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Abstract

The purpose of this thesis is to investigate a set of possible realizations of Super-

symmetry and naturalness in beyond the Standard Model physics. We will mostly

be interested in models that combine both aspects, but this will not prevent us from

investigating models that are only supersymmetric without being natural or that are

natural without being supersymmetric. More precisely, we will look at four different

cases.

First, we introduce our own variation of the Twin Higgs model, which we refer

to as the spontaneous Z2 breaking Twin Higgs. The main feature of the model is

that the Z2 breaking is spontaneous instead of explicit. In addition to the theoretical

appeal of this, other advantages are that it reduces tuning and makes many mirror

particles very heavy.

Second, we study collider constraints on Mini-Split models of Supersymmetry.

More precisely, we study the current constraints on anomaly and gauge mediation, as

well as their prospects for Run-II of the LHC and a future 100 TeV proton collider. We

assume the Higgsinos to be heavy and a slightly lighter third generation of squarks.

Third, we study constraints coming from electroweak precision tests on models

of U(1)R Supersymmetry where the R-charge is associated with the lepton number.

Contributions from new physics are encoded in a set of operators which are used

to calculate corrections to a set of electroweak observables. The model is then con-

strained by fitting with experimental inputs.

Finally, we investigate whether supersymmetric models where the U(1)R sym-

metry is instead associated with the baryon number can lead to successful baryoge-

nesis once this symmetry is broken. Indeed, the U(1)R symmetry is expected to be

broken by either anomaly mediation or Planck scale suppressed operators, thereby
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breaking baryon number conservation. We find that it is possible to obtain the cor-

rect baryon density, but that a Mini-Split spectrum is required and that the U(1)R

symmetry must be badly broken. We also find that the model does not require the

Higgsinos to be as heavy as in the MSSM.
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oblique parameters contributions from the Higgses.

• Chapter 8 represents work to be published. All results were derived indepen-

dently by the author, Thomas Grégoire and Kevin Earl.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is an extremely successful theory which

synthesizes our current understanding of high energy physics. It is based on a specific

symmetry structure and all known elementary particles, be they leptons, quarks or

gauge bosons, can be embedded in representations of the corresponding symmetry

groups. Even more, all interactions, with the notable exception of gravity, have been

verified to be in good agreement with the predictions of the Standard Model.

However, the Standard Model is not without its flaws. From an experimental

point of view, the most tangible problem is that neutrinos are now known to be mas-

sive, which goes against the predictions of the Standard Model. This can however

be easily accommodated by simple extensions. On a slightly more indirect level, cos-

mological evidences now show that the Universe contains about 25% of dark matter,

i.e. matter that is not seen but is necessary to account for many cosmological phe-

nomena. The required properties of such particles are incompatible with the different

particles of the Standard Model and the latter must therefore be extended. The ob-

served asymmetry between the matter and antimatter content of the Universe is also

difficult to explain with the Standard Model alone.
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The Standard Model also possesses many shortcoming from a theoretical point

of view. The strong CP problem, which stems from the QCD vacuum angle being un-

naturally small, is a famous example of the Standard Model needing to be extremely

fine-tuned. The presence of three generations of fermions or even the hierarchy be-

tween their masses is at best puzzling.

Perhaps more importantly and one of the main themes of this thesis, the Stan-

dard Model suffers from the hierarchy problem. The potential of the Higgs field is

unstable under radiative corrections which results in a Higgs boson whose mass should

naturally be of order of the Planck scale. Since the Higgs mass is now measured to

be around the electroweak scale, a fine-tuning of order one part in 1032 is required.

It is certainly hard to believe that such a coincidence is accidental and as such the

Standard Model is said to be unnatural.

Many theories have tried to address the hierarchy problem and are said to

attempt to restore naturalness. The most famous of them is certainly Supersymmetry

(SUSY). This extension of the Standard Model can be seen as an expansion of the

symmetries of space-time and, in its simplest form, posits the existence of a partner

of different spin for every known elementary particle. In addition to solving the

hierarchy problem, Supersymmetry provides a dark matter candidate and leads to

gauge coupling unification. A possible drawback of Supersymmetry is that it requires

at least some of the partners to be around the electroweak scale if a small hierarchy

problem is to be avoided. Since constraints on such particles are becoming very

strong, Supersymmetry is starting to be under tension.

Taking these considerations into account, the concept of neutral naturalness

has been proposed. The driving force behind this idea is that the constraints on most

superpartners are so strong because they can easily be created at hadron colliders. If
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instead the stabilizing partners interacted only weakly with the Standard Model, it

would be difficult to produce them and as such their constraints would be far weaker.

This is the concept behind neutral naturalness, i.e. having the Higgs mass stabilized

by partners that are not charged under the Standard Model gauge groups.

In this context, the purpose of the present thesis is to study possible future

avenues for both Supersymmetry and naturalness. As Supersymmetry tries to ad-

dress naturalness, we will more often than not cover both subjects at the same time.

However, we will also look at some supersymmetric models that are not natural but

still present some advantages and we will study as well an example of naturalness

that does not assume Supersymmetry. More precisely, we will look at four different

models.

One of the foremost examples of neutral naturalness is the Twin Higgs. This

model rests on a global SU(4) symmetry that is broken spontaneously to SU(3), with

the Higgs being identified with one of the resulting pseudo-Goldstone bosons. The

model contains a Standard Model sector and a mirror sector, with a Z2 symmetry

between the two protecting the Higgs mass. This Z2 symmetry must however be

softly broken if the model is to be phenomenologically viable and this breaking must

be tuned against the SU(4) breaking, leading to a small amount of fine-tuning. We

propose a new model where the Z2 symmetry is instead broken spontaneously. In

addition to being more attractive theoretically, this model has the advantages of

reducing the necessary tuning and making many mirror particles very heavy.

Putting naturalness considerations aside for a moment, Supersymmetry still

presents many advantages if one is willing to accept a certain amount of fine-tuning.

This is the driving idea behind Split-SUSY. In this class of models, the scalar partners

are assumed very heavy, which relaxes several constraints, and only fermion partners
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are close to the electroweak scale. This can still lead to gauge coupling unification

and can still provide a dark matter candidate. However, the recent measurements of

the Higgs mass impose an upper limit on scalar masses. This led to the introduction

of Mini-Split models, where the splitting between fermion and boson superpartner

masses is only a few orders of magnitude. We study the current collider constraints on

such models, more specifically in the case of anomaly and gauge mediation. Prospects

for Run-II of the LHC and a future 100 TeV proton collider are also included.

Returning to naturalness, constraints on many superpartners can be consider-

ably reduced if the partners of gauge bosons are Dirac instead of Majorana, as is

usually the case. One of the main advantages of this is that it allows the imposition

of a U(1)R symmetry. There is however a certain freedom on the exact realization

of this symmetry. In one realization, the U(1)R can be associated with the lepton

number. In this case, it is possible for the partner of one of the neutrinos to acquire a

vacuum expectation value (vev) and play the role of a Higgs. However, such a model

is constrained by electroweak precision tests (EWPT). We study such constraints

by coding the effects of the model in terms of effective operators, calculating the

contributions to a set of electroweak observables and performing a global fit.

Finally, this U(1)R symmetry can also be associated with the baryon number.

The symmetry is however expected to be broken by anomaly mediation or by Planck

scale suppressed operators. This scenario can then possibly be used to explain the

baryon asymmetry observed in the Universe, i.e. baryogenesis. More precisely, we

study the requirements for correct baryogenesis in Supersymmetry with a broken

U(1)R baryon number. We find that similarly to the MSSM a Mini-Split spectrum

is required, but that the extended Higgs sector allows for lighter Higgsinos. Unfortu-

nately, obtaining the correct baryon density requires the U(1)R symmetry to be badly
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broken.

This thesis is organized as follows. A short review of the Standard Model is

first given followed by an introduction to Supersymmetry. Our Twin Higgs model is

then presented. The following chapter contains our constraints on Mini-Split models.

Models of U(1)R Supersymmetry are then summarized. EWPT constraints on the

U(1)R lepton number model follow. Finally, baryogenesis from Supersymmetry with a

broken U(1)R baryon number is discussed. Three appendices respectively summarize

the conventions used in this thesis, Grassmann variables and the van der Waerden

notation.
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Chapter 2

The Standard Model

Experiments in particle physics have led to the discovery of several particles which

are believed to be fundamental. Though some of their properties vary wildly, they

still fall in distinct categories.

Gauge bosons are spin 1 particles responsible for mediating the electromagnetic,

weak and strong interactions. Gluons are a set of eight electrically neutral massless

gauge bosons which are responsible for the strong force. TheW and Z bosons mediate

the electroweak force and are amongst the heaviest known particles. The W boson

comes in two varieties of charge ±e, while the Z boson is electrically neutral. The

photon is massless, neutral and mediates the electromagnetic force. All neutral gauge

bosons are their own antiparticle, while the two W ’s are antiparticles of each other.

Quarks are massive spin 1/2 fermions whose defining property is that they in-

teract strongly. As a consequence of this, they are subject to confinement, i.e. that

a free quark cannot exist by itself. In conjunction with gluons, they are the build-

ing blocks of mesons and baryons. Quarks come with two possible electric charges,

+(2/3)e and −(1/3)e, and to each charge is associated three different flavours. The

three types of charge +(2/3)e quarks are up, charm and top, while those of charge
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−(1/3)e are down, strange and bottom. For each quark, there exists an antiquark of

equal in magnitude but opposite charge.

The leptons on the other hand are spin 1/2 fermions whose defining property is

that they do not interact strongly. Leptons come either with charge −e (the charged

leptons) or are neutral (the neutrinos). The three types of charged leptons are the

electron, muon and tau. Each of them possesses an antiparticle of charge +e. The

neutrinos are usually referred to as electron, muon and tau neutrinos. It is not known

at this point whether the neutrinos are their own antiparticle or not. Charged leptons

have well measured masses, while those of neutrinos are not yet determined but are

known to be non-zero.

Finally, the last known fundamental particle is the recently discovered Higgs

boson [7,8]. It is a neutral spin 0 boson that is both massive and its own antiparticle.

The Standard Model (SM) of particle physics is the theory that codifies all of

this knowledge in a mathematically self-consistent framework. It is the theory that

explains (almost) all of our current understanding of particle physics and is one of

the most accurately tested theories in all of science. It consists of a quantum field

theory based on the symmetry group SU(3)c × SU(2)L × U(1)Y . The electroweak

group SU(2)L × U(1)Y is broken spontaneously to its diagonal subgroup U(1)EM by

the Higgs mechanism. This in turn provides a mass to the electroweak gauge bosons,

charged leptons and quarks. The goal of this chapter is to summarize briefly the most

relevant or salient features of the Standard Model.

This chapter is organized as follows. The field content and Lagrangian of the

Standard Model are first presented. The process of electroweak symmetry breaking

and its consequences are then explained. A few properties of the model follow. Finally,

a few shortcomings of the Standard Model are mentioned.
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This chapter draws inspiration from Refs. [9, 10] without explicitly following

any of them. We refer to these sources for more details.

2.1 Field content and Lagrangian of the Standard

Model

The field content of the Standard Model is summarized in Table 2.1. The convention

used in this chapter for spin 1/2 fields is that they are 4-component spinors upon

which acts either a left-handed or right-handed projector depending on their chirality.

For example, ψL = PLψ, where ψ is a 4-component spinor whose right-handed part

is irrelevant. The SU(2)L components of Lm
L and Qm

L are given special names as

Lm
L = (νm

L , Em
L ) and Qm

L = (Um
L ,Dm

L ). The field Qm
L contains the left-handed parts of

the up and down quarks and their right-handed parts are Um
R and Dm

R respectively.

The field Lm
L contains the left-handed parts of the neutrinos and charged leptons,

while only the charged leptons have a right-handed part labeled Em
R . The gauge

bosons of U(1)Y , SU(2)L and SU(3)c are respectively Bμ, W
a
μ and Gb

μ. The field

H is the Higgs doublet. The index m on all fermions corresponds to the generation

and runs from 1 to 3. The SU(3)c and SU(2)L indices are not written but assumed

implicitly.

The Lagrangian of the Standard Model is the most general Lagrangian that

can be written in terms of these fields and that is both renormalizable and invariant

under the SU(3)c×SU(2)L×U(1)Y gauge group. More explicitly, a generic infinites-

imal gauge transformation can be parametrized by three parameters associated with

SU(3)c, SU(2)L and U(1)Y , which we call αa, βa and ε respectively. We label a

generic fermion or the Higgs doublet by ψi. We define T a
3 and T a

2 as the generator

of SU(3)c and SU(2)L under which this field transforms and label its U(1)Y charge
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SU(3)C SU(2)L U(1)Y Spin
H 1 2 1/2 0
Qm

L 3 2 1/6 1/2
Um
R 3 1 2/3 1/2

Dm
R 3 1 −1/3 1/2

Lm
L 1 2 −1/2 1/2

Em
R 1 1 −1 1/2

Bμ 1 1 0 1
W a

μ 1 3 0 1
Gb

μ 8 1 0 1

Table 2.1: Field content of the Standard Model. The index m goes from 1 to 3, a
from 1 to 3 and b from 1 to 8. The L and R next to a spin 1/2 field represents its
chirality.

by Y . The latter is known as the weak hypercharge. Then, the Lagrangian of the

Standard Model is invariant under the simultaneous transformation of all fields

ψi → exp [−i (αaT a
3 + βaT a

2 + εY )]ψi,

Ga
μ → Ga

μ +
1

gs
∂μα

a + fabc
c Gb

μα
c,

W a
μ → W a

μ +
1

g
∂μβ

a + fabc
L W b

μβ
c,

Bμ → Ba
μ +

1

g′
∂με,

(2.1)

where gs, g and g′ are the coupling constants associated with SU(3)c, SU(2)L and

U(1)Y respectively, while fabc
c and fabc

L are the structure constants of SU(3)c and

SU(2)L respectively.

The Lagrangian consists of multiple components which are given here. The part

responsible for the kinematic terms of the gauge bosons and, in the non-abelian case,

for their self-interactions is

Lgauge I = −1

4
BμνB

μν − 1

4
W a

μνW
aμν − 1

4
Ga

μνG
aμν . (2.2)
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Field strengths are defined in the general case via

Aa
μν = ∂μA

a
ν − ∂νA

a
μ + gfabcAb

μA
c
ν , (2.3)

where Aa
μ represents a generic set of gauge bosons, g is the coupling constant of the

corresponding group and fabc its structure constants. In addition, the following pure

gauge Lagrangian is also allowed

Lgauge II =
g′2Θ′

64π2
εαβμνBαβBμν +

g2ΘL

64π2
εαβμνW a

αβW
a
μν +

g2sΘs

64π2
εαβμνGa

αβG
a
μν , (2.4)

where εαβμν is the completely antisymmetric Levi-Civita symbol with ε0123 = 1 and

the different Θ’s represent the vacuum angles of the different gauge groups. The

kinetic terms of the fermions, as well as their interactions with the gauge bosons, are

encoded in the Lagrangian

Lmatter =
∑

ψ=Q,U,D,L,E

iψ /Dψ. (2.5)

The /D stands for γμDμ, where γμ are the Dirac matrices and Dμ is the covariant

derivative. The latter is defined such that a field and its covariant derivative transform

the same way under gauge transformation. For example, the covariant derivative of

Qm
L is given by

DμQ
m
L =

(
∂μ + igsG

a
μ

λa

2
+ igW a

μ

σa

2
+ i

1

6
g′Bμ

)
Qm

L , (2.6)

where λa are the Gell-Mann matrices and σa the Pauli matrices. The Higgs field H
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has a kinetic Lagrangian of

LHiggs kinetic = |DμH|2, (2.7)

and a potential of

VHiggs = −μ2H†H + λ(H†H)2. (2.8)

Finally, the Higgs field links left-handed and right-handed fermions via Yukawa in-

teractions

LYukawa = −yemnL
m

LHEn
R − ydmnQ

m

LHDn
R − yumnQ

m

L H̃Un
R + h.c., (2.9)

where H̃ = iσ2H
∗. In summary, the Lagrangian of the Standard Model is

LSM = Lgauge I + Lgauge II + Lmatter + LHiggs kinetic + LYukawa − VHiggs. (2.10)

2.2 Electroweak symmetry breaking

Even though the Standard Model possesses many symmetries, not all of them are

symmetries of the ground state. Indeed, the potential in Eq. (2.8) is invariant under

gauge transformations of the Higgs field, but is minimized for a non-zero expectation

value of this field

〈H〉 =

⎛
⎜⎝ 0

μ√
2λ

⎞
⎟⎠ . (2.11)

The direction of the minimum is unphysical, as all directions are equivalent up to a

gauge transformation. The important point is that, since the minimum is removed

from the origin, the symmetry of the system is broken. This is the phenomenon
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known as spontaneous symmetry breaking. It is the origin of electroweak symmetry

breaking in the Standard Model. The Higgs doublet can then be decomposed as

H =

⎛
⎜⎝ H+

1√
2
(v + h+ iA0)

⎞
⎟⎠ , (2.12)

where h and A0 are respectively CP -even and CP -odd real scalars, H+ is a charged

complex scalar and v = μ/
√
λ is the vacuum expectation value (vev) of the Higgs

field. The fields H+ and A0 are Goldstone bosons and will become the longitudinal

modes of massive gauge bosons associated with the broken symmetries. The field h

is the famous Higgs boson and is the only physical component of H.

The presence of a constant in the Higgs doublet spoils the invariance of the

vacuum under most electroweak transformations. If they are to remain symmetries,

transformations are required to leave the second component of the Higgs field un-

touched. As such, the only electroweak symmetry that is unbroken is the one which

acts on the Higgs field with the generator diag(1, 0) = (σ3 + I2×2)/2 = T3 + Y .

This symmetry corresponds to performing a very specific combination of SU(2)L and

U(1)Y transformations at the same time and is referred to as U(1)EM. As such, we

say that SU(2)L × U(1)Y is broken spontaneously to its diagonal subgroup U(1)EM.

The U(1)EM charge of a field is therefore given by

Q = T3 + Y, (2.13)

where in this case T3 refers to the eigenvalue of the third generator of SU(2)L asso-

ciated with this field. For example, T3 = 1/2 for EL and T3 = −1/2 for νL. Since

SU(3)c acts trivially on the Higgs doublet, this gauge group is unbroken.
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Substituting Eq. (2.12) into Eq. (2.7) leads to masses for the gauge bosons.

The resulting mass eigenstates are

W±
μ =

1√
2

(
W 1

μ ∓ iW 2
μ

)
,

Zμ = − sin θWBμ + cos θWW 3
μ ,

Aμ = cos θWBμ + sin θWW 3
μ ,

(2.14)

where the Weinberg angle θW is given via

sin θW =
g′√

g′2 + g2
. (2.15)

The field Aμ remains massless and is associated with the unbroken U(1)EM. The

heavy gauge bosons acquire masses of

MW =
gv

2
, MZ =

√
g′2 + g2

2
v. (2.16)

The gauge coupling constant associated with the unbroken U(1)EM is

e =
gg′√
g2 + g′2

, (2.17)

and corresponds to the absolute value of the charge of the electron.

Replacing the Higgs by its expectation value in the Yukawa interactions of Eq.

(2.9) leads to Dirac masses for fermions. For up-type quarks, this gives

Lu masses = −yumnv√
2
Um

LU
n
R + h.c. (2.18)

The Yukawa matrix can be diagonalized by passing to a basis U ′a
L and U ′a

R defined
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via

Ua
L = Uab

(u)U ′b
L, Ua

R = V ab
(u)U

′b
R. (2.19)

Defining

ua = U ′a
L + U ′a

R, (2.20)

and using the fact that uu = U ′
LU

′
R + U

′
RU ′

L, Eq. (2.18) can be rewritten as

Lu masses = − v√
2

(
U im†
(u) y

u
mnV

ni
(u)

)
uiui = −y′ummv√

2
umum, (2.21)

where the mass matrix y′u is now diagonal. The same can be done for down-type

quarks. However, rotation matrices will not in general be the same for the two SU(2)L

components of QL. As such, interactions mediated by W bosons, which interchange

up and down-type quarks, will not be diagonal in flavour space. This is represented

by the Lagrangian

Lcc = i
g√
2
U †mi

(u)U
in
(d)W

+
μ umγμPLd

n + h.c. = i
g√
2
VmnW

+
μ umγμPLd

n + h.c., (2.22)

where Vmn is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It is in general a

complex matrix. However, field redefinitions can be used to rotate away all phases

except one. The remaining phase breaks invariance under charge and parity inversion,

which is commonly known as CP -invariance.

The same procedure can be applied to charged leptons with a few differences.

Since there is no equivalent Yukawa term for neutrinos, these can be rotated among

each other freely. It is then possible to rotate neutrinos the same way as left-handed

charged leptons. Interactions between the W bosons and leptons can therefore be

made diagonal in flavour space. Should the neutrinos be massive, we would not in
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general be able to rotate them freely. This would lead to the equivalent of the CKM

matrix for leptons, known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.

2.3 Additional properties of the Standard Model

In addition to the content of the past two sections, the Standard Model possesses

many interesting properties. In this section, we mention some that will play an

important role in later chapters or that are simply worth noting.

2.3.1 Vacuum angles

Not all vacuum angles appearing in Eq. (2.4) have physical consequences. First, the

SU(2)L vacuum angle can be rotated away by field redefinitions and by exploiting

the chiral anomaly.

In the context of quantum field theory, an anomaly is when a symmetry of a

classical theory fails to remain a symmetry of its quantum counterpart. This leads to

quantities, which would be conserved classically under Noether’s theorem, to not be

preserved anymore. This is not necessarily detrimental, as in the present example.

In the absence of Yukawa interactions, the Standard Model Lagrangian would

be invariant under the multiplication of an individual spinor ψi by a phase, i.e.

ψi → exp(iα)ψi where α (which we assume constant) parametrizes the transforma-

tion.1 It can be generalized to multiplying multiplets of Weyl spinors by exp(iαTa),

where Ta is a generator of the gauge group under which the field transforms. Such

transformations are referred to as chiral transformations. For convenience sake, we

assume the Lagrangian has been rewritten in terms of left-handed Weyl spinors only.

1We assume all spinors in a multiplet are submitted to the same transformation.
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The generators are then given by

QL UL DL LL EL

Y 1
6
I6×6 −2

3
I3×3

1
3
I3×3 −1

2
I2×2 1

SU(2)L I3×3 ⊗ σa

2
0 0 σa

2
0

SU(3)c
λa

2
⊗ I2×2 -λ

a∗
2

-λ
a∗
2

0 0

(2.23)

where σa are as usual the Pauli matrices and λa the Gell-Mann matrices.

A quantum field theory might have a Lagrangian that is invariant under a

symmetry transformation, but it does not mean that the full theory is. In terms of

path integrals, the measure also has to be invariant for the generating functional to

be invariant, which is not guaranteed (see Refs. [11, 12] for more details). Without

going into technical details, the chiral transformation of an individual Weyl spinor

will add to the Lagrangian a term

ΔLa = α
∑
b,c

gbgc
tr [Ta {Tb, Tc}]

64π2
εαβμνF b

αβF
c
μν , (2.24)

where the sum over Latin indices is over all generators of SU(3)c × SU(2)L ×U(1)Y ,

F b
μν represents a generic field strength and gb and gc are the gauge couplings constant

associated with Tb and Tc respectively. This can be used to cancel the vacuum angles.

The price to pay though is the introduction of a factor of exp(iαTa) (or its complex

conjugate) in the Yukawa interactions. This translates to complex phases in Dirac

masses once electroweak symmetry is broken.

For SU(2)L, the left-handed and right-handed fermions that appear in the

Yukawa interactions are charged differently. It is then possible to cancel their vacuum

angle without introducing complex Dirac masses by an appropriate field redefinition
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of both left-handed and right-handed fermions. For example, redefining a single

QL → exp(−iΘL/3)QL will add to the Lagrangian a term

ΔL = − g2ΘL

192π2
tr

[
I6×6

{
I3×3 ⊗ σa

2
, I3×3 ⊗ σb

2

}]
εαβμνW a

αβW
b
μν

= − g2ΘL

192π2
tr

[
I6×6

(
I3×3 ⊗

{
σa

2
,
σb

2

})]
εαβμνW a

αβW
b
μν

= − g2ΘL

192π2
tr

[
I6×6

(
I3×3 ⊗ I2×2

2
δab

)]
εαβμνW a

αβW
b
μν

= − g2ΘL

384π2
tr [I6×6] ε

αβμνW a
αβW

a
μν

= −g2ΘL

64π2
εαβμνW a

αβW
a
μν , (2.25)

where we used {σa, σb} = 2δab and properties of the Kronecker product. This term

cancels exactly the vacuum angle ΘL, but reintroduces a phase in the quark masses.

Since the right-handed quarks are not charged under SU(2)L, DL and UL can be used

to reabsorb the phase of exp(iΘL/3) without reintroducing ΘL.

However, such a procedure is impossible for SU(3)c. Leaving the masses of

quarks real while multiplying QL by a phase exp(iα) requires multiplying DL and UL

by exp(−iα). The correction to the vacuum angle is then

ΔL =
αg2s
64π2

(
tr

[
I6×6

{
λa

2
⊗ I2×2,

λb

2
⊗ I2×2

}]
− tr

[
I3×3

{
λa∗

2
,
λb∗

2

}]

−tr

[
I3×3

{
λa∗

2
,
λb∗

2

}])
εαβμνGa

αβG
b
μν

=
αg2s
64π2

(
tr

[
I6×6

({
λa

2
,
λb

2

}
⊗ I2×2

)]
− tr

[
I3×3

{
λa∗

2
,
λb∗

2

}]

−tr

[
I3×3

{
λa∗

2
,
λb∗

2

}])
εαβμνGa

αβG
b
μν

=
αg2s
64π2

(tr [I6×6]− tr [I3×3]− tr [I3×3])
1

3
δabεαβμνGa

αβG
b
μν

=
αg2s
192π2

(6− 3− 3) εαβμνGa
αβG

a
μν = 0, (2.26)
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where we used {λa, λb} = 2dabcλc +
4
3
δab with dabc a set of irrelevant constants. The

QCD vacuum angle therefore cannot be rotated away and is physical. However, it is

constrained to be very small by measurements of the neutron electric dipole moment.

This will be discussed further in Section 2.4. We mention that the QCD vacuum

angle breaks CP -invariance. It is also a divergence and is only expected to have

non-perturbative effects.

Finally, the vacuum angle of U(1)Y is irrelevant for topological reasons beyond

the scope of this thesis (see Ref. [13] for example).

2.3.2 Anomaly cancellation

Another crucial property of the Standard Model is that it does not have gauge anoma-

lies, which is what is meant when the Standard Model is said to be anomaly free. This

means that the terms added to the Lagrangian by Eq. (2.24) cancel when a complete

gauge transformation is performed. This will be true as long as the following quantity

is zero

Aabc =
∑

fermions

tr [Ta {Tb, Tc}] , (2.27)

where the sum is over all fermions. It is a simple but tedious calculation to show that

all Aabc’s cancel in the Standard Model. For example, consider the case of the three

generators of weak hypercharge. The calculation gives

AY Y Y = 6

((
1

6

)3

tr[I6×6] +

(
−2

3

)3

tr[I3×3] +

(
1

3

)3

tr[I3×3] +

(
−1

2

)3

tr[I2×2] + 13

)

= 6

(
1

36
− 8

9
+

1

9
− 1

4
+ 1

)

= 0.

(2.28)
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The case of the weak hypercharge and two SU(2)L generators gives

AY LaLb = 3

(
1

6
tr

[
I6×6

{
I3×3 ⊗ σa

2
, I3×3 ⊗ σb

2

}]
− 1

2
tr

[
I2×2

{
σa

2
,
σb

2

}])

= 3

(
1

6
tr

[
I6×6

(
I3×3 ⊗

{
σa

2
,
σb

2

})]
− 1

2
tr

[
I2×2

{
σa

2
,
σb

2

}])

=
3δab

2

(
1

6
tr [I6×6 (I3×3 ⊗ I2×2)]− 1

2
tr [I2×2 (I2×2)]

)

=
3δab

2

(
1

6
tr [I6×6]− 1

2
tr [I2×2]

)
=

3δab

2
(1− 1) = 0.

(2.29)

These cancellations are non-trivial and the fact that they all take place is due to

a subtle interplay between quarks and leptons. The Lagrangian in Eq. (2.9) only

requires YLL
+ YEL

= YH , YQL
+ YUL

= −YH and YQL
+ YDL

= YH , which is an

undetermined set of equations. It would therefore have been possible to assign the

hypercharges differently such that only the U(1)Y gauge interactions differ. In general,

the theory would have a gauge anomaly. This would be disastrous as the presence of

a chiral anomaly leads to inconsistencies [14]. The fact that the Standard Model is

anomaly free is certainly an impressive feature.

As a side note, these miraculous cancellations are a motivation for Grand Unified

Theories (GUT). These are theories in which the Standard Model groups unify in a

simple (semisimple) group. In fact, the inclusion of three generations of right-handed

neutrinos allows all fermions from one generation to be grouped into a single spinorial

representation of SO(10). Since this group is anomaly free [15] and the right-handed

neutrino would have to be a singlet under all SM gauge groups, the Standard Model

is anomaly free as well.
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2.3.3 Baryon and lepton numbers

Finally, the Lagrangian of the Standard Model is invariant under baryon and lep-

ton transformations even after symmetry breaking. A baryon transformation means

multiplying all fields by exp(iαBi), where α parametrizes the transformation and Bi

is the baryon number of a field. The fields Qm
L , U

m
R and Dm

R have baryon number

+1/3, while all other fields have 0. A lepton transformation is similar but with Bi

replaced by the lepton number Li. The fields Lm
L and Em

R have lepton number +1,

while all other fields have 0. Classically, this leads to conservation of baryon and

lepton numbers. Since all interactions involving leptons can be made flavour preserv-

ing, lepton numbers can be defined for individual generations, i.e. electron, muon

and tau numbers. However, both baryon and lepton symmetries are anomalous. This

means that baryon and lepton number conservation are expected to be violated non-

pertubatively, though this effect is very small. We will come back to this in Chapter

8. Interestingly, B − L is anomaly free and therefore conserved.

2.4 Shortcomings of the Standard Model

Despite all of its successes, the Standard Model is not without a few shortcomings.

Some of them are experimental, while others are more of a theoretical nature. We

list a few of them here.

Neutrino masses. Perhaps the most tangible evidence that the Standard

Model needs to be extended is the fact that neutrino masses are non-zero. Though

these masses are not known yet, studies of neutrino oscillation via solar, atmospheric,

accelerator and reactor experiments have allowed us to determine their mass differ-

ences and reconstruct the PMNS matrix. Fortunately, only minimal extensions of the
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Standard Model are required to accommodate such masses.

Dark matter. Another experimental shortcoming is that it is now known that

baryonic matter only constitutes about 5% of the content of the Universe. Roughly

25% is made up of dark matter, whose nature is unknown and which must interact

only weakly with the Standard Model. The 70% left over is known as dark energy

and its nature is also unknown.

Baryogenesis. On a related note, the Universe displays an asymmetry between

matter and antimatter. Baryons make up about 5% of the mass of the Universe, while

antibaryons only represent a negligible fraction. This asymmetry cannot be explained

by the Standard Model alone. We will discus this issue more deeply in Chapter 8.

Strong CP problem. As mentioned in Section 2.3, the Standard Model con-

tains a parameter Θs called the QCD vacuum angle that breaks CP -invariance. Ex-

perimental constraints from the neutron electric dipole moment constrain this pa-

rameter to be |Θs| < 10−10 [16]. However, this term is the coefficient of an operator

which happens to be a divergence. From this, it is not difficult to prove that Θs is

actually defined modulo 2π, hence the angle terminology. As such, one would expect

Θs to be of order 1.

In addition, the Yukawa interactions can be complex in the gauge basis, which

leads to complex masses. This is usually dealt with by field redefinition of the

fermions. Since such transformations are anomalous in general, this will add to the

QCD vacuum angle a term suppressed by a single loop factor proportional to the

phase of det(M), where M is the mass matrix of quarks. Since the phases in the

Yukawa interactions can perfectly be of order 1, one would therefore expect the QCD

vacuum angle to be at least of order αS = g2s/(4π), which is much larger than the

current constraints.
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The fact that the QCD vacuum angle is constrained to be so small while one

would expect it to be close to unity is not fully understood yet. There are models

that can accommodate a very small or zero value, such as the introduction of axions

in the context of the Peccei-Quinn model [17, 18].

Hierarchy problem. The problem of the Standard Model that will be the

main focus of this thesis is the hierarchy problem. It goes as follows.

The Standard Model is an effective theory and is expected to eventually break

down as higher energies are reached. The scale of new physics serves as an effective

cutoff for the theory.

All parameters in the Standard Model receive radiative corrections. The pa-

rameter that receives the largest corrections is the mass of the Higgs squared μ2. Such

corrections depend quadratically on the cutoff.

One scale at which we are certain the Standard Model becomes invalid is the

Planck scale (1019 GeV), where gravity becomes of the same strength as the other

forces. If the Planck scale is indeed the cutoff of the Standard Model, the corrections

to the Higgs mass are then only slightly smaller than the Planck scale. To obtain

an effective Higgs mass close to the electroweak scale requires a tuning between the

bare parameters and the radiative corrections of about 1 part in 1032. It would be an

understatement to say that this amount of tuning seems unnatural. This is what is

known as the hierarchy problem.
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Chapter 3

Supersymmetry

Supersymmetry (SUSY) in its simplest form is a theory that posits the existence of a

superpartner of different spin for every particle of the Standard Model. Interestingly,

it can be seen as the only viable extension of the Poincaré group, the Lie group which

governs the symmetries of spacetime in special relativity. Indeed, Coleman and Man-

dula [19] proved long ago that, under physically reasonable assumptions, the Poincaré

group and internal symmetries can only be combined in a larger Lie group as a direct

product of the Poincaré group itself and a Lie group of internal symmetries. The re-

sulting algebra is thus a direct sum of the Poincaré algebra and an internal symmetry

algebra, i.e. that Poincaré and internal symmetries are each associated to an ideal

and therefore that elements of the two different algebras commute with respect to

one another. In less mathematical terms, spacetime symmetries and internal symme-

tries do not mix. A loophole is to promote the Lie algebra to a Lie superalgebra, a

(graded) algebra that also accepts anticommutation relations. Furthermore, the only

acceptable superalgebras are the different extended supersymmetric algebras, which

interchange components within a multiplet of fields of different spins. This result is

known as the Haag-Lopuszanski-Sohnius theorem [20]. The simplest realization of
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Figure 3.1: Contribution of the top and its partners to the Higgs mass. The quadratic
divergences cancel.

Supersymmetry is in its N = 1 form, for which each SM particle is partnered to a

particle whose spin differs by 1/2. Realizations of Supersymmetry with N > 1 will

not be discussed in this work.

In addition to the attractive nature of the Haag-Lopuszanski-Sohnius theorem,

there are several theoretical and experimental motivations for SUSY. Perhaps most

importantly, it is a solution to the hierarchy problem. An alternative way to think

of the hierarchy problem is that it arises because of the lack of protection of the

Higgs mass. The supersymmetrization of the Standard Model elegantly solves this

problem. Indeed, fermion masses break a chiral symmetry that would otherwise

be present in the Standard Model (up to irrelevant topological effects related to

the chiral anomaly). This symmetry insures that the fermion masses are protected

against quadratic divergences. By relating fermions and bosons, Supersymmetry

transmits this protection to the Higgs mass. From a more practical point of view, the

superpartners introduce new radiative corrections whose quadratic divergences cancel

exactly those of the Standard Model. This is illustrated in Fig. 3.1 in the case of the

top quark.

Furthermore, supersymmetric extensions of the Standard Model can easily be

made to accommodate an extra symmetry. The best example of this is R-parity,

a Z2 symmetry under which SM particles are even and their partners odd. This
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symmetry insures that the lightest superpartner (LSP) is stable. The LSP can then

be made relatively easily into a viable dark matter candidate. Such particles fall into

the category of weakly interacting massive particles (WIMP).

Also of great importance is that the introduction of superpartners not too far

removed from the electroweak scale leads to gauge coupling unification. These new

particles modify the evolution of gauge coupling constants just enough for them to

unify at around 1016 GeV. Such a behavior is expected if the Standard Model is to

be embedded in a simple group, as in most Grand Unified Theories.

This chapter summarizes the main results from Supersymmetry that will be

useful for this work. The Supersymmetry algebra and its differential representation

are first discussed. The different types of superfields used in this thesis are then

presented. Using these, supersymmetric Lagrangians are constructed. The Minimal

Supersymmetric Standard Model (MSSM), the simplest supersymmetric extension of

the Standard Model, is then discussed. This model must however be supplemented

by soft terms that explicitly break Supersymmetry but do not reintroduce large cor-

rections to the Higgs mass. These are generated by mediation mechanisms and we

give three pertinent examples: Gravity, gauge and anomaly mediation. See Appendix

B for an introduction to Grassmann variables and Appendix C for an explanation of

the van der Waerden notation.

As Supersymmetry is a well documented subject, all results in this chapter are

well-known and we draw inspiration from several sources. We also refer to them for

more details. The notation is that of Ref. [21] with slight modifications. The results

of Section 3.4.1 can be found in Ref. [22]. Section 3.5 draws its inspiration from

Refs. [22] and [23], but all results are rewritten to be more in line with the notation

and spirit of this thesis.
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3.1 The SUSY algebra

We take the Supersymmetry algebra as the starting point of our explanation of Super-

symmetry. In general, it involves N generators that parametrize the supersymmetric

transformations. In the N = 1 case, the single SUSY generator can be written as a

complex Weyl spinor Q. This generator has non-trivial (anti-)commutation relations

with the generators of the Lorentz group Mμν and of spacetime translations Pμ, i.e.

the Poincaré algebra. The part of the algebra involving Q is given by

[Qα, Pμ] = 0, [Qα̇, Pμ] = 0,

[Qα,Mμν ] = (σμν)α
βQβ, [Q

α̇
,Mμν ] = (σμν)

α̇
β̇Q

β̇
,

{Qα, Qβ} = 0, {Qα̇, Qβ̇} = 0,

{Qα, Qβ̇} = (σμ)αβ̇Pμ.

(3.1)

This algebra is completed by the Poincaré algebra,

[Pμ, Pν ] = 0, [Mμν , Pα] = i (ηναPμ − ημαPν) ,

[Mμν ,Mαβ] = i (ημβMνα − ημαMνβ − ηνβMμα + ηναMμβ) .

(3.2)

The SUSY algebra can be assigned a differential representation by having it act

on superfields. These latter are fields that, in addition to spacetime coordinates, also

depend on Grassmann coordinates. For N = 1 SUSY, the new Grassmann coordi-

nates are encoded in a complex left-handed Weyl spinor θ. Since Grassmann variables

anticommute, the Taylor expansion of a superfield in terms of θ terminates. The co-

efficients of the different powers of θ that appear in this expansion are interpreted as
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the physical fields. The SUSY algebra can then be represented as

P̂μ = i∂μ, M̂μν = i (xμ∂ν − xν∂μ) ,

Qα = i∂α − 1

2
(σμ)αβ̇ θ

β̇
∂μ, Qα̇ = −i∂α̇ +

1

2
θβ (σμ)βα̇ ∂μ.

(3.3)

In addition to transforming under the Poincaré group and possibly gauge groups, a

superfield also transforms under Supersymmetry. For example, a scalar superfield

will transform under a Supersymmetry transformation parametrized by ζ as

Φ → exp
(−iζ · Q − iζ · Q)

Φ. (3.4)

The parameter ζ is taken to be a constant left-handed Weyl spinor. Making Su-

persymmetry local leads to Supergravity. Note that PμP
μ commutes with every

generator. As such, the mass of a particle and its superpartner will be equal as long

as Supersymmetry is unbroken.

3.2 Superfields

The most general scalar superfield for N = 1 Supersymmetry is

Φ(x) =A(x) + θ · α(x) + θ · β(x) + θ · θB(x) + θ · θC(x) + θσμθVμ(x)

+ θ · θθ · γ(x) + θ · θθ · ζ(x) + θ · θθ · θD(x).

(3.5)

The number of degrees of freedom contained in this superfield is very large and build-

ing a theory in terms of such superfields is not usually the approach taken as they

lead to reducible representations of SUSY. Superfields must therefore be constrained

by either fixing some terms to zero or by relating terms to each other. The two most

common examples of this and the only two types of superfields that we will use are
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chiral superfields and vector superfields. These are presented here.

3.2.1 Chiral Superfields

Generally speaking, it is insufficient to simply impose an arbitrary condition on a given

superfield. This constraint has to be preserved under the supersymmetric transforma-

tion of Eq. (3.4). Assume a superfield Φ is constrained by imposing DαΦ = 0, where

Dα is a linear operator taking the form of a Weyl spinor and which anticommutes with

itself. This constraint will remain satisfied under supersymmetric transformations as

long as

{Qα,Dβ} = 0,
{
Qα̇,Dβ

}
= 0. (3.6)

It is easy to verify that the following operators satisfy these constraints

Dα = ∂α − i

2
(σμ)αβ̇ θ

β̇∂μ, Dα̇ = ∂α̇ − i

2
θγ (σμ)γα̇ ∂μ. (3.7)

These operators are referred to as supersymmetric covariant derivatives. A field Φ is

said to be left-chiral if Dα̇Φ = 0 and right-chiral if DαΦ = 0. Most authors choose

to work only with left-chiral superfields and refer to such superfields simply as chiral

superfields. We will adopt this convention as well.

To express a chiral superfield Φ in terms of its components, one starts by ex-

panding it in terms of the Grassmann variable θ

Φ = φ(y) + θ · χ(y) + 1

2
θ · θF (y), (3.8)

where y is assumed a function of θ. The superfield Φ will then be chiral as long as
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Dα̇y
μ = 0. This is satisfied by

yμ = xμ − i

2
θσμθ. (3.9)

Expanding Φ then leads to

Φ = φ(x)− i

2
θσμθ∂μφ(x)− 1

16
θ · θθ · θ�φ(x)+ θ ·χ(x)− i

2
θσμθθ ·∂μχ(x)+ 1

2
θ · θF (x).

(3.10)

The physical content of a chiral superfield is a scalar φ and a left-handed Weyl spinor

χ. The field F is non-dynamical and can be solved for exactly in terms of scalar

fields. It is known as an auxiliary field.

A result that will be very useful later on is that the product of two chiral

superfields is also a chiral superfield. This result is easily verified by proving that

supersymmetric covariant derivatives obey a chain derivative rule. However, the

conjugate of a chiral superfield is not a chiral superfield. One can then obtain more

complicated chiral superfields by multiplying together chiral superfields but not their

conjugates, i.e. a holomorphic function of the superfields.

Also of importance is how component fields transform under a supersymmetric

transformation. Performing a SUSY transformation as in Eq. (3.4) parametrized by

ζ on a gauge singlet chiral superfield leads to

φ → φ+ ζ · χ,

χ → χ− iσμζ∂μφ+ ζF,

F → F − iζ σμ∂μχ.

(3.11)

If the superfield were to be charged under some gauge groups, the transformation laws

would be modified slightly (see the next section). The important result is that, in the
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case of a gauge singlet, this transformation only adds a divergence to F . This was to

be expected. A small supersymmetric transformation replaces a component field by

a linear combination of different component fields and their derivatives. Since θ must

have units of [Energy]−1/2, F has units [Energy]2 which is higher than all other fields.

The corrections it receives must therefore be a divergence. A very important result

is then that a Lagrangian that consists of the F part of a gauge singlet holomorphic

function of chiral superfields leads to a supersymmetric action. This will be used

abundantly in creating supersymmetric theories.

3.2.2 Vector superfields

The number of degrees of freedom of the generic superfield in Eq. (3.5) can also be

reduced by imposing V† = V . Such a superfield is referred to as a vector superfield.

A convenient parametrization of a vector superfield is

V = C(x) +
i√
2
θ · ρ(x)− i√

2
θ · ρ(x) + i

4
θ · θ (M(x) + iN(x))

− i

4
θ · θ (M(x)− iN(x)) +

1

2
θσμθAμ(x) +

1

2
√
2
θ · θ

(
θ · λ(x) + 1

2
θσμ∂μρ(x)

)

+
1

2
√
2
θ · θ

(
θ · λ(x)− 1

2
θσμ∂μρ(x)

)
− 1

8
θ · θθ · θ

(
D(x) +

1

2
�C(x)

)
,

(3.12)

where C, M , N , D and Aμ are real fields. In the MSSM and all supersymmetric

models considered in this work, it will be possible to simplify this expression further.

Indeed, matter fields will be embedded in chiral superfields and gauge fields in vector

superfields. Consider a chiral superfield Φ charged under an abelian group. Under

gauge transformation, this chiral superfield transforms as

Φ → e−2iqΛΦ, (3.13)
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where q is the product of the gauge coupling constant g of the group and the charge of

the field and Λ is a superfield that parametrizes the transformation. For Φ to remain

a chiral superfield, Λ must also be a chiral superfield. Kinetic terms will result from

terms of the form

Φ†e2qVΦ, (3.14)

where V is a vector superfield associated with the gauge group. For this term to be

gauge invariant, V must transform as

V → V + i
(
Λ− Λ†)

→ V + i
(
φΛ − φ†

Λ

)
+ i

(
θ · χΛ − θ · χΛ

)
+

i

2
θ · θFΛ − i

2
θ · θF †

Λ

+
1

2
θσμθ∂μ

(
φΛ + φ†

Λ

)
+

1

4

(
θ · θθσμ∂μχΛ − θ · θθσμ∂μχΛ

)
− i

16
θ · θθ · θ�

(
φΛ − φ†

Λ

)
,

(3.15)

where Eq. (3.10) was used. Under such transformations, the different components of

Eq. (3.12) transform as

C → C + i
(
φΛ − φ†

Λ

)
, ρ → ρ+

√
2χΛ, M + iN → M + iN + 2FΛ,

Aμ → Aμ + ∂μ

(
φΛ + φ†

Λ

)
, λ → λ, D → D.

(3.16)

This gauge freedom can be used to remove C, ρ, M and N from Eq. (3.12). The

vector superfield V can then be expressed as

V =
1

2
θσμθAμ +

1

2
√
2
θ · θθ · λ+

1

2
√
2
θ · θθ · λ− 1

8
θ · θθ · θD. (3.17)

This is known as the Wess-Zumino gauge. The physical fields are then a gauge boson

and the corresponding gaugino. The field D is non-dynamical and can be solved for
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in terms of the scalar fields. There is a residual symmetry,

Aμ → Aμ + 2∂μRe {φΛ} . (3.18)

This corresponds to the usual gauge invariance of non-supersymmetric gauge theories.

The same result can easily be obtained for a non-abelian gauge group,

V i =
1

2
θσμθAi

μ +
1

2
√
2
θ · θθ · λi

+
1

2
√
2
θ · θθ · λi − 1

8
θ · θθ · θDi, (3.19)

where gauge bosons, gauginos and auxiliary fields now come in multiplets.

A very important result is that the D part of a vector superfield gauge singlet

transforms as a divergence. This can be proven by the same argument as in the last

part of Section 3.2.1. The D part of a vector superfield that is a gauge singlet will

therefore be invariant under both Supersymmetry and gauge symmetry. This will be

used abundantly to build supersymmetric Lagrangians.

Though this result is not crucial to the rest of the thesis, we note for complete-

ness that a vector superfield transforms under Supersymmetry as

Aiμ → Aiμ − 1√
2

(
ζ σμλi + λσμζ

)
,

λi → λi − i

2
√
2
F i
μνσ

μσμζ − 1√
2
Diζ,

Di → Di +
i√
2
ζ σμDμλ

i − i√
2
(Dμλ

i
)σμζ.

(3.20)

Note that D indeed transforms like a divergence for a gauge singlet. In addition, some

components of the vector superfields will appear in the transformation rules of the

chiral superfields if those are charged under the corresponding gauge groups. Suppose

a chiral superfield Φ which is charged under a single gauge group whose components
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are denoted Φa. Then, Eq. (3.11) becomes

φa → φa + ζ · χa,

χa → χa − iσμζDμφ
a + ζF a,

F a → F a − iζ σμDμχ
a +

√
2g(τ iφ)aλi · ζ,

(3.21)

where the τ i’s are the generators of the gauge group for the representation under

which Φ transforms. The only modification for a field charged under multiple gauge

groups would be a trivial extension of the last line of Eq. (3.21).

3.3 Supersymmetric Lagrangians

We now have all the necessary tools to formulate a supersymmetric theory. The

Lagrangian that describes such a theory usually consists of three parts. The first

one is associated with the kinetic terms of the chiral superfields, while the second

is associated with those of the gauge superfields. The third part is related to the

superpotential, which will be described in what follows. In addition, so-called soft

terms can be added to the Lagrangian. These terms break Supersymmetry explicitly

but do not reintroduce quadratic divergences. We now proceed to explain how to build

a supersymmetric theory and the resulting potential but postpone the discussion of

soft terms to Section 3.4.

3.3.1 Chiral superfield kinetic terms

To obtain a supersymmetric Lagrangian that contains the kinetic terms of the chiral

superfields, we start by considering a chiral superfield Φ of the form of Eq. (3.8) that

is only charged under a single abelian gauge group. The vector superfield associated
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with the gauge group is labelled V and defined as in Eq. (3.17). First, note that the

following term is a vector superfield,

Φ†e2qVΦ, (3.22)

where q is once again the product of the gauge coupling of the abelian group times

the charge of the field. As explained before, the D part of this term leads to an action

that is supersymmetric and gauge invariant. A simple but tedious calculation leads

to

Φ†e2qVΦ
∣∣
D
= (Dμφ)

†(Dμφ)+iχ σμDμχ+F †F−qφ†φD−
(√

2qφ†χ · λ+ h.c.
)
, (3.23)

whereDμ = ∂μ+iqAμ and the |D means that we take theD component of the resulting

vector superfield. This gives the properly normalized kinetic terms for complex scalars

and Weyl spinors. In addition, it contains the information on the interactions between

the different components of the vector superfields and the chiral superfields. In the

non-abelian case, this generalizes to

Φ†e2qVΦ
∣∣
D
= (Dμφ)

†(Dμφ) + iχ σμDμχ+ F †F − qφ†τ iφDi

−
(√

2qφ†τ iχ · λi + h.c.
)
,

(3.24)

where the τ i’s are representations of the Lie algebra of the group andDμ = ∂μ+iqτ iAi
μ.

The extension to chiral superfields that are charged under multiple gauge groups is

trivial.
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3.3.2 Vector superfield kinetic terms

To obtain the kinetic terms of the components of a vector superfield, we begin by

examining the abelian case. It is useful to define the superfield strength by

Wα = D ·DDαV . (3.25)

It is easily verified that Wα is a chiral superfield. A tedious but straightforward

calculation leads to

Wα =
√
2λα(y)−D(y)θα − Fμν(y) (σ

μν)α
βθβ +

i√
2
θ · θ (σμ)αβ̇ ∂μλ

β̇
(y), (3.26)

where yμ is defined as in Eq. (3.9). Taking the F term of the contraction WαWα/8+

h.c. leads to a SUSY invariant Lagrangian

1

8
(WαWα)

∣∣∣∣
F

+ h.c. =
1

2
D2 + iλσμ∂μλ− 1

4
FμνF

μν . (3.27)

This leads to the correct field strength for the gauge boson and the correct kinetic

term for the gaugino. In the non-abelian case, this result generalizes to

1

8

(W iαW i
α

)∣∣∣∣
F

+ h.c. =
1

2

(
Di

)2
+ iλ

i
σμDμλ

i − 1

4
F i
μνF

iμν . (3.28)

Note that this Lagrangian contains self-interactions between gauge bosons as well as

interactions between gauginos and gauge bosons.
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3.3.3 Superpotential

The last supersymmetric part of the Lagrangian to be included relies on the so-called

superpotential. This is simply a holomorphic function of the chiral superfields that is

a gauge singlet. Taking the F part of the superpotential gives a Lagrangian that is

supersymmetric and that codifies the interactions between chiral superfields. Given

a superpotential W , the associated Lagrangian is given by

W |F + h.c. (3.29)

Consider a set of superfields Φi. The following identities are useful to extract a

Lagrangian from the corresponding superpotential:

Φi|F = Fi,

ΦiΦj|F = φiFj + φjFi − χi · χj,

ΦiΦjΦk|F = φiφjFk + φiφkFj + φjφkFi − φiχj · χk − φjχi · χk − φkχi · χj.

(3.30)

3.3.4 Potential

As can easily be seen from the results of the last sections, the auxiliary fields do not

possess any kinetic terms. It is therefore possible to use the equations of motion to

remove them from the Lagrangian. Their removal leads to a potential for the scalar

fields. Consider a superpotential W . Eliminating the F fields leads to

VF =
∑
i

∣∣∣∣∂W (φi)

∂φi

∣∣∣∣
2

, (3.31)
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where W (φi) means the superpotential with the chiral superfields replaced by their

scalar component. In the case of an abelian gauge group, eliminating the field D

leads to

V Abelian
D =

∑
i,j

g2

2

(
φ†
iYiφi

)(
φ†
jYjφj

)
, (3.32)

where Yi is the abelian charge of Φi. In the non-abelian case, this gives

V Non-abelian
D =

∑
a,i,j

g2

2

(
φ†
iτ

a
i φi

)(
φ†
jτ

a
j φj

)
, (3.33)

where τai is the representation of the algebra associated with φi. Of course, there can

also be contributions to the potential coming from soft SUSY breaking terms.

3.4 The MSSM

Having discussed all the necessary Supersymmetry background, it is now straightfor-

ward to find supersymmetric extensions of the Standard Model. The simplest possible

one is the Minimal Supersymmetric Standard Model. The field content is summa-

rized in Table 3.1. Every matter superfield is assumed left-handed chiral and every

gauge superfield a vector superfield. Note that the Higgs content has been doubled.

This has to do with the fact that having a single Higgs field provide masses to both

types of quarks and charged leptons at the same time would only be possible via a

non-holomorphic superpotential, i.e. the theory would not be supersymmetric. In

addition, the presence of a second Higgs partner is necessary for gauge anomalies to

cancel. The scalar partners of fermions are denoted by adding a ‘s’ before their name,

e.g. the scalar partner of the top is the stop. Fermion partners are denoted by adding

an ‘ino’ at the end of their name, e.g. the fermion partner of a Higgs boson is an

Higgsino. The superpotential is given by
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SU(3)C SU(2)L U(1)Y
Hu 1 2 1/2
Hd 1 2 −1/2
Qm 3 2 1/6
Um 3 1 −2/3
Dm 3 1 1/3
Lm 1 2 −1/2
Em 1 1 1
Bμ 1 1 0
W a

μ 1 3 0
Gb

μ 8 1 0

Table 3.1: Field content of the MSSM. The index m goes from 1 to 3, a from 1 to 3
and b from 1 to 8.

WMSSM = yiju UiQjHu − yijd DiQjHd − yije EiLjHd + μHuHd, (3.34)

where SU(2) indices are contracted antisymmetrically, e.g. QjHu = Qa
j (iσ

2)abH
b
u. In

addition to this superpotential, it is also possible to write

WRPV = μiHuLi +
λijk

2
LiLjEk + λ′

ijkLiQjDk +
λ′′
ijk

2
UiDjDk. (3.35)

This potential breaks baryon number and lepton number symmetries. It therefore

leads to proton decay and many other strongly constrained scenarios [24]. These

terms can be consistently set to zero by imposing what is known as R-parity. It

is a Z2 symmetry under which the Grassmann variables are odd, while the Higgs

superfields are even and the quarks and leptons superfields odd. It is easy to see that

the terms of Eq. (3.34) are even while those of Eq. (3.35) are odd. Imposing R-parity

then insures that the terms of Eq. (3.35) are not generated pertubatively. With the

final step of imposing gauge superfields to be even under R-parity, the R-charge of a
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generic field can be written as

R = (−1)3B+L+2s, (3.36)

where B, L and s are respectively the baryon number, lepton number and spin of

a particle. This way, all Standard Model particles are even and their superpartners

odd.

To complete the Lagrangian of the MSSM, it suffices to specify the soft SUSY

breaking terms. The first contribution is the gaugino masses

Lsoft
gaugino masses = −1

2
M1B̃ · B̃ − 1

2
M2W̃

a · W̃ a − 1

2
M3G̃

b · G̃b + h.c., (3.37)

where B̃ refers to the bino and so forth. The squarks and sleptons are also given soft

masses

Lsoft
sfermion masses =− (

m2
Q

)
ij
Q̃i†Q̃j − (

m2
U

)
ij
Ũ i†Ũ j − (

m2
D

)
ij
D̃i†D̃j

− (
m2

L

)
ij
L̃i†L̃j − (

m2
E

)
ij
Ẽi†Ẽj,

(3.38)

where Ũ is the scalar partner of a right-handed up quark and so forth. These terms

are potentially very dangerous as they can give large contributions to flavour mixing

processes that are strongly constrained. Mediation mechanisms must then be con-

structed such that this mixing is suppressed. The Higgs potential also contains soft

terms. They are

Lsoft
Higgs potential = −m2

Hu
H†

uHu −m2
Hd
H†

dHd − (BμHuHd + h.c.) , (3.39)

where we used the commonly used convention of referring to the scalar component
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of Hu and Hd by the same symbol. The soft terms are finally completed by a set of

trilinear terms sometimes known as A-terms,

Lsoft
A terms = −

(
(Au)ij Ũ

iQ̃jHu − (Ad)ij D̃
iQ̃jHd − (Ae)ij Ẽ

iL̃jHd + h.c.
)
. (3.40)

3.4.1 Electroweak symmetry breaking

Electroweak symmetry breaking occurs once Hu and Hd acquire expectation values,

which are denoted by vu and vd respectively. This leads to mixing that would have

been forbidden had electroweak symmetry not been broken. The neutral Higgses mix

like ⎛
⎜⎝H0

u

H0
d

⎞
⎟⎠ =

⎛
⎜⎝vu

vd

⎞
⎟⎠+

1√
2
Rα

⎛
⎜⎝h0

H0

⎞
⎟⎠+

i√
2
Rβ

⎛
⎜⎝G0

A0

⎞
⎟⎠ . (3.41)

The field G0 is the Goldstone boson eaten by the Z boson. The fields h0 and H0

are respectively light and heavy CP -even fields, while A0 is CP -odd. The mixing

matrices are given by

Rα =

⎛
⎜⎝ cosα sinα

− sinα cosα

⎞
⎟⎠ , Rβ =

⎛
⎜⎝ sin β cos β

− cos β sin β

⎞
⎟⎠ , (3.42)

where β is defined by tan β = vu/vd and α can be found from the relations

sin 2α

sin 2β
= −

(
m2

H0 +m2
h0

m2
H0 −m2

h0

)
,

tan 2α

tan 2β
=

(
m2

A0 +m2
Z

m2
A0 −m2

Z

)
, (3.43)
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where the masses of the Higgses are given below. The charged Higgses mix as

⎛
⎜⎝H+

u

H−∗
d

⎞
⎟⎠ = Rβ

⎛
⎜⎝G+

H+

⎞
⎟⎠ . (3.44)

The field G+ is once again a Goldstone boson and is eaten by the W boson. The

masses of the physical Higgses are then given at tree-level by

m2
A0 = 2|μ|2 +m2

Hu
+m2

Hd
,

m2
h0,H0 =

1

2

(
m2

A0 +m2
Z ∓

√(
m2

A0 −m2
Z

)2
+ 4m2

Zm
2
A0 sin

2 2β

)
,

mH+ = m2
A0 +m2

W .

(3.45)

It is easy to see that at this stage mh0 ≤ mZ . To accommodate the known Higgs

mass of 125 GeV, it is then necessary for the Higgs mass to receive large radiative

corrections.

In addition, electroweak symmetry breaking leads to mixing between neutrali-

nos. In the ψ0 = (B̃, W̃ 3, H̃0
d , H̃

0
u) basis, the mass matrix of neutralinos is defined

by

LNeutralino masses = −1

2
ψ0TMÑψ

0 + h.c., (3.46)

where

MÑ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

M1 0 −g′vd/
√
2 g′vu/

√
2

0 M2 gvd/
√
2 −gvu/

√
2

−g′vd/
√
2 gvd/

√
2 0 −μ

g′vu/
√
2 −gvu/

√
2 −μ 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

. (3.47)

The MSSM then possesses four neutralinos. In the ψ± = (W̃+, H̃+
u , W̃

−, H̃−
d ) basis,
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the mixing between the charginos is encapsulated in

LChargino masses = −1

2

(
ψ±)T MC̃ψ

± + h.c., (3.48)

where

MC̃ =

⎛
⎜⎝ 0 XT

X 0

⎞
⎟⎠ , (3.49)

and

X =

⎛
⎜⎝M2 gvu

gvd μ

⎞
⎟⎠ . (3.50)

The MSSM therefore possesses two charginos. Also of importance is that electroweak

symmetry breaking leads to mixing between squarks. This is most important for the

stops. In the φt̃ = (t̃L, t̃
∗
R) basis, it is given by

LStop masses = −φ†
t̃
M2

t̃ φt̃, (3.51)

where

M2
t̃ =

⎛
⎜⎝ m2

Q3
+m2

t +ΔũL
v (A∗

t sin β − μyt cos β)

v (At sin β − μ∗yt cos β) m2
U3

+m2
t +ΔũR

⎞
⎟⎠ , (3.52)

where mt is the mass of the top quark and ΔũL
=

(
1
2
− 2

3
sin2 θW

)
cos(2β)m2

Z and

ΔũR
=

(
2
3
sin2 θW

)
cos(2β)m2

Z are radiative corrections. There are then two stops of

different masses.

3.5 Mediation mechanisms

The soft masses that appear in the MSSM or other realistic supersymmetric models

are assumed to come from a hidden sector in which Supersymmetry is broken. This
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is necessary because of the supertrace theorem, which states that for theories with

no non-renormalizable interactions

STrM2 =
∑
J

(−1)2J(2J + 1)M2
J = 0, (3.53)

where the sum is over all particles, J is their spin andMJ is their tree-level mass. The

case of tree-level SUSY breaking then generically involves dangerously light partners.

It is therefore necessary to have a hidden sector that has no tree-level renormalizable

interactions with the visible sector.

The transmission of SUSY breaking from the hidden sector to the low energy

theory is known as mediation. We present three examples in this section. They

are gravity mediation, gauge mediation [25–30] and anomaly mediation [31,32]. The

latter two will play a major role in Chapter 5.

3.5.1 Gravity mediation

The idea behind gravity mediation is that the F part of a hidden sector chiral su-

perfield X acquires an expectation value 〈FX〉. SUSY breaking is then transmitted

to the low energy theory via higher dimensional operators. The soft terms of Section

3.4 can then be obtained via a set of effective Lagrangians

Lsoft
gaugino masses = −

∫
d2θ

X

4MP l

(
M̂1Wα

1 W1α + M̂2Wα
2 W2α + M̂3Wα

3 W3α

)
+ h.c.,

Lsoft
sfermion masses = −

∫
d4θ

X†X
M2

P l

((
m̂2

Q

)
ij
Qi†Qj +

(
m̂2

U

)
ij
U i†U j +

(
m̂2

D

)
ij
Di†Dj

+
(
m̂2

L

)
ij
Li†Lj +

(
m̂2

E

)
ij
Ei†Ej

)
,

Lsoft
Higgs potential = −

∫
d4θ

X†X
M2

P l

(
m̂2

Hu
H†

uHu + m̂2
Hd
H†

dHd

)
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−
∫

d4θ
X†X
M2

P l

BμHuHd + h.c.,

Lsoft
A terms = −

∫
d2θ

X

MP l

(
(Âu)ijU

iQjHu − (Âd)ijD
iQjHd − (Âe)ijE

iLjHd

)
+ h.c., (3.54)

where we suppressed group indices, MP l is the Planck scale, Wα
i are the gauge field

superstrengths and all hatted parameters are dimensionless constants.

There exists a very famous special case of gravity mediation based on a series

of assumptions. First, all scalars masses are set to a common value m0 at the SUSY

breaking scale and the gauginos masses are similarly set to m1/2. The A-terms are

assumed of the form Af = Ayf , where yf is the corresponding Yukawa coupling and

A is a universal constant. The parameters μ and Bμ are used to set the known mass

of the Z boson and tan β, which is taken as a free parameter. This procedure however

does not set the sign of μ. There are then four free parameters (m0, m1/2, A, tan β)

and a sign (sign(μ)). Finally, all coefficients are evolved down from the unification

scale to the electroweak scale via renormalization group equations. This scenario

is known as minimal supergravity (MSUGRA) [33]. MSUGRA relaxes some of the

constraints coming from flavour physics.

3.5.2 Gauge mediation

Gauge mediation relies on a messenger sector to transmit SUSY breaking from the

hidden sector to the low energy theory. These messengers only interact with the low

energy theory via gauge interactions. This results in flavour blind soft masses which

alleviate the constraints from flavour physics. There are many variations and we give

an example applicable to the MSSM.
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Consider a singlet chiral superfield S. Assume that its scalar component ac-

quires an expectation value 〈S〉 and its F part an expectation 〈F 〉. We now introduce

messenger fields that are charged under SU(3)c × SU(2)L × U(1)Y as

q ∼
(
3,1,−1

3

)
, q ∼

(
3,1,

1

3

)
, l ∼

(
1,2,

1

2

)
, l ∼

(
1,2,−1

2

)
. (3.55)

These interact with the singlet via the superpotential

Wmess = y2Sll + y1Sqq. (3.56)

A short calculation leads to the masses

l, l : m2
fermions = |y2〈S〉|2, m2

scalars = |y2〈S〉|2 ± |y2〈F 〉|,

q, q : m2
fermions = |y1〈S〉|2, m2

scalars = |y1〈S〉|2 ± |y1〈F 〉|.
(3.57)

One loop diagrams involving the messengers lead to masses for the gauginos of

Mi =
g2i

16π2

〈F 〉
〈S〉 , (3.58)

where i goes from 1 to 3, g1 =
√

5/3g′ is the GUT normalized U(1)Y gauge coupling

constant and g2 and g3 are just g and gs respectively.

The soft masses of the scalars and the A-terms will not be necessary for this

work. We mention their expressions only for completeness sake. The soft mass of a

scalar φi is given by

m2
φi

= 2

[( g1
16π2

)2

C1(i) +
( g2
16π2

)2

C2(i) +
( g3
16π2

)2

C3(i)

] 〈F 〉2
〈S〉2 , (3.59)

where the Cj(i) are the different quadratic Casimir invariants for the representation
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under which φi transforms. The A-terms are generated at two loops and are very

small.

3.5.3 Anomaly mediation

Anomaly mediation arises in the context of Supergravity (SUGRA) and can be seen

as a consequence of the super-Weyl anomaly, which is the breaking of scale invariance

by radiative corrections (i.e. the running of coupling constants). The most impor-

tant SUGRA effects can be taken into account by the introduction of the so-called

conformal compensator Φ. Fixing it to a given value transforms a conformal SUGRA

theory to a non-conformal one. In general, a field A will transform under conformal

transformations. By redefining A → ΦpA where p is a real number, all the scale de-

pendence can be contained in the conformal compensator. However, SUSY breaking

in the hidden sector also provides an expectation value to the F part of the conformal

compensator, i.e. 〈Φ〉 = 1 −m3/2θ
2/2. This is the origin of soft masses in anomaly

mediation.

For example, consider the gaugino mass of a vector superfield V with superfield

strength Wα and associated gauge coupling constant g. To make things clearer,

perform a field redefinition Wα → Wα/g such that the coupling constant appears

only in the gaugino kinetic term. Running down the theory from the ultraviolet

(UV) scale Λ to a lower scale μ will lead to a renormalization of the kinetic term

1

4

1

g2(μ/ΦΛ)
WαWα

∣∣∣∣
F

+ h.c., (3.60)

where the dependence of g is imposed by classical conformal invariance. Taylor ex-

panding g in terms of the Grassmann variable and then canonically normalizing the
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fields leads to a gaugino mass of

M =
β

g
m3/2, (3.61)

where

β ≡ dg

d lnμ
. (3.62)

For the MSSM, this gives

M1 =
33g21
80π2

m3/2, M2 =
g22

16π2
m3/2, M3 = − 3g23

16π2
m3/2, (3.63)

where the negative sign of M3 can be reabsorbed by a field redefinition. The soft

mass of a scalar φi is given by a similar expression,

m2 = −1

4
|m3/2|2 dγ

d lnμ
, (3.64)

where γ is the anomalous dimension of φi

γ =
d lnZ

d lnμ
, (3.65)

where Z is the field-strength renormalization of φi. Finally, the A-terms are given by

Aijk = −m3/2βyijk , (3.66)

where βyijk is the beta function of the corresponding Yukawa.
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Chapter 4

The spontaneous Z2 breaking Twin

Higgs

Many beyond the Standard Model (BSM) theories seek to stabilize the electroweak

scale by introducing partners to some particles of the Standard Model. Supersymme-

try is the most famous example of this. However, these new particles are generally

charged under the Standard Model gauge groups and naturalness requires that at

least the partners of the SM particles that contribute the most to the Higgs mass be

close to the electroweak scale. It was therefore expected that these partners would

be abundantly produced at previous or current collider experiments. The lack of

discovery of such particles imposes severe constraints on their corresponding theories

and in turn leads to some tension concerning naturalness.

An alternative approach is to have the stabilizing partners be charged under

gauge groups that differ (at least partially) from those of the Standard Model. This

can result in the partners communicating very little with the Standard Model sector,

more often than not only via the Higgs, which makes their production at colliders more

difficult. This therefore relaxes most experimental constraints and naturalness can
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then potentially be restored. This concept goes under the name of neutral naturalness.

The two seminal examples of neutral naturalness are Folded Supersymmetry [34]

and Twin Higgs [35] (see also [36–53]). This chapter mainly focuses on the latter

model, but Folded Supersymmetry is summarized here for completeness sake. The

simplest realization of Folded Supersymmetry aims to cancel the largest correction

to the Higgs mass, which comes from top loops. As in Supersymmetry, this correc-

tion can be canceled by introducing scalar tops called stops. Folded Supersymmetry

goes further by expanding the gauge groups to SU(3)F × SU(3)c × SU(2)L ×U(1)Y .

Fermionic top partners are introduced that are charged under SU(2)L and U(1)Y as

is the top, but that are charged under SU(3)F instead of SU(3)c. These top partners,

referred to as folded-tops, reintroduce large corrections to the Higgs mass. These cor-

rections are canceled in turn by introducing scalar partners to the folded-top, which

are referred to as folded-stops. Overall, the cancellation of the quadratic corrections

is between the top and stops and between the folded-top and folded-stops. If a Z2

symmetry is imposed between the SU(3)c and SU(3)F groups, the contribution from

the top and folded-top are numerically the same, as are those from the stops and

folded-stops. The cancellation can then be done between the top and folded-stops.

There is no need anymore for the stops and folded-top. They can therefore be as-

sumed heavy and integrated out. The end result is that the top partners that stabilize

the electroweak scale are not charged under SU(3)c. Their cross sections at hadron

colliders are therefore strongly decreased and experimental constraints are vastly re-

duced (see Ref. [51] for a few examples). Such a particle spectrum can result from a

supersymmetric model with an extra compactified dimension using Scherk-Schwartz

Supersymmetry breaking [54, 55].

On the other hand, the Twin Higgs rests on a global SU(4) which is broken
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spontaneously to SU(3) at a scale f , leading to a set of Goldstone bosons. The SU(4)

is explicitly broken by gauging a SU(2)A × SU(2)B subgroup (with SU(2)A being

identified with the SM SU(2)L and SU(2)B a similar symmetry of a mirror sector)

and by adding Yukawa couplings. In principle, this breaking would give a mass of

order f to the Goldstone bosons. Remarkably, imposing a Z2 symmetry between the

two sectors ensures that the theory is still SU(4) invariant at the quadratic level,

leading to a light pseudo-Goldstone Higgs. A soft Z2 breaking is however needed to

obtain a hierarchy of vacuum expectation values between the Standard Model Higgs

and the mirror sector Higgs [35, 36].1

Despite its success, even the Twin Higgs is not free from tuning. A moderate

amount of tuning between the Z2 and the SU(4) breaking sectors is needed to push

the cutoff beyond experimental constraints and be compatible with the Higgs signal

strengths measurements. Various attempts at addressing this issue can be found in

the literature. Ref. [56] tries to do so in the context of a two Higgs doublet model

with misaligned vevs. In Ref. [57], the issue is addressed in a supersymmetric UV

completion by introducing Dirac gauginos [58]. Finally, Ref. [59] also addresses the

supersymmetric completion, but by forcing tan β = 1 in the mirror sector. Both

of these models try to remove the D-term quartics which are a source of tuning in

supersymmetric versions of the Twin Higgs. One thing all of these models have in

common is an explicit Z2 breaking.

This chapter presents a novel approach to improving the tuning in Twin Higgs,

which is based on spontaneous breaking of the Z2 symmetry. The proposed model,

referred to from now on as the spontaneous Z2 breaking Twin Higgs, includes two

Higgses in the fundamental representation of a SU(4) global symmetry. As in the

original Twin Higgs model, SU(4) is broken by gauging a SU(2)A×SU(2)B subgroup

1See section 4.1.1 for more details.
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and by introducing Yukawa interactions. A Z2 symmetry is then imposed between

the two sectors. We take the vacuum of the first Higgs to preserve Z2, while the other

breaks it spontaneously. A bilinear term containing the two Higgses is added (similar

to the Bμ term of the MSSM) and the Z2 breaking is transmitted from the broken

to the unbroken sector. This naturally produces a hierarchy between the vevs of the

SM sector Higgses and those of the mirror sector. The Bμ term acts as an effective

tadpole and no explicit Z2 breaking is necessary. The presence of this effective tadpole

and feedback between the two Higgses combine to reduce the tuning compared to the

original Twin Higgs as the resulting Higgs boson is naturally very SM-like.

The chapter is organized as follows. We begin by summarizing the original

Twin Higgs model to isolate the origin of the tuning and obtain results that will

make comparisons with our model easier. The spontaneous Z2 breaking Twin Higgs

is then presented in detail. An analysis of the radiative corrections follows. A detailed

analysis of the tuning of the model compared to the original Twin Higgs is then

performed. Finally, a few concluding remarks about possible UV completions are

presented.

4.1 The model

4.1.1 The original Twin Higgs

To put in context the problem the spontaneous Z2 breaking Twin Higgs attempts to

solve and to establish the notation used in this chapter, we dedicate this section to a

review of the Twin Higgs. We follow closely Ref. [35], albeit with modified notation.

Assume a complex scalar field H which is a fundamental of a global SU(4). Its
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symmetry preserving potential can be written as

VSU(4)(H) = −μ2H†H + λ(H†H)2. (4.1)

Positive values of μ2 cause SU(4) to be broken spontaneously to SU(3). This leads

to 〈H〉 ≡ f = μ/
√
2λ and 7 Goldstone bosons. The goal is to associate the Standard

Model Higgs with one of these Goldstone bosons, which are still at this point massless.

Making such a Goldstone a viable Higgs boson however requires to explicitly break

SU(4).

The SU(4) symmetry is first explicitly broken by gauging one of its SU(2)A ×
SU(2)B subgroups. The field H can then be divided into fundamentals of SU(2)A and

SU(2)B as H = (HA, HB). The A sector is conventionally associated to the Standard

Model and the B sector to the mirror sector. This gauging of a subgroup of SU(4)

will be reflected in the potential via radiative corrections. The leading corrections to

the potential introduced by this gauging are

ΔV (H) =
9g2AΛ

2

64π2
H†

AHA +
9g2BΛ

2

64π2
H†

BHB, (4.2)

where gA and gB are the gauge coupling constants of SU(2)A and SU(2)B respectively

and Λ is the cutoff of the theory. If a Z2 symmetry is imposed between the A and

B sectors, the coefficients of the two terms of Eq. (4.2) become the same. These

corrections can then be rewritten as a term of the form H†H, which respects the

original SU(4) symmetry. The Goldstone bosons therefore do not acquire any mass

from Eq. (4.2) in the presence of a Z2 symmetry. However, the subleading corrections

κ(|HA|4 + |HB|4), where κ is of order g2/16π2 ln (Λ/f), will explicitly break SU(4).

These logarithmic divergences can be reabsorbed in λ and a SU(4) breaking potential
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of the form

V���SU(4)(H) = αH†
AHAH

†
BHB. (4.3)

A similar story holds for the top Yukawa coupling. A Z2 symmetry is imposed on

this sector by adding a ‘mirror top’ which is not charged under the SM groups, but

which couples to HB in exactly the same way in which the SM top couples to HA.

The total potential at this point is the sum of Eqs. (4.1) and (4.3). The end

result is that, of the original 7 Goldstone bosons, 6 remain massless and are eaten by

massive gauge bosons and the one left over is a light pseudo-Goldstone boson that

can be identified with the 125 GeV Higgs. Since α is the only term in the potential

that breaks SU(4), it can naturally be smaller than λ, which is assumed from now

on. This insures that the Higgs remains light even for relatively large f .

The symmetry breaking structure is controlled by the sign of α [36]. If α < 0,

the minimum preserves Z2 and 〈HA〉 = 〈HB〉 = μ/
√
4λ+ α ≈ 174 GeV. This is the

sign of α assumed in the original Twin Higgs model. The fact that 〈HA〉 = 〈HB〉
leads to the Standard Model Higgs strongly mixing with the mirror sector Higgs and

results in large deviations of the Higgs measurements [36]. It also means that f is only

slightly above the electroweak scale. The energy scale ∼ 4πf , at which new physics

needs to appear to avoid fine-tuning, is then not much larger than in the Standard

Model. These issues are easily resolved by aligning the vev closer to the B sector,

thereby allowing for a larger f while preserving 〈HA〉 = 174 GeV. This can be done

via an explicit soft Z2 breaking potential of the form

V��Z2
(H) = Δm2H†

AHA. (4.4)

It is called soft as it does not reintroduce quadratic divergences in the Higgs mass, as
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is easily checked. The parameter Δm2 can naturally be small as it is the only term

that explicitly breaks Z2. The potential can be minimized by using the following

parametrization of the relevant parts of H,

H = f

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

0

sin θ

0

cos θ

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, (4.5)

with θ being π/4 when Δm2 is 0. The potential is minimized for a value of f of

f 2 =
2μ2 −Δm2

4λ+ α
, (4.6)

while minimizing the potential with respect to θ gives the following equation

αf 4 sin 4θ + 4Δm2f 2 sin θ cos θ = 0. (4.7)

This equation only yields a non-zero θ for Δm2 below a maximal value. Thus, we

can define Δm2
max as the largest value of Δm2 for which there is still electroweak

symmetry breaking in the A sector. It can be found by rewriting Eq. (4.7) as

F1(θ) ≡ 1

4

sin 4θ

sin θ cos θ
=

Δm2

(−αf 2)
≈ Δm2

Δm2
max

, (4.8)

where the last relation holds in the limit of small α and Δm2
max is given by the exact

relation

Δm2
max = −αμ2

2λ
. (4.9)
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The solution to Eq. (4.7) is

sin2 θ =
v2

f 2
=

1

2

(
1− Δm2

(−αf 2)

)
≈ 1

2

(
1− Δm2

Δm2
max

)
, (4.10)

where v is the SM Higgs vev of 174 GeV.2 Requesting a large f implies a tuning

between the SU(4) breaking and the Z2 breaking potentials. This is reflected in Eq.

(4.10) by the last term on the right needing to be close to 1.

Alternatively, one can take α > 0. The Z2 symmetry is then spontaneously

broken and the system falls in one of the two minima at 〈HA〉 = μ/
√
2λ and 〈HB〉 = 0

or 〈HA〉 = 0 and 〈HB〉 = μ/
√
2λ. However, the vev must be taken to fall in the

SM sector and this leads to a massless mirror sector. This proves to be unviable

cosmologically as its leads to too much radiation during Big Bang Nucleosynthesis

and less dark matter energy density than that of baryons [36]. It would also be

disastrous for Higgs coupling strengths. The potential must then be modified in a

way similar to Eq. (4.4) to prevent the minimum from being in one sector only.

Unfortunately, a quick inspection shows that no term that only breaks Z2 softly and

respects gauge invariance can do so. The term of Eq. (4.4) does not solve this

problem, as Eq. (4.7) is satisfied by a θ of 0 for all values of Δm2. The case of α > 0

therefore poses serious issues.

4.1.2 Spontaneous Z2 breaking

In the last section, part of the problem in the α > 0 case was that H was the only

scalar with gauge charges. This forced all terms in the potential to be an even power

of H and forbade tadpole terms, which could have potentially prevented the vev from

2In this chapter, we use a convention for v that differs from the rest of the thesis by a factor of√
2. This is simply for convenience sake and does not cause any ambiguities.
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falling in one sector only. The inclusion of a second Higgs field can solve this problem

by including a term linear in both fields which acts as an effective tadpole for H (see

Ref. [60] for a similar idea in a context unrelated to Z2 breaking or the Twin Higgs).

In addition, the Z2 breaking soft term also needed to be quadratic in H for α < 0.

It is possible that a similar term with a lower power of H could potentially produce

the same hierarchy of vevs while requiring less tuning. Again, a term linear in H and

another Higgs can do this.

Taking these considerations into account, the Higgs sector is extended to two

fundamentals of SU(4), H1 = (H1A, H1B) and H2 = (H2A, H2B), that are gauged as

in Twin Higgs and which interact with each other to create a hierarchy of vevs. The

minimum of H1 is taken to preserve Z2 and that of H2 to break it. It is the interaction

between H1 and H2 that transmits the Z2 breaking to H1 and there is no need for an

explicit Z2 breaking. This model is referred to as the spontaneous Z2 breaking Twin

Higgs. The finer details are explained below.

We note that doubling the number of Higgses is a necessary element of a super-

symmetric UV completion of the Twin Higgs. As such, adding a second Higgs does

not really constitute an artificial extension of the model.

Potential and vevs

As a starting point, the potential for H1 by itself is given by

VH1(H1) = −μ2
1H

†
1H1 + λ1(H

†
1H1)

2 + α1H1A
†H1AH1B

†H1B, (4.11)

and α1 is assumed negative, which means that the vacuum preserves Z2. At this

point, the pseudo-Goldstone boson from H1 corresponds to the angular mode and is

an equal admixture of the components of H1A and H1B. Similarly, the potential for
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H2 by itself is

VH2(H2) = −μ2
2H

†
2H2 + λ2(H

†
2H2)

2 + α2H2A
†H2AH2B

†H2B, (4.12)

and this time with α2 > 0, meaning that the vacuum breaks Z2 in this case. The

vev is taken to fall in the B sector by convention, as the vev falling in the other

sector would just mean a relabelling of B as the SM and A as the mirror sector. The

pseudo-Goldstone boson again corresponds to the angular mode. This time however,

the position of the minimum means that the pseudo-Goldstone boson is purely a

component of H2A.

The interaction between these two fields is then codified by the following La-

grangian

VH1H2(H1, H2) = −BμH
†
1H2 + h.c. (4.13)

It is technically natural to have Bμ small as it breaks a Peccei-Quinn symmetry. For

Bμ small and greater than zero, Eq. (4.13) serves essentially two purposes. First, the

part H†
1BH2B serves as an effective tadpole for H1B. It therefore pushes the vev of

H1 toward the B sector, as desired. Second, the part H†
1AH2A serves as an effective

tadpole for H2A. It accordingly provides a small positive A component to the vev

of H2. As Bμ increases, non-linear effects and feedback between the different terms

become important. An example of the different vevs is shown in Fig. 4.1.

Small αi’s approximation

To gain a better understanding of the interactions between H1 and H2, we decompose

them in a similar way to Eq. (4.5) and take the limit of small αi’s. As will be made

clear in Eq. (4.19), Bμ will be a factor of α1/λ1 smaller than the μ2
i ’s in the physically
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Figure 4.1: Example of the different vevs as a function of Bμ/B
max
μ . The parameters

are μ1 = 750 GeV, μ2 = 850 GeV, α1 = −0.15, α2 = 0.2 and λ1 = λ2 = 1.

viable and natural region of parameter space. It is therefore assumed to be small. In

general, all approximations will be valid up to O(αi/λi). The decomposition of the

Higgses is

〈H1〉 = f1

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

0

sin θ1

0

cos θ1

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, 〈H2〉 = f2

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

0

sin θ2

0

cos θ2

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, (4.14)

where f1 ≈ μ1/
√
2λ1 and f2 ≈ μ2/

√
2λ2. The minimization of the potential with

respect to the angles leads to the set of equations

α1f
4
1 sin 4θ1 + 4Bμf1f2 sin(θ1 − θ2) = 0,

α2f
4
2 sin 4θ2 − 4Bμf1f2 sin(θ1 − θ2) = 0.

(4.15)

58



When Bμ = 0, the minimum is located at θ1 = π/4 and θ2 = 0. In the general case,

adding both equations leads to

sin 4θ2 = Ωsin 4θ1, (4.16)

where Ω is a constant in the small αi’s approximation and is defined by

Ω ≡ −α1

α2

(
f1
f2

)4

. (4.17)

Eq. (4.16) is particularly interesting as it makes it clear that the exact details of

the Z2 symmetry breaking depend on whether Ω is smaller or bigger than 1. First,

consider Ω < 1. Increasing Bμ will make θ1 pass from π/4 to 0. The angle θ2 starts

by increasing but decreases once θ1 drops below π/8. Eventually, both angles settle

at 0. When Ω > 1, this behavior is reversed. Increasing Bμ will make θ2 pass from

0 to π/4. The angle θ1 decreases until θ2 reaches π/8, but increases afterward. Both

angles ultimately settle to π/4 and the Z2 symmetry is restored. This behavior is not

bad in itself as it can still lead to a small hierarchy, but obtaining a large one proves

to be difficult. Taking these considerations into account, we focus on the domain

where Ω < 1.

In analogy to the Twin Higgs case, we define Bmax
μ as the largest value of Bμ

for which there is still electroweak symmetry breaking in the A sector. The first line

of Eq. (4.15) can then be rewritten as

F2(θ1,Ω) ≡ (1− Ω)

4

sin 4θ1
sin(θ1 − θ2)

=
Bμ(

− α1f3
1

f2(1−Ω)

) ≈ Bμ

Bmax
μ

, (4.18)
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Figure 4.2: F1(θ) and F2(θ,Ω) for different values of Ω.

where θ2 is related to θ1 by Eq. (4.16). In the small αi’s approximation, Bmax
μ is then

Bmax
μ ≈ − α1f

3
1

f2(1− Ω)
. (4.19)

Note that Bmax
μ goes to infinity as Ω goes to 1, which just reflects the fact that Bmax

μ

doesn’t exist for Ω > 1. While it is hard to solve Eq. (4.18) for θ1, it is easy to see

that small values of θ1 require Bμ to be close to Bmax
μ . This is similar to the Twin

Higgs case where Δm2 needed to be close to Δm2
max to obtain a small ratio of vevs.

The two theories can be compared by looking at F1(θ) versus F2(θ,Ω) which

are plotted in Fig. 4.2 for different values of Ω between 0 and 1. When 0 < θ < π/4,

F2(θ,Ω) is always smaller than F1(θ). This means that, for the same angle, the

spontaneous Z2 breaking Twin Higgs doesn’t require Bμ as close to Bmax
μ as the Twin

Higgs requires Δm2 close to Δm2
max. This translates to less tuning. In contrast to the

Twin Higgs, one must keep in mind that for the proposed model 〈H1A〉 < v = 174

GeV, as it is a two Higgs doublet model. As avoiding large tuning requires new physics

near ∼ 4πf1, this suggests that for equivalent tuning and cutoff one must choose θ1
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smaller than the equivalent angle in Twin Higgs. Fortunately, the spontaneous Z2

breaking Twin Higgs naturally leads to 〈H1A〉 considerably larger than 〈H2A〉. Thus,
the difference is small and the argument about tuning remains valid.

Further insight can be obtained by solving Eq. (4.18) in the small θ1 limit

θ21 ≈
3

8

(Bmax
μ − Bμ)

(Bmax
μ + g(Ω)Bμ)

Bμ→Bmax
μ∼ 3

8(1 + g(Ω))

(
1− Bμ

Bmax
μ

)
, (4.20)

where

g(Ω) ≡ 1

16
(15Ω2 + 18Ω− 1). (4.21)

As mentioned above, a more appropriate quantity to make the comparison with the

Twin Higgs is

v2

f 2
1

∼ 3

8(1 + g(Ω))

(
1 +

(
−α2

α1

)−1/2

Ω3/2

)(
1− Bμ

Bmax
μ

)

≡ C (−α2/α1,Ω)

(
1− Bμ

Bmax
μ

)
.

(4.22)

This is to be compared to Eq. (4.10) which has a similar structure but with the

parameter C (−α2/α1,Ω) replaced by 1/2. Fig. 4.3 shows C (−α2/α1,Ω) as a func-

tion of Ω for fixed values of −α2/α1. We see that, unless −α2/α1 is very small,

C (−α2/α1,Ω) is smaller than 1/2 for Ω in the whole range of 0 to 1. This shows

that the spontaneous Z2 breaking Twin Higgs can easily obtain the same cutoff as

the Twin Higgs for less tuning.

The improvement in the tuning can ultimately be attributed to two sources.

First, we can look at the limit of small Ω, which means that θ2 is also small. This

limit means that H2 only serves as an effective tadpole and does not mix with H1.

The fact that the symmetry breaking is induced by an effective tadpole translates to
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Figure 4.3: C (−α2/α1,Ω) for various values for −α2/α1. Also shown is the corre-
sponding value for Twin Higgs.

Eq. (4.18) missing the factor of cos θ present in Eq. (4.8). This by itself is enough

to insure that F2(θ,Ω) be smaller than F1(θ). Second, there is considerable feedback

between H1 and H2 when Ω is close to 1. This translates to θ2 and 1− Ω appearing

in Eq. (4.18). The presence of these terms further decreases F2(θ,Ω), as is clearly

shown in Fig. 4.2. Obviously, taking Ω close to 1 is a tuning in itself, though certainly

not large enough to spoil our results, and we take this into account in Section 4.2.

Additional properties

A few additional properties of the model are worth mentioning.

Existence of Bmax
μ . The first property to mention is that the behavior of Fig.

4.1 can differ outside of the region of parameter space considered up to now. The case

of Ω > 1 mentioned above is an example. An example of the behavior of the vevs in

this case is shown in Fig. 4.4. Even when Ω < 1, the vevs can act differently if the

αi’s or Bμ are large. In particular, it is possible to choose parameters such that the

vevs of the A sector start like those of Fig. 4.1 but fail to reach 0. It is also possible
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Figure 4.4: Example of the different vevs as a function of Bμ for Ω > 1. The
parameters are μ1 = 1000 GeV, μ2 = 850 GeV, α1 = −0.15, α2 = 0.15 and λ1 = λ2 =
1.

for the vevs of the A sector to be 0 for an interval of Bμ but then become non-zero

again for very large Bμ. The parameter Bmax
μ is thus defined more precisely as the

smallest positive value of Bμ for which the vevs of the A sector are zero. Fortunately,

a sufficient condition for Bmax
μ to exist, which is that the vevs of the A sector settle

to 0 for large Bμ, is easily satisfied and given by

α1

λ1

+
α2

λ2

+
α1α2

2λ1λ2

> 0. (4.23)

When this relation is close to being satisfied but not quite, it is possible that the

system falls in the scenario where the vevs in the A sector are 0 for an interval but

become positive again for large Bμ.

This relation comes from looking at the limit of large Bμ, where the μ2
i ’s can

be ignored. In this case, setting α2 to 0 will result in the potential being minimized

for both θi’s being π/4. Increasing the magnitude of α2 while keeping the other

parameters fixed will cause both angles to eventually start decreasing. There is always
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an extremum at θ1 = θ2 = 0 and

f1 =
B

1/2
μ√

2(λ3
1λ2)1/8

, f2 =
B

1/2
μ√

2(λ1λ3
2)

1/8
. (4.24)

Minimizing around this point with respect to the angles leads to the set of equation

(α1f
3
1 +Bμf2)θ1 − Bμf2θ2 = 0,

−Bμf1θ1 + (α2f
3
2 +Bμf1)θ2 = 0.

(4.25)

The extremum at θ1 = θ2 = 0 then becomes a minimum when

(α1f
3
1 +Bμf2)(α2f

3
2 +Bμf1)− B2

μf1f2 > 0. (4.26)

Substituting the values of f1 and f2 of Eq. (4.24) leads to Eq. (4.23).

Alternate proof of Eq. (4.19). The expression for Bmax
μ can be obtained by

a different procedure. Consider the requirement of Eq. (4.26) which remains true in

general. Replacing the inequality by an equality and Bμ by Bmax
μ leads to an equation.

Solving this equation for Bmax
μ in the limit of f1 and f2 constant gives the result of

Eq. (4.19).

In principle, this technique can be used to obtain an exact value for Bmax
μ .

However, one must then take into account the dependence of f1 and f2 on Bμ. This

dependence can be obtained by minimizing the potential with respect to f1 and f2

in the small angles limit. These equations can be solved analytically for f1 and f2.

However, they are coupled cubic equations and the solution is very cumbersome.

Substituting these expressions in Eq. (4.26) and solving for Bmax
μ would then give an

exact value for Bmax
μ , but the complexity of f1 and f2 as a function of Bμ makes this

calculation practically unfeasible.
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Nature of the lightest CP -even boson. WhenBμ = 0 the pseudo-Goldstone

boson from H1 is an equal combination of the A and B sector, while the one from

H2 is purely in the A sector. One would then expect that turning on Bμ would cause

the resulting light pseudo-Goldstone boson to be more A-like than in the equivalent

case for Twin Higgs. This turns out to be the case. To see this, we decompose the

lightest pseudo-Goldstone as

h = ah1A + bh2A + ch1B + dh2B, (4.27)

where h1A is defined via H0
1A = v1A + (h1A + iA1A)/

√
2 and identically for the other

hi’s. The parameter ΘB ≡ c2 + d2 represents a measure of how much the Higgs is

B-like. A similar quantity can easily be defined for the Twin Higgs. The comparison

for both models can be seen in Fig. 4.5. Note that the pseudo-Goldstone is most A-

like for large mixing between H1 and H2. The price to pay for this is that constraints

akin to those in the usual two Higgs doublet model become important. Fortunately,

these constraints can easily be avoided, as the model naturally leads to a hierarchy

between the vevs in the A sector and fairly little mixing with mirror sector Higgses.

Generally speaking, this means that our model will be better at avoiding constraints

on Higgs couplings, though a full study of this is beyond the scope of this thesis.

Higgs particle spectrum. The particle spectrum in the A sector is the usual

two Higgs doublet model one. Generically speaking, creating a small vev hierarchy

will push the masses of the heavier Higgses up for a fixed value of the lightest Higgs.

The constraints from heavy scalar searches can therefore be easily avoided.

Mass ratios. A peculiar characteristic of the model is that generally 〈H1A〉 >
〈H2A〉 while 〈H1B〉 < 〈H2B〉. In terms of standard two Higgs doublet model notation,

this means that tan βA ≡ 〈H1A〉/〈H2A〉 > 1 while tan βB ≡ 〈H1B〉/〈H2B〉 < 1. This
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Figure 4.5: Example of ΘB for the Twin Higgs and spontaneous Z2 breaking model
with different values of μ2. The parameters for the Twin Higgs model are μ = 750
GeV, α = −0.15 and λ = 1. The parameters for the spontaneous Z2 breaking model
are μ1 = 750 GeV, α1 = −0.15, α2 = 0.2 and λ1 = λ2 = 1.

property is specially interesting in a type II two Higgs doublet model, where H1

couples to up-type quarks and H2 to down-type quarks. In this case, the mirror

down-type quarks will be heavier than their counterpart by 〈H2B〉/〈H2A〉. Looking at

Fig. 4.1, we see that it is the largest possible ratio of component vevs. As such, it is

easy to make the mirror down-type quarks many times heavier than their counterpart.

On the other hand, mirror up-type quarks are expected to be 〈H1B〉/〈H1A〉 heavier,
which is always a smaller ratio than for the down-type quarks. In addition, mirror

massive gauge bosons are a factor of ((〈H1B〉2+〈H2B〉2)/(〈H1A〉2+〈H2A〉2))1/2 heavier
than their counterpart. This ratio is always less than for down-type quarks, but larger

than for up-type quarks. It is still easy to make mirror massive gauge bosons very

heavy. In summary, a characteristic signature of our model with type II Yukawas is

that the ratios of masses between a mirror particle and its counterpart is largest for

down-type quarks and smallest for up-type quarks, while the ratio for massive gauge

bosons is between these.
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Additional terms in the potential. The potential of Section (4.1.2) does

not contain all possible Z2 preserving terms. It was verified that these extra terms do

not affect the qualitative behavior of the system, as long as they are not much bigger

than the terms already included. Even small explicit Z2 breaking terms do not affect

the qualitative behavior of the system. Unless stated otherwise, such terms will be

ignored from now on to avoid obscuring the analysis.

4.1.3 Radiative corrections

This section presents the one-loop leading radiative corrections to the parameters of

the scalar potential for both the Twin Higgs and the spontaneous Z2 breaking Twin

Higgs. Due to the similarities between these two models, the radiative corrections

are nearly identical for the two. The main differences result from the Twin Higgs

only having a single SU(4) fundamental while the spontaneous Z2 breaking Twin

Higgs contains two. These results are also similar to the radiative corrections given

in Ref. [56], another Twin Higgs model with two SU(4) fundamentals. The differences

between their radiative corrections and the ones from this section follow from different

forms of the quartic interactions.

To compute the radiative corrections, it is necessary to specify how the top

couples to the different Higgses. In the Twin Higgs, this is encoded in the Lagrangian

Ltop = −yt(qAH̃At
c
A + qBH̃Bt

c
B) + h.c., (4.28)

where the B sector quarks qB and tcB do not carry Standard Model color and the tilde

notation stands for H̃ = iσ2H
∗. The other Yukawa couplings can be safely ignored.
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The leading radiative corrections to the parameters of the Twin Higgs are then

δμ2 =
1

16π2

(
6y2t −

9

4
g2 − 3

4
g′2 − 10λ− 2α

)
Λ2, (4.29)

δλ =
1

16π2

(
6y4t −

9

8
g4 − 3

4
g2g′2 − 3

8
g′4 − 32λ2 − 8λα− 2α2

)
ln

Λ

f
, (4.30)

δα =
1

16π2

(
−12y4t +

9

4
g4 +

3

2
g2g′2 +

3

4
g′4 − 24λα

)
ln

Λ

f
, (4.31)

δΔm2 =
1

16π2
(−4λ+ 4α)Δm2 ln

Λ

f
, (4.32)

where yt is the top Yukawa coupling, g and g′ are the SM gauge couplings and Λ

denotes the cutoff scale of the theory.

For the spontaneous Z2 breaking Twin Higgs, it is also necessary to specify how

the top sector couples to the various Higgses. The top is chosen to couple to H1 only

and to follow the structure of Eq. (4.28). The radiative corrections also depend on

how the down-type quarks and the charged lepton couple to the Higgses, but the size

of their Yukawa couplings makes these contributions irrelevant.

Another difference between the spontaneous Z2 breaking Twin Higgs and the

Twin Higgs is that, in the proposed model, radiative corrections also generate an

additional operator of the form

−κ(H†
1AH1AH

†
2AH2A +H†

1BH1BH
†
2BH2B). (4.33)

As mentioned above, the presence of a such a term does not modify qualitatively

the behavior of the potential, as long as its coefficient is sufficiently small. It was

verified that this is the case for the operator of Eq. (4.33) with a coefficient of the

size of its radiative correction. Even a considerably larger coefficient does not affect

the behavior much. Because of this, only its radiative correction is written and it is
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ignored afterward. The leading radiative corrections then take the form

δμ2
1 =

1

16π2

(
6y2t −

9

4
g2 − 3

4
g′2 − 10λ1 − 2α1

)
Λ2, (4.34)

δλ1 =
1

16π2

(
6y4t −

9

8
g4 − 3

4
g2g′2 − 3

8
g′4 − 32λ2

1 − 8λ1α1 − 2α2
1

)
ln

Λ

f1
, (4.35)

δα1 =
1

16π2

(
−12y4t +

9

4
g4 +

3

2
g2g′2 +

3

4
g′4 − 24λ1α1

)
ln

Λ

f1
, (4.36)

δμ2
2 =

1

16π2

(
−9

4
g2 − 3

4
g′2 − 10λ2 − 2α2

)
Λ2, (4.37)

δλ2 =
1

16π2

(
−9

8
g4 − 3

4
g2g′2 − 3

8
g′4 − 32λ2

2 − 8λ2α2 − 2α2
2

)
ln

Λ

f2
, (4.38)

δα2 =
1

16π2

(
9

4
g4 +

3

2
g2g′2 +

3

4
g′4 − 24λ2α2

)
ln

Λ

f2
, (4.39)

δBμ = 0, (4.40)

δκ =
1

16π2

(
−9

4
g4 − 3

2
g2g′2 − 3

4
g′4

)
ln

Λ

f1
. (4.41)

For all radiative corrections presented above, finite contributions were neglected.

4.2 Numerical analysis of the fine-tuning

In this section, the fine-tuning of the spontaneous Z2 breaking Twin Higgs is compared

more precisely to that of the Twin Higgs. For both models, the fine-tuning comes

from requesting a small v/f . In the case of the Twin Higgs, one has to tune the

Z2 breaking sector against the SU(4) breaking sector. The tuning is evaluated in a

similar way to Ref. [61] by defining

ΔTH =

∣∣∣∣∂ ln(v2/f 2)

∂ lnΔm2

∣∣∣∣ . (4.42)
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The tuning is then Δ−1
TH. There are however a number of constraints that need to

be satisfied. The vev v and the mass of the lightest Higgs must be adjusted to their

correct values, which we take to be 174.10 GeV [16] and 125.09 GeV [62] respectively.

In addition, f/v must be large enough to avoid experimental constraints. Setting

this ratio to a given value imposes an additional constraint. Alternatively, one can

set the fine-tuning to a given number and be interested in f/v, which can be used to

estimate the cutoff.

There are four parameters in the Twin Higgs potential: μ2, λ, α and Δm2.

Matching v and the mass of the Higgs with their respective values sets two param-

eters. Fixing f/v or the tuning determines another one. We are therefore left with

a single free parameter. For convenience sake, that parameter is taken to be λ. Two

benchmarks are given. First, setting λ = 1 and f/v = 3 leads to a tuning of 27.7%.

Second, setting λ = 1 and requesting a tuning of 20% leads to a f/v of 3.42.

A similar measure of fine-tuning can be defined in the spontaneous Z2 breaking

Twin Higgs, but a few differences need to be taken into account. First, Bμ plays a

similar role to Δm2. As explained in Section 4.1.2, one can obtain a very large ratio

of vevs for a relatively small Bμ/B
max
μ , given a very large mixing of H1 and H2. This

however requires a fine-tuning of the parameters of the second Higgs (μ2
2, λ2 and α2)

against those of the first. This tuning corresponds to Ω being close to 1 and needs to

be taken into account. Second, there are simply more parameters in our case than in

the original Twin Higgs. A measure that addresses all of these issues in a relatively

fair manner is

ΔSpontaneous = Max

{∣∣∣∣∂ ln(v2/f 2
1 )

∂ lnBμ

∣∣∣∣ ,
∣∣∣∣∂ ln(v2/f 2

1 )

∂ lnμ2
2

∣∣∣∣ ,
∣∣∣∣∂ ln(v2/f 2

1 )

∂ lnλ2

∣∣∣∣ ,
∣∣∣∣∂ ln(v2/f 2

1 )

∂ lnα2

∣∣∣∣
}
.

(4.43)
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The tuning is then Δ−1
Spontaneous.

3 The number of parameters in the model is 7 (μ2
1,

μ2
2, λ1, λ2, α1, α2 and Bμ). Three of them can be used to obtain the correct value

of v and the Higgs mass, as well as specifying f1/v or requesting a given tuning. A

convenient choice is to use μ2
1, α1 and Bμ for this. The free parameters are then λ1

and the parameters related to H2 only. For convenience, all of the following plots are

shown for λ1 = λ2 = 1. There are then two parameters left: μ2
2 and α2. As it makes

the relation with the results of Section 4.1.2 clearer, all contour plots are presented

in terms of μ2
2/μ

2
1 and −α2/α1.

The left panel of Fig. 4.6 shows the tuning given a ratio f1/v of 3. By inspecting

Eq. (4.17), one sees that the contour lines correspond roughly to lines of constant

Ω. The tuning also approaches a constant as Ω goes to 0. This corresponds to the

behavior expected from the discussion of Section 4.1.2. The gray area corresponds to

the region of parameter space where the constraints do not accept any solution. It

originates from the impossibility of creating a large enough hierarchy of vevs for Ω

very close to 1. The model is least fine-tuned when Ω is large enough for feedback

to play an important role, while at the same time far away enough from 1 not to

be considered fine-tuned. The ratio of the tuning and the corresponding Twin Higgs

benchmark of 27.7% is shown in the right panel of Fig. 4.6. There is an optimal

improvement of 58.1% and an improvement of 29.2% in the limit of Ω going to 0.

Conversely, Fig. 4.7 shows f1/v for a fixed tuning of 20%. The ratio of f1/v on the

corresponding Twin Higgs benchmark of 3.42 can be seen in the right panel of Fig.

4.7. There is an optimal improvement of 22.5% and an improvement of 12.3% in the

limit of Ω going to 0.

3As in Ref. [61], variations with respect to μ2
1, α1 and λ1 are not considered and they are taken

to be fixed. Variations with respect to these parameters lead to slightly larger tuning, which is a
consequence of Bmax

μ having cubic dependence on f1. The chosen measure of tuning instead measures
how close Bμ must be taken to Bmax

μ and how much the parameters of H2 are adjusted with respect
to those of H1.
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Figure 4.6: Tuning of the spontaneous Z2 breaking Twin Higgs for a fixed f1/v of
3. The left panel shows the tuning in percentage and the right one the ratio of the
tuning to the Twin Higgs benchmark value of 27.7%. The gray area corresponds to
the region where the constraints do not accept any solution.
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Figure 4.7: f1/v for the spontaneous Z2 breaking Twin Higgs for a fixed tuning of
20%. The left panel shows f1/v and the right one the ratio of f1/v to the Twin
Higgs benchmark value of 3.42. The gray area corresponds to the region where the
constraints do not accept any solution.

72



Also of interest is the scale at which new physics is expected to become relevant,

i.e. the cutoff. New physics is expected where the radiative corrections to the different

parameters become large compared to their actual values. The bare parameters must

then be tuned against their radiative corrections. The relevant parameters in both

Twin Higgs and our model are those that receive quadratic corrections, i.e. the

different μ2’s. An estimate of the cutoff for a fixed tuning can be obtained by taking

the value of Λ for which the ratio of one of the μ2’s and its radiative correction drops

below said tuning. These corrections are only expected to give the correct order of

magnitude and are roughly given by |δμ2| ∼ 10λ2Λ2/(16π2). Using the relations of

Section 4.1, the results of f/v can be used to estimate the cutoff. Requesting a tuning

of 20% gives a cutoff of 7.5 TeV for the Twin Higgs. In our model, the cutoff follows

a similar pattern to Fig. 4.7 with an optimal value of 9.2 TeV and a value of 8.4 TeV

in the limit of Ω going to 0.

4.3 Possible UV completion

The next logical question concerns a possible UV completion. The obvious guess

would be a supersymmetric version of the model. However, SUSY generally leads

to a more complicated quartic structure than Eqs. (4.11) and (4.12). This prevents

the model from being translated directly to SUSY. In addition, getting the correct

signs of the αi’s generally proves to be problematic. The combination of the D-terms

and the largest loop corrections provides a negative contribution to the αi of both

the up and down Higgses [61]. The terms leading to spontaneous Z2 breaking must

therefore originate from the superpotential. One possibility would be to introduce a
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superpotential term of the form

λHdAUHdB, (4.44)

where U is a fundamental of both SU(2)A and SU(2)B and has the appropriate weak

hypercharges. Assuming a very large soft mass for U and integrating it out would

lead to a positive contribution to αd and can lead to the correct Z2 breaking structure.

One other possibility would be to have both Hu and Hd preserve Z2, but include

a NMSSM-like scalar sector that spontaneously breaks Z2. For example, consider the

superpotential

W = λ′S ′(S2
A + S2

B) + λ′′S ′′SASB, (4.45)

and assume that both S ′ and S ′′ have large soft masses and that S = (SA, SB) has a

negative soft mass squared. The first term preserves a global O(2) symmetry that the

second term breaks. Both terms preserve the Z2 symmetry. However, this symmetry

is broken spontaneously. If SA couples to the A-type Higgses and SB to the B-type

Higgses, the symmetry breaking is transmitted to the Higgs sector as well. Of course,

the viability of these models would require studies of their own.

74



Chapter 5

Constraining Mini-Split

Supersymmetry

As explained in Chapter 3, Supersymmetry presents many interesting features. The

most prominent ones are that it solves the hierarchy problem, can provide a viable

dark matter candidate and leads to gauge coupling unification. As such, many dedi-

cated searches have been performed in the hope of discovering superpartners. These

searches have been unsuccessful so far, resulting in stringent constraints on several

superpartners. These constraints are particularly strong for scalar partners and make

the stabilization of the weak scale more challenging. One is then forced to reconsider

whether nature might be fine-tuned to a certain degree. This has led to the emergence

of Split-SUSY. In this setup, the fermion superpartners are around or close to the

electroweak scale, while the scalar superpartners are multiple orders of magnitude

heavier. The resulting mass spectrum can still provide a dark matter candidate and

preserve gauge coupling unification, while avoiding the most stringent experimental

constraints. The mass of the Higgs is however fine-tuned and must be explained by

other means, such as an environmental selection principle.

75



However, it was shown in Ref. [63] that pushing the scalar masses above 105

TeV can make Split-SUSY incapable of accommodating the now known mass of the

Higgs boson [7, 8]. Split-SUSY must then be promoted to Mini-Split SUSY, where

the gap between the masses of fermion and boson superpartners is only a few orders

of magnitude.

One of the main phenomenological characteristics of Mini-Split models is the

presence of a small energy gap between the gauginos and scalars. The conventional

mass spectra associated to well known mediation mechanism like anomaly [31, 32]

and gauge [25–30] mediation are modified, as the heavy superpartners deflect the

gaugino masses from their standard renormalization group (RG) expressions when

they are integrated out. The resulting spectra are referred to as deflected anomaly

mediation [64,65] and deflected gauge mediation.

The purpose of this chapter is to constrain the parameter space of Mini-Split

models with deflected anomaly mediation and gauge mediation using LHC data and to

predict future prospects for the 14 TeV run of the LHC (LHC 14) and a future 100 TeV

collider. Current constraints are extracted from ATLAS [66–70] and CMS [3, 71, 72]

SUSY searches (mainly gluino pair production), the mass of the Higgs boson [7, 8]

and the absence of a color breaking vacuum. The same techniques in conjunction

with background estimates can then be applied to obtain prospects for LHC 14 and

a 100 TeV collider. The focus in this chapter is on the case of a Higssino mass μ

around the scalar scale. The Higgsinos are then the main origin of deflection and the

light neutralinos/charginos are almost pure gauginos. Since the masses of the third

generation squarks are expected to run down with decreasing energy, we make the

simplifying assumption of a lighter third generation.

This chapter is organized as follows. The necessary theoretical elements are
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presented first. This includes an explanation of how Mini-Split theories can arise in

both anomaly and gauge mediation, as well as pole mass expressions and branching

fractions. The procedure necessary to calculate the Higgs mass is also presented.

The methodology used in obtaining both current limits and future prospects is then

explained. This includes the LHC searches used to determine current limits. We

then present current LHC constraints and prospects at LHC 14 and a future 100 TeV

collider. Finally, we make a few comments concerning dark matter and disappearing

tracks.

5.1 Theory

5.1.1 Mini-Split models

In this section, we review how Mini-Split spectra can be realized in both anomaly and

gauge mediation (see for example Ref. [65]). Quite generally, sfermion masses can be

generated via terms of the form

∫
d4θ

X†X
M2∗

Q†Q, (5.1)

where M∗ is the mediation scale, X = 1
2
θ2FX is a SUSY breaking spurion, and Q

is a chiral superfield (see Section 3.5). This term is always allowed by symmetries,

irrespective of the R-charge of X or its gauge quantum numbers. On the other hand

gaugino masses are generated via terms of the form

∫
d2θ

X

4M∗
Wα

i Wiα, (5.2)
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where Wiα(i = 1, 2, 3) are the gauge field strength superfields. Contrary to the

sfermion masses of Eq. (5.1), here X is required to be a singlet under all gauge and

global charges in order for this term to be allowed. It is therefore easier to forbid

and it is assumed absent in the models considered in this chapter. There is however

an unavoidable contribution to gaugino masses coming from anomaly mediation (see

Section 3.5.3),

Mi =
βi

gi
m3/2. (5.3)

The A-terms are also generated by anomaly mediation and are given by

Ay = −βym3/2, (5.4)

where βy is the beta function of the corresponding Yukawa coupling. A Bμ term can

be generated by a term of the form

∫
d4θ

X†X
M2∗

HuHd. (5.5)

In Mini-Split scenarios, the μ term can either be large (at the scale of the scalars) or

small (at the scale of the gauginos) depending on how it is generated. This chapter

focuses on the case in which it is large. The μ term can be generated through the

Giudice-Masiero mechanism [73] where a term of the following form is introduced,

∫
d4θΦ†Φ

[
Ĥ†

u,dĤu,d +
(
cĤuĤd + h.c

)]
. (5.6)

Here c is an arbitrary dimensionless constant and Φ is the conformal compensator (see

Section 3.5.3) which gets a non-zero F -term once SUSY is broken: Φ = 1−m3/2θ
2/2.

78



Upon rescaling of the fields, this becomes

∫
d4θ

[
H†

u,dHu,d +

(
c
Φ†

Φ
HuHd + h.c

)]
, (5.7)

and leads to a μ term, in addition to an additional contribution to Bμ. These terms are

of order m3/2 and m2
3/2 respectively. If gravity is the sole mediator of supersymmetry

breaking, then M∗ is the Planck mass. This leads to the scalars and Higgsinos all

having masses of roughly m3/2 while the masses of the gauginos are a loop factor

smaller. The resulting mass spectrum falls in the Mini-Split category.

The fact that the μ term is taken to be large will change the running of the

gauge coupling constants compared to the more conventional split-spectrum with

light Higgsinos and might affect unification. There exists a simple procedure to test

whether gauge coupling unification can be maintained. Starting from the electroweak

scale, the gauge coupling constants of SU(2)L and U(1)Y are evolved until they unify.

The strong coupling constant at that scale is taken to be equal to the other ones. The

strong coupling constant is then evolved down to the electroweak scale and compared

with its experimental value. The prediction for αs(MZ) was found in Ref. [74] to be

smaller than with light Higgsinos, but still consistent with the measured value.

Gauge mediation can also lead to Mini-Split spectra. This can be done in a

multitude of ways. An example taken from Ref. [63] is presented here. Assume a

superpotential of the form

W = MR

(
Φ1Φ1 + Φ2Φ2

)
+XΦ1Φ2, (5.8)

where the Φi and the Φi are messengers and X = M + 1
2
Fθ2 is a spurion that breaks
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SUSY and R-symmetry. This leads to gaugino masses of

Mi =
αi

6π

M

MR

F 3

M5
R

+O
(
M3

M3
R

F 3

M5
R

,
F 5

M9
R

)
. (5.9)

On the other hand, the scalar masses areO(αF/MR). If R-symmetry is weakly broken

(M < MR), a Mini-Split spectrum is again generated.

5.1.2 Gaugino mass spectrum

The main effect of the small mass hierarchy between the gauginos and scalars/Higgsinos

is that radiative corrections to the pole masses of gauginos coming from integrating

out the scalars and Higgsinos can be comparable to, if not larger than, the contri-

butions coming from anomaly mediation or gauge mediation directly. In the case of

anomaly mediation, the expressions are well known and can be read from different

sources [65, 75]. In the limit of degenerate sfermion masses, the pole masses of the

gauginos are

MB̃ = M1(Q)

[
1 +

Cμ

11
+

8g21
80π2

(
−41

2
ln

Q2

M2
1

− 1

2
ln

μ2

M2
1

+ ln
m2

A

M2
1

+ 11 ln
m2

q̃

M2
1

+9 ln
m2

l̃

M2
1

)
+

g23
6π2

− 13g2t
264π2 sin2 β

]
,

MW̃ = M2(Q)

[
1 + Cμ +

g22
16π2

(
19

6
ln

Q2

M2
2

− 1

6
ln

μ2

M2
2

+
1

3
ln

m2
A

M2
2

+ 3 ln
m2

q̃

M2
2

+ ln
m2

l̃

M2
2

)
+

3g23
2π2

− 3g2t
8π2 sin2 β

]
,

MG̃ = M3(Q)

[
1 +

g23
16π2

(
7 ln

Q2

M2
3

+ 4 ln
m2

q̃

M2
3

+ 13− 2F

(
M2

3

m2
q̃

))
− 7g23

24π2

+
g2t

12π2 sin2 β

]
,

(5.10)
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where

M1(Q) =
33g21(Q)

80π2
m3/2, M2(Q) =

g22(Q)

16π2
m3/2, M3(Q) = −3g23(Q)

16π2
m3/2, (5.11)

gi(Q) are the gauge couplings of the SM in MS and SU(5) convention at scale Q, gt

is the top Yukawa coupling in the SM, and

Cμ =
μ

m3/2

m2
A sin2 β

m2
A − μ2

ln
m2

A

μ2
,

F (x) = 3

[
3

2
− 1

x
−

(
1

x
− 1

)2

ln |1− x|
]
.

(5.12)

The generalization to the case of non-degenerate sfermion masses is straight-forward.

The proof of these expressions is tedious but not overly complicated. It is

therefore only summarized. We start by relating the pole masses to the DR masses

using results from Ref. [76]. Corrections from two loop beta functions must be taken

into account and can be read from Ref. [77]. Finally, the gauge coupling constants

must be converted from DR to MS using the results of Ref. [65].

The main point of interest is that the corrections due to Cμ can be comparable

to, if not bigger than, the usual expressions. A typical mass spectrum is shown in the

left panel of Fig. 5.1. Similar expressions hold for gauge mediation:

MB̃ = M ′
1(Q)

[
1 +

3C ′
μ

5
+

g21
80π2

(
−41

2
ln

Q2

M2
1

− 1

2
ln

μ2

M2
1

+ ln
m2

A

M2
1

+ 11 ln
m2

q̃

M2
1

+9 ln
m2

l̃

M2
1

)]
,

MW̃ = M ′
2(Q)

[
1 + C ′

μ +
g22

16π2

(
19

6
ln

Q2

M2
2

− 1

6
ln

μ2

M2
2

+
1

3
ln

m2
A

M2
2

+ 3 ln
m2

q̃

M2
2

+ ln
m2

l̃

M2
2

)]
,
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Figure 5.1: Typical mass spectrum for (a) anomaly mediation and (b) gauge medi-
ation. In (a), the masses appearing on the right side of Eq. (5.10) are taken to be
mscalars = μ = m3/2 = 50 TeV with tan β = 2. In (b), the masses appearing on the
right side of Eq. (5.13) are taken to be mscalars = μ = Λ = 200 TeV with tan β = 2.

MG̃ = M ′
3(Q)

[
1 +

g23
16π2

(
7 ln

Q2

M2
3

+ 4 ln
m2

q̃

M2
3

+ 13− 2F

(
M2

3

m2
q̃

))
+

6g23
16π2

]
, (5.13)

where only the terms proportional to gt, g3, or log-enhanced [78] are kept,

M ′
i(Q) =

g2i
16π2

Λ,

C ′
μ =

μ

Λ

m2
A sin2 β

m2
A − μ2

ln
m2

A

μ2
,

(5.14)

where Λ, in a given gauge mediation model, can be expressed in term of the SUSY

breaking scale and the messenger scales (see for example Eq. (5.9)). The last term

of MG̃ in Eq. (5.13) is the two loop correction to the DR mass and can be extracted

from Ref. [79]. A typical mass spectrum is shown in the right panel of Fig. 5.1.

The parameters Cμ and C ′
μ can be rewritten by requiring the fine-tuning condi-

tion, which needs to be imposed to have the weak scale parametrically smaller than
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the scalar mass scale [65]

tan2 β =
m2

Hd
+ μ2

m2
Hu

+ μ2
, (5.15)

and the usual relation m2
A = m2

Hu
+m2

Hd
+ 2μ2. Cμ can then be expressed as [65]

Cμ =
2μ tan β

m3/2

m2
Hd

+ μ2

(tan2 β + 1)m2
Hd

+ μ2
ln

[
(1 + cot2 β)

(
1 +

m2
Hd

μ2

)]
. (5.16)

The same applies to C ′
μ with m3/2 → Λ.

In these models the gauginos are the lightest sparticles and, because μ is large,

neutralino mixing and chargino mixing are suppressed. The light neutralinos and

charginos are then almost pure binos and winos. As such, there is a neutralino of

mass very close to MB̃ and a pair of nearly degenerate neutralino and chargino of

mass MW̃ . There is a small mass difference between the neutral and charged wino

dominated by a loop effect [80],

ΔM ≡ mχ+

W̃

−mχ0
W̃

=
α2M2

4π

[
f(rW )− c2Wf(rZ)− s2Wf(rγ)

]
, (5.17)

where f(y) =
∫ 1

0
(2 + 2x) log(x2 + (1 − x)y2)dx and ri = mi/M2. The mass splitting

is typically of the order of 150 MeV.

5.1.3 Gaugino decays

In this chapter, the gluino is assumed to decay via third generation squarks. These

decay modes dominate if the third generation squarks are lighter than the others,

which is expected from renormalization group (RG) effects or could be imposed for
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other model building reasons.1 The relevant decays are then

g̃ → ttχ0
1, g̃ → bbχ0

1, g̃ → btχ+
1 ,

g̃ → ttχ0
2, g̃ → bbχ0

2, g̃ → btχ−
1 .

(5.18)

The gluino can also decay to a gluon and a neutralino; however, it is negligible for

heavy enough Higgsinos [81] and it is ignored. The branching ratios are calculated

using analytical results found in Ref. [82]. An example of gluino branching fractions

is shown in Fig. 5.2. The computed branching ratios assume equal masses for the

stops and the sbottoms. If the stops were lighter, the decays to two b quarks, which

can only proceed via off-shell sbottoms, would be relatively suppressed. As can be

seen in Fig. 5.2, these decays are already suppressed. The only thing that would

change is the branching fraction of g̃ → ttχ0
1, g̃ → ttχ0

2 and g̃ → btχ+
1 , which all have

similar efficiencies for the searches considered. It is therefore not expected that this

assumption will affect the results greatly.

In practice, χ0
2 always decays to χ0

1 and a Higgs boson [74], irrespective of

whether MB̃ is larger than MW̃ or the opposite. In this scenario, the decay of χ0
2 to

χ0
1 and a Z boson is extremely suppressed due to the neutralinos being almost pure

gauginos. WhenMW̃ < MB̃, χ
+
1 can only decay to χ0

1 and either light leptons or a pion

which can cause this chargino to be metastable because of lack of phase-space [80]. As

the decay is always very soft, the decay products are generally unaccounted for in the

detector and the chargino is practically indistinguishable from the stable neutralino.

When MW̃ > MB̃ , χ+
1 decays to χ0

1 and a W boson (it was verified that the decay to

χ0
2 only becomes relevant for μ at a scale considerably higher than anything relevant

1For example, flavour physics might require the first and second generations of squarks to be
in the 1000 TeV range, while the third generation could be kept somewhat lighter to obtain the
appropriate Higgs mass [74].
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Figure 5.2: Branching ratios of the gluino for MG̃ = 1500 GeV and MB̃ = 0 GeV.
The third generation scalar masses are assumed to be degenerate and much heavier
than the gauginos.

to this chapter).

5.1.4 Higgs mass

To set the mass of the Higgs to its experimentally measured value, the procedure

outlined in Ref. [65] is used and summarized here. First, MS parameters are taken

from Ref. [83] for the top Yukawa and the gauge coupling constants and from Ref.

[84] for the bottom and tau Yukawas. The quartic coupling of the Higgs boson is

extracted from its pole mass [85–88] using a value of 125.15 GeV, which is the naive

average of the ATLAS [8] and CMS [7] values. These parameters are then evolved up

to the scalars scale using three-loops beta functions [89–91]. Threshold corrections

are taken from Ref. [65]. These include one-loop corrections and two-loop QCD

corrections. The Higgs quartic is then matched with its SUSY expression and the

threshold corrections. This determines one of the parameters, therefore reducing the
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dimension of the parameter space by one. As explained in the next section, tan β is

varied to obtain the correct value of the Higgs mass.

In some regions of the parameter space, it is not possible to obtain the correct

Higgs mass because the required parameters lead to a color breaking minimum that is

deeper than the electroweak minimum. The necessary condition to avoid this is [65]

(At − μyt cot β)
2

y2tmQ3mU3

<

(
4− 1

sin2 β

)(
m2

Q3

m2
U3

+
m2

U3

m2
Q3

)
, (5.19)

where mQ3 is the third generation soft mass for the SU(2) quark doublet and mU3 the

right-handed stop soft mass.

5.2 Methodology and results

5.2.1 Parameter space

We begin by discussing the parameter space we use to study the models of interest.

It is very similar for both anomaly and gauge mediation. There are essentially four

parameters that control the phenomenology of anomaly mediation [65]. They are

m3/2, tan β, mscalars, and μ. As explained in Section 5.1.1, m3/2 and mscalars are

expected to be of the same order of magnitude so they are set equal to each other.

An additional parameter can be fixed by requiring the theory to predict the correct

mass of the Higgs boson with the help of the results of Section 5.1.4. Generally

speaking, tan β is the best parameter to do so as varying it even slightly can have

a substantial effect on the Higgs mass. The parameter space is then reduced to μ

and m3/2. However, we trade μ for Cμ. The main advantage of this parametrization

is that the ratio of gaugino masses depends mostly on Cμ. The exact details of the

scalar sector are relegated to two-loops corrections in Eq. (5.10) and the results can

86



therefore be applied to models where the scalar sector does not differ too significantly.

To translate this to something more familiar, each parameter space plot is provided

with contours of constant MB̃, MW̃ , μ, and tan β.

The relationship between μ and Cμ depends on mHd
which is taken to be at

mscalars. A different choice would lead, for the same Cμ, to a different value of μ

which in turn would affect mostly the color breaking bounds (see Eq. (5.19)). Taking

mHd
much bigger than mscalars would limit Cμ to a narrow band around 0 and taking

mHd
much smaller would push the bounds to large values of Cμ such that the gluino

would be the LSP for most of the parameter space. With mHd
being set to mscalars,

we have a benchmark that does not suffer from any of these drawbacks. The third

generation is assumed to be lighter than the others. As a benchmark, the first and

second generation squark masses are set to 4mscalars and all third generation masses to

mscalars. This is small enough to prevent problems with large logs, while keeping the

branching fraction to the first two generations below the percent level which is well

below some of the uncertainties (e.g. gluino pair production cross section). Slepton

masses are also set to 4mscalars. Lowering the masses of the first two generations of

squarks would increase the branching ratio of the gluino to light jets, possibly affecting

the reach of our searches (however, the high jet-multiplicity would still provide strong

bounds). It would have only a slight effect on the gaugino spectrum and on the Higgs

mass. Finally, the third generation A-term At is set by Eq. (5.4). Overall, changing

the choice of benchmark parameters (mainly the choice of setting mHd
to mscalars and

of taking mQ3 = mU3 = mscalars) will mostly affect the μ and tan β contours in our

results. Also, as a result of a modified relationship between Cμ, μ, and tan β, the

region of parameter space where there is a color breaking vacuum would be modified.

In almost all of the parameter space the Higgsinos are heavy, except for a region
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near Cμ = 0 where a Higgsino can be the LSP. More precisely, outside of |Cμ| < 0.3,

the Higgsinos are always an order of magnitude heavier than the gluino while only

inside |Cμ| < 0.1 are the Higgsinos comparable in mass to the bino and winos. This

represents only a very narrow band in the parameter space and the efficiencies of the

signal regions are not expected to change much in it. In addition, this case has already

been studied in Refs. [81,92]. As such, this effect is neglected. When MW̃ < MB̃, the

mass difference between χ+
1 and χ0

1 is calculated using Eq. (5.17).

The previous discussion applies almost directly to gauge mediation by trading

m3/2 for Λ. In this case, mscalars is fixed to Λ while tan β is again set by requesting

the correct mass of the Higgs boson.2 The masses of the sleptons and the first two

generations squarks are still set to 4mscalars. At is set to zero, as one would expect it

to be small [65] and then completely overshadowed by μ. The mass mHd
is once more

set to mscalars.

Two other constraints are of importance for the parameter space. First of all,

for a given value of m3/2 (Λ), a small value of At will lead to an upper bound on

Cμ (C ′
μ) beyond which it is impossible to obtain the correct Higgs mass. Indeed if

Cμ (C ′
μ) becomes large, the threshold corrections also become large and the quartic

matching condition does not accept any solutions for real tan β. In fact, requiring

Cμ (C ′
μ) close to its upper bound can make the Higgsinos heavy enough that large

logs could become a problem and perturbation expansions could fail. Fixing the

stop mixing parameter At − μyt cot β to a small value would solve this problem, but

this would imply At reaching values that are too high to be readily explained in our

framework without large fine-tuning. The second issue arises from the presence of a

color breaking vacuum which is controlled by Eq. (5.19). For the values of m3/2 (Λ)

2There is considerable freedom on the choice of the scalar masses. The choice made here is more
to keep in tune with our procedure for anomaly mediation. As explained above, the exact details of
the scalar sector are not very relevant in our parametrization.
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considered in this work, it turns out that this limit is always stronger than the upper

bound on Cμ (C ′
μ) coming from the mass of the Higgs boson. This latter constraint

can therefore be ignored. We limit ourselves to the regions of parameter space where

Eq. (5.19) is satisfied.

5.2.2 Current LHC constraints

To obtain current limits on anomaly and gauge mediation, searches for gluino pair

production are recast. In particular, the focus is on searches with either many b-jets,

leptons, or large jet-multiplicity. Of course, all of these searches have stringent cuts on

missing transverse energy (MET). The chosen searches are summarized in Table 5.1.

As a general rule, Ref. [70] dominates over the others. For each of these searches, codes

simulating the cuts are implemented. To validate our codes, events were generated

with MadGraph 5 [93] intefaced with Pythia 6 [94] and Delphes 3 [95, 96]. All four

searches were reproduced with good accuracy. There are also constraints coming

from electroweakino production for which the experimental bounds found in Refs.

[66–68, 71] apply directly. This is because the branching ratios for the charginos

and neutralinos that are relevant for our models are the same as the ones used in

the simplified models considered in those searches. The bounds are in general much

weaker than the one from gluino production and become relevant only in a tiny region

of parameter space where the electroweakinos are very light.

Our method to reinterpret the experimental constraints follows closely the pro-

cedure of Ref. [97]. Every possible combination of the decay chains given in (5.18)

is simulated and the efficiency of every signal region is measured for each of them.

The branching fractions are then calculated using the procedure of Section 5.1.3.

The gluino pair production cross sections are calculated at NLO+NLL with NLL-
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Collaboration Search Strategy Reference

ATLAS JHEP 06 (2014) 035
2 same sign / 3

leptons + 0-3 b-jets +
MET

[69]

ATLAS JHEP 10 (2014) 024
0-1 leptons + 3
b-jets + MET

[70]

CMS CMS-SUS-13-012
High jet-multiplicity

+ MET
[72]

CMS
CMS-PAS-SUS-12-

016

2 opposite sign
leptons + high-jet

multiplicity + 3 b-jets
+ MET

[3]

Table 5.1: Gluino pair production searches used to obtain current constraints.

fast [98–102], which we verified using Prospino [103]. The number of expected signal

events in a given signal region can then be calculated. The 95% confidence level signal

upper limit can either be read directly from these searches or calculated using the

known background and confidence level (CL) techniques [104]. The different signal

regions are combined in a boolean fashion [105]. A more thorough approach would

require the correlation between the backgrounds of the different signal regions, which

is not readily available.

The events are generated with MadGraph 5 [93] interfaced with Pythia 6 [94]

and Delphes 3 [95,96]. 10000 events are generated for each grid point. MadGraph gen-

erally takes care of decay chains up to the production of the LSP. The only exception

is when either χ0
2 or χ+

1 is very close in mass to χ0
1. These decays can then be forced

to be off-shell and the decay chains become too long to be handled by MadGraph

comfortably. In the worst case scenario, χ0
2 can decay to χ0

1 and an off-shell Higgs

which then decays to a W and a off-shell W which in turn decays to other particles.

To handle these difficult decays, the branching ratios are calculated in advance using

the decay functionalities of MadGraph to produce decay tables. χ0
2 and χ+

1 are then
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decayed by Pythia using these results. Delphes handles the detector simulation and

is tuned to simulate the ATLAS and CMS detectors.

The results for the 95% CL limits from ATLAS and CMS are given in Figs.

5.3 and 5.4 for anomaly and gauge mediation respectively. Each one is provided with

contour plots of MB̃, MW̃ , μ, and tan β to relate it to more familiar parameters. The

regions forbidden by color breaking vacuum are shown in purple. Overall, gluinos of

mass up to 1.3 TeV can be excluded over significant regions of parameter space.

The results for the anomaly mediation spectrum can be easily understood. Over

the entire covered parameter space, the gluino decays mainly to charginos. For Cμ

between −4 and 4, the neutral wino is the LSP. The most relevant parameter in this

region is then the ratio of the mass of the LSP and of the gluino. Below Cμ equal

to 2, this ratio is large and the exclusion limits are strong. Above that value, the

mass spectrum becomes compressed and kinematic quantities like MET become much

smaller. As such, the exclusion limits drop considerably.

The results for gauge mediation are similar but with a few additional subtleties.

Near C ′
μ equal to −5, the spectrum is fairly compressed and the wino is too heavy

to be produced. The gluino decays softly to χ0
1 and quarks, which results in lower

constraints. As C ′
μ increases, the spectrum becomes less compressed and the limits

are stronger. However, near C ′
μ equal to −3, the winos become light enough to be

produced and the gluino decay to chargino dominates. As these decay chains are

longer, there is less MET and the constraints are less strong. In a very narrow band

around C ′
μ equal to −1.5, the wino is the LSP. The chargino then decays softly to a

neutral wino. This is similar to gluino decaying to χ0
1 and the exclusion reaches the

same levels as at C ′
μ equal to −3. As C ′

μ continues to increase, the mass spectrum

again becomes compressed to the point where gluinos can only decay to χ0
1 and a
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pair of soft bottom quarks and the limits drop considerably. In addition, direct

electroweakino production searches from Refs. [66–68, 71] impose limits in a very

narrow band near C ′
μ equal to −2. This corresponds to when both the wino and bino

are light which only occurs around C ′
μ equal to −2. This region is shown as a grey

band in Fig. 5.4.

5.2.3 Prospects at LHC 14

The procedure of the previous section can be modified to predict the discovery and

exclusion prospects at the next phase of the LHC. The only differences amount to

the signal regions and background estimations.

Two different strategies are adopted to cover the possibilities of the spectrum

being compressed or not. When the LSP is considerably lighter than the gluino,

kinematic quantities like MET are large and strong kinematic cuts are sufficient to

eliminate most of the background. We refer to these signal regions as high MET cuts.

On the contrary, when the gluino has a mass close to that of the LSP, quantities

like MET become small and the cuts remove most signals. Lowering the cuts does

not improve the limits much as the background increases considerably. However,

adding the requirement of same sign dileptons (SSDL) drastically cuts the background

and allows the kinematic cuts to be made less stringent by exploiting the possible

production of leptons during the top decay. The only drawback to SSDL is that

a large part of the signal is cut and the resulting limits are less strong than pure

high MET cuts in the non-compressed case. The net result is that high MET signal

regions usually dominate until the spectrum becomes near degenerate. The exclusion

then drops until the signal regions with SSDL become relevant which prevents the

exclusion limits from dropping too fast. However, the SSDL cuts eventually also fail
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(a) MB̃ [GeV] (b) MW̃ [GeV]

(c) μ [TeV] (d) tanβ

Figure 5.3: 95% CL exclusion limits for anomaly mediation for Run-I of the LHC. The
yellow band corresponds to the 1σ uncertainty on the gluino pair production cross
section and the purple bands are the forbidden region of color breaking vacuum.
Contour lines of constant MB̃, MW̃ , μ, and tan β are shown respectively in (a), (b),
(c), and (d).
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(a) MB̃ [GeV] (b) MW̃ [GeV]

(c) μ [TeV] (d) tanβ

Figure 5.4: 95% CL exclusion limits for gauge mediation for Run-I of the LHC. The
yellow band corresponds to the 1σ uncertainty on the gluino pair production cross
section and the purple bands are the forbidden region of color breaking vacuum. The
grey band corresponds to limits from direct electroweak searches. Contour lines of
constant MB̃, MW̃ , μ, and tan β are shown respectively in (a), (b), (c), and (d).
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when there is not enough phase space for the gluino to produce top quarks.

For the high MET signal regions, the cuts of Ref. [106] for gluino decaying to

top quarks and a single lepton are adopted. The cuts for SSDL are taken directly

from Ref. [107] and correspond to their gluino-neutralino model with heavy flavour

decay for 14 TeV. It was verified that both sets of results could be reproduced.

The detector card for Delphes is the standard 14 TeV card from Snowmass [108].

The background estimates for the high MET regions are obtained from the Snowmass

online backgrounds [109]. The cuts are simply applied on their events while taking

into consideration their relative weight. The Snowmass backgrounds also provide

event files with different average number of pile-up vertices. In general, pile-up has

very little effect on the high MET regions, while, for SSDL, leptons can possibly

get lost in the pile-up jets [107], reducing the efficiency of the signal. This works

focuses however on the case of 0 pile-up, as the effect is generally small on most

of the parameter space. For high MET cuts, the resulting backgrounds are (23.0,

12.1, 2.6, 2.1) for the four signal regions of Ref. [106] and 3000 fb−1 of integrated

luminosity. This can be compared with their result at 140 pile-up vertices of (17.5,

4.8, 0.9, 1.6) and the same integrated luminosity. The backgrounds for SSDL are taken

directly from Ref. [107], as we follow very closely their procedure. A 20% systematic

uncertainty on all backgrounds is assumed [107]. The gluino pair production cross

section is calculated using NLL-fast [98–102] customized for a 14 TeV collider. The

possibility of 300 and 3000 fb−1 of integrated luminosity are considered.

The results can be seen for anomaly mediation in Figs. 5.5 and 5.6 for 95% CL

exclusion and 5σ discovery respectively, as well as for gauge mediation in Figs. 5.7

and 5.8 for 95% CL exclusion and 5σ discovery respectively. The curves are essentially

scaled up versions of the 8 TeV constraints. The anomaly mediation limit curves are
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flatter than those for the current LHC constraints. This can be explained by the

fact that the branching ratio to the LSP and two tops decreases more slowly as Cμ

increases because heavier gluinos are being probed.

5.2.4 Prospects at a 100 TeV collider

To fully explore the possibility of discovering Mini-Split Supersymmetry at colliders,

the prospects at a 100 TeV collider are studied following the same procedure as in

the previous two sections. The high MET cuts are adapted from Ref. [81], which are

themselves based on Ref. [110]. These cuts rely on Meff which is defined as

Meff =
∑
i

pT (i) + MET. (5.20)

The sum is on jets with pT > 50 GeV and |η| < 5 and leptons with pT > 15 GeV and

|η| < 2.5. The analysis is pushed further than that of Ref. [81] by requiring b-jets,

implementing detector simulations, and using a set of signal regions optimized for

different regions of parameter space. The preselection cuts are given by [81]

• Lepton veto,

• At least two jets with pT > 0.1Meff,

• MET > 0.2Meff,

• pT (j1) < 0.35Meff,

• Δφ(j1,MET) < π − 0.2,

• Δφ(j1, j2) < 2π/3.
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(a) MB̃ [TeV] (b) MW̃ [TeV]

(c) μ [PeV] (d) tanβ

Figure 5.5: 95% CL exclusion limits for anomaly mediation at LHC 14 for (solid)
300 fb−1 and (dashed) 3000 fb−1 integrated luminosity. The green band corresponds
to the 1σ uncertainty on the gluino pair production cross section for 300 fb−1, the
yellow band corresponds to the 1σ uncertainty on the gluino pair production cross
section for 3000 fb−1, and the purple bands are the forbidden region of color breaking
vacuum. Contour lines of constant MB̃, MW̃ , μ, and tan β are shown respectively in
(a), (b), (c), and (d).
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(a) MB̃ [TeV] (b) MW̃ [TeV]

(c) μ [PeV] (d) tanβ

Figure 5.6: 5σ discovery limits for anomaly mediation at LHC 14 for (solid) 300 fb−1

and (dashed) 3000 fb−1 integrated luminosity. The green band corresponds to the
1σ uncertainty on the gluino pair production cross section for 300 fb−1, the yellow
band corresponds to the 1σ uncertainty on the gluino pair production cross section for
3000 fb−1, and the purple bands are the forbidden region of color breaking vacuum.
Contour lines of constant MB̃, MW̃ , μ, and tan β are shown respectively in (a), (b),
(c), and (d).
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(a) MB̃ [TeV] (b) MW̃ [TeV]

(c) μ [PeV] (d) tanβ

Figure 5.7: 95% CL exclusion limits for gauge mediation at LHC 14 for (solid) 300
fb−1 and (dashed) 3000 fb−1 integrated luminosity. The green band corresponds to
the 1σ uncertainty on the gluino pair production cross section for 300 fb−1, the yellow
band corresponds to the 1σ uncertainty on the gluino pair production cross section for
3000 fb−1, and the purple bands are the forbidden region of color breaking vacuum.
Contour lines of constant MB̃, MW̃ , μ, and tan β are shown respectively in (a), (b),
(c), and (d).
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(a) MB̃ [TeV] (b) MW̃ [TeV]

(c) μ [PeV] (d) tanβ

Figure 5.8: 5σ discovery limits for gauge mediation at LHC 14 for (solid) 300 fb−1

and (dashed) 3000 fb−1 integrated luminosity. The green band corresponds to the
1σ uncertainty on the gluino pair production cross section for 300 fb−1, the yellow
band corresponds to the 1σ uncertainty on the gluino pair production cross section for
3000 fb−1, and the purple bands are the forbidden region of color breaking vacuum.
Contour lines of constant MB̃, MW̃ , μ, and tan β are shown respectively in (a), (b),
(c), and (d).
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SR b-jets Meff [TeV] Background
hMETb3A ≥ 3 > 15.0 23.4
hMETb3B ≥ 3 > 17.5 7.8
hMETb3C ≥ 3 > 20.0 2.3
hMETb4A ≥ 4 > 12.5 12.6
hMETb4B ≥ 4 > 15.0 3.8
hMETb4C ≥ 4 > 17.5 1.5
hMETb4D ≥ 4 > 20.0 0.5

Table 5.2: Signal regions for high MET. The background for 3 ab−1 is also included.

The different signal regions correspond to different combinations of minimum b-jets

requirements and Meff cuts and are given in Table 5.2.

The SSDL cuts and the corresponding backgrounds are taken directly from

Ref. [107] and correspond to their search for a gluino-neutralino model with heavy

flavour decays. It was verified that the code reproduces their results.

The detector card for Delphes is the standard 100 TeV card from Snowmass

[108]. The background estimates for high MET are again obtained from the Snowmass

online backgrounds [109]. The backgrounds for the high MET signal regions are shown

in Table 5.2 for 3 ab−1 integrated luminosity. A 20% systematic uncertainty on all

backgrounds is assumed [107]. The discussion of pile-up for high MET or SSDL from

the previous section still holds. The case of 0 pile-up is assumed, as the average pile-

up of a future 100 TeV collider is still unknown and as it only has a non-negligible

effect on a small portion of our parameter space. The gluino pair production cross

section is calculated using NLL-fast [98–102] customized for a 100 TeV collider.

The results are again scaled up versions of LHC constraints with possible ex-

clusion of up to a 14 TeV gluino in a large region of parameter space and discovery

of up to 12 TeV. These numbers are similar to those obtained by Ref. [81] which
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seem somewhat more optimistic (with a possible discovery of up to ∼ 15 TeV).3 For

anomaly mediation, exclusion limits are governed by high MET signal regions and are

thus very high until Cμ reaches 1. At this point, the spectrum becomes compressed

and the limits drop. The SSDL bins then dominate and the limits stabilize with a

discovery reach of about 7 TeV (this number is in fact quite close to the result of

Ref. [107]). The exact same thing happens in the case of gauge mediation, except

that the limits drop at C ′
μ equal to 0.

5.3 Additional comments

To conclude this chapter, we summarize the prospects for Mini-Split Supersymmetry

at different colliders. The gluino is currently constrained by Run-I of the LHC to be

above 1.3 TeV in the best case scenario, while LHC 14 and a 100 TeV collider could

potentially push this limit to around 2.7 TeV and 14 TeV respectively. LHC 14 could

potentially discover a gluino as heavy as 2.5 TeV, while a future 100 TeV collider

could discover one up to 12 TeV.

While the goal of this work was to explore the collider phenomenology of Mini-

Split models, dark matter properties could also be used to further restrict the parame-

ter space. The thermal abundance of the dark matter candidate is strongly dependent

on the identity of the LSP. For a wino LSP, the correct thermal relic abundance can

be obtained for a wino mass of 2.7 TeV [65, 74]. This region of parameter space is

not constrained by the LHC, but is within reach of a 100 TeV collider. Wino LSP

with lighter mass could be accommodated by invoking non-thermal production [74].

Similarly, bino LSP, which tend to overclose the universe, could be accommodated if

there was late entropy production or a low reheating temperature.

3This might be due, for example, to the fact that we have used a detector simulation, but we
haven’t directly checked that hypothesis.
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(a) MB̃ [TeV] (b) MW̃ [TeV]

(c) μ [PeV] (d) tanβ

Figure 5.9: 95% CL (dashed) exclusion and 5σ (solid) discovery limits for anomaly
mediation at a 100 TeV pp collider with 3 ab−1 integrated luminosity. The yellow
band corresponds to the 1σ uncertainty on the gluino pair production cross section
for 95% exclusion, the green band corresponds to the 1σ uncertainty on the gluino
pair production cross section for 5σ discovery, and the purple bands are the forbidden
region of color breaking vacuum. Contour lines of constant MB̃, MW̃ , μ, and tan β
are shown respectively in (a), (b), (c), and (d).
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(a) MB̃ [TeV] (b) MW̃ [TeV]

(c) μ [PeV] (d) tanβ

Figure 5.10: 95% CL (dashed) exclusion and 5σ (solid) discovery limits for gauge
mediation at a 100 TeV pp collider with 3 ab−1 integrated luminosity. The yellow
band corresponds to the 1σ uncertainty on the gluino pair production cross section
for 95% exclusion, the green band corresponds to the 1σ uncertainty on the gluino
pair production cross section for 5σ discovery, and the purple bands are the forbidden
region of color breaking vacuum. Contour lines of constant MB̃, MW̃ , μ, and tan β
are shown respectively in (a), (b), (c), and (d).
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Finally, we mention that, while outside the scope of this chapter, there could be

additional constraints from disappearing tracks. See Ref. [111] for an example. Such

constraints can become important in the wino LSP case if the mass splitting between

the charged and neutral gauginos is smaller than the mass of a charged pion. The

limits from gluino pair production are still expected to dominate.
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Chapter 6

Models of U(1)R Supersymmetry

As experimental constraints on Supersymmetry continue to improve, alternatives to

the MSSM that might be less minimal but otherwise more natural are becoming

increasingly attractive. A notable possibility is to have Dirac gauginos instead of

Majorana ones (see Refs. [58,112–127]). One of the main advantages of this approach

is that it allows R-parity to be promoted to a continuous U(1)R symmetry. Chapters

7 and 8 are devoted to the phenomenological implications of two models of this

type. To avoid redundancy between these two chapters and to provide an adequate

background, we devote this chapter to a short introduction to general models with

U(1)R symmetry.

This chapter is organized as follow. First, the process by which Dirac gauginos

can be generated is explained. The inclusion of a U(1)R symmetry is then discussed.

Models in which the U(1)R symmetry can be associated with lepton and baryon

numbers are finally described. This chapter follows closely Ref. [128].
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6.1 Dirac gauginos

The first step in obtaining Dirac masses for gauginos is to extend the superfield

content. The chiral superfields

G, T, S (6.1)

are introduced, where G is an adjoint of color, T an adjoint of SU(2)L and S a singlet.

Dirac masses are then generated via terms of the form (shown here for the winos)

−
∫

d2θ
W ′αWa

2αT
a

√
2M

+ h.c., (6.2)

where Wa
2 is the SU(2) superfield strength and W ′ is a real superfield that acts as a

spurion with a non-zero D term: W ′
α = −D′θα + · · · . This leads to a mass term of

the form

−MD
2 T̃ a · W̃ a + h.c., (6.3)

where W̃ a is the usual gaugino and T̃ a the fermion component of T a. The term (6.2)

also leads to a non-standard expression for the auxiliary fields Di,

D1 =g′
∑
Φ

YΦΦ
†Φ +

√
2(MD

1 S + h.c.),

Da
2 =g

∑
Φ

Φ†taΦ +
√
2(MD

2 T a + h.c.),

Da
3 =gs

∑
Φ

Φ†tacΦ +
√
2(MD

3 Oa + h.c.),

(6.4)

where the ta’s and tac ’s are respectively the generators of SU(2)L and SU(3)c asso-

ciated with the representation under which the field Φ transforms and YΦ its hyper-

charge.
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Qi Ui Di Li Ei Hu Hd Ru Rd S T O
U(1)R0 1 1 1 1 1 0 0 2 2 0 0 0
U(1)L 0 0 0 1 −1 0 0 0 0 0 0 0
U(1)B 1/3 −1/3 −1/3 1 1 0 0 0 0 0 0 0

Table 6.1: Superfields and their U(1) charges.

6.2 U(1)R symmetries

Having Dirac gauginos instead of Majorana ones has several advantages. Some of

them are that the cross section for squark pair production is reduced [129], thereby

loosening their constraints, and that the mass corrections to squarks are finite [58].

Several flavour constraints are also relaxed [116]. Perhaps more importantly, Dirac

gauginos allow for U(1)R symmetries, which would otherwise be broken by gaugino

Majorana masses.

The U(1)R symmetry is analogous to R-parity in the sense that Grassmann

coordinates have a U(1)R charge and that therefore the different components of a

multiplet are charged differently under this group. We assign a charge of −1 to θ.

Two additional SU(2)L doublet chiral superfields are introduced to form mass terms

for the Higgsinos [116]. They are labeled Ru and Rd and have a hypercharge of +1/2

and −1/2 respectively. A possible assignment of U(1)R charges referred to as U(1)R0

is shown in Table 6.1. Lepton and baryon numbers are also shown.

The following superpotential is consistent with the U(1)R0 charge assignment,

W0 = yuijHuQiUj + ỹdijHdQiDj + ỹeijHdLiEj + μuHuRd + μdRuHd. (6.5)
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Qi Ui Di Li Ei Hu Hd Ru Rd S T O
U(1)R1=R0−L 1 1 1 0 2 0 0 2 2 0 0 0
U(1)R2=R0+B 4/3 2/3 2/3 1 1 0 0 2 2 0 0 0
U(1)R3=R0+L 1 1 1 2 0 0 0 2 2 0 0 0

Table 6.2: Superfields and their U(1)R charges for three alternative models.

In addition, the following superpotential is also allowed,

Wadj = S
(
λS
uHuRd + λS

dRuHd

)
+

(
λT
uHuTRd + λT

dRuTHd

)
, (6.6)

where T is a shorthand notation for T aσa/2. The symmetries of Table 6.1 do not allow

for any of the operators that break the usual R-parity of the MSSM, i.e. LHu, LLE,

LQD and UDD. The breaking of R-parity is usually known as R-parity violation

(RPV). It is however possible to allow for such operators by taking a new U(1)R

charge assignment that is a linear combination of U(1)R0 , U(1)B and U(1)L. Table

6.2 gives a few examples. Under these symmetries, the following superpotentials are

allowed in addition to those of Eqs. (6.5) and (6.6)

W1 =
λijk

2
LiLjEk + λ′

ijkLiQjDk (R1 = R0 − L),

W2 =
λ′′
ijk

2
UiDjDk (R2 = R0 +B),

W3 = μi
LHuLi (R3 = R0 + L).

(6.7)

It is in principle possible to add a term μi
LRuLi to W1. However, it can be rotated

away with an SU(4) field redefinition [24]. To complete the theory, it is necessary to
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specify the soft terms. For all Ri’s, the following soft terms are allowed

Vsoft
0 =

∑
i

Φ†
iΦi +

[
tSS +

1

2
bSS

2 +
1

3
ASS

3 +
1

2
BTT

2 +
1

2
bOO

2 +BμHuHd

+ ASSHuHd + ATHuTHd + Aλ
TST

2 + Aλ
OSO

2 + h.c

]
,

(6.8)

where the sum runs over every scalar, the scalar components are denoted by the same

symbol as their superfield, T 2 is a short notation for T aT a and similarly for O2. In

addition, R1 allows for the additional soft terms

Lsoft
1 = Bi

μL
HuLi + Ai

SSHuLi + Ai
THuTLi. (6.9)

The models with R2 and R3 only allow for the soft terms of Eq. (6.8).

6.2.1 U(1)R1
symmetry

Models with R = R1 are studied more carefully in Chapter 7. In this scenario,

the sneutrinos will in general acquire a vev. It is possible to have only one of the

sneutrinos acquire one via an SU(4) field redefinition [128]. The Li which does so

is then labeled La. It provides a mass to the charged leptons and the down-type

quarks, essentially playing the role of Hd in the MSSM. The superfield Hd is therefore

not necessary anymore. The mass μd is then assumed very large and Hd and Ru are

integrated out. The two other leptons are referred to as Lb and Lc.

Under these assumptions, the superpotential can be rewritten as

W = μHuRd+λSSHuRd+λTHuTRd+yuijHuQiUj−yejkLaLjEk−ydjkLaQjDk, (6.10)
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where we dropped indices that are now irrelevant. The soft terms become

Vsoft =
∑
i

Φ†
iΦi +

[
tSS +

1

2
bSS

2 +
1

2
BTT

2 +
1

2
bOO

2 +Bi
μL
HuLi

+
1

3
ASS

3 + Aλ
TST

2 + Aλ
OSO

2 + Ai
SSHuLi + Ai

THuTLi + h.c

]
,

(6.11)

where the terms in the last line are expected to be smaller than those of the first

line [128] and will be ignored from now on.

One thing to keep in mind is that the SU(2)L structure of Eq. (6.10) prevents

lepton a from normally acquiring a mass. The latter can however come from non-

renormalizable operators that still respect the U(1)R symmetry. For example, this

could be [128] ∫
d4θ

X†

M
H†

uLaEa. (6.12)

6.2.2 U(1)R2
symmetry

Models of R = R2 are the subject of Chapter 8. The superpotential is simply those of

Eqs. (6.5), (6.6) and the R2 part of Eq. (6.7). The soft terms are given by Eq. (6.8).

Most important to us will be the presence of the UDD term in the superpotential.

This, combined with the fact that U(1)R is expected to be broken by anomaly media-

tion or Planck scale suppressed operators, will be the central ingredients to obtaining

successful baryogenesis.
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Chapter 7

Electroweak precision

measurements in supersymmetric

models with a U(1)R lepton number

Chapter 6 stated that Dirac gauginos present many advantages over Majorana ones

from a theoretical point of view. One such advantage is that models in which the

U(1)R number is associated with the lepton number allow for the reduction of the

Higgs sector, which would otherwise need four doublets [116]. This is done by granting

the sneutrino a vev, which allows it to play the role of the down-type Higgs. In this

setup, the constraints on the vev of the sneutrino are much milder than in traditional

supersymmetric models. Indeed, the sneutrino does not carry lepton number and

giving it a vev does not introduce unacceptably large neutrino masses. The down-

type quarks and leptons then acquire a mass through R-parity violating couplings

(where here R-parity means the conventional R-parity, not the Z2 subgroup of the

full U(1)R we are imposing on the model). It is well known that such couplings lead to

deviations in electroweak precision observables (see Ref. [24] for an exhautive review)
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and can therefore considerably constrain such a model.

Taking these considerations into account, the goal of this chapter is to use elec-

troweak precision observable to constrain a supersymmetric model where the U(1)R

symmetry is associated with the lepton number. A preliminary study of such con-

straints was performed in Refs. [128, 130], and LHC phenomenology was studied in

Ref. [131]. In Refs. [128, 130], the constraints were estimated by looking at the tree-

level effect of the new couplings which were considered in isolation. In this chapter,

these constraints are analyzed more thoroughly by considering loop effects as well and

fitting to all relevant electroweak data. The operator method of Ref. [5] is adopted to

analyze the constraints on the parameter space of the model. Because the model leads

to deviations from flavour universality in the lepton sector, it is however necessary to

generalize the analysis of Refs. [5, 132] to take these effects into account.

This chapter is organized as follows. First, the set of necessary effective opera-

tors is presented. Then, their coefficients are expressed in terms of parameters of the

model. Corrections to electroweak observables are then calculated in terms of these

coefficients. The resulting constraints are then presented.

7.1 Necessary effective operators for EWPT

The contribution of new physics to electroweak precision tests (EWPT) is encoded in

terms of effective operators. Since all new particles are experimentally constrained to

be rather heavy, their contributions can be parametrized to a good approximation in

terms of dimension six operators respecting the Standard Model gauge symmetries.

We use the same basis as in Ref. [5] but do not assume a full U(3)5 flavour symmetry.

This symmetry is not present in our model since only one flavour of sneutrino gets

a vev. The U(3)3 associated with quarks is however preserved. In addition, we do
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not consider operators that lead to flavour changing neutral currents (FCNC) in the

lepton or quark sector as those would be much more strongly constrained and can be

avoided in our model by appropriate assumptions on the flavour sector.

The operators relevant to EWPT fall in four different categories. The first one

is those containing only gauge bosons and Higgs particles [5],

OWB = (H†σaH)W a
μνB

μν , Oh = |H†DμH|2. (7.1)

As far as EWPT are concerned, the Higgs field appearing in these operators is only

relevant for its vev. These operators are therefore related to modifications of the

gauge bosons’ two-point functions.

The second category of operators are four-fermion operators. Those that are

relevant to EWPT are [5]

Os
LL[mn] =

1

2
(L

m
γμLm)(L

n
γμL

n), Ot
LL[mn] =

1

2
(L

m
σaγμLm)(L

n
σaγμL

n),

Os
LQ[m] = (L

m
γμLm)(QγμQ), Ot

LQ[m] = (L
m
σaγμLm)(QσaγμQ),

OLE[mn] = (L
m
γμLm)(E

n
γμE

n), OQE[m] = (QγμQ)(E
m
γμE

m),

OLU [m] = (L
m
γμLm)(UγμU), OLD[m] = (L

m
γμLm)(DγμD),

OEE[mn] =
1

2
(E

m
γμEm)(E

n
γμE

n), OEU [m] = (E
m
γμEm)(UγμU),

OED[m] = (E
m
γμEm)(DγμD).

(7.2)

Lepton flavour indices are shown explicitly, while quark flavour indices are summed

implicitly as they respect the unbroken U(3)3. Four-fermion operators containing four

quarks do not affect any of the observables considered in this work and are therefore

ignored.

The third category of operators are those containing both the Higgs field and
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fermions [5],1

Os
HL[m] = i(H†DμH)(L

m
γμL

m) + h.c., Ot
HL[m] = i(H†σaDμH)(L

m
σaγμL

m) + h.c.,

Os
HQ = i(H†DμH)(QγμQ) + h.c., Ot

HQ = i(H†σaDμH)(QσaγμQ) + h.c.,

OHE[m] = i(H†DμH)(E
m
γμE

m) + h.c., OHU = i(H†DμH)(UγμU) + h.c.,

OHD = i(H†DμH)(DγμD) + h.c.

(7.3)

Once again, the Higgs field is only relevant for its vev. These operators affect the

vertices containing a gauge boson and two fermions.

Finally, there is one operator affecting only gauge boson self-interactions [5],

OŴ = εabcW aν
μ W bλ

ν W cμ
λ . (7.4)

The total effective Lagrangian is therefore the sum of the Lagrangian of the SM and

a linear combination of the different dimension six operators,

L = LSM + aiOi, (7.5)

where Oi represent the operators, and ai are coefficients with dimension of inverse

mass squared.

7.2 Coefficients of the EWPT operators

In this section, the contributions to the different operators are presented. We first

compute the coefficients of operators related to oblique corrections. Then, the four-

1Because this is a two Higgs doublet model, one could also write operators with the second
doublet. However, the effects of these on precision observables can be absorbed in the operators of
Eq. (7.3).
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fermion operators coming from scalar exchange and box diagrams are presented. Op-

erators that modify gauge boson vertices coming from loop diagrams and mixing are

shown. Finally, the contributions to the operator OŴ are discussed.

7.2.1 Oblique parameters

A standard and convenient way of parametrizing deviations to EWPT is through

the so-called oblique parameters [133,134], which are defined as modifications to two-

point functions of the electroweak gauge bosons. The coefficients of some of the higher

dimensional operators mentioned above can in turn be written as a function of these

parameters. In our model, the oblique parameters are generated by the vev of the

third component of the triplet and by loop diagrams.

The definitions of Ref. [6] are adopted for the oblique parameters Ŝ, T̂ , Y and

W (see also Ref. [135]),

Ŝ =
g

g′
Π′

W3B
(0), T̂ =

ΠW3W3(0)− ΠW+W−(0)

M2
W

,

Y =
M2

W

2
Π′′

BB(0), W =
M2

W

2
Π′′

W3W3
(0),

(7.6)

where the Π(q2)’s are the two-point functions, q is the momemtum of the incoming

particle and the primes represent derivatives with respect to q2. Following Ref. [6],

loop-level contributions to these parameters are calculated by considering diagrams

of the form shown in Fig. 7.1, where the vevs are treated as perturbations.

The parameters Ŝ and T̂ can be related to OWB and OH by a simple matching

procedure,

aWB =
g′Ŝ
gv2

, aH = −2T̂

v2
. (7.7)

The two other oblique coefficients are related to operators which are not listed in Eq.
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  (a)   (b)   (c)   (d)

W W B B W B W

v

v v

v v v

3 3 3 W WW3 + 3 −

Figure 7.1: Diagrams contributing to the oblique parameters [6]. Plain lines corre-
spond to unspecified superpartners or leptons a. (a), (b), (c) and (d) correspond to
W , Y , Ŝ and T̂ respectively. v stands for the insertion of a vev.

(7.1),

OY =
(∂ρBμν)

2

2
, OW =

(DρWμν)
2

2
. (7.8)

Using the equations of motions, these operators can be written in terms of the op-

erators shown in Eqs. (7.1), (7.2) and (7.3) (plus additional operators that do not

contribute to EWPT). The only operator generated by the elimination of OY that

falls in the category of Eq. (7.1) is

(
H†DμH + h.c.

)2
. (7.9)

This operator can be related to OH and terms irrelevant to EWPT. The net effect on

aH due to eliminating OY is

aH |Y = − g′2Y
4M2

W

. (7.10)

In practice, this contribution is overshadowed by the T̂ term. The operator OW can

also be eliminated using the equations of motion, but does not give any contributions

to the operators of Eq. (7.1).
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Vev of T 3

In general, the field T 3 will acquire a vev of the form

vT 3 =
gMD

2 (v2u − v2a)−
√
2λTμv

2
u

2
(
m2

TR
+ (λT )2v2u

2

) , (7.11)

where m2
TR

≡ m2
T +bT +4(MD

2 )2 and vu and va are the vevs of the neutral components

of hu and la respectively. This will give a tree-level contribution to T̂ through a

correction to the charged W boson mass,

T̂vT3 =
4v2T 3

v2
. (7.12)

For a light enough scalar triplet, this contribution dominates the T̂ parameter. The

singlet also acquires a small vev. However, it is not a direct contribution and its effect

is therefore much smaller and can be ignored.

Scalars

Loops of scalars will contribute to the oblique parameters. The relevant couplings

come from Eqs. (6.4), (6.5) and (6.6). The first term of each line of Eq. (6.4) is

present in the MSSM, and these lead to contributions similar to those presented in

Ref. [6].

For sfermions, the results of Ref. [6] apply almost directly. The only difference

is that, as la provides mass to the down type quarks and leptons, we include its scalar

contributions in the Higgs sector. This has the advantage of making expressions
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simpler and easier to compare. The sfermions contributions are

Wsfermions =
α2M

2
W

80π

(
2

3

1

m2
L

+
3

m2
Q

)
,

Ysfermions =
αYM

2
W

40π

(
4

3

Y 2
L

m2
L

+
Y 2
E

m2
E

+ 3
Y 2
D

m2
D

+ 3
Y 2
U

m2
U

+ 6
Y 2
Q

m2
Q

)
,

Ŝsfermions = − α2

24π

[
M2

W

(
2
YL

m2
L

+ 9
YQ

m2
Q

)
+

1

2

m2
t

m2
Q

]
,

T̂sfermions =
α2M

2
W

16π
cos2 2β

(
2

3

1

m2
L

+
2

m2
Q

)
+ T̂stop,

(7.13)

where tan β = vu/va and T̂stop is given by [6]

T̂stop =
α2

16π

(M2
W cos2 2β +m2

t )
2

m2
QM

2
W

. (7.14)

The Rd scalar field, despite not acquiring a vev, still contributes to the oblique pa-

rameters. For Y and W , its contributions are similar to those of lb and lc and can be

read from Eq. (7.13) directly. For Ŝ and T̂ , the presence of Wadj changes the result.

The parameters are

WRd
=

α2M
2
W

240πM2
Rd

,

YRd
=

αYM
2
W

240πM2
Rd

,

ŜRd
=

α2M
2
W

48πM2
Rd

(
cos 2β − 2 sin2 β(λ2

T − λ2
S)

g2

)
,

T̂Rd
=

α2M
2
W

48πM2
Rd

(
cos 2β − 2 sin2 β(λ2

T − λ2
S)

g2

)2

,

(7.15)

where M2
Rd

≡ μ2 + m2
Rd
. The Higgs sector (including the scalar part of la) gives

contributions to Ŝ ,W and Y that can once again be obtained by using the results of
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Ref. [6] almost directly. In terms of m2
A0 = m2

Hu
+m2

L + μ2, these contributions are

WHiggs =
α2

240π

M2
W

m2
A0

,

YHiggs =
αY

240π

M2
W

m2
A0

,

ŜHiggs = − α2

48π

M2
W

m2
A0

(
1− M2

Z

2M2
W

sin2 2β

)
.

(7.16)

The presence of the scalar components of the singlet and triplet do not lead to any

contribution to Y and Ŝ by themselves, but only a contribution to W ,

Wscalar gauge =
α2M

2
W

120π

(
1

m2
TR

+
1

m2
TI

)
, (7.17)

where m2
TI

≡ m2
T − bT . The contribution to T̂ from diagrams with Higgs, triplet

and singlets is however more difficult to compute using insertions of the Higgs vev

because of the mixing between the Higgs and the triplet. Therefore, we compute

these contributions by numerically diagonalizing the scalar mass matrix.

Higgsinos and gauginos

The fit constrains the value of va to a region of phase space where it is much smaller

than vu. As such, the contributions to the oblique parameters containing only powers

of vu dominate and are presented here. The contributions containing powers of va were

also included in the numerical fit. With the exception of the contributions coming

from couplings λS and λT , the diagrams with binos are usually smaller by an order

of magnitude or so and are not presented for simplicity, but were included in the fit.
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The dominant terms in the limit of λS and λT small are

Wfermions =
α2

30π

(
4M2

W

(MD
2 )2

+
M2

W

μ2

)
,

Yfermions =
αYM

2
W

30πμ2
,

Sfermions =
α2M

2
W

12π(MD
2 )2

[
a(a− 5− 2a2)

(a− 1)4
+

(1− 2a+ 9a2 − 4a3 + 2a4)

(a− 1)5
ln a

]
sin2 β,

Tfermions =
α2M

2
W

48π(MD
2 )2

[
19− 64a− 91a2 + 16a3

(a− 1)4
+

6a(−4 + 25a− a2)

(a− 1)5
ln a

]
sin4 β,

(7.18)

where a ≡ (μ/MD
2 )2. The oblique parameters containing λS and λT are included

but not presented here as the expressions are rather long. The contribution to the

parameter T̂ is in fact the dominant term in setting limits on λS and λT for massive

enough scalar gauge particles.

7.2.2 Four-fermion operators

There are many contributions to the four-fermion operators. These can come from

the operators in Eq. (7.8) associated with W and Y once the equations of motion are

used, from scalar exchange and from box diagrams. The contributions proportional

to W and Y are given by

asij = −YiYjg
′2 Y

2M2
W

, atij = −g2
W

8M2
W

, (7.19)

where i and j stand for the different combinations of fields possible. The family indices

are suppressed because they are the same for every combination, as is expected from

the fact that the oblique parameters are universal.

The tree-level scalar exchange contributions come from the exchange of sfermions

between leptons or down quarks. The scalars are integrated out and the diagrams
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e

e

L

L

Figure 7.2: Diagram contributing to the four-fermion operators. Unidentified lines
correspond to unspecified superpartners.

are rewritten using the Fiertz rearrangement formulas. In practice, most of them

have a negligible effect on the fit as they involve small Yukawa couplings. The only

important ones are those which contribute to the observables Rτ and Rτμ [136]. They

are

asLL[ab] =
y2b

4m2
E

, asLL[ac] =
y2c

4m2
E

, (7.20)

where yb and yc are the Yukawa coupling of leptons b and c respectively. Note that

being proportional to lepton Yukawa couplings, the contributions to these operators

increases as va is lowered and will lead to a lower (upper) bound on va (tan β).

Box diagrams like those of Fig. 7.2 are also accounted for with four-fermion

operators, though the expressions are too long to be included here. The fact that all

combinations of particles entering the box diagrams can be taken into account with

the far fewer operators of Eq. (7.8) is not trivial and requires several relations to

be satisfied. This serves as a consistency check. In the case of diagrams including

an exchange of sleptons a, the limit of large tan β is also taken, as it is strongly

overshadowed by mixing effects anyway.
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7.2.3 Vertex modifying operators

The operators of Eq. (7.3) receive contributions from lepton mixing, oblique param-

eters (W and Y ) and loop diagrams. Because the left-handed parts of the leptons of

family a mix with superpartners of different gauge charges, the interactions between

the gauge bosons and the physical leptons are modified. The result is readily obtained

by replacing the leptons of family a and the relevant superpartners by their equivalent

combinations of mass eigenstates in the gauge boson vertex interaction terms. This

can be summarized in terms of effective operators with coefficients

atHL[a] =
1

8v2

[(
gva
MD

2

)2

−
(
g′va
MD

1

)2
]
, asHL[a] =

1

8v2

[
3

(
gva
MD

2

)2

+

(
g′va
MD

1

)2
]
.

(7.21)

These relations are non-trivial as they have to take into account interactions of leptons

of family a with photons, W ’s and Z’s with the help of only two free parameters. The

right-handed part of the lepton of family a mixes as well, but this effects is suppressed

with respect to left-handed mixing by a factor of (ma/M
D
2 )2 and is therefore ignored.

These operators lead to deviations of the coupling of the lepton of flavour a to the

SM gauge bosons, and will lead to an upper (lower) bound on va (tan β).

The contributions from oblique parameters that arise once OY and OW are

eliminated are given by

asHi = −Yig
′2 Y

4M2
W

, atHj = −g2
W

8M2
W

. (7.22)

Once again, the family indices are suppressed because they are the same for every

generation.

Finally, loop-level diagrams of the type shown in Fig. 7.3 also lead to corrections
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to the gauge boson fermion vertices. They appear in the four possible ways shown.

We can parametrize their effects in terms of2

A1 = −2
∑

diagrams of type (a),

A2 = 2
∑

diagrams of type (b),

A3 = −
√
2
∑

diagrams of type (c),

A4 = 2
∑

diagrams of type (d).

(7.23)

It can be shown that these quantities are related by A1 + A2 = 2A3. This relation

can also be shown to be a consequence of the fact that only three operators in Fig.

7.3 correspond to four types of diagrams. The fact that it is respected is highly non-

trivial. Using this relation, the diagrams can be accounted for by using the operators

of Eq. (7.3). This leads to coefficients of

asHL =
A2 − A3

gv2
, atHL =

A3

gv2
, aHE =

A4

gv2
. (7.24)

The same equations also apply to quarks. The diagrams containing Yukawa coupling

are neglected as these are considerably smaller. The limit of large tanβ is also taken

when an internal slepton a is present.

7.2.4 Loop contributions to OŴ

The contributions to the operator OŴ arise at loop-level. As this operator leads only

to triple gauge boson interactions, it is very poorly constrained and its effect on the

fit is negligible. It is therefore not included.

2To avoid a possible sign confusion, we mention that covariant derivatives are taken with a +
sign. For example, DμE = (∂μ + ig′YEBμ)E.
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Figure 7.3: Corrections to gauge interactions arising from loops. Unidentified lines
correspond to unspecified superpartners or leptons a. There are four possible types
and similar diagrams exist for quarks.

125



7.3 Method and results

Observable Standard Notation Reference
Atomic parity Weak charge in Cs QW (Cs) [137]

violation Weak charge in Tl QW (T l) [138,139]
νμ-nucleon scattering from NuTeV g2L , g2R [140]

DIS ν-e scattering from CHARM II gνeV , gνeA [141]
νμ-nucleon scattering from CDHS and CHARM Rν [142,143]

νμ-nucleon scattering from CCFR κ [144]

Fermion pair Forward-backward asymmetries for e+e− → ff Af
FB(f = e, μ, τ, b, c) [145]

production at Total cross section for e+e− → ff σf (f = q, μ, τ) [145]
LEP2 Differential cross section for e+e− → e+e− dσe/d cos θ [146]

W mass MW [145,147]
Ratio of lepton Ratio of decay rate of τ to e on τ to μ Rτ [136]

decay rate Ratio of decay rate of τ to μ on μ to e Rτμ [136]
W pair Differential cross section for e+e− → W+W− dσW/d cos θ [148]

Polarized asymmetries Af (f = e, μ, τ, b, c) [145]

Forward-backward asymmetries A0,f
FB(f = e, μ, τ, b, c) [145]

Z-pole Ratios of decay rates R0
f (f = e, μ, τ, b, c) [145]

Total Z width ΓZ [145]
e+e− hadronic cross section at Z pole σ0

h [145]

Table 7.1: Relevant observables. They are a modified list of those of Ref. [5].

The coefficients of the different operators are constrained using the observables

of Table 7.1. They are those of Ref. [5] with a few minor differences. The observable

sin θeff is not used because it assumes lepton universality which is not the case with

the model. The ratios of decay rates Rτ and Rτμ [136] are included, as they affect

strongly the lower limit on va. These two observables would be unaffected if U(3)5

symmetry was assumed.

The correction to each observable is calculated to linear order in the coefficients

of the higher dimensional operators and this is used to calculate the χ2 distribution.

Each coefficient is replaced by its expression in terms of the parameters of the theory.

It is then possible to set a number of parameters and do a fit on the remaining ones.

These parameters are then constrained inside a region of phase space with a given

confidence level. For the set of masses considered (shown in Table 7.2), it is found
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Figure a Msfermions mRd
μ mT , mS MD

2 , MD
1 λS χ2/D.O.F.

200 0.916
7.4a e 500 700 400 1000 700 Variable 0.883

600 0.878
200 0.909

7.4b e 500 700 400 1000 1000 Variable 0.883
600 0.879

e 0.879
7.5a μ 500 700 400 1000 700 0 0.881

τ 0.880
e 0.881

7.5b μ 500 700 400 1000 1000 0 0.882
τ 0.881

500
7.6a, 7.6b N/A 500 700 400 1000 700 0 N/A

1000

Table 7.2: Masses for each plot in GeV and choice of lepton a. χ2/ D.O.F. stands
for the best fit of χ2 divided by the number of degrees of freedom. For the Standard
Model, χ2/ D.O.F is 0.883. In all cases, bT = bS = 0.

that fits of our model to the data are roughly as good as the Standard Model fit.

As mentioned above, the vev for the triplet T 3 is potentially dangerous so the mass

parameter of the scalar triplet is restricted to be above 1 TeV. The result of the χ2

per degree of freedom for different choices of parameters is also shown in Table 7.2.

The allowed region of parameter space, in the λS/λT/va space consists of a roughly

cylindrical region whose flat sides are parallel to the λT/λS plane. The T̂ parameter

has contributions that scale as λ4
T and λ4

S and is the dominant factor in determining

the shape of the allowed region for λT and λS. Fig. 7.4 shows this region of allowed

phase space in the λS/λT plane for different combinations of masses which can be

found in Table 7.2. Only the 95.45% confidence level exclusion is shown as the lines

of confidence level of 68.27% and 99.76% are very close to those of 95.45% and provide

little new information. We see that there are strong bounds on those parameters, with

the allowed region becoming larger as MD
(1,2) is increased as it sets the scale of vT 3 and
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Figure 7.4: Region of allowed phase space for the mass combinations of Table 7.2
and for different values of μ. The solid, dashed and dotdashed lines correspond
respectively to 200, 400 and 600 GeV. (a) is taken for MD

1 = MD
2 = 700 GeV and

(b) for MD
1 = MD

2 = 1000 GeV. Both are taken at va = 25 GeV and lepton a is the
electron.The contours correspond to 95.45% confidence level.

the masses of the fermions which give the largest loop contributions to T̂ . Overall,

we see that λS and λT cannot take values much greater than one irrespective of

the masses of the superpartner or the choice of generation for the lepton a. This has

important consequences for radiative corrections to the Higgs mass in this model [149].

As explained before, the contributions of Eqs. (7.20) and (7.21) lead to a two-sided

bound on va which is constrained to be rather small, though the exact range depends

considerably on the choice of masses and the generation of the lepton a. This is

illustrated in Fig. 7.5 which shows the allowed region in the λT/va plane. Again,

the upper bound on va is relaxed as MD
(1,2) is increased and can reach a value where

tan β = 2 for a = τ and MD
(1,2) = 1000 GeV. The lower bound on va primarily depends

on the mass of the sfermions which are not varied in the figures. In Fig. 7.6, the T̂

and Ŝ parameters are shown as a function of λT . We see that the Ŝ parameter is very
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Figure 7.5: Region of allowed phase space for the mass combinations of Table 7.2
and for different choices of lepton a The solid, dashed and dotdashed lines correspond
respectively to the electron, muon and tau. Both figures have λS = 0 and (a) has
MD

1 = MD
2 = 700 GeV and (b) hasMD

1 = MD
2 = 1000 GeV. The contours correspond

to 95.45% confidence level.

small while the T̂ parameter can become sizable and drives the limit on λT .

Overall, as one would expect, increasing the various mass parameters will relax

the various bounds. The situation for μ is however slightly more involved as increasing

μ will increase vT 3 (see Eq. (7.11)) which can then be taken back to an acceptable

value by constraining λT to be close to λT ∼ gMD
2 (v2u − v2a)/(

√
2μv2u).
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Figure 7.6: T̂ and Ŝ parameters as a function of λT for the masses of Table 7.2 and
different values ofMD

2 . The solid, dashed and dotdashed lines correspond respectively
to 500, 700 and 1000 GeV. Both are taken at va = 25 GeV, MD

1 = MD
2 and with

λS = 0. The horizontal line corresponds to what the limit on T̂ would be at 95.45%
if only its corresponding operator would be present and Y = 0. Its value is 1.04 ×
10−3.
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Chapter 8

Baryogenesis in Supersymmetry

with a broken U(1)R baryon

number

One property of the Universe that any viable theory of particle physics must even-

tually explain is the asymmetry between matter and antimatter. Several direct and

indirect evidences indicate that baryons, which constitute about 5% of the mass of

the Universe [150], are far more abundant than antibaryons [151]. One direct evi-

dence is the observed ratio of antiprotons and protons in cosmic rays of 10−4, which

is consistent with the observed antiprotons simply being secondary products of colli-

sions in the interstellar medium. An indirect evidence is the insufficient observation

of several secondary products associated with matter-antimatter annihilation, namely

gamma rays, which would be abundant if the Universe contained large quantities of

antimatter.

The generation of the imbalance between matter and antimatter in the observed

Universe is known as baryogenesis. The necessary elements for this process to take
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place are encoded in the so-called Sakharov conditions [152],

• Baryon number violation,

• CP - and C-violation,

• Departure from thermal equilibrium.

The first condition is self-evident. The second condition not being respected would

mean that baryons and antibaryons are produced at the same rate and therefore that

no net asymmetry is produced. The third condition needs to be satisfied or else CPT

invariance would insure compensation between processes increasing and decreasing

baryon number [153].

Interestingly, the Standard Model satisfies all three Sakharov conditions. In-

deed, it was mentioned in Chapter 2 that baryon number can be violated by non-

perturbative effects and that weak interactions do not respect C- and CP -invariance.

Departure from equilibrium can be obtained in a multitude of ways. Most notably,

baryogenesis can take place during the electroweak phase transition if said transition

is strongly enough first-order [153,154]. As the Universe cools down, bubbles in which

the expectation value of the Higgs is non-zero begin to form and expand, filling the

Universe. The departure from thermal equilibrium is satisfied in the domain walls

surrounding the bubbles and weak interactions provide the source of C- and CP -

violation. As the bubbles expand, baryons and antibaryons that were once outside

the bubbles are scattered by the domain walls. The fact that the Higgs vev is space-

dependent in the domain walls results in a space-dependent CP -asymmetry, which

in turn results in different reflection and transmission coefficients for baryons and

antibaryons. This generates the necessary baryon number violation and effectively

separates particles from antiparticles. Baryons are more likely than antibaryons to
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pass through the domain walls, while antibaryons are more likely to be reflected out-

side the bubbles and be subjected again to sphaleron effects, which are still important

outside the bubbles. This results in a washing out of the antibaryon density.

However, this process simply does not lead to a large enough baryon density

[155]. The CP -phase is insufficient [156] and the phase transition is not enough

strongly first-order [157–161]. As such, there have been several attempts to extend

the Standard Model to explain the baryon relic density.

Most interesting to us is the possibility of generating baryon asymmetry in the

MSSM with RPV couplings and a Mini-Split spectrum. This was first proposed in

Ref. [162] and further explored in Refs. [163, 164]. In this structure, long lived binos

decay out of equilibrium via baryon number violating interactions, thereby satisfying

the first and third Sakharov conditions. The second condition is satisfied by having

complex gauginos masses, which after field redefinition affect the interference between

tree-level and loop-level diagrams. The net result is that binos can be made to decay

slightly more often to baryons than to antibaryons. Squarks are required to be heavy

enough for the binos to decay after they have decoupled and for the decoupling to

be early enough to leave a large bino density. The latter is necessary because the

asymmetry is typically small and suppresses the resulting baryon density. At the same

time, increasing squark masses decreases the bino decay asymmetry and squarks must

therefore not be too heavy. The combination of these constraints naturally leads to

a Mini-Split spectrum. Binos are chosen over other gauginos as the latter annihilate

too efficiently to lead to a sufficient relic density.

A few additional conditions are however required to be satisfied. First, the re-

quirements of the Nanopoulos-Weinberg theorem must be fulfilled [165]. This theorem

essentially states that, for a particle to lead to an antisymmetry between matter and
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antimatter in its decay, it must also be able to decay via another channel. As such,

Ref. [162] requires either gluinos or winos to be lighter than the bino. In addition,

Higgsinos are required to be heavy for the binos to decouple early enough.

As a side note, Ref. [164] also attempts to explain dark matter relic density

by including the gravitino. The hope was that, in the fashion of asymmetric dark

matter [166], both could be explained at the same time as the baryon and dark matter

relic density are of the same order of magnitude. They however find that obtaining

both correct relic densities requires the gravitino mass to be tuned.

Analogous works include Refs. [167, 168] which study similar decays but con-

sider Supersymmetry models with an extended field content. The Mini-Split spec-

trum requirement is then replaced by the need for some of the new couplings to be

small. Ref. [155] also studies baryogenesis for supersymmetric models with a U(1)R

symmetry, but focuses on the electroweak phase transition. They find that the new

superpotential couplings between the adjoints and Higgses can both make the elec-

troweak phase transition stronger and the lightest Higgs heavier.

In this chapter, we study whether Supersymmetry with a broken U(1)R baryon

number can lead to successful baryogenesis via bino decay in the presence of a Mini-

Split spectrum. We assume the U(1)R symmetry is broken in the gaugino masses

sector by anomaly mediation [31, 32] or more generally by Planck scale suppressed

operators. More specifically, we concentrate on the case where only binos are light.

The Majorana masses of gauginos and adjoints serve as the source of baryon num-

ber violation and split the Dirac bino into two Majorana binos. The presence of a

UDD term in the superpotential allows the binos to decay to quarks. The heaviest

bino can then exhibit baryon asymmetry in its decay, as the presence of the lighter

bino automatically satisfies the requirements of the Weinberg-Nanopoulos theorem.
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In addition, the extended Higgs sector allows for lighter Higgsinos than would be

permitted in the MSSM. We find that this mechanism can lead to the correct baryon

density, but that it unfortunately requires the U(1)R symmetry to be badly broken.

This chapter is organized as follow. We first study U(1)R breaking in the gaug-

ino mass sector. The decays that lead to baryogenesis follow. The different annihi-

lation channels that are responsible for maintaining the binos in thermal equilibrium

are discussed. The procedure necessary to obtain an estimate of the relic baryon den-

sity is then explained. Illustrative results follow. Finally, a few additional remarks

are included about the possibility of light gluinos.

8.1 U(1)R breaking

If the U(1)R baryon symmetry was exact, there would obviously not be any baryon

asymmetry. However, this symmetry is broken once anomaly mediation is taken

into account and could otherwise be broken by Planck scale suppressed operators, as

gravity is expected to break any global symmetry. The effect of this breaking that is

the most relevant to us is the introduction of Majorana masses for the gauginos and

adjoints. Their presence alone is enough to satisfy the first Sakharov condition.

The Majorana masses modify the mass eigenstate structure of the gauginos.

The mass Lagrangian of the binos becomes

Lmasses = −1

2

(
B̃ S̃

)⎛
⎜⎝M1 MD

1

MD
1 ρ1

⎞
⎟⎠

⎛
⎜⎝B̃

S̃

⎞
⎟⎠+ h.c., (8.1)

where B̃ represents the bino, S̃ the singlino, MD
1 the Dirac mass, M1 the bino Majo-

rana mass and ρ1 the singlino Majorana mass. The Majorana masses cause the Dirac

bino to split into two Majorana particles of different masses. We label the lightest
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one by χB
1 and the heaviest by χB

2 . We refer to their masses as m1 and m2 respec-

tively. Making the ratio of m1/m2 differ considerably from one requires either M1 or

ρ1 to be at least comparable to MD
1 . The bino and the singlino will then be a linear

combination of mass eigenstates of the form

B̃ = a1χ
B
1 + a2χ

B
2 ,

S̃ = b1χ
B
1 + b2χ

B
2 .

(8.2)

The mixing parameters are generally complex and are responsible for satisfying the

second Sakharov condition. For convenience, we refer to χB
1 and χB

2 as binos when

the context is clear.

The baryon asymmetry that we obtain in the next section will be proportional

to sinφ which is defined by

sinφ =
Im{a∗21 a22}
|a1a2|2 . (8.3)

As will be explained more carefully, this term is zero when either M1 or ρ1 is zero.

The combination of this and the mass splitting being inversely proportional to MD
1

will result in an asymmetry that is strongly suppressed if either M1 or ρ1 is much

smaller than MD
1 .

One important point to mention is that there are several other U(1)R breaking

terms that could potentially affect our results. First, A-terms could be introduced,

but their effects are typically suppressed by the scalar masses which are assumed large

in Mini-Split. Even if they were important, they would not spoil any mechanism and

could in fact be used for generating baryon asymmetry. Second, the μ-term of the

MSSM could reappear in the superpotential. As will be further discussed in the next

section, this would spoil the mechanism that allows for the Higgsinos to be lighter

than in the model of Ref. [162]. The μ-term can however be naturally small as it is a
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coefficient in the superpotential. Finally, the most dangerous possibility is soft-terms

that mix Higgses such as HuRd + h.c. and H†
uRu + h.c.. These terms can lead to the

lightest Higgs containing parts of Ru and Rd, which would also reintroduce the need

for heavy Higgsinos. This effect can however be suppressed by Ru and Rd having

large soft masses, which we assume from now on to be the case. The only U(1)R

breaking that we consider is then the Majorana masses. One property of anomaly

mediation worth mentioning is that the problematic terms are either not generated

or are suppressed.

8.2 Baryon asymmetry

In this section, we explain how the third and final Sakharov condition is satisfied by

having χB
2 decay out of equilibrium via baryon number breaking interactions. We

first explain the assumptions that must be made concerning the parameter space and

then provide the relevant decay widths and resulting baryon asymmetry.

8.2.1 Assumptions on the parameter space

Because of the UDD term in the superpotential, the binos will decay via baryon

number breaking interactions such as the one shown in Fig. 8.1. In addition, the

Nanopoulos-Weinberg theorem requires that χB
2 be able to decay via channels that

do not break baryon number. This is automatically realized as gauge interactions

allow χB
2 to decay to χB

1 and a pair of quarks, as seen in Fig. 8.2. However, it

is necessary for the baryon number breaking decays to dominate. Else, the baryon

asymmetry will be suppressed by a small branching ratio. This will require some of

the λ′′
ijk to be of O(0.1) or more. This is generally only possible for a few of them [24],

though the fact that we deal with a Mini-Split spectrum relaxes the constraints on
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Figure 8.1: Tree-level baryon number breaking decay of binos.

several λ′′
ijk. As such, we assume that a single λ′′

ijk is non-zero and refer to it as λ′′.

Taking into consideration current constraints, λ′′
313 and λ′′

323 would be the most likely

candidates [24]. The generalization to several non-zero λ′′
ijk’s is trivial. We refer to

the associated up quark as u1 and the associated down quarks as d1 and d2. We

also assume that a single right-handed sdown-type squark is relevant and take it to

be d̃2. We label its mass md̃2
. We could also have taken ũ1 to be light. There is

nothing in principle that prevents us from doing this, but the possible presence of the

rather large top mass inside of loops would obscure the analysis. We therefore do not

consider a light ũ1.

We also assume that d̃2 is considerably heavier than the binos. This is necessary

for two reasons. First, χB
2 is required to decay after it decouples to avoid washout

effects. This is simply stating that the decay must be out of equilibrium to satisfy

the Sakharov conditions. We will use this fact to calculate would-be relic number

densities of binos which corresponds to what the relic densities would be if the binos

were stable. Second, χB
2 is also required to decouple early. This is simply a question

that the baryon number density coming from χB
2 decay is several orders of magnitude

smaller than the χB
2 would-be number relic density. We define x = m2/T and label

the value of x around which the bino decouples by xf . A viable baryogenesis will

typically require xf < 5 [162].
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Figure 8.2: Baryon conserving decays of χB
2 to χB

1 and quarks. The diagram with the
arrows reversed also exists.

Finally, we assume that winos and gluinos are heavy. We will briefly discuss

the case of light gluinos in Section 8.6. We also consider Higgsinos to be heavy but

not so much as to be irrelevant. This opens a decay channel to Higgses.

8.2.2 Decay widths

We now proceed to list the decay widths of χB
1 and χB

2 . All quark masses are neglected.

Baryon breaking decay

The leading order diagram for baryon breaking decay is shown in Fig. 8.1 and corre-

sponds to a decay width of

ΓχB
i →u1d1d2 =

g′2Y 2
D|aiλ′′|2
512π3

m5
i

m4
d̃2

, (8.4)

where YD = 1/3 is the weak hypercharge of d2.
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Figure 8.3: Baryon conserving decays of χB
2 to χB

1 and Higgses. Other diagrams exist.

Decay of χB
2 to χB

1 and quarks

The baryon conserving decay of χB
2 to d2, d2 and χB

1 is shown in Fig. 8.2. It corre-

sponds to a decay width of

ΓχB
2 →χB

1 d2d2
=

g′4Y 4
D

256π3

[
|a1a2|2f

(
m1

m2

)
+ 2Re{a21a∗22 }m1

m2

g

(
m1

m2

)]
m5

2

m4
d̃2

, (8.5)

where

f(x) = (1− 8x2 − 12x4 ln x2 + 8x6 − x8)θ(1− x),

g(x) = (1 + 9x2 + 6x2(1 + x2) ln x2 − 9x4 − x6)θ(1− x).

(8.6)

Decay of χB
2 to χB

1 and Higgses

An example of decay of χB
2 to χB

1 and two Higgses is shown in Fig. 8.3. This decay

leads to the only width that is only suppressed by two powers of a superpartner mass.

Other decay processes are instead suppressed by four. As such, the Higgsinos are in

general required to be considerably heavier than the scalars. The masses of the Higgs

doublets are then approximately given by

Lmasses = −
(
H†

u H̃†
d

)⎛
⎜⎝μ2

u Bμ

Bμ μ2
d

⎞
⎟⎠

⎛
⎜⎝Hu

H̃d

⎞
⎟⎠ , (8.7)
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where H̃d = iσ2H∗
d and where we assumed that μu, μd and Bμ are real. Requiring

one of the Higgses to be light necessitates B2
μ = μ2

uμ
2
d. The resulting light Higgs HL

is then given by

HL =
1√

μ2
u + μ2

d

(
μdHu + μuH̃d

)
. (8.8)

In this limit, the corresponding decay width is given by

ΓχB
2 →χB

1 HLH
∗
L
=

1

768π2

[
|C12|2u

(
m1

m2

)
+ 3Re{C2

12}
m1

m2

v

(
m1

m2

)]
m3

2, (8.9)

where

u(x) = (1− x2)3θ(1− x), v(x) = (1 + 2x2 ln x2 − x4)θ(1− x), (8.10)

and

Cij =
g′

μ2
u + μ2

d

(
λs
u

μ2
d

μu

− λs
d

μ2
u

μd

)
(aibj + ajbi). (8.11)

A similar result exists for Mini-Split leptogenesis. In this case, the wino is required

to be lighter than the bino for leptogenesis to occur. The bino can then decay to the

wino and Higgses with a decay width of [162]

ΓSM
B̃→W̃HLH

∗
L
=

(YHg1g2)
2

384π3

M3
1

μ2
, (8.12)

where YH = 1/2 is the weak hypercharge of the Higgs doublet. The main difference

of Eq. (8.9) is the presence of λs
u and λs

d, which is an effect of the extended Higgs

sector. Being coefficients in the superpotential, λs
u and λs

d can naturally be small and

the Higgsinos are not required to be as heavy as in the MSSM. As was alluded to

earlier, this mechanism can however be spoiled by the presence of either a μ-term or

soft-terms like HuRd+h.c.. These terms would allow for diagrams that do not require
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λs
u and λs

d. That is why we needed to make assumptions to limit their effects.

We note that the width of this decay channel does not go to zero when λs
u and

λs
d are zero, but that it would instead be suppressed by higher powers of μu and μd.

We also note that this result is not exact as the decay will typically take place after

the electroweak phase transition. The degrees of freedom involved will not be the

same and the exact expression depends on the precise details of the scalar sector. As

we are more interested in a proof of principle, we will be satisfied with this result.

Decay of χB
2 to χB

1 and a photon

Finally, χB
2 can also decay to χB

1 and a photon as shown in Fig. 8.4. The decay width

is

ΓχB
2 →χB

1 γ =
e2g′4Y 4

D

8192π5

[
|a1a2|2 + 2Re{a21a∗22 } m1m2

m2
1 +m2

2

]
(
1 +

(
m1

m2

)2
)(

1−
(
m1

m2

)2
)3

m5
2

m4
d̃2

,

(8.13)

which is negligible. Note that it was assumed that the decay takes place after the

electroweak phase transition, which will turn out to be case in most of the successful

region of parameter space. If the decay were to take place before the phase transition,

it would instead involve a B boson. The answer would change slightly but would still

remain negligible. The decay to a Z boson is also negligible.

8.2.3 Net decay width to baryons

The difference between the decay width of χB
2 to baryons and antibaryons comes from

the interference between the tree-level diagram of Fig. 8.1 and the loop diagram of

Fig. 8.5. Other diagrams exist, but either do not lead to any baryon asymmetry or

require a dangerous amount of flavour mixing [162]. The net decay width to baryons
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Figure 8.4: Decay of χB
2 to χB

1 and a photon. The photon can also be inserted on the
squark line and the arrow flow can be reversed in both cases.

is given by

ΔΓB = ΓB
χB
2 →u1d1d2

− ΓB
χB
2 →u1d1d2

=
g′4Y 4

D|a1a2λ′′|2 sinφ
2048π4

f

(
m1

m2

)(
m2

md̃2

)6

m1. (8.14)

We note that this result illustrates the Nanopoulos-Weinberg theorem. The net width

ΔΓB would be zero if m1 > m2 since f(x) is 0 for x ≥ 1. This also corresponds to

the decay of χB
2 to χB

1 and quarks being forbidden. Obviously, this is not a problem

because m1 < m2 by assumption, but it does show that the decay of χB
1 does not lead

to baryon asymmetry.

We can now better understand why both Majorana masses need to be non-zero.

First, consider the case of ρ1 set to zero. The interference term between the diagrams

of Figs. 8.1 and 8.5 can be factorized as a function of the coupling constants times a

function depending only on the kinematics. To obtain a net baryon asymmetry, both

of these functions must be complex [169].1 First, the kinematic function is complex

because the loop diagram in Fig. 8.5 can be cut to obtain the diagram in Fig. 8.1

(see Ref. [170]). Second, the phase of M1 can be reabsorbed by a field redefinition

of B̃. This effectively makes g′ complex. It also transfers a phase to MD
1 , which can

1It is assumed that the fields have been redefined such that their masses are real.
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Figure 8.5: Loop decay of χB
2 via virtual χB

1 .

then be removed by a field redefinition of S̃. Since none of the couplings associated

with this field are involved in these diagrams, the phase will only appear in g′. Since

g′ appears as |g′|4 in the interference term, this would not lead to any asymmetry.

The procedure obviously breaks down when ρ1 is non-zero, as the field redefinition

we did would lead to a complex ρ1. A similar argument holds for M1.

Finally, the resulting asymmetry for the decay of χB
2 is given by

εCP =
ΔΓB

Γtotal
χB
2

=
ΔΓB

ΓχB
2 →u1d1d2 + ΓχB

2 →u1d1d2
+ ΓχB

2 →χB
1 d2d2

+ ΓχB
2 →χB

1 HLH
∗
L

, (8.15)

where we neglected the decays to gauge bosons.

8.3 Annihilation and conversion cross sections

We now proceed to calculate the annihilation and conversion cross sections of binos.

These enter the Boltzmann equations which will be used to calculate the would-be

relic density of the binos. The two most important interactions are those with Higgses

and quarks.

144



(a) (b)

Figure 8.6: (a) Annihilation to Higgses. There also exist other diagrams. (b) Example
of bino conversion via Higgs scattering. There also exist other diagrams.

8.3.1 Interactions with Higgses

An example of annihilation to two Higgses is shown in Fig. 8.6a. The total cross

section is given by

σχB
i χB

j →HLH
∗
L
(s) =

1

32π

|Cij|2(s−m2
i −m2

j)− 2Re{C2
ij}mimj√

(s− (mi +mj)2)(s− (mi −mj)2)
, (8.16)

where
√
s is the center of mass energy. As we will be interested in binos of around a

TeV or heavier and that decouple at very small x, freeze-out will typically take place

before the electroweak phase transition. As such, HL is treated as a complex scalar

doublet for calculating relic densities, i.e. no particle has been “eaten” yet by gauge

bosons.

In addition to annihilation, one must also take into account conversion via

scattering. An example is shown in Fig. 8.6b. The associated cross section is

σχB
j HL→χB

i HL
=

1

64πs

(
s−m2

i

s−m2
j

)[
|Cij|2

(s+m2
i )(s+m2

j)

s
+ 4mimjRe{C2

ij}
]
.

(8.17)

Note that this result is averaged over the two possible Higgses and their conjugates.
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(a) (b)

Figure 8.7: (a) Example of s-channel annihilation of a single bino. (b) Example of
t-channel annihilation of a single bino.

8.3.2 Interactions with quarks

We now discuss annihilation and conversion via interactions with quarks. These

interactions can either conserve baryon number or break it.

For λ′′ of O(0.1) or larger and heavy Higgsinos, baryon number breaking anni-

hilation is expected to dominate because of the large multiplicity and lack of p-wave

suppression [162]. Examples of these interactions are shown in Fig. 8.7. The cross

section is given by

σχB
i q→qq(s) =

g′2Y 2
D|aiλ′′|2

48πm4
d̃2

(5s+m2
i ). (8.18)

Other subleading interactions with quarks exist that preserve baryon number.

These effects are usually subdominant. Annihilation of binos to quarks is shown in

Fig. 8.8a. The associated cross section is

σχB
i χB

j →d2d2
(s) =

g′4Y 4
D

16πm4
d̃2

1√
(s− (mi +mj)2)(s− (mi −mj)2)[|aiaj|2(2s2 − (m2

i +m2
j)s− (m2

i −m2
j)

2)− 6Re{a2i a∗2j }mimjs
]
.

(8.19)

In addition, conversion can take place via the diagram of Fig. 8.8b. The associated
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(a) (b)

Figure 8.8: (a) Example of bino pair annihilation to d2 d2. There is also a diagram
with the incoming lines crossed. (b) Example of bino conversion via scattering off
quarks. There is also an s-channel diagram.

cross section is

σχB
j d2→χB

i d2(s) =
g′4Y 4

D

96πm4
d̃2

(s−m2
i )

2

s3
[|aiaj|2(8s2 + (m2

i +m2
j)s+ 2m2

im
2
j)

+6Re{a2i a∗2j }mimjs
]
.

(8.20)

8.4 Calculation of ΩΔB

To obtain estimates of the baryon relic density ΩΔB, we calculate would-be relic

densities of binos. For this, we use Boltzmann’s equation conveniently rewritten

as [171] (see also Ref. [164]),

dYi

dx
= −

√
g∗π
45G

m2

x2

[
2∑

j=1

〈σijvij〉(YiYj − Y eq
i Y eq

j ) + 〈σiXviX〉(Yi − Y eq
i )Y eq

X

−〈σjXvjX〉
(
Yj −

Y eq
j

Y eq
i

Yi

)
Y eq
X

]
.

(8.21)

The parameter Yi is given by Yi = ni/s, where ni is the number density of particle

i and s the entropy per comoving volume (not to be confused with the center of

mass energy). The parameter g∗ corresponds to the number of relativistic degrees of

freedom. As we deal with particles with masses of the order of a few TeV and which
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decouple at small x, g∗ can safely be approximated by a constant g∗ ≈ 106.75. The

parameter Y eq
i represents the equilibrium value of Yi and is given by [171]

Y eq
i =

45x2

4π4g∗
gi

(
mi

m2

)2

K2

(
x
mi

m2

)
, (8.22)

where gi is the number of degrees of freedom of the particle i and Ki(x) is a modified

Bessel functions of the second kind. The 〈σijvij〉, 〈σiXviX〉 and 〈σjXvjX〉 represent

thermally averaged cross sections and can be obtained by combining the results of

Section 8.3 with the following Eq. [171],

〈σijvij〉 =
∫ ∞
(mi+mj)2

1√
s
(s− (mi +mj)

2)(s− (mi −mj)
2)K1

(√
s

T

)
σij(s)ds

8Tm2
im

2
jK2

(
mi

T

)
K2

(mj

T

) , (8.23)

where the i and j indices can represent any particle. Annihilation of two binos

contributes to 〈σijvij〉, annihilation of a single bino contributes to 〈σiXviX〉 and con-

version contributes to 〈σjXvjX〉. Once the would-be relic density is obtained, ΩΔB is

approximated by

ΩΔB =
mp

(ρc/s)0
εCPY2|t→∞, (8.24)

where mp is the mass of the proton and (ρc/s)0 the current ratio of critical density

to entropy density. This is a good approximation as long as the decay temperature

of the bino is considerably lower than its freeze-out temperature. Also, note that

baryon number breaking interactions that take place before freeze-out can lead to an

additional source of baryon asymmetry. This was studied in Ref. [164] and found to

be negligible because of washout effects.
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8.5 Results and constraints

We now proceed to discuss the relevant constraints and provide a few benchmark

plots to illustrate different features. We stress that we do not aim to cover the full

parameter space, but to show that it is indeed possible to obtain a sufficient baryon

density.

We first make a few simplifying assumptions out of convenience. We relate

parameters by setting μu = μd ≡ μ and λs
u = −λs

d ≡ λs. We also set λ′′ = 0.2,

which is chosen to maximize ΩΔB. It is large enough for εCP not to be suppressed by

large decay branching ratios to other channels, while not being so large as to make

B-breaking scattering with quarks too strong.

Fig. 8.9 shows ΩΔB as a function of M1 and MD
1 for decoupled Higgsinos. The

mass ρ1 is set to 1×exp(3i/4π) TeV and md̃2
to 50 TeV. As can be seen, it is possible

to obtain a sufficient baryon relic density, but it requires the U(1)R breaking to be

large. We see that ΩΔB peaks in a region where χB
2 is very close to being a pure

singlino. In this limit, χB
2 can easily decouple early when the Higgsinos are heavy as

interactions with quarks are suppressed. It is then not necessary to have the squarks

as heavy for it to decouple early and εCP doesn’t need to be as suppressed. We

note that ΩΔB is optimized when m1/m2 is close to 0.25. This corresponds to the

maximum of xf(x), which controls the asymmetry (see Eq. (8.15)).

Fig. 8.10 shows ΩΔB as a function of μ/λs and md̃2
. The masses MD

1 , M1 and

ρ1 are set respectively to 0.02 TeV, 0.25 TeV and 1 × exp(3i/4π) TeV. Obviously,

Higgsinos can be made lighter by taking λs small but eventually the subleading cor-

rections inversely proportional to μ4 would become non-negligible. In addition, this

shows that the requirement of correct ΩΔB indeed leads to a Mini-Split spectrum.

A few additional constraints are also taken into account. The first one concerns
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Figure 8.9: Contour plots of constant ΩΔB. The blue region corresponds to χB
2

decaying before electroweak phase transition. The yellow region corresponds to χB
2

decaying before freeze-out. The pink region is excluded by washout.

washout. The relevant washout processes are carefully discussed in Ref. [167]. They

include inverse decay via on-shell squark and u1d1d2 → u1d1d2 just to name a few.

The end result is that they are suppressed as long as the decay temperature of χB
2 is

lower than its mass. This excluded region corresponds to the pink region.

The second constraint to take into account is for χB
2 to decay after its freeze-

out. This constraint is not absolute, as decays that take place slightly before still lead

to a relic baryon density, albeit suppressed. We estimate the freeze-out temperature

of χB
2 by taking its relic number density, setting it equal to the equilibrium density

and solving for x. This defines a freeze-out temperature. We then include in the

figures the region where χB
2 decays before freeze-out in yellow. Generally speaking,

this constraint is far more important than washout and completely overshadows it.

This was to be expected.
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Figure 8.10: Contour plots of constant ΩΔB. The blue region corresponds to χB
2

decaying before electroweak phase transition. The yellow region corresponds to χB
2

decaying before freeze-out.

Finally, if χB
2 were to decay before the electroweak phase transition, some of the

baryon relic density would be converted away by sphaleron effects. This would reduce

the baryon relic density by a factor of 28/79, which is sizable but does not change

the qualitative features [172]. It also corresponds in our plots to a region that does

not produce enough baryon relic density. We take the electroweak phase transition

to take place at 100 GeV. We show the regions where the decay of χB
2 takes place

before the electroweak phase transition in blue.

Another effect to consider is the possibility of entropy dilution. Ref. [164]

studied this and found that it is only relevant for very large scalar masses where the

bino decouples while still relativistic. This would lead to a suppression of ΩΔB by a
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dilution factor of [164,173]

ξs = Max

⎡
⎣1, 1.8g1/4∗

Y2(xf.o.)m2√
Γtotal
χB
2

MPl

⎤
⎦ , (8.25)

where Γtotal
χB
2

is the value of Y2 when χB
2 freezes-out and MPl the Planck scale. We

have verified that this factor is simply one over all the region shown in our plots.

8.6 Inclusion of light gluinos

As was made clear in the last section, getting the correct baryon relic density is

possible, but requires a very large U(1)R breaking. One possibility to alleviate this

problem is to allow for light gluinos. These can indeed contribute to baryon asymme-

try by running in loop diagrams similar to Fig. 8.5. There will now be four diagrams,

corresponding to each combination of incoming bino and gluino running in the loop.

All decay widths can be obtained in a similar way to Section 8.2.

The procedure is however far more complex, as interactions with gluinos are

now important and as such the number density of gluinos must be tracked. See

Ref. [164] for a thorough treatment in the context of the MSSM. We therefore leave

this for future work.

However, it is clear that the presence of light gluinos will not improve the results

much. Indeed, strong coupling might lead to a larger εCP , but they also lead to larger

interaction cross sections which lead to decoupling at lower temperature and thus a

lower would-be relic density of binos. In addition, Fig. 8.9 shows that the drop in

ΩΔB is very abrupt once the ratio of Majorana masses to Dirac masses becomes small.

As such, a gluino LSP would still require the U(1)R symmetry to be broken badly.

One advantage of gluinos however is that there would be no need for singlino
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or octino masses. The argument of Section 8.2.3 simply does not apply when two

different types of gauginos are involved. This would make it easier to justify this

mechanism in term of anomaly mediation, where the masses of adjoint fermions are

not expected to be large.
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Chapter 9

Summary

Despite all of its successes, the Standard Model is still plagued by several issues, both

experimental and theoretical. Chief among these is the hierarchy problem, the insta-

bility of the electroweak scale under radiative corrections. The most famous attempt

at solving this problem is Supersymmetry, which postulates a partner of different spin

for every particle of the Standard Model. In addition to solving the hierarchy prob-

lem, Supersymmetry provides a dark matter candidate and leads to gauge coupling

unification. For Supersymmetry to be natural however, some superpartners are re-

quired to be light, which can be difficult considering current experimental constraints.

Hence, the concept of neutral naturalness was proposed, where stabilizing partners

are not charged under the Standard Model gauge groups and could therefore more

easily avoid detection.

In light of these considerations, the purpose of this thesis was to study possible

avenues in Supersymmetry and naturalness. More precisely, we investigated four

specific models.

In Chapter 4, we presented a new iteration of the Twin Higgs model. The

novelty was that the Z2 breaking was spontaneous instead of explicit. This was done
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by expanding the Higgs sector to include two fundamentals of SU(4). One of them

preserves Z2, while the other breaks it spontaneously. A bilinear term involving both

fields transmits the Z2 breaking from the broken to the unbroken sector. In addition

to being theoretically more attractive, the model has the advantages of reducing the

necessary tuning and making many mirror partners heavier.

Chapter 5 focused on a class of Supersymmetry models called Mini-Split. In

such models, the gauginos are relatively light, while the scalars are a few orders of

magnitude heavier. The presence of this small hierarchy deflects the gaugino masses

from their usual expressions in gauge and anomaly mediation. More precisely, we

studied the current constraints on deflected anomaly and gauge mediation, as well as

their prospect for Run-II of the LHC and at a future 100 TeV collider. The Higgsinos

are assumed around the scalar scale and a lighter third generation of squarks is

assumed. The resulting constraints are summarized in Section 5.2.

Chapter 7 concerned supersymmetric models with a U(1)R symmetry associated

with the lepton number. One of the sneutrinos acquires a vev and provides mass to

down-type quarks and charged leptons. However, there are severe constraints from

electroweak precision tests. It was the purpose of this chapter to synthesize them.

The region of parameter space still available can be found in Section 7.3.

Chapter 8 concentrated on the case where U(1)R charges are instead matched to

the baryon number. This symmetry is expected to be broken by anomaly mediation

or by Planck scale suppressed operators. This naturally provides all the necessary

elements for baryogenesis. The correct baryon density can be obtained in the presence

of a Mini-Split spectrum, but requires the U(1)R symmetry to be badly broken. A

consequence of the extended Higgs sector is that Higgsinos are not required to be as

heavy as in the MSSM. Benchmark plots are shown in Section 8.5.
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Appendix A

Conventions

The conventions and notations used in this thesis are summarized here for conve-

nience. The Minkowski metric is taken in the mostly minus convention, i.e.

ημν =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

. (A.1)

The Pauli matrices are given by

σ1 =

⎛
⎜⎝0 1

1 0

⎞
⎟⎠ , σ2 =

⎛
⎜⎝0 −i

i 0

⎞
⎟⎠ , σ3 =

⎛
⎜⎝1 0

0 −1

⎞
⎟⎠ . (A.2)

They are often arranged as a three-vector

�σ =
(
σ1, σ2, σ3

)
. (A.3)
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This in turn can be used to arrange the Pauli matrices in four-vectors

σμ = (1, �σ) , σμ = (1,−�σ) . (A.4)

With these, we can define

σμν =
i

4
(σμσν − σνσμ) , σμν =

i

4
(σμσν − σνσμ) . (A.5)

The Dirac matrices are taken as

γ0 =

⎛
⎜⎝0 1

1 0

⎞
⎟⎠ , �γ =

⎛
⎜⎝0 −�σ

�σ 0

⎞
⎟⎠ , (A.6)

and can be arranged in a four-vector

γμ =
(
γ0, �γ

)
. (A.7)

The Dirac matrices satisfy the Clifford algebra

{γμ, γν} = 2ημν . (A.8)

With this relation, it is easy to verify that the quantity

Mμν =
i

4
[γμ, γν ] (A.9)

satisfies the Lorentz algebra (see Eq. (3.2)). A field that transforms under the Lorentz

group with a representation of Mμν as defined in Eq. (A.9) is referred to as a Dirac

spinor. With the conventions used, Mμν is block-diagonal. A Dirac spinor ψ can
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therefore be written in terms of two two-component spinors that do not mix under

boosts and rotations

ψ =

⎛
⎜⎝ηR

χL

⎞
⎟⎠ , (A.10)

where ηR and χL are referred to as right-handed and left-handed Weyl spinors respec-

tively. The treatment of Weyl spinors is simplified by the van der Waerden notation,

which is discussed in more detail in Appendix C. A 4-component spinor ψ formed

from a left-handed spinor χL and iσ2χ∗
L as its right-handed part is referred to as

Majorana and respects

ψc = Cψ
T
= ψ, (A.11)

where C = −iγ2γ0 is the charge conjugation matrix and

ψ = ψ†γ0. (A.12)

Finally, γ5 is defined via

γ5 = iγ0γ1γ2γ3 =

⎛
⎜⎝1 0

0 −1

⎞
⎟⎠ , (A.13)

and the left-handed and right-handed projectors PL and PR are defined by

PL =
1

2

(
1− γ5

)
, PR =

1

2

(
1+ γ5

)
. (A.14)

Unless stated otherwise, repeated indices are assumed summed.
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Appendix B

Grassmann variables

This appendix gives a short introduction to Grassmann variables. Their main prop-

erty is that they anticommute instead of commuting. Assume two Grassmann vari-

ables θ1 and θ2. Then,

{θ1, θ1} = {θ2, θ2} = {θ1, θ2} = 0. (B.1)

The derivative with respect to a Grassmann variable is for the most part similar to a

derivative with respect to a complex variable, i.e.

∂θ1
∂θ1

=
∂θ2
∂θ2

= 1,
∂θ1
∂θ2

=
∂θ2
∂θ1

= 0. (B.2)

The only difference is that derivatives also anticommute with each other and with

other Grassmann variables. For example,

∂

∂θ1
(θ2θ1) =

∂θ2
∂θ1

θ1 − θ2
∂θ1
∂θ1

= −θ2. (B.3)
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Assume a function F (θ), where θ is a Grassmann variable. In light of Eq. (B.1), a

Taylor expansion in terms of θ will terminate and can in general be written as

F (θ) = a+ bθ, (B.4)

where a and b are ordinary complex numbers. Integrals of Grassmann variables are

sometimes known as Berezin integrals and are defined such that

∫
dθF (θ) = b. (B.5)

In a similar fashion to derivatives, integrals do not commute. For example,

∫
dθ1

∫
dθ2θ1θ2 = −

∫
dθ1θ1

∫
dθ2θ2 = −

∫
dθ1 = −1. (B.6)

Very often, one is interested in doing integrals over the components of a complex

Grassmann Weyl spinor θ = (θ1, θ2). Refer to its harmonic conjugate and its compo-

nents as θ = (θ1̇, θ2̇). Derivatives with respect to the components of θ can be written

as

∂α =
∂

∂θα
, ∂

α̇
=

∂

∂θα̇
(B.7)

Some other useful short notations are

d2θ = dθ1dθ2, d2θ = −dθ1̇dθ2̇. (B.8)

This leads to the convenient normalization

1

2

∫
d2θ θα(−iσ2)αβθβ = 1,

1

2

∫
d2θ θα̇(iσ

2)α̇β̇θβ̇ = 1, (B.9)
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and

1

4

∫
d2θd2θ θα(−iσ2)αβθβ θα̇(iσ

2)α̇β̇θβ̇ = 1. (B.10)
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Appendix C

Van Der Waerden Notation

This appendix summarizes the van der Waerden notation [174,175]. Its main benefit

is that it simplifies the manipulation of Weyl spinors. Consider a general Dirac spinor

ψ as introduced in Appendix A,

ψ =

⎛
⎜⎝ηR

χL

⎞
⎟⎠ , (C.1)

where ηR and χL are right-handed and left-handed Weyl spinors respectively. To see

how it transforms under the Lorentz group, parametrize an infinitesimal rotation by

�ε. This means a right-handed rotation around the direction of the three-vector by

an angle of ε. Similarly, an infinitesimal boost can be parametrized by �β, i.e. an

infinitesimal boost of β in the direction of this vector. Using the results of Appendix

A, it is easy to determine that the Weyl spinors transform as

ηR →
(
1 +

i

2
�ε · �σ − 1

2
�β · �σ

)
ηR,

χL →
(
1 +

i

2
�ε · �σ +

1

2
�β · �σ

)
χL.

(C.2)
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A short calculation then shows that

iσ2χ∗
L (C.3)

transforms like a right-handed Weyl spinor. Similarly, the quantity

−iσ2η∗R (C.4)

transforms as a left-handed Weyl spinor. These properties mean that one can freely

pass from left-handed to right-handed and vice-versa. Ultimately, all Weyl spinors

can be written in terms of left-handed ones only. This motivates the van der Waerden

notation.

First, right-handed Weyl spinors are now written with an overline and left-

handed spinors without ones. We drop the L and R indices as they are now redundant

and only overburden the notation. The components of χ are written as

components of χ = χα. (C.5)

The components of η are then written as

components of η = ηα̇. (C.6)

Notice the dot on the superscript of ηα̇. These can be freely added or removed by

taking the complex conjugate of a spinor. For example, we have

χα̇ = (χα)
∗ , ηα =

(
ηα̇

)∗
. (C.7)
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Notice also the removal/adding of the overline. Indices can be raised with the help

of iσ2. For example, we have

χα =
(
iσ2

)αβ
χβ, ηα̇ =

(
iσ2

)α̇β̇
ηβ̇. (C.8)

The presence or absence of dots on the superscripts of iσ2 is simply chosen for the

indices to match and iσ2 does not have an intrinsic correct way to put superscripts

on it. Similarly, indices can be lowered with −iσ2. For example, we have

χα =
(−iσ2

)
αβ

χβ, ηα̇ =
(−iσ2

)
α̇β̇

ηβ̇. (C.9)

To make a right-handed Weyl spinor from a left-handed spinor χα, it suffices to add

a dot on its subscript and raise it. This is easily seen to be coherent with Eq. (C.3).

This generalizes to the reverse procedure.

A dot-product can be defined between two spinors of the same handedness via

χ · η ≡ χα

(−iσ2
)αβ

ηβ = χα ηα, χ · η ≡ χα̇
(
iσ2

)
α̇β̇

ηβ̇ = χα̇ η
α̇. (C.10)

Considering the Grassmann nature of spinors, it follows that

χ · η = η · χ, χ · η = η · χ. (C.11)

Using Eq. (C.2), it is easy to verify that

iσμ∂μη and iσμ∂μχ (C.12)

transform as left-handed and right-handed spinors respectively. This motivates the
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notation

components of σμ = (σμ)α̇β ,

components of σμ = (σμ)αβ̇ .

(C.13)
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