of the Oddest

Littlest Higgs which reproduce the simplified phenomenological models of section

(5.1). Case A1 is typical if the tree level breakings of the global symmetry are

small, with η being the lightest pNGB. The decay T → tη dominates and so this

reproduces scenario 1 of Sec. 5.1, with the η decaying into two hard jets. Case A2

has a very light η such that it will be highly boosted when produced from decays

of T , and so its decay products will be observed as a single jet. This places it in

the narrow window of Fig. 5.3 for light η where the exclusion limits are weaker,

but the model parameters are tuned to avoid a large branching fraction h → ηη.

Case B has a compressed spectrum, with the top partner decaying via T → bω+

as the decay T → tη is not kinematically available. Raising the η mass is achieved

via large tree level contributions from m1 and m3. In this scenario, the dominant
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Case f/GeV (m1/GeV)2 (m2/GeV)2 (m3/GeV)2 y2 cT cTM cY c2

A1 1320 2002 1002 0 2 0.07 1.0 -0.1 0.013
A2 1150 1552 0 −1602 1.5 0.084 0 -0.3 0.039
B 890 −2952 2002 6902 2 0.29 2.5 -2.05 0.091
C 890 −3102 2002 6302 2 0.25 3 -1.77 0.088

Table 5.1: Input Lagrangian parameters for sample spectra.

Case mT/GeV {mφ0 ,mω0 ,mη} /GeV {mφ± ,mω±} /GeV
A1 900 {600, 300, 200} {600, 300}
A2 810 {560, 400, 33} {570, 400}
B 600 {590, 560, 580} {590, 560}
C 600 {600, 560, 510} {610, 560}

Table 5.2: Sample mass hierarchies.

contributions to the tuning in the Higgs mass parameter are actually coming from

m1 and cY , with top loops being subleading. A naive estimate of the tuning in the

Higgs mass parameter coming from these contributions is O(5%), as discussed in

Appendix (5.B). In case C, the mass hierarchy will lead to a cascade decay of the

form T → bω+ → bqq̄η. This possibility was mentioned in Sec. 5.1, although we

have not discussed it in detail.

5.4 Conclusions and Outlook

Fermionic top partners are well motivated theoretically, and form an important

component of new physics search program at the LHC. Currently, the experimen-

tal searches focus on three decay topologies: T → bW , T → tZ, and T → th.

However, top partners may carry new conserved quantum numbers that forbid

these decays. The simplest possibility is a conserved parity, under which the top

partner is odd and all SM states are even. In this case, decays of top partners

may involve new particle-odd scalars, leading to non-standard experimental signa-
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tures. If the parity is exact, the lightest particle-odd scalar is stable, and assuming

that it is weakly interacting, the scenario is characterized by missing transverse

energy signatures, with signal topologies identical to stops in R-parity conserving

supersymmetry. If, on the other hand, the parity is only approximate, the light-

est parity-odd scalar may decay, for example, into jets, resulting in multi-jet or

tops+jets final states similar to those produced by gluinos and stops in R-parity

violating supersymmetry. In either case, we found that the current LHC lower

bounds on the top partner mass are similar to those in the conventional decay sce-

nario, mT ∼> 700 − 900 GeV, if the mass of the lightest t-odd scalar is well below

mT . If, on the other hand, the top partner and the lightest t-odd scalar are some-

what degenerate in mass, the bounds can be relaxed significantly. For example,

in the case of exact t-parity and decays into a gauge-singlet scalar η, a 500 GeV

top partner is allowed as long as mη is between 325 and 500 GeV. The low allowed

top partner mass reduces the need for fine-tuning in the Higgs mass parameter,

compared to the conventional decay scenario, making this class of models a theo-

retically attractive possibility. In the OLH model considered in Sec. 5.3, this can

only be achieved at the expense of introducing new tunings of tree-level parame-

ters associated with raising the mass of η. It remains an interesting open question

whether a similar model can be constructed in which a compressed spectrum can

be arranged without directly impacting the tuning of the Higgs mass parameter.

An interesting issue not investigated here is the possibility that the t-parity

is anomalous [172, 173]. Whether or not such an anomaly is present depends

entirely on the UV completion of the TeV-scale NLSM [174,175], and it is certainly

consistent to assume that the anomaly is absent. If it were present, it would give

rise to a phenomenologically interesting possibility of the lightest t-odd scalar

decaying to two SM massive vector bosons, for example η → ZZ. Depending
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on the size of the explicit t-parity violating couplings, these decays may become

dominant. Hadronic Z decays would give rise to signatures similar to the ones

considered in the approximate t-parity scenarios we studied, but with higher jet

multiplicity and softer jets. Leptonic Z decays may also be exploited in this case.

We leave a detailed analysis of this possibility for future work.

A natural by-product of our scenario is that, if the t-parity is exact and non-

anomalous, the lightest t-odd particle can be a dark matter candidate. Unlike

the LHT models, where the stable dark matter candidate is usually a spin-1 T-

odd partner of the hyper charge gauge boson [176], in this case the dark matter

particle would be a scalar. It would be interesting to understand if the correct relic

abundance can be obtained in viable and phenomenologically interesting regions

of the model parameter space.

Note Added:

While we were completing this manuscript, we became aware of Ref. [177] where

similar ideas were pursued in the context of holographic Composite Higgs models.

Acknowledgements

We are grateful to James Alexander, Gustaaf Brooijmans, Jeff Dror, Nathan Mir-

man, Javier Serra, and Ennio Salvioni for useful discussions related to this work.

This research is supported by the U.S. National Science Foundation through grant

PHY-1316222. We also acknowledge the support of the Bethe Postdoctoral Fel-

lowship (EK) and the John and David Boochever Prize Fellowship in Fundamental

105



Theoretical Physics (JC).

5.A An Extended Fermion Sector for the Oddest Littlest

Higgs

In this section we describe an extended fermion sector for the OLH model which

cuts off log divergences in the Higgs potential that are not degenerate with the

quadratically divergent piece responsible for the collective quartic. The top sector

of this model consists of three triplets χ1, χ2, χc, and two singlets uc1, uc2. The

action of t-parity on these fermions is:

χ1
t←→ χ2, uc1

t←→ uc2, χc
t←→ Ωχχ

c, Ωχ = diag (−1,−1, 1) . (5.35)

We will see that these fields decompose in to a t-even SM left handed doublet and

right handed singlet (the top quark and left-handed bottom), a light t-odd singlet

top partner which cancels the quadratic divergence of the top, and a heavy triplet

of fermions – an odd doublet, and an even singlet. The t-preserving top Yukawas

are given by:

LYuk = −y1

2
f
[
χi1Oiuc1 + χi2Otiuc2

]
+
y2√

2
f [(χ1 · χc + χ2 · Ωχ · χc)]+h.c., i = 1, 2, 3,

(5.36)

where Oi and Oti are given as in Eq. (5.21). These Yukawas are very similar to

those in [145], except that because t-parity acts trivially on the gauge sector, we

assume that the fermion multiplets transform as incomplete linear representations

of the SU(5) global symmetry group and we do not require that they have non-

linear transformations under SO(5)2.

2An extension of the gauge sector at ∼ (few TeV) would require that t-parity act non-trivially
on the full gauge group, necessitating the introduction of complete multiplets or non-linear sym-
metry transformations on the fermions.
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The triplets decompose in the following way:

χ1 =
1√
2

Q+Q′

T + T ′

 , χ2 =
1√
2

 Q−Q′

−T + T ′

 , χc =

Q′c
uc3

 (5.37)

and then we make the following field redefinitions:

tc =
1√

y2
1 + y2

2

(
y1u

c
3 −

y2√
2

(uc1 + uc2)

)
, (5.38)

T ′
c

=
1√

y2
1 + y2

2

(
y2u

c
3 +

y1√
2

(uc1 + uc2)

)
, (5.39)

T c =
1√
2

(uc1 − uc2) . (5.40)

Expanding out the Σ field to leading order inH, the Lagrangian takes a particularly

simple form in this new basis:

Lleading = − y2yt√
2y2

2 − y2
t

fTT c −
√

2y2
2√

2y2
2 − y2

t

fT ′T c′ + fy2Q
′Qc′ (5.41)

+ yt(QH)tc +
y2
t√

2y2
2 − y2

t

(QH)T c′ +

√
2y2yt√

2y2
2 − y2

t

(Q′H)T c + h.c.,

where we have replaced y1 by yt:

y2
t =

2y2
1y

2
2

y2
1 + y2

2

. (5.42)

In the limit y2 � yt, Eq. (5.41) reduces to:

L ⊃ − yt√
2
fTT c − y2f

(
T ′T c′ +Q′Qc′)+ yt(QH)tc +

y2
t√

2y2

(QH)T c′ + y2(Q′H)T c.

(5.43)

This limit is a decoupling limit, in which the primed fields form a heavy and nearly

degenerate triplet, leaving just the physical top quark and the odd top partner in

the low energy spectrum. The parities of the various fields are:

+ −

Q, tc, T (c)′ T (c), Q(c)′
.
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Before electroweak symmetry breaking, the primed fields acquire a mass

m̂′ ≡ y2f , the odd top partner T gets a mass m̂T ≡ ytf/
√

2, and the top quark

is massless. Integrating out the primed fields at tree level will generate custodial

symmetry violating couplings for the light top partner, which will generate cor-

rections to the T parameter at one-loop. These fields also serve to cut off the

logarithmic divergences in the loop generated Higgs potential of the OLH. In the

limit y2 � yt, this is the only role they play and can otherwise be ignored in the

collider phenomenology of the model.

5.B Oddest Littlest Higgs Potential

The Higgs potential is given by:

Vhiggs =
1

4
m2f 2s2

h+
1

16
λf 4s4

h−
3

16π2
m4
t

(
s2
h

)(
log

(
m2
t (s

2
h)

µ2

)
− 3

2

)
+O

(
s6
h

)
(5.44)

where m2
t (s2

h) is the Higgs-dependent top mass:

m2
t =

1

4
y2
t f

2s2
h +O

(
s4
h

)
. (5.45)

The scale µ in Eq. (5.44) will be set to the top mass so that the log vanishes at

the potential minimum, though the term still plays a role in setting the minimum

of the potential. The potential is minimized with:

m2 = −1

2
λf 2s2

h +
3

32π2
y4
t f

2s2
h (5.46)

resulting in a physical Higgs mass:

m2
h = (125 GeV)2 = λf 2s2

h

(
1− s2

h

)
(5.47)

= 2λv2

(
1− 5v2

2f 2

)
.
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Figure 5.5: G and F functions which contribute to the Higgs mass parameter and
quartic.

The Goldstones in the Oddest Littlest Higgs model of section (5.3.1) have

masses given by (in the limit y2 � yt):

m2
η = m2

1 +m2
3 +

1

10
y2
t cTMm

2
2 +O

(
s2
h

)
, (5.48)

m2
ω = m2

2

(
1 +

1

2
y2
t cTM

)
+ 8c2g

2
2f

2 +O
(
s2
h

)
, (5.49)

m2
φ = m2

2

(
1 +

3

2
y2
t cTM

)
+ 8c2g

2
2f

2 + 4cY g
2
Y f

2 + 4y2
t cTf

2 +O
(
s2
h

)
. (5.50)

The mass parameter and quartic of the Higgs potential are given by:

m2 =
3

8
m2

2

(
1 +

2

3
y2
t cTM

)
+

5

8
m2

1 +
5

16
m2

3 + 3c2g
2
2f

2 + cY g
2
Y f

2 (5.51)

− y4
t f

2G

(
y2

yt

)
λ =

3

8

m2
2

f 2

(
1 +

4

3
y2
t cTM

)
+

5

8

m2
1

f 2
+ 3c2g

2
2 + cY g

2
Y + y2

t cT +
3y4

t

16π2
log

m2
T

m2
t

(5.52)

+ y4
tF

(
y2

yt

)
where F and G are contributions generated by fermion loops between the scales

of the light and heavy top partners, shown below and plotted in Fig (5.5).
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G(x) =
3

8π2

x4

2x4 − 3x2 + 1

[
log
(
2x2
)

+ (2x− 1) log

(
1− 1

2x2

)]
(5.53)

F (x) =
3

16π2

[
− 2− 2x4

(x2 − 1)2 −
(

1 +
4x6

(2x2 − 1)2

)
log

(
1− 1

2x2

)
(5.54)

+ log
(
2x2
)

+

(
x6

(x2 − 1)3 −
2x4

(2x2 − 1)2

)
log
(
2x2 − 1

) ]

The expression for the quartic, Eq. (5.52), can be rewritten in terms of the Gold-

stone masses as follows

λ =
1

8f 2

(
2m2

φ +m2
ω + 5m2

η

)
+

3y4
t

16π2
log

m2
T

m2
t

+ y4
tF

(
y2

yt

)
− 5

8

m2
3

f 2
. (5.55)

In order to arrange for the compressed spectrum of Section 5.1, it is required that

all of the scalars have masses & f/
√

2. It is clear from this expression that a

small quartic can only be achieved in this case if m3 is large. In case B of the

sample spectra, we have obtained a tachyonic Higgs mass parameter and a small

quartic using negative cY and tachyonic m2
1, which provide important negative

contributions in expressions (5.51), (5.52) to balance the positive contributions that

are needed for heavy scalars, while the large η mass (required to make the T → tη

decays kinematically forbidden) is obtained with a large m3. The cancelation

between the contributions from m1 and cY is the dominant contribution to the

tuning of the Higgs mass parameter in this case. A naive estimate of the tuning

in the Higgs mass parameter is given by:

∆ =

∣∣∣∣Max [δm2
i ]

m2

∣∣∣∣ , (5.56)

where δm2
i are the individual contributions to the mass parameter in Eq. (5.51).

By this measure, case B has a tuning ∆−1 = 4%. A model which can reproduce

the compressed scenario without additional tuning in the Higgs potential would

be interesting, and it would require either that the parity-preserving couplings of

η to the top partner are suppressed, the mass of η can be raised without large
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contributions to the Higgs potential, or that the state does not exist in the first

place.
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CHAPTER 6

A LITTLE ENHANCEMENT FOR THE HIGGS QUARTIC

The discovery of the Higgs boson with mass mh = 125 GeV implies that the

Higgs quartic self-interaction coupling λ (which determines the Higgs mass via

mh =
√

2λv) is about λ ' 0.13. This puts many extensions of the Standard

Model (SM) into an awkward position. For example, the Minimal Supersymmetric

Standard Model (MSSM) predicts a quartic of order

λMSSM '
1

8

(
g2 + g′2

)
+

3y2
t

16π2
log

(
m2
t̃

m2
t

)
, (6.1)

where mt̃ is the stop mass, which is required to be ∼ few TeV in order to raise the

Higgs mass sufficiently. This little hierarchy implies an O(1%) tuning in the Higgs

mass parameter. The source of this problem lies in the fact that while the quartic is

only logarithmically sensitive to mt̃, the electroweak scale is quadratically sensitive.

A common solution to this problem is to add new tree level contributions to the

Higgs quartic by extending either the Higgs sector (as in the NMSSM) or the gauge

sector, but these options are begining to be constrained by the good consistency of

LHC Higgs coupling measurements with their Standard Model (SM) predictions.

One proposed solution to the little hierarchy problem of the MSSM is the possibility

that the Higgs is a pseudo-Nambu Goldstone boson of a spontaneously broken

global symmetry. These so-called ‘Super Little Higgs’ models have even greater

trouble accomodating the Higgs mass, and proposals have typically involved a

proliferation of fields and elaborate mechanisms for introducing a tree level quartic,

but not a tree level mass for the pNGB Higgs [178–184].

An alternative solution to the large hierarchy problem is that the Higgs is a

composite pNGB resulting from strong dynamics [136,185]. These models generi-
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cally predict a loop-generated Higgs quartic of order

λSILH ∼
3y2

t g
2
ρ

16π2
(6.2)

where gρ is a characteristic coupling for the resonances of the strong sector. If

the underlying theory is a large N gauge theory, this coupling is estimated as

gρ ' 4π/N . A similar formula applies in Holographic Higgs models, in which N is

interpreted as the number of Kaluza Klein resonances below the UV cutoff. The

observed Higgs mass can therefore be accomodated for gρ ∼ 3, which is somewhat

larger than typical couplings of the SM but still perturbative.

Little Higgs (LH) models [132,149,186] are an alternative to minimal composite

models in which the pNGB Higgs potential is determined only by small couplings,

gρ ∼ gSM . 1, where gSM characterizes the size of SM couplings (the largest of

which is the top Yukawa, gSM ∼
√
Ncyt). This is too small to accomodate a loop-

suppressed quartic given by Eq. 6.2, and so a clever collective breaking of the

global symmetry is employed to arrange for a tree level Higgs quartic without a

tree level mass parameter:

λLH ∼ g2
SM. (6.3)

These models therefore allow naturally for a little hierarchy, v/f & 1/(4π) (where

f characterises the scale of global symmetry breaking), but predict too heavy a

Higgs boson, mh ∼ 300 GeV.

In this paper we discuss an alternative, purely radiative mechanism for the

generation of the Higgs quartic that can be implemented without severe tuning

and with only small g . 1 couplings. The main point is that the a collective

radiatively generated quartic might still be logarithmically sensitive to high scales,

which can provide a sizeable enhancement of the loop-induced quartic and yield

a phenomenologically acceptable Higgs mass. The generic form of the radiative
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quartic will be

λTH ∼
3y2

t ŷ
2

8π2
log

(
m2
ρ

m2
T

)
(6.4)

where ŷ ∼ 1 characterizes the mass and couplings of a colored, fermionic top

partner with mass mT = ŷf which cuts off the quadratic divergences from top

loops, and mρ is the scale of new resonances which render the one-loop potential

finite. This formula is to be contrasted with the radiative quartic of the MSSM

which has no sensitivity to scales above mt̃.

This feature is shared by Twin Higgs (TH) models in which the top partners

which cut off the quadratic divergences of top loops are related to the top quark

by a discrete Z2 symmetry, and they may be either colored or neutral under SM

gauge groups [187–194]. The Z2 symmetry of these models result naturally in

a Higgs quartic of the form of Eq. (6.4). In composite TH models mρ is the

mass scale of new colored resonances of the strong sector and in Holographic TH

models this is the mass of colored KK resonances. In neutral twin Higgs models the

parity enforces the relation ŷ = yt, while Left-Right symmetric twin Higgs (LRTH)

models have ŷ & yt. In the closely related Folded SUSY models, mT is the mass

of an uncolored scalar top partner, and mρ characterizes the scale of various KK

resonances.

Our model differs from TH in that the top Yukawa couplings do not generically

preserve a Z2 symmetry. Instead, the mechanism relies on Yukawa couplings that

preserve a continuous symmetry group locally in theory-space, but is twisted non-

locally. This structure was utilized already in Little Higgs models with T-parity

(LHT) [146,147] for the purpose of evading constraints from electroweak precision

tests, and in the ‘Bestest Little Higgs’ of Schmaltz, Stolarski and Thaler [149] to

reduce the top partner masses with respect to f . In this paper we focus instead on
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the role that this structure might have in generating an appropriate pNGB Higgs

potential without the need for a tree level collective quartic or strong couplings,

which has not yet been explored in the literature.

In Sec. 6.1, we discuss a minimal implementation of the structure from the

coset SU(3)/SU(2) and illustrate its role in generating the pNGB Higgs potential.

This effective theory (EFT) might originate from a variety of UV completions.

In Sec. 6.2 we discuss the embedding of this EFT into a weakly coupled super-

symmetric linear sigma model. This has the advantage of allowing to explore the

structure of the model at high scales, and provides a mechanism for generating a

large radiate quartic in SUSY theories. We argue that symmetry breaking effects

at two-loops require the presence of new states at a scale 10 – 105 TeV. An ex-

tended model based on the coset SU(4)/SU(3) renders the Higgs potential finite,

and we discuss this model in Sec. 6.3. This model turns out to be closely related

to the left-right symmetric twin Higgs (LRTH), as we shall discuss in Sec. 6.3.1.

6.1 The Mechanism for an Enhanced Radiative Collective

Quartic

In this section we present the basic idea for generating a log-enhanced radiative

collective quartic Higgs self-coupling with twisted Yukawas. In order to illustrate

the mechanism at play, we will contrast two models based on an SU(3)/SU(2)

coset describing the Goldstone bosons of a spontaneously broken SU(3) global

symmetry down to SU(2). In both cases we will only gauge the SM SU(2)L×U(1)Y

subgroup. Model 1 is a simplified version of the Simplest Little Higgs [186] without

an extension of the gauge sector, while model 2 has twisted top Yukawas analagous

to those used in the Bestest Little Higgs [149] and which will lead to the enhanced
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quartic1

Model 1: L1 = y1χĤu
c
1 + y2fTu

c
2 (6.5)

Model 2: L2 = y1χĤu
c
1 + y2χΩĤuc2, Ω = diag (1, 1,−1) (6.6)

χ = (Q, T ) , Ĥ =
sin
(√

H†H/f
)

√
H†H

 H

f cot
(√

H†H/f
)
 , (6.7)

with H the SM Higgs doublet. In Model 1, y1 preserves the global SU(3) symmetry

while y2 breaks it but does not contain the Higgs. Both terms are required to

generate a pNGB Higgs potential. In Model 2, y1 and y2 each preserve different

SU(3) symmetries which protect the Higgs, and again both are required to generate

a Higgs potential. The explicit breaking of the SU(3) is in the twist between these

two couplings. The breaking of the symmetry is collective in both models. The

Yukawa couplings in the two models are related to the top Yukawa coupling and

the top partner mass in the following way:

Model 1: y2
t =

y2
1y

2
2

y2
1 + y2

2

, mT = ŷf =
√
y2

1 + y2
2f ≥ 2ytf, (6.8)

Model 2: y2
t =

4y2
1y

2
2

y2
1 + y2

2

, mT = ŷf =
√
y2

1 + y2
2f ≥ ytf. (6.9)

The lower bounds on the top partner mass are saturated when y1 = y2. One

feature of this kind of top sector which was emphasized in [149] is that for fixed

f , Model 2 allows for a lighter top partner than Model 1. A second feature is that

the mixing between top partner and top is proportional to y2
1−y2

2, and in the limit

that y1 = y2 (which minimizes fine tuning in the Higgs mass parameter) there is

an exact parity under which the top partner is odd and the mixing is zero. This

was the property emphasized in the LHT models of [145], and can have interesting

phenomenological implications [10]. In contrast, theories with a top sector similar

1A similar structure also is present in the Yukawa couplings of LHT [146,147]
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to that in Model 1 have a mixing that is proportional to v2/m2
T , and can be made

small only by raising the top partner mass and hence at the expense of fine tuning.

In this paper we would like to emphasize a third distinctive feature of such

modified top sectors which is the the enhancement of the radiative Higgs quartic

self-coupling, and has not been discussed in the literature previously. The loga-

rithmically enhanced part of the one-loop Coleman Weinberg (CW) potential from

fermion loops in the two models are:

V1(s) = − 3

8π2
f 4y2

t ŷ
2s2 log

(
Λ2

m2
T

)
+

3

16π2
f 4y4

t s
4 log

(
m2
T

m2
t

)
, (6.10)

V2(s) = − 3

8π2
f 4y2

t ŷ
2s2 log

(
Λ2

m2
T

)
+

3

16π2
f 4s4

[
y4
t log

(
m2
T

m2
t

)
+ 2y2

t ŷ
2 log

(
Λ2

m2
T

)]
,

(6.11)

where s = sin
√
H+H
f

. In model 1, the s2 term is quadratically sensitive to the

top partner mass and log sensitive to the UV cutoff. The quartic s4 term is

logarithmically sensitive to the top partner mass and insensitive to the cutoff.

This means that a large radiative quartic can be achieved only by rasing the top

partner mass, at the expense of significant fine tuning in the Higgs mass parameter.

Model 2 has the same quadratic term as Model 1, but the quartic obtains an

additional contribution that is quadratically sensitive to the top partner mass and

log sensitive to the UV cutoff. This contribution is potentially quite large. Naively,

setting ŷ = yt = 1 and Λ = 4πf results in this term giving a contribution to the

physical Higgs mass of ∼ 150 GeV. This conclusion will be refined by two effects.

Firstly, the log divergence can be cut off below 4πf with additional top partners

(either fermion or scalar). Secondly, this contribution is being generated between

the scales Λ and mT where the running top Yukawa coupling is smaller than at the

electroweak scale (due to QCD corrections involving gluon loops). This is formally

a two-loop effect in the Higgs potential, but a numerically significant one. Both
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Figure 6.1: Feynman diagrams yielding log-divergent contributions to the Higgs
potential at one loop in model 1 (left) and model 2 (right).

of these effects will serve to reduce the size of the quartic compared to this naive

calculation, making a 125 GeV Higgs mass viable.

To gain an intuition for the origin of this enhanced quartic in model 2, it is

helpful to consider the RG flow of the two models above the scale mT , generated

at one loop by the diagrams in Fig. 6.1. In Model 1, log divergent one-loop di-

agrams have two external Higgs legs, and generate the structure Ĥ†P3Ĥ ∝ −s2.

Logarithmic contributions to the quartic are only generated once the top partner

has been integrated out, hence will not be sensitive to scales above mT at one

loop. In Model 2, one loop log divergent diagrams above the scale mT have four

external Higgs legs and generate the structure (Ĥ†ΩĤ)2 ∝ s4 − s2. Therefore,

both the quartic and the quadratic terms have substantial running above the top

partner mass threshold, leading to the log enhanced quartic. This closely parallels

the radiative Higgs quartic induced in TH models.

The curious structure of the Yukawas in this model yearns for an explanation.

The spurion Ω is very much analagous to that used to implement the discrete

symmetry called T Parity in LHT models, without the complexities associated with

the gauge sector in those models. We wish to explore the more general case, where

the couplings y1,2 can take values away from the parity limit. In this case, there

does not seem to be a good symmetry principle which can control the appearance
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of this spurion in the Lagrangian in a non-supersymmetric theory. To illustrate the

difficulty, consider implementing a global U(1) symmetry under which Ω is the only

spurion. The matrix Tr(Ω†)Ωij has no charge and so it can be inserted arbitrarily,

thus breaking the global symmetry in a non-collective way. In a supersymmetric

theory however, holomorphy severely restricts the form of the superpotential such

that insertions of this form are not permitted. A global Abelian symmetry can then

easily be imposed, forcing Eq. (6.6) as the most general form of the superpotential.

Non-holomorphic operators will then only be generated below the SUSY breaking

scale or in the Kähler potential.

6.2 An Effective Theory for a Supersymmetric SU(3)/SU(2)

Model with Enhanced Quartic

In this section we present a supersymmetric version of model 2 with the log en-

hanced quartic. We assume that SUSY is broken at a scale MSUSY ∼ 5 – 10 TeV,

setting the characteristic mass scale for the superpartners, in particular for the

stops. As in the models considered in the previous section, we also assume that

there is an SU(3) global symmetry with the SM SU(2) × U(1) gauged. There

are two Higgs triplets Ĥu,d with a tree level potential that is assumed to (at least

approximately) respect the SU(3) global symmetry. The symmetry is broken col-

lectively by the Yukawa couplings to an SU(3) triplet χ and singlets uc1, u
c
2 as in

model 2, but now the Yukawa couplings originate from a superpotential

W ⊃ y1

sin β
χĤuu

c
1 +

y2

sin β
χΩĤuu

c
2, Ω = diag(1, 1,−1). (6.12)

The SU(3) symmetry is left unbroken if either y1 = 0 or y2 = 0. The global

symmetry is therefore broken only by the collective action of these couplings. For
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simplicity, we will assume that the Higgs sector is in a decoupling limit such that

below the scale of the SUSY breaking stop mass, MS, the light degrees of freedom

and the electroweak symmetry-breaking vev are described by a single Higgs triplet

Ĥ:

Ĥu = sβĤ + cβH, Ĥd = cβĤ − sβH (6.13)

where H is a heavy triplet which decouples above the scale MS. This assumption

is not necessary for the mechanism, but simplifies the analysis considerably. We

assume that the field Ĥ acquires a vev f ' 1 TeV of the form

Ĥ = eiΠ/f


0

0

f

 = f


0

sh

eiη/fch

 , sh = sin

(
h√
2f

)
, (6.14)

where Π is the Goldstone matrix containing 5 Goldstones, 3 of which are the

components of the Higgs doublet which are eaten by the W and Z bosons, one is

the physical Higgs boson h, and there is an additional neutral pNGB η. This η

can be given by a mass via a tadpole superpotential term:

W ⊃ κĤ3. (6.15)

6.2.1 The top partner

There is a charge 2/3 SU(2) singlet top partner with mass mT , as well as the

ordinary top quark with Yukawa yt, which are given by:

mT = f
√
y2

1 + y2
2, yt =

2y1y2√
y2

1 + y2
2

. (6.16)

These satisfy the inequalities:

mT ≥ ytf, y2
1y

2
2 ≥ y2

t /4 (6.17)
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which are saturated for y1 = y2 = yt/
√

2. In this limit the Lagrangian is symmetric

under a parity (usually identified as T-parity) under which only the top partner is

odd, and so it has no Yukawa couplings. This suppresses the couplings responsible

for the ordinary decays T → th, T → tZ, T → bW , which are usually assumed to

be the dominant decays in LHC searches for top partners. It is therefore possible

to consider alternate dominant decay channels for the top partner if its parity-

breaking interactions do not have a Minimally Flavor Violating (MFV) structure

(such that coupling to light generations are not strongly suppressed). For instance,

a parity-breaking structure of the form:

viχP3Ĥu
c
i , uci = (uc, cc, tc) , P3 = diag(0, 0, 1), (6.18)

where uci are the three generations of SM RH up-type quarks, would generate decays

T → uciη. The η would decay predominantly to bb̄ for 2mb < mη < 2mt, provided

its couplings are (MFV) (such that it couples most strongly to the heaviest quarks).

If vi is largest for light quarks, the colored top partners might be lighter than

the standard bound of 800 GeV due to the dominance of the exotic decays [10].

Alternatively, it is possible that the largest parity-violating couplings would be

non-renormalizable four-fermi interactions, leading to decays T → qqq̄. While

these are very interesting phenomenological possibilities, we will be interested in

the more general regions of parameter space, y1 6= y2 and will not explore the

collider phenomenology of these exotic decays in more detail.
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6.2.2 The Higgs quartic

After SUSY breaking, top sector loops will generate a quartic structure of the

form:

L ⊃ δλ

4
|Ĥ†ΩĤ|2/4 ⊃ δλf 4

(
s4
h − s2

h

)
, δλ ' −3y2

1y
2
2

2π2
log

(
µ2

M2
SUSY

)
, (6.19)

which is potentially very large. However, since this is generated between the scales

f and MSUSY, using the tree level relations between the Yukawa couplings and

the top quark mass will significantly overestimate the size of this quartic as the

top Yukawa runs quickly above the electroweak scale. The main question to be

addressed then is how to best estimate this contribution. At one loop, the CW

potential coming from top-stop loops is:

V (top-stop)(s) =− 3

8π2
f 4y2

t ŷ
2s2

(
1 + log

(
M2

S

m2
T

))
(6.20)

+
3

16π2
f 4s4

(
y4
t

[
−1

2
+ log

(
m2
T

m2
t

)]
+ 2ŷ2y2

t

[
1 + log

(
M2

S

m2
T

)]

+ 2y2
t ŷ

2

[
−1 +

y2
t

ŷ2
+ log

(
m2
S +m2

T

m2
S

)(
1− y2

t

2ŷ2
+
m2
S

m2
T

(
1− y2

t

ŷ2

))])
,

where we have chosen a universal stop mass MS, and set squark mixings to zero.

Nonzero squark mixings will introduce additional threshold contributions as in

the MSSM. Since this formula involves reasonably large hierarchies of scales over

which the Yukawa couplings run quickly, this formula is highly sensitive to the

renormalization scale at which it is evaluated. The dominant effect is one-loop

running of the Yukawa couplings with αs, which is a non-negligible two-loop effect

on the Higgs potential.

We therefore calculate the Higgs quartic using an RG-improved effective poten-

tial. Starting from a tree level MSSM D-term quartic above MS, we run the quartic

using its one-loop beta function, and those of the Yukawa couplings’, keeping only
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the dominant contributions involving the top Yukawa and the strong coupling.

There are three main thresholds at which states need to be integrated out: the

stop mass threshold MS, the radial mode mass mσ, and the top partner at mT .

We will ignore the contributions of the radial mode for the time being, and return

to it in Sec. 6.2.3. At the thresholds MS and mT we integrate out the scalar and

fermionic top partners, and account for their loop contributions to the effective

potential by adding to the Lagrangian their contribution from the CW formula,

evaluated at the threshold scale µth:

∆V (µth) =
1

16π2
STr

[
M4

(
log

(
M2

µ2
th

)
− 3

2

)]
(6.21)

where the supertrace is evaluated over the mass matrix M containing all the

states being integrated out at that scale. In this procedure, threshold effects are

calculated using parameters evaluated at the threshold scale, and the large logs of

Eq. (6.20) come from running between thresholds.

Separating out the non-analytic term due to the Higgs dependence of the top

mass we write the effective potential for the Higgs at the electroweak scale in the

following form:

Vh = m2f 2s2
h + λf 4s4

h +
3

16π2
m4
t

(
s2
h

)(
log

(
m2
t (s2

h)

µ2

)
− 3

2

)
+O

(
s6
)
, (6.22)

where mt(sh) is the Higgs-dependent top quark mass:

m2
t = y2

t f
2s2
h/2 +O

(
s4
h

)
. (6.23)

The renormalization scale µ is chosen to be at the renormalized top quark mass,

µ = mt (〈sh〉). The potential is minimized at:

m2 = −2f 2 〈s〉2
(
λ− 3y4

t

64π2

)
, (6.24)

where the value of 〈s〉 required for the correct W boson mass is:

2f 2 〈s〉2 = v2 ' (246 GeV)2 . (6.25)
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The physical Higgs boson mass is then given by:

m2
h = 2v2λ

(
1− v2

2f 2

)
. (6.26)

To reproduce a Higgs mass mh ' 125 GeV requires λ ' 0.13 up to corrections

O (v2/f 2). We write the Higgs quartic as:

λ = λtree + δλ (6.27)

' 1

8

(
g2 + g′2

)
cos (2β)2 + δλ, (6.28)

where δλ is the contribution coming from the top-sector loops.

In Fig. (6.2) we plot the contribution to the Higgs quartic from top-sector

loops, δλ, as a function of MS for three values of ŷ, with mT fixed at 1 TeV. We

compare results obtained from the one-loop formula of Eq. (6.20) evaluated using

electroweak-scale parameters with a numerical integration of the beta functions

as described above. We also include a two-loop leading log approximation (2LL),

calculated in Appendix 6.A, which accounts for all one-loop contributions and

also the leading log contributions at two-loops. We find deviations of 50% or

more between the numerically integrated RG improved calculation and the 1-loop

formula when MS & 4 TeV, even for small values of ŷ. For values of ŷ & 1.18 we

find that even the 2LL formula provides a poor approximation. We find that the

measured Higgs mass can be obtained with a combination of tree-level D-terms

and the top-sector loop contributions for either of the three choices of ŷ, and for

the largest value the loop corrections are large enough to yield the desired Higgs

mass even without any D-term contributions.
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Figure 6.2: The size of the radiative contribution to the Higgs quartic for varying
ŷ. In each plot, the red line is the one-loop CW formula, the blue line is from
numerical integration of the RG flow, and the dashed line is the two-loop leading-
log approximation. In all plots, mT = 1 TeV. The upper and lower black lines
correspond to the required radiative contribution to the Higgs mass assuming the
MSSM D-term contributions are set to 0 or saturated, respectively. Between these
lines, the measured Higs mass can be accounted for by a combination of D-terms
and radiative corrections.

6.2.3 The effect of the radial mode

An additional contribution to the quartic will come from integrating out the radial

mode at tree-level. The operator of Eq. (6.19), responsible for generating the

Higgs quartic, also contains a coupling to the radial mode σ:

V ⊃ 4√
2
f 3δλ σs2. (6.29)

When the radial mode is integrated out at tree level, it provides a negative thresh-

old contribution to the Higgs quartic:

δλ (mσ − ε)− δλ (mσ + ε) = −4
f 2

m2
σ

(δλ(mσ))2 . (6.30)

Although this contribution is parametrically suppressed by an additional power of

δλ, it has a significant numerical enhancement, especially if mσ . f . We therefore

now turn to the potential of the linear sigma model (LSM) which will set the mass

of the radial mode. In a supersymmetric theory, a quartic for the LSM field Ĥ
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may come from F or D terms. At large tan β, which is expected if m2
Hu

is driven

negative by large Yukawa couplings, a quartic of the form |Ĥu|4 is required. This

could be achieved with non-decoupling U(1) D-terms, or with F terms coming from

a new field in the 6 representation of the global SU(3). At small tan β, a quartic

of the form |Ĥu|2|Ĥd|2 can be achieved by introducing a singlet field S with an

NMSSM-like superpotential:

W ⊃ λ̃SĤuĤd + V (S). (6.31)

We will choose this as the simplest possibility. In this case, the radial mode has a

mass:

m2
σ = λ̃2f 2 sin2 2β. (6.32)

The requirement for a sufficiently large mass therefore implies a large cou-

pling λ̃. Assuming that λ̃ is sufficiently large that its beta function is domi-

nated by contributions proportional to λ̃4, it reaches a Landau pole at a scale

Λ2 ' m2
σ exp(16π2/5λ̃2). This means that a theory with λ̃ = 1 could be perturba-

tive up to scales of order 107 TeV, while λ̃ = 2 could be perturbative up to 250 TeV

and λ̃ = 2.5 up to 60 TeV. This allows the radial mode to be somewhat heavier

than the top partner while maintaining perturbativity for some decades of energy,

and therefore the negative correction to the quartic coming from integrating out

this mode at tree level will be neglected in this work. In Fig. (6.3) we plot the

value of cos 2β required to generate the measured Higgs mass in the ŷ,MS plane,

for mT = 1 TeV. We also plot the corresponding sin2 2β suppression in the mass of

the radial mode in this NMSSM-like completion. We see that ŷ & 1.1 is required

to generate a sufficiently large SM Higgs quartic in the small tan β regime.
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Figure 6.3: Value of cos 2β required to obtain the correct Higgs mass (left), and the
corresponding suppression of an NMSSM-like quartic in the linear sigma model,
sin2 2β (right). This is for mT = 1 TeV.

6.2.4 Tuning in the Higgs mass parameter

As usual, the Higgs mass parameter will still require some tuning in order to repro-

duce the observed EWSB minimum. Top loops provide a large negative contribu-

tion, which needs to be partially cancelled by similarly sized positive contributions.

It is reasonable to assume that the largest of these comes from quadratically diver-

gent electroweak gauge loops which are cut off by a common electroweak gaugino

mass Mg. In this case, the Higgs mass parameter is given by:

m2 ' (87 GeV)2 ∼ − 3

8π2
y2
tm

2
T

(
1 + log

(
M2

S

m2
T

))
+

3

16π2
M2

g log

(
Λ2

M2
g

)
+ ∆,

(6.33)

where ∆ includes all contributions from additional symmetry breaking effects (to be

discussed in Sec. 6.2.5) which are assumed to be subdominant. For MT ' 1 TeV,

this implies a fine tuning O(5%) in the Higgs mass parameter, and implies a

gaugino mass of order:

Mg ∼
yt
g

√
2

log (M2
S/m

2
T )

log
(
Λ2/M2

g

) , (6.34)
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which gives Mg ∼ 2mT for Λ ∼ 100 TeV.

6.2.5 Higher order contributions to the quartic

One-loop wavefunction renormalization above the SUSY breaking scale will intro-

duce new two-loop contributions to the pNGB Higgs potential. For example, gauge

boson loops will renormalize only the SU(2) doublet components of the Higgs and

quark multiplets. Furthermore, fermion loops will generate Ω dependent wavefunc-

tion renormalization. When the fields are rescaled this will manifest as explicit and

non-collective breaking of the global symmetry in the Higgs couplings, generating

new contributions in the Higgs potential. We neglect the contributions to the

quartic, as these are suppressed by an additional loop factor and enhanced only

by a larger log. But the contributions to the mass parameter, ∆, could be signfi-

cant. This is because the additional loop suppression is partially compensated by

a quadratic sensitivity to MS rather than mT .

The only non-universal wavefunction renormalizion coming from fermions at

one-loop is a kinetic mixing between u1 and u2, generating an operator in the

Kahler potential cTr[Ω]uc1u
c†
2 . When the fields are canonically normalized, the

Yukawa couplings of Eq. (6.6) are modified to:

L2 = χ
(
y1 + δy1Tr[Ω†]Ω

)
Ĥuc1 + χ (y2Ω + δy2Tr[Ω]) Ĥuc2 (6.35)

δy1 =
3

64π2
y1y

2
2 log

(
Λ2

µ2

)
, δy2 =

3

64π2
y2

1y2 log

(
Λ2

µ2

)
(6.36)

It can be seen that the two terms of Eq. (6.35) each explicitly breaks the SU(3)

global symmetry protecting the pNGB Higgs, introducing quadratically divergent
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contributions to the Higgs potential of the form:

∆ ∼ 3

4π2
(y1δy1 + y2δy2)M2

S log

(
Λ2

M2
S

)
, (6.37)

=
1

4

(
3

16π2

)2

y2
t ŷ

2M2
S log

(
Λ2

M2
S

)2

. (6.38)

For ŷ ' 1.1,MS ' 5 TeV,mT ' 1 TeV,Λ ' 10 TeV, this contribution provides

an order 10% correction to Eq. (6.33), but this grows only logarithmically and

does not begin to dominate until Λ ∼ 103 TeV. Another symmetry-breaking

contribution to non-universal wavefunction renormalization will come from the

gauge couplings, resulting in operators of the form:

L ⊃ 3

32π2
g2 log

(
Λ2

M2
S

)
(y1χP3Hu

c
1 + y2χP3Hu

c
2) , P3 = diag (0, 0, 1) (6.39)

generating a contribution to ∆ of size:

∆ ∼
(

3

16π2

)2

g2ŷ2M2
S log

(
Λ2

m2
T

)
. (6.40)

This contribution is smaller than that from the Yukawa couplings themselves.

This model therefore seeks a completion to its symmetry structure in the range

10 – 103 TeV. The principle difficulty for finding a UV completion is in the peculiar

form of the spurion Ω, which would require unusual dynamics to be generated. In

the next section we describe a slight modification to the model that admits a simple

UV completion.

6.3 Towards a UV Completion: SU(4)/SU(3)

The goal of this section is to present an extended model, where the origin of the

spurion Ω is clarified. To achieve this we enlarge the approximate global symmetry

129



group from SU(3) to SU(4), with the SM Higgs embedded in a 4-plet Ĥ(4). The

superpotential contains a spurion Ω(4) = diag(1, 1,−1,−1), which might be the vev

of an SU(4) adjoint field, and can therefore appear naturally. There will be multiple

symmetry-breaking scales, and we will begin by summarizing this structure. Above

a scale F the Higgs potential is assumed to preserve an approximate SU(4) global

symmetry, and the gauge sector has an SU(2)L × SU(2)X × Z2 symmetry, where

the discrete symmetry exchanges the two SU(2) gauge groups. This structure is

similar to that in twin Higgs models. The SU(2)X gauge symmetry is spontaneously

broken at a scale F � MS. The left handed top quark is embedded in a 4-plet

χ(4), which contains a charge -1/3 fermion B which is assumed to get a mass at

this high scale F such that it does not appear in the low energy spectrum:

χ(4) =



t

b

T

B


−→



t

b

T

0


. (6.41)

This will constitute a hard breaking of the SU(4) global symmetry to SU(3) in

the Ĥ(4) Yukawa couplings, introducing a 1-loop quadratic sensitivity to the SUSY

breaking scale MS for some of the pNGBS in the 4-plet, but not the SM Higgs. The

SM Higgs, being a Goldstone of SU(3)/SU(2), remains protected by the collective

Yukawa structure which softens its sensitivity to high scales, as in the previous

model. The scale F cuts off the logarithmic divergences in the SM Higgs potential,

rendering it finite and resolving the difficulties in extending the SU(3) model to

high scales. The contributions from gauge loops are cut off because above the scale

F , the Z2 symmetry makes all wavefunction renormalization effects from the gauge

sector SU(4) universal. We will discuss why the non-universal contributions from

the Yukawa couplings also vanish above this scale at the end of the section.
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Above the scale F , the superpotential for the top sector reads:

W (F ) ⊃ y1χ
(4)Ĥ(4)

u uc1 + y2χ
(4)Ω(4)Ĥ(4)

u uc2 + y3χ
(4)Φ

(4)
d dc3 +WĤ +WΦ, (6.42)

where the fields Φu,d are additional 4-plets responsible for the breaking of the SU(4)

symmetry, while the superpotentials WĤ , WΦ, do not include direct interactions

between the Ĥ and Φ fields. This preserves two separate global SU(4) symmetries

for Ĥ and Φ, broken to the diagonal only by the couplings to the top sector. This

is technically natural because of the non-renormalization of SUSY superpotentials.

We will discuss the symmetry which controls the appearance of the spruion Ω(4)

later in this section. We assume that the superpotential WΦ results in the field Φ

getting a vev in its fourth component at a scale F , breaking the gauge symmetry:

SU(2)L × SU(2)X × Z2 → SU(2)L × U(1) (6.43)

and giving a mass x3F to the fourth component of χ(4). The uneaten pNGBs of Φ

are assumed to get positive masses from small explicit symmetry-breaking terms.

The top Yukawa couplings just above the scale MS are:

W (MS) ⊃ y1

sin β
χ(4)Ĥ(4)

u uc1 +
y2

sin β
χ(4)Ω(4)Ĥ(4)

u uc2, (6.44)

where χ(4) is the incomplete 4-plet with its fourth component decoupled. In the

decoupling limit in which the lightest states of the Higgs sector and the vev can be

described by a single 4-plet Ĥ(4), the Higgs can be decomposed (up to an SU(2)L

rotation) as:

Ĥ(4) = eiΠ/f



0

0

f

0


= f



0

shcθ

eiη/fchcθ

sθ


, (6.45)

sh = sin
(√

H†H/f
)
, sθ = sin

(√
θ∗θ/f

)
, (6.46)
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with θ a complex scalar, neutral under the SM gauge groups, and the complex

Higgs doublet, the complex singlet θ and the real singlet η making up for the seven

pNGB’s of the breaking SU(4)→SU(3). Top-sector loops will stabilize the θ vev

at the origin, and it will gain a mass given by:

m2
θ '

3

8π2
ŷ2M2

S log

(
M2

M2
S

)
+m2

tree. (6.47)

At one loop, the SM Higgs potential is exactly the same as in the previous section.

We now turn to a discussion of the appearance of the spurion Ω(4) in the super-

potential of Eq. (6.42). This preserves a U(1)Ω global symmetry under which Ω(4)

has charge +1 and uc2 charge -1. Any non-universal wavefunction renormalization

coming from this coupling must have a form:

∆K ⊂ c1Ĥ
(4)†
u Ω(4)Ĥ(4)

u + c2χ
(4)†Ω(4)χ(4) +

(
c3u

c†
2 u

c
1 + h.c.

)
, (6.48)

where the coefficients c1,2,3 must have charge -1 under U(1)Ω. But there is no scalar

that can be made from Ω(4) and Ω(4)† with charge -1 under U(1)Ω. For instance,

Tr[Ω(4)†] has the correct charge, but numerically evaluates to zero. This illustrates

why the model based on SU(3)/SU(2) was sensitive to high scales - this sensitivity

was proportional to objects like Tr[Ω(3)†] = 1. It is the fourth component of χ(4)

which cuts off the log of Eq. (6.37) in this extension.

In order to motivate the appearance of Ω(4) in this particular way in the su-

perpotential of Eq. (6.42), we wish to extend the model once more, at a scale

M > F :

W (F ) ⊃ x1χ1Ĥ
(4)
u uc1 + x2χ2Ĥ

(4)
u uc2 + x3χ1Φ

(4)
d dc3 +Mχ1χ

c + zχ2〈A〉χc +WĤ +WΦ.

(6.49)

We have here introduced an SU(4) adjoint field A whose dynamics is assumed to

generate a vev proportional to Ω(4), and with size z |〈A〉| ∼ M . An appropriate
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assignment of global U(1) charges makes this the most general renormalizable

superpotential involving these fields. One linear combination of χ1, χ2 marries χc to

become massive, and the remaining combination becomes χ(4). The renormalizable

superpotential of the effective theory below this scale is that of Eq. (6.42).

The Z2 symmetry between the two SU(2) gauge groups in the UV requires also

that all of the SM SU(2)L doublets are mirrored in the SU(2)B gauge group. This

is possible either by embedding the SM RH fermions besides the third generation

quarks in doublets of SU(2)B, or by repeating the structure of the third generation

and mirroring the entire spectrum of SM fermions in the SU(2)B gauge group.

6.3.1 The Connection to Twin Higgs

We have seen previously that the prediction of our model with twisted Yukawa

couplings for the Higgs quartic are similar to those of twin Higgs models. In the

SU(4) model sketched out above we can easily identify find the relation to twin

Higgs models. The connection is to the version called left-right symmetric twin

Higgs (LRTH), where one does not double the entire SM (hence the top part-

ner actually remains colored), but one has a full SU(2)L×SU(2)R left-right gauge

symmetry with gL = gR. The SU(4) model does preserve a discrete symmetry

analagous to that of the LRTH model, but with different charge assignments. We

decompose the SU(4) multiplets in the following way

χ(4) =

QA

QB

 , H(4) =

HA

HB

 (6.50)

ucA =
uc1 + uc2√

2
, ucB =

uc1 − uc2√
2

(6.51)
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SU(3)c SU(2)L SU(2)B
QA � � 1
QB � 1 �
HA 1 � 1
HB 1 1 �
ucA � 1 1
ucB � 1 1

SU(3)c SU(2)L SU(2)B
QA � � 1
QB � 1 �
HA 1 � 1
HB 1 1 �
ucA � 1 1
ucB � 1 1

Table 6.1: Charge assignments for the SU(4) model (left). For comparison, we
also show the charges of the top-sector fields in the LRTH model.

with QA and HA the SM third generation quark doublet and Higgs doublet respec-

tively. In this basis, the top sector Yukawa couplings read

L ⊃ y1 + y2√
2

(QAHAu
c
A +QBHBu

c
B) +

y1 − y2√
2

(QAHAu
c
B +QBHBu

c
A) . (6.52)

These are the most general Yukawas which preserve a discrete symmetry A↔ B,

(broken by the large mass of the B quark, Eq. 6.41), consistent with the matter

content described in table 6.1. For comparison, we also show the charges for the

top sector fields of the LRTH model. The only difference between these charges

are whether the top partners are color triplets or antitriplets. For our twisted

Yukawa model the doublet top partners need to have the same color charge as the

corresponding SM state so as to have a full SU(4) symmetry. In the LRTH model

these states are paired up with each other to generate a Yukawa coupling and thus

have opposite color charges. The Yukawa couplings for the LRTH are those in

(6.52) with y1 = y2 and hence the structure of the log divergent contributions to

the Higgs quartic are expected the to be the same in the two models at one loop.
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6.A One-loop beta functions

We find that the one-loop beta functions for the Higgs quartic and Yukawa cou-

plings above the scale mT are given by

βy1 =
dy1

d log µ2
=

y1

32π2

(
5y2

1 +
7

2
y2

2 − 8g2
s

)
, (6.53)

βy2 =
dy2

d log µ2
=

y2

32π2

(
5y2

2 +
7

2
y2

1 − 8g2
s

)
, (6.54)

βλ =
dλ

d log µ2
=

3

8π2

(
−4y2

1y
2
2 +

(
y2

1 + y2
2

)
λ+O(λ2)

)
(6.55)

=
3ŷ2

8π2

(
−y2

t + λ
)

(6.56)

These formulae are valid in the approximation that the electroweak gauge couplings

are neglected compared to the top Yukawa and the strong coupling, and that

the O(λ2) term is neglected. Numerical integration of these beta functions will

resum leading logs to all orders. For comparison, we show an approximate analytic

expression for the Higgs quartic evaluated in two-loop leading log approximation

(with finite one-loop threshold corrections). This can be obtained by solving the

beta functions above recursively:

λ(µ) = λ(M)− βλ(µ) log

(
M2

µ2

)
− 1

2
β′λ(µ) log

(
M2

µ2

)2

. (6.57)

The resulting formula is:

λ(mt) =
3

8π2
y4
t

(
−2 + log

[
m2
T

m2
t

] [
1 +

1

32π2

(
3y2

t − 16g2
s

)
log

(
m2
T

m2
t

)])
(6.58)

+
3

4π2
y2
t ŷ

2

(
1 + log

[
m2
S

m2
T

][
1 +

41

64π2
ŷ2 log

(
m2
S

m2
T

)
− 3

32π2
y2
t log

(
m2
T

m2
t

)

− 1

2π2
g2
s log

(
m2
S

m2
t

)])

+
3

4π2
y2
t ŷ

2

(
−1 +

y2
t

ŷ2
+ log

[
m2
S +m2

T

m2
S

] [
1− y2

t

2ŷ2
+
m2
S

m2
T

(
1− y2

t

ŷ2

)])
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