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ABSTRACT

In this work, topics in physics beyond the standard model of high energy phyics relevant to
the experimental studies at the Large Hadron Collider (LHC) at CERN are discussed. We
introduce an effective theory to describe the dynamics of heavy Majorana particles, whose
existence is predicted in many extensions of the standard model. Further, it is demonstrated
how by combining the two independent concepts of a weakly interacting massive particle
accounting for the dark matter observed in our universe and gauge coupling unification,
strong phenomenological trends can be inferred. The scenario we present predicts new
colored states within LHC reach that can be either collider stable or decay promptly to final
states including a Higgs particle. In both cases, interesting LHC signatures are expected.
The LHC discovery of the long predicted Higgs boson as well as new lower bounds on
supersymmetric particle masses provide motivation to re-evaluate the issue of fine-tuning
in supersymmetric theories. We provide an overview of the current state of this ongoing
discussion. In the last part of this work we introduce an alternative approach termed stable
near-criticality, in which the standard limits on superparticle masses stemming from fine-
tuning considerations are relaxed. This approach requires specific and robust correlations
among soft mass terms. We discuss how reduced fine-tuning can be achieved even if the
gauge and Yukawa couplings are considered variable parameters. Finally, we illustrate our
findings with a possible model implementation and demonstrate the validity of our approach
by analysing a representative benchmark point.
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CHAPTER 1

INTRODUCTION

The standard model of particle physics (SM) is considered to be among the greatest scientific
achievements of the 20th century. It combines the unified theory of electromagnetic and
weak interactions, originally proposed by Glashow, Salam and Weinberg [4, 5] with the
theory of Quantum Chromodynamics (QCD) [6–9] describing the strong interactions. In
the SM, the electroweak symmetry is broken spontaneously via the Higgs mechanism [10–15],
allowing for weak boson and matter field masses. The standard model has earned its status
through a series of astonishing experimental successes.

It gained universal acceptance after the first measurements of the weak current [16–18]
and the discovery of the W± and Z bosons [19–22] and has since passed a number of
increasingly rigorous experimental tests. Data from e+-e− collisions collected by the CERN
LEP experiment [23] allowed to verify SM predictions of electroweak sector observables
with accuracies reaching the permille level. Examples include the g − 2 muon anomalous
magnetic moment [24] and higher order corrections to the ρ parameter [25–28]. With the
discoveries of the last missing fermions, the top quark at the Tevatron [29, 30] and the
τ neutrino by the DONUT experiment [31] at Fermilab, the entire predicted SM fermion
content has been accounted for.

The past decade of experimental activities has been largely focused on the search for the
final missing ingredient of the standard model, the Higgs boson. With the beginning of its
operation in 2010, the Large Hadron Collider (LHC) at CERN has marked the beginning
of a new era in particle physics. The LHC has been designed for the double purpose of
searching for the Higgs particle as the last building block of the SM, as well as putting
scenarios for physics beyond the standard model to the test. It has already fulfilled part of
its mission: On July 4, 2012, the CMS and ATLAS collaborations confirmed the discovery
of a new particle [32,33] that, according to the data analyzed so far, appears to be the Higgs
boson.

Despite its successes, the SM does not provide a complete picture of the fundamental
particles and interactions. For instance, the standard model lacks an explanation for the ex-
perimentally confirmed neutrino masses and neutrino flavor oscillations and fails to explain
why the existing number of particles in our universe is not balanced by an equal number of
antiparticles.
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The probably most obvious shortcoming of the standard model, however, is the fact
that it does not account for a share of roughly 80% of the observed matter content in the
universe, the so-called dark matter (DM). The existence of dark matter is well-established
experimentally in several independent ways, including the observation of galactic rotation
curves [34] and the cosmic microwave background [35]. According to the evidence gathered
so far, dark matter is most readily explained by one or several species of new particles that
are electrically neutral, do not participate in strong interactions and propagate through the
universe at non-relativistic velocities.

The SM model also suffers from problems of theoretical nature, namely the infamous hi-
erarchy problem [36,37]. The hierarchy problem can be stated as follows. While defining the
SM at the weak scale with a negative Higgs mass term of the order of m2

H ≃ −(100GeV)2

is by itself unproblematic, as soon as the SM is embedded into a theory involving higher
energy scales, the Higgs mass term receives quantum corrections δm2

H that are quadratically
divergent. If the cut-off scale of the theory is raised up to the Planck scale, these corrections
become huge, typically of the order of δm2

H ≃ 1035GeV2. In order obtain a physical mass
term of order m2

H ≃ −(100GeV)2 and ensure electroweak symmetry breaking with a vac-
uum expectation value (VEV) of the correct size, the bare Higgs mass term has to cancel
the quantum corrections to an accuracy of about 1 : 1031. Such an extremely fine-tuned
cancellation among two independent terms is deeply unsettling. To illustrate the extent of
fine-tuning in the SM, the hierarchy problem is sometimes compared to a scenario in which
understanding of the dynamics of galaxies would require detailed knowledge about effects
at the subatomic level.

The hierarchy problem belongs to the category of so-called naturalness problems, which
arise whenever a parameter of a physical model is determined to take a value much smaller
than what would generically be expected. Instances of known naturalness problems include
the cosmological constant problem and the unexplained small value of the strong CP angle
θCP.

These open problems of the standard model are an invitation to theorists to speculate
about the nature of physics beyond the standard model (BSM) and to substantiate these
speculations by deriving experimentally testable predictions. The LHC is designed to have
high sensitivity to a wide range of possible new physics signatures and thus to hopefully
gather information about the nature of fundamental interactions and particles beyond the
standard model. To accomplish this goal, the LHC experimental program requires reliable
and precise predictions from the theory side.

An indispensable tool to perform the necessary calculations, which often involve several
disparate scales, are effective field theories (EFTs). EFTs provide tools to systematically
organize the operators of a theory and to identify the dominant effects and the symmetry
structure at any given energy scale. In the context of beyond the standard model physics,
effective field theories are of particular significance as their predictive power extends to
cases in which the full theory at high energy scales is unknown.

In analogy to heavy quark effective theory (HQET), which has been very successfully
applied to describe the dynamics of heavy mesons, in this work we detail how to derive
an effective theory for hypothetical heavy Majorana fermions. Majorana fermions differ
from Dirac fermions in that they are their own antiparticles. They are predicted in many
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extensions of the SM. A widely known example is the gluino in supersymmetric extensions
of the SM. If heavy Majorana particles exist, are long-lived and carry color charge, they
will form heavy stable bound states called R-hadrons, whose dynamics can be described by
an effective field theory for heavy Majorana fermions analogous to the description of heavy
B mesons by HQET. R-hadrons can lead to spectacular signatures at the LHC. A specific
example for BSM scenarios potentially featuring R-hadrons are simple models built on the
assumptions of gauge coupling unification and that a weakly interacting massive particle
(WIMP) constitutes dark matter [38].

In addition to the analysis of the Higgs signal, a primary objective of the LHC is the
search for supersymmetry. Because it solves the hierarchy problem, contains a dark mat-
ter candidate and exhibits unification of the gauge couplings, supersymmetry is widely
considered to be the most compelling scenario of physics beyond the standard model. Su-
persymmetry is a space-time symmetry introducing a superpartner field for every standard
model field. The superpartners carry the same gauge quantum numbers as their respective
SM counterparts but differ by 1

2 in spin. The solution to the hierarchy problem in super-
symmetry is based on chiral symmetry preventing large quantum corrections to the Higgs
mass term. While in the SM chiral symmetry protects fermion masses only, in supersym-
metry the protection mechanism is at work for the entire supermultiplet containing both
the scalar and the fermionic Higgs field.

Since no superpartner has been experimentally observed to date, however, supersymme-
try cannot be an exact symmetry. The scale of supersymmetry breaking determines the size
of the superpartner masses. The naturalness problem of electroweak symmetry breaking
(EWSB) is re-introduced, albeit to a much less severe extent than in the hierarchy problem
of the SM, if the scale of supersymmetry breaking ΛSB exceeds the scale of electroweak
symmetry breaking ΛEWSB. The LHC has already delivered significant lower bounds on
masses of superparticles. The discovery of the Higgs with mh ∼ 125GeV also poses a chal-
lenge to supersymmetric models which generally favor lighter Higgs mass values. At a first
glance, these combined limits appear to indicate that supersymmetry, if realized in nature,
does not resolve the naturalness problem associated with electroweak symmetry breaking.
Closer inspection is needed to clarify whether that assertion actually holds true. There are
two major approaches to identify models that are compatible with the recent LHC results
and yet remain natural, i.e. are minimally fine-tuned. One approach is based on the search
for non-standard spectra for which the LHC exclusion bounds do not apply. The other
utilizes the effect that in certain models with highly correlated superpartner mass terms, a
hierarchy ΛEWSB ≪ ΛSB can be a built-in stable feature and not the result of a fine-tuned
cancellation. Further investigation of both approaches is needed in order to design tailored
searches and to settle the question whether LHC bounds have the power to exclude natural
EWSB in supersymmetry.

The structure of this work is as follows: In chapter 2, a short introduction to effective
field theories is given. In chapter 3, our work Ref. [39] developing an effective field theory for
heavy Majorana particles is presented. We carefully compare our result to the well-known
heavy quark effective theory (HQET). Chapter 4 begins with two short sections introducing
the concepts of dark matter, in particular weakly interacting massive particles or WIMPs as
dark matter candidates, and grand unification. In the remainder of that chapter we present
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strong phenomenological trends that can be inferred from combining these two concepts
based on our work in Ref. [38]. Specifically, we demonstrate that with limited assumptions
new colored states are expected and discuss their resulting experimental signatures. In
chapter 5, we introduce supersymmetry with particular focus on assessing the current state
of naturalness in supersymmetric models. In chapter 6, we work out a comprehensive
strategy to circumvent the standard naturalness constraints [40]. The strategy is illustrated
with an explicit model and we analyze the fine-tuning at a representative benchmark point.
We conclude in chapter 7.
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CHAPTER 2

EFFECTIVE FIELD THEORIES

2.1 Effective field theories are everywhere

Physical phenomena take place at a wide range of scales. The age of the universe,
about 1018 s, differs by over 40 orders of magnitude from the W and Z lifetimes of about
10−24s, and at almost every scale in-between interesting physics phenomena take place. It
is not obvious a priori why the multitude of effects taking place at different scales should not
be all non-trivially interdependent, in which making predictions for any physical observable
would be daunting task. Even more worrisome is the well-known fact the SM cannot be
valid above the Planck scale MPl ∼ 1018 GeV. The consequences of the physical effects
taking place at this scale are beyond the scope of our current, very limited understanding
of a quantum theory of gravity. However, all physical observables are subject to radiative
corrections and require the evaluation of integrals containing momenta above the Planck
scale.

In the light of these considerations, it would appear hopeless to even attempt to make
a detailed prediction about any observable, such as for instance the splittings of the hydro-
gen energy levels. In practice however, experiments confirm theory predictions of hydrogen
energy levels to a high degree of precision. This agreement between prediction and data
might be surprising considering that these calculations have been performed without the
knowledge of the physics at higher energy scales, like e.g. the fact that the proton is com-
posed of quarks. The hydrogen spectrum is just one of many examples that it is possible
to focus on a given set of phenomena taking place at a certain scale and decouple it from
the details of other effects occurring at very different scales. Effective field theory (EFT)
provides a framework to accomplish this decoupling in a systematic way.

In the relativistic regime relevant for particle physics applications, the only relevant scale
parameter is distance. In the usual high-energy convention of c = ~ = 1, distance carries
units of [mass]−1. Phenomena taking place at long distances and low energy effects are
called infrared (IR) effects, while phenomena occurring in the short distance, high energy
limit are called the ultraviolet (UV) physics. In the following we will use MUV to denote
the UV scale. From the point of view of long distance scales, effects of short distance
physics appear local i.e. contracted to a point in coordinate space and thus acting just like
local operator insertions. Therefore, the short distance physics can simply be mimicked by
adding new local operators into the lagrangian. The effect of those new operators amounts
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to either (i) changing the operator coefficients (couplings) in the renormalizable lagrangian
or to (ii) adding higher dimensional operators suppressed by the UV scale MUV.

As far as renormalizable operators are concerned, changes of their coefficients is in-
consequential since their values are determined by measurement. To be clear, it is not
that unknown effects of short distance physics are parametrically small or negligible in any
way, there is just no way to independently determine the size of contributions from the
UV physics to low energy observables such as e.g. the electron mass. The UV effects are
absorbed into the couplings whose physical sizes are measured by experiments.

In contrast, non-renormalizable operators induced by UV physics are parametrically sup-
pressed by MUV. After performing a systematic expansion in 1/MUV, for a fixed precision
goal, all operators above a certain order in the expansion can be safely cut off in the la-
grangian. In that manner, a predictive theory with a finite number of operators is obtained.

Historically, renormalizability has been considered to be the sine qua non for valid
physical theories, particularly after Veltman and ’t Hooft proved renormalizability of spon-
taneously broken gauge theories [41], an achievement awarded with the Nobel prize in 1999.
Yet in the modern view, effective field theory and theories containing non-renormalizable
terms are not regarded as incomplete or inferior anymore. As a matter of fact, every theory
is ultimately an effective theory since physics above the Planck scale is unknown and there
is good reason to expect further new physics phenomena already at energy scales consider-
ably below MPl. The inherent breakdown of EFTs at some high scale is not regarded to be
a consistency problem, but rather is an advantage insofar as the theory comes with a built-
in disclaimer about its validity regime. Effective field theory allows to investigate crucial
questions about physics without committing to any specific guess about what happens at
arbitrarily high energies. Effective theories fall into two categories:

(I) The UV physics might be unknown or not calculable perturbatively. In that case, even
without information about UV effects, effective field theory still allows to perform
sensible calculations and to organize the unknown UV effects into a finite number of
higher-dimensional operators. Measuring the coefficients of these non-renormalizable
terms allows to estimate the scale where the EFT breaks down.

(II) In case the UV physics is known, it is in principle possible to perform calculations
in the full theory. However this can turn out to be a complicated or even impossible
endeavour if disparate scales giving rise to large logarithms that can make the per-
turbation series non-converging. Effective field theory can greatly simplify the task
at hand. More importantly, the EFT picture is often clearer and makes approximate
symmetries that are obscured in the full theory manifest. By concentrating only on
the physics relevant for a given problem, effective field theory can provide a better
understanding and enhanced predictive power.

The standard model belongs to category (I), as does any higher dimensional gauge theory
without UV fixed points. Examples for effective theories of type (II) are e.g. four-Fermi-
theory, chiral perturbation theory, heavy quark effective theory and soft collinear effective
theory.
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Table 2.1: Operator classification in effective field theories.

dim(Oi) scaling dim. γi Behavior for E → 0 Terminology

< D > 0 increases relevant (super-renormalizable)

= D = 0 remains constant marginal (renormalizable)

> D < 0 decreases irrelevant (non-renormalizable)

2.2 Basics of effective field theory

In this section, the general procedure to formulate and analyze effective field theories is
outlined. The aim is to introduce the basic concepts and vocabulary. Much more exhaustive
discussions, examples and details of the versatile EFT techniques can be found e.g. in the
reviews [42–48].

2.2.1 Relevant, marginal and irrelevant operators

According to the arguments presented in the previous section, at low energies all effects
of UV physics can be absorbed into local operators. In particular all physical effects of
heavy degrees of freedom are suppressed by their mass scale MUV. The EFT lagrangian
thus only contains light fields φ with masses much smaller than MUV and has the general
form

LEFT =
∑

i

CiOi(φ) . (2.1)

The coefficients Ci can be written as

Ci = ciM
γi
UV (2.2)

where coefficients ci have mass dimension zero and are expected to be of order one by the
hypothesis of (Dirac) naturalness. The exponents γi = D− dim(Oi) are the so-called näıve
scaling dimensions. At low energies E ≪ MUV, the operators in the effective lagrangian
scale as ci(E/MUV)

γi . This means that depending on the value of γi the operators behave
differently in the low energy limit. Operators that grow, remain constant, or fall in the
limit E → 0 are called relevant, marginal and irrelevant, respectively. The nomenclature is
summarized in Table 2.1.

Relevant operators rarely matter because they are usually forbidden by symmetries
as they are in conflict with the concept of naturalness. Consider as an example a scalar
mass term m2φ2 with dim(O) = 2. From loop corrections, m2 will receive contributions
proportional to Λ2, where Λ . MUV is the cut-off scale of the effective theory. The mass
of the field φ however has to be much smaller than Λ, or else by definition φ would not be
part of the effective theory. Therefore, the existence of the scalar mass term would require
an unnatural cancellation between the unrelated bare mass term and the loop-correction.
In the SM with a light scalar Higgs field H, this tension is known as the hierarchy problem
and is the reason for the SM not being considered a natural effective field theory.
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In the absence of problematic relevant terms, renormalizable theories only consist of
marginal operators. Moreover, in a general theory, non-renormalizable operators are in-
creasingly suppressed when approaching the low-energy limit. Therefore, every theory
appears renormalizable in the IR limit, without the need to postulate renormalizablity as
validity criterion.

Irrelevant operators, if measurable, are despite their name actually the most interesting
objects of the EFT lagrangian. Their coefficients contain information about the underlying
physics at the scale MUV. The importance of irrelevant operators is exemplified by the
historic case of how measurements of the magnitude and energy dependence of low-energy
processes singled out MUV ∼ 100GeV as the appropriate cut-off scale of Fermi theory of
weak interactions. That scale was subsequently found to be precisely the mass scale of
the weak W and Z bosons. The discovery of these bosons completed the picture of the
standard model gauge interactions. Another instructive example is provided by the case of
small but non-vanishing neutrino masses. No renormalizable mass terms for neutrinos can
be added to the standard model lagrangian without requiring new field content. However
in the effective field theory picture, the standard model is expected to contain the irrelevant
operator

1

MUV
(lTCH)(lH), (2.3)

where l and H denote the SM left-handed lepton and Higgs field respectively, C is the charge
conjugation matrix satisfying C−1γµC = −γµT and the SU(2)L indices of the fields which
are grouped together in brackets are contracted antisymmetrically. The operator defined
in (2.3) is suppressed by a high scale MUV denoting the scale of new physics beyond the
standard model. Once the Higgs field φh acquires a vacuum expectation value v ∼ 246GeV,
this operator leads to a neutrino mass of mν ∼ v2/MUV. Thus, in the effective theory
picture, the standard model predicts small but non-zero neutrino masses.

2.2.2 Matching of effective field theories

Let us now consider an example of a full theory containing a heavy particle Φ with mass
mH and light particles φ with masses much smaller than mH . Suppose the processes of
interest take place at energies much below the creation threshold of the heavy particle. The
goal is to formulate a local effective theory with only light fields φ that correctly reproduces
the full theory as long as only external momenta pµ with p2 ≪ m2

H are considered. The
procedure of constructing the correct EFT lagrangian is known as matching :

• Operators including only light fields remain unchanged in the EFT. Thus, LEFT con-
tains all the operators that can be obtained from the full theory lagrangian by setting
the heavy field to zero. The coefficients of these operators in the effective field theory
need not equal the ones in the full theory.

• To account for the effects of the heavy fields, appropriate local operators need to be
added. To obtain these operators, amputated Greens functions are calculated order
by order in the full and the effective theory. Subsequently, the difference is added
back into the effective field theory

δLEFT = full theory result− effective theory result (2.4)
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This way, an effective field theory which correctly reproduces the full theory at low
energies is engineered.

The matching procedure will only produce local operators, since the EFT lagrangian
contains the same light degrees of freedom as the full theory. Also, since higher n-point
functions generate higher dimensional operators, for any fixed value of desired accuracy and
maximal energy of the experiment E ≪ mH , only a finite set of n-point functions needs to
be calculated.

Beyond tree level, the matching procedure becomes more complicated, because the the-
ory needs to be regulated. More detailed discussions on that topic can be found e.g in [42,44].
The method of choice in most cases is the mass-independent dimensional regularization
scheme, since powers of 1/mH only appear in the operator coefficients and power-counting
cannot be obstructed by introducing a dimensionfull regulator. Of course, using different
regularization schemes in constructing the EFT lagrangian will produce the same physical
result, even if the counter-term will differ.

Note that the UV divergencies of the full and the effective theory do not cancel in the
matching procedure, which after all is tailored to make the EFT mimic the full theory in
the IR limit and not in the UV limit. The mismatch is obvious from the fact that the
EFT contains non-renormalizable operators leading to new UV divergencies at each order
in perturbation theory which are not present in the full theory.

In the case of many heavy fields, the effective field theory approach can be iterated:
Each particle mass can be considered the boundary between two effective theories. For
energies above the particle mass the field is included as dynamic degree of freedom, while
at lower energies its effects are encoded in higher dimensional operators containing only
light fields. Between the thresholds, renormalization group running is used to evolve the
operator coefficients. Eliminating the heavy particles successively leads to a descending
sequence of effective theories, with a decreasing number of fields and an increasing number
of suppressed non-renormalizable operators.

2.3 Example: heavy quark effective theory

In the remainder of this chapter we discuss heavy quark effective theory (HQET) [49–52]
to give a concrete example of the usefulness of effective field theories. This section also
provides the foundation to our work constructing a similar effective theory for hypothetical
heavy Majorana particles in Ref. [39]. In addition to the original HQET publications, many
review articles exist [45, 53–56] that provide details and information beyond the scope of
the short discussion in this section.

HQET falls into the category of effective field theories where the full UV theory, in
this case QCD, is known. The effective picture not only simplifies calculations but more
importantly reveals symmetry structures that are obscured in the full QCD point of view.
There are two reasons for a heavy quark being a simpler object than a light one. Firstly,
because of asymptotic freedom, αs is weak when the relevant distance scale is small. A
bound system of two quarks which are both heavy enough to have very short Compton
wavelengths can be calculated using perturbation theory just like calculating spectra in
atomic physics. Secondly, and more importantly, in colored systems with one heavy quark
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and any number of light degrees of freedom, a form of decoupling takes place: As with
increasing mass m the relevant length scale of the heavy quark becomes very small, the
details of its structure cannot be probed anymore by the surrounding cloud1 of light quarks
and gluons, whose size is determined by the confinement scale ΛQCD. While the color flux
extends out to long distances such that the color charge of the heavy quark remains visible
to the cloud, relativistic effects such as color magnetism are suppressed in the heavym limit.
In this limit, the spin of the heavy quark and the spin of the cloud are separately conserved
quantities, and the non-perturbative effects taking place within the light subsystem become
independent of the heavy quark’s spin.

2.3.1 The HQET lagrangian

Heavy quark effective theory formalizes and sharpens this physical argument by making
use of the hierarchy m ≫ ΛQCD between the mass m of a heavy quark such as the bottom
quark b and the QCD scale ΛQCD. HQET is obtained from the QCD lagrangian by taking the
limitm→ ∞ while the heavy quark’s 4-velocity vµ is held fixed. This limit is appropriate for
the description of states with one heavy particle ψ with mass m and an arbitrary number
of light particles, such as e.g. a meson Qq̄ with one heavy quark and a light antiquark.
Because the light degrees of freedom only carry momentum of the order of ΛQCD, the heavy
particle momentum can be expanded as

pµ = mvµ + kµ (2.5)

where v is a timelike 4-velocity satisfying v0 > 0, v ·v = 1 and k ∼ ΛQCD ≪ mv. Neglecting
all interactions with the light degrees of freedom, the state is simply described by the
solution to the free Dirac equation (i/∂ −m)ψ = 0:

ψ(x) = e−imv·xuv (2.6)

The rapidly varying part of the heavy quark field’s space-time dependence has been factored
out such that uv is just a constant spinor obeying the constraint /vuv = 1. Interactions lead
to fluctuations around this constant solution, and the constant spinor uv has to be replaced
by a x-dependent spinor with both /v = ±1 components. The following ansatz

ψ(x) = e−imv·x [hv(x) +Hv(x)] (2.7)

is made, where hv(x) and Hv(x) parameterize the /v = +1 and /v = −1 components, respec-
tively, i.e.:

/vhv(x) = hv(x) , /vHv(x) = −Hv(x) . (2.8)

At this point, it is important to emphasize that (2.7) is a completely general rewriting of
the usual Dirac spinor and no approximation has been made so far. Only the fast oscillation
of the particle’s wavefunction has been factored out explicitly and /v was used as a projector

1Instead of “cloud”, the subsystem of light degrees of freedom is also often referred to as “brown muck”.
This term goes back to Nathan Isgur and expresses the fact that due to the non-perturbative nature of light
colored systems, “clean” analytically calculable predictions are impossible. The virtue of HQET consists
of providing a systematic way to factorize perturbative heavy quark physics from the computationally
inaccessible effects in the “brown muck”.
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to separate the mostly-particle mode hv from the mostly-antiparticle mode Hv. Using this
ansatz, the QCD lagrangian reads

L =ψ̄(i /D −m)ψ

=ih̄v v ·Dhv − H̄v(i v ·D + 2m)Hv + (ih̄v /D⊥Hv + c.c.)
(2.9)

where D⊥µ ≡ ∂µ−(v·∂)vµ. The field hv is massless, while Hv has mass 2m. Soft interactions
with energy ∼ ΛQCD therefore cannot excite Hv and it can be integrated out. At tree level,
this means to express Hv in terms of hv via the equation of motion

(iv ·D + 2m)Hv = i /D⊥hv (2.10)

The HQET lagrangian reads

L =h̄v

{

iv ·D + i /D⊥
1

2m+ iv ·D i /D⊥

}

hv

=h̄viv ·Dhv −
1

2m
h̄vD

2
⊥hv −

g

4m
h̄vσ

µνGµνhv +O
(

1

m2

)

=L0 + L1,kin + L1,mag +O
(

1

m2

)

(2.11)

where σµν ≡ 1
2 [γ

µ, γν ] and igGµν ≡ [Dµ,Dν ]. The covariant derivative in (2.11) is under-
stood to only contain soft gluon fields. Hard gluons have been integrated out and their
effects are contained in the various operator coefficients of the effective theory.

The effective lagrangian (2.11) allows to draw important conclusions about the heavy
quark system. The leading order term

L0 = h̄viv ·Dhv

is independent of m as well as of the spin of the heavy quark. This is known as spin-flavor
symmetry: All heavy quarks with the same 4-velocity behave the same way, independent of
their respective masses and spins. This spin-flavor symmetry is peculiar in the sense that
it relates states with the same velocities but different momenta.

The spin-flavor symmetry is broken by 1/m-suppressed terms. The terms in first order of
1/m are the heavy quark kinetic energy L1,kin and the magnetic moment interaction L1,mag,
respectively. Being explicitly m-dependent, both violate flavor symmetry. In addition, the
magnetic moment interaction L1,mag = g

4m h̄vσ
µνGµνhv violates spin symmetry.

2.3.2 Reparameterization Invariance

The decomposition of the heavy quark momentum

pµ = mvµ + kµ (2.12)

into mv and the residual momentum k is a useful book-keeping choice, but it is not unique.
There is an arbitrariness of order m/ΛQCD in the choice of vµ. Concretely, this means that

v → v′ = v + ε/m where v ·ε = 0 such that v′ ·v′ = 1

k → k′ = k − ε
(2.13)
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is a symmetry transformation. The symmetry under the “gauge choice” of v is called Repa-
rameterization Invariance (RPI) and should, like any other symmetry, directly constrain
the HQET lagrangian [57].

The field hv transforms under (2.13) as

hv → hv′ = eiε·x
(

1 +
/ε

2m

)

hv. (2.14)

such that the condition /v′hv′ = hv′ is preserved [57]. The leading term of the HQET
lagrangian transforms as

L0 → L′0 = L0 +
1

m
h̄v iε·D⊥hv +O

(
1

m2

)

, (2.15)

while the next-order kinetic term transforms as

L1,kin → L′1,kin = L1,kin − 1

m
h̄viε·D⊥hv +O

(
1

m2

)

. (2.16)

The transformations of L0 and L1,kin cancel each other out, as required by the statement
of Reparameterization Invariance. Because of RPI, this cancellation must hold to all orders
in perturbation theory and therefore the coefficient of L1,kin does not get renormalized. By
expanding to higher orders in 1/m one can identify similar cancellations between operators
of successive orders Ln,i and Ln+1,j and thus reduce the number of matching coefficients
that need to be calculated.

The full proof of Reparameterization invariance to all orders is not entirely straightfor-
ward, and in fact the original proposal [57] was shown to be inconsistent [58]. A valid form
of RPI to all orders was first found in [59]. In 1997, Ref. [60] by Raman Sundrum appeared
identifying where the early attempts of formulating RPI went wrong and giving an elegant
proof of RPI validity to all orders. The crucial observation is that, as hv and Hv mix under
the RPI transformation v → v + ε/m, Hv needs to be kept as auxiliary field and only be
integrated out after the RPI transformation has been performed. Then, the relation

e−imv′·x(hv′ +Hv′) = e−imv·x(hv +Hv) (2.17)

suffices to demonstrate the validity of RPI up to all orders in 1/m.

2.3.3 Applications of HQET

The spin-flavor symmetry of the leading term of HQET is a powerful tool to constrain
the properties of hadrons containing a heavy quark. Probably the most famous application
of HQET is the prediction of relations between weak decay form factors of heavy mesons.
Based on ideas by Nussinov and Wetzel [61] as well as Voloshin and Shifman [49,50], Isgur
and Wise [51,52] showed that form factors parameterizing matrix elements of hadronic cur-
rents between two meson states each containing a heavy quark can be expressed in terms
of a universal function. This function, the Isgur-Wise-function, depends only on the ini-
tial and final state velocities v and v′. At zero recoil v = v′, the Isgur-Wise-function is

12



Table 2.2: Overview of D-meson cq̄ states, for the light antiquark in s- or p-wave. The
parity assignments of the respective states are given in parenthesis.

light system in
s-wave p-wave
sl =

1
2 sl =

1
2 sl =

3
2

Spin s
0 D (−) D∗

0 (+) -
1 D∗ (−) D∗

1 (+) D1 (+)
2 - - D∗

2 (+)

normalized to one, which is used to obtain a model-independent measurement of the |Vcb|
Cabibbo-Kobyashi-Maskawa (CKM) matrix element from the B̄ → D∗lν̄ decay rate. Pre-
cise knowledge of CKM matrix elements such as Vcb is essential for the understanding of
CP violation in nature. The derivation of the Isgur-Wise form factor relations is discussed
in most of the HQET reviews as well as in the original publications. Instead of repeating
it here, we will give two different examples for the predictiveness of HQET.

The first application concerns the spectroscopy of ground state D and B mesons, which
consist of a heavy c or b quark, respectively, and a “cloud” of colored degrees of freedom,
namely the antiquark, sea-quarks and gluons. The flavor symmetry relates the states with
different flavor, and the spin symmetry connects the J = 0 pseudoscalar and the J = 1
vectormeson states. More precisely, the masses of the pseudoscalar and vector modes are
expected to be equal up to hyperfine corrections of the order of 1/m. Therefore, one expects
mB∗ −mB ≃ O(1/mb) and mD∗ −mD ≃ O(1/mc). This leads to the HQET prediction of
the relation

m2
B∗ −m2

B ≃ m2
D∗ −m2

D (2.18)

which is in approximate agreement with the experimental results m2
B∗ −m2

B ≃ 0.49GeV2

and m2
D∗ −m2

D ≃ 0.55GeV2.

A second example for the use of symmetry arguments in the heavy quark limit is the
explanation for the non-observation of certain D mesons [54].

D mesons are Qq̄ systems with Q = c. Because c is a spin-1/2 particle, the mesons have
spin s = sl± 1

2 were sl is the total spin of the light subsystem containing the light antiquark
q̄. The different D-meson excitations, together with their spin and parity assignments, are
shown in Table 2.2.

From experiment it is known that the mesons D1 and D
∗
2, which have the light antiquark

in a p-wave with sl = 3
2 , are observed as clear peaks in the spectrum while the sl = 1

2
doublet states D∗

0 and D∗
1, decay with widths greater than 100MeV, are not resolved in the

spectrum and are thus difficult to observe. The reason is the following: The doublets with
positive parity decay to the negative parity ground state mesons by emission of a single
pion. Spin and parity conservation then imply that these decays can occur in even partial
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waves L = 0, 2, . . .. Specifically, the decays of the D∗
2

D∗
2 → D∗π D∗

2 → Dπ

can only happen in the L = 2 partial wave and are therefore suppressed. This explains why
the D∗

2 resonance is narrow. The decays

D∗
0 → Dπ D∗

1 → D∗π D1 → D∗π

are allowed to take place in the s-wave by spin and parity conservation. However, the spin-
flavor symmetry of HQET implies that in the mc → ∞ mass limit, the D1 and D∗

2 decay
widths have to be equal, so in this limit the s-wave decay of D1 is forbidden. Therefore,
both D1 and D∗

2 have narrow decay widths and are observed as defined peaks, while the
D∗

0 and D∗
1 widths are broader and difficult to resolve experimentally.
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CHAPTER 3

EFFECTIVE THEORY FOR A HEAVY

MAJORANA FERMION

3.1 Introduction

While all fermions in the standard model — except possibly for neutrinos — are Dirac
fermions, in theories beyond the SM massive Majorana fermions are very common. One
well-known example are gauginos in minimally supersymmetric extensions of the SM [62].
The gluino, a heavy color-octet Majorana fermion, can exhibit a particularly interesting
collider signature: If the gluinos lifetime exceeds the timescale of QCD confinement of
∼ 10−24 s, it will form a heavy QCD bound state with gluons and quarks [63]. Gluinos
with such long lifetimes appear for instance in split supersymmetry [64, 65]. The resulting
bound states of a new heavy colored particle with a “cloud” of light partons are called R-
hadrons and are actively searched for by experiments at the Large Hadron Collider [66,67].
Therefore, it is important to develop a theoretical framework to systematically analyze the
system of a heavy Majorana fermion interacting with light particles, i.e. an analogue of
HQET for heavy Majorana fermions. Albeit the fact that the usual derivation of HQET
explicitly breaks the Majorana condition, it is clear that an analogue version of HQET must
also exist for Majorana fermions: At energy ranges much below the fermion mass, where
particle-antiparticle creation is not feasible, it should not matter whether the heavy quark
is its own antiparticle or not.

In this chapter, we discuss our contribution Ref. [39], in which we derive an effective the-
ory for a heavy Majorana particle. Particular attention is paid to the symmetry structure.
The similarities between Majorana and Dirac HQETs are emphasized by demonstrating
that Majorana HQET possesses an emergent U(1) symmetry as if it came from a Dirac
fermion, even though Majorana fermions by definition cannot transform under any funda-
mental U(1) symmetry. The emergence of the effective U(1) symmetry should in fact be
viewed as a consistency check, since Majorana HQET trivially conserves particle number
as being an effective theory for one-fermion states. We also show that reparameterization
invariance [57–60] works in the same way in Majorana and Dirac HQETs.

Despite these common features, the two effective theories are different. We show that
any Majorana HQET must also be equipped with an emergent charge conjugation symme-
try, even if the full theory lacks this charge conjugation symmetry. This effective charge
conjugation symmetry is an exact, intrinsic property of Majorana HQET that reflects the
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absence of a particle-antiparticle distinction in the original Majorana fermion. This con-
trasts the Dirac case, where a Dirac HQET is symmetric under charge conjugation only if
the full theory exhibits the same symmetry. Therefore, this feature potentially provides low
energy probes to distinguish between R-hadrons containing a Majorana gluino and those
containing a Dirac gluino that appears in many non-minimal models of supersymmetry, for
example.

3.2 Degrees of freedom

We first derive the kinetic and mass terms of Majorana HQET. It will be shown that
the quadratic terms of the Majorana HQET lagrangian exactly agree with those of Dirac
HQET, so the degrees of freedom of the two effective theories are identical in content and
propagate in the same manner.

To perform a side-by-side comparison between the Majorana and Dirac cases, consider
a Majorana fermion ψM (x) and a Dirac fermion ψD(x) with the same mass m and identical
quantum numbers under all symmetries, except for U(1)D, the very U(1) that defines the
Dirac fermion by providing particle number conservation. Being Majorana, ψM (x) obeys
the constraint

ψM (x) = Bψ∗
M(x), (3.1)

with the Majorana conjugation matrix B satisfying

Bγµ∗B−1 = −γµ , B∗ = B−1 , BT = B . (3.2)

As described in Sec. 2.3, in HQET one is interested in the states of a single ψ particle
and arbitrary numbers of other particles with masses much smaller than m. In that limit,
interactions are transferring only small momenta (≪ m) to the ψ particle, hence never
exciting another ψ particle. Thus, perturbation theory should have a free ψ particle with a
4-momentum mv as starting point, where v is the timelike 4-velocity. This state is described
by the following solutions of the free Dirac equations (i/∂ −m)ψD,M = 0:

ψD(x) = e−imv·xuv , (3.3)

ψM (x) = e−imv·xuv + eimv·xBu∗v , (3.4)

where uv is a constant spinor obeying the constraint /vuv = uv.
Now, turning on the interactions, the fluctuations of ψD,M (x) around the solutions (3.3)

and (3.4) need to be parameterized. To do so, the constant spinor uv has to be replaced
by an arbitrary x-dependent spinor with both /v = ±1 components, and we are led to the
following changes of variables:

ψD(x) = e−imv·x[hv(x) +Hv(x)] , (3.5)

ψM (x) = e−imv·x[hv(x) +Hv(x)]

+ eimv·xB[h∗v(x) +H∗
v (x)] .

(3.6)

where hv(x) and Hv(x) parameterize the /v = +1 and /v = −1 components, respectively, i.e.:

/vhv(x) = hv(x) , /vHv(x) = −Hv(x) . (3.7)
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Note that the Majorana condition (3.1) is kept manifest in the parameterization (3.6).
In terms of these new variables, the quadratic part of the full lagrangian for the Dirac

theory can be rewritten as

L(2)
D,full = ψ̄D(i/∂ −m)ψD

= ih̄v v ·∂hv − iH̄v v ·∂Hv − 2mH̄vHv

+ (ih̄v σ
µνvµ∂⊥νHv + c.c) ,

(3.8)

where σµν ≡ [γµ, γν ]/2 and ∂⊥µ ≡ ∂µ − (v ·∂)vµ. Here, we have suppressed the kinetic and
mass terms of other fields, e.g., the gluon. Similarly, the quadratic part of the full Majorana
lagrangian can be rewritten as

L(2)
M,full =

1

2
ψ̄M (i/∂ −m)ψM

= L(2)
D,full +

(
e−2imv·xP (hv ,Hv) + c.c

)
,

(3.9)

where P (hv ,Hv) is a quadratic polynomial of hv(x), Hv(x) and their derivatives, with
constant coefficients (i.e., no explicit x-dependence like e−2imv·x inside P ), which stems
from picking up the e−imv·x term of (3.6) twice.

We are now ready to construct effective theories that reproduce these full theories when
we specialize in the states of a single ψ fermion with momentum close to mv, plus arbitrary
numbers of other light particles with masses and momenta much less than m. The effective
theories can be derived from the full theories by restricting the fields hv(x) and Hv(x) to
only contain “slowly varying” modes with wavelengths ≫ m−1. This does not correctly
take into account loop diagrams, where the loop momenta with values up to infinity enter
the relevant integrals, but this mismatch can be fully corrected for in the effective theory by
adding local operators with appropriate coefficients (i.e. performing the matching procedure,
c.f. Sec. 2.2.2).

For the purpose of studying the field content and the form of propagators in the effective
theory, tree-level matching is sufficient. Thus, the quadratic terms of the effective lagrangian
for the Dirac case can simply be given by the lagrangian (3.8) with the understanding that
hv and Hv only contain modes with wavelengths ≫ m−1. So,

L(2)
D,eff = ih̄v v ·∂hv − iH̄v v ·∂Hv − 2mH̄vHv

+ (ih̄v σ
µνvµ∂⊥νHv + c.c) .

(3.10)

In the Majorana case, the effective lagrangian obtained from the lagrangian in Eq. (3.9)
contains additional terms, e−2imv·xP (hv,Hv) + c.c.. However, these terms actually vanish
once integrated over spacetime to obtain the effective action. In momentum space, they are
transformed into δ-functions of the form δ4(2mv + k), where k is the momentum carried
by P (hv ,Hv). However, since hv(x) and Hv(x) in the effective theory are restricted to be
slowly varying, necessarily k ≪ mv and the δ-functions simply vanish. Therefore, we obtain

L(2)
M,eff = L(2)

D,eff . (3.11)

We conclude that the field content and propagators of Majorana HQET are identical to
those of Dirac HQET. This in particular implies that the spin symmetry of HQET in the
limit of decoupling Hv is intact in Majorana HQET, contrary to the claim made in [68].
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3.3 Symmetries

In this section, we compare symmetries of the two effective theories. First, the full Dirac
and Majorana theories we started with have identical symmetries by assumption, except
for U(1)D of the Dirac fermion. Clearly, all these symmetries of the full theories are passed
down to their respective HQETs.

In addition, HQET possesses the emergent “gauge symmetry” of reparameterization
invariance (RPI), which is a redundancy in the HQET description in that choosing a different
v should not change the physics. Below, we will show that RPI works in exactly the same
way in the Majorana and Dirac HQETs.

Furthermore, in Majorana HQET, the U(1)D global symmetry emerges as an exact sym-
metry. Being an effective theory of one-particle states, Majorana HQET trivially conserves
particle number, even though the full Majorana theory has no particle number conservation.
Below, we will demonstrate explicitly how this U(1) arises in Majorana HQET.

Remarkably, yet another symmetry is emerging in Majorana HQET, so that the symme-
try content of Majorana HQET is actually larger than that of Dirac HQET. This symmetry
is an effective charge conjugation symmetry that reflects the very Majorana nature of the
full theory, namely the absence of particle/antiparticle distinction. Thus, this is an exact
symmetry of any Majorana HQET, even without a charge conjugation symmetry in the
full theory. In contrast, charge conjugation symmetry is optional for Dirac fermions and
for Dirac HQETs. This emergent charge conjugation symmetry forbids a class of operators
in Majorana HQET that are allowed in Dirac HQET. Therefore, discovering the effects of
those operators in experiment can tell us that the underlying fermion must be Dirac.

3.3.1 Reparameterization Invariance

The RPI redundancy in choosing v is manifest in relations (3.5) and (3.6), where the
left-hand sides have no reference to v. For the Dirac case, this readily implies that the fields
labelled by v′ ≡ v + ε/m must be related to those labelled by v through

e−imv′·x(hv′ +Hv′) = e−imv·x(hv +Hv) , (3.12)

provided that ε ≪ m so that we maintain the requirement that hv′(x) and Hv′(x) should
vary slowly in x with wavelengths much larger than m−1, just like hv(x) and Hv(x) them-
selves. This is exactly the form of RPI proven to be valid to all orders in Dirac HQET by
Ref. [60].

For the Majorana case, the v-independence of the left-hand side of (3.6) implies that

e−imv′·x(hv′ +Hv′) + eimv′·xB(h∗v′ +H∗
v′)

= e−imv·x(hv +Hv) + eimv·xB(h∗v +H∗
v ) .

(3.13)

This naively appears different from the Dirac RPI (3.12). However, since the fields hv′ ,
Hv′ , hv and Hv only carry momenta ≪ mv, the first term on each side of (3.13) only
contains positive frequency modes, while the second term on each side only contains negative
frequency modes. Thus, the first and second terms are linearly independent and can be
equated separately. This leads to a relation identical to the Dirac RPI (3.12). We conclude
that RPI works identically in Dirac and Majorana HQETs.
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3.3.2 Emergent U(1)D in Majorana HQET

The equality (3.11) trivially implies that the quadratic part L(2)
M,eff respects the same

U(1)D global symmetry as the Dirac counterpart, with both hv and Hv carrying a unit
charge, even though the full Majorana theory (3.9) possesses no U(1) symmetry. We proceed
now to show that U(1)D is an exact symmetry of the entire Majorana HQET lagrangian,
not only of the quadratic part, as is expected due to the fact that Majorana HQET is a
theory for a fixed number of particles (namely one).

The emergence of U(1)D can be demonstrated elegantly by using RPI. Since we have
shown that Majorana RPI is the same as Dirac RPI, Majorana HQET has the same “RPI
invariant” as the Dirac RPI. Namely, the RPI relation (3.12) implies that the linear combi-
nation defined as

χ(x) ≡ e−imv·x[hv(x) +Hv(x)] (3.14)

(not to be conceptually confused with the full-theory Dirac field ψD) is invariant under
v → v + ε/m. Therefore, RPI can be made manifest by writing the lagrangian solely in
terms of χ.

Now, since HQET is an effective theory for single-particle states, we only need to look
at operators that are bilinear in χ. Thus, all operators in Majorana HQET are in either
one of the following forms:

χ̄Oχ , χTCOχ , (3.15)

where O contains Gamma matrices, derivatives and the light fields in the theory, while the
charge conjugation matrix C satisfies

CγµTC−1 = −γµ , C∗ = −C−1 , CT = −C . (3.16)

The operators of the 1st type in (3.15) are invariant under U(1)D , while those of the 2nd
type are not. Notice, however, that the latter do not exist in the effective action, because
they contain rapid oscillations e±2imv·x and thus vanish under the integration over spacetime,
just like what happened to P (hv ,Hv) previously. Therefore, U(1)D is indeed respected by
all operators in Majorana HQET.

3.3.3 Emergent Z2 Symmetry in Majorana HQET

Notice that the right-hand side of (3.6) is unchanged by the simultaneous operations of

v ↔ −v , hv ↔ Bh∗v , Hv ↔ BH∗
v . (3.17)

Majorana HQET must be invariant under these charge conjugation operations, because,
like RPI, this is a redundant operation, doing nothing to the full-theory field ψM . This
redundancy makes sense intuitively, because the original Majorana fermion does not distin-
guish particle and antiparticle so the theory should be independent of the choice v or −v
to write the effective theory.

In contrast, Dirac HQET does not in general respect the charge conjugation symme-
try (3.17), unless the full theory happens to be invariant under the charge conjugation
ψD ↔ Bψ∗

D. It should be stressed, however, that such a symmetry may or may not be
present in a given Dirac theory, while any Majorana HQET must obey the symmetry (3.17),
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regardless of the presence or absence of charge conjugation symmetry in the full theory, as
it is merely a redundancy of the formulation, comparable to RPI.

The emergent charge conjugation symmetry (3.17) imposes nontrivial constraints on the
structure of the Majorana HQET lagrangian. As a theoretical illustration, consider a toy
model consisting of a heavy, color-octet Majorana fermion ψM = ψa

MT
a (a = 1, · · · , 8),

where T a ≡ λa/2 with the Gell-Mann matrices λa. Suppose that there is also a color-octet
real scalar φ = φaT a much lighter than ψ. Then, in the full theory, symmetry permits the
Yukawa interaction of the form

dabc φa(ψb
M )TCψc

M , (3.18)

with the totally symmetric dabc ∝ tr[T a{T b, T c}].
The analogous term fabc φa(ψb

M )T Cψc
M with the totally antisymmetric

fabc ∝ tr[T a[T b, T c]] vanishes simply due to the algebraic identity reflecting the Fermi-Dirac
statistics, (ψb

M )TCψc
M = (ψc

M )T Cψb
M , without owing to any symmetry. This interaction

matches at tree level onto the HQET operator

dabc φah̄bvh
c
v + · · · , (3.19)

where the ellipses indicate similar terms containing Hv.
In stark contrast, if the Majorana fermion were instead a color-octet Dirac fermion

ψD = ψa
DT

a, both types of the interactions would be allowed:

dabc φaψ̄b
Dψ

c
D + fabc φaψ̄b

Dψ
c
D , (3.20)

since this time ψ̄b
Dψ

c
D 6= ψ̄c

Dψ
b
D. These interactions match at tree level onto the HQET

operators
dabc φah̄bvh

c
v + fabc φah̄bvh

c
v + · · · , (3.21)

where the ellipses indicate similar terms containing Hv.
Now, without the emergent charge conjugation symmetry (3.17), one would think that

the f ijk operator as in (3.21) should also be generated in Majorana HQET at loop level, since
Majorana HQET would have exactly the same symmetries and same degrees of freedom as
Dirac HQET.1 However, under the symmetry (3.17), the dabc operator is allowed but the
fabc operator is not, because the operation (3.17) gives

h̄bvh
c
v −→ (hbv)

TB−1γ0Bhc∗v = h̄cvh
b
v , (3.22)

so the fabc operator would change sign. Therefore, the emergent charge conjugation of
Majorana HQET guarantees that the f ijk operator is never generated at any order in loop
expansion.

We conclude that emergent charge conjugation symmetry of Majorana HQET offers
the interesting opportunity to tell apart Dirac and Majorana fermions from only low energy
measurements performed at scales much below the fermion mass threshold. Namely, probing
the presence of the HQET operators forbidden by (3.17) can rule out the possibility that
the fermion is Majorana.

1If we assume renormalizability in the full Majorana theory, we would have the accidental charge conju-
gation symmetry ψaT a

→ ±ψa(−T a)T , φaT a
→ −φa(−T a)T and Ga

µT
a
→ Ga

µ(−T
a)T , with Gµ being the

gluon field. Then, correspondingly in Majorana HQET, the symmetry ha
vT

a
→ ±ha

v(−T
a)T , etc., would

forbid the fabc term. However, this accidental symmetry can easily be broken by non-renormalizable inter-
actions, e.g., fabcdcde φa(∂µφ

b)ψ̄dγµψe, which we assume to be present.
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3.4 Conclusion & applications

Majorana HQET possesses an emergent U(1) symmetry as if it came from a Dirac
fermion, even though Majorana fermions by definition cannot have any fundamental U(1)
symmetry. The famous reparameterization invariance [57–60], from which HQET derives
much of its predictive power, applies in the same way for the Dirac as well as the Majorana
case. However, there is a difference between the two effective theories. We showed that
in the Majorana case, an additional effective charge conjugation symmetry emerges. This
effective charge conjugation symmetry is an exact, intrinsic property of Majorana HQET
that reflects the absence of particle-antiparticle distinction in the original Majorana fermion.
This contrasts to the Dirac case, where a Dirac HQET would have a charge conjugation
symmetry only if the full theory has one. This new Z2 symmetry of the effective lagrangian,
emerging from the charge conjugation symmetry of the full theory is the one new aspect of
Majorana HQET as compared to usual Dirac HQET and therefore potentially provides the
opportunity to distinguish between the two cases experimentally.

To distinguish directly between R-hadrons containing a Majorana gluino and those
containing a Dirac gluino that appears e.g. in many non-minimal models of supersymmetry,
using the above approach, however would seem difficult: The strategy would be to search for
energy levels in the gluino R-hadron spectrum that are forbidden by the Z2 symmetry (3.17),
and if those can be found then the gluino must be a Dirac fermion. The spectrum of the R-
hadrons at leading order however is just colombic, which is unrelated to charge conjugation.
The spectral differences between Dirac and Majorana R-hadrons are therefore expected to
only appear at the fine-structure level.

The emergent Z2 symmetry can however be crucial for other phenomenological aspects.
An example is presented in Ref. [69], in which the authors apply HQET to determine the
cross section for low-velocity scattering of SU(2) charged weakly interacting massive parti-
cles (WIMPs) on nuclear targets. Using a real SU(2) triplet scalar as a WIMP, the appro-
priate version of scalar HQET exhibits the same Z2 symmetry (3.17) as Majorana HQET,
which reduces the number of effective operators and corresponding matching conditions.
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CHAPTER 4

LHC IMPLICATIONS OF WIMP DARK

MATTER AND GRAND UNIFICATION

The existence of dark matter (DM) is well established through numerous independent astro-
physical observations. DM has been experimentally determined to be electrically neutral,
non-relativistic (cold) and to at most weakly interacting with baryonic matter. None of
particles in the standard model satisfy these requirements. Dark matter thus is arguably
the most compelling evidence for new physics beyond the standard model.

In this chapter we motivate, devise and analyze a specific extension of the standard
model incorporating dark matter which we worked out originally in Ref. [38]. The sce-
nario we discuss is based on two well-known and extensively studied concepts: (i) that a
so-called weakly interacting massive particle (WIMP) constitutes dark matter and (ii) the
concept of Grand Unification postulating that the SM gauge groups are subgroups of a
single larger symmetry group. The novel aspect of our work is to demonstrate that ro-
bust phenomenological trends arise when combining these otherwise independent concepts.
Specifically, new colored particles are expected at the TeV scale. These new particles are
either collider-stable or decay to final states including a Higgs boson. Both possibilities
promise interesting collider signatures.

We preface our discussion with two sections which provide the relevant background. In
the first one, we introduce the topic of dark matter, with emphasis on weakly interacting
massive particles as dark matter candidater, and in the second one we discuss the concept
of Grand Unification. We then proceed to combine the two concepts and work out the
resulting phenomenology, following closely our contribution Ref. [38].

Since this work was published, the LHC has delivered improved lower mass bounds on
the masses of the colored particles proposed in [38], excluding several of the benchmark
points presented. Also, in exploring the prospects of these new colored states to provide an
additional Higgs production mode, we assume mh = 200GeV which is not upheld by the
recent LHC result of mh = 125GeV. We nevertheless include our original collider analysis
in order to provide a complete and comprehensive picture of our work. We comment on
improved bounds and the appropriate changes in the collider analysis of our scenario in
Sec. 4.8.
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4.1 Dark matter

The earliest evidence for DM was found in observations of galactic rotation curves:
Objects on stable Keplerian orbits with radius r outside the visible part of the galaxies
are observed to have rotational velocities v(r) that do not decrease as v(r) ∝ 1/

√
r as

is predicted by Kepler’s Law assuming the gravitational attraction stems solely from the
visible mass inside the galaxy. Instead v(r) remains approximately constant out to the
largest values of r where the rotation curve are measured. This suggests that the existence
of an additional source of gravitational attraction. The rotation curves are explained by
the existence of a dark matter halo with mass density ρ(r) ∝ 1/r2 [34].

The observation of the Bullet cluster passing through another cluster provides particu-
larly persuasive evidence for DM. Whereas the hot baryonic gas masses of the two clusters
collided and decelerated, gravitational lensing shows that most of the total mass continues
to move on ballistic trajectories. In addition to confirming the existence of a DM halo sur-
rounding the visible galaxy, this observation illustrates directly that DM interacts weakly
with visible matter as well as with itself.

The most accurate estimate of the DM density is obtained from global fits of cosmological
parameters to a variety of astronomical observations such as the anisotropy in the Cosmic
Microwave Background (CMB). The density of cold non-baryonic matter is determined to
be [70]

Ωnbmh
2 = 0.112 ± 0.006, (4.1)

where h is the Hubble constant.

4.1.1 WIMP dark matter

From the discussion above it is clear that candidates for dark matter must satisfy several
criteria: First, it has to have little interaction with ordinary matter. More specifically, a DM
particle cannot carry electromagnetic charge and has to interact very weakly with baryonic
matter. Second, analysis of structure formation in our universe further requires DM to
be cold, i.e., non-relativistic. Specifically, if DM consisted of light relativistic particles, the
formation would have proceeded in a top-down way and large scale structures such as galaxy
clusters would have formed before small scale ones like stars. Since it is established that
structure formation instead proceeded in a hierarchical, bottom-up way, relativistic particles
cannot make up a signigicant portion of the observed DM density. This requirement excludes
SM neutrinos as valid DM candidates. Lastly, DM needs to be stable at cosmological time
scales, otherwise it would have decayed away already.

As compelling as the existing data is in confirming the existence of dark matter and es-
tablishing the properties just discussed, it provides little insight into the identity and nature
of the dark matter particles. The requirements listed above leave room for a wide range of
possibilities for the nature of dark matter. Among the most promising DM candidates are
axions, sterile neutrinos and weakly interacting massive particles (WIMPs).

As the acronym indicates, WIMPs are particles with mass in the range of 10GeV −
10TeV and cross sections governed by weak interactions. In the early universe, WIMPs
are assumed to be in thermal equilibrium with the visible (standard model) matter. The
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equilibrium is established through WIMP pair annihilation into SM particles and vice versa.
The reaction rate is proportional to the product of WIMP number density and the thermally
averaged annihilation cross section times velocity 〈σAv〉. As the universe expands and the
temperature drops below the WIMP mass, the thermal production of WIMPs becomes
Boltzmann-suppressed. The WIMPs drop out of thermal equilibrium once their reaction
rate drops below the Hubble expansion rate H. This effect is called freeze-out. After freeze-
out, the WIMP number density per co-moving volume remains practically constant, as any
given WIMP is unlikely to find another WIMP to annihilate. The present relic density
ΩWIMP is evaluated [71] to be approximately

ΩWIMPh
2 ≃ const.

T 3
0

M3
Pl〈σAv〉

≃ 0.1 pb · c
〈σAv〉

, (4.2)

where T0 = 2.7255(6)K [70] is the present day CMB temperature. Thus, the WIMP relic
density has the correct order of magnitude to explain dark matter if its annihilation cross
section is about 0.1 pb. This is precisely the size of typical cross sections governed by the
weak interaction. The fact that two astrophysical parameters T0 and MPl in combination
point to a purely particle physics quantity is quite remarkable. This so-called WIMP Mir-

acle is an encouraging trait of the WIMP DM candidate.

WIMPs are encountered in many extension of BSM physics. The arguably most preva-
lent dark matter candidate in the literature is the lightest superparticle (LSP) in supersym-
metric models [72, 73]. Typically the LSP is stabilized by imposing an exact R-parity in
these models [62].

In Ref. [2], the concept of WIMP DM has been analyzed from a purely effective field
theory point of view. Instead of being embedded into a framework aimed at solving e.g. the
hierarchy problem and predicting an entire spectrum of new particles at the weak scale, [2]
takes a minimalistic approach to WIMP DM. The proposed minimal dark matter scenario
extends the SM particle content only by a single n-tuplet of SU(2) that does not carry color
charge and has a hypercharge such that an electrically neutral component of the n-tuplet
exists can be dark matter.

4.1.2 Direct detection searches for WIMPs

The strongest experimental limits on WIMP dark matter particles arise from direct
detection experiments.

From the rotation curves it is inferred that dark matter is gravitationally trapped inside
of galaxies, including our own. The earth on its orbit around the sun is thus moving through
a dark matter wind. WIMPs are expected to interact with matter inside of detectors via
elastic scattering with typical recoil energies of the order of 1 to 100 keV. The shape of the
predicted nuclear recoil spectrum results from the convolution of the velocity distribution
of the WIMP with the angular scattering distribution. The WIMP velocity distribution is
usually taken to be Maxwellian, an assumption which however does not take into account
the possibility of streams. Also, the local dark matter density is not known precisely:
The canonical value of ρ0 = 0.3GeV/cm3 is subject to an uncertainty factor of order one
depending on the modelization of the halo.
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Figure 4.1: Exclusion limits / claims of signal regions for WIMPs, in the plane of spin-
independent cross section (normalized to nucleon mass) versus WIMP mass. The shaded
regions correspond to SUSY predictions for LSP WIMP cross sections. The cross-shaded
regions correspond to LHC exclusion bounds obtained for the cMSSM. Figure taken from
Ref. [1].

The spin-independent part of the cross section scales approximately as square of the mass
of the nucleus as a result of coherence effects between the individual nucleons, so heavier
target nuclei are preferred. Unless the spin-dependent part of the DM-nucleon scattering
cross section vanishes, it dominates over the spin-independent component. Several direct
detection experiments exist with a range of target nuclei including 19F, 23Na, 73Ge, 127I,
129Xe and 133Cs. Since the typical cross sections of DM recoiling against the target nuclei do
not exceed 1 evt day−1 kg−1, the experiments need to be performed underground to shield
against cosmic ray induced backgrounds and the selection of radio-pure materials for the
construction of the detector is crucial.

The current observations at the various DM experiments are conflicting. The longstand-
ing claim by the DAMA/LIBRA experiment to have observed an annually modulated WIMP
signal [74,75] and the tentative signal found by the CoGeNT collaboration [76,77] are con-
tradicted by the null results from CDMS [78,79], EDELWEISS [80,81] and XENON [82,83].
Whether the disagreement stems from unaccounted backgrounds that are being mistaken
for signal events or from non-standard physical effects that modify the WIMP-nucleus inter-
actions in specific experiments is still a subject of intense discussion. The current XENON
and CDMS exclusion limits are starting to exclude the typical lightest supersymmetric par-
ticle (LSP) WIMP DM candidates predicted in many supersymmetric models, c.f. Fig. 4.1.
The minimal dark matter hypothesis is less constrained, see Fig. 4.2. The improved reach
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of the upcoming experiments XENON-1T [84] and Super-CDMS [85] will provide crucial
further tests for WIMPs as DM candidates.
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Figure 4.2: Direct detection limits are not yet sensitive to minimal dark matter WIMP
candidates as defined in [2] and [3]. Fermionic (scalar) n-tuplets of SU(2)L are denoted
by nF (nS). The scenario will be probed by the upcoming XENON-1T and SuperCDMS
experiments. Figure taken from Ref. [3].

4.2 Grand Unification

The standard model is characterized by its symmetry structure, namely the tensor
product of three Gauge Symmetry groups, SU(3)C × SU(2)L × U(1)Y with the respective
gauge couplings g3, g and g′. The SM fermions are in the following representations of the
gauge symmetries:

quarks: q ∼ (3,2)1/6 uc ∼ (3̄,1)−2/3 dc ∼ (3̄,1)1/3

leptons: l ∼ (1,2)−1/2 ec ∼ (1,1)1 (4.3)

We use the standard notation (SU(3)C , SU(2)L)Y to specify the representations. Three
generations exist of each quark and lepton species. The SM model particle spectrum is
completed by a single Higgs boson in the representation

H ∼ (1,2)1/2. (4.4)

In general, the presence of chiral fermions leads to so-called anomalies. The transfor-
mations of an anomalous symmetries leave the action invariant but do change the path
integral. The SM however is anomaly-free, since the individual contributions from the five
fermion families precisely cancel each other. This is a highly non-trivial feature and can be
interpreted as a sign for an underlying organizing principle governing the particle content
and the symmetry structure of the SM.
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Grand Unified theories (GUTs) provide such a principle. Grand Unification stipulates
that the SU(3)C × SU(2)L × U(1)Y gauge group is embedded in a larger and simpler
gauge group. Georgi and Glashow proposed specifically SU(5) to be this more fundamental
symmetry group [86], based on the observation that the five SM fermion families can be
grouped into two simple representations of SU(5):

5̄ = [dc, l] 10 = [q, uc, ec] . (4.5)

In this picture, anomaly cancellation in the SM is the direct result of the fact that the chiral
representations 5̄ and 10 of SU(5) have opposite contributions to the gauge anomaly. Uni-
fication also explains the absence of fractionally charged hadrons: If the SM gauge groups
result from a spontaneous breaking SU(5) → SU(3)C × SU(2)L × U(1)Y , the gauge repre-
sentations of the SM particles are fully determined by the respective SU(5) representation
in the unbroken limit. Specifically, the resulting U(1)Y charges are automatically quantized.
Unification thus offers a way to explain the absence of fractionally charged hadrons as well
as the fact that the electric charges of protons and electrons are exactly opposite, resulting
in exactly neutral atoms.

Embedding the three SM gauge groups into a single SU(5) with gauge coupling gU
requires the gauge couplings to obey the relation

g3 = g2 = g1 = gU where g2 = g and g1 =

√

5

3
g′ . (4.6)

Unification of the gauge couplings in the sense of Eq. (4.6) is clearly not observed in the
experimentally determined values of the three gauge couplings, which show a distinct hi-
erarchy. This hierarchy can be understood in terms of effective field theories: The SU(5)
symmetry is valid only above MGUT, the scale at which it is broken spontaneously. All
particles which are not in the SM subgroup of SU(5) acquire masses of order MGUT while
all SM particles remain light. In the EFT picture the GUT particles are integrated out at
the scale MGUT. The gauge couplings, starting from a common value gU (MGUT), evolve
independently below MGUT all the way down to the EWSB scale. While the SU(3) and
SU(2) gauge couplings increase at lower energy scales according to their asymptotically free
renormalization group equations (RGEs), the U(1)Y coupling decreases. This explains the
observed hierarchy g3 ≫ g ≫ g′.

A closer look at the solutions to the SM renormalization group equations reveals that
the three gauge couplings’ trajectories do come close together at energies of about 1015 GeV
but the unification is not exact. In the minimal supersymmetric extension of the standard
model, or MSSM, additional contributions from superparticles modify the RG equations
in such a way that the three couplings meet almost precisely at MGUT ≃ 1016 GeV with
a value of αU (MGUT) ≡ g2u(MGUT)/(4π) ≃ 1/24. The remaining deviation from exact
gauge coupling unification is small enough to be explained by threshold corrections from
integrating out GUT particles atMGUT. Perturbative gauge coupling unification allows the
interpretation that supersymmetry is embedded into a GUT framework and is considered
to be one of the main motivating features of supersymmetry.
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Because quarks and leptons are combined into GUT multiplets, baryon number is neces-
sarily violated in any Grand Unified theory. Nucleons can decay via the exchange of gauge
bosons with GUT scale masses. The relevant baryon number violating effective operators
have mass dimension six and are suppressed by 1/M2

GUT. The Super-Kamiokande limit of
the decay rate τ(p → π0e+) > 5.3 · 1033yr [87] then translates into a bound on the GUT
scale of MGUT & 1015 GeV.

Grand Unified theories are also often based on larger symmetry groups, containing
the SU(5) as subgroup. A prominent example is the symmetry group SO(10). The 16
dimensional spinor representation transforms as

16 = 10+ 5̄+ 1 (4.7)

under the subgroup SU(5). Thus all SM families can be placed into a single SO(10) spinor
representation. The SU(5) singlet is identified as the right-handed neutrino νc, whose pres-
ence allows to write down a renormalizable neutrino mass term.

4.3 Combininig the concepts of WIMP dark matter and
gauge coupling unification

We have provided the background to present our work [38], in which we identify robust
phenomenological trends that can be derived from combining the concepts presented in the
preceding sections, namely gauge coupling unification and dark matter being realized in
form of a simple WIMP. In addition to a WIMP candidate in the triplet representation of
SU(2), our scenario predicts new colored states within LHC reach.

The motivation to combine WIMP DM with gauge coupling unification originates from
the following train of thought. The existence of dark matter is unequivocal evidence for new
physics beyond the standard model and a weakly interacting massive particle is a simple
and robust DM candidate as discussed in Sec. 4.1. Since the null results from direct DM
search experiments have excluded a WIMP with nonzero hypercharge [88], the simplest
WIMP DM candidate is an SU(2)L-triplet with Y = 0, denoted as a V hereafter. The V
can be stabilized by imposing e.g. Z2 parity transforming V → −V . A careful calculation
of the relic abundance of a V is performed in Ref. [3], including non-perturbative effects
and possible co-annihilations, finding that the V mass should be 2.5TeV if the V is spin-0,
or 2.7TeV if it is spin-1/2, assuming that the V accounts for the entire missing mass of the
universe. Unfortunately, since the V is heavy and color-neutral, it is virtually impossible
to be directly produced in pp collisions at the Large Hadron Collider and direct detection
limits are not restrictive enough to confirm or exclude it (the V particle corresponds to the
point marked by 3F in Fig. 4.2). However, V may well be part of a bigger, well-motivated
extension of the SM containing other new particles that can give rise to observable LHC
signals. We select gauge coupling unification [86,89] as to be that guiding principle besides
WIMP DM.

Although this is still not constraining enough to point to one single model, it is possible
to identify generic, robust phenomenological trends in such extensions of the SM. Specifi-
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cally, we adopt the V as a dark matter candidate and demand perturbative gauge coupling
unification.1 We assume no extra mass scales other than the unification scale and the TeV
scale as dictated by the WIMP miracle. Finally, we assume that new particles, includ-
ing the V , are all fermions to avoid extra fine-tuning issues associated with scalar masses.
These assumptions readily imply the existence of additional new particles at the TeV scale
since the gauge couplings in the SM+V theory do not unify. In particular, we find that
there must exist new colored particles at the TeV scale. We also find that the new colored
particles generically allow Yukawa couplings to quarks and the Higgs boson.

At this point we want to comment on the connection between our setup and the scenario
called split supersymmetry [64, 65]. Split supersymmetry is a well-studied scenario, which
is also based on WIMP DM and gauge coupling unification. Similar to our scenario it lacks
supersymmetry at the TeV scale. There are two major differences, however. First, contrary
to one of our assumptions above, split supersymmetry has an extra threshold between the
TeV and the unification scale, where all the squarks and sleptons, and most importantly,
the second Higgs doublet reside, which affects unification. Second, in split supersymmetry,
WIMP DM has to be a nontrivial composition of the higgsinos, wino and/or bino; if we as-
sume that dark matter in split supersymmetry is a pure wino (i.e. the V ) as in our scenario,
gauge coupling unification would not work well (using the same criteria for precision as we
use in Sec. 4.4) unless there is a hierarchy larger than two orders-of-magnitude between the
higgsino and gluino masses.

The existence of new colored particles with Yukawa couplings λ to quarks and the
Higgs boson suggests the following two scenarios for the LHC. If λ is sufficiently small,
the new colored particles will be collider stable, appearing as massive stable hadrons called
R-hadrons. Since R-hadron signals can be quite spectacular, this is an exciting possibility
already for the early LHC run at

√
s = 7TeV with an integrated luminosity ≈ 1 fb−1. On

the other hand, if λ is not so small, the new colored particles will decay promptly via λ,
with an O(1) fraction of their decays containing Higgs bosons. This is an interesting new
production channel for the Higgs boson, where the size of the cross section is governed by
the strong interaction, potentially making the LHC a “Higgs factory”.

To perform quantitative benchmark studies of these characteristic phenomenological
features of WIMP DM and unification, we choose a simple benchmark model consisting of a
DM candidate V and new colored particles X (to be specified more explicitly later). Among
all models with WIMP DM and unification, this benchmark model contains the smallest
number of new multiplets beyond the SM, but it already exhibits the two classes of generic
collider signatures mentioned above.

Our analysis on this benchmark model as shows that, for the range mX = 360-650GeV,
the early LHC phase (7TeV, 1 fb−1) should have sufficient discovery potential for the R-
hadron case. Since our work was published, the experimental search strategy for R-hadrons
has been improved [67], and in fact the benchmark points analyzed for the R-hadron case

1Note that a V is not only the simplest WIMP DM candidate possible but also the only SU(2)L multiplet
with zero hypercharge that appears within the simple SU(5) multiplets, 5, 10, 15, and 24.
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have already been excluded [90,91]. Even in light of this, the analysis presented here is still
relevant as it shows the generic properties of the underlying model and demonstrates its
predictive power.

For the Higgs factory case, we will lay out an experimental strategy for the full LHC at√
s = 14TeV. This consists of two parts, the discovery of the X and measurement of mX ,

and the discovery of the Higgs bosons from the X decays. We show that with 10 fb−1 of
data at the LHC (14TeV), it should be possible to discover the X and the Higgs bosons
from the X decays in the range 300GeV < mX . 550GeV for a moderately heavy Higgs
(i.e. decaying to weak gauge bosons).2

The remainder of this chapter is organized as follows. In Sec. 4.4 we survey possible
extensions of the SM that feature gauge coupling unification and WIMP DM. In Sec. 4.5 we
describe our simple benchmark model that phenomenologically represents all such exten-
sions. The couplings λ of the new colored particles to quarks and the Higgs are expected to
have an upper bound from flavor/CP/electroweak constraints, which is analyzed in Sec. 4.6
using the benchmark model. The collider signatures of the R-hadron case and the Higgs
factory case are studied in detail in Sec. 4.7.1 and Sec. 4.7.2, respectively. In Sec. 4.8 we
summarize our analyses and comment on how our scenario is affected by more recent LHC
searches. As an aside, in Appendix A we discuss how proton decay can be avoided in the
class of models we are considering.

4.4 Extensions of the SM featuring WIMP DM and
unification

In this section we enumerate possible extensions of the SM that contain the WIMP
DM candidate V and are consistent with gauge coupling unification, and identify generic
features shared by such extensions. This analysis will serve as a basis for our choice of a
benchmark model in Sec. 4.5.

Let us assume unification of the SM gauge group into a simple group, such as SU(5),
to fix the normalization of hypercharge. The DM candidate V can be embedded into a 24

of SU(5), consistent with this assumption. Moreover, let us assume that all new particles,
including the V , are spin-1/2 fermions in order to avoid unnecessary extra fine-tuning
problems associated with scalar masses besides the notorious existing problem with the
Higgs mass. As calculated in Ref. [3], the fermionic V mass is fixed by the relic abundance
to be mV = 2.7TeV, which we will assume to be the case hereafter.

This cannot be the end of the story, however, because the SM augmented by only the V
is not consistent with gauge coupling unification. There must be additional new particles.
In principle, these additional particles could appear anywhere below the unification scale.
However, since we must presume some underlying dynamics that generates the TeV scale in
order for the WIMP miracle not to be a mere coincidence, we adopt the simplest assumption

2The assumption of a moderately heavy Higgs decaying predominantly to WW and ZZ was valid when
[38] was published, but is outdated since the Higgs boson has been discovered to be light, mh ∼ 125GeV.
We discuss how this affects the phenomenology of our scenario in Sec. 4.8.
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that the same dynamics also provides TeV-scale masses to the additional new particles,
with no extra mass scale other than the TeV scale and the unification scale. We take the
new fermions to be vectorlike, because chiral fermions would require electroweak symmetry
breaking to acquire TeV-scale masses, which would generically lead to dangerously large
corrections to precision electroweak observables, in particular the ρ parameter [92,93]. Let
us further restrict ourselves to the case where the vectorlike fermions can be embedded into
the simplest SU(5) multiplets, 5⊕ 5, 10⊕ 10, 15⊕ 15 and 24. Thus, we consider

Q ∼ (3,2)1/6 , U ∼ (3,1)−2/3 , D ∼ (3,1)−1/3 ,

L ∼ (1,2)+1/2 , E ∼ (1,1)+1 , X ∼ (3,2)−5/6 ,

S ∼ (6,1)−2/3 , T ∼ (1,3)1 , V ∼ (1,3)0 ,

G ∼ (8,1)0 ,

as well as the conjugates Qc, U c, · · · , T c, except for V and G, which are real. (Our conven-
tion is such that H has the quantum numbers (1,2)1/2. The SM fermions are denoted by
lower-case letters, q, uc, dc, l, ec.) As we will see below, this already provides a sufficient
number of candidate models for us to observe generic trends in extensions of the SM with
WIMP DM and gauge coupling unification.

In searching for possible field contents that can lead to unification, there are various
uncertainties that must be taken into account when we “predict” the SU(3)C coupling α3

in terms of α1,2, which we regard as precise. First, in our RG analysis, which we perform at
the 1-loop level, there is a threshold ambiguity at mV = 2.7TeV. We estimate this uncer-
tainty by varying the MS subtraction scale µ from mV /

√
2 to

√
2mV . Second, unlike the V

mass, the masses of the additional fermions cannot be fixed a priori and can be anywhere
at the TeV scale, from a few hundred GeV to several TeV. Therefore, we scan over the
additional fermions’ masses in the range between 300GeV and 10TeV, where for simplicity
we assume a single common mass for all of them.3 These two sources of uncertainty each

shift our α3 prediction at the level of a few times ∆α
(exp)
3 , the experimental uncertainty

in the measurement α
(exp)
3 = 0.1184 ± 0.0007 [94]. We demand that the “band” in our α3

prediction combining these two uncertainties have an overlap with the band corresponding

to 3∆α
(exp)
3 (i.e. 3σ). There are also threshold effects from unspecified GUT physics, but

we assume that they are similar in size to the uncertainties mentioned above and simply
neglect them. Finally, we demand that the coupling at the unification scale be perturbative,
αGUT < 1.

A similar analysis was performed in Ref. [65], where the main difference lies in the
treatment of proton decay. While Ref. [65] demands the unification scale to be higher than
∼ 1016 GeV in order to sufficiently suppress proton decay, we choose to impose a symmetry
to forbid proton decay, and only demand the GUT scale to be higher than 105 TeV (and
lower than the Planck scale ∼ 1018 GeV) to avoid having to address possible conflicts be-
tween GUT physics and flavor/CP bounds. The use of a symmetry to forbid proton decay
requires some model building at the unification scale, but it has no observational conse-
quences for the TeV-scale physics, so we leave the model building to Appendix A. Another

3New charged/colored particles below 300GeV are likely to be already excluded, as will be illustrated by
the analysis of the benchmark model below.
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Table 4.1: Possible combinations of new fermions that, together with the DM V , could
lead to unification. It is understood that the new fermions are vectorlike, so in writing X,
U , · · · , the presence of their charge conjugates Xc, U c, · · · is also implied, except for the
Majorana fermions V and G.

2X 2X +D + L 2U + T + E
U + S + 2T 2X + 2U + T 3X + L+ E
3X +G+ V 3U + T + L · · ·

difference between our analysis and that of Ref. [65] is that in calculating the running of
the gauge couplings, Ref. [65] assumes that all new particles have masses near mZ , while
our masses span a wide range around a TeV, as we described above.

There are 22 models satisfying the above criteria with no more than 3 types of multiplets
in addition to the V and no more than 3 generations per type. Particularly simple ones are
listed in Table 4.1. All the 22 models share the following features:

(1) There exist new colored particles.

(2) The quantum numbers of these new colored particles allow Yukawa couplings to quarks
and the Higgs.

Property (1) is clearly favorable for hadron colliders. Even better, all the 22 models actually
survive even if we restrict the additional fermions’ masses to the range 300GeV-1TeV, so
they all can be potentially within the LHC reach. Property (2) is not satisfied by S and
G, but they only appear twice each among the 22 models, and even those models contain
other colored particles that do satisfy property (2). We therefore identify these properties
as robust LHC implications of WIMP DM and unification.4

To assess the robustness of the above features further, one can repeat the exercise with
more conservative estimates on the uncertainties in the prediction of α3. For example, if
we vary the matching scale µ from mV /2 to 2mV (with everything else treated as above),
we obtain 63 models, of which there is only one model (V + E) without colored particles,5

and only 6 colored models without property (2). Again, most models survive even if we
restrict the search in the “LHC-accessible” range 300GeV-1TeV; 44 models in total, only
one colorless model, and only one colorful model without property (2).

In the next section, we choose a benchmark model that represents characteristic phe-
nomenologies of all these models which follow from properties (1) and (2). We will then use
the benchmark model for further, more quantitative analyses in later sections.

4Recall the crucial role of the WIMP miracle in selecting the TeV scale as the mass scale for the new
particles.

5Actually, a closer inspection reveals that unification favors the E in the V +E model to be lighter than
≈ 300GeV. The quantum numbers of the E allow it to decay to l+Z in particular, so this model is already
excluded.
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4.5 The benchmark model

Given the insights worked out in the previous Sec. 4.4, we select the model with the
dark matter V and two generations of X⊕Xc as our benchmark. This is the simplest of all
models with a V featuring unification, having the smallest number of new multiplets beyond
the SM. But most importantly, the collider phenomenology of this model is representative
of all models identified in Sec. 4.4 as far as the LHC phenomenology is concerned.

The most general renormalizable lagrangian for the 2X + V model consistent with the
Z2 symmetry V → −V reads

L = LSM + V̄ σ̄µiDµV − mV

2
V V

+
∑

a

[

X̄aσ̄
µiDµXa +Xc

aσ
µiDµX̄

c
a (4.8)

−
(

mXaX
c
aXa +

∑

i

λiaHd
c
iX

c
a + c.c

)]

,

where a = 1, 2 and i = 1, 2, 3 denote generations of the X and d-type quark, respectively.
We also use X−1/3 and X−4/3 to refer to the upper and lower SU(2)L components of X,
respectively, where the subscripts denote the electric charges.

It is technically natural for λ to take any value, but there are obvious phenomenological
constraints. First, λ has to be nonzero because the Xs must eventually decay to avoid
cosmological problems. (However, the Xs could decay via higher dimensional operators.
We will comment on that possibility in a separate note at the end of this section). Second,
λ must be much less than O(1) because λ breaks the U(3)5 flavor symmetry of the SM,
providing new sources of flavor/CP violations in addition to the SM Yukawa couplings. We
will return to flavor/CP constraints in Sec. 4.6.

The leading decays of X induced by λ can be most easily understood by the Goldstone
equivalence theorem. In the limit of keeping only the X mass, the equivalence theorem tells
us that X−1/3 will decay as

X−1/3 → Z + d , X−1/3 → h+ d (4.9)

with equal probabilities, where d can be any down-type quark.6 Note that the equivalence
theorem holds only in this limit. When the finite masses of the Higgs and Z bosons are
taken into account, the branching fraction for the Z channel is expected to be somewhat
larger due to phase space. For low X masses, this can have a significant impact on the
phenomenology. Similarly, X−4/3 can decay as

X−4/3 → W− + d , (4.10)

which will be the dominant decay mode as long as the corresponding rate can be regarded
as prompt on the collider time scale. When this rate drops below the displaced-vertex
range, the dominant decay of the X−4/3 will be through the weak interaction to an X−1/3,

6The small violation of the equivalence theorem induces additional decays such as X−1/3 → W− + u,
which can be thought of as arising from mixing of the Xs with down-type quarks. However, as we will see
in Sec. 4.6, flavor/CP bounds constrain such mixings to be tiny, rendering these decay modes negligible.
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which becomes slightly lighter than X−4/3 after electroweak symmetry breaking, as we will
elaborate more in Sec. 4.7.1.

Therefore, depending on the size of λ, we have either of the following collider signatures:

(A) If λ is sufficiently tiny, theX will be stable on collider time scales, and upon production
it will hadronize into stable massive hadrons (“R-hadrons”). R-hadrons are easy to
observe when they are charged, so X may be discoverable already in the early LHC
run (i.e. 7TeV, 1 fb−1).

(B) If λ is not so small (but small enough to satisfy flavor/CP constraints), the X will
decay within the detector, and as we have seen above, roughly a quarter of X particles
(a half of X−1/3 particles) will decay to a Higgs boson (plus a jet). This is an
exciting possibility — a “Higgs factory” — where the Higgs bosons are produced with
a characteristic 2 → 2 cross section of the strong interaction. In the remaining 3/4 of
the time, the X will decay to a Z or W boson. Then, leptonic Z decays can be used
to discover the X itself.

In Sec. 4.6 we will show that flavor/CP constraints indeed allow a window for the case (B).
Note that possibilities (A) and (B) are common to all the 22 models identified in Sec. 4.4.

For example, in models containing Q instead of X, the λ coupling in Eq. (4.8) should be
replaced by λuHu

cQ+λdH
∗dcQ, which would exhibit the same phenomenology as above. In

models containing U or D instead of X, the λ coupling is replaced by λHU cq and λH∗Dcq,
respectively, which is again phenomenologically equivalent.

Actually, the models with Q, U and/or D have additional potentially interesting modes
Q → Z + t, Q → W + t, U → Z + t, or D → W + t. While the appearance of the top
constitutes a qualitative difference in the collider phenomenology, a full analysis for such
decay channels is more complicated due to the higher final-state multiplicity from the top
decay. There are reducible background sources which cannot be simulated reliably at the
matrix element level due to the large number of final-state particles, and even for irreducible
backgrounds the issue of combinatoric backgrounds makes searches more difficult. Some of
these problems may be ameliorated if an O(1) fraction of tops is produced with large pT ,
such that the methods of boosted top-tagging [95–98] can be applied. A comprehensive
study of these more complicated cases is beyond the scope of this work. Instead, we will
focus on the phenomenology of signatures (A) and (B).

4.5.1 Effects of higher-dimensional operators

Before concluding this section we want to demonstrate explicitly that adding non-
renormalizable interactions to the lagrangian (4.8) does not alter our results. In particular,
one might worry that a higher-dimensional operator might lead to a prompt decay of the
X even when λ = 0, destroying the R-hadron scenario. Fortunately, this is not the case.
The leading non-renormalizable interaction that can let X decay is

1

Λ
(XcH∗)(qH∗) , (4.11)

where Λ is some high scale. By our assumption, there is no new threshold between the TeV
scale and the unification scale, so Λ must be at least ∼ 1011 GeV. To avoid a suppression
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from three-body phase space, one of the Higgs fields can be put to its VEV. Therefore, the
X decay length due to this operator is at least

Γ−1 ∼
[

mXv
2

16π(1011 GeV)2

]−1

≃ 3 m
1TeV

mX
. (4.12)

Thus even the most conservative estimate gives a decay length comparable to the dimensions
of the LHC detectors. Therefore, higher-dimensional operators do not upset our conclusions.
Since this X decay is still prompt on a cosmological time scale, setting λ = 0 in the coupling
(4.13) is actually allowed cosmologically, as X can decay via the above operator.

4.6 Flavor/CP and electroweak constraints

In this section, we analyze flavor/CP violations as well as corrections to precision elec-
troweak observables in the benchmark model. These corrections arise due to the coupling

L ⊃ λiaHd
c
iXa + c.c , (4.13)

where a = 1, 2 and i = 1, 2, 3. We will adopt the most conservative assumption that λ is an
“anarchic” matrix without any special texture or alignment:

(λia) =





∼ λ ∼ λ
∼ λ ∼ λ
∼ λ ∼ λ



 . (4.14)

Therefore, the bounds discussed in this section could be relaxed by further model building or
extra assumptions on the structure of λ. For example, Ref. [99,100] introduces a model with
a single X particle (and no V ) with a similar coupling selectively to the third generation,
and consequently their model is much less constrained by flavor/CP .

Since the Xs are heavier than all SM particles and we anticipate a small λ, we integrate
out the Xs and analyze effective operators in powers of λ/mX . Strictly speaking, the ratio
〈H〉/mX is not a very small number, so contributions higher order in 〈H〉/mX can change
our estimates by an O(1) factor. However, our interest is to show that a robust “Higgs
factory” window can exist for the broad scenario of extending the SM with WIMP DM
and unification, rather than placing precise bounds on this particular benchmark model.
Therefore, order-of-magnitude estimates suffice for this purpose.

The most stringent bound comes from K0-K0 mixing. The relevant tree and 1-loop
diagrams are shown in Fig. 4.3. Upon integrating out X in the diagram on the left-hand
side in Fig. 4.3, we generate the operator

∑

i,j,a

λiaλ
†
aj

m2
Xa

dciσ
µd̄cj (H

†
↔
Dµ H) . (4.15)

Below the Z mass, using this operator twice with all the four Hs put to VEVs would
generate 4-fermion operators with four right-handed down-type quarks with a coefficient of
∼ λ4v2/m4

X , which is conservatively ∼ λ4/m2
X . In particular, the imaginary part of the
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Figure 4.3: Contributions to K0 − K̄0 generated by X. Left: Feynman diagram leading to
the tree-level operator (4.15). Right: Feynman diagram leading to the four fermion operator
(4.17).

coefficient of (dcσµs̄
c)(dcσµs̄c) is constrained and has to be less than (104TeV)−2 [101,102].

With our assumption of anarchic λ, we expect an O(1) phase in λ4, so we obtain the bound

λ . 10−2

√
mX

1TeV
. (4.16)

Similarly, upon integrating out X in the diagram shown in the right-hand side of Fig. 4.3,
we generate the operator

1

16π2

∑

a,i,j,k,l

λiaλ
†
aj(y

†
uyu)kl

m2
Xa

(dciσµd̄
c
j)(q̄kσ̄

µql) . (4.17)

From this, the imaginary part of the coefficient of (dcσµs̄
c)(d̄σ̄µs) can be estimated to be

∼ 1

16π2
λ2θ5c
m2

X

, (4.18)

where we have used (y†uyu)12 ∼ y2t θ
5
c ≈ θ5c with the Cabbibo angle θc ≈ 1/5. This coefficient

should be less than (105 TeV)−2 [101], which implies

λ . 10−2 mX

1TeV
. (4.19)

The bound (4.19) is slightly stronger than the bound (4.16) for mX . 1TeV, so we adopt
Eq. (4.19) as our upper bound on λ.

No other constrains are as strong as Eq. (4.19). For example, let us look at the dipole
operators generated from diagrams as in Fig. 4.4:

∼ gF
16π2

∑

a,i,j,k

λiaλ
†
ak(yd)kj

m2
Xa

H†dci σ̄
µνFµνqj , (4.20)

where F = B,W denotes the electroweak gauge fields, which in particular contribute to the
process b→ sγ after electroweak symmetry breaking. Since these operators are suppressed
by the small bottom Yukawa coupling yb ∼ 1/40, one can think of them as the b → sγ
dipole operator in minimal flavor violation [103] with the scale Λ ∼ 4πθcmX/(

√
e λ), where
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qj dc
idc

k Xa

H

B,W

H

Figure 4.4: One of the Feynman diagrams leading to the dipole operator (4.20).

H

H

H H

dc
i

Xa dc
j

Xb

Figure 4.5: Feynman diagram contributing to the ρ parameter (4.22).

e is the QED coupling. Then, the bound Λ ∼ 10 TeV from b → sγ [103, 104] implies
λ/mX . 10−1 TeV−1, which is again weaker than Eq. (4.19).

Let us also look at precision electroweak constraints. First, the operator (4.15) modifies
Z → bb̄:

∆gZbb̄

gZbb̄

∼ λ2

m2
X

. (4.21)

Again, given Eq. (4.19), this is safely below the experimental bound.7 Second, Fig. 4.5
generates an operator contributing the ρ parameter

∼ λ4

16π2m2
X

(H†DµH)(H†DµH) . (4.22)

The coefficient should be less than ∼ 10−3/v2 [105] with the Higgs VEV v = 174GeV,
implying λ .

√

mX/(1TeV), which again is much weaker than Eq. (4.19).
Given the bound (4.19), there is clearly a robust “Higgs factory” window where the

Xs decay promptly. Keeping only the X mass for simplicity, the decay rate of an X via

7Ref. [100] discusses a model with a single generation of X (and without V ), in which they exploit this
shift in Z → bb̄ to improve precision electroweak fits of the SM.
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coupling (4.13) is given by ΓX ∼ λ2mX/16π. Therefore, demanding Γ−1
X . 10−12s (i.e. the

decay length shorter than O(0.1)mm), we obtain the Higgs-factory window

10−7

(
1 TeV

mX

) 1
2

. λ . 10−2 mX

1 TeV
. (4.23)

Below the Higgs-factory window, there is a two or three orders-of-magnitude window
where an X decays with a displaced vertex or in the LHC detector but with a macroscopic
decay length. At a hadron collider, events where new physics only manifests itself at a
macroscopic distance from the interaction point but still within the volume of the detector
are challenging. Such signatures also appear in supersymmetric theories, c.f. [64, 106–108]
and [109], hidden valley models [110–112], quirk models [113], and vectorlike confinement
models [114–116]. As discussed in section 16 of Ref. [117] (and references therein), when
particles with macroscopic decay lengths are produced, trigger efficiencies can become a
concern. A detailed analysis of this scenario is beyond the scope of this work.

4.7 Collider phenomenology

In this section we will investigate in detail the two characteristic collider signatures of
our scenario using the benchmark model. For the case of collider stable Xs, we show that
the discovery of X is possible up to mX = 650GeV in the early 7-TeV run with 1 fb−1 of
data, and well past 1TeV with the 14-TeV running. In the case that the Xs decay promptly,
we concentrate on the discovery of the X and the Higgs bosons from X decays for early
14-TeV running (10 fb−1). In order to keep the analysis simple, we restricted the analysis
to the case of a moderately heavy Higgs (mh = 200GeV), and found the Higgs discovery
potential to be similarly enhanced for a light Higgs as well. Of course, in light of the LHC
discovery of the Higgs with mh ∼ 125GeV, our analysis is not up to date anymore.

Even though the benchmark model contains two generations of X, we have no reason to
expect that they would be exactly degenerate in mass. Since the production cross section
will be dominated by the lighter X, we will base our collider analysis on one generation of
X only. This is the most conservative choice; if the Xs do happen to be nearly degenerate,
this would significantly enhance the results below.

4.7.1 R-hadron Signals at the LHC

When the coupling λ is sufficiently small, the X does not decay within the detector. The
signature therefore is that of an “R-hadron”, that is, the X hadronizes with light colored
degrees of freedom and the color-neutral bound state behaves as a (possibly charged) stable
massive particle. Before we present a quantitative analysis, let us dwell on a few qualitative
features of this signature.

Firstly, note that even when λ is very small, X−4/3 still decays to X−1/3 via the weak
interactions, and in terms of collider signatures, the production of X−4/3 is indistinguishable
from that of X−1/3 because the decay products are virtually unobservable. As worked out
in detail in Ref. [2], X−4/3 is expected to be heavier than X−1/3 by only ∆mX = 0.60GeV.
The dominant decay mode is X−4/3 → X−1/3 + π− through an off-shell W−, with a partial
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Figure 4.6: The cross section for R-hadron production at the Tevatron after all selection
cuts. The bound from the CHAMP search is included for comparison.
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Γ−1 = 1.3mm
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1− m2
π

(0.60GeV)2

1− m2
π

∆m2
X

. (4.24)

The smallness of the mass gap makes the π very soft and thus unobservable at the LHC,
and other subdominant decay modes have the same problem. Therefore, in analyzing the
discovery potential or checking existing bounds, the production cross section ofX−4/3 should
be added to that of X−1/3.

The charge of an R-hadron is crucial for prospects of observing it. In particular, the most
effective way to trigger on a stable charged massive particle is via the muon system [118].
The bound states of an X−1/3 can be mesons (Xq̄) or baryons (Xqq). The physics of these
bound states can be understood by regarding the X−1/3 as a heavy version of the b quark,
which is already much heavier than ΛQCD. The lightest B mesons are B0 and B±, with
only a few-hundred-keV mass splitting, while the lightest B baryon Λ0

b is heavier than the
B0,± by 340MeV. Therefore, we expect that the lightest X-meson should be lighter than
the lightest X-baryon also by ∼ 340MeV, with a few-hundred-keV mass splitting between
the neutral and charged X-mesons. Since the splitting between the lightest X-meson and
X-baryon is on the order of ΛQCD itself, we expect that anX should preferentially hadronize
into an X-meson, which can be either charged or neutral with 50% probability because their
mass difference is tiny.8

In order to estimate the trigger efficiencies, we will use the following assumptions in the
rest of our analysis:

8The few-hundred-keV mass difference between the (X−1/3d̄) meson and the (X−1/3ū) meson might allow
one to decay to the other via the weak interaction, if the mass difference is larger than the electron mass.
But such a decay would occur with an extremely long lifetime (like the β-decay of the neutron), so it can
be ignored on collider time scales.
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Figure 4.7: The rapidity distribution of the R-hadrons at the LHC (7TeV) for the three
mass points.

• There is a 50% chance that an R-hadron is charged when produced at the primary
interaction.

• This charge is retained until the calorimeter is reached.

• One or more charge exchange interactions take place in the calorimeter, randomizing
the charge of the R-hadron such that there is a 50% chance that it reaches the muon
chamber as a charged particle.9

One of the requirements for triggering is that the particle reaches the muon system with
nonzero charge.10 Most experimental searches for massive stable particles also use as a
selection criterion that there should be a charged track in the inner part of the detector
that matches the hit in the muon chamber, even if this is not required for triggering.
Therefore we will also adopt this as one of our event selection criteria.

Finally, an important kinematic variable, especially at the LHC (where the detectors
are physically larger and the time between bunch crossings is short), is the “time-lag”.
This is defined as how much later the massive R-hadron (β < 1) arrives at the muon

9In addition to conversion between the charged and neutral X-mesons, for which there is a tiny energetic
cost of a few hundred keV, there is also a process where an X-meson scatters into an X-baryon in the
calorimeter [119], which, however, requires an energy of at least ∼ 340MeV. Using the analogy with the
b system, the lightest X-baryon (analogous to Λ0

b) should be neutral, while the lightest charged X-baryon
(analogous to Σ±

b ) should be heavier by ∼ 190MeV. So, a charged X-baryon, even if produced, would
promptly decay to a neutral X-baryon (by emitting a pion) which would then not be caught by the muon
chamber, potentially hurting our R-hadron signal. The question of how frequently this meson-to-baryon
conversion occurs is highly nontrivial and beyond the scope of this work. However, note that a meson-to-
baryon conversion would not occur to the X̄ due to the lack of anti-nucleons in the calorimeter. Therefore,
even in the worst case where we always lose the R-hadrons from the X, we still have those from the X̄, so
the effective cross section would be roughly halved, which would correspond a small shift (∼ O(10) GeV) in
the mass scale.

10This requirement is not imposed anymore in the improved CMS search strategy [67].
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Figure 4.8: Time-lag distribution of the R-hadrons to arrive in the muon system at the LHC
(7TeV). Left: Time-lag distribution of the first R-hadron. Right: Time-lag distribution of
the second R-hadron.

chamber compared to a relativistic particle (e.g. a muon). To be conservative, we use
the physical dimensions of the ATLAS detector (which is larger than CMS) as described
in Ref. [118]. Specifically, we differentiate the barrel region (|η| < 1.4) from the end-cap
region (1.4 < |η| < 2.5). For the barrel region we calculate the time to get to a radius of
7.5 meters from the interaction point, and for the end-cap we calculate the time to get to
|z| = 14.5 meters. For the LHC search, we will use as one of the event selection criteria
that at least one of the R-hadrons reaches the muon chamber before relativistic particles
from the next bunch crossing, i.e., with a time-lag of less than 25ns.

Before we investigate the discovery potential of X at the early LHC, let us address
constraints on R-hadron production from the Tevatron [120, 121]. We will use the event
selection criteria described in Ref. [120] in order to estimate acceptance and trigger rates in
the benchmark model. In particular we demand that events contain at least one particle that
has |η| < 0.7, pT > 40GeV and 0.4 < β < 0.9, leaves a track, and is charged when it arrives
at the muon system. For a single R-hadron satisfying these cuts, our above assumptions
on the charges of R-hadrons imply a 25% probability for being detected. However, when
both of the pair-produced R-hadrons are within acceptance and charged throughout the
detector (a 1/16 probability), we need to correct for the fact that the reconstruction and
trigger efficiency used in the analysis of Ref. [120] applies to a single R-hadron. Therefore
the “effective cross section” for such events needs to be multiplied by a correction factor
ξ before the comparison with the bound of Ref. [120]. This correction factor is given by
ξ = (1− (1− ε)2)/ε, where ε = 0.533 is the reconstruction efficiency for a single R-hadron.
We use CalcHEP 2.5.4 [122] with CTEQ6 parton distribution functions [123] to simulate
the parton level process. The effective cross section after the selection cuts is plotted in
Fig. 4.6 against the bound of Ref. [120]. We conclude that mX > 360GeV is not excluded.

We now turn to production of R-hadrons at the early LHC, i.e., for the 7-TeV running
with 1 fb−1 of integrated luminosity. We choose to look at mass points mX = 450GeV,
550GeV and 650GeV. In Fig. 4.7, we plot the rapidity distribution of the R-hadrons for
each mass point to show that R-hadron production is dominantly central. As event selection
criteria, we impose that at least one R-hadron must reach the muon detector (|η| < 2.5)
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Figure 4.9: Total production cross section of R-hadron production and effective cross section
after selection cuts at the LHC (7TeV) for the three mass points.

with pT > 30GeV and a time lag of less than 25ns. We further demand that the R-hadron in
question leaves a track and is charged when it gets to the muon chamber (a 25% probability
per R-hadron as before). In events where both R-hadrons reach the muon chamber with
pT > 30GeV, we plot the time-lag of the earlier (later) R-hadron in on the left-hand side
(right-hand side) of Fig. 4.8. Folding in the time-lag cut and the probability of being charged
(but leaving out reconstruction efficiencies, which are unknown at this time), we plot the
effective cross section after all selection cuts in Fig. 4.9. Note that the efficiency of the
selection cuts has a slightly decreasing trend at higher mass, because the production occurs
closer to threshold and fewer events satisfy the time-lag cut. Requiring at least 10 events
for discovery, we see that X masses of up to 650GeV should be within reach with 1 fb−1 of
data from the 7-TeV run.

Using the same selection criteria for the 14-TeV running, we also plot in Fig. 4.10 the
effective cross section after cuts in that case. We see that even with early 14-TeV data
(e.g. ≈ 10 fb−1), X masses well past 1TeV should be within reach.

4.7.2 The LHC as a Higgs factory

For λ in the range given by Eq. (4.23), the X decays promptly. For the X−1/3, the
dominant decay modes are Z + j and h+ j. Since production proceeds through QCD, this
gives rise to a “Higgs factory” if mX is not too large. The X−4/3 decays to W + j and
therefore gives no additional contribution to Higgs production. For the rest of this section,
we will be interested in the production of X−1/3 only. We will show that there is a window

in mX where with 10 fb−1 of 14-TeV running both the X and the Higgs can be discovered.
We will first dwell on the discovery of the X when both of the pair-produced Xs decay

to Z + j. For the purposes of this analysis, we will restrict ourselves to consider only the
decays of Z to charged leptons as they have considerably less background, but a full collider
study can combine various channels and extend the reach in mX .
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Figure 4.10: Effective R-hadron production cross section after selection cuts at the LHC
(14TeV).

We will then use the value of mX extracted from this analysis in order to discover the
Higgs in the events where one of the Xs decays to Z + j and the other to h + j. We
will focus on a scenario with a moderately heavy Higgs, with a dominant decay mode to
W+W−, although discovery of a light Higgs through X production should be competitive
with Higgs production from the SM as well. Once again, we will limit ourselves to leptonic
decays of the Z as well as the W s, but in a more detailed analysis, several channels can be
combined to extend the discovery reach.

Let us start with the Tevatron bounds on mX . The strongest constraint arises from a
recent analysis of WZ production [124, 125], searching for events with exactly three final
state leptons. In our benchmark model, events with pair-produced X decaying to Z, h and
jets, followed by h → WW can be picked up by this search, as well as ZZ plus jet final
states when both Z decay leptonically but one lepton fails to be identified. We implemented
the cuts described in Ref. [124, 125], which include requiring the presence of an e+e− or
µ+µ− pair with invariant mass in the interval [86 GeV, 106 GeV] as well as pT,l1 > 20 GeV,
pT,(l2,l3) > 10 GeV and /ET > 25 GeV. We find that for mX > 300GeV, the number of
events from X production after the selection cuts falls within one standard deviation of
the SM expectation. The WW final state poses a weaker constraint, because in this final
state a veto on hard jets is imposed in order to reduce the tt̄ background [126, 127]. For
mX > 300GeV the X-production cross section is only a fraction of the tt̄ cross section, so
there is no additional constraint from searches for tt̄ either. Finally, for the same range in
mX , the Higgs production from X decays is significantly below the SM Higgs production
cross section for the same mh, so Higgs searches also do not give additional constraints.
In order to stay consistent with these constraints, we will concentrate on the rest of this
section on two mass points, mX = 300GeV and mX = 550GeV, both with mh = 200GeV.

In our analysis, we generate 3 × 105 parton level events (at 14-TeV LHC running) for
each value of mX using the user-mode of MadGraph [128] and CTEQ6 parton distribution
functions [123]. We decay the X, h, W and Z particles using BRIDGE [129] in order for the
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angular distributions of the final-state leptons and jets to be accurate. In the signal sample
we allow all possible decays of X, h, W and Z in order to take full account of the combi-
natoric background, while in the background samples we force leptonic decays (including
τ ’s) since hadronically decaying background events will not pass our selection cuts. The
hadronization and detector simulation are done with the PYTHIA [130] and PGS [131] inter-
face in MadGraph, with the default CMS parameter set. This parameter set uses a tracker
and muon system η coverage up to 2.4, and a minimum lepton pT of 5 GeV. Cone jets with
∆R = 0.5 are used, note however that our analysis is inclusive and we do not place any cuts
on jets. The PGS default algorithms are used for lepton isolation as well as other details of
detector simulation. As the background for the X search we generated a matched ZZ+jets
sample containing 53494 events after matching, using the MLM matching in MadGraph, and
the same tools as were used for the signal. For the Higgs search we generated a matched
tt̄Z + jet sample with 36120 events after matching in the same way.

Discovering the X. In order to discover the X, we focus on the ZZ final state, where
both Zs decay leptonically. For SM backgrounds, we have generated an MLM-matched
sample with ZZ, ZZ + j, and ZZ +2j. As our event selection criteria, we demand that an
event contains two (distinct) Z candidates, where a Z candidate is defined as an e+e− or a
µ+µ− pair with an invariant mass within 5GeV of mZ . We then pair the two Z candidates
with the two hardest jets in the event (which in the case of signal are expected to come from
the partons of the X decays) and retain the pairing where the Zj pair masses are closer to
each other. We then plot the average pair mass mZj, where the peak from the X is clearly
visible and distinguishable from the ZZ + jets background. For mX = 300GeV, where the
branching fraction X → Zj is 0.76, the cross section before (after) selection is 36.8 pb (50.5
fb). Similarly, before (after) selection we obtained 1.43 pb (1.32 fb) for mX = 550GeV,
where the branching fraction X → Zj is 0.57. Leptonic branching fractions and selection
cuts reduce the SM background cross section from 11.4 pb down to 5.1 fb. The results
for the two mass points and for 10 fb−1 are plotted in Fig. 4.11. Since the background
peaks towards low values of mZj, a cut on mZj can improve signal significance. For the
mX = 550GeV case we use mZj ≥ 430GeV as a selection cut. While a similar cut can
also be used for the mX = 300GeV case, signal is already much larger than background
in this case and therefore a cut on mZj is not essential. With this additional cut, the
signal cross section becomes 0.85 fb while background is reduced to 0.074 fb. With an
integrated luminosity of 10 fb−1, this translates to an average 9.2 events with a background
expectation of 0.74 events. Using Poisson statistics, this corresponds to a probability of
9.4×10−8, equivalent to more than a 5σ upward fluctuation in a Gaussian distribution. We
conclude that mX up to ≈ 550GeV is discoverable with 10 fb−1 at

√
s = 14TeV.

Discovering the Higgs. In order to discover the Higgs, we focus on the Zh final
state, where the Z as well as the W s from the Higgs decay to leptons. More concretely, our
event selection criteria are:

• The event contains two positively and two negatively charged leptons, with exactly
one Z candidate (as defined above).

• The Z candidate and (at least) one of the two hardest jets has an invariant mass
within 90GeV of mX as determined in the previous section.

44



 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  200  400  600  800  1000

av
er

ag
e 

# 
of

 e
ve

nt
s

mZj (GeV)

Mx=300 GeV
SM ZZ+jets

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0  200  400  600  800  1000

av
er

ag
e 

# 
of

 e
ve

nt
s

mZj (GeV)

Mx=550 GeV
SM ZZ+jets

Figure 4.11: Distribution of the average Z+jet pair mass for signal and background in
10 fb−1 of LHC data (14TeV). Left: Signal for mX = 300GeV. Right: Signal for mX =
500GeV.

For mX = 300GeV the selection reduced the signal cross section from 36.8 pb to 22.2 fb,
for mX = 550GeV from 1.43 pb to 0.87 fb. With the first selection criterion, the dominant
background is tt̄Z+jet(s). At parton level, we generated an MLM-matched sample with up
to one extra parton, i.e., tt̄Z and tt̄Z+j. The second selection criterion, which uses the value
for mX obtained with the search strategy described in the previous subsection, then further
reduces the background such that we are essentially left with a pure signal sample. Leptonic
branching fractions and the selection cuts reduce the background cross section from 0.61 pb
to 0.40 fb (0.083 fb), applying the two selection criteria formX = 300GeV (mX = 550GeV).
For both mass points, this corresponds to discovery level statistical significance. Using
Poisson statistics in the heavy mass case, the probability for a background fluctuation to
mimic the signal is 2.4× 10−7, equivalent to more than 5σ in a gaussian distribution.

We then identify the two leptons which do not belong to the Z candidate, and form the
transverse mass variable MT,WW as follows:

M2
T,WW = (ET,l+l− + ET,νν̄)

2 − (~pT,l+l− + ~pT,miss)
2, (4.25)

where

E2
T,l+l− = p2T,l+l− +m2

l+l− ,

E2
T,νν̄ = p2T,miss +m2

l+l− . (4.26)

Note that ET,νν̄ is only an approximation to the true transverse energy of the neutrino
system

E2
T,νν̄,true = p2T,νν̄ +m2

νν̄ . (4.27)

Although this approximation only becomes exact when the W are produced at threshold,
for a 200-GeV Higgs the MT,WW distribution still peaks near the Higgs mass. We plot the
results for mX = 300GeV and for mX = 550GeV in Fig. 4.12.
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Figure 4.12: Distribution of MT,WW for signal (assuming mh = 200GeV) and background
with a luminosity of 10 fb−1. Left: Signal for mX = 300GeV. Right: Signal for mX =
500GeV.

4.8 Concluding remarks

The minimal way to incorporate a WIMP DM candidate is as the neutral component
of an electroweak triplet with zero hypercharge. We have looked for possible extensions of
the SM that contain such a triplet as well as additional matter fields as necessary for gauge
coupling unification. We have identified the characteristic features of such models. New
colored particles at the TeV scale are ubiquitous and they can be produced in large numbers
at the LHC. The colored particles allow couplings such that they dominantly decay to a
Higgs and a jet, within or outside the LHC detector depending on the size of the couplings.
The former possibility gives rise to a new channel for Higgs production, while the latter leads
to spectacular R-hadron signals. In order to study these interesting characteristic collider
signatures of WIMP DM and unification, we have chosen the model with the simplest
matter content as a benchmark. The benchmark model contains two generations of an
SU(2)L-doublet color-triplet particle X that decay via Yukawa-type couplings to the SM.
In particular, the final states contain W s, Zs and Higgses, as well as down-type quarks.

We have investigated the constraints from flavor bounds on the size of the Yukawa-type
coupling that leads to the X decay. We showed that there is a range where the X can decay
promptly, or can be long-lived (stable on collider time scales). We have explored each of
these possibilities in turn, showing that in the case of the long-lived X, R-hadrons can be
discovered at the early LHC (7TeV) up to mX = 650GeV, and past 1 TeV with a 14-TeV
running.

In the case where the X particles decay promptly, a large number of Higgs bosons are
produced through the decays, which, depending on the X mass, can be discovered with less
luminosity than would be possible from SM Higgs production. We have shown that, for
mX . 550GeV and with 10 fb−1 of data at the LHC, we can discover the X itself in the
leptonic ZZ final state as well as the Higgs bosons from X decays in the leptonic WW final
state for a benchmark Higgs mass mh = 200GeV.

In our phenomenological analysis we focus only on signals that are clean and have little
background. These studies can be significantly expanded in a more dedicated collider search.
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In particular, semi-leptonic decay channels can be combined with the fully leptonic ones
to increase the reach. The discovery potential of a light Higgs should be enhanced as well,
especially utilizing search methods relying on boosted final states. Finally, models other
than the benchmark model we have chosen can be studied for qualitatively different final
states. For example, while final states with up-type quarks (in particular the top quark) are
rare in the benchmark model, other models can give rise to a large number of tops produced
from the decays of the new physics (in addition to the two signals we discussed). Another
interesting problem would be the case where X decays within the detector with a displaced
vertex or with a macroscopic length. These questions however were beyond the scope of
our work.

Finally, we want to comment briefly on how recent LHC results affect the phenomenol-
ogy of the scenario described so far which has been worked out in 2010 when the LHC
operation had just begun. For the case of collider-stable X particles forming R-hadrons,
the bounds on mX have been significantly raised. In addition to increase in the amount
of data available, this progress is a result of an improved experimental search strategy
which has been proposed in [67]. Instead of relying on muon triggers and thus the details
of charge-conversion processes between the calorimeter material and the R-hadron as de-
scribed in Sec. 4.7.1, R-hadron candidates can now be identified by their large momentum
and characteristicly high ionization loss alone. The most recent R-hadron searches using
this search strategy [90,91] place limits on R-hadron masses that reach up to 1 TeV.

For the case of promptly decaying X particles, the benchmark choice of a Higgs boson
with mh = 200GeV should be updated to the experimentally determined value mh ∼
125GeV. The main qualitative difference is that a hypothetical 200GeV Higgs decays
dominantly to h→W+W− and h→ ZZ, while these channels are kinematically unavailable
for the case of a Higgs boson withmh ∼ 125GeV, which decays dominantly to b̄b final states.
The general statement that the decays of new colored states predicted in our scenario provide
a new Higgs production channel and are of high phenomenological interest, however, remains
valid.
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CHAPTER 5

SUPERSYMMETRY AND NATURALNESS OF

ELECTROWEAK SYMMETRY BREAKING

5.1 The hierarchy problem

Among the many and diverse arguments for the existence of physics beyond the SM, the
hierarchy problem enjoys a special status, because any solution requires the introduction of
new particles with masses of the order of the weak scale ΛEWSB. Therefore, investigating
approaches to solving the hierarchy problem and deriving testable predictions is a central
objective in the current LHC era.

While it is easy to find a mechanism to break electroweak symmetry, the hierarchy prob-
lem states that it is extraordinarily difficult to explain why EWSB is characterized by the
scale ΛEWSB ∼ 100GeV, which is many order of magnitude below the Planck scale. The
standard model way to break electroweak symmetry and give mass to W and Z bosons
as well as to the SM fermions is to include a scalar SU(2)L doublet Higgs field H. When
the Higgs acquires a VEV of the order of 100GeV, the SU(2)L symmetry is spontaneously
broken. If the SM could exist in isolation, it would be perfectly viable to define the Higgs
mass term to be of the order of (−m2

H) ∼ (100GeV)2. Since however the SM is incomplete
and should be regarded as the effective theory limit of some more fundamental theory, a
light Higgs mass term becomes problematic: Since it is not protected by any symmetries
the scalar mass parameter m2

H will generally acquire loop-corrections proportional to Λ2,
where Λ is the cutoff scale of the standard model. If Λ is chosen to be the Planck scale, one
would expect m2

H to be of the order of M2
Pl, or in other words over 30 orders of magnitude

larger than the experimentally determined Higgs VEV. This huge, unexplained discrepancy
between the physical and the natural Higgs mass constitutes the hierarchy problem.

After decades of active search at different collider experiments, the LHC recently con-
firmed the existence of a light scalar particle connected to electroweak symmetry breaking.
It is not yet fully established whether the newfound particle with mass at around ∼ 125GeV
really is the Higgs particle or just one part in a more intricate EWSB sector. The discovery
however definitely disfavors approaches to circumvent the hierarchy problem by avoiding the
existence of an elementary Higgs particle altogether. Examples for theories of this kind are
e.g. technicolor, where electroweak symmetry is broken by condensates of new strongly in-
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teracting techni-fermions or models with warped extra dimensions in which the electroweak
symmetry is broken by boundary conditions.

In the presence of an elementary Higgs particle, the hierarchy problem can be solved by
introducing a new symmetry to stabilize a light Higgs mass term mH . There are two main
approaches:

The first option is the Higgs being a pseudo Nambu-Goldstone boson associated with the
spontaneous breaking of a larger symmetry group [132] that contains the SM symmetries
as a subgroup. In this case the mass term m2

HH
†H is forbidden by a shift symmetry under

which H → H + ε.
Alternatively, the Higgs mass can be protected by supersymmetry (SUSY). In super-

symmetry, fields differing by spin-1/2 are connected by a new spacetime symmetry to form
so-called supermultiplets. In supersymmetric models the hierarchy problem is circumvented
due to the fact that fermion masses are protected by chiral symmetry and receive radiative
mass corrections that are at most logarithmically divergent. In supersymmetry, this pro-
tection mechanism is at work for the entire supermultiplet, i.e. it also applies to the scalar
components and specifically Higgs boson.

Supersymmetry is widely considered to be the most compelling scenario for beyond
the standard model physics. In addition to solving the hierarchy problem, it provides
a candidate for dark matter and exhibits almost-exact gauge coupling unification in the
simplest implementation of supersymmetry, the minimal supersymmetric standard model
(MSSM). Experimental searches however have not provided any evidence for SUSY. After
hopes for the discovery of superparticles at LEP, the Tevatron and LHC so far have been
disappointed, the continuing data-taking effort at the LHC will subject SUSY to a critical
test: In the coming years of LHC operation, with more center-of-mass energy and more
data to be recorded, the discovery reach for colored superparticles will grow substantially
and reach the several-TeV regime.

While a non-discovery of superparticles at the LHC would not exclude SUSY per se, it
would severely constrain its naturalness: If the superpartners to the SM particles are much
heavier than the electroweak symmetry breaking scale, i.e. the scale of SUSY breaking
MSB is much larger than ΛEWSB, the Higgs mass is not sufficiently protected from large
corrections. This results in the so-called naturalness problem of supersymmetry.

In this chapter, we first introduce basic concepts and notation of supersymmetry and
the MSSM. We then proceed to discuss the status of SUSY naturalness in light of LHC
exclusion limits. This will provides the foundation for chapter 6, in which a strategy for
building supersymmetric models with reduced fine-tuning is presented.

5.2 Basics of supersymmetry

In this section, the concepts of supersymmetry necessary for the remainder of this work
will be introduced.
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Table 5.1: The field content and nomenclature of the minimal supersymmetric standard
model.

spin 0 spin 1
2 spin 1 Gauge Rep.

Chiral supermultiplets

squarks, quarks

(3× families)

q q̃ = (ũL, d̃L) qL = (uL, dL) - (3,2)1/6

uc ũ∗R u†R - (3̄,1)−2/3

dc d̃∗R d†R - (3̄,1)1/3

sleptons, leptons

(3× families)

l l̃ = (ν̃L, ẽL) l = (ν, eL) - (1,2)−1/2

ec ẽ∗R e†R - (1,1)1

Higgs, higgsinos
hu hu = (h+u , h

0
u) h̃u = (h̃+u , h̃

0
u) - (1,2)1/2

hd hd = (h0d , h
−
d ) h̃d = (h̃0d , h̃

−
d ) - (1,2)1/2

Gauge supermultiplets

gluino, gluon V3 - g̃ g (8̄,1)0

winos, W bosons V2 - W̃±, W̃ 0 W±, W 0 (1̄,3)0

bino, B boson V1 - B̃ B (1̄,1)0

5.2.1 The minimal supersymmetric standard model (MSSM)

A supersymmetry transformation relates bosonic and fermionic states. The superspace
is spanned by fermionic Grassmann coordinates θα and the usual position 4-vector coor-
dinates xµ. Supersymmetric multiplets, or superfields, consist of one fermionic and one
bosonic field, plus an auxiliary field which accounts for the difference in off-shell degrees of
freedom. Chiral superfields Φ, also called matter superfields, consist of a scalar field φ , a
Weyl spinor ψ, and an auxiliary field F . In Wess-Zumino gauge [133], the vector superfields
V contain a vector field Aµ, a spin-1/2 Weyl field λ and its conjugate λ̄, and an auxiliary
field D. Superfield notation is clearer and more economical whenever supersymmetry is
(approximately) conserved. Throughout this work, both the superfield language and com-
ponent field language will be used. To distinguish them from component fields, we use bold
type to denote superfields.

The MSSM with unbroken supersymmetry. The minimal supersymmetric stan-
dard model (MSSM) [63, 134, 135] is constructed by extending the Higgs sector of the
standard model to contain two Higgs doublets hu and hd with hypercharge Y = ±1

2 and
promoting each field to a full supersymmetric multiplet. The second Higgs field hd with
hypercharge opposite to hu is necessary to cancel the anomalies introduced by the fermionic
partner to the Higgs boson, the higgsino. Also, since a consistent superpotential has to be
holomorphic, the field hu would not suffice to write down Yukawa couplings and generate
masses after electroweak symmetry breaking for all the matter fields. The field content of
the MSSM is summarized in Table 5.1.
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The MSSM lagrangian with unbroken supersymmetry consists of three parts. The ki-
netic terms for the gauge bosons and their superpartners, the gauginos, arise from

Lkin,gauge =

∫

d2θ
∑

a=1,2,3

[
1

4g2a
Tr[WaαWa

α] + c.c.

]

. (5.1)

where Wa are field strength chiral superfields defined by

Wα = −1

4
D̄ D̄

(
e−VDαe

V
)

and Wα = T aWa
α (5.2)

Here, Dα and D̄α̇ are chiral covariant derivatives. V are gauge supermultiplets containing
the gauge boson fields Aµ and their superpartners the gauginos. For the matter fields in
the supermultiplets φi = q,uc,dc, l, ec,hu,hd, the kinetic terms and gauge interactions are
encoded in:

Lkin,matter =

∫

d4θ
∑

i,j

φ†i
(
e2T

aVa) j

i
φj. (5.3)

Lastly, the Yukawa terms and the supersymmetric Higgs mass term are described by

Lyuk =

∫

d2θ [µhuhd + huqi(Yu)iju
c
j + hdqi(Yd)ijd

c
j + hdli(Yl)ije

c
j]

︸ ︷︷ ︸

WMSSM

(5.4)

where WMSSM is the MSSM superpotential and i, j = 1, 2, 3 are flavor indices. Note that
the MSSM with unbroken supersymmetry has only one additional parameter compared to
the SM, namely the Higgs mass parameter µ.

In addition to the Yukawa terms above, which mirror the SM Yukawa interactions, it
is possible to write down further couplings that are holomorphic and gauge invariant such
as l l ec, l qdc, l hu and ucdcdc. These interactions are highly problematic since they vi-
olate either lepton or baryon number. To avoid them, usually a discrete symmetry like
R-parity [63] or matter-parity [135–138] is imposed.

Soft supersymmetry-breaking terms. If supersymmetry was an exact symmetry,
the superparticle masses would be degenerate with their SM counterparts. Since no super-
partners have been detected yet, supersymmetry, if realized in nature at all, has to be a
broken symmetry.

The mechanism and the resulting spectrum of superparticles can differ widely in differ-
ent supersymmetric models. Generally, in order for supersymmetry to solve the hierarchy
problem, SUSY breaking has to be soft, which means any supersymmetry-breaking operator
should be relevant i.e. have a coefficient of positive mass dimension. Then, the dominant
radiative corrections to the Higgs mass are of the form:

∆m2
H ∼ m̃2

soft

λ

16π2
ln

(
ΛUV

msoft

)

(5.5)
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where λ is a placeholder for whatever dimensionless couplings appear in the loop diagrams
contributing to the Higgs mass term. In contrast, if SUSY were broken non-softly by an
operator with dimensionless coefficient, one would obtain

∆m2
H ∼ λ

16π2
Λ2
UV , (5.6)

resulting in naturalness constraints on a light Higgs mass just as severe as the original hi-
erarchy problem without SUSY.

The most general soft supersymmetry breaking terms of the MSSM, expressed in com-
ponent field notation, are [62]:

LMSSM
soft =− 1

2

(

M3 g̃g̃ +M2 W̃ W̃ +M1 B̃B̃ + c.c
)

−
(

huq̃auũ
c + hdq̃add̃

c + hd l̃alẽ
c + c.c.

)

−
(

q̃†m̃2
qq̃ + ũc†m̃2

uc ũc + d̃c†m̃2
dc d̃c + l̃†m̃2

l l̃ + ẽc†m̃2
ec ẽ

c + m̃2
huh

†
uhu + m̃2

hdh
†
dhd

)

− (bhuhd + c.c.)

(5.7)

The first line of Eq. (5.7) contains the gaugino mass terms and the second line contains
A-term couplings between three scalar fields. The scalar particles acquire masses through
so-called scalar-squared soft terms in the third line. The last line of Eq. (5.7) contains a
SUSY breaking soft off-diagonal Higgs mass term.

The soft SUSY breaking scalar-squared mass matrices m̃2
q, m̃

2
uc , m̃2

dc , m̃2
l and m̃2

ec as
well as the A-terms au, ad, al are 3 × 3 matrices in flavor space. After supersymmetry
breaking, the higgsino, bino and wino states will mix, resulting in four neutralino χ̃0 and
two chargino χ̃± mass eigenstates.

The SUSY breaking Higgs mass parameter b is of dimension [mass]2 and is interchange-
ably denoted as b ≡ Bµ. This notation emphasizes the fact that for a valid EWSB sector,
the Higgs mass parameter µ should be of the same order of magnitude as the supersym-
metry breaking soft masses, even though a µ-term by itself is compatible with unbroken
supersymmetry. Unless otherwise specified, we assume that soft supersymmetry breaking
terms as well as the higgsino mass parameter µ are generated at some more fundamental
scale M∗. If nonzero, all these term are parametrically related to an overall amount of
SUSY-breaking denoted by MSB:

m̃2
q, m̃

2
uc , m̃2

dc , m̃2
l , m̃

2
ec , m̃

2
hu, m̃

2
hd, b ∼M2

SB (5.8a)

au,ad,al,M1,M2,M3, µ ∼MSB (5.8b)

A careful count [139] shows that the SUSY breaking lagrangian LMSSM
soft introduces 105

new parameters. These are masses, phases and mixing angles of the MSSM lagrangian that
cannot be eliminated by phase redefinitions or rotations in flavor space. Most of these 105
parameters however are severely restricted by experimental data, because they induce flavor
violating processes. We will use the coming paragraph to discuss the flavor restrictions.
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Flavor structure of the soft terms. The generic flavor scale suppressing new contri-
butions to flavor-changing processes is ΛF & 104 TeV (see e.g. Ref. [140] for a comprehensive
discussion), much larger than the scale at which the superparticles are generally expected
to be found. Thus, in order to avoid conflicts with experimental constraints, the soft SUSY
breaking terms need to display a quite specific structure dictated by the concept of minimal
flavor violation (MFV) [103].

MFV is based on the observation that the SM in the absence of any Yukawa interactions
has an additional flavor symmetry group

GF ≡ SU(3)q × SU(3)u × SU(3)d × SU(3)l × SU(3)e (5.9)

The Yukawa interactions break the GF flavor symmetry. The flavor symmetry can be
formally recovered by promoting the Yukawa coupling matricesYu, Yd, Ye to dimensionless
spurion fields transforming as

Yu ∼ (3̄,3,1,1,1) Yd ∼ (3̄,1,3,1,1) Ye ∼ (1,1,1, 3̄,3) (5.10)

under the GF symmetry.1 The principle of minimal flavor violation consists of letting the
background values of the Yukawa coupling matrices Yu, Yd, Ye be the sole source of GF

breaking in BSM scenarios. In that scenario, the exact amount of flavor violation depends
on the respective model but is parametrically always of the same size as in the standard
model and thus generally compatible with experimental bounds. It is convenient to choose
the basis where the Yukawa matrices read

Yu =





yu 0 0
0 yc 0
0 0 yt



VCKM,

Yd =





yd 0 0
0 ys 0
0 0 yb



 ,

Yl =





ye 0 0
0 yµ 0
0 0 yτ



 , (5.11)

where VCKM is the Cabibbo-Kobayashi-Maskawa matrix and the yi are the usual Yukawa
couplings. Since the Yukawa couplings are very small except for the element yt responsible
for the top mass, the only relevant non-diagonal flavor structure is

(Y†
uYu)ij ≃ y2t V

∗
CKM,3iVCKM,3j .

1The spurion representations are chosen such that the MSSM Yukawa interactions in Eq. (5.4), with
the matter superfields in the representation q ∼ (3,1, 1,1,1), uc

∼ (1, 3̄,1,1,1), dc

∼ (1, 1, 3̄,1, 1),
l ∼ (1, 1,1,3, 1) and ec

∼ (3,1, 1,1, 3̄), are invariant under GF . Note that this assignment is exactly
opposite to the notation defined in [103] where the symmetry assignments for Yu, Yd and Yl are chosen
such that the SM Yukawa lagrangian L = Hq̄YuuR +Hcq̄i(Yd)ijdRj +Hcl̄i(Yl)ijeRj is GF -invariant, where
Hc = iτ2H

∗.
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Specifically for the MSSM, minimal flavor violation means that the supersymmetry-breaking
squark mass terms and trilinear couplings are parameterized in a basis consisting of flavor-
diagonal terms and flavor violating terms proportional to Y

†
uYu only.

m̃2
q = m̃2

q

(

1 + bqY
†
uYu

)

(5.12a)

m̃2
uc = m̃2

u

(

1 + buY
†
uYu

)

(5.12b)

m̃2
dc = m̃2

d1 (5.12c)

au = AuYu (5.12d)

ad = Ad

(

1 + bAdY
†
uYu

)

Yd (5.12e)

Note that family-universal soft masses, as are often imposed in specific models, are a
special case of MFV-compatible soft terms (5.12). The flavor structure of the A-terms im-
plies that the (3, 3) entries of the matrices auij and adij dominate over all others. Often the
notation At ≡ au33/yt is used.

So far, we have not yet discussed how the highly non-generic structure of soft terms
can be generated. Clearly, an organizing principle needs to provide the appropriate flavor
structure and reduce the 105 parameters in Eq. (5.7) to achieve SUSY models compati-
ble with experiment i.e. with soft terms that obey the MFV structure Eq. (5.12). The
mechanism employed to break supersymmetry should provide that principle and explain
the non-generic structure of the soft terms.

5.2.2 The Higgs sector of the MSSM

The Higgs sector of the MSSM is of particular concern for SUSY phenomenology. In
this section, its structure as well as the problems the LHC result of mh ∼ 125GeV poses
for the MSSM are discussed.

The Scalar Potential. The MSSM Higgs potential is necessarily more complicated
than the standard model one, due to the presence of two Higgs doublets instead of only one
in the standard model. Without loss of generality, the SU(2)L gauge transformations can
be used to rotate into a basis with vanishing VEVs for the charged Higgs fields h+u and h−d .
In that basis, the MSSM Higgs potential reads

V = (|µ|2 + m̃2
hu)|h0u|2 + (|µ|2 + m̃2

hd)|h0d|2 − (b h0uh
0
d + c.c.)

+
1

8
(g2 + g′2)(|h0u|2 − |h0d|2)2 (5.13)

Note that in the absence of SUSY breaking, this potential reduces to

V = |µ|2(|hu|2 + |h2d|) +
1

8
(g2 + g′2)(|h0u|2 − |h0d|2)2

such that 〈h0u〉 = 〈h0d〉 = 0 and the electroweak symmetry remains unbroken. This is one
way to understand how supersymmetry protects the electroweak sector, as EWSB effects
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are limited by the size of the SUSY breaking effects, i.e. MSB.

The scalar potential needs to be bounded from below. This is achieved automatically
by the scalar quartic interaction in the last line of Eq. (5.13), except in the |hu| = |hd|
direction along which the quartic term vanishes. To stabilize the scalar potential in this
direction, the b-term needs to fulfill

2b2 < 2|µ|2 + m̃2
hu + m̃2

hd (5.14)

To provideW and Z boson masses the Higgs fields need to obtain a VEV and spontaneously
break electroweak symmetry. Therefore, one linear combination of hu and hd has to have a
negative mass term. This corresponds to a second condition

b2 > (|µ|2 + m̃2
hu)(|µ|2 + m̃2

hd) . (5.15)

Since the parameters b, m̃2
hu, and m̃2

hd all encode soft SUSY breaking terms, Eq. (5.15)
implies that electroweak symmetry breaking requires supersymmetry breaking.

Together, the vacuum expectation values vu ≡ 〈hu〉 and vd ≡ 〈hd〉 generate the Z boson
mass, specifically

v2u + v2d = v2 = 2m2
Z/(g

2 + g′2) ∼ (174 GeV)2 . (5.16)

It is convenient to define

tan β ≡ vu/vd (5.17)

Using the conditions ∂V/∂h0u = ∂V/∂h0d = 0 at the minimum of the scalar potential,
the parameters b and |µ| can be replaced by tan β and mZ :

sin(2β) =
2 tan β

1 + tan β2
=

2b

m̃2
hu + m̃2

hd + 2|µ|2 (5.18)

m2
Z =

|m̃2
hd − m̃2

hu|
√

1− sin2(2β)
− m̃2

hu − m̃2
hd − 2|µ|2 (5.19)

The expressions (5.18)-(5.19) are valid only at tree-level. For numerically stable results,
one has to include one-loop corrections at least. This is customarily done by computing
the corrections ∆V to the effective potential Veff(vu, vd) = V +∆V as a function of vu and
vd. ∆V is known up to two-loop order [141, 142]. Including those corrections amounts to
replacing

m̃2
hu → m̃2

hu +
1

2vu

∂(∆V )

∂vu
m̃2

hd → m̃2
hd +

1

2vd

∂(∆V )

∂vd
. (5.20)

To improve the convergence of the perturbative series, the renormalization scale is commonly
chosen as the geometrical stop mass average

QSUSY ≡ √
mt̃1

mt̃2
. (5.21)

where the physical stop masses mt̃1
and mt̃2

are obtained by diagonalizing the mass matrix
of the gauge eigenstates q̃u3 and ũc3. For models with generic soft SUSY breaking terms
c.f. Eq. (5.8), the evaluation scale coincides with the scale of SUSY breaking QSUSY ∼MSB.
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) = + +

Figure 5.1: One-loop contributions to the h0 mass in the MSSM

The SM-like Higgs. Of the eight degrees of freedom of the scalar Higgs doublets hu
and hd, three are would-be Nambu-Goldstone bosons that become the longitudinal modes
of the Z and W bosons after EWSB. There are five remaining degrees of freedom: two
CP-even neutral scalars h and H0, two charged Higgs fields H± and one CP-odd neutral
scalar A0. At tree-level, their masses are given by

m2
A0 = 2b/ sin(2β) = 2|µ|2 + m̃2

hu + m̃2
hd (5.22a)

m2
h,H0 =

1

2

(

m2
A0 +m2

Z ∓
√

(m2
A0 −m2

Z)
2 + 4m2

Zm
2
A0 sin

2(2β)

)

(5.22b)

m2
H± = m2

A0 +m2
W (5.22c)

The important observation at this point is that, at tree-level, mh is bounded from above by
the Z-mass

mh0 ≤ mZ | cos(2β)| (5.23)

Of course, such a light Higgs has long been excluded [143] . The tree-level relation however
is subject to rather large loop corrections, with the largest contributions typically coming
from top and stop loops shown in Fig. 5.1.

A simple analytic approximation for the light Higgs mass taking into account one-loop
and leading-log two-loop contributions from top and stop loops is found in [144]:

m2
h = m2

Z cos2 2β

(

1− 3

π2
m2

t

v2
t

)

+
3

4π2
m4

t

v2

[
1

2
Xt + t+

1

16π2

(
3

2

m2
t

v2
− 32πα3

)

(Xtt+ t2)

]

(5.24)

where

mt =Mt/(1 +
4

3π
α3) and Mt is the pole top quark mass

Xt =
2(At − µ cot β)2

Q2
SUSY

(

1− (At − µ cot β)2

12Q2
SUSY

)

t = ln
Q2

SUSY

M2
t

The Higgs mass is maximized in the case of so-called maximal mixing where |At| =
√
6QSUSY.

The Higgs mass grows only logarithmically with QSUSY. Therefore QSUSY ≫ ΛEWSB,
i.e. very heavy stops, are necessary to achieve mh ∼ 125GeV.
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5.2.3 Supersymmetry breaking

Next, we discuss some aspects of supersymmetry breaking. Contrasting the simplicity of
unbroken supersymmetry with the intricacy of breaking SUSY, it is fair to say that SUSY
phenomenology is SUSY breaking phenomenology [145]. The task is to explain how soft
SUSY breaking terms are generated and why flavor symmetry is conserved. The aim is to
find models where SUSY is broken spontaneously and the multitude of soft terms can be
related to a small number of fundamental parameters in a simpler underlying theory.

Mechanisms of supersymmetry breaking. It is possible to show that direct su-
persymmetry breaking in the MSSM sector itself would require some of the superparticles
to be lighter than their SM counterparts, which is incompatible with experimental non-
observation. This is the reason for the paradigm of hidden sector SUSY breaking which
states that there is a new sector separate from the visible sector containing the SM field
and their superpartners. In this hidden sector supersymmetry is broken by a scale much
larger than the weak scale. This large primordial sector SUSY breaking is subsequently
communicated to the SM fields through messenger interactions, where all fields that couple
to both the hidden as well as the visible sector are messengers. Common SUSY breaking
mechanisms include gravity mediated SUSY breaking [146,147] and gauge mediated SUSY
breaking (GMSB) [148,149].

In gravity mediation, supersymmetry breaking in the hidden sector is communicated to
the visible sector dominantly through gravitational interactions. Since gravity couples to all
forms of energy, the primordial SUSY breaking sector and the visible sector are necessarily
connected by gravitational interactions. Thus, unless a different and stronger interaction
is at work, supersymmetry breaking is necessarily gravity mediated. The problematic as-
pect of gravity mediation is that it does not explain the flavor structure of the soft terms.
One way to avoid the flavor problem would be to impose a global flavor symmetry at the
Planck scale. However, while our understanding of possible UV completions of gravity is
very limited, there are hints that a fundamental theory of gravity is unlikely to respect
global symmetries like such a flavor symmetry. Thus, gravity mediation typically does not
provide a satisfying explanation for why SUSY breaking does not introduce significant fla-
vor violation.2

In gauge mediated supersymmetry breaking (GMSB), messengers charged under the SM
gauge group SU(3)c×SU(2)L×U(1)Y are assumed to be present at a scaleMm some orders
of magnitude below MPl. In that case gauge mediated SUSY breaking terms dominate over
the unavoidable gravity mediated ones. Gauge mediation is the SUSY breaking mechanism
we employ in our approach to building MSSM models with reduced fine-tuning in the next
chapter. A huge advantage of gauge mediation is that only flavor diagonal soft terms will
be generated, since gauge interactions are flavor blind. Furthermore, it is a very predictive
framework: Even in the most general implementation, there are at most six parameters
describing all the supersymmetry breaking soft masses m̃i and A-terms. The predictiveness

2For an implementation of gravity mediation addressing the flavor problem of gravity mediation, see
e.g. [150].
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of gauge mediated SUSY breaking comes at a cost however: In models with GMSB, it is
generally difficult to generate the Higgs parameters µ and b ≡ Bµ of appropriate size. This
is known as the µ/Bµ-problem [151].

Another supersymmetry breaking mechanisms is anomaly mediated SUSY breaking
[152,153]. We forego a discussion of this mechanism since it is not relevant for this work.

MSSM models with reduced parameter space. As discussed before, the number
of parameters in models of supersymmetry is far too high to allow for a controlled parameter
scan, already at the level of the MSSM with its 105 parameters.

Therefore, phenomenological studies are always performed in models with a reduced set
of parameters. The derived limits consequently depend on the choice of underlying model
constraining the parameter space. Bounds obtained using a specific model assumption have
to be analyzed very carefully in order to decide whether or not they are applicable to an-
other model of interest.

The most widely used MSSM benchmark model is called interchangeably mSUGRA (for
minimal supergravity) or cMSSM (for constrained MSSM ). It is based on gravity mediated
supersymmetry breaking and is defined at the fundamental scale of M∗ = MGUT. At that
scale, the following soft term structure is imposed:

• The soft scalar-squared mass terms are completely universal:

m̃q = m̃uc = m̃dc = m̃l = m̃ec = m̃hu = m̃hd = m2
0 1 (5.25)

• The gaugino masses unify:

M3 =M2 =M1 = m1/2 (5.26)

• The A-terms are universal in the sense that

au = A0Yu ad = A0Yd al = A0Yl (5.27)

where Yu, Yd and Yl are the Yukawa matrices defined in Eq. (5.11).

The assumptions (5.25)-(5.27) are not theoretically motivated, they simply represent one
very simple parametrization of a MSSM model compatible with the concepts of gravity
mediation. With these assumptions, the cMSSM is fully described in terms of just five
parameters {ai} = {m2

0,m1/2, A0, b, µ}.3 Using Eq. (5.18), b is often traded for the parame-
ter tan β, and similarly applying the condition mZ = 91.2GeV determines |µ| via Eq. (5.19).

Another widely used benchmark model is called mGMSB (for minimal gauge mediated

supersymmetry breaking). It is based on the scenario of gauge mediated SUSY breaking and
assumes that the gauge messengers form one complete SU(5) multiplet. This assumption

3As a matter of fact, there is one additional parameter, the gravitino mass mG̃, which is however mostly
irrelevant for phenomenology.
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determines the soft terms generated at the input scale which is set by the messenger mass,
M∗ = Mm. The mGMSB is described in terms of the parameters {ai} = {Mm,Λ, µ, b},
where Λ is the parameter defining the overall scale of the soft supersymmetry breaking
terms.

The cMSSM as well as the mGMSB are both useful benchmark points but in their
simplicity fail to reflect much of the possible phenomenology. In a strive towards more
model independence, the so-called phenomenological MSSM (or pMSSM) [154,155] has been
introduced. The pMSSM only makes minimal assumptions beyond those already dictated
by the absence of experimental signals of large flavor and CP violation. The 19 parameters
of the pMSSM represent a significant simplification compared to the unconstrained MSSM,
but typical analyses still require huge computing efforts and scans over discretely generated
points in the parameter space in which crucial features can easily be missed.

In light of the start of LHC operations, a bottom-up effective field theory approach to
obtain SUSY limits has also been proposed. The idea is to analyze data in the context of
simplified effective models [156–159] that contain only the lightest LHC accessible particles.
This approach is aimed at obtaining limits that can easily be applied to any given top-down
model.

RG Evolution of soft terms and radiative electroweak symmetry breaking.

Independent of the specific scheme of generating the soft terms as well as the µ term, the
scale M∗ where those terms are generated is typically much higher than the electroweak
scale ΛEWSB. Therefore, RG effects crucially affect the resulting mass spectrum.

The form of the RG equations for supersymmetric theories, including the MSSM, is gov-
erned by the supersymmetric non-renormalization theorem [160, 161]. This theorem states
that in models with unbroken supersymmetry all radiative contributions can be written in
terms of wave-function renormalization only, while the superpotential itself does not receive
corrections at any order in the loop-expansion.

A consequence of the non-renormalization theorem is that the β-function of each super-
symmetric parameter, such as µ or the Yukawa couplings, is proportional to itself. Specifi-
cally, the 1-loop RG equations for the top Yukawa coupling and µ read

βyt ≡
∂

∂t
yt =

yt
16π2

[

6|yt|2 + |yb|2 −
16

3
g23 − 3g22 −

13

15
g21

]

(5.28)

and

βµ ≡ ∂

∂t
µ =

µ

16π2

[

3|yt|2 + 3|yb|2 + |yτ |2 − 3g22 −
3

5
g21

]

. (5.29)

Here t denotes the logarithm of the running scale t = ln(µRG/M∗). Since the corrections
to µ are proportional only to µ itself and there is no dependence on the soft masses, µ is
typically very stable throughout its RG evolution.

In contrast, the soft mass terms can change substantially between the high scaleM∗ and
the weak scale. The evolution of the gaugino masses Ma is independent of the other soft
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masses and driven solely by the running of the gauge couplings αa which evolve according
to

∂

∂t
α−1
a = − ba

2π
where (b1, b2, b3) =

(
33

5
, 1,−3

)

in the MSSM. (5.30)

The gaugino masses are strictly proportional to the gauge couplings, i.e.

Ma

αa
= const. (5.31)

Since in the MSSM the gauge couplings unify at the scale MGUT, it is a popular assumption
that gaugino masses also unify at a value m1/2. In that case, the gaugino mass ratios at
the weak scale are approximately M1 :M2 :M3 = 1 : 2 : 7.

The RG equations of the soft scalar-squared masses m̃2 are a complicated set of inter-
dependent differential equations. The complete set of 1-loop RG equations can be found
e.g. in [62]. To be able to make reliable statements about the resulting physical spectrum
of superparticle masses, the use of computer programs implementing the RGEs including
threshold and some 2-loop effects is advisable. Various such SUSY spectrum calculators
such as e.g. Softsusy [162], Spheno [163,164] and Suspect [154] are publicly available.

Of particular interest is the RGE evolution of the up-type soft mass term m̃2
hu. The most

important terms driving its RGE evolution are proportional to the large Yukawa coupling
yt. (For high values of tan β (i.e. tan β & 40), effects proportional to yb will be similarly
sizable.) Therefore, the third generation squark masses, in particular those of the stops and
the left-handed sbottom, dominate the running of m̃2

hu. Neglecting effects proportional to
yb, yτ and g21 , the system of differential equations to solve is:

16π2
∂

∂t





m̃2
hu

m̃2
q3

m̃2
u3



 =





6
4
2



 y2t [m̃
2
hu + m̃2

q3 + m̃2
u3]

− 32

3
g23





0
1
1



 |M3|2 − 6g22





1
1
0



 |M2
2 | (5.32)

Note that the dominant effects proportional to y2t strictly reduce m̃2
hu. In many model

configurations this leads to negative negative values of m̃2
hu at low energy scales. This fea-

ture is known as radiative electroweak symmetry breaking (rEWSB). rEWSB provides a way
of understanding how –with a generic set of soft masses at the input scale M∗– only the
m̃2

hu soft term becomes negative at low energy scales. This provokes a Higgs VEV while
the other soft scalar mass parameters remain positive thus avoiding vacuum expectation
values that would spontaneously break electric charge Q or color charge. In that sense, not
only is SUSY-breaking a necessary condition for EWSB to occur, but once SUSY is broken
radiative effects provide a simple mechanism to break electroweak symmetry while keeping
the symmetries of the SM intact.
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Also note that since the RG evolution is homogeneous in the soft masses, the scale
Qc∗ where m̃2

hu crosses zero depends only on M∗ and dimensionless ratios between the soft
masses, but is parametrically unrelated to the size MSB of those soft terms.

5.3 Searches for supersymmetry

The earliest searches for supersymmetry were performed at the LEP experiment at
CERN, which operated between 1989 and 2000 with maximal center-of-mass energies of√
s = 209GeV. Being an e+e− collider, LEP provided a particularly clean experimen-

tal environment for new physics searches and could obtain an almost completely model-
independent bound on the lightest chargino mass of mχ̃± & 103.5GeV [165], as well as
lower bounds on the masses of the lepton superpartners that are relevant to this day. The
Higgs mass limit of mh ≥ 114.4GeV [143] established by LEP first spurred the discussion
of SUSY naturalness.

Since the beginning of its operation, the Large Hadron Collider has already produced
significant new direct exclusion limits. The advantages of the LHC for supersymmetry
searches are on one hand its high center-of-mass energy and on the other hand that, being
a hadron collider, the LHC can take advantage of the large cross-sections of QCD-mediated
processes, resulting in the production of a large number of SUSY particles.

The main production mechanism for superparticles at hadron colliders are squark-
squark, squark-gluino and gluino-gluino production. The direct LHC searches for SUSY
are conducted by the experiments CMS [166] and ATLAS [167]. The copious analysis out-
put is documented in [168] and [169]. A compact recent overview can be found e.g. in
Ref. [170].

Typical SUSY search signatures are characterized by several high-pT jets, which are
produced in the decay chains of heavy colored superparticles, and a significant amount of
missing momentum. The latter is expected as a result of two stable neutral LSPs produced
at the end of the decay chain which escape undetected. LSP is a consequence of R-parity
conservation commonly imposed to forbid proton decay in supersymmetric

We are mainly concerned with the limits relevant to SUSY naturalness. As will be
discussed in more detail in the following Sec. 5.4, the lower mass bounds on gluino and
third generation squarks are of particular significance for the discussion of the naturalness
of EWSB in supersymmetric models.

We begin by describing the experimental situation in generic SUSY models before dis-
cussing some specific scenarios in which the generic SUSY bounds may not apply.

The lack of any SUSY signal so far translates into lower gluino mass bounds which
depend on the size of the masses of the first and second generation squarks mq̃. If the
squarks are in the same mass range as the gluino, the limit is roughly mg̃ & 1.4TeV. This
is relaxed to mg̃ & 0.9TeV for the case of mg̃ ≪ mq̃ [171, 172]. Stops (t̃) and sbottoms
(b̃) are produced at the LHC in gluino decays or via direct pair-production. The produc-
tion via gluino decays dominates, provided the gluinos are not too heavy and the gluinos
branching ratio to stops and sbottoms is sizeable. Direct stop and sbottom pair production
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is expected to be more than an order of magnitude smaller than the pair-production cross-
section of first and second generation squarks and moreover subject to large backgrounds
from top-quark pair production. The CMS collaboration determined that sbottom pair
production is excluded for sbottom masses below 500GeV (assuming LSP masses below
150GeV and a 100% branching fraction into a bottom quark and a neutralino) [173, 174].
The ATLAS collaboration has recently set limits in direct stop production. Specifically,
for the case of a massless LSP, the direct lower limits on the stop mass as determined by
ATLAS reach 500GeV but leave a open window around the top quark mass. The ATLAS
analyses [175–179] assume specific stop decay modes, namely t̃ → bχ̃± for light stops and
t̃→ tχ̃0 for heavy stops.

The bounds on superparticles can be relaxed for certain non-standard SUSY spectra. In
a scenario called compressed supersymmetry [180], limits from standard searches are avoided
as the visible energy of the events is too small to pass the selection criteria and events with
large missing transverse energy are excluded from the analysis. In the compressed SUSY
scenarios, the gluino mass has been constrained to mg̃ & 500 (600)GeV in the 7 (8) TeV
run [181,182]. The 14 TeV run will be able to probe gluino masses higher than 1TeV.

Another approach to avoid the standard SUSY limits is called stealth supersymmetry

Ref. [183,184]: Additional particles with masses of order of the electroweak scale are intro-
duced to modify the decay patterns of the MSSM particles. In stealth SUSY, the gluino is
already constrained to mg̃ & 1TeV [185] in cases when an isolated photon is produced in
the decay chain.

SUSY bounds can also be relaxed if R-parity is violated. To limit this scenario, CMS is
performing searches for multi-lepton final states [186] and 3-jet resonances to be expected
from R-parity violating gluino decays [187]. ATLAS complements these searches by looking
for non-resonant e+ µ production, mediated by t-channel squark exchange [188] as well as
for neutralino decay signalled by displaced, massive vertices with high track multiplicity
and accompanied by a high-pT muon [189].

Supersymmetry is also subject to indirect constraints. For instance, the LHCb experi-
ment has measured the Bs → µµ decay rate [190] with increased precision and determined
that any new contribution to this process needs to be smaller than the SM decay rate.
Bs → µµ decays are low energy processes best described by effective 4-fermion opera-
tors. In supersymmetric models, new contributions to these effective operators arise from
exchange of the heavy and pseudo-scalar Higgs particles. The corresponding bounds, deter-
mined in [191], are of concern in particular if tan β is large tan β & 30. It has also further
been found that models with light stops are often at odds with the b→ sγ branching frac-
tion [192].

Finally, the recent discovery of the Higgs boson with mass mh ∼ 125GeV [32,33] poses
a challenge for supersymmetric models, in particular the MSSM. The consequences of the
Higgs boson discovery for SUSY naturalness will be discussed in more detail in the next
section. It is worth mentioning however that the fact that the determined Higgs boson mass
mh is still relatively close the Z boson mass mZ can be interpreted as a hint in favor of
supersymmetry.
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5.4 The naturalness problem of supersymmetry

As mentioned in the beginning of this chapter, naturalness is la raison d’être for su-
persymmetry. Hence in the absence of any signals for the existence of superparticles, it
is decisive to quantify how problematic the existing experimental bounds are in terms of
fine-tuning (FT).

While supersymmetry solves the original hierarchy problem of the SM model, i.e. a
fine-tuning in the Higgs mass of more than 30 orders of magnitude, it suffers from its
own naturalness problem. Generally speaking, the remaining fine-tuning in supersymmetry
is the result of a hierarchy between ΛEWSB and the amount of supersymmetry breaking
characterized by MSB.

While the direct limits on MSB are becoming more constraining and begin to pose
a challenge for SUSY naturalness, the main concern regarding naturalness in the MSSM
stems from the need to realize the observed Higgs mass of mh ∼ 125GeV. As discussed in
Sec. 5.2.2, in order to obtain a value of mh above the Z boson mass mZ , loop corrections
need to be of a size comparable to the tree-level contribution itself. To realize this, the stop
masses need to be very large. Heavy stops induce even larger loop corrections to the m̃hu

parameter: these corrections grow quadratically with the stop masses, while the corrections
to mh only grow logarithmically. Raising the Higgs mass in the MSSM therefore comes
with the prize of a very large soft mass term for hu. This is problematic because m̃hu is
directly related to the amount of electroweak symmetry breaking and more specifically to
the Z boson mass. For tan β & 5, Eq. (5.19) is approximated by

m2
Z

2
=
m̃2

hd − m̃2
hu · tan2 β

tan2 β − 1
− µ2 ≃ −m̃2

hu − µ2. (5.33)

For very large m̃2
hu ≫ (1TeV)2, the observed Z boson mass can only be achieved via an

unnatural cancellation between m̃2
hu and µ2.

To naturally obtain the correct Z mass from Eq. (5.33), values for |m̃2
hu| and µ2 of

∼ (100GeV)2 are preferred. Because various superparticles, most importantly the stops,
contribute quadratically to m̃2

hu, this means that naturalness requires those superparticles
to be light. How to quantify naturalness and how fine-tuning limits translate into upper
bounds on superparticle masses has been discussed first in [193], and has since been a pri-
mary concern of MSSM phenomenology. Naturalness in supersymmetry has been under
siege for a long time. The LHC Higgs discovery, locating mh at around 125GeV and thus
significantly above the LEP limit of mh > 114.4GeV, has made the naturalness concerns
even more pressing.

It should be emphasized that the Higgs mass limits SUSY naturalness in an indirect way:
In supersymmetric models beyond the MSSM, like the next-to-minimal supersymmetric
standard model (NMSSM), the Higgs sector can be modified such that mh ∼ 125GeV
is obtained with lighter stops. Naturalness in supersymmetric models with such extended
Higgs sectors is probed by direct LHC searches placing lower mass boundss on the individual
superparticles that contribute radiatively to m̃2

hu.
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5.4.1 How to measure fine-tuning

There are various approaches to quantify fine-tuning. Fine-tuning is not a physical
quantity in the strictest sense, but rather a measure of how convincing a certain model is
given our current understanding of physics. Prescriptions to quantify fine-tuning therefore
necessarily have a certain degree of ambivalence.

As a general rule, any statement such as “model a is fine-tuned by 1 part in 500” does not
have much meaning in isolation. Quantifying fine-tuning rather serves to compare different
models by their respective degree of fine-tuning quantified by the same prescription. An
extensive discussion on various measures of fine-tuning the inherent model-dependence of
the subject can be found in section VII of [194].

The analysis of fine-tuning limits on superparticle masses differs from most other phe-
nomenological studies, in which the setup with completely uncorrelated parameters always
contains more restricted models as a subset. In contrast for the issue of fine-tuning, cor-
relations can dictate the result. A model-independent fine-tuning analysis is —even in
principle— impossible.

High scale prescription. A widely used fine-tuning measure is based on the general
concept that SUSY breaking is mediated to the visible sector at some rather high scale M∗.
At this scale the soft mass terms defining the ultimate superparticle spectrum are defined
in terms of few fundamental parameters ai.

A model is considered to be fine-tuned if the mZ mass is extremely sensitive to even
tiny changes in the fundamental parameters. Specifically, fine-tuning is quantified using a
prescription defined in [193,195]:

(i) Define the set of fundamental parameters {ai}.

(ii) For each fundamental parameter ai of the SUSY model define a sensitivity coefficient

ci ≡ ∂ lnm2
Z

∂ lnai
(5.34)

For the cMSSM for instance, calculate the sensitivity coefficients with respect to
{ai} = {m2

0,m
2
1/2, A

2
0, b, µ

2}.

(iii) Measure FT by the size of the maximum absolute value of the ci

∆ ≡ max(|ci|) (5.35)

Several comments concerning this measure are in order: There is no stringent reason
to prefer the maximum of the individual sensitivity coefficients as in (5.35) over e.g ∆ ≡
√
∑

i c
2
i to quantify the overall fine-tuning. The main source of arbitrariness however stems

from choosing the “fundamental parameters” in step (i). An important question is for ex-
ample whether to only include MSSM specific model parameters or whether all parameters
in the lagrangian should be included into {ai}, including the Yukawa and the gauge cou-
plings [196].
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Individual fine-tuning contributions from uncorrelated soft masses. Alter-
natively to the top-down approach just described, the subject of fine-tuning is also often
investigated from a low scale perspective. In this approach, defined in [197], physical soft
masses at the weak scale are assumed to be fully independent parameters. For each soft
term the contribution to the quadratic coefficient of the scalar potential m2

h̃
is calculated.

For moderate tan β & 5, this coefficient is approximated by

m2
h̃
= µ2 + m̃2

hu

∣
∣
tree

+ δm̃2
hu (5.36)

where m̃2
hu

∣
∣
tree

and δm̃2
hu represent the tree-level and radiative contributions to m̃2

hu, re-
spectively. The fine-tuning measure for the soft masses is defined as

∆ ≡ δm̃2
hu

m2
h

. (5.37)

This fine-tuning measure translates into direct bounds on superparticle masses:
For the stops, the relevant contributions to δm̃2

hu in the leading-log approximation are:

δm̃2
hu

∣
∣
stop

=
3

8π2
y2t (m̃

2
q3 + m̃2

u3 + |At|2) ln
(
M∗

TeV

)

(5.38)

where m̃2
q3 and m̃2

u3 are the left- and right-handed stop soft mass terms and M∗ denotes
the scale at which SUSY breaking effects are mediated to the MSSM.

Demanding that fine-tuning does not exceed a fixed value ∆max leads to an upper bound
on the physical stop masses of

√

m2
t̃1
+m2

t̃2
. 600GeV

sin β
√

1 + x2t

(
ln(M∗/TeV)

3

)−1/2 ( mh̃

120GeV

)(∆max

20%

)

(5.39)

where xt ≡ At

(

m2
t̃1
+m2

t̃2

)−1/2
.

For gluinos, the contributions to δm̃2
hu are:

δm̃2
hu

∣
∣
gluino

= − 2

π2
y2t

(αs

π

)

|M3|2 ln2
(
M∗

TeV

)

(5.40)

(For very large A-terms, an additional mixed AtM3 contribution can also be relevant.)
Eq. (5.40) translates into a naturalness bound on the gluino mass of

M3 . 900GeV sin β

(
ln(M∗/TeV )

3

)−1 ( mh̃

120GeV

)(∆max

20%

)

. (5.41)

Following an analysis analogous to the one performed for the gluino, the following nat-
uralness bounds on wino and bino mass terms M2 and M1 are obtained:

M2,1 . S2,1

(
ln(M∗/TeV )

3

)−1/2 ( mh̃

120GeV

)(∆max

20%

)

(5.42)

(5.43)
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with S2 = 900GeV and S1 = 3TeV, respectively. The wino is almost as constrained as the
gluino, while the bino is much less constrained by naturalness.

Note that in this approach, all soft masses are assumed to be completely independent,
even though the existence of some higher, more fundamental scale M∗ is implicitly assumed
as can be gathered from the logarithms in the equations above. If there exist correlations
at that high scale, the above analysis does in principle not hold.

5.4.2 The natural supersymmetry paradigm

Based on a fine-tuning analyses similar the one performed in the previous Sec. 5.4.1 a
rough picture of a SUSY spectrum that optimally balances fine-tuning and at the same time
avoids LHC bounds has emerged, see e.g. [198–200]. This schematic spectrum has received
the designation natural supersymmetry. The main idea is to separate sparticles into two
categories: Those giving rise to large contributions to δm̃2

hu and those whose impact on
δm̃2

hu, and hence naturalness, is comparatively small. The optimal spectrum is obtained by
keeping the sparticles in the first category as light as possible, while the sparticles in the
second category are allowed to be heavy which can help to alleviate direct exclusion limits.
A natural supersymmetry spectrum requires:

• both stop and lefthanded sbottom are rather light mt̃,b̃ . 600GeV

• moderately heavy gluino mass of mg̃ . 0.9− 1.5TeV

• light higgsinos µ . 200− 300GeV

The first and second generation squarks, in contrast to those of the third generation, can
have masses as high as 20TeV.

Since the beginning of the LHC operation, much effort has been dedicated to identify
credible models that feature such a spectrum. Model building to embed natural supersym-

metry spectra into complete models has proven to be a difficult undertaking, in particular
regarding the conservation of flavor bounds. No convincing picture has emerged so far,
despite the existence of some interesting new approaches such as e.g. [201,202].

We want to conclude this chapter by pointing out potentially problematic aspects of
the natural SUSY approach to fine-tuning, in order to motivate an alternative approach
presented in the next chapter.

Models featuring a natural supersymmetry spectrum are by design at the brink of ex-
clusion. Limits on direct stop and sbottom pair production, interpreted in the context of
simplified models, have started and will continue to directly constrain the natural SUSY
parameter space [176]. Of concern are also frequent conflicts with the experimentally de-
termined b → sγ branching ratio [203, 204]. Lastly, with the light stops characteristic
for natural supersymmetry spectra, the Higgs mass of mh ∼ 125GeV cannot be realized.
The natural supersymmetry approach thus necessarily requires to extend the MSSM Higgs
sector.
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CHAPTER 6

REDUCING FINE-TUNING IN THE MSSM

VIA STABLE NEAR-CRITICALITY

For decades, supersymmetry with superpartner masses predicted to be of the order of
100GeV has been the widely accepted standard scenario for beyond-the-SM physics. How-
ever, the fact that no evidence for the existence of superparticles has been found during the
first years of LHC operation has put supersymmetry, if it exists in nature, at a crossroads:

It is possible that even if supersymmetry is realized, electroweak symmetry is still broken
by an unnaturally small amount. In this case, supersymmetry only reduces the hierarchy
problem to the SUSY naturalness problem but does not solve it entirely. While this means
discarding the original and arguably strongest motivation for SUSY, other promising fea-
tures of supersymmetry, such as gauge coupling unification and the existence of a compelling
dark matter candidate, can still be realized. Examples for this approach of abandoning the
concept of SUSY naturalness are split supersymmetry [64, 65] or more recently simply un-

natural SUSY [205].

In contrast, if supersymmetry does address the naturalness problem of EWSB, very
non-generic models are required.1 Following the natural supersymmetry approach, model
building efforts are made to implement tailored spectra with light stops, left-handed sbot-
toms and gluinos. In these models usually an extended Higgs sector beyond the MSSM is
required to explain the Higgs mass of mh ∼ 125GeV. Furthermore direct exclusion limits
on the gluino mass and stop masses are beginning to constrain this scenario. Via addi-
tional model building it is possible to evade many of the existing limits. Examples for those
strategies are compressed SUSY spectra [180], stealth supersymmetry [183, 184] or models
with R-parity violation such as e.g. in [206]. Model building following this line of reason-
ing often predicts interesting signatures since by definition supersymmetry signals are ‘just
around the corner’, but it also faces increasing difficulties to be in compliance with direct
and indirect exclusion limits.

An alternative approach to preserve naturalness in supersymmetry is based on the ob-
servation that quantifying fine-tuning by assessing the fine-tuning contributions of the indi-
vidual superparticles, treating each soft mass as a free and uncorrelated parameter, might

1This fact is has been called “fine-tuning in model space” [205] and used as argument against supersym-
metry as a solution to the naturalness problem.
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not be applicable. If robust correlations in the underlying model lead to fine-tuning con-
straints on the superparticle spectrum that differ from those specified in Sec. 5.4.1, models
with a spectrum quite unlike the typical natural spectra can unexpectedly turn out to be
natural.

In this work, we will concentrate on this last possibility. This option requires a careful
analysis of the actual principles behind the notion of fine-tuning. The aim of this chapter
is to identify a mechanism that robustly predicts small values of the Higgs mass parameter
at the weak scale, even in the presence of heavy superfields including stops.

6.1 An alternative view of the SUSY naturalness problem

To set the stage for our approach to reduce fine-tuning, we want to describe and alter-
native view of the SUSY naturalness problem that has been introduced in Ref. [207]. The
authors demonstrate that the naturalness problem of supersymmetry can be illustrated by
contemplating the RG evolution of the Higgs mass parameter m2

2 ≡ m̃2
hu + µ2, which is

schematically depicted in Fig. 6.1.
The argument on Ref. [207] is as follows. In supersymmetric models, typically the soft

terms as well as the Higgsino mass term µ are roughly of the same order which we denote by
MSB (c.f. Eq. (5.8)). The scalar potential is evaluated at the scale QSUSY, which is itself of
the same order as MSB since it is defined by the stop masses (see Eq. (5.21) and Eq. (5.8)).
As is illustrated in Fig. 6.1a, the Higgs mass term m2

2 = m̃2
hu + µ2 at the scale QSUSY is

expected to be of the order of M2
SB. However, since exclusion limits are pushing MSB to

values closer to the several-TeV regime than to the EWSB scale of O(100GeV), how can
a small value of m2

2 be explained? The answer is that EWSB in the SUSY model needs to
be very close to criticality, i.e. the scale where electroweak symmetry is broken radiatively
is very close to the scale where the spectrum is evaluated. In other words, electroweak
symmetry is just barely broken. Defining Qc as the scale where m2

2 crosses zero, near-
criticality amounts to requiring that Qc closely coincides with QSUSY. The scenario of
near-criticality is depicted in Fig. 6.1b. This coincidence is precisely what constitutes fine-
tuning. Why would nature pick a specific value for Qc, which is parametrically unrelated to
MSB, when the allowed range is the entire interval between QSUSY and the scale M∗ where
SUSY breaking is mediated to the visible sector?

This view of the SUSY naturalness problem is generally equivalent to the naturalness
problem of supersymmetry as it is usually formulated, namely as the problem of fine-tuned
cancellations between m̃2

hu and µ2. This can be observed in Fig. 6.1b: A SUSY model can
always be forced to exhibit Qc ∼ QSUSY and to reproduce the correct, comparatively small
value of m2

Z ≃ −1
2m

2
2, by choosing |µ|2 such that it precisely cancels the large negative m̃2

hu

term. The SUSY model would thus be near-critical (in the sense that the EWSB is just
barely broken) only at the cost of a fine-tuning cancellation between µ2 and m̃2

hu.

Contrasting the usual case of near-criticality of coming at the cost of fine-tuning, in
the next section we introduce a setup we call stable near-criticality (SNC) [40]. We argue
that near-criticality can be a robust feature in certain supersymmetric models and that
no fine-tuned cancellations between unrelated terms are necessary. To realize SNC, very
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(a) RG evolution of the Higgs mass parameterm2
2. Qc can be located at any position in the interval

[QSUSY,M∗] which generically results in a Higgs mass parameter at the low scale that is of the order
of SUSY breaking, (−m2

2) ∼M2
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(b) The special case of near-criticality where Qc is very close to QSUSY. In this case, m2
2 is much

smaller than the overall size of SUSY breaking MSB. Usually, fine-tuning between the (unrelated)
parameters m̃2

hu
and µ2 is necessary to achieve near-criticality.

Figure 6.1: Schematic view of the RG evolution of the Higgs mass parameter
m2

2 = m̃2
hu + µ2 . The soft SUSY breaking parameters as well as µ are generated with

values of order MSB at the input scale M∗ where SUSY breaking is mediated to the visible
sector. Qc is defined as the scale wherem2 crosses zero and electroweak symmetry is broken
radiatively.
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Figure 6.2: Setup of stable near-criticality: If it can be realized that m̃2
hu is driven auto-

matically to zero near QSUSY through correlation among the soft masses at the input scale
M∗, no fine-tuning is necessary to obtain small m2

2(QSUSY).

specific correlations between the soft terms contributing to the RGE running are required.
These correlations need to arise from the underlying model of SUSY breaking. We discuss
in detail which types of correlations are required in a supersymmetric model in order to
achieve SNC.

6.2 The concept of stable near-criticality

If the underlying model of SUSY breaking relates the soft terms among each other in a
way that near-criticality is a generic feature rather than a special case, this would provide
an explanation for the hierarchy between ΛEWSB and the scale of the soft terms MSB. We
dub this scenario stable near-criticality (SNC). SNC leads to a significant reduction in the
fine-tuning even in the presence of large stop masses. In this section we will discuss precisely
how we define SNC and which conditions that need to be satisfied by a MSSM model to
display SNC.

Near-criticality means that electroweak symmetry is radiatively broken at a scale close
to QSUSY, i.e. Qc ∼ QSUSY. As discussed in the previous Sec. 6.1, this usually requires a
fine-tuned cancellation between m̃2

hu and µ2 at the scale QSUSY.
To avoid this fine-tuning, ideally one would try to build a model that predicts such a

cancellation between m̃2
hu and µ2 at the scale Q = QSUSY. This would require an implemen-

tation of SUSY breaking mediation to the visible sector that constrains the m̃2
hu(M∗)-µ

2(M∗)
input parameter plane to precisely the line for which the low scale values m̃2

hu(QSUSY) and
µ2(QSUSY) cancel. However, it appears unlikely that any model can be constructed to dis-
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play this behavior. Achieving cancellation between m̃2
hu and µ2 at QSUSY requires a very

complicated connection between µ2 and m̃2
hu at the input scale M∗. The reason is that

the two terms RG evolve very differently due to their different symmetry structure: the
higgsino mass term µ by itself is compatible with unbroken supersymmetry while m̃2

hu is
not. Therefore, m̃2

hu(QSUSY) is subject to large RGE effects which depend on the sizes of
the other soft masses, while µ2(QSUSY) ≃ µ2(M∗) remains almost constant throughout scale
evolution and is independent from the soft mass spectrum.

The question arises whether correlations among other parameters exist that are useful
to achieve near-criticality and that can actually be realized through simple correlations at
the input scale. To address this question we define, analogously to Qc, the scale Qc∗ as
the scale where m̃2

hu changes sign. Since m̃2
hu is independent of the Higgsino mass term µ,

so is Qc∗ . Note that if Qc∗ ∼ QSUSY can be arranged, near-criticality merely requires µ2

to be of the order of ΛEWSB but not to be fine-tuned to any specific value. The setup is
illustrated in Fig. 6.2. Even more important is the observation that correlations leading to
Qc∗ ∼ QSUSY are straightforward to implement: Since the RG evolution is homogeneous in
the soft terms, the scale Qc∗ depends only onMPl and on the dimensionless ratios among the
soft masses but not on the overall size of the soft massesMSB. This observation is well-known
in the literature, and it is in fact at the core of the Focus Point mechanism [194, 208–211]
to reduce fine-tuning.

Our approach however differs from the Focus Point approach by the strict requirement
that Qc∗ ∼ QSUSY should be a truly robust feature of the SUSY model. Fine-tuning has
to be avoided with respect to all lagrangian parameters. This extends to the dimensionfull
model parameters, such as µ and the soft masses, as well as to the dimensionless ratios
between the soft masses or the SM gauge and Yukawa couplings. Specifically, we put
forward the following requirements for an SNC model:

(A) Fine-tuning with respect to the dimensionfull parameters is can be avoided if

(AI) at the input scale all soft masses are given in terms of a single SUSY breaking
parameter Λ

m̃2
i (M∗) = fi Λ

2 for i = q, uc, dc, l, ec, hu, hd

Ma(M∗) = fMa Λ for a = 1, 2, 3

AF (M∗) = fF Λ for F = t, b, l

where the ratios among the soft masses fi, fMa, fF are predicted by the mecha-
nism of SUSY breaking mediation to the visible sector and not free parameters

(AII) and

The ratios among the soft masses fi, fMa, fF are such that Qc∗ ≃ QSUSY.

Note that condition (AI) implies that the scale of SUSY breaking MSB is determined
by Λ alone, MSB ≡ Λ. This is a stricter requirement than the assumption that
that all the soft terms are of the same order of magnitude as e.g. in Eq. (5.8). The
requirements (AI) and (AII) resemble those leading to the Focus Point effect, however
we go beyond Focus Point scenario by strictly requiring that the dimensionsless ratios
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fi, fMa and fF should be predicted by the model itself and not be dependent on other
continuous parameters of the SUSY breaking mechanism.

(B) Fine-tuning with respect to the gauge and Yukawa couplings is also a concern, as was
first pointed out in Ref. [196]. Usually, these fine-tunings are not taken into account
when analyzing the naturalness of a specific SUSY model, as it is silently assumed
that they are subdominant to fine-tuning with respect to the parameters connected
to the SUSY breaking itself. If the latter tunings however can be held small, the
fine-tuning of the EWSB sector with regard to the gauge and Yukawa and can no
longer be ignored. Of particular importance here are the sensitivities w.r.t. the SM
couplings g3 and yt. The theory needs to be modified in a way that EWSB becomes
less fine-tuned with regard to the input values of these couplings.

In the following, we first consider requirement (A) in more detail and give two simple
explicit model examples in Sec. 6.3. In Sec. 6.4, a possible realization of condition (B)
will be discussed. Finally, in Sec. 6.6, we demonstrate the reduction of fine-tuning through
Stable near-criticality in a complete model implementation.

6.3 SNC in gauge mediated MSSM models

In the following we want to show that simple models can be built that exhibit the nec-
essary properties worked out in the previous section.

Requirement (A) implies that the underlying supersymmetric model may only have a
small number of model parameters. As discussed in Sec. 5.2.1, reducing the number of model
parameters is always necessary in SUSY models for reasons of flavor and CP conservation.
Further reducing the parameter space thus does not per se have to be an unreasonable
restriction, any such reduction however needs to be justified by the underlying model. Ad
hoc assumptions relating the soft masses, such as imposing universal scalar-squared soft
masses in the cMSSM (see Eq. (5.25)-(5.27)), are not valid for our purposes as they is no
justification of the correlation by the model of SUSY breaking itself.

We select the mechanism of gauge mediation to break supersymmetry in our setup. This
choice has two reasons. First, in addition to elegantly solving the SUSY flavor problem,
GMSB is a quite predictive scenario since the soft terms are a direct consequence of the
gauge quantum numbers of the messenger fields. Second, the messenger scale Mm can be
substantially lower than MGUT, which turns out to be key to suppress fine-tuning with
respect to g3 and yt in our mechanism.

Achieving m̃2
hu(QSUSY) ≃ 0 in the context of models of gauge mediated SUSY breaking

has first been discussed, in the terminology of the Focus Point approach in Ref. [212]. The
simplest and most restricted model with GMSB is minimal gauge mediation (mGMSB). We
proceed to demonstrate that the mGMSB can be modified to achieve SNC.

In minimal gauge mediation (mGMSB), supersymmetry is broken by a single gauge
singlet spurion field X acquiring a vacuum expectation value X → 〈X〉 =M + θθF . SUSY
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breaking is then communicated to the MSSM via gauge interactions with messengers in a
complete SU(5) multiplet 5⊕ 5̄ = L, L̄,D, D̄ coupling to the SUSY breaking spurion X as
described by the superpotential

WSB = λLXLL̄+ λDXDD̄. (6.1)

Usually λL = λD is implied in order to make this superpotential explicitly SU(5)-invariant.
Irregardless, the size of the MSSM soft masses only depends on the parameter

Λ =
λL,DF

λL,DM
=

F

M
(6.2)

because the λi drop out in the ratio. The input scale M∗ is defined as the scale where
the messengers are integrated out, M∗ = Mm = λL,DM . At this scale, the soft masses
generated are given by

m̃2
i (Mm) = 2

Λ2

(4π)2

∑

a

ciaα
2
a(Mm) (6.3a)

Ma(Mm) =
Λ

4π
αa(Mm) (6.3b)

Aa(Mm) = 0 (6.3c)

where cia denote the quadratic Casimir invariants of the respective scalar.2

From the above expressions, it is obvious that the model of minimal gauge mediation
satisfies the requirement (AI) which requires all soft terms to originate from a single scale.
However mGMSB does not exhibit a cancellation in the running of m̃2

hu, i.e. condition (AII)
is not fulfilled. In order to actually achieve this cancellation and hence small values of
m̃2

hu(QSUSY), we have to change minimal gauge mediation in a way that condition (AII)
can be satisfied without forfeiting condition (AI). In particular, we do not introduce new
continuous parameters which affect the relative sizes of the soft masses.

In [212], various modifications of mGMSB to fulfill (AII) are discussed. However the
author focused on models in which the gaugino masses are negligible compared to the soft
scalar mass terms. This assumption traces back to the original formulation of the Focus

Point. As the RG equations become very simple in the case when gaugino masses can be
neglected, the cancellation in the running of m̃2

hu can be demonstrated semi-analytically.
Subleading gaugino masses are however not strictly necessary. The crucial requirement
is that the gaugino masses do not introduce a new independent scale, as made mani-
fest in condition (AI). In fact, in light of new LHC bounds on the gluino mass limiting
mg̃ & 1TeV, small gaugino masses are not phenomenologically viable. In the presence of
non-negligible gaugino masses, the requirements on the dimensionless ratios of soft mass as
specified in (AII) are quite different from what is discussed in [212].

2In our convention, the quadratic Casimir invariants of a particle i in the fundamental representation of
SU(N) are ci,N = (N2

− 1)/(2N). The Casimir invariant corresponding to the U(1)Y charge of the particle
i is ci,1 = 3/5Y 2

i in the hypercharge normalization where the Hu has Y = 1/2.
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In the following we introduce two MSSM models which fulfill conditions (AI) and (AII),
and are almost as minimal as the mGMSB model. In fact, these models have the same set
of fundamental continuous parameters determining the spectrum generated at Mm, namely
{ai} = {Λ, µ, b,Mm}. For a quantitative analysis, we implement our models into softsusy

[162]. The softsusy program calculates the resulting low scale MSSM spectrum from
the high scale input, taking into account threshold and higher-loop effects. Conveniently,
softsusy also provides an option to calculate the fine-tuning. We use this feature to
explicitly show the reduction of fine-tuning in the exemplary models compared to models
with mGMSB.

6.3.1 Model I: messengers in incomplete GUT multiplets

One simple modification of mGMSB that can satisfy both conditions (AI) and (AII) is
to allow for multiple gauge messengers in incomplete GUT multiplets. Examples for such
models can be found e.g. in [213]. Note that this implies giving up on (apparent) gauge
unification.

In our setup, we allow arbitrary combinations of messengers fields Φi and Φ̄i with dif-
ferent gauge quantum numbers. However we will require that different Φi carry different
gauge charges, or alternatively introduce new messenger quantum numbers such as an ex-
plicit messenger parity [214], to forbid mixing terms among the messengers. This ensures
that the superpotential connecting the messengers and the SUSY breaking spurion X is
diagonal:

WSB = X
∑

i

λiΦiΦ̄i. (6.4)

Diagonality is a crucial requirement of models containing several gauge messengers, since
otherwise hypercharge D-terms can large induce scalar mass contributions at the one-loop
level that would lead to tachyonic superparticle masses. For our purpose a further important
fact is that diagonality, together with the restriction to a single SUSY breaking spurion X,
implies that the precise values of the couplings λi are irrelevant for the size of soft masses.
This is easily verified by checking that these couplings cancel out in the ratio

Λ =
λiF

λiM

which determines the size of the soft MSSM terms, c.f. Eq. (6.1) and Eq. (6.2). Hence, no
new continuous parameter affecting the soft mass spectrum are introduced. 3

With messengers in incomplete GUT multiplets, the soft masses depend on the Dynkin-
invariants ni,a corresponding to the gauge quantum numbers of the messengers Φi. Defining

N3 =
∑

i

ni,3 N2 =
∑

i

ni,2 N1 =
∑

i

ni,1, (6.5)

3There is one caveat though: The spectrum does depend on the scale where the soft terms are generated
and different λi in principle do translate into i different messenger scales Mm,i = λiM . However, since the
dependence is only logarithmic, it is valid to work with just one common messenger scale Mm as long as the
λi do not exhibit a rather extreme hierarchy.
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Table 6.1: Potential messenger particles in simple SU(5) multiplets, with their respective
gauge quantum number and corresponding Dynkin-invariants.

SU(5) SU(3)C ⊗ SU(2)L ⊗U(1)Y n3 n2 n1

5
D=(3, 1)−1/3 1 0 2/5

L=(1, 2)1/2 0 1 3/5

10
U=(3, 1)−2/3 1 0 8/5

Q=(3, 2)1/6 2 3 1/5

E=(1, 1)1 0 0 6/5

15
S=(6, 1)−2/3 5 0 16/5

Q=(3, 2)1/6 2 3 1/5

T=(1, 3)1 0 4 18/5

24
X=(3, 2)5/6 2 3 5

V=(1, 3)0 0 2 0
G=(8, 1)0 3 0 0

Table 6.2: Benchmark choices for models with a single SUSY breaking spurion X and
gauge messengers in incomplete GUT multiplets that fulfill requirement (A) of SNC. The
choice of gauge messengers corresponding to a triple {N1, N2, N3} is not necessarily unique.

Name N1 N2 N3 Messengers

model I (a) 1.4 5 2 Q,V,E
model I (b) 10.2 7 3 U,T,X
model I (c) 10.4 12 5 U, Q, T, X, V

the soft masses generated at the scale Mm read

m̃2
i (Mm) = 2

Λ2

(4π)2

3∑

a=1

ciaNaα
2
a(Mm) (6.6a)

Ma(Mm) =
Λ

(4π)
Naαa(Mm) (6.6b)

AF (Mm) = 0 (6.6c)

We have listed possible messengers from simple SU(5) multiplets and their respective
Dynkin-invariants in Table 6.1. The discussed models with messengers in incomplete GUT
multiplets are almost as simple as minimal gauge mediation. In fact, the mGMSB corre-
sponds to the special case of N1 = N2 = N3 = 1. The only additional degrees of freedom
affecting the spectrum are the discrete parameters of N1, N2 and N3.

Therefore, the first requirement (AI) that all the soft mass terms are given by a single
scale Λ, is fulfilled. Specifically, the m̃2

hu(Q) can be factored into Λ2 and a function of
dimensionless parameters fN1,N2,N3 :

m̃2
hu(Q) =

Λ2

(4π)2
· fN1,N2,N3 [yt, αa](lnQ/Mm), (6.7)
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Figure 6.3: Contours in the (Mm,Λ)-plane for fixed tan β = 30 and negative sgn(µ) to
characterize the benchmark model I (b) with {N1, N2, N3} = {10.2, 7, 3}. Left: Contours
of mh (red) and the fine-tuning max(|cµ|, |cΛ|) (black-dashed). The thick black-dashed line
connects points with optimal Mm (minimal fine-tuning) for a given Λ. Right: Contours of
the lightest stop mass mt̃1

(blue), the gluino mass mg̃ (orange-dashed) and the fine-tuning
(black-dashed). The green shaded areas are excluded because electroweak symmetry is
unbroken. The grey shaded areas cannot be evaluated because softsusy fails to converge.

where

fN1,N2,N3 [yt, αa](0) = 2

(
3

4
N2α

2
2(Mm) +

3

20
N1α

2
1(Mm)

)

. (6.8)

Condition (AII) is fulfilled if a triple {N1, N2, N3} can be found such that m̃2
hu(QSUSY)

is driven to zero in the RG running, i.e.

fN1,N2,N3 [yt, αa](lnQSUSY/Mm) ≃ 0. (6.9)

Obviously, there exist many different possible messenger combinations and corresponding
triples {N1, N2, N3}. In order to find combinations that lead to m̃2

hu(QSUSY) ≃ 0, we identify
the soft masses that contribute negatively (m̃2

q3, m̃
2
u3, M

2
3 ) and positively (m̃2

hu, M
2
2 , M

2
1 )

to the running of m̃2
hu.

With the help of (6.6), we can infer how different choices for N1, N2 and N3 qualitatively
affect fN1,N2,N3 . Keep in mind that, because the messenger scale Mm is lower than MGUT,
the gauge couplings obey the hierarchy α2

3(Mm) > α2
2(Mm) > α2

1(Mm). The squark masses
at the messenger scale are thus dominated by effects proportional to N3α

2
3. It becomes

clear that increasing N3 lowers fN1,N2,N3(lnQSUSY/Mm), while increasing N1 and N2 has
the opposite effect. The influence of N1 is generally quite weak.

76



 0

 200

 400

 600

 800

 1000

 1200

 1400

 114  116  118  120  122  124

m
ax

 (
|c

µ|
, |

c Λ
|)

mh [GeV]

[ tan β=30, sgn(µ)=-1 ]

model I (a)

model I (b)

model I (c)

mGMSB

Figure 6.4: Contrasting fine-tuning as function of mh in the mGMSB and the SNC
models I (a)-(c) listed in Table 6.2 with messengers in incomplete GUT multiplets. For
each input parameter value Λ, the value of Mm is optimized within a range of Mm ∈
[106.5, 1014] GeV in order to minimize fine-tuning. Clearly, fine-tuning with respect to the
fundamental parameters µ and Λ is reduced significantly in the models I (a)-(c) compared
to mGMSB through SNC effects.

These rough arguments can be refined and made more quantitative by an analysis similar
to the one performed in [212] (which however does not yet take into account the gaugino
contributions).

Without going into a prolonged discussion of the details of assessing which messenger
combinations reduce fN1,N2,N3(lnQSUSY/Mm) most effectively, it is plausible that there
is enough freedom in choosing N1, N2 and N3 to find combinations that realize require-
ment (A) for stable near-criticality. In Table 6.2 we provide three examples of combinations
of {N1, N2, N3} that exhibit SNC.

We have implemented these models into the softsusy software in order to calculate the
resulting spectra in a reliable way. As announced before these models, defined by Eq. (6.6),
have new discrete parameters N1, N2, N3, but the same continous parameter space spanned
by {ai} = {Λ, µ, b,Mm} as mGMSB. In the practical spectrum calculation, b is traded for
tan β and |µ| is obtained by requiring mZ = 91.2GeV. For each model and various choices
of tan β and sgn(µ), we performed scans in the (Λ,Mm)-plane.

The fine-tuning is also calculated in softsusy following to the usual prescription defined
in [193,195]. In this prescription, fine-tuning is calculated by first evaluating the coefficients
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cai and then taking the maximum of the absolute values:

cai =
∂ lnm2

Z

∂ ln ai(Mm)
for {ai} = {Λ, µ, b,Mm}

∆ ≡ max(|cai |) (6.10)

For any given value of ∆, the model under consideration is then said to be fine-tuned to a
degree of 1:∆.

In practice, the absolute values of the fine-tuning coefficients cΛ and cµ exceed those of
cB , cMm by far.

In Fig. 6.3, we show the results of the softsusy scan for model I (b), with tan β = 30
and negative sgn(µ). Observe that mh ∼ 125GeV is compatible with fine-tuning of less
than ∆ = max(|cµ|, |cΛ|) < 400. In the right panel of Fig. 6.3, the contours of the lighter
stop mass mt̃1

and the gluino mass mg̃ for the same scan are shown. We again display
the contours of fine-tuning, so as to show that stop masses of up to mt̃1

∼ 5TeV can be
compatible with fine-tuning of ∆ < 400 which is an excellently low value given the general
sitatuon of naturalness in supersymmetry.

To illustrate the reduction of fine-tuning in the models I (a)-(c) as compared to mGMSB,
in Fig. 6.4 we show for each model a function minimal fine-tuning versus mh mass for mh

ranging from the LEP bound of mh > 114.4GeV up to the actual Higgs mass value of
mh ∼ 125GeV. In determining the fine-tuning values depicted in Fig. 6.4, we optimized
Mm for each input parameter value Λ within a range Mm ∈ [106.5, 1014] GeV. This corre-
sponds to moving across the (Λ,Mm)-plane along the line of minimal fine-tuning for each
given Λ. For the example of model I (b), this line is shown (thick black-dashed) in Fig. 6.3.
The models I (a)-(c) exhibit significantly reduced fine-tuning as compared to the mGMSB.

While successfully reducing fine-tuning, these simple models with messengers in in-
complete GUT multiplets do not exhibit gauge coupling unification since by definition
N1 = N2 = N3 is not satisfied. While it is always possible to force the gauge couplings
to unify by adding so-called unifons (new particles that serve the sole purpose of changing
the RGE evolution of the gauge couplings), this appears to be a very artificial approach to
preserve unification.

6.3.2 Model II: SUSY breaking spurion in the adjoint representation

We introduce another model that displays SNC and in addition explicitly preserves
unification. In this setup, inspired by a model introduced in the appendix of [215], the
SUSY breaking spurion X is chosen to be the SU(3)×SU(2)L×SU(1)Y singlet component
of the SU(5) adjoint rather than a SU(5) singlet. SUSY breaking does not lead to breaking
of the SM gauge group if only the singlet component of the 24 adjoint representation
acquires a SUSY-breaking VEV. For models with X in other non-trivial representations of
SU(5), see e.g. [216]. The messengers are assumed to form a complete 5+ 5̄ = L,D, L̄, D̄
multiplets. The superpotential giving rise to SUSY-breaking is

WSB = X[λLLL̄+ λDDD̄] + λsS[LL̄+DD̄]. (6.11)
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Figure 6.5: Contours in the (Mm,Λ)-plane for fixed tan β = 30 and sgn(µ) = −1 to
characterize the model II. Left: Contours of mh (red) and the fine-tuning max(|cµ|, |cΛ|)
(black-dashed). Right: Contours of the lightest stop mass mt̃1

(blue), the gluino mass mg̃

(orange-dashed) and the fine-tuning (black-dashed). The green shaded areas are excluded
because electroweak symmetry is unbroken. The grey shaded areas cannot be evaluated
because softsusy does not converge.

The Yukawa couplings of the messengers to X are SU(5)-invariant, but not SU(5) singlets.
Instead, SU(5) invariance requires 3λD = −2λL.

While model I with messengers in incomplete SU(5) multiplets relied on the fact that
SUSY breaking and messenger mass originated from the θθ and scalar component VEV of
a single spurion X, in this model we assume that the messengers obtain their dominant
mass contribution from a singlet spurion field S that acquires a scalar VEV 〈S〉 but does
not break supersymmetry.

The soft masses generated at the messenger scale Mm = λs〈S〉 in this setup are:

m̃2
i (Mm) = 2

Λ2

(4π)2

[

ci3 α
2
3(Mm) +

9

4
ci,2 α

2
2(Mm) +

7

4
ci1 α

2
1(Mm)

]

(6.12a)

M3(Mm) =
Λ

4π
α3(Mm) (6.12b)

|M2(Mm)| =
3

2

Λ

4π
α2(Mm) (6.12c)

|M1(Mm)| =
1

2

Λ

4π
α1(Mm) (6.12d)

AF (Mm) = 0 (6.12e)

Here we defined Λ = λDFx

λs〈S〉
. Again, ci,a are the quadratic Casimir invariants corresponding

to the gauge representations of the particles i. Note that the spectrum generated in this
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Figure 6.6: Contrasting fine-tuning as a function of mh in the mGMSB with SNC
model II. For each input parameter value Λ, the value of Mm is optimized within a range
of Mm ∈ [106.5, 1014] GeV to minimize fine-tuning. Clearly, fine-tuning with respect to the
fundamental parameters µ and Λ is reduced significantly by SNC effects as compared to
the mGMSB.

model depends on the same fundamental parameters as the mGMSB.
This model clearly satisfies condition (AI), and since the ratios among the individual soft

masses are modified as compared to mGMSB, it can potentially also satisfy condition (AII).
To numerically check whether condition (AII) is in fact fulfilled, we again perform scans
over the input (Mm,Λ)-plane using the program softsusy.

In Fig. 6.5, we show the results of one exemplary scan for which we set chose tan β = 30
and sgn(µ) = −1. Observe that the Higgs mass value of mh ∼ 125GeV is compatible with
fine-tuning of ∆ = max(|cµ|, |cΛ|) < 700. In the right panel of Fig. 6.5, the contours of the
lighter stop mass mt̃1

and the gluino mass mg̃ for the same scan are shown. We again
display the contours of fine-tuning, and find that stop masses of up to mt̃1

∼ 5TeV can be
compatible with fine-tuning of less than 1:700.

To directly show the reduction of fine-tuning in model II as compared to mGMSB, in
Fig. 6.6 we show the line of minimal fine-tuning versus the Higgs massmh. Again, the points
shown correspond to moving across the (Λ,Mm)-plane along the line of minimal fine-tuning
for each given Λ. The fine-tuning is reduced significantly as compared to the mGMSB,
although slightly less so than in the models I (a)-(c) with messengers in incomplete GUT
multiplets which were shown in Fig. 6.4.
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6.4 Stabilizing near-criticality with respect to gauge and

Yukawa couplings
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Figure 6.7: Fine-tuning with respect to the top Yukawa coupling, characterized by the
fine-tuning coefficients cyt for the models I (a), (b), (c), model II and the mGMSB for
comparison. The points lie on the respective lines of minimal max(|cµ|, |cΛ|) fine-tuning in
the (Λ,Mm)-plane.

So far, we have not considered fine-tuning with respect to to the dimensionless couplings.
These are almost never taken into account throughout the literature on fine-tuning in SUSY
models. This omission appears to be based on the implicit assumption that these effects are
subleading or at most comparable to the other fine-tuning coefficients, but is not justified
by any physical principle.

In fact, by arguing that fine-tuning with respect to the top Yukawa coupling ought to
be considered in a complete analysis, the authors of [196] dispute the validity of the central
claim of the Focus Point literature [194, 208–210, 212], namely that heavy stops can be
natural. By that same argument the naturalness of the SNC models I and II is doubtful at
best, unless we show that large fine-tuning coefficients with respect to yt can be avoided.
Hence it is imperative to demonstrate that this problem can be solved.

To assess the severity of this issue, we modify softsusy to automatically determine the
fine-tuning coefficients cg3 and cyt . We define these coefficients, in analogy to the other
fine-tuning coefficients Eq. (6.10), as

cga ≡ ∂ lnm2
Z

∂ ln ga(Mm)
cyt ≡

∂ lnm2
Z

∂ ln yt(Mm)
. (6.13)
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Figure 6.8: Fine-tuning with respect to g3, characterized by the fine-tuning coefficients cg3
for the models I (a), (b), (c), model II and the mGMSB for comparison. The points lie on
the respective lines of minimal max(|cµ|, |cΛ|) fine-tuning in the (Λ,Mm)-plane.

In Fig. 6.7, a plot of cyt for the SNC models I (a)-(c) and model II is shown. The
selected points are the same as those in Fig. 6.4 and Fig. 6.6, i.e. lie on line of minimal
∆ = max(|cµ|, |cΛ|) fine-tuning in the (Λ,Mm)-plane. While cµ and cΛ are reduced signifi-
cantly in the SNC models as compared to mGMSB, the fine-tuning coefficient cyt is large,
of order O(1000), and of comparable size in all models including the mGMSB.

In Fig. 6.8, we present the cg3 dependence. The g3 sensitivity is also unacceptably large,
and even stronger in the SNC models than in the mGMSB. This is in particular true for
the SNC models of type I, where effects proportional to α3M

2
3 contribute strongly to the

cancellation in the running of m̃2
hu. We also quantified the fine-tuning coefficients cg2 and

cg1 , but found them to be orders of magnitude smaller than cg3 and hence not of immediate
concern.

Considering the size of the fine-tuning coefficients cg3 and cyt it is clear that without a
mechanism to suppress these fine-tunings, the SNC models do not offer a convincing solu-
tion to the problematic issues of SUSY fine-tuning.

Having assessed the impact of the problem, we want to pause to elaborate on the dis-
cussion of why the fine-tuning evaluation should include cg3 and cyt at all.

One argument given against considering the fine-tuning with respect to the gauge and
Yukawa couplings is that, since the objective is to quantify naturalness of the supersym-
metric solution to the hierarchy problem, only the parameters connected to SUSY breaking
should be included into the naturalness solution [209]. In our opinion, however, it is more
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appropriate to think of the naturalness of the MSSM lagrangian in its entirety, instead of
categorizing different types of fine-tuning and addressing only some but not others. An-
other argument is that yt can be fixed by a separate new flavor sector [194] and its analysis
should be put on hold in the hope that this theory of flavor flat-out predicts the correct
value of the top Yukawa coupling. However even if this were to be the case, the problem
with fine-tuning with respect to g3 would still remain.

If the fine-tuning coefficients cg3 and cyt are to be included in the fine-tuning evaluation,
what are mechanisms that could dampen their impact?

Until now, we have taken the messenger scale Mm to play the rôle of the fundamental
scale M∗ where all the parameters of the model are defined. However, this does not neces-
sarily need to be the appropriate fundamental scale for the dimensionless couplings. There
could be a more fundamental scale above Mm. The obvious candidate for such a more
fundamental scale is the gauge coupling unification scale MGUT. It appears to be more
appropriate to quantify fine-tuning by determining the sensitivity coefficients with respect
to the input parameters at the GUT scale MGUT rather than at the messenger scale Mm.

Effectively, this means that the fine-tuning coefficients cai as defined in Eq. (6.13) have
to be replaced by coefficients c̃ai defined as

c̃ai =
∂ lnm2

z

∂ ln ai(MGUT)
=
∑

j

∂ lnm2
z

∂ ln aj(Mm)

∂ ln aj(Mm)

∂ ln ai(MGUT)
︸ ︷︷ ︸

≡r[j,i]

=
∑

j

caj · r[j,i] (6.14)

where ai are the fundamental parameters of the model including gauge and Yukawa cou-
plings, and the reweighting factors r[j,i] provide the mapping between the fine-tuning coeffi-
cients cai and c̃ai , defined at the messenger scaleMm and the GUT scaleMGUT, respectively.

Specifically, just considering the leading 1-loop level relations among the gauge and
Yukawa couplings, expressions Eq. (6.14) imply

c̃gU = cg3 · r[g3,gU ] + cg2 · r[g2,gU ] + cg2 · r[g2,gu] + cyt · r[yt,gU ] (6.15)

c̃yt = cyt · r[yt,yt] (6.16)

where gU is the unified coupling at the GUT scale

gU ≡ g3(MGUT) = g2(MGUT) = g1(MGUT).

If the relevant reweighting factors r[i,j] are small, the coefficients c̃yt and c̃gU can be
significantly lower than the coefficients cyt and cg3 shown in Fig. 6.7 and Fig. 6.8. We spend
the next two subsections discussing how the running of the gauge and Yukawa couplings
between Mm and MGUT gives rise to these small reweighting factors.

Of course, changing from the cai basis into the c̃ai basis is only justified if the under-
lying model is explicitly compatible with grand unification. This means, our approach is
applicable to model II, but not to the models I (a)-(c).
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6.4.1 Achieving small reweighting factors r[ga,gU ]

In gauge mediated SUSY breaking, the messenger particles modify the RGE running
above the messenger threshold Mm. If the messengers form complete SU(5) multiplets with
universal quadratic Casimir invariants N1 = N2 = N3 = N as in model II, then the running
of all three gauge couplings is modified uniformly and unification still takes places atMGUT.
The unified coupling αU,N larger than the usual MSSM unified coupling αU ≡ αU,0 ≃ 1/24
due to the presence of the messenger fields above Mm. At 1-loop level αU,N is given by

α−1
U,N = α−1

U,0 −
N

2π
ln

(
MGUT

Mm

)

. (6.17)

The relation between the gauge couplings αa(Mm) at the messenger scale and αU,N is

α−1
a (Mm) = α−1

U,N +
ba +N

2π
ln

(
MGUT

Mm

)

. (6.18)

From that relation, we obtain

r[ga,gU ] ≡
∂ ln ga(Mm)

∂ ln ga(MGUT)
=
αa(Mm)

αU,N
(6.19)

Small values of r[ga,gU ] are obtained if the unified coupling αU,N is larger than αa(Mm).
This can always be arranged by adding more particles in complete SU(5) multiplets at the
messenger scale. Concretely, we extend the superpotential of model II, given by (6.11), to

WSB = X[λLLL̄+ λDDD̄] + λsS[LL̄+DD̄] + S

Nk∑

k

λρkρkρ̄k (6.20)

Because the new fields ρk do not couple to the SUSY breaking spurion X, they do not act
as messengers and do not contribute to the soft masses given by (6.12a). If the ρk particles
form complete SU(5) multiplets, unification is preserved. Consider for example ρk being in
the fundamental 5 representation,

ρk = (ρLk , ρ
D
k ) with ρLk ∼ (1, 2)1/2 and ρDk ∼ (3, 1)−1/3 . (6.21)

Then the Nk generations of new particles ρk, ρ̄k contribute to the running of the gauge
couplings according to Eq. (6.17), where N is the sum of Nk and the messenger contribution
Nm = 1.

The unified coupling strength αU,N (with N = Nk+Nm) can thus be increased at will by
raising Nk, and therefore the reweighting coefficients r[ga,gU ] can be made small according
to Eq. (6.19).

The only limitation on the maximally achievable suppression of the reweighting factors
stems from the requirement to ensure perturbativity up to MGUT. Namely αU,N should
not exceed αU,N ≤ 1. According to Eq. (6.19), this translates into a lower bound on r[g3,gU ]

given by the value of α3(Mm) itself. This bound is not so strong as to prevent sufficient
suppression of cg3 however. Even for messenger scales as low as Mm = 106 GeV, the lower
bound is smaller than ≃ 0.075 and thus leaves enough room for sufficiently small r[g3,gU ].
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6.4.2 Achieving small reweighting factors r[yt,i]

A similar approach can be used to generate small reweighting factors r[yt,i] where i is a
placeholder for the couplings yt, gU as well as any new Yukawa couplings contributing to
the RGE evolution of yt above the messenger scale Mm. In analogy to the way we achieve
small reweighting factors r[g3,gU ], the factors r[yt,j] such as for example

r[yt,yt] =
∂ ln(Mm)

∂ ln yt(MGUT)

can be suppressed by altering running of yt above Mm. For that purpose, we can use the
same additional fields ρk, ρ̄k introduced previously to modify the gauge coupling running.

Any Yukawa coupling involving the new fields ρk, ρ̄k and at least one of the MSSM fields
hu, q or uc will affect the RG evolution of yt.

If we choose for example ρk to be in the fundamental representation of SU(5), c.f. Eq. (6.21),
the following Yukawa terms can be added to the superpotential (6.20) of the extended
model II:

yAk ρ
D
k u

cec yBk ρ̄
D
k hdq yCk ρ

L
k qu

c yDk ρ̄
L
k qd

c yEk ρ̄
L
k le

c (6.22)

Any of these new Yukawa couplings yik with i = {A,B,C,D,E} contributes positively to the
β-function of yt and vice versa. This is encouraging since we already found that raising the
value of ga(Mm) leads to small r[ga,gU ]. We might hope that raising the value of yt(MGUT)
similarly leads to reduced reweighting factors r[yt,j]. The fact that we have new, otherwise
unconstrained couplings at our disposal can only be helpful for this task.

At this point, we want to emphasize that none of the new Yukawa couplings in Eq. (6.22)
affect the MSSM spectrum below Mm. Hence, the new fine-tuning coefficients c̃yik

corre-

sponding to these additional Yukawa couplings stem from the influence of yik on the value
of yt(Mm) and are proportional to cyt :

c̃yik
= cytr[yt,yik]

(6.23)

The coupled β-functions describing the RG evolution of the Yukawa couplings are too
complicated to be solved and analyzed on in a closed form, but can easily be implemented
and solved numerically, provided the values of yt(Mm) and ga(Mm) as boundary condition.
We will discuss a specific example in Sec. 6.6, and we will explicitly demonstrate that
r[yt,yt], r[yt,gU ] and r[yt,yAk ] can easily be smaller than 0.1, sufficient to suppress the fine-

tuning coefficients c̃gU , c̃yt and c̃yik
(compare to Eqs. (6.15), (6.16) and (6.23)).

6.5 A Solution to the µ-Bµ Problem in gauge mediation

compatible with SNC

Now we introduce a final aspect which is relevant to building a fully valid model of SNC.
So far, we have only emphasized the advantages of adopting gauge mediation instead of

gravity mediation for building models with reduced fine-tuning via the SNC principle. Be-
sides the customary motivation that gauge mediation explains why SUSY breaking does not
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lead to flavor violation beyond the amount that is already contained within the SM Yukawa
couplings, in the context of SNC there are additional useful properties of gauge mediation.
In particular, gauge mediation predicts strongly correlated soft terms and simple models
exist that plausibly relate all soft masses to one single scale Λ. Further, gauge mediation
not only allows for unification, thus justifying substituting Mm but MGUT as fundamental
input scale for the dimensionless couplings, but also offers enough room between MGUT and
Mm to mitigate the sensitivity to gauge couplings ga and the top Yukawa coupling yt.

Gauge mediated models of supersymmetry however face difficulties to generate appro-
priate values for the higgsino mass µ and the Higgs mass mixing term called b which is also
interchangeably denoted by Bµ. To be more specific, while Bµ ∼ µ2 is required for a viable
MSSM Higgs sector, in models of gauge mediation typically a B term is generated which is
two orders of magnitude too large [151]. This issue is widely known as the µ-Bµ problem of
gauge mediation. Without a mechanism to generate a suitable µ and Bµ terms, no model
of gauge mediated SUSY breaking can be considered complete.

The issue becomes particularly pressing in the context of SNC: Since we rely on robust
correlations among the soft terms at the input scale, we require a mechanism that not only
generates suitable µ and Bµ terms, but also does not generate new contributions to m̃2

hu

that could potentially alter these correlations.

Therefore, we want to demonstrate explicitly that at least one solution the to µ-Bµ
problem compatible with SNC correlations exists. The mechanism we will use to generate
appropriate µ and Bµ terms solution has been introduced in [217] and will be discussed
shortly in the remainder of this section.

In [217], the following superpotential is introduced:

WSB = N

(

λhuhd +
λ1
2
S2 −M2

S

)

+ ξSΦ̄1Φ2 +X(Φ̄1Φ1 + Φ̄2Φ2) (6.24)

Supersymmetry breaking originates as usual from a SUSY breaking spurion X → 〈X〉 =
Mm(1+θθΛ). This superpotential has the most general form compatible with the following
symmetry assignments

X Φ1 Φ̄1 Φ2 Φ̄2 N S

U(1)X symmetry 1 1 0 0 -1 0 0
R symmetry 0 1 1 1 1 2 0

Z2 parity + - - + + + -

(6.25)

Imposing the Z2 symmetry is optional: it only serves to forbid bilinear terms NS and
Φ̄1Φ2, which are inconsequential for the mechanism. Since huhd does not carry R-charge,
a bare superpotential µ-term is forbidden. In the Kähler potential, the appearance of huhd
is not constrained and thus µ will be generated once supersymmetry is broken. Using the
technique of analytic continuation into superspace [218, 219], the scalar potential obtained
after integrating out the messengers is calculated. The interaction ξSΦ̄1Φ2 leads to a
potential for S below the messenger scale that reads:

Vsoft = m̃2
S |S|2 + (ASλ1NS

2 + h.c) (6.26)

(6.27)
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with the the soft terms

m̃2
S(Mm) =

Λ2

(4π)2
αξ(Mm) (35αξ(Mm)− 16α3(Mm)− 6α2(Mm)− 2α1(Mm)) (6.28)

As(Mm) = −5
Λ

4π
αxi(Mm) (6.29)

In the above expressions we used αξ = ξ2/(4π). This potential leads to vacuum expectation
values for N and S. The dynamic N and S fields then obtain masses of the order of
〈S〉 ∼ MS/λ1, which can easily be of the order of the messenger scale. Hence, this model
has precisely the MSSM particle spectrum below Mm. The µ and Bµ terms are obtained
from the scalar and F-term component of the VEV of N . In terms of the lagrangian
parameters, the µ and B terms generated at the scale Mm read:

µ(Mm) = − λ

λ1
A†

S =
5λαξ(Mm)

λ1

(
Λ†

4π

)

(6.30)

B(Mm) =
m̃2

S − |AS |2

A†
S

=

(
Λ

4π

)(
16

5
α3(Mm) +

6

5
α2(Mm) +

2

5
α1(Mm)− 2αξ(Mm)

)

(6.31)

This mechanism presented in [217] does not lead to any new contributions to m̃2
hu, m̃

2
hd

or to A-terms. This is a feature crucial for SNC models as it ensures that the solution to
the µ-Bµ problem is not in conflict with requirement (A) for SNC as specified in Sec. 6.3.

6.6 Proof of principle: A complete MSSM model with

stable near-criticality

Now we are ready to describe one exemplary complete model implementation that com-
bines all the features necessary for a successful SNC model discussed so far: fine-tuning with
respect to the soft SUSY-breaking parameters can be reduced via SNC correlations as de-
scribed in Sec. 6.3. Moreover, to avoid excessive fine-tuning with respect to the Yukawa and
gauge couplings, we invoke the GUT scale as fundamental scale for the gauge and Yukawa
couplings and modify the RG evolution of the SM couplings between Mm and MGUT as
described in Sec. 6.4. Finally a convincing mechanism, similar to the one presented in the
previous section Sec. 6.5, for generating µ and Bµ terms while not altering the SNC features
will be embedded in the model.

6.6.1 Superpotential

We specify the superpotential of our complete model of SNC as

WSB =X[λL(L1L̄1 + L2L̄2) + λD(D1D̄1 +D2D̄2)] + λsSM [(L1L̄1 + L2L̄2 +D1D̄1 +D2D̄2)]

+N(λhuhd +
λ1
2
S2 −M2

S) + ξLSL̄1L2 + ξDSD̄1D2 (6.32)

+

Nk∑

k

λρ,kSMρ[(ρ
L
k ρ̄

L
k + ρDk ρ̄

D
k ] + ykρ̄

D
k hdq
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Eq. (6.32) is the most general superpotential consistent with a simultaneous exchange sym-
metry

L1 ↔ L̄2 and L2 ↔ L̄1

D1 ↔ D̄2 and D2 ↔ D̄1
(6.33)

as well as an assignment of U(1)X , R and optionally Z2 charges similar to those in (6.25):

X SM

(
L1

D1

) (
L̄1

D̄1

) (
L2

D2

) (
L̄2

D̄2

)

N S SMρ

(
ρLk
ρDk

) (
ρ̄Lk
ρ̄Dk

)

U(1)X 1 1 -1 0 0 -1 0 0 -1 1 0
R 0 0 1 1 1 1 2 0 0 1 1
Z2 + + - - + + + - + + +

(6.34)

X, SM and Smρ are spurion fields. X → θθF breaks supersymmetry, while 〈SM 〉 and
〈SMρ〉 provide mass terms for the messengers L1,2, L̄1,2, D1,2, and D̄1,2 and the additional
fields ρk, respectively. The ρk fields are in the fundamental representation 5 of SU(5), c.f.
Eq. (6.21). SU(5) is broken only by the Yukawa interactions ξL, ξD and yρ, and hence the
approximate gauge unification of the MSSM is preserved.

Since an explicit R symmetry is introduced to justify the form of the superpoten-
tial (6.32), this same R symmetry can be used to forbid dangerous MSSM interactions,
such as llec or ucdcdc, that violate baryon or lepton number. These terms are usually for-
bidden by imposing an R-parity. Assigning R-charge = 1 to the MSSM superfields q, uc,
dc, l, ec and R-charge = 0 to hu and hd fulfills the same purpose. With these assignments,
no new Yukawa couplings other than the interaction ykρ̄

D
k hdq are allowed.

The first line of the superpotential (6.32) is a generalization of the superpotential (6.11)
of model II to contain two messengers. Again, we assume X to be the singlet of the
adjoint representation 24 of SU(5) and hence λL = −3/2λD . Defining Mm = λS〈SM 〉 and
Λ = λDF/Mm, the following soft masses, very similar to the terms in model II defined in
Sec. 6.3.2, are generated at the messenger scale:

m̃2
i (Mm) = 4

Λ2

(4π)2

[

ci3α
2
3(Mm) +

9

4
ci2α

2
2(Mm) +

7

4
ci1α

2
1(Mm)

]

(6.35a)

M3(Mm) = 2
Λ

4π
α3(Mm) (6.35b)

|M2(Mm)| = 2
3

2

Λ

4π
α2(Mm) (6.35c)

|M1(Mm)| = 2
1

2

Λ

4π
α1(Mm) (6.35d)

The superpotential terms in the second line of Eq. (6.32) are responsible for the genera-
tion of µ and Bµ terms in a way very similar to the one introduced in [217] and described in
Sec. 6.5. For simplicity, we assume that one coupling of S to the messengers dominates the
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other4, αξL ≫ αξD . In this case, we obtain the following µ and B terms at the messenger
scale:

µ(Mm) = − λ

λ1
A†

S =
2λαξL(Mm)

λ1

(
Λ†

4π

)

(6.36)

B(Mm) =
m̃2

S − |AS |2

A†
S

=

(
Λ

4π

)(

2α2(Mm) +
3

5
α1(Mm)− 2αξL(Mm)

)

(6.37)

Using these expressions, for every choice of Λ and Mm determining the scalar-squared and
gaugino soft masses, the b = Bµ and µ parameters can be adjusted by choosing appropriate
values of αξL and λ/λ1, respectively.

Finally, in the third line of the superpotential (6.32) we have added Nk generations of
additional particles ρk, ρ̄k to modify the RGE running of the gauge couplings and yt and
mitigate the fine-tuning with respect to g3 and yt as described in section Sec. 6.4. We take
the masses of these new particles,given by λρ,k〈SMρ〉, to be roughly equal to the messenger
scaleMm. This assumption is not necessary for the mechanism to work, it is just convenient
to reduce the number of scales.

The RG evolution of yt aboveMm is modified due to the presence of the ykρ̄
D
k hdq Yukawa

terms. The 1-loop RGE equations, neglecting yb and yτ , read

16π2
∂yt
∂t

= yt

(

6y2t +

Nk∑

k

y2k −
16

3
g23 − 3g22 −

13

15
g21

)

(6.38a)

16π2
∂yk
∂t

= yk

(

6y2k + y2t −
16

3
g23 − 3g22 −

7

15
g21

)

. (6.38b)

We use Mathematica to implement the RG running betweenMm andMGUT and to calculate
the reweighting factors r[yt,α3], r[yt,yt] and r[yt,yk].

6.6.2 Fine-tuning analysis at a benchmark point

We start the analysis of the model specified in Eq. (6.32), by implementing the soft-
masses Eq. (6.35) in softsusy. We performed scans in the (Mm,Λ)-plane for several fixed
values of tan β and sgn(µ) = ±1. Fig. 6.9 shows the result of one such scan with tan β = 25
and positive sgn(µ). From Fig. 6.9, it can be read off that mh = 125GeV is compatible
with fine-tuning of ∆ = max(|cµ|, |cΛ|) < 660.

For further discussion of the fine-tuning with respect to all parameters of the fundamen-
tal model Eq. (6.32), we specify a benchmark point P1, corresponding to

P1: Λ = 623TeV Mm = 2.24 · 104 TeV tan β = 25 sgn(µ) = +1 (6.39)

4It is not phenomenologically relevant which coupling is chosen to be larger. However it is crucial that
S does not couple to the messengers in a SU(5) symmetric way. In that case, the contributions to AS from
SL̄1L2 and SD̄1D2 cancel each other because of λL = −3/2λD , and no µ term is generated.
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Figure 6.9: Results of a scan of the full SNC model, for fixed tan β = 25 and positive
sgn(µ). The relevant contours obtained in the (Mm,Λ)-plane are shown. Left: Contours of
mh (red) and fine-tuning max(|cµ|, |cΛ|) (black-dashed). Right: Contours of the lightest stop
mass mt̃1

(blue), the gluino mass mg̃ (orange-dashed) and the fine-tuning (black-dashed).
The green shaded areas are excluded because electroweak symmetry is unbroken. The grey
shaded areas cannot be evaluated because softsusy does not converge.

P1 is chosen such that mh = 125.0GeV. The gluino, lightest stop and lightest neutralino
masses of our benchmark point are all very large and safely above all current exclusion
limits

mg̃ = 7.86TeV mt̃1
= 7.27TeV mχ̃0

1
= 883GeV (6.40)

and above the current sensitivity of the LHC SUSY searches. The dimensionfull parameters
{ai} at the messenger scale are:

Λ = 623.0TeV Mm = 2.240 · 104 TeV µ = 1179GeV b = −184157GeV2, (6.41)

were the values of µ and b have been calculated from the requirements of tan β = 25 and
mZ = 91.2GeV.

The fine-tuning coefficients corresponding to these parameters, calculated by softsusy,
are

cΛ = −657 cMm = −0.047 cµ = −612 cb = −3.62 (6.42)

Clearly, of these fine-tuning coefficients only cΛ and cµ arerelevant for the fine-tuning anal-
ysis. If we were not concerned about the fine-tuning with respect to the gauge and Yukawa
couplings, at this point we could conclude that the fine-tuning in this model at the bench-
mark point P1 is ∆ = max(|cΛ|, |cµ|) = 657.
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However, the fine-tuning coefficients calculated for to the dimensionless couplings yt and
g3 by softsusy are, as discussed in Sec. 6.4, also of concern. Specifically for the benchmark
point P1, we confirm that these fine-tuning coefficients are certainly of troubling sizes:

cyt = 7809 cg3 = 4372 cg2 = −558.5 cg1 = 88.0 (6.43)

We will now address how these fine-tunings are mitigated when we consider MGUT to be
the full fundamental scale for the gauge and Yukawa couplings, i.e. switch from the ci basis
into the c̃i basis. We take as input the values of the couplings at the messenger scale as
determined by softsusy. This ensures that the leading 2-loop and threshold corrections
in the evolution between the low scales and Mm are correctly taken into account. For the
benchmark point P1 the values of these couplings are

yt(Mm) = 0.7109 α3(Mm) = 0.05829 α2(Mm) = 0.03346 α2(Mm) = 0.02112 (6.44)

Then, in order to calculate the reweighting coefficients r[i,j], we implement and evaluate the
one-loop running, determined by Eq. (6.38) and

∂αa

∂t
=

1

2π
(ba + 2 +Nk) where (b3, b2, b1) =

(

−3, 1,
33

5

)

(6.45)

numerically in Mathematica. The values of the couplings at the MGUT = 8.79 · 1015GeV
scale and the reweighting coefficients r[i,j] then depend on Nk and the choice of the hith-
erto unconstrained Yukawa couplings yk. We find that for Nk = 6 and a common value
yk(Mm) = 1.154 for all k generations of ρ̄Dk , we obtain

αa(MGUT) =
g2U
4π

= 0.696

αyt(MGUT) =
y2t (MGUT)

4π
= 0.948 αyk(MGUT) =

y2k(MGUT)

4π
= 0.107 (6.46)

as well as the following reweigthing coefficients

r[g3,gU ] = 0.084 r[g2,gU ] = 0.048 r[g1,gU ] = 0.030 (6.47)

r[yt,yt] = 0.074 r[yt,gU ] = −0.099 r[yt,yk] = −0.048. (6.48)

Hence, the fine-tunings with respect to the couplings at the GUT scale, for this particular
choice of Nk and yk(Mm), are substantially reduced

c̃gU = cg3 · r[g3,gU ] + cg2 · r[g2,gU ] + cg1 · r[g1,gU ] + cyt · r[yt,gU ] = −427 (6.49)

c̃yt = cyt · r[yt,yt] = 574 (6.50)

c̃yk = cyt · r[yt,yk] = −371 (6.51)

Since those fine-tuning coefficients all have absolute values smaller than |cΛ| and |cµ|, the
latter ultimatively determine the overall fine-tuning of among the model parameters at the
benchmark point P1.

We can thus conclude that in our model Eq. (6.32), mh = 125GeV is compatible with an
overall fine-tuning of 1:657. This is a small value given the current state of SUSY naturalness

91



and competitive with the minimal fine-tunings in models of natural supersymmetry which
typically are not below 1:1000 using the same Giudice-Barbieri prescription Eq. (6.10) to
quantify fine-tuning. An advantage of the SNC approach as compared is that we know its
concrete high scale implementation Eq. (6.32). In contrast, typical natural supersymmetry

models are only specified in terms of their low energy spectrum without demonstrating that
a model implementation leading to that spectrum actually exists.

6.6.3 Discussion

We want to stress that the model specified in Eq. (6.32) is only intended to be one
concrete example illustrating the possibility of finding complete models that display stable
near-criticality. Similarly, the parameters specified for the benchmark point are just one
particular choice demonstrating that the values of the fine-tuning coefficients can be kept
relatively small in models displaying SNC correlations. A full analysis of the available pa-
rameter space of Eq. (6.32) and determination of the maximally achievable reduction of
fine-tuning is beyond the scope of this work.

Several comments are in order before we conclude.

• It has been argued, e.g. in Ref. [220], in the prescription to quantify fine-tuning
should compare m2

Z to parameters that also have quadratic mass dimensions, i.e.
substituting {ai} = {Λ, µ, . . .} by {ai} = {Λ2, µ2, . . .}. This choice would halve the
respective fine-tuning coefficients.

• Similarly, one could advocate that the dimensionless couplings’ fine-tuning should be
measured with respect to αa and αyt instead of yt and ga which would also reduce
the corresponding fine-tuning coefficients by a factor 2. This is just another instance
of the inherent arbitrariness of of quantifying fine-tuning. There is no objectively
correct choice, and it is important to make statements about SUSY naturalness only
in terms of comparing two models using the same prescription. We therefore stick to
the prescription based on Ref. [193,195] which is the most widely used one throughout
the literature on the subject.

• Another comment pertains quantifying fine-tuning with respect to µ. If we commit
to the mechanism described above to generate µ and Bµ, in particular to

µ =
2λαξL

λ1

Λ

4π
, (6.52)

then µ is not an independent parameter at the messenger scale anymore. In that case,
the basis choice of fine-tuning coefficients

c̄Λ = cΛ + cµ
∂ lnµ

∂ ln Λ
= cΛ + cµ (6.53)

c̄λ = c̄λ1 = cµ (6.54)

appears more appropriate to quantify fine-tuning. In this basis, the fine-tuning of the
benchmark point P1 would be roughly doubled.
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Again, however, our point of selecting a mechanism to generate µ and Bµ was not to
promote this specific implementation but rather demonstrate that mechanisms exist
that neither upset the correlations among the soft masses nor change the RG running
below Mm. By sticking to the original definition of fine-tuning coefficients cΛ and cµ,
it is easier to compare our results with other values in the literature.

6.7 Conclusion: a strategy towards minimally tuned gauge
mediated MSSM models

The LHC data collected thus far puts supersymmetry as a solution to the gauge hierarchy
problem on the spot. Model building to realize so-called “natural spectra” in supersym-
metric models with light stops and gauginos but heavy first and second generation squarks
is becoming increasingly difficult.

In an alternative approach, we want to point out that constraints from fine-tuning
considerations on superparticle masses can deviate significantly from those obtained in an
näıve analysis assuming completely unrelated soft mass parameters. This can be the case if
the fundamental model imposes correlations among the soft terms. Correlations among the
soft masses are necessary at any rate since the flavor structure of soft terms already needs
to be highly non-generic to phenomenologically viable.

The aim of this work is to identify models in which the value of the soft mass term
for the up-type Higgs at the scale QSUSY where the Higgs scalar potential is evaluated,
m̃2

hu(QSUSY), is robustly small even for large input values for m̃2
hu(Mm) and other soft

masses at the messenger scaleMm. Such models require that the various contributions in the
RGE running of m̃2

hu are correlated in the correct way, described by the requirements (AI)
and (AII) specified in Sec. 6.2.

Of course, to argue convincingly that fine-tuning can be reduced by correlating various
contributions to the m̃2

hu(QSUSY), the correlations have to be a truly robust feature of the
underlying model parameterizing how SUSY breaking is communicated to the visible sector.
This is the main weakness of the argument in Focus Point models [194,208–211] as well as
recently suggested models of radiative natural supersymmetry [203,204]. In those models a
cancellation takes place but hinges on unjustified assumptions such as universal soft masses
or new continuous parameters are introduced which themselves need to be fine-tuned.

We demonstrate that models exist with necessary robust cancellations to reduce fine-
tuning. We call this stable near-criticality. The upside to having to impose strict correlations
among the soft parameters without dependence on new continuous parameters is that the
model implementations are particularly simple. Because of its high degree of predictive-
ness, we identify gauge mediation as promising underlying SUSY breaking mechanism for
potential SNC models.

An important issue questioning the validity of all approaches to reduce fine-tuning via
cancellations among the soft parameters, including SNC, was raised in [196]. The authors
point out that, as the RGE trajectories of the soft mass terms depend sensitively on the
values of the SM gauge and Yukawa couplings, the fine-tuning with respect to those dimen-
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sionless couplings is considerable. Thus reducing fine-tuning with respect to the relevant
parameters describing the superparticle masses, eg. Λ and µ in gauge mediation, is not
sufficient to reduce overall fine-tuning. It has been argued before that the apparent fine-
tuning with respect to yt and g3 could be mitigated by introducing a more fundamental scale
above Mm [194]. But to our knowledge we are the first to provide an explicit mechanism to
demonstrate the feasibility of our approach. For our implementation it is crucial that the
apparent gauge coupling unification of the MSSM is preserved. We achieve that by only
adding particles in complete GUT multiplets at the messenger scale. Furthermore, several
orders of magnitude are needed between the scales Mm and MGUT to allow for sizable RGE
effects. This is readily realized in gauge mediation as the messenger scale Mm is essentially
a free parameter.

Finally, as we commit to gauge mediation as mechanism to softly break supersymmetry,
we have to address the µ-Bµ problem. A mechanism is needed which not only makes
sure that the appropriate terms can be generated, but also that in doing so no additional
contributions to m̃2

hu and At arise since these would alter the correlations necessary to reduce
fine-tuning in SNC models. We adapted the mechanism proposed in [217] to demonstrate
explicitly that at least one compatible solution exists.

In conclusion, we have demonstrated that fully consistent models exist that exhibit sta-
ble near-criticality and have relatively small fine-tunings in spite of multi-TeV stop masses.
In particular we demonstrate that mh = 125GeV and stop masses above 7 TeV can be
compatible with fine-tuning of ∆ < 660 quantified according to the prescription [193,195].
While that amount of fine-tuning implies that EWSB in our MSSM models is not entirely
natural, it is a very low value considering the current state of SUSY naturalness constraints.
We have discussed at length the requirements for consistent stable near-criticality.

On a final note, we want to point out that it is certainly possible that models exist that
reduce fine-tuning even more efficiently than the example we provided in Sec. 6.6. How-
ever there will always be an amount of irreducible fine-tuning. Even though m̃2

hu(MSB) in
leading loop order can in principle vanish entirely if the conditions (A) and (B) specified
in Sec. 6.2 are satisfied perfectly, there are always remaining contributions from integrating

out the superparticles at QSUSY. The largest contribution is of order O
(

6
8π2 y

2
tm

2
t̃

)

and

stems from integrating out the stop fields. Note that these irreducible contributions are
scheme-dependent. An explicit prescription to quantify the irreducible fine-tuning, tak-
ing into account solely effects from integrating out superparticles at the scale QSUSY, has
been introduced in [221]. The authors evaluate electroweak fine-tuning by examining the
minimization condition from the Higgs sector scalar potential. Therefore, even in the most
optimal scenario, SNC can at best reduce fine-tuning to an irreducible amount of about 1:10
to 1:100 for QSUSY of in the range of 1−10TeV. The SUSY naturalness problem still arises
in principle from the mismatch between ΛEWSB and QSUSY ∼ MSB, but the naturalness
constrains can be weakened by several orders of magnitude by certain correlations defined
in the setup of stable near-criticality.
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CHAPTER 7

CONCLUSIONS

The Large Hadron Collider has the potential to extensively probe scenarios of beyond the
standard model physics. It is the task of the theory community to derive testable predic-
tions that will allow experimentally distinguishing new physics contributions from standard
model signatures and the various beyond-the-standard-model scenarios from each other.
Given on the one hand the resilience of the SM, which despite definite evidence that it
cannot be the ultimate theory of fundamental particles and interactions has so far passed
all direct tests, and on the other hand the vast landscape of new physics possibilities, the
search for physics beyond the standard model is a formidable task.

The concept of effective field theories provides a powerful organizing scheme and cal-
culational toolbox to obtain predictions in arbitrary theories. In this work, we derived an
effective theory for heavy Majorana fermions, which appear in many extensions of the stan-
dard model. The effective theory is particularly useful for the description of bound states
of long-lived colored Majorana particles, in close analogy to the well-known heavy quark
effective theory, which can be applied to describe the dynamics of heavy B and D mesons.

We further demonstrated how a combination of the concepts of WIMP dark matter and
grand unification provides strong motivation for novel models with colored particles at the
TeV scale. We investigated the LHC implications of this scenario for the two complementary
cases where the new colored particles either are stable and form R-hadrons or else decay
promptly to final states including a Higgs boson. Although the original benchmark points
provided to illustrate our findings have already been rendered obsolete by newer LHC data,
the central claims of our work remain valid.

A primary objective of the LHC is to search for supersymmetry. Certain exclusion
bounds on superparticles already reach beyond 1TeV. Since the expectation of superpar-
ticles being rather light with masses comparable to the weak scale is based on naturalness
requirements (or equivalently, on the absence of fine-tuning), it is reasonable that the new
LHC limits have initiated renewed efforts to investigate the link between naturalness in
supersymmetric models and the existence of LHC-accessible superparticles. The recent
discovery of the Higgs boson with mh ∼ 125GeV provides an additional motivation to
re-evaluate the status of SUSY naturalness. In this work, we devised a framework called
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stable near-criticality (SNC), in which the usual fine-tuning upper bounds on superparticle
masses are avoided in certain supersymmetric models. The models in question have to ex-
hibit specific and robust correlations between the individual soft masses and are therefore
by definition rather minimal. An important finding of our work is that the soft Higgs mass
term at the low energy scale, m̃2

hu(QSUSY), can be stabilized at small values even if the
gauge and Yukawa couplings are considered variable parameters. Our analysis shows that
in models fulfilling the requirements of stable near-criticality, fine-tuning is comparatively
low even as stop masses extend to multi-TeV values. From a fine-tuning perspective, SNC is
competitive with models with spectra tailored to the requirements of natural supersymme-

try. At the same time, since superparticle masses in the scenario of SNC are of the order of
several TeV, stable near-criticality is not affected by the direct and indirect limits resulting
from the various, all hitherto negative, SUSY searches at the LHC.
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APPENDIX A

FORBIDDING PROTON DECAY

In Sec. 4.4 of chapter 3, we did not require the unification scale to be high enough to
suppress proton decay. For example, in the benchmark V + 2X model, the unification
scale is MGUT ∼ 1011GeV, significantly lower than the standard GUT scale ∼ 1016GeV.
Therefore, it is essential to discuss how proton decay can be avoided in principle, even
though it has no phenomenological relevance at the TeV scale.

A robust way to avoid the proton decay problem is simply to forbid it by a symmetry.
For example, we can consider “baryon triality” [222], φ→ ei

2π
3
(Bφ−2Yφ)φ, where Bφ and Yφ

are the baryon number and hypercharge of a field φ, respectively. Baryon triality implies
that the baryon number can only be violated in units of 3. Thus, it will absolutely forbid
not only proton decay but also neutron-antineutron oscillation [223]. Alternatively, for
forbidden proton decay only, one could impose “quark parity”, q, dc, uc → −q,−dc,−uc.

Clearly, such symmetries necessarily treat quarks and leptons differently, so the simplest
possibility of embedding quarks and leptons into unified GUT multiplets (e.g. 5̄ ⊕ 10 for
SU(5)) does not work. Instead, quarks and leptons must come from separate multiplets,
e.g.:

5̄dc =

(
dc

0

)

, 5̄l =

(
0
l

)

, (A.1)

where 5̄dc and 5̄l carry the same baryon triality (or quark parity) quantum numbers as
dc and l, respectively. Before discussing how to promote such incomplete multiplets to
fully GUT-invariant multiplets, we would like to point out that splitting SM matter fields
from their heavy “GUT partners” is plausible in the sense that there is already a split
multiplet, i.e. the Higgs doublet, and whatever mechanism that splits the Higgs from its
GUT partner could also work for the SM matter fields. Moreover, separating quarks and
leptons allows us to trivially incorporate non-unified mass relations for the 1st and 2nd
generations (i.e. me/md,mµ/ms 6= 1 at the unification scale).

Now, let us discuss how the above “incomplete” multiplets can be compatible with a
GUT symmetry. A simple and plausible way to do so is to copy the mechanism [224–226]
of “incomplete” multiplets nature already has in the low-energy QCD. QCD undergoes a
symmetry breaking from G ≡ SU(3)L ⊗ SU(3)R down to H ≡ SU(3)L⊕R. Here, the low-
mass hadrons form “incomplete” multiplets”, i.e. multiplets of the unbroken subgroup H,
not those of the full group G. Of course, the theory must be invariant under G, which is

97



accomplished by nonlinear realization [227, 228] in terms of the Nambu-Goldstone boson
field Σ transforming as Σ → gΣh−1 with g ∈ G and h ∈ H. This permits us to promote
any multiplet of H, φH , to a full multiplet of G, φH , as φG ≡ ΣφH .

By analogy, let us consider the following GUT scenario. Imagine a new confining strong
dynamics with a “flavor symmetry” G = SU(5) which undergoes “chiral symmetry break-
ing” G→ H with H = SU(3)⊗ SU(2)⊗U(1). G is also weakly gauged, providing the SM
gauge group with a single unified coupling at the G confinement scale (which therefore can
be called the GUT scale). We then imagine that the split quark and lepton multiplets as
well as the Higgs doublet are “hadrons” of the new strong dynamics which form multiplets
of H, with appropriate quark parity or baryon triality, etc. They can be promoted to full
G multiplets by nonlinear realization. (If we further integrate in the “ρ mesons” into this
picture by employing “hidden local symmetry” [229], then we essentially obtain the 2-site
moose model considered in Ref. [230].)

Constructing an explicit, UV-complete 4D gauge theory that realizes this scenario is
beyond the scope of this paper, but it is straightforward to construct a 5D realization
via the AdS/CFT correspondence (For reviews, see [231, 232]), as is done in Ref. [233].
The simplest setup would be the Randall-Sundrum framework [234], i.e., where we take
the UV boundary and the bulk to be G-symmetric while the IR boundary to be only H-
symmetric, by putting a G gauge field in the bulk with the boundary condition that the
G/H gauge bosons vanish at the IR boundary. The split matter and Higgs multiplets can
then be put either in the bulk with the appropriate boundary conditions to project out the
unwanted “G-partner” states, or simply at the IR boundary as multiplets of H. With an
appropriate symmetry such as quark parity or baryon triality, this setup solves the proton
decay problem, but since the scale associated with the IR boundary is the GUT scale, there
are no observable consequences of the Kaluza-Klein excitations. (There are, however, RS
GUT models with the TeV-scale IR brane, with split multiplets and a discrete symmetry to
forbid proton decay, which do have experimental consequences at the TeV scale [235, 236].
The main difference between those models and ours is that their physics above the TeV
scale is a strong conformal dynamics (or a 5D theory via AdS/CFT) while we assume a
perturbative 4D physics up to the GUT scale.)
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• Prerit Jaiswal, Karoline Köpp, Takemichi Okui: Minimally tuned Gauge Mediation.
(in prep)
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