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• Motivation
• Model Independent approach to Naturalness

• Minimal Naturalness at current experiments

• Indirect evidence of naturalness : top 
divergence

• Little Higgs Theories

• SUSY theories
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• Masses of scalars sensitive to the cutoff 
scale

• Mass splitting between charged and neutral 
pions well explained by an EM quadratic 
divergence

• Without fine tuning bare mass and quantum 
corrections, expect scalars to have masses 
of order the cutoff.

• Higgs at 125 GeV so cutoff/new physics 
around the corner

• So why haven’t we seen it?

Quadratic DivergencesCHAPTER 1. INTRODUCTION 8

called ”Natural Supersymmetry” and will be the main focus of this thesis.

Figure 1.3: The largest Standard Model Feynmann diagrams contributing to the running of the
mass of the Higgs.

Using dualities and supersymmetry, one can easily build theories of natural supersymmetry. The

next question is how to observe these theories at the LHC. Of the three new particles, the easiest

to produce is the gluino. Typically new particles produced at the LHC are either too short lived

to be seen themselves so the gluino would be observed through its decay products. The principle

of naturalness determines that the stop would be lighter than the gluino. The gluino would then

decay into a top quark and a stop. The stop then decays via a top to the lightest supersymmetric

partner. The lights supersymmetric partner does not decay and escapes the LHC undetected.

The current searches look for 6-8 jets (aka final states) with lots of missing energy due to the

escaped particle. These searches are very ine�cient. Many of the jets are low in energy and can

be easily missed. Due to the large number of final states, the jets are likely to overlap reducing the

number of jets. The missing energy is also decreased due to the large number of final state particles.

The later half of this thesis will provide a new method by which to discover these signals. By using

the mass of large radius jets, the systematic errors can be reduced and better sensitivity to these

signals is obtained.

This thesis focuses on Supersymmetric theories and their collider signatures. The first part of

the thesis, Sec. 2, 3 and 4, cover attempts to build new dualities. The more dualities that we

understand the closer we are to obtaining a qualitative understanding of what happens when a
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• Supersymmetry

• Little Higgs

• Extra Dimensions/CFTs

• Fourth Generation

• Leptoquarks

• ...

What are we looking for?
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Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

• Supersymmetry
• Light Stops - Cancels the top quadratic divergence to the Higgs mass

• Light Higgsinos - Z mass not Higgs Mass

• Light Gluinos - So that the Stops are not too light

Simplified Models

taken from 1110.6926
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• Little Higgs/Extra Dimensions/CFTs
• Light fermionic top partners

• single or pair produced

• 3 different decay channels

Simplified Models

Thus in the large mT limit, decays proceeding through an off-shell intermediate Higgs dominate. This
calculation shows that even though the two body decay of the Higgs is suppressed, its existence is still
important for maintaining the goldstone boson equivalence theorem.

B Little Higgs, Quadratic Divergences, and Three Body Decays

In Sec 4, we considered bilinear couplings to the Higgs where the Yukawa term was suppressed. In this
section, we show how this limit can be reached in a toy Little Higgs model.

Consider a toy Little Higgs models describing the spontaneous breaking of a SU(3) down to an SU(2)

by a fundamental vev f [12]. The cut off scale at which new physics must enter is 4⇡f . The breaking gives
5 pseudo-goldstone bosons, 4 of which can be made into the Higgs field and the other will be ignored as
it plays no role in subsequent analysis. The goldstones are combined into a non-linear sigma field ⌃.

⌃ = exp
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A pair of colored weyl fermions, u0 and u0c, are added to cancel the top quadratic divergence by
collective symmetry. One of the weyl fermions combines with Q
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The leading 1/f terms in the lagrangian are then
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After the Higgs obtains a vev, the last two terms of Eq. B.3 allow the top partner to decay via a higgs
boson and a top.

B.1 v ⌧ f limit

The v ⌧ f limit is not always physical but it illustrates which term of the two terms in Eq. B.3 dominates
the decay. Diagonlizing the mass terms, gives

L � �
1

�
2p

�2

1

+ �2

2

tc
3

HQ
3

+

�2

1p
�2

1

+ �2

2

T cHQ
3

+

�2

1

2mT
HH†T cT +

�
1

�
2

2mT
HH†tc

3

T (B.4)

L � THQ
3

(B.5)

Notice that the coupling constants associated with the three and four body interactions can be para-
metrically different. Their ratio is
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where we used that the top Yukawa is
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• The signals are due to the additional structure of 
the solutions!

• Stops solve naturalness with

• but decay via

• Fermionic partners use

• but decay via

Signals 
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quadratic divergences are canceled by terms linear in the Higgs field, then the collider phenomenology
is well covered by current electroweakino and fourth generation searches. If quadratic divergences
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1

SLAC-PUB-XXXXXX

Minimal Signatures of Naturalness

Sonia El Hedri1 and Anson Hook2

1SLAC, Stanford University, Menlo Park, CA 94025 USA
2Institute for Advanced Studies, Princeton University, Princeton, NJ 08544 USA

June 2, 2013

Abstract

L � TT cHH†

L � �t�
†
tHH†

L � �tHt
We study the minimal signatures of new particles that cancel the Higgs quadratic divergences by

considering models where only the interaction terms needed to cancel these divergences are present. If
quadratic divergences are canceled by terms linear in the Higgs field, then the collider phenomenology
is well covered by current electroweakino and fourth generation searches. If quadratic divergences
are canceled by terms bilinear in the Higgs field, then the signatures are highly dependent on the
quantum numbers of the new particles. Precision Higgs measurements can reveal the presence of new
particles with either vevs or Standard Model charges. If the new particles are scalar dark matter
candidates, their direct and indirect detection signatures will be highly correlated and within the
reach of XENON100 and Fermi. Observation at one of these experiments would imply observation at
the other one. In the general case, an observable LHC decay channel can arise if the new particles
mix with lighter states. This decay channel involves only the Higgs boson and not the gauge bosons.
Observation of such decays gives evidence that the new particle is tied to the naturalness problem.

1

SLAC-PUB-XXXXXX

Minimal Signatures of Naturalness

Sonia El Hedri1 and Anson Hook2

1SLAC, Stanford University, Menlo Park, CA 94025 USA
2Institute for Advanced Studies, Princeton University, Princeton, NJ 08544 USA

June 2, 2013

Abstract

L � TT cHH†

L � �t�
†
tHH†

L � �t
˜Ht

We study the minimal signatures of new particles that cancel the Higgs quadratic divergences by
considering models where only the interaction terms needed to cancel these divergences are present. If
quadratic divergences are canceled by terms linear in the Higgs field, then the collider phenomenology
is well covered by current electroweakino and fourth generation searches. If quadratic divergences
are canceled by terms bilinear in the Higgs field, then the signatures are highly dependent on the
quantum numbers of the new particles. Precision Higgs measurements can reveal the presence of new
particles with either vevs or Standard Model charges. If the new particles are scalar dark matter
candidates, their direct and indirect detection signatures will be highly correlated and within the
reach of XENON100 and Fermi. Observation at one of these experiments would imply observation at
the other one. In the general case, an observable LHC decay channel can arise if the new particles
mix with lighter states. This decay channel involves only the Higgs boson and not the gauge bosons.
Observation of such decays gives evidence that the new particle is tied to the naturalness problem.

1

Thursday, November 14, 13



• If all of these signatures are not related to Higgs 
naturalness, then what are the model 
independent signatures of a Natural Higgs?

• Leads to Minimal Naturalness.

Question

Thursday, November 14, 13



• Minimal Naturalness
• Add a new particle to the SM

• Impose that it cancels a quadratic divergence

• No additional interactions

• All signatures are directly tied to the cancelation 
of quadratic divergences

• Signatures of the model vanish in the limit that the new particle does 
not contribute to the Higgs quadratic divergence

Minimal Naturalness

Thursday, November 14, 13



• Model Independent Naturalness
• Naturalness requires cancelation of quadratic divergences

• The UV symmetry can add any number of additional interactions

• A true model independent approach would consider all models where 
quadratic divergences are canceled with every possible additional 
interaction

• A more tractable approach: consider all these additional terms 
vanishing 

Minimal Naturalness
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• Motivation
• Model Independent approach to Naturalness

• Minimal Naturalness at current experiments

• Indirect evidence of naturalness : top 
divergence

• Little Higgs Theories

• SUSY theories
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• Yukawa terms

Minimal Naturalness

 
1,2 stable new particle Production Channel Signatures

Yes pair production 2 V/H + R-hadrons/CHAMPS//ET

No pair + single production 2 V/H + leptons/tops/jets
V/H + leptons/tops/jets

Table 1: Possible signatures associated with minimal models which use the interaction term in Eq. 2.1 to
cancel Higgs quadratic divergences. In both cases particles are produced through gluons/gauge bosons.

use a coupling bilinear in the Higgs field to cancel quadratic divergences. Sec. 4 studies signatures that
result from mass mixing and the bilinear term in Eq. 1.1. We conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider minimal extensions of the SM where there is only the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,
we need  

1

and  
2

to be fermions. The quadratically divergent contribution to the Higgs mass is always
negative and is � |�|2⇤

2

8⇡2 . Thus if this term in the Lagrangian is to cancel quadratic divergences, it must
cancel the positive divergences due to the gauge bosons. Due to gauge invariance, either  

1

or  
2

has to
be charged under SU(2). The minimal models considered in this section are labeled by whether  

2

is a
SM particle or not. Other non-minimal signatures can be obtained by combining these models.

If both  
1

and  
2

are non-SM particles, they are pair produced through intermediate gauge bosons
and then decay through gauge bosons and Higgses. In general, the associated decay pattern closely
resembles the SUSY signatures involving the gauginos [16]. If the lighter of the  is colored or charged,
then we can have the pair production of R-hadrons [21, 22, 23], CHAMPS [24, 25] or electroweakino-like
decays ending in R-hadrons or CHAMPS. The LHC signatures of this scenario are decays that involve
gauge and/or Higgs bosons and either missing ET , CHAMPS or R-hadrons. The similarity of these
signatures with electroweakino decays is not an accident as these are the couplings that SUSY theories
use to cancel the gauge quadratic divergences.

If only  
1

is a new particle, it can be both pair produced and singly produced. Its pair production
cross section is determined by its gauge quantum numbers while its single production cross section is
determined by what standard model particle  

1

decays into. e.g. if  
1

is charged electroweakly and
decays into leptons, then it is both pair and singly produced through intermediate W/Zs. Since canceling
the gauge quadratic divergences requires gauge and Yukawa couplings to be of the same order, both
single and pair production matrix elements are comparable. Because  

1

is heavier than its Standard
Model partner, we will see single production before pair production. For  

1

which are colored, the pair
production through gluons may be seen before the single production through W/Zs. The cross section for
single production depends on � in Eq. 2.1 so that its magnitude can be used to determine which gauge

2

• Quartic terms

CHAPTER 1. INTRODUCTION 6

new physics scenarios are supersymmetry and technicolor. Technicolor is QCD but scaled up to the

TeV scale. Since it is based o↵ of QCD, it has the advantage of having had its mechanism been

realized in nature. However, technicolor is uncalculable and su↵ers from precision measurements

involving the interactions between the di↵erent generations of particles, i.e. it has flavor problems.

Supersymmetry has the advantage of being completely calculable. In fact, supersymmetry is so good

at making the Higgs mass light that the simplest version has a hard time making the Higgs as heavy

as 125 GeV.

Supersymmetry stems from a simple observation. The Feynmann diagrams which contribute to

the running of the Higgs mass are di↵erent for fermions and scalars. These two Feynmann diagrams

are shown in Fig. 1.1. The quantum wave function for scalars is invariant under the exchange of

two indistinguishable particles while the wave function for fermions acquires a negative sign under

this switch of particles. This di↵erence in behaviors results in the two Feynmann diagrams having

opposite signs. If these fermions and bosons have the same interactions, then the mass parameters

do not have quadratic divergences; the strong running mentioned before disappears.

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8⇡GNewton)�1/2 =
2.4 ⇥ 1018 GeV, where quantum gravitational e↵ects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a di�culty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + �|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum
of the potential. This will occur if � > 0 and m2

H < 0, resulting in hHi =
q
�m2

H/2�. Since we
know experimentally that hHi is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order �(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual e↵ects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction

�m2
H = � |�f |2

8⇡2
⇤2

UV + . . . . (1.2)

Here ⇤UV is an ultraviolet momentum cuto↵ used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ⇤UV (and
actually di↵er for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)
Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2

H , due to (a) a Dirac
fermion f , and (b) a scalar S.
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Figure 1.1: The Feynmann diagrams associated with bosons and fermions responsible for the strong
running of the Higgs mass.

As mentioned before, Quantum Field Theories are built around symmetries. The exact equality

of couplings between fermions and bosons to the Higgs would be very arbitrary if imposed by hand.

Luckily, there exists a symmetry called Supersymmetry which enforces this equality. A theory can

be made supersymmetric by adding a fermion for every boson, adding a boson for every fermion and

arranging their couplings to be equal.

One can never have enough of a good thing. Thus one is lead to the attempt to combine

technicolor and supersymmetry together. Using technicolor by itself is hard because technicolor

involves strongly coupled objects, i.e. particles that don’t act like particles. At high energies,

CHAPTER 1. INTRODUCTION 6
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MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a di�culty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential
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H |H|2 + �|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum
of the potential. This will occur if � > 0 and m2

H < 0, resulting in hHi =
q
�m2

H/2�. Since we
know experimentally that hHi is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order �(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual e↵ects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction
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Here ⇤UV is an ultraviolet momentum cuto↵ used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ⇤UV (and
actually di↵er for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2

H , due to (a) a Dirac
fermion f , and (b) a scalar S.
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Figure 1.1: The Feynmann diagrams associated with bosons and fermions responsible for the strong
running of the Higgs mass.

As mentioned before, Quantum Field Theories are built around symmetries. The exact equality

of couplings between fermions and bosons to the Higgs would be very arbitrary if imposed by hand.

Luckily, there exists a symmetry called Supersymmetry which enforces this equality. A theory can

be made supersymmetric by adding a fermion for every boson, adding a boson for every fermion and

arranging their couplings to be equal.

One can never have enough of a good thing. Thus one is lead to the attempt to combine

technicolor and supersymmetry together. Using technicolor by itself is hard because technicolor

involves strongly coupled objects, i.e. particles that don’t act like particles. At high energies,

divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+

�

2

v
�

�hh +

�

2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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• Either      or      is charged under SU(2)

• Pair or associated production via gauge 
bosons

• Decays through W/Z/H

Yukawa Interactions

 
1,2 stable new particle Production Channel Signatures

Yes pair production 2 V/H + R-hadrons/CHAMPS//ET

No pair + single production 2 V/H + leptons/tops/jets
V/H + leptons/tops/jets

Table 1: Possible signatures associated with minimal models which use the interaction term in Eq. 2.1 to
cancel Higgs quadratic divergences. In both cases particles are produced through gluons/gauge bosons.

use a coupling bilinear in the Higgs field to cancel quadratic divergences. Sec. 4 studies signatures that
result from mass mixing and the bilinear term in Eq. 1.1. We conclude in Sec. 5.
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negative and is � |�|2⇤

2
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cancel the positive divergences due to the gauge bosons. Due to gauge invariance, either  
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has to
be charged under SU(2). The minimal models considered in this section are labeled by whether  

2

is a
SM particle or not. Other non-minimal signatures can be obtained by combining these models.

If both  
1
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are non-SM particles, they are pair produced through intermediate gauge bosons
and then decay through gauge bosons and Higgses. In general, the associated decay pattern closely
resembles the SUSY signatures involving the gauginos [16]. If the lighter of the  is colored or charged,
then we can have the pair production of R-hadrons [21, 22, 23], CHAMPS [24, 25] or electroweakino-like
decays ending in R-hadrons or CHAMPS. The LHC signatures of this scenario are decays that involve
gauge and/or Higgs bosons and either missing ET , CHAMPS or R-hadrons. The similarity of these
signatures with electroweakino decays is not an accident as these are the couplings that SUSY theories
use to cancel the gauge quadratic divergences.

If only  
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is a new particle, it can be both pair produced and singly produced. Its pair production
cross section is determined by its gauge quantum numbers while its single production cross section is
determined by what standard model particle  

1

decays into. e.g. if  
1

is charged electroweakly and
decays into leptons, then it is both pair and singly produced through intermediate W/Zs. Since canceling
the gauge quadratic divergences requires gauge and Yukawa couplings to be of the same order, both
single and pair production matrix elements are comparable. Because  

1

is heavier than its Standard
Model partner, we will see single production before pair production. For  

1

which are colored, the pair
production through gluons may be seen before the single production through W/Zs. The cross section for
single production depends on � in Eq. 2.1 so that its magnitude can be used to determine which gauge
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• Case 1:  Both are new particles
• Electroweakino phenomenology

• They might be in different representations than electroweakinos.

• Decays that end in MET/R-hadrons/CHAMPs with different sized 
production cross sections

Yukawa Interactions
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• Case 2:      is a SM particle
•       must have the same quantum numbers as a SM field

• A 4th generation model whose interactions cancel a quadratic 
divergence

• Single production through yukawa interaction and pair production via 
gauge interactions

Yukawa Interactions
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single and pair production matrix elements are comparable. Because  

1

is heavier than its Standard
Model partner, we will see single production before pair production. For  

1

which are colored, the pair
production through gluons may be seen before the single production through W/Zs. The cross section for
single production depends on � in Eq. 2.1 so that its magnitude can be used to determine which gauge
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• Case 1: 
• New decays of the Higgs.  Charged and Colored     ruled out by 

experiments so only invisible decays of the Higgs

• If top/gauge quadratic divergences are canceled, decay width orders 
of magnitude larger than the decay width into bottoms

• Other quadratic divergences yield decay widths too small to be 
observed

Quartic Interactions

divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+

�

2

v
�

�hh +

�

2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
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If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
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After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.

term arising from Eq. 3.4. The mass eigenstates are
✓

hm

�m

◆
=

✓
cos↵ sin↵

� sin↵ cos↵

◆✓
h
�

◆
(3.5)

This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be

�(h ! ��)

�(h ! ��)SM
=

�����1 � 1
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✓
log m 

log v

◆ 
1 +
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h

120m2

 

!�����

2

(3.8)

If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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• Case 2:     has SM charge
• Modified couplings to the gauge bosons at 1-loop
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divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+

�

2

v
�

�hh +

�

2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point

3

Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.

term arising from Eq. 3.4. The mass eigenstates are
✓

hm

�m

◆
=

✓
cos↵ sin↵

� sin↵ cos↵

◆✓
h
�

◆
(3.5)

This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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• Case 2:     has SM charge
• e.g. a singlet fermion with electric charge 1 canceling the top divergence

• Mass term from
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Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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Scenario Signature
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Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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• Case 3: 
• If     has the quantum numbers of a Higgs, then this is a two higgs 

doublet model satisfying the Veltman conditions

• Mass mixing with the Higgs!

• This suppresses all of the Higgs couplings by the same amount

Quartic Interactions

divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is
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After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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Figure 9: The dependence of the partial decay widths on the mass of the top partner and �
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when v ⇠ f .
The solid blue/red/black lines show �(T ! Wb), �(T ! Zt) and �(T ! ht) respectively. The dashed
black line shows �(T ! hht). Even though the three body is not dominant except for large masses and
�
2

, it can be a relevant decay channel even at lower masses and �
2

.

For most SUSY searches, ATLAS gives the cut flow associated to a few benchmark models, which can
then be used to validate our results. The results of this validation process for the ATLAS multilepton
searches studied in Sec ?? are shown in Table 5 and 6.
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divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+

�

2

v
�

�hh +

�

2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point

3

Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.

term arising from Eq. 3.4. The mass eigenstates are
✓

hm

�m

◆
=

✓
cos↵ sin↵

� sin↵ cos↵

◆✓
h
�

◆
(3.5)

This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be

�(h ! ��)

�(h ! ��)SM
=

�����1 � 1

6.49

Q2
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✓
log m 

log v

◆ 
1 +

7m2

h

120m2

 

!�����

2

(3.8)

If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.
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If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.
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This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
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Figure 9: The dependence of the partial decay widths on the mass of the top partner and �
2

when v ⇠ f .
The solid blue/red/black lines show �(T ! Wb), �(T ! Zt) and �(T ! ht) respectively. The dashed
black line shows �(T ! hht). Even though the three body is not dominant except for large masses and
�
2

, it can be a relevant decay channel even at lower masses and �
2

.

For most SUSY searches, ATLAS gives the cut flow associated to a few benchmark models, which can
then be used to validate our results. The results of this validation process for the ATLAS multilepton
searches studied in Sec ?? are shown in Table 5 and 6.
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is
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couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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black line shows �(T ! hht). Even though the three body is not dominant except for large masses and
�
2

, it can be a relevant decay channel even at lower masses and �
2

.

For most SUSY searches, ATLAS gives the cut flow associated to a few benchmark models, which can
then be used to validate our results. The results of this validation process for the ATLAS multilepton
searches studied in Sec ?? are shown in Table 5 and 6.
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Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.
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• Case 3: 
• Two decay channels from the quartic interaction

• Mixing with the Higgs is important for 

• New SM-Higgs like particle with suppressed couplings

• Second term important for 

• New scalar that decays to WW/ZZ/hh with a ratio of 2:1:1 in the 
large mass limit from the Goldstone boson equivalence theorem

Quartic Interactions

divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+
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�

�hh +
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2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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Figure 9: The dependence of the partial decay widths on the mass of the top partner and �
2

when v ⇠ f .
The solid blue/red/black lines show �(T ! Wb), �(T ! Zt) and �(T ! ht) respectively. The dashed
black line shows �(T ! hht). Even though the three body is not dominant except for large masses and
�
2

, it can be a relevant decay channel even at lower masses and �
2

.

For most SUSY searches, ATLAS gives the cut flow associated to a few benchmark models, which can
then be used to validate our results. The results of this validation process for the ATLAS multilepton
searches studied in Sec ?? are shown in Table 5 and 6.
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Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.

term arising from Eq. 3.4. The mass eigenstates are
✓

hm

�m

◆
=

✓
cos↵ sin↵

� sin↵ cos↵

◆✓
h
�

◆
(3.5)

This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be

�(h ! ��)

�(h ! ��)SM
=

�����1 � 1
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✓
log m 

log v

◆ 
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7m2

h

120m2

 

!�����

2

(3.8)

If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.

4

divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+

�

2

v
�

�hh +

�

2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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new vector-like fermions such as Little Higgs models.
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can have new three body decay modes. The cases of
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being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2
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+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
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�hh +
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v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.

term arising from Eq. 3.4. The mass eigenstates are
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◆
=
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cos↵ sin↵
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.

4

a=4 for a real scalar

a=1 for a complex scalar 
or majorana fermion

a=1/4 for a dirac fermion

resulting in direct and indirect detection constraints. For fermions/complex scalars, we have

�f =

Ncy
2

t

2NfmX
�s = 2

Nc

Ns
y2t (3.11)

where Nc is the color factor (Nc = 3) and Ns, Nf are the multiplicity of scalar and fermionic dark matter
candidates. Dark matter has been considered to interact using this term in other contexts[31, 32]. For
simplicity, we will be assuming a single complex dark matter field.

Direct detection constrains the spin independent cross section.

�p,n,SI =

a

⇡

m2

p

(m +mp)
2

9y4tm
2

p

m4

h

f2 (3.12)

f =

6

27

+

21

27

(fTu + fTd + fTs) (3.13)

where a = 4 if X is a real scalar, a = 1 if X is a majorana fermion or a complex scalar and a = 1/4 if X
is a dirac fermion[33]. We used the values fTu = fTd = 0.025 and fTs = 0.0532 as suggested by lattice
studies[34]. The results are shown in Fig. 1 and show that sub-TeV dark matter particles cancelling the
top quadratic divergences are excluded by XENON100.

Continuum photons constrain the annihilation rate of dark matter into bottoms/Ws/Zs. Fermi pro-
vided the bound on dark matter annihilation into a pair of bottoms[25] while, in this particular model,
dark matter annihilates into a pair of Higgses. Higgses dominantly decay into bottoms and Ws which
in turn give many pions and hence many photons. As the bound on annihilation into bottoms is the
strongest, we compare the dark matter annihilation rate into a pair of Higgses to the bound of dark
matter annihilation into a pair of bottoms. As the bound on X +

¯X ! HH is expected to be of the
same order of magnitude as the one on X +

¯X ! bb, Fig. 1 gives a rough estimate on what the exclusion
limits should be. microOMEGAs was used to calculate the annihilation cross sections. For fermions, the
vanishing of the cross section for annihilation into Higgs bosons can be understood because the J = 0

initial state of two fermions has CP = �1 while the final state of two identical scalar particles cannot
have spin 0 and CP = �1. Thus the annihilation amplitude must vanish in the v = 0 limit.

If the dark matter sector solves the Higgs naturalness problem, it leads to a unique prediction.
Fermionic dark matter is visible in direct detection experiments but not in indirect detection experi-
ments. Scalar dark matter has a much more distinct signature, which is that the ratio of direct to indirect
detection cross sections is

�p,n,SI
�v

=

16f2m4

p

m4

h

= 1.5⇥ 10

�19

cm2

cm3/s
(3.14)

in the large dark matter mass limit.
If scalar dark matter cancels the top quadratic divergences, it annihilates too efficiently so obtaining the

correct relic abundance requires non-thermal cosmology. Fermionic dark matter annihilates less efficiently
as its cross sections are velocity suppressed so it can potentially give the correct thermal relic abundance.
Unfortunately, the parameter points which give the correct abundance are ruled out by direct detection
constraints. Relic abundances were calculated using micrOMEGAs[36].

As can be seen from Fig. 1, sub-TeV scalar dark matter cannot cancel the top quadratic divergences
but, if it cancels gauge quadratic divergences, then its detection could be just around the corner for
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divergence is canceled. The decay of  
1

is the same as in other fourth generation models or models with
new vector-like fermions such as Little Higgs models.

If  
1

is lighter than  
2

, then the SM particle  
2

can have new three body decay modes. The cases of
 

1

being colored or having an electroweak charge are both ruled out by the R-hadron and LEP bounds
respectively. If  

1

is a SM singlet, then it is neutrino like and after the Higgs obtains a vev, Eq. 2.1
generates a large mass term for the neutrinos. Thus we find that without making additional assumptions,
this scenario is also excluded.

3 Simplified models with couplings bilinear in H

In this section, we consider couplings of the form

L � � † HH† (3.1)

= � † 
h2

2

+ �v † h + �
v2

2

 † (3.2)

In this case, the quadratic divergence can be either positive or negative depending on the sign of �. Thus
we have the option of canceling any quadratic divergence induced by either gauge bosons or fermions.

 is either a scalar or a vector-like fermion but does not have to be charged under the SM. If  is
lighter than half the mass of the Higgs, the second term of Eq. 3.2 opens a new decay channel for the
Higgs. If  is a scalar, it can get a vev and mix with the Higgs after EWSB. If  is charged under the
SM, then it modifies the Higgs couplings to the gauge bosons at 1-loop. Finally, if  is a SM singlet, then
it is a dark matter candidate and can be accessible at the current dark matter detection experiments. All
these possibilities give rise to various signatures, summarized in Tab. 2.

3.1 m < mh
2

If the new particles are lighter than half the Higgs mass, then they can give rise to Higgs invisible decay
modes. If the particles cancel top or gauge quadratic divergences then the decay widths into these new
particles would be orders of magnitude above the decay width into bottoms. Current LHC searches rule
out decays widths this large [28]. Canceling other quadratic divergences yields modifications too small to
observe.

3.2 h i 6= 0

This subsection considers the case where the new particle which cancels quadratic divergences is a scalar
that obtains a vev. If this scalar is an SU(2) doublet, then the model is a two Higgs doublet model that
satisfies the Veltman conditions [40]. If the new particle is an SM singlet, the interaction term of interest
is

L = �HH†
��

† (3.3)

= �vv
�

h�+
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2

v
�

�hh +
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2

v��h + . . . (3.4)

After both H and � obtain a vev, Eq. 3.4 induces mass mixing. In the simplest case where � interacts
only through this term, its decays are determined by the mixing with the Higgs and by the three point
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Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.
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This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be
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If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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resulting in direct and indirect detection constraints. For fermions/complex scalars, we have
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where Nc is the color factor (Nc = 3) and Ns, Nf are the multiplicity of scalar and fermionic dark matter
candidates. Dark matter has been considered to interact using this term in other contexts[31, 32]. For
simplicity, we will be assuming a single complex dark matter field.

Direct detection constrains the spin independent cross section.
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where a = 4 if X is a real scalar, a = 1 if X is a majorana fermion or a complex scalar and a = 1/4 if X
is a dirac fermion[33]. We used the values fTu = fTd = 0.025 and fTs = 0.0532 as suggested by lattice
studies[34]. The results are shown in Fig. 1 and show that sub-TeV dark matter particles cancelling the
top quadratic divergences are excluded by XENON100.

Continuum photons constrain the annihilation rate of dark matter into bottoms/Ws/Zs. Fermi pro-
vided the bound on dark matter annihilation into a pair of bottoms[25] while, in this particular model,
dark matter annihilates into a pair of Higgses. Higgses dominantly decay into bottoms and Ws which
in turn give many pions and hence many photons. As the bound on annihilation into bottoms is the
strongest, we compare the dark matter annihilation rate into a pair of Higgses to the bound of dark
matter annihilation into a pair of bottoms. As the bound on X +

¯X ! HH is expected to be of the
same order of magnitude as the one on X +

¯X ! bb, Fig. 1 gives a rough estimate on what the exclusion
limits should be. microOMEGAs was used to calculate the annihilation cross sections. For fermions, the
vanishing of the cross section for annihilation into Higgs bosons can be understood because the J = 0

initial state of two fermions has CP = �1 while the final state of two identical scalar particles cannot
have spin 0 and CP = �1. Thus the annihilation amplitude must vanish in the v = 0 limit.

Indirect detection places constraints on XX ! hh ! bb¯b¯b. We then have the cross sections
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= 0 (3.14)
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For fermions, the vanishing of the cross section for annihilation into Higgs bosons can be understood
because the J = 0 initial state of two fermions has CP = �1 while the final state of two identical scalar
particles cannot have spin 0 and CP = �1. Thus the amplitude must vanish in the v = 0 limit.

If the dark matter sector solves the Higgs naturalness problem, it leads to a unique prediction.
Fermionic dark matter is visible in direct detection experiments but not in indirect detection experi-
ments. Scalar dark matter has a much more distinct signature, which is that the ratio of direct to indirect
detection cross sections is
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• Case 4:  Dark matter

Quartic Interactions
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Figure 1: The abundance, direct and indirect detection bounds on dark matter particles which cancels
quadratic divergences. The indirect detection bound is the Fermi bound on XX ! b¯b [27], while the
annihilation channel is into two Higgses. As the Higgs decays dominantly into bottoms, the bounds are
expected to be similar in strength so the plot can used to find the approximate indirect detection bound.
The direct detection bound is taken from XENON100 [26] and the relic abundance is taken from [37].
Bounds are placed assuming X makes up all of the dark matter. The blue line signals a cancelation of
the top quadratic divergence while a red line is the gauge quadratic divergence. The black lines are the
current bounds. Solid lines are complex scalar dark matter while dashed lines are dirac fermion dark
matter.
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• Yukawa terms
• 4th generation and electroweakino like signals

• Quartic terms
• New Higgs decays if     is light enough

• Modified decays to gauge bosons if    is charged under the SM

• Suppressed Higgs couplings and either a SM-like heavy higgs or a 
scalar that decays to pairs of Ws/Zs/hs

• Direct and Indirect detection signals if    is dark matter

• A measurable correlation if    is a scalar

Minimal Naturalness 
Summary

Scenario Signature

m < mh
2

Higgs decays to missing ET , CHAMPS, R-hadrons
h i 6= 0 suppressed Higgs couplings and a heavy Higgs-like scalar

 charged under SM O(10%) changes to H ! ��/gg
 is dark matter Correlated direct and indirect detection signatures

Table 2: The scenarios and collider signatures that results from minimal models of naturalness which
cancel the quadratic divergences through the term shown in Eq. 3.1. The quantum numbers and spin of
 are allowed to vary when not specified.

term arising from Eq. 3.4. The mass eigenstates are
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◆
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(3.5)

This mixing suppresses all of the SM Higgs couplings by an amount cos↵. The mixing angle is constrained
by precision measurements of the Higgs couplings. Because the current best fit values of these couplings
in ATLAS are high compared to the SM values [41], the corresponding 2� bound is tight and is

cos↵ � 0.93 (3.6)

The production of �m occurs only through mixing with the Higgs and is proportional to sin

2 ↵  14%.
If �m is lighter than twice the Higgs mass, it acts like a heavy SM Higgs boson with uniformly suppressed
couplings; the signal strength is suppressed by sin

2 ↵ in all channels. If �m is heavier than twice the Higgs
mass, �m can decay into 2 Higgses. By the goldstone boson equivalence theorem, the branching ratios into
Ws/Zs/hs is 2:1:1 in the large mass limit. The best limit on heavy SM Higgs arises from H ! ZZ ! llll
[42, 43]. The bounds on sin

2 ↵ are generally of about 20% and can be as low as 10% for very specific
masses. Thus we find that precision Higgs physics is the best method to constrain this class of models.

3.3  is charged under the SM

If  has SM quantum numbers, the three point couplings in Eq. 3.2 can lead the new particles running in
loops to contibute to the Higgs decays to gauge bosons. Measuring the deviation of these decay rates from
their SM values gives information as to which quadratic divergence could be cancelled. As an example,
consider a singlet fermion which cancels the top quadratic divergence and has charge 1. The relevant
terms in the Lagrangian are

L � �m † +

3y2

t

2m
 † HH† (3.7)

The modification of the Higgs decay rate to two photons is given by the low energy theorem [29, 30] to be

�(h ! ��)

�(h ! ��)SM
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�����1 � 1

6.49

Q2

4

3

✓
log m 

log v

◆ 
1 +

7m2

h

120m2

 

!�����

2

(3.8)

If this uncolored top partner had a mass of 600 GeV, the diphoton decay width of the Higgs will be larger
than in the standard model by 10.5%.
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• Motivation
• Model Independent approach to Naturalness

• Minimal Naturalness at current experiments

• Indirect evidence of naturalness : top 
divergence

• Little Higgs Theories

• SUSY theories

Outline
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• Is there some other way to tie the quartic 
interaction with a decay channel without 
assuming a symmetry? 

• Adding a generic term in the Lagrangian will 
generate their own signatures 

Mass Mixing

Thursday, November 14, 13



• Mass mixing is unique in that it allows the 
quartic to become a decay channel

3.6 Gauge boson mixing

To have a mixing term in the Lagrangian between gauge fields, we require a kinetic mixing term for a

U(1) field. Quartic interactions come from gauge invariance, thus the mixing does not introduce new

decay modes. Mixings with the Z and W are not gauge invariant, thus those mixings must be highly tied

to electroweak symmetry breaking and will not be considered here.

4 Collider search implications for top partners, light quark and lepton
partners

In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are

5 Conclusion

In this article, we have initiated a bottom up study of naturalness at the LHC. As it is not clear how

the quadratic divergence to the Higgs is canceled, all low energy e�ective models which cancel quadratic

divergences should be studied. The particular class of models studied in this article are those where the

quartic coupling responsible for canceling quadratic divergences is also the discovery channel for the new

particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
decay is instead �(T � hht)
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have something to do with the quadratic divergences.
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1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.

1

1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.

1

1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.

1

1

Figure 2: If there is mass mixing, the term responsible for canceling quadratic divergences can give rise to
decay channels. This signature is the unique indirect signature that one is led to in a bottom up approach
to finding naturalness.
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1,2 are
not charged under the standard model, then additional assumptions are required for how they might be
produced at the LHC.
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2

is a SM field, then  
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has the same quantum numbers as a Standard model particle and we have
a vector like fourth generation. As an explicit example, assume that  
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has the same quantum numbers
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where i and j are flavor indices.  
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The mass eigenstate of  
1

is called U . �UU is related to the structure of the quadratic divergences and is
not directly measurable. Due to mixing effects it is related to �Uu. In the case where �
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= 0 or �
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= 0,
as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.
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one is led to in a bottom up approach to finding naturalness.
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3.6 Gauge boson mixing

To have a mixing term in the Lagrangian between gauge fields, we require a kinetic mixing term for a

U(1) field. Quartic interactions come from gauge invariance, thus the mixing does not introduce new

decay modes. Mixings with the Z and W are not gauge invariant, thus those mixings must be highly tied

to electroweak symmetry breaking and will not be considered here.

4 Collider search implications for top partners, light quark and lepton
partners

In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are

5 Conclusion

In this article, we have initiated a bottom up study of naturalness at the LHC. As it is not clear how

the quadratic divergence to the Higgs is canceled, all low energy e�ective models which cancel quadratic

divergences should be studied. The particular class of models studied in this article are those where the

quartic coupling responsible for canceling quadratic divergences is also the discovery channel for the new

particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
decay is instead �(T � hht)
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1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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Figure 2: If there is mass mixing, the term responsible for canceling quadratic divergences can give rise to
decay channels. This signature is the unique indirect signature that one is led to in a bottom up approach
to finding naturalness.
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where i and j are flavor indices.  
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has tree level mixing with the quarks. Working in the small vev limit
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The mass eigenstate of  
1

is called U . �UU is related to the structure of the quadratic divergences and is
not directly measurable. Due to mixing effects it is related to �Uu. In the case where �
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= 0 or �
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= 0,
as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.

Observation of the decay channel U ! uHH† gives strong indirect evidence that �UU 6= 0 and that
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3.6 Gauge boson mixing

To have a mixing term in the Lagrangian between gauge fields, we require a kinetic mixing term for a

U(1) field. Quartic interactions come from gauge invariance, thus the mixing does not introduce new

decay modes. Mixings with the Z and W are not gauge invariant, thus those mixings must be highly tied

to electroweak symmetry breaking and will not be considered here.

4 Collider search implications for top partners, light quark and lepton
partners

In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are
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particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
decay is instead �(T � hht)
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1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
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H�
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�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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Figure 2: If there is mass mixing, the term responsible for canceling quadratic divergences can give rise to
decay channels. This signature is the unique indirect signature that one is led to in a bottom up approach
to finding naturalness.
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1,2 are charged under the SM gauge group, then they can be pair produced via gauge
bosons. They decay to a Higgs and either a SM particle, a CHAMP or a R-hadron. If the  

1,2 are
not charged under the standard model, then additional assumptions are required for how they might be
produced at the LHC.

If  
2

is a SM field, then  
1

has the same quantum numbers as a Standard model particle and we have
a vector like fourth generation. As an explicit example, assume that  

1

has the same quantum numbers
as a right handed up-type quark. Writing down all interactions up to dimension 5, we have

L = mi 
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�
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HH†
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�i
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m 1

uc
i 1
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where i and j are flavor indices.  
1

has tree level mixing with the quarks. Working in the small vev limit
and diagonalizing the mass terms in the small vev limit yields

Lmixing = mUUU c
+ �i

UU cHQi + �ij
SMuc

iHQj +

�UU

mU
U cUHH†

+

�i
Uu

mU
uc

iUHH† (4.3)

The mass eigenstate of  
1

is called U . �UU is related to the structure of the quadratic divergences and is
not directly measurable. Due to mixing effects it is related to �Uu. In the case where �

3

= 0 or �
4

= 0,
as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.

Observation of the decay channel U ! uHH† gives strong indirect evidence that �UU 6= 0 and that
the particle U may be involved in canceling the quadratic divergences. This evidence is indirect because
it is always possible that �

3

and �
4

are chosen exactly such that �Uu 6= 0 while �UU = 0. Generically,
this miraculous cancelation does not occur.

The new particle U has decay channels resulting from �Uu and �i
U . If �i

U > �i
Uu

v
mU

, the decays from
�i

U are dominant, and the situation is simply that listed in Sec. 2 where a term linear in H dominates the
phenomenology. Thus, we will focus on the case where �Uu dominates over �i

U . This limit can be realized
in Little Higgs theories as shown in App. B.
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4 Collider search implications for top partners, light quark and lepton
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In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are

5 Conclusion

In this article, we have initiated a bottom up study of naturalness at the LHC. As it is not clear how

the quadratic divergence to the Higgs is canceled, all low energy e�ective models which cancel quadratic

divergences should be studied. The particular class of models studied in this article are those where the

quartic coupling responsible for canceling quadratic divergences is also the discovery channel for the new

particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
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1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1
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(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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where i and j are flavor indices.  
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as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.
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U . This limit can be realized
in Little Higgs theories as shown in App. B.
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3.6 Gauge boson mixing

To have a mixing term in the Lagrangian between gauge fields, we require a kinetic mixing term for a

U(1) field. Quartic interactions come from gauge invariance, thus the mixing does not introduce new

decay modes. Mixings with the Z and W are not gauge invariant, thus those mixings must be highly tied

to electroweak symmetry breaking and will not be considered here.

4 Collider search implications for top partners, light quark and lepton
partners

In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are

5 Conclusion

In this article, we have initiated a bottom up study of naturalness at the LHC. As it is not clear how

the quadratic divergence to the Higgs is canceled, all low energy e�ective models which cancel quadratic

divergences should be studied. The particular class of models studied in this article are those where the

quartic coupling responsible for canceling quadratic divergences is also the discovery channel for the new

particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
decay is instead �(T � hht)
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1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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Figure 2: If there is mass mixing, the term responsible for canceling quadratic divergences can give rise to
decay channels. This signature is the unique indirect signature that one is led to in a bottom up approach
to finding naturalness.
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HH† in the Lagrangian which emulates this effect. As such, finding this decay channel provides only
indirect evidence for the cancelation of quadratic divergences rather than direct evidence.
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and  
2

in Fig. 2 could both be new particles or one could be a SM particle. They decay in cascades
involving only Higgses and not the associated Ws or Zs that one expects from the familiar trilinear Yukawa
interactions. If the  

1,2 are charged under the SM gauge group, then they can be pair produced via gauge
bosons. They decay to a Higgs and either a SM particle, a CHAMP or a R-hadron. If the  

1,2 are
not charged under the standard model, then additional assumptions are required for how they might be
produced at the LHC.

If  
2

is a SM field, then  
1

has the same quantum numbers as a Standard model particle and we have
a vector like fourth generation. As an explicit example, assume that  

1

has the same quantum numbers
as a right handed up-type quark. Writing down all interactions up to dimension 5, we have

L = mi 
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uc
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�
3

m 1

 c
1

 
1

HH†
+

�i
4

m 1

uc
i 1
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where i and j are flavor indices.  
1

has tree level mixing with the quarks. Working in the small vev limit
and diagonalizing the mass terms in the small vev limit yields

Lmixing = mUUU c
+ �i

UU cHQi + �ij
SMuc

iHQj +

�UU

mU
U cUHH†

+

�i
Uu

mU
uc

iUHH† (4.3)

The mass eigenstate of  
1

is called U . �UU is related to the structure of the quadratic divergences and is
not directly measurable. Due to mixing effects it is related to �Uu. In the case where �

3

= 0 or �
4

= 0,
as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.

Observation of the decay channel U ! uHH† gives strong indirect evidence that �UU 6= 0 and that
the particle U may be involved in canceling the quadratic divergences. This evidence is indirect because
it is always possible that �

3

and �
4

are chosen exactly such that �Uu 6= 0 while �UU = 0. Generically,
this miraculous cancelation does not occur.

The new particle U has decay channels resulting from �Uu and �i
U . If �i

U > �i
Uu

v
mU

, the decays from
�i

U are dominant, and the situation is simply that listed in Sec. 2 where a term linear in H dominates the
phenomenology. Thus, we will focus on the case where �Uu dominates over �i

U . This limit can be realized
in Little Higgs theories as shown in App. B.
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3.6 Gauge boson mixing

To have a mixing term in the Lagrangian between gauge fields, we require a kinetic mixing term for a

U(1) field. Quartic interactions come from gauge invariance, thus the mixing does not introduce new

decay modes. Mixings with the Z and W are not gauge invariant, thus those mixings must be highly tied

to electroweak symmetry breaking and will not be considered here.

4 Collider search implications for top partners, light quark and lepton
partners

In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are
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the quadratic divergence to the Higgs is canceled, all low energy e�ective models which cancel quadratic

divergences should be studied. The particular class of models studied in this article are those where the

quartic coupling responsible for canceling quadratic divergences is also the discovery channel for the new

particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
decay is instead �(T � hht)
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Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.
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in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤
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8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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Figure 2: If there is mass mixing, the term responsible for canceling quadratic divergences can give rise to
decay channels. This signature is the unique indirect signature that one is led to in a bottom up approach
to finding naturalness.
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HH† in the Lagrangian which emulates this effect. As such, finding this decay channel provides only
indirect evidence for the cancelation of quadratic divergences rather than direct evidence.

 
1

and  
2

in Fig. 2 could both be new particles or one could be a SM particle. They decay in cascades
involving only Higgses and not the associated Ws or Zs that one expects from the familiar trilinear Yukawa
interactions. If the  

1,2 are charged under the SM gauge group, then they can be pair produced via gauge
bosons. They decay to a Higgs and either a SM particle, a CHAMP or a R-hadron. If the  

1,2 are
not charged under the standard model, then additional assumptions are required for how they might be
produced at the LHC.

If  
2

is a SM field, then  
1

has the same quantum numbers as a Standard model particle and we have
a vector like fourth generation. As an explicit example, assume that  

1

has the same quantum numbers
as a right handed up-type quark. Writing down all interactions up to dimension 5, we have
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i 1

HH† (4.2)

where i and j are flavor indices.  
1

has tree level mixing with the quarks. Working in the small vev limit
and diagonalizing the mass terms in the small vev limit yields

Lmixing = mUUU c
+ �i

UU cHQi + �ij
SMuc

iHQj +

�UU

mU
U cUHH†

+

�i
Uu

mU
uc

iUHH† (4.3)

The mass eigenstate of  
1

is called U . �UU is related to the structure of the quadratic divergences and is
not directly measurable. Due to mixing effects it is related to �Uu. In the case where �

3

= 0 or �
4

= 0,
as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.

Observation of the decay channel U ! uHH† gives strong indirect evidence that �UU 6= 0 and that
the particle U may be involved in canceling the quadratic divergences. This evidence is indirect because
it is always possible that �

3

and �
4

are chosen exactly such that �Uu 6= 0 while �UU = 0. Generically,
this miraculous cancelation does not occur.

The new particle U has decay channels resulting from �Uu and �i
U . If �i

U > �i
Uu

v
mU

, the decays from
�i

U are dominant, and the situation is simply that listed in Sec. 2 where a term linear in H dominates the
phenomenology. Thus, we will focus on the case where �Uu dominates over �i

U . This limit can be realized
in Little Higgs theories as shown in App. B.
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• Quartic gives four decay channels

Phenomenology of Quartic
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Figure 3: The branching ratios into the four different decay channels �(T ! ht), �(T ! W+W�t),
�(T ! hht) and �(T ! ZZt) with the colors blue, yellow, red and green respectively. For masses above
mX ⇠ 5 TeV, the two body decay mode ceases to be the leading decay mode.

Aside from the desire to categorize all models solving the naturalness problem, there are two other
reasons why one might expect that the signatures associated with �Uu dominate. Generically, we expect
O(1) mixing with no ad hoc cancelations so that we have �U ⇠ �SM1

and �UU ⇠ �Uu ⇠ �2
SM2

2mU
, where

�SM1

and �SM2

are the Yukawa couplings associated with the SM particle  mixes with and the quadratic
divergences cancelled by  respectively. In the case where  is mixing with a light quark, but is canceling
the top quadratic divergence, we get that �i

U is suppressed by the light quark Yukawa so that �i
Uu

dominates.
Another reason why �i

U terms may be suppressed is that �i
U plays a role in flavor physics and con-

tributes to flavor changing neutral currents (FCNC). In fourth generation and Little Higgs models, the
typical assumption is that there is some ad hoc texture such that FCNCs are all avoided. Analogously, we
can assume that �i

U is small due to flavor physics so that FCNCs are not an issue. �i
U small also implies

that the STU [32] parameters are small.
�i

Uu in Eq. 4.3 can give four decay channels. The decay channels are

U ! ui + h (4.4)
U ! ui + h + h (4.5)
U ! ui + Z + Z (4.6)
U ! ui + W+

+ W� (4.7)

The three body decays can be the dominant or subdominant decay mode of U . Their relative branching
ratios are shown in Fig. 3. Unlike two body decays resulting from a Yukawa term, two body decays
resulting from Eq. 4.1 involve only the Higgs and not the gauge bosons. As shown in App. A, this unique
structure is important for maintaining the goldstone boson equivalence theorem.

At high mU , the goldstone boson equivalence theorem implies that there will be only three body
decays into pairs of Ws, Zs and hs with a ratio of 2:1:1. This structure is specific to the interaction term
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3.6 Gauge boson mixing

To have a mixing term in the Lagrangian between gauge fields, we require a kinetic mixing term for a

U(1) field. Quartic interactions come from gauge invariance, thus the mixing does not introduce new

decay modes. Mixings with the Z and W are not gauge invariant, thus those mixings must be highly tied

to electroweak symmetry breaking and will not be considered here.

4 Collider search implications for top partners, light quark and lepton
partners

In this section we examine how the current LHC searches bound the simple case of top quark, light quark

and lepton partner. Seeing a signal in a multiple higgs search would be strong evidence for a new particle

which cancels quadratic divergences. Details about Monte Carlo generation and exclusions are in App. A.

In the absence of an explicit model to study, it is not clear which of the three di�erent three body

decays are important. In the example of a little higgs theory at large mass, the goldstone boson equiva-

lence theorem is a good approximation. While this theorem does not hold at the lower masses of interest,

we will assume that it does to obtain a handle on the various decay modes. Thus we consider the case

where the matrix elements for �(T ! W+W�t), �(T ! ZZt) and �(T ! hht) are 2:1:1 respectively

1

.

The decay width will then vary from this ratio due to phase space factors.

There are many di�erent searches that all have di�erent reaches. As the dominant decay involves

multiple gauge bosons and higgses, we expect that the most important searches are those involving

multiple leptons and b jets. In this vein, we have included the bounds from the following searches, ??.

The limits obtained are shown in Figs. ??.

Currently the searches which place the tightest bounds are

5 Conclusion

In this article, we have initiated a bottom up study of naturalness at the LHC. As it is not clear how

the quadratic divergence to the Higgs is canceled, all low energy e�ective models which cancel quadratic

divergences should be studied. The particular class of models studied in this article are those where the

quartic coupling responsible for canceling quadratic divergences is also the discovery channel for the new

particles. These models are unique because discovery of the new particles immediately indicate that they

have something to do with the quadratic divergences.

A Details of Monte Carlo Generation

Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.

1In the case where extra dimensions are responsible for setting a smaller v for the top sector, we expect that the dominant
decay is instead �(T � hht)
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1 Introduction

The LHC has recently discovered a Higgs like boson. In the Standard Model, the Higgs receives a

quadratically divergent contribution to its mass. Thus, to explain a mass of 125 GeV, a large amount of

fine tuning is required. Various models such as supersymmetry, extra dimensions and little higgs models

have all been proposed to solve this issue of fine tuning. There are certainly other solutions which have

simply not been invented yet. Lacking knowledge about these alternative solutions, we can instead ask a

bottom up question. What are the signatures of minimal models where the 1-loop quadratic divergences

are cancelled?

As the collider and astrophysical signatures of the current solutions have nothing to do with how

they cancel quadratic divergences, we focus on those signatures vanish in the limit where the quadratic

divergence is not canceled. For simplicity, most of the article will also deal with the case where there is

only a single new particle being introduced.

Given a theory with fields �, there are two terms in the Lagrangian which deal with 1-loop quadratic

divergences.

L � �
1

H�
1

�
2

+ �
2

�†�HH†
(1.1)

Ideally, these couplings would be measured at a collider and shown to cancel the quadratic divergence

induced by the SM fields. However even showing the existence of these terms is sometimes di�cult,

especially �
2

as it is not directly related to the production or decay of �. Direct observation at the

LHC of this term is not feasible. Depending on the quantum numbers of �, this term may be the only

renormalizable interaction, preventing any other means of detection.

This article is organized as following. Sec. 2 outlines simplified models which use a linear coupling

with the Higgs to cancel quadratic divergences. Sec. 3 outlines simplified models which use a bilinear

coupling with the Higgs to cancel quadratic divergences. Sec. 4 shows what are the current bounds on

the simplified models of Sec. 3. Finally, we conclude in Sec. 5.

2 Simplified models with couplings linear in H

We consider simplified models where there is the term

L � �H ¯ 
1

 
2

(2.1)

in the Lagrangian. In order for this coupling to contribute to the Higgs quadratic divergence at 1-loop,

we need  
1

and  
2

to be fermions. This quadraticly divergent contribution to the Higgs mass is always

negative and is � |�|2⇤

2

8⇡2 . Thus if the new particles are to cancel the quadratic divergences, they must

cancel the positive divergences due to the gauge bosons.

If both  
1

and  
2

are both new particles and the only terms in the Lagrangian are those needed to

cancel quadratic divergences, then we notice that the lightest new particle is stable. There is a Z
2

under

which all of the new particles are odd while all of the SM particles are even. These particles then decay

through gauge bosons and higgs particles yielding a cascade that is similar to the electroweakino cascades

from supersymmetric theories. If the lightest  is uncharged under the SM, then it makes a good dark

matter candidate and the cascade is exactly like an electroweakino cascade. If  is colored, then rather

than missing energy, the cascade will end in a R-hadron, though this option is cosmologically disfavored.
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Figure 2: If there is mass mixing, the term responsible for canceling quadratic divergences can give rise to
decay channels. This signature is the unique indirect signature that one is led to in a bottom up approach
to finding naturalness.
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where i and j are flavor indices.  
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has tree level mixing with the quarks. Working in the small vev limit
and diagonalizing the mass terms in the small vev limit yields
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The mass eigenstate of  
1

is called U . �UU is related to the structure of the quadratic divergences and is
not directly measurable. Due to mixing effects it is related to �Uu. In the case where �

3

= 0 or �
4

= 0,
as in Little Higgs models, we notice that �Uu and �UU are directly related by mixing angles.

Observation of the decay channel U ! uHH† gives strong indirect evidence that �UU 6= 0 and that
the particle U may be involved in canceling the quadratic divergences. This evidence is indirect because
it is always possible that �
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and �
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are chosen exactly such that �Uu 6= 0 while �UU = 0. Generically,
this miraculous cancelation does not occur.

The new particle U has decay channels resulting from �Uu and �i
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U are dominant, and the situation is simply that listed in Sec. 2 where a term linear in H dominates the
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Phenomenology of Quartic
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• Motivation
• Model Independent approach to Naturalness

• Minimal Naturalness at current experiments

• Indirect evidence of naturalness : top 
divergence

• Little Higgs Theories

• SUSY theories

Outline
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• Current collider signatures of SUSY are 
independent of the cancelation of the top 
quadratic divergence.

• SUSY relates top yukawa to various quartics

SUSY Quartics

W = ytQ3Hut
c � ybQ3Hdb

c
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• Only fermionic symmetries can relate yukawas 
to scalar quartics

• Measure any scalar quartic to test supersymmetry

• Focus has been on

• Not LHC observable

SUSY Quartics

L � t̃t̃†HuH
†
u =

vp
2
ht̃t̃† + · · ·
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• Any LHC observable quartics?

SUSY Quartics

1 Introduction

Naturalness has been a guiding principle when looking for new physics at the LHC. Finding experimental
evidence for the cancelation of quadratic divergences is thus an important question. Depending on how
quadratic divergences are canceled, it can be very difficult to find any evidence of it at the LHC[1]. A
slightly easier question is finding evidence for the symmetry that enforces naturalness[2, 3, 4]. Given the
quantum numbers of new particles, there is a strong theory bias towards which of the many possible sym-
metries is the correct one; how the underlying structure of the symmetry is determined is an experimental
question which should be addressed.

Supersymmetry is arguably the most elegant solution to the naturalness problem. It is a fermionic
symmetry which relates particles of different spin and their couplings. It relates yukawa interactions,
which dominate the phenomenology, to scalar quartic interactions, which are generally unobservable.
Proving that the underlying theory is supersymmetric is difficult. Identifying the quantum numbers of
the new particle is an important first step (see [5, 6] and references therein), but does not experimentally
prove supersymmetry. The gaugino sector can be shown to be supersymmetric by measuring the value
of the gaugino’s yukawa interactions[2, 3] and showing that they are equal to gauge coupling constants.
The supersymmetric nature of the squark sector is much more difficult to determine.

In this article, we focus on finding scalar quartic interactions. Scalar quartics are important for
providing evidence that the squark sector is supersymmetric. Only a fermionic symmetry can relate a
yukawa interaction to a scalar quartic. Finding this scalar quartic interaction and measuring its value
would confirm the presence of a fermionic symmetry, which is by definition supersymmetry.

Most scalar quartics are unobservable at the LHC or cause three body decays that are strongly
suppressed. The particular interaction of interest comes from the Q field’s F term.

FQ = ytHu˜tR + ybHd
˜bR (1.1)

L � yty
⇤
bHu˜tRH†

d
˜b†
R + h.c. = vyty

⇤
bH

�
˜tR˜b†

R + · · · (1.2)

After electroweak symmetry breaking, the cross term shown in Eq. 1.2 gives a two body decay via the
charged Higgs. The decay sends a right handed stop (sbottom) to a right handed sbottom (stop) and a
charged Higgs. This decay is a LHC observable and related to the top and bottom yukawas by supersym-
metry. Observing this decay mode and measuring its value would unambiguously show that the squark
sector is supersymmetric.

The sole decay resulting from Eq. 1.2 is a decay through a charged Higgs; there is no decay through
a W boson because the couplings to the W boson are all a result of gauge invariance and the squarks
involved are all right handed. Alternatively one can also expand Hu and Hd in terms of both the physical
and goldstone fields to see that the only three body interaction involves H+. Other terms such as the µ
or a-terms induce decays through both the charged Higgs and the W boson. Eq. 1.2 is unique in that it
allows decays through the charged Higgs only.

Decays widths resulting from Eq. 1.2 are proportional to y2
t y

2
b and are small compared to other decays.

Despite the small couplings, there are still several natural scenarios where it dominates the decays. If the
right handed stop is the NLSP with a gravitino LSP and the right handed sbottom is the NNLSP, then
the decay of the sbottom is mediated by Eq. 1.2. Another natural scenario is a wino LSP. Winos couple
only to the left handed squarks so that the decay of the right handed sbottom and stop will again be
dictated by the quartic. Simplified models based on these cases will be considered in Sec. 2.
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• Mediates decays between right handed stop 
and sbottoms!
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SUSY Quartics

• No tree level term in the MSSM, soft or not that 
allows for a right handed stop to decay to a right 
handed sbottom decay!

• Unlike the well studied quartic, demonstrating the 
existence of this operator or measuring its value is 
doable at the LHC

• Just observe the decay

Light third generation squarks occur naturally in many scenarios such as gauge mediated SUSY
breaking (see [7] and references therein), gaugino mediation [8, 9] (due to suppressed scalar masses) and
supersoft SUSY breaking [10] (again due to suppressed scalar masses). In fact, for models of the more
minimal [11] or natural [12, 13, 14] supersymmetry, preventing the third generation squarks from obtaining
negative mass squared due to two loop effects is a strong constraint [15]. It is not difficult in these models
to arrange for the lightest two MSSM fields to be the right handed sbottom and stop [16, 17, 18, 19].

The cascade through a charged Higgs is also interesting because a charged Higgs can be difficult to
discover [20, 21]. For small masses, the most promising channel of discovery is via the decay of the top
quark into a charged Higgs [22, 23, 24]. Indirect bounds place a strong bound of ⇠ 260 GeV [25] on the
mass of the charged Higgs. At these masses, the charged Higgs decays into a top and bottom making
it extremely difficult to discover due to large backgrounds. The decay channel of a stop(sbottom) to a
charged Higgs and a sbottom (stop) is an opportunity to study the charged Higgs when it is heavy.

The rest of the article is arranged as follows. Sec. 2 sets up the simplified models that will be considered
in this paper. Sec. 3 covers the competing channels and under what circumstances does the decay through
the charged Higgs dominate. Sec. 4 discusses the effect of left-right mixing on the results. Sec. 5 discusses
under what conditions is measuring the value of the quartic interaction feasible. Sec. 6 discusses the
constraints from the LHC. Finally, Sec. 7 concludes.

2 Simplified Models

Decays through charged Higgses is an important decay channel. These decays are important to showing
the existence of the operator

L � yty
⇤
bHu˜tRH†

d
˜b†
R + h.c. (2.1)

Discovery and subsequent measurement of this coupling would definitively prove that the squark sector
was supersymmetric.

To explore the LHC’s sensitivity to decays induced by the quartic Eq. 2.1, we motivate four simplified
models of interest. The four models are differentiated by the identity of the LSP and which of the two
squarks are heavier. The first two are gauge mediation motivated scenarios while the second two are wino
LSP motivated scenarios.

2.1 Gravitino LSP Simplified Models

The first two simplified models are gauge mediation motivated models. In gauge mediation models, the
LSP is always the gravitino while essentially any MSSM particle could be the NLSP. Compared to the
right handed sparticles, the left handed sparticles obtain an additional positive 1-loop RG contribution
to their masses due to the wino. Thus in the context of gauge mediation, it is natural to consider right
handed stop or sbottom NLSPs [26]. If the two lightest MSSM fields are the right handed stop and
sbottom, we arrive at the simplified models of interest.

The models consist of a right handed stop, a right handed sbottom, a charged Higgs and a gravitino
LSP. The stop/sbottom decay to each other via a charged Higgs. The simplified models will be referred
to as models G1 and G2. They are distinguished by which 3rd generation squark is heavier. A visual
representation of the simplified models and its decay chains are shown in Fig. 1.

2

Thursday, November 14, 13



Easy Simplified Models

• Light right handed stop, sbottom and LSP

• Naturalness requires light stops
• Many models of natural SUSY have NLSP stops/sbottoms

• Left handed stops tend to be heavier due to RG effects of the gaugino

• In fact making the 3rd generation squarks not tachyonic can be a strong 
constraint

• Also provides an interesting way to study the 
charged Higgs
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Figure 3: We show how the branching ratio into dR and H= changes as a function of the stop mixing
angle. We fix µ = 2000 TeV, mt̃R

= 1250 GeV, mb̃R
= 300 GeV, mH+ = 300, tan � = 3 and vary mQ̃ to

change the stop mixing angle. These numbers were chosen so that no kinematic thresholds were reached
as mQ̃ was varied.

Assuming that all mass scales are TeV in scale, we find that sbottoms have mixing angles that are at
most percent level. Decays through W bosons occur only after both the sbottom and stop have mixed.
The mixing from the sbottom suppresses the W boson cross section significantly so that unless the stop
is almost entirely left handed, it does not dominate the cross section. This effect is shown in Fig.2 where
µ = 2000 TeV, mt̃R

= 1250 GeV, mb̃R
= 300 GeV, mH+ = 300, tan � = 3, and mQ̃ was varied to change

the mixing angles. These numbers were chosen so that no kinematic thresholds were reached as mQ̃ was
varied.

3 Searches

In the previous section, we showed that the decays through charged Higgses could be important decay
channels. These decays are important to showing the existence of the operator shown in Eq. 1.2. In this
section, we briefly cover collider searches in the context of these models.

There are two simplified model of interest. The first simplified model, S1, is ˜tR at the top of the
spectrum, a ˜bR NLSP, a gravitino LSP and H+. The second simplified model, S2, is ˜bR at the top of the
spectrum, a ˜tR NLSP, a gravitino LSP and H+. Each simplified model has two decay chains of interest.
Model S1 has the two production and decay chains,

pp ! ˜bR +

¯b̃R ! b +

¯b + 2LSP (3.1)
pp ! ˜tR +

¯t̃R ! H+
+ H�

+

˜bR +

¯b̃R ! t +

¯t + 2b + 2

¯b + 2LSP (3.2)
mt̃R

> mb̃R
+ mH+ > mG̃ (3.3)
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most percent level. Decays through W bosons occur only after both the sbottom and stop have mixed.
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section, we briefly cover collider searches in the context of these models.
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spectrum, a ˜bR NLSP, a gravitino LSP and H+. The second simplified model, S2, is ˜bR at the top of the
spectrum, a ˜tR NLSP, a gravitino LSP and H+. Each simplified model has two decay chains of interest.
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1 Introduction

Naturalness has been the guiding principle of physics at the LHC. If new particles were discovered,
discovering what underlying symmetry guarantees naturalness becomes a pressing question. Depending
on the quantum numbers of the new particles, there is strong theory bias towards which possible symmetry
is the correct one, but it is really an experimental question which should be addressed.

Supersymmetry is arguably the most elegant solution to the so called "naturalness“ problem. It is
a fermionic symmetry which relates particles of different spin and their couplings. It relates yukawa
interactions, which dominate the phenomenology, to scalar quartic interactions, which are generally un-
observable. Proving that the underlying theory is supersymmetric is then hard to accomplish. In the
past, people focused mainly on identifying the quantum numbers of the new particle and measuring the
yukawa interactions of the neutralinos.

In this article, we focus on an overlooked observable scalar quartic interaction. The interaction comes
about from the Q field’s F term.

FQ = ytHu˜tR + ybHd
˜bR (1.1)

L � yty
⇤
bHu˜tRH†

d
˜b†
R + h.c. (1.2)

After electroweak symmetry, the cross term shown in Eq. 1.2, gives a decay via the charged Higgs.
The decay sends a right handed stop (sbottom) to a right handed sbottom (stop) and a charged higgs.
This is an LHC observable scalar quartic, related to the top and bottom yukawas by supersymmetry.
Observing this decay mode and measuring its value would unambiguously show that the underlying theory
is supersymmetry. Only a fermionic symmetry can relate a yukawa interaction with a scalar quartic, and
by the Coleman-Mandula theorem, this theory must be supersymmetry.

The sole decay resulting from Eq. 1.2 is a decay through a charged Higgs; there is no decay through
a W boson because the couplings to the W boson are all a result of gauge invariance and the squarks
involved are all right handed. This decay is proportional to a yukawa matrix squared and is going to
be small compared to other decays. The only way for it to be competitive is if all other available decay
channels are not available.

The rest of the article is arranged as follows. Sec. 2 covers the competing channels and under what
circumstances does the decay through the charged Higgs dominate. Sec. ?? briefly discusses what the
status of the LHC is on said decay mode, leaving a more detailed account for future work. Finally Sec. ??
concludes.

2 Competing decay modes

Yukawa interactions always give matrix elements proportional to the mass of the heavy decaying particle
while matrix element involving H+ is only proportional to the mass of the bottom quark, thus any yukawa
interactions will completely dominate the decay modes of ˜tR and ˜bR.

The decay of a stop or sbottom to a neutralino + quark occurs through a yukawa coupling of either
gauge or yukawa strength. These couplings give decay widths that scale as the mass of the stop (sbottom)
and thus dominate the phenomenology if available. Thus the neutralinos must be heavier than both the
right handed stop and sbottom. In the case of RPC susy, the LSP must be the gravitino.
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Figure 3: We show how the branching ratio into dR and H= changes as a function of the stop mixing
angle. We fix µ = 2000 TeV, mt̃R

= 1250 GeV, mb̃R
= 300 GeV, mH+ = 300, tan � = 3 and vary mQ̃ to

change the stop mixing angle. These numbers were chosen so that no kinematic thresholds were reached
as mQ̃ was varied.

Assuming that all mass scales are TeV in scale, we find that sbottoms have mixing angles that are at
most percent level. Decays through W bosons occur only after both the sbottom and stop have mixed.
The mixing from the sbottom suppresses the W boson cross section significantly so that unless the stop
is almost entirely left handed, it does not dominate the cross section. This effect is shown in Fig.2 where
µ = 2000 TeV, mt̃R

= 1250 GeV, mb̃R
= 300 GeV, mH+ = 300, tan � = 3, and mQ̃ was varied to change

the mixing angles. These numbers were chosen so that no kinematic thresholds were reached as mQ̃ was
varied.

3 Searches

In the previous section, we showed that the decays through charged Higgses could be important decay
channels. These decays are important to showing the existence of the operator shown in Eq. 1.2. In this
section, we briefly cover collider searches in the context of these models.

There are two simplified model of interest. The first simplified model, S1, is ˜tR at the top of the
spectrum, a ˜bR NLSP, a gravitino LSP and H+. The second simplified model, S2, is ˜bR at the top of the
spectrum, a ˜tR NLSP, a gravitino LSP and H+. Each simplified model has two decay chains of interest.
Model S1 has the two production and decay chains,
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Naturalness has been the guiding principle of physics at the LHC. If new particles were discovered,
discovering what underlying symmetry guarantees naturalness becomes a pressing question. Depending
on the quantum numbers of the new particles, there is strong theory bias towards which possible symmetry
is the correct one, but it is really an experimental question which should be addressed.

Supersymmetry is arguably the most elegant solution to the so called "naturalness“ problem. It is
a fermionic symmetry which relates particles of different spin and their couplings. It relates yukawa
interactions, which dominate the phenomenology, to scalar quartic interactions, which are generally un-
observable. Proving that the underlying theory is supersymmetric is then hard to accomplish. In the
past, people focused mainly on identifying the quantum numbers of the new particle and measuring the
yukawa interactions of the neutralinos.

In this article, we focus on an overlooked observable scalar quartic interaction. The interaction comes
about from the Q field’s F term.

FQ = ytHu˜tR + ybHd
˜bR (1.1)
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bHu˜tRH†

d
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After electroweak symmetry, the cross term shown in Eq. 1.2, gives a decay via the charged Higgs.
The decay sends a right handed stop (sbottom) to a right handed sbottom (stop) and a charged higgs.
This is an LHC observable scalar quartic, related to the top and bottom yukawas by supersymmetry.
Observing this decay mode and measuring its value would unambiguously show that the underlying theory
is supersymmetry. Only a fermionic symmetry can relate a yukawa interaction with a scalar quartic, and
by the Coleman-Mandula theorem, this theory must be supersymmetry.

The sole decay resulting from Eq. 1.2 is a decay through a charged Higgs; there is no decay through
a W boson because the couplings to the W boson are all a result of gauge invariance and the squarks
involved are all right handed. This decay is proportional to a yukawa matrix squared and is going to
be small compared to other decays. The only way for it to be competitive is if all other available decay
channels are not available.

The rest of the article is arranged as follows. Sec. 2 covers the competing channels and under what
circumstances does the decay through the charged Higgs dominate. Sec. ?? briefly discusses what the
status of the LHC is on said decay mode, leaving a more detailed account for future work. Finally Sec. ??
concludes.

2 Competing decay modes

Yukawa interactions always give matrix elements proportional to the mass of the heavy decaying particle
while matrix element involving H+ is only proportional to the mass of the bottom quark, thus any yukawa
interactions will completely dominate the decay modes of ˜tR and ˜bR.

The decay of a stop or sbottom to a neutralino + quark occurs through a yukawa coupling of either
gauge or yukawa strength. These couplings give decay widths that scale as the mass of the stop (sbottom)
and thus dominate the phenomenology if available. Thus the neutralinos must be heavier than both the
right handed stop and sbottom. In the case of RPC susy, the LSP must be the gravitino.
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which obtain limits as small as 0.15 fb. ATLAS-CONF-2013-061 studies the decay topologies g̃ ! 2t+�0

and g̃ ! t + b + �0.
There are 9 different search regions with both 0 and 1+ lepton search regions, all of which require

at least 3 b-jets. Most of the search regions are similar in sensitivity. For model G2, the most sensitive
search region is SR-0l-4j-A; the important cuts for this search region are that there are 4 or more jets,
/ET > 200 GeV, meft > 1 TeV and /ET /

p
HT > 16

p
GeV. This search comes within a factor of 5 of being

able to place bounds on the minimal G2 simplified model.
For model G1, the most sensitive search region is SR-1l-6j-B; the important cuts are 6 or more jets,

three or more b jets, /ET > 225 GeV, meff > 800 GeV and /ET /
p

HT > 5

p
GeV. This search comes within

a factor of 3 of being able to place bounds on G1 type models.
As shown in Tab. 2, the current searches come close to being able to see these cascades. With current

searches, if a stop or sbottom was seen, one would very rapidly start placing bounds on these models.
Observation of these signatures would be astounding evidence for supersymmetry. Model G1 has 4 W
bosons so searching for more than 1 lepton may be even more efficient than current searches. A designated
search for these cascades may even be able to be competitive with the direct searches.

5.2 Wino LSP Simplified Models

If the LSP is a wino, then the right handed squarks have suppressed couplings to it. Thus they will
preferentially decay to each other before decaying into the wino. The chargino component of the wino
has two degrees of freedom as opposed to the single degree of freedom in the neutral component so that
the branching ratio of the stop/sbottom to the chargino versus the neutralino is 2:1.

The simplified models of interest in this section consist of a right handed stop, a right handed sbottom,
a charged higgs and a wino LSP with both chargino and neutralino components nearly degenerate. The
cascades/models are shown visually in Fig. ??. The first simplified model, Model W1, has a heavier stop
so the cascades of interest are

pp ! ˜tR +

¯t̃R ! H+
+ H�

+

˜bR +

¯b̃R (5.7)
˜bR !33% b +

˜W 0

˜bR !66% t +

˜W� ! t + ��
+

˜W 0

The percentages listed are the branching ratios. As the LSP is the wino, ˜W+ and ˜W 0 are roughly
degenerate. The chargino decays through a soft pion.

The second simplified model, Model W2, has a heavier sbottom than stop so that the cascades of
interest are

pp ! ˜bR +

¯b̃R ! H+
+ H�

+

˜tR +

¯t̃R (5.8)
˜tR !33% t +

˜W 0

˜tR !66% b +

˜W+ ! t + �+
+

˜W 0

As before, the percentages listed are the branching ratios.
The models S1 and S2 are characterized by mb̃R

, mt̃R
, mH+ and mW̃ . It is impractical

For both, S1 and S2,
An alternative is that the light state is the wino. There is no direct decay to the wino from the
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Figure 2: Mass spectrum and decay channels for the simplified models W1 and W2.

2.2 Wino LSP Simplified Models

If the LSP is a wino, then the right handed squarks only couple to it through mixing effects. As the
mixing is small, they will preferentially decay to each other before decaying into the wino as long. The
chargino component of the wino has two degrees of freedom as opposed to the single degree of freedom
in the neutral component so that the branching ratio of the stop/sbottom to the chargino versus the
neutralino is 2:1.

The simplified models of interest in this section consist of a right handed stop, a right handed sbottom,
a charged Higgs and a wino LSP with both chargino and neutralino components nearly degenerate. The
cascades/models are shown visually in Fig. 2. The first simplified model, Model W1, has a heavier stop
so the cascades of interest are

pp ! ˜tR +

¯t̃R ! H+
+ H�

+

˜bR +

¯b̃R (2.6)
˜bR !33% b +

˜W 0

˜bR !66% t +

˜W� ! t + W�
+

˜W 0

The percentages listed are the branching ratios. As the LSP is the wino with no mixing, ˜W+ and ˜W 0 are
roughly degenerate. The chargino decays to the LSP through a highly off-shell W.

The second simplified model, model W2, has a heavier sbottom than stop so that the cascades of
interest are

pp ! ˜bR +

¯b̃R ! H+
+ H�

+

˜tR +

¯t̃R (2.7)
˜tR !33% t +

˜W 0

˜tR !66% b +

˜W+ ! t + W+
+

˜W 0

As before, the percentages listed are the branching ratios.
As before, the charged Higgs decay modes are important. For models W1 and W2, there are light

charginos. The wino contribution to b ! s� involves squarks as well as the chargino. All of the left
handed squarks have been decoupled from this simplified model, so the wino cannot be used to cancel
the H+ contribution. Thus we place the same bound as before, mH+ > 260 GeV. The heavy H+ decays
predominantly into t¯b so in these simplified models, we consider a 100% branching ratio into t¯b for H+.
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Figure 1: Mass spectrum and decay channels for the gauge mediation inspired simplified models G1 and
G2.

The cascade of interest for model G1 is

pp ! ˜bR +

¯b̃R ! H+
+ H�

+

˜tR +

¯t̃R (2.2)
! H+

+ H�
+ t +

¯t + 2

˜G

while Model G2 has the cascade,

pp ! ˜tR +

¯t̃R ! H+
+ H�

+

˜bR +

¯b̃R (2.3)
! H+

+ H�
+ b +

¯b + 2

˜G

To complete the description of the cascades, the decay of the charged Higgs must be specified. H+

can decay to W+
+ h0, t +

¯b, or ⌧+
+ ⌫⌧ . The decay through a gauge boson vanishes in the decoupling

limit. LHC data indicates a Standard Model like Higgs boson [27, 28] so that the decoupling limit is
taken. The remaining decays are into third generation fermions. Direct production constraints from LEP
require mH+ > 80 GeV [29]. For H+ lighter than the top quark, there are direct detection bounds from
the LHC due to top decays, see e.g. [30, 31].

For small tan � and heavy mH+ , yt is large so that the decay into tops and bottoms will dominate. If
tan � is large, then the branching ratios into 3rd generation quarks versus leptons are determined by the
bottom and tau masses so there is a 5.5:1 ratio of decay widths. The simplest case is where H+ is lighter
than the top so that the only kinematically available channel is into the taus.

Indirect detection bounds are more stringent but also more model dependent. Constraints from b ! s�
constrain mH+ > 260 GeV [25], but can be canceled by other light charged states [32]. Models G1 and
G2 have no other light charged states so we impose the bound mH+ > 260 GeV.

A heavy H+ will decay predominantly into t¯b so in these simplified models we consider a 100%
branching ratio into t¯b for H+. Thus the final state of the cascade for Model G1 is

2t + 2

¯t + b +

¯b + 2

˜G (2.4)

while the final state for Model G2’s cascade is

t +

¯t + 2b + 2

¯b + 2

˜G (2.5)
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Easy Simplified Models

• For some regions of parameter space current 
searches have good sensitivity

• If the charged Higgs is heavy, it decays into 3rd gen. quarks

• Signal has 2-4 tops and 2-4 bottoms for which 
searches already exist

• Assume

Higgs has a mass lighter than the top mass so that it decays primarily into ⌧ + ⌫⌧ . The final scenario for
competition from an off-shell gluino are right handed stop/sbottom beyond the current bounds, a gluino
a little heavier than the stop/sbottom, and a gravitino LSP. The two competing decay channels are

pp ! ˜tR +

¯t̃R ! t +

¯t + b +

¯b +

˜bR +

¯b̃R ! t +

¯t + 2b + 2

¯b +

/ET (5.1)
pp ! ˜tR +

¯t̃R ! H+
+ H�

+

˜bR +

¯b̃R (5.2)
! ⌧+

+ ⌧�
+ ⌫⌧ + ⌫̄⌧ + b +

¯b +

/ET

A similar cascade would occur if the stop were lighter than the sbottom.
Finally competition from RPV or gravitinos is untenable because establishing the mass of the gravitino

or the value of the RPV coupling would be needed. Measuring these values usually require displaced
vertices. In these situations, decays through H+ would dominate so there is no competing channel. A
significant branching ratio into winos involves large mixing. As shown in Fig. 5, in these cases, the decay
width comes more from the mixing effects than the scalar quartic.

6 LHC bounds on the Simplified Models

This section applies ATLAS searches to the simplified models specified in Sec. 2. The models G1,G2, W1
and W2 are all characterized by mb̃R

, mt̃R
, mH+ and mLSP . A four dimensional parameter space is too

large to scan effectively so we set

mH+ = 300GeV mH = mL + 350 GeV (6.1)

where mH (mL) is the mass of the heavier (lighter) squark. The LSP and NLSP mass are then scanned
over in increments of 25 GeV.

These cascade decay have many tops and bottom quarks leading to a large number of b jets and
leptons. These decays are very similar to the decay topology g̃ ! 2(t/b) + �0 except with 2 additional
2-bjets. To demonstrate the LHC’s sensitivity, we consider the ATLAS search for g̃ ! 2(t/b) + �0 [37].
The bounds from this search on the cascade are compared to the ATLAS bounds on the direct search of
the NLSP. Details of event generation and validation are given in App. A.

The ATLAS gluino search has 9 different search regions with both 0 and 1+ lepton search regions, all
of which require at least 3 b-jets. Bounds are placed by calculating the signal contribution to each of the
9 signal regions and simply observing when it crosses the 95% confidence level limits. No combination of
the different signal regions is used.

Most of the search regions are similar in sensitivity. Given the presence of leptons, it is not surprising
that the most constraining search regions involve leptons. The most constraining search region was SR-
1l-6j-B. The important cuts are 6 or more jets, three or more b jets, /ET > 225 GeV, meff > 800 GeV
and /ET /

p
HT > 5

p
GeV.

The exclusions are shown in Fig. 6. The solid black line shows when the LSP and the NLSP squark
have the same mass. The dotted red (blue) line shows the 95% confidence level bounds on a sbottom
(stop) decaying 100% to an LSP and a bottom (top) coming from Ref. [38] (blue dashed line [39], blue
line-dot-line [40], thick blue solid line [41]). Finally, the constraints on the cascade coming from [37] are
shown with a solid purple line. For the wino LSP, the decay channels of the NLSP are in a 2:1 ratio to
the chargino:neutralino. As neither bound strictly applies, both bounds are shown.
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Figure 6: 95% confidence level bounds on the NLSP/LSP parameter space for the simplified models
discussed in Sec. 2. The heavier squark is 350 GeV more massive than the lighter squark and the charged
Higgs has a mass of 300 GeV. Bounds on the cascade are shown in solid purple while the bounds on the
sbottom/stop NLSPs are shown in dotted red/blue (dashed, line-dot-line, and thick solid depending on
the search). We see that current searches already place bounds on the cascade that are comparable with
searches for the direct production of the lighter squark. There are regions of parameter space where the
cascade would be seen before the direct production of the NLSP.

We see for both simplified models that the bounds on the cascades are non-negligible. In most of
parameter space, discovery of the cascade would happen shortly after the discovery of the direct searches
for the NLSP. In squeezed regions, the cascade is seen first. This effect is enhanced when the NLSP decays
primarily through a top.

7 Conclusion

In this article, we discussed a decay mode that results from a supersymmetric scalar quartic. Discovery
of this decay mode and its possible measurement would show the existence of a scalar quartic interaction
which is related to a yukawa interaction by a symmetry. Finding this relationship would prove that
our underlying theory is supersymmetric. This quartic interaction is HuH†

d
˜tR˜b†

R and gives decays via a

10

Purple : many tops/bottom ATLAS search applied Simplified Models

Red : direct sbottom production bounds

Blue : direct stop production bounds
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• Should approach naturalness in a model 
independent manner

• 4th generation and electroweakino like signals

• Precision Higgs measurements

• Extra Higgs-like scalars

• Direct and Indirect detection signals for dark matter

• A measurable correlation for scalars

Conclusion
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• Mass mixing the quartic results in an observable decay that involves 

only the Higgs - seen in Little Higgs models

• Decays involving charged higgses and not W bosons : evidence that 
the stop sector is supersymmetric

Conclusion
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Figure 7

A Goldstone Boson Equivalence Theorem

In this section, we clarify how the goldstone boson equivalence theorem work for quartic interactions. In
particular, we will study the system

L � �mT TT c
+ �HH†Tuc

3

(A.1)

in the limit of large mT where the goldstone boson equivalence theorem holds. In addition to the three
body decays, there is the two body decay T ! th which is suppressed by a factor of v/mT relative to the
three body decay.

The two three body decays that will be considered are T ! thh and T ! tW+W�. The two
Feynmann diagrams are shown in Fig. 7. Schematically the matrix elements are

|M(T ! thh)|2 ⇠ �2

2

pT,µpµ
t (A.2)

|M(T ! tW+W�
)|2 ⇠ 4�2m4

W pT,µpµ
t

1

((pT � pt)
2 � m2

h)

2

(pW+ · pW�)

2

m4

W

(A.3)

. The last term results from the polarization vectors of the massive gauge bosons which scale in the large
energy limit as kµ

mW
.

The usual expectation is that putting the Higgs on-shell would be the dominant contribution to
Eq. A.3, i.e. the two body decay would be dominant. In the large mT limit, this intuition is not valid
because the large momentum flowing in the propagator is cancelled by the large kµ in the polarization
vectors of the gauge bosons. Schematically, scalar and fermion final states contribute k

0, 12
µ respectively so

do not overcome the off-shell propagator suppression.
Thus in the large mT limit, decays proceeding through an off-shell intermediate Higgs dominate. This

calculation shows that even though the two body decay of the Higgs is suppressed, its existence is still
important for maintaining the goldstone boson equivalence theorem.

B Little Higgs, Quadratic Divergences, and Three Body Decays

In Sec 4, we considered bilinear couplings to the Higgs where the Yukawa term was suppressed. In this
section, we show how this limit can be reached in a toy Little Higgs model.

15

In the large mass limit, the decay to two W/Z 
should be described by this term
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A Goldstone Boson Equivalence Theorem

In this section, we clarify how the goldstone boson equivalence theorem work for quartic interactions. In
particular, we will study the system

L � �mT TT c
+ �HH†Tuc

3

(A.1)

in the limit of large mT where the goldstone boson equivalence theorem holds. In addition to the three
body decays, there is the two body decay T ! th which is suppressed by a factor of v/mT relative to the
three body decay.

The two three body decays that will be considered are T ! thh and T ! tW+W�. The two
Feynmann diagrams are shown in Fig. 7. Schematically the matrix elements are

|M(T ! thh)|2 ⇠ �2

2

pT,µpµ
t (A.2)

|M(T ! tW+W�
)|2 ⇠ 4�2m4

W pT,µpµ
t

1

((pT � pt)
2 � m2

h)

2

(pW+ · pW�)

2

m4

W

(A.3)

. The last term results from the polarization vectors of the massive gauge bosons which scale in the large
energy limit as kµ

mW
.

The usual expectation is that putting the Higgs on-shell would be the dominant contribution to
Eq. A.3, i.e. the two body decay would be dominant. In the large mT limit, this intuition is not valid
because the large momentum flowing in the propagator is cancelled by the large kµ in the polarization
vectors of the gauge bosons. Schematically, scalar and fermion final states contribute k

0, 12
µ respectively so

do not overcome the off-shell propagator suppression.
Thus in the large mT limit, decays proceeding through an off-shell intermediate Higgs dominate. This

calculation shows that even though the two body decay of the Higgs is suppressed, its existence is still
important for maintaining the goldstone boson equivalence theorem.

B Little Higgs, Quadratic Divergences, and Three Body Decays

In Sec 4, we considered bilinear couplings to the Higgs where the Yukawa term was suppressed. In this
section, we show how this limit can be reached in a toy Little Higgs model.
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Events were generated in Madgraph 5. Showered in Pythia. Details about lepton isolation, b tagging

and our detector simulator. How did we get limits.
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Figure 7

A Goldstone Boson Equivalence Theorem

In this section, we clarify how the goldstone boson equivalence theorem work for quartic interactions. In
particular, we will study the system

L � �mT TT c
+ �HH†Tuc

3

(A.1)

in the limit of large mT where the goldstone boson equivalence theorem holds. In addition to the three
body decays, there is the two body decay T ! th which is suppressed by a factor of v/mT relative to the
three body decay.

The two three body decays that will be considered are T ! thh and T ! tW+W�. The two
Feynmann diagrams are shown in Fig. 7. Schematically the matrix elements are

|M(T ! thh)|2 ⇠ �2

2

pT,µpµ
t (A.2)

|M(T ! tW+W�
)|2 ⇠ 4�2m4

W pT,µpµ
t

1

((pT � pt)
2 � m2

h)

2

(pW+ · pW�)

2

m4

W

(A.3)

. The last term results from the polarization vectors of the massive gauge bosons which scale in the large
energy limit as kµ

mW
.

The usual expectation is that putting the Higgs on-shell would be the dominant contribution to
Eq. A.3, i.e. the two body decay would be dominant. In the large mT limit, this intuition is not valid
because the large momentum flowing in the propagator is cancelled by the large kµ in the polarization
vectors of the gauge bosons. Schematically, scalar and fermion final states contribute k

0, 12
µ respectively so

do not overcome the off-shell propagator suppression.
Thus in the large mT limit, decays proceeding through an off-shell intermediate Higgs dominate. This

calculation shows that even though the two body decay of the Higgs is suppressed, its existence is still
important for maintaining the goldstone boson equivalence theorem.

B Little Higgs, Quadratic Divergences, and Three Body Decays

In Sec 4, we considered bilinear couplings to the Higgs where the Yukawa term was suppressed. In this
section, we show how this limit can be reached in a toy Little Higgs model.
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Little Higgs Model

• Toy Little Higgs model describing SU(3) breaking 
down to SU(2)

Consider a toy Little Higgs models describing the spontaneous breaking of a SU(3) down to an SU(2)

by a fundamental vev f [14]. The cut off scale at which new physics must enter is 4⇡f . The breaking
gives 5 pseudo-goldstone bosons, 4 of which can be made into the Higgs field and the other will be ignored
as it plays no role in subsequent analysis. The goldstones are combined into a non-linear sigma field ⌃.

⌃ = exp
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(B.1)

A pair of colored weyl fermions, u0 and u0c, are added to cancel the top quadratic divergence by
collective symmetry. One of the weyl fermions combines with Q

3

to form a SU(3) triplet � = (Q
3

, u0
).

The lagrangian is then
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The leading 1/f terms in the lagrangian are then
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After the Higgs obtains a vev, the last two terms of Eq. B.3 allow the top partner to decay via a higgs
boson and a top.

B.1 v ⌧ f limit

The v ⌧ f limit is not always physical but it illustrates which term of the two terms in Eq. B.3 dominates
the decay. Diagonlizing the mass terms, gives
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Notice that the coupling constants associated with the three and four body interactions can be para-
metrically different. Their ratio is
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where we used that the top Yukawa is

y =

�
1

�
2p

�2

1

+ �2

2

(B.6)

When comparing decay rates, this quantity gets squared and if large can overcome the smaller three-body
phase space. Depending on the value of �

2

, one can interpolate between the dominant decay being two
body or three body.

If the Yukawa being generated is not the top Yukawa, but one of the smaller Yukawas then the ratio in
Eq. B.5 is naturally very large. Thus, for non-top partners we expect the quartic interaction to dominate
over the Yukawa interaction.
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• Collective symmetry breaking dictates that the 
Lagrangian is
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After the Higgs obtains a vev, the last two terms of Eq. B.3 allow the top partner to decay via a higgs
boson and a top.

B.1 v ⌧ f limit

The v ⌧ f limit is not always physical but it illustrates which term of the two terms in Eq. B.3 dominates
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When comparing decay rates, this quantity gets squared and if large can overcome the smaller three-body
phase space. Depending on the value of �
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, one can interpolate between the dominant decay being two
body or three body.

If the Yukawa being generated is not the top Yukawa, but one of the smaller Yukawas then the ratio in
Eq. B.5 is naturally very large. Thus, for non-top partners we expect the quartic interaction to dominate
over the Yukawa interaction.
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• Lowest order terms are

Consider a toy Little Higgs models describing the spontaneous breaking of a SU(3) down to an SU(2)

by a fundamental vev f [14]. The cut off scale at which new physics must enter is 4⇡f . The breaking
gives 5 pseudo-goldstone bosons, 4 of which can be made into the Higgs field and the other will be ignored
as it plays no role in subsequent analysis. The goldstones are combined into a non-linear sigma field ⌃.
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After the Higgs obtains a vev, the last two terms of Eq. B.3 allow the top partner to decay via a higgs
boson and a top.

B.1 v ⌧ f limit

The v ⌧ f limit is not always physical but it illustrates which term of the two terms in Eq. B.3 dominates
the decay. Diagonlizing the mass terms, gives
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When comparing decay rates, this quantity gets squared and if large can overcome the smaller three-body
phase space. Depending on the value of �

2

, one can interpolate between the dominant decay being two
body or three body.

If the Yukawa being generated is not the top Yukawa, but one of the smaller Yukawas then the ratio in
Eq. B.5 is naturally very large. Thus, for non-top partners we expect the quartic interaction to dominate
over the Yukawa interaction.
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Little Higgs Model

• Diagonalize in the small v limit

Consider a toy Little Higgs models describing the spontaneous breaking of a SU(3) down to an SU(2)

by a fundamental vev f [14]. The cut off scale at which new physics must enter is 4⇡f . The breaking
gives 5 pseudo-goldstone bosons, 4 of which can be made into the Higgs field and the other will be ignored
as it plays no role in subsequent analysis. The goldstones are combined into a non-linear sigma field ⌃.
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After the Higgs obtains a vev, the last two terms of Eq. B.3 allow the top partner to decay via a higgs
boson and a top.

B.1 v ⌧ f limit

The v ⌧ f limit is not always physical but it illustrates which term of the two terms in Eq. B.3 dominates
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When comparing decay rates, this quantity gets squared and if large can overcome the smaller three-body
phase space. Depending on the value of �

2

, one can interpolate between the dominant decay being two
body or three body.

If the Yukawa being generated is not the top Yukawa, but one of the smaller Yukawas then the ratio in
Eq. B.5 is naturally very large. Thus, for non-top partners we expect the quartic interaction to dominate
over the Yukawa interaction.
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• Comparing the two and three body decays give

Thus in the large mT limit, decays proceeding through an off-shell intermediate Higgs dominate. This
calculation shows that even though the two body decay of the Higgs is suppressed, its existence is still
important for maintaining the goldstone boson equivalence theorem.

B Little Higgs, Quadratic Divergences, and Three Body Decays

In Sec 4, we considered bilinear couplings to the Higgs where the Yukawa term was suppressed. In this
section, we show how this limit can be reached in a toy Little Higgs model.

Consider a toy Little Higgs models describing the spontaneous breaking of a SU(3) down to an SU(2)

by a fundamental vev f [12]. The cut off scale at which new physics must enter is 4⇡f . The breaking gives
5 pseudo-goldstone bosons, 4 of which can be made into the Higgs field and the other will be ignored as
it plays no role in subsequent analysis. The goldstones are combined into a non-linear sigma field ⌃.
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A pair of colored weyl fermions, u0 and u0c, are added to cancel the top quadratic divergence by
collective symmetry. One of the weyl fermions combines with Q
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After the Higgs obtains a vev, the last two terms of Eq. B.3 allow the top partner to decay via a higgs
boson and a top.

B.1 v ⌧ f limit

The v ⌧ f limit is not always physical but it illustrates which term of the two terms in Eq. B.3 dominates
the decay. Diagonlizing the mass terms, gives
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Notice that the coupling constants associated with the three and four body interactions can be para-
metrically different. Their ratio is
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where we used that the top Yukawa is
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