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Abstract

This thesis focuses on low-energy particle phenomenology arising from G2 compactifications of
M theory. We construct a supersymmetric SO(10) model that can be naturally realised in this
framework. An appropriate discrete symmetry combined with a symmetry breaking Wilson
line suppresses the µ-term and dangerous triplet–matter interactions at the compactification
scale. Stabilised moduli introduce back the forbidden terms providing the µ-term with the
phenomenologically expected value of O(TeV). In our model triplets are light and regenerated
triplet interactions induce proton decay but safely within experimental constraints. In order to
restore gauge unification we introduce extra, light, vector-like matter multiplets that together
with the (unstable) lightest supersymmetric particle (LSP) can provide interesting experimen-
tal signatures. We also present a mechanism that generates high scale vacuum expectation
values (VEV)s for the scalar components of right-handed neutrinos N of the vector-like pair
that further break the gauge symmetry into the Standard Model SU(3)C × SU(2)Y ×U(1)Y
as well as can induce the correct neutrino masses. The other significant part of the thesis is
focused on collider phenomenology of string/M theory inspired models. In particular we study
a prospect for electroweakino discovery at a proposed 100 TeV collider with three leptons plus
missing transverse energy signature. We design simple but effective signal regions for this case
and using simplified detector-level analysis we evaluate discovery reach and exclusion limits.
Assuming 3000 fb−1 of integrated luminosity, W-inos could be discovered (excluded) up to
1.1 (1.8) TeV if the spectrum is not compressed.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics [1–3] is a hugely successful theory of all

known fundamental interactions except gravity. It is a quantum field theory based on

SU(3)C × SU(2)L×U(1)Y gauge group with the Higgs mechanism breaking down the gauge

group to SU(3)C × U(1)EM at low-energies. Since its formulation over 40 years ago its pre-

dictions for various observables like cross-sections, decay widths, asymmetries or magnetic

moments of particles, to mention just a few, has been successfully confronted with experi-

mental observations, often at an unprecedented level of accuracy. For long time the Standard

Model provided guidance to the physics community for directions of future studies having

predicted many particles and phenomena later to be discovered. The observation of the

SM-like-Higgs boson has completed the Standard Model filling the last remaining gap.

Despite its success, as the SM does not include gravity, it can only be an effective low-

energy theory. From the perspective of particle physics at the typical scale of SM, MEW ∼
O(100 GeV), the effects of gravity are too weak to be considered or indeed measurable.

However, at the Planck scale, mpl =
√

~c
8πG ≈ 2·1018 GeV, gravity is expected to be comparable

in strength to other fundamental interactions and cannot be possibly ignored. Now, there

is a huge gap between MEW and mpl. In principle one can naively expect the SM to be

valid up to the scale close to mpl at which point a new, more fundamental theory enters

the game. However, the existence of the Higgs boson in the SM, a scalar particle, raises

concerns about validity of such an approach. The mass of a scalar particle is not protected

by gauge symmetries and receives quantum corrections from new physics at a higher scale. In

particular, if there is no new physics before the Planck scale, one would expect the mass of the

Higgs to contain a term of order mpl. It is thus difficult to imagine, unless some miraculous

cancellations with the Higgs bare mass happen, that the physical mass of the Higgs is the

observed 125 GeV, almost 1016 times smaller than mpl. This apparent fine-tuning is the

infamous hierarchy problem. Setting aside anthropic solutions to this problem, one generally

expects a new physics, i.e. supersymmetry, technicolor, or large extra dimensions, at about

TeV scale for the fine-tuning not to be too large.
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In addition to the hierarchy problem, that some would argue is just an aesthetic one,

there are several other shortcomings of the SM. It does not contain suitable candidates for

dark matter, dark energy or inflation required by cosmology observations. Similarly, it does

not contain enough sources to create the asymmetry between the abundance of matter and

antimatter observe in our universe. The Standard Model also does not address the question

why there are three families of fermions and why they have such different masses.

It seems clear that SM has to be extended in some way. Over the years many propos-

als for beyond Standard Model (BSM) physics were made and those based on low-energy

supersymmetry (SUSY) seem to be the most promising ones. Not only does SUSY provide

solutions to the hierarchy problem and some of the other issues listed above, but it also con-

tains attractive features like radiative electroweak symmetry breaking and gauge unification.

In the simplest supersymmetric world, each particle has a superpartner which differs in spin

by 1/2. Since supersymmetry relates scalar and fermionic sectors, the masses of scalars are

protected by the same gauge symmetries protecting fermions. However, if SUSY is realised in

nature it has to be broken in order to split the mass of superpartners and their corresponding

SM particles. Unfortunately, since the mechanism of SUSY breaking is unknown, one has

to potentially add a significant number of new parameters (on top of the usual ∼ 30 SM

parameters) in order to include all possible soft SUSY breaking terms. In the simplest case

of the Minimal Supersymmetric Standard Model (MSSM) there are 105 new parameters. It

also means that SUSY alone cannot be our ultimate theory of everything. From a complete

theory of fundamental interactions we should require explanations of the observed values of

parameters as well as unified description of gravity and particle physics.

Currently only string/M theory is known to provide a consistent, UV complete framework

that unifies particle physics and gravity. In String/M theory one and more dimensional

objects, the strings and D-branes, are fundamental, unlike in the case of QFT, where zero

dimensional particles are 1 . In principle there is only one input parameter in the theory, the

string tension T , which sets-up a characteristic energy scale of strings ∼ mpl and this is when

the extended nature of strings should be visible. At lower (our) energies, however, different

vibrational modes of strings appear as different (zero dimensional) particles.

There are only five possible formulations of string theories, so called corners: Type I, Type

IIA, Type IIB, Heterotic SO(32) and Heterotic E8 all of which require 10D supersymmetric

spacetime. Different corners, thanks to various dualities, are believed to be related to each

other and unified into 11D M-theory. If String/M Theory is to be considered as the theory

that describes our world, at low energies it should look like a four dimensional one, or in other

words, the extra 6/7 dimensions have to be compactified. The compactification, because it

can be done in many ways, introduces a lot of ambiguity. In order to avoid the hierarchy

problem one usually require resulting theory to be supersymmetric, which restricts the class

1See for example [4] for a pedagogical introduction to string/M theory.
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of allowed manifolds of extra, compactified dimensions to either Calabi-Yau 6-dimensional

manifolds [5], or 7-dimensional manifolds with holonomy of G2 [6].

From the process of compactification, at the resulting four dimensional effective theory

one is left with plethora of scalar fields, so called moduli. These are “leftovers” of the higher

dimensional parameterisation of the compactified manifold. Since we have not observed any

fundamental scalar fields, except for the SM-like Higgs, those moduli have to be made mas-

sive. On top of that, all parameters (masses, coupling constants) of the low energy theory

depend on moduli, and thus, values of moduli fields have to be fixed. One can calculate

and try to minimise the potential of moduli directly from string/M theory. Unfortunately,

though, because details of compactifications are not well studied, one, naively, ends up with

a large number of possible modulus (vacuum) configurations. This is what is known as the

string landscape. Estimates are that there are about 10O(100) (maybe ∞?) possible configu-

rations [7], and we know that our world is described only by one of those solution.

The fact that the natural scale of strings is way beyond our current (and probably even

future) reach together with the enormous number of solution of string/M theory at lower

energies made a lot of people believe that string/M theory is not testable. This is, however,

not necessary true. The point here is that we actually know how our world works at low

energies. Gravity is described by General Relativity (GR) and other forces and matter content

by the Standard Model with the gauge group SU(3)C × SU(2)L × U(1)Y . One can try to

classify string vacua, and check whether the class of vacua that could describe our world

has any interesting properties2. Could we impose some very general, simple but robust

assumptions on string/M theory solutions and get meaningful predictions for particle physics

and cosmology?

Results over the past decade or so have shown that this is indeed possible and string/M

theory can in fact be a very useful guide to constructing models [10–14]. Namely, it leads

to effective models with distinctive features and very few parameters. In this thesis we will

study some examples of such string/M theory inspired models, in particular focusing on

supersymmetric Grand Unified Theory (GUT) models arising from M theory compactified

on G2. A significant portion of the thesis, based on published work [15, 16], will be centred

around construction and analysis of SO(10) SUSY GUT models in which I made a significant

contribution. Those models have nice properties of unifying all fermions from a SM family

into a single GUT representation, 16 of SO(10), as well as containing right-handed neutrino

fields that provide left-handed neutrino with masses necessary to describe observed neutrino

oscillations. In the other section of the thesis, based on publication [17] in which I made

a significant contribution, we will focus on collider phenomenology that can arise from G2

compactification of M theory. As the particle physics community reviews possibilities of a

future hadron collider, we believe that models arising from the UV completion by string/M

2Details of this approach is explained for example in [7, 8]. In [9] it is actually conjectured that this class
of vacua is finite.
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theory might help set out priorities and expectations for such a machine.

In the rest of this introduction we will review some of the concepts that will be used in the

rest of the thesis. In particular we introduce basic concepts and notation of supersymmetry

and supergravity used. We will also briefly discuss the generic results that arise from M theory

compactified on G2 holonomy manifolds. Finally we will conclude with the outline for the

rest of the thesis.

1.1 SUSY

In this section we will introduce basic ideas and notation of supersymmetry. The interested

reader can consult [18] for more information.

Figure 1.1: One loop quantum corrections to the Higgs squared mass parameter m2
H coming

from interactions with (a) a Dirac fermion f , (b) a scalar S.

The SM hierarchy problem is that the scalar Higgs boson receives big quantum corrections

from virtual effects of every particle that couples to it, either directly or indirectly. For exam-

ple, if there is a new fermion f at the scale ΛUV that couples to the Higgs via −λfHf̄f term,

the correction to the Higgs mass square coming from the fermion loop shown in Fig. 1.1 (a)

is

∆m2
H = −|λF |

2

8π2
Λ2
UV + . . . . (1.1)

If one expects ΛUV to be of order of mpl this gives a massive correction. Similarly, if

instead of a new fermion one considers a new scalar S that couples to the Higgs via −λSH2S2

term, from the loop diagrams in Fig. 1.1 (b) one gets the correction to the Higgs mass:

∆Sm
2
H =

λS
16π2

[
Λ2
UV − 2m2

S ln (ΛUV /mS) + . . .
]
. (1.2)

Therefore, no matter what the nature of new states is, without miraculous cancellations, it is

difficult to imagine the Higgs mass not to be pushed up to the scale of the new physics.

Supersymmetry provides a very attractive solution to this problem. Since corrections to

the Higgs mass in Equations (1.1) and (1.2) have opposite signs SUSY relates fermions with

bosons giving a symmetry reason for the cancellation to occur.
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Supersymmetry is a global space-time symmetry that relates fermions to bosons:

Q|fermion〉 ∼ |boson〉,
Q|boson〉 ∼ |fermion〉.

In its simplest realisation, so called N = 1 supersymmetry, the transformation is generated by

two anticomuting spinors Q and its hermitian conjugate Q† which satisfy following relations:

{Qα, Q†β̇} = −2(σµ)αα̇Pµ, (1.3)

{Qα, Qβ} = {Q†α̇, Q
†
β̇
} = 0, (1.4)

[Pµ, Qα] = [Pµ, Q†α̇] = 0, (1.5)

[Qα,M
µν ] = (σµν) β

α Qβ, (1.6)

where Pµ and Mµν are Poincare operators, σµ = {1, σi} is the four vector of Pauli matrices,

and σµν is an antisymmetrized product of σµ matrices:

(σµν) β
α =

i

4
(σµσ̄ν − σν σ̄µ) , (1.7)

with σ̄µ defined as σ̄µ = {1,−σi}. Irreducible representations of the supersymmetry algebra

are called supermultiplets. Each supermultiplet contains both fermions and bosons which are

called superpartners of each other. In the superfield formalism, different field components are

unified into a single object, superfield, using the notion of superspace where the Minkowski

coordinates are combined with the anticommuting spinorial coordinates θα, θ†α̇. A single

superfield contains equal number of fermionic and bosonic degrees of freedom.

Since the generator of spacetime translations, Pµ, commutes with generators of super-

symmetry, if SUSY is not broken, particles in a single multiplet have to have the same mass.

Moreover, supersymmetry generators Q and Q† commutes also with the generators of gauge

transformations. Therefore supermultiplets coincide with irreducible representations of gauge

groups thus superpartners have the same electric charge, weak isospin, and color degrees of

freedom.

There are two possibilities for global N = 1 SUSY irreducible representations:

• The chiral multiplet Φ

It contains a complex scalar φ, a two-component Weyl fermion ψ and an auxiliary field

F . In the superspace notation it reads:

Φ(xµ, θ, θ†) = φ(y) +
√

2θψ(y) + θθF (y), (1.8)

where yµ ≡ xµ + iθ†σµθ.
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The Lagrangian for a free chiral multiplet can be written as:

LΦ
free = [Φ∗Φ]D = −∂µφ∗∂µφ+ iψ†σµ∂µψ + F ∗F, (1.9)

where we have introduced the notation:

[G]D =

∫
d2θd2θ†G. (1.10)

• The vector/gauge multiplet V

It consists of gauge bosons Aaµ, two-component Weyl spinors λa and auxiliary fields

Da. The index a here runs over the adjoint representation of the gauge group (e.g.

a = 1, . . . , 8 for SU(3)C). In general there are additional auxiliary fields contained in

the gauge multiplet, but they can be supergauged away in so called Wess-Zumino gauge.

In this gauge the vector supermultiplet takes the following form:

VWZ(xµ, θ, θ†) = θ†σµθAµ(x) + θ†θ†θλ(x) + θθθ†λ†(x) +
1

2
θθθ†θ†D(x). (1.11)

The Lagrangian for a free gauge supermultiplet V can be constructed as:

LVfree =
1

4
[WαWα]F + c.c., (1.12)

where Wα is a field strenght corresponding to the vector field:

Wα = Dβ̇D
β̇ (
e−VDαeV

)
, (1.13)

with D’ s denoting the supersymmetric covariant derivatives, defined as:

Dα =
∂

∂θα
− i(σµθ†)α∂µ, Dα = − ∂

∂θα
+ i(θ†σ̄µ)α∂µ, (1.14)

and

D
α̇

=
∂

∂θ†α̇
− i(σ̄µθ)α̇∂µ, Dα̇ = − ∂

∂θ†α̇
+ i(θσµ)α̇∂µ. (1.15)

The subscript F in Eq. (1.12) implies integration over the superspace index:

[G]F =

∫
d2θ G|θ†=0. (1.16)

In Wess-Zumino gauge, Lagrange density Eq. (1.12) corresponds to:

LVWZ, free = DaDa + 2iλaσµ∇µλ†a −
1

2
F aµνF aµν . (1.17)

The most general renormalisable, supersymmetric Lagrangian with a chiral multiplet Φ
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charged under a gauge group with vector fields V a, can be written as:

Lren =
[
Φ∗i(e2gaTaV a) ji Φj

]
D

+ ([W (Φi)]F + c.c.) +

(
1

4
− i gaϑa

32π2

)
(Tr[WaαWa

α]F + c.c.)− 2κ[V ]D,

(1.18)

where W (Φi), the so called superpotential, is an arbitrary holomorphic function of mass

dimension 3 and κ is a constant of mass dimension 2. ϑ is a CP-vilating parameter, that if

not made small can lead to the strong CP problem in the Standard Model. The last term in

Eq. (1.18), the Fayet-Iliopoulos term, can be present only in the case the gauge symmetry is

that of U(1). Notice that, neglecting the Fayet-Iliopoulos term, the Lagrangian is completely

specified by the superpotential W .

In the case of M different chiral superfields the most general superpotential W can be

written as:

W (Φi) =

∞∑

n=1

∏

0≤i1,...,in≤M
ci1...inΦi1 . . .Φin ,

where coefficients c non-zero only if the corresponding combination of superfields is gauge

invariant. Since chiral superfields have mass dimension 1, only terms with at most three

superfields are renormalisable.

After the superspace integration and integrating out auxiliary fields, the Lagrangian 1.18

reads:

L = Tr

[
−1

4
F aµνF

aµν − iλaσµ∇µλ†a
]

+
ϑag

2
a

32π2
Tr
[
F aµνF̃

aµν
]

+

+ ∇µφ∗i∇µφi − iψ†iσµ∇µψi + i
√

2gaqi

(
φ∗iψiλ

a − λ†aψ†iφi
)

+

− 1

2

(
δ2W

δφiδφj
ψiψj −

δ2W ∗

δφ∗i δφ
∗
j

ψ†iψ
†
j

)
+ V (φ, φ∗),

where the scalar potential V (φ, φ∗) is

V (φ, φ∗) =

(
δW ∗

δφ∗i

)(
δW

δφi

)
+

1

2

(
κ− g

∑

a

∣∣φ∗i(T a)ijφj
∣∣2
)2

, (1.19)

with T a being gauge symmetry generators and F̃ aµν = 1
2εµνρσF

aρσ.

1.2 Supergravity

When supersymmetry is promoted to be a local symmetry, a new supermultiplet, containing

spin-2 graviton and its spin-3/2 superpartner – gravitino, is allowed. Therefore, the resulting
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theory, called supergravity (SUGRA) 3 , is able to account for gravity. Supergravity action is

non-renormalisable and thus it is only an effective theory with a cut-off at the Planck scale.

It is, however, interesting to be studied as often string/M theory is effectively described by

SUGRA at low-energies.

The most general supergravity lagrangian, which we will not write here, depends only on

three functions of superfields that should be specified by an UV complete theory:

• The superpotential W (Φi) which is, as in the global SUSY case, an arbitrary holomor-

phic function of superfields that is invariant under the gauge symmetries of the theory

and has mass dimension 3. This function encodes non-gauge interactions between chiral

multiplets, e.g. Yukawa interactions and Higgs µ terms.

• The Kähler potential K(Φi, Φ̃
j∗) that is a real, dimension [mass]2, supergauge invariant

function of chiral, antichiral and vector superfields. The Kähler potential gives rise to

chiral kinetic terms and gauge interactions.

• The gauge kinetic function fab(Φi). It is a dimensionless holomorphic function of chiral

superfields. It captures possibilities of kinetic mixing between Abelian components

of the gauge groups as well as gives rise to nonrenormalisable couplings of the gauge

supermultiplets to the chiral supermultiplets.

In addition to the superpotential W , Kähler potential K, and gauge kinetic function fab, for

each U(1) gauge supermultiplet V (1) one can specify real scalar constants ξ that appears in

Fayet-Iliopoulos terms L ⊃ [ξV (1)]D.

We will be interested in the supergravity scalar potential, the generalisation of the global

SUSY potential, Eq. (1.19), that reads,

V (φ, φ∗) = m4
ple

G
[
Gi(G−1)jiGj − 3

]
+

1

4
(fabD̂

aD̂b + c.c.), (1.20)

where G is defined as

G =
K

m2
pl

+ ln

(
W (φ)

m3
pl

)
+ ln

(
W ∗(φ∗)

m3
pl

)
, (1.21)

and it is called Kähler function. From G one can construct its derivatives, Gi = δG/δφi,

Gj = δG/δφ∗j , and Gji = δ2G/δφ∗iδφj = δ2K/δφ∗iδφj . The inverse of Gji is denoted by

(G−1)ji . Finally, D̂a is defined as

D̂a = −Gi(T a) j
i φj . (1.22)

3See for example [19] and [20] for introduction to supergravity
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Name spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y B L

Q (ũL d̃L) (uL dL) (3,2, 1
6) +1

3 0

uc ũ∗R u†R (3̄,1,−2
3) −1

3 0

dc d̃∗R d†R (3̄,1, 1
3) −1

3 0

L (ν̃ ẽL) (ν eL) (1,2,−1
2) 0 +1

ec ẽ∗R e†R (1,1, 1) 0 −1

Hu (H+
u H0

u) (H̃+
u H̃0

u) (1,2,+1
2) 0 0

Hd (H0
d H−d ) (H̃0

d H̃−d ) (1,2,−1
2) 0 0

Table 1.1: Chiral supermultiplets in the MSSM. The column labelled with B (L) shows the
barion (lepton) number assignment for the corresponding supermultiplet.

Field spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon g̃ g (8,1, 0)

winos, W boson W̃± W̃ 0 W± W 0 (1,3, 0)

bino, B boson B̃0 B0 (1,1, 0)

Table 1.2: Gauge supermultiplets in the MSSM.

1.3 MSSM

The Minimal Supersymmetric Standard Model (MSSM) is a minimal, consistent supersym-

metric extension of the SM. It expands the field content of the SM by including spin 0

superpartners, sleptons or squarks, for fermions and spin 1/2 superpartners, gauginos, for

gauge bosons, see Tables 1.1 and 1.2 .

In order to avoid SU(2)L−SU(2)L−U(1)Y and U(1)Y −U(1)Y −U(1)Y gauge anomalies,

i.e. requiring that Tr[T 2
3 Y ] = Tr[Y 3] = 0, as well as to provide Yukawa couplings to all

fermions, the Higgs sector of the SM in the MSSM has to be expanded to include two chiral

supermultiplets Hu and Hd with the opposite sign hypercharges.

The superpotential for the MSSM reads then:

WMSSM = ucyuQHu − dcydQHd − ecyeLHd + µHuHd (1.23)

where the dimensionless Yukawa couplings yu, yd and ye are 3× 3 matrices in family space,

while µ is mass dimension 1 parameter and its the supersymmetric version of the Higgs boson

mass in SM.

There are potentially other terms that can be included in the MSSM superpotential, lepton
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and barion number violating operators:

W∆L=1 =
1

2
λijkLiLje

c
k + λ′ijkLiQjd

c
k + µ′iLiHu, (1.24)

W∆B=1 =
1

2
λ′′ijkucid

c
jd
c
k, (1.25)

where i, j, k are generation indices. Those terms are dangerous as, if present simultaneously,

they can induce proton decay p+ → e+π0 with the rate orders of magnitude above current

limits. For example, the decay rate in the case of the down-type squark mediator, with

analogous contributions for other sparticle mediators, can be estimated to be:

Γp→e+π0 ∼
m5
p

m4
d̃i

|λ′11iλ′′11i|2. (1.26)

For order one λs and TeV scale squarks this gives the lifetime of proton below 1 second.

In order to suppress such terms, a symmetry is required, so called R-parity. For each

particle in the MSSM we assign a multiplicative, conserve quantum number

PR = (−1)3(B−L)+2s, (1.27)

where s is the spin of the particle. The R-parity even particles corresponds to the SM fields

and MSSM Higgses, while all sparticles are R-parity odd. If the R-parity is exactly conserved,

there is no mixing between sparticles and particles. This leads to the lightest supersymmetric

particle (LSP) being stable which also makes it a candidate for a dark matter particle.

Finally, in order for the MSSM to be viable model of nature, the supersymmetry needs to

be broken. If SUSY was not broken and sparticles were mass degenerate with their correspond-

ing particle counterparts we should have already seen light scalar sparticles in experiments.

In order not to loose the original motivation behind SUSY, its ability to cancel quadratic cor-

rections to the Higgs mass, it cannot be broken arbitrary. It should be broken spontaneously,

meaning that the underlying theory is invariant under supersymmetry, but the vacuum state

is not. Throughout this thesis we will assume that the underlying theory is that of M-Theory

compactified on a G2 holonomy manifold, which leads to a four dimensional N = 1 supersym-

metry [6]. It was shown in [10, 21, 22] how, in this setup, the supersymmetry can be broken

spontaneously in a hidden sector and gravity mediated to the visible one. In low-energy limit

(� mpl) we will be interested in here, we can parameterise the supersymmetry breaking con-

tributions by introducing extra terms, called soft terms, to the, otherwise supersymmetric,

visible sector lagrangian that explicitly break the supersymmetry. Those terms cannot be ar-

bitrary either, being at most mass-dimension three, so they do not reintroduce the quadratic

divergences to scalar masses4 .

4See [23] and reference therein for details and proofs
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The most general soft supersymmetry-breaking Lagrangian reads:

Lsoft = −
(

1

2
Maλ

aλa +
1

6
aijkφiφjφk +

1

2
bijφiφj + tiφi

)
+ c.c.− (m2)ijφ

j∗φi, (1.28)

and consists of gaugino masses Ma, scalar squared-mass terms (m2)ij and bij , trilinear scalar

couplings aijk, and tadpole couplings ti. The terms in Eq. (1.28) clearly break SUSY as they

involve only scalars and gauginos and not their respective superpartners.

1.4 M theory on G2 manifold

In this section we would like to review the general phenomenological results coming from

M theory compactified on a G2 holonomy manifold and compare them with results from

other corners of string/M theory. More details could be found in [12,24].

M

E8 × E8 O(32)IIAIIB

II H/I

R ↔ 1/R α ↔ 1/α

I
H

R ↔ 1/R

D=11

D=10

D=9

Figure 1.2: Dualities between various string/M theories. In particular, M theory with one
spatial dimension compactified to a circle is equivalent to the type IIA string theory, while
with one dimension reduced to a line to the heterotic E8 × E8. Similarly, a 9-dimensional
theory arises from M theory compactified on a two-dimensional tori T 2 can also be constructed
from either the type IIA or IIB compactified on circle. M teory on a cylinder results in a
nine-dimensional theory that can be constructed from the Type I or heterotic string theories.
Figure reproduced from [25]. Originally from [26] where one can find extensive discussion on
string dualities.

M theory is a 11 dimensional theory that unifies all consistent verison of superstring theory.

Although there is currently no complete formulation of M theory, various limits have been

extensively studied using so called string dualities, see Fig. 1.2 . M theory can also be studied

in the low-energy limit where it can be approximated by eleven-dimensional supergravity.

Most of the results that we are going to discuss here assumes the validity of the SUGRA

limit.

In order to make contact with the everyday-life four-dimensional world, seven extra dimen-

11



sions of 11D M theory have to be compactified. The simplest option would be to compactify

extra dimensions on a seven-torus, but this would leave all high-dimensional SUSY genera-

tors resulting in a phenomenologically uninteresting N = 8 SUSY in four dimensions. Much

more attractive scenarios emerge when compactification is on a G2 holonomy manifold. G2

manifolds are seven dimensional manifolds with holonomy group equal to the exceptional Lie

group G2. A holonomy group describes how vectors and spinors transform under parallel

transportation around closed curves. The size of the holonomy group constrains the number

of covariantly constant spinors, SUSY generators, that survive the compactification. In the

case of M theory compactified on G2 this results in a N = 1 supersymmetric theory in

the uncompactified four dimensional spacetime [6]. G2 corresponds here to six-dimensional

Calabi-Yau manifolds (of holonomy SU(3)) used in 10D heterotic string theories that also

result in effective 4D N = 1 SUSY [5].

When M theory is compactified on a smooth G2 manifold, the resulting theory does not

contain low-energy non-abelian gauge fields, that are present in the Standard Model. However,

a realistic 4D theory can arise if the G2 manifolds contains special kinds of singularities [27]. In

particular, non-abelian ADE, i.e. SU(n), SO(2n), E6, E7 or E8, gauge fields can be realised

along three-dimensional submanifolds of G2 where there are orbifold singularities [28, 29].

Chiral matter, charged under a non-abelian gauge symmetry, is localised at points where the

corresponding orbifold singularity is enhanced [30, 31]. From the phenomenological point of

view it is interesting to realise that two three-dimensional manifolds of orbifold singularities

embedded in a seven-dimensional manifold do not generically intersect with each other. This

means that, first of all, chiral matter is generically not charged under two gauge symmetries

arising from different orbifolds. This implies that the supersymmetry breaking in a hidden

sector is likely to be gravity, not gauge, mediated to the visible sector. Secondly, if gauge

coupling unification is to be motivated theoretically, and not accidental, the gauge groups of

the Standard Model have to come from a simple gauge group arising from a single orbifold

singularity.

Although no explicit realisation of compact G2 manifolds with all singularities required for

phenomenology is currently known, such manifolds are expected to exists based on dualities

with the heterotic and type IIA string theories [27]. Here we will assume that appropriate

compact G2 manifolds do indeed exists and enough is known about the physics that arises

from them.

1.4.1 Moduli stabilisation

When string/M theories are compactified on a manifold, the shape and size of the manifold

is parameterised by vacuum expectation values (VEVs) of scalar fields, the moduli. Since the

low-energy physics, i.e. particle masses and couplings, is characterised by the compactified

manifold, moduli VEVs need to be fixed, or, in the jargon, stabilised. One possible stabil-
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isation mechanism, successfully used in the context of the type IIB theory, is to use fluxes

of warped geometries [32]. In the context of M theory on G2 fluxes were shown to stabilise

moduli [33], however they also lead to a phenomenologically uninteresting Planck-scale SUSY

breaking in the visible sector. On the other hand, the compactification on a G2 manifold

without fluxes, where moduli are stabilised with a non-perturbative superpotential generated

by strong dynamics in a hidden sector results in the supersymmetry being broken at a hier-

archically small scale [21]. In this thesis we will thus focus on fluxless G2 compactification

scenarios.

As explained in [10,21,22], a minimal viable model that stabilises moduli fields in M the-

ory on G2 involves a hidden sector with two non-abelian assymptotically free gauge groups,

SU(Q)×SU(P+1), and a pair of vector-like quark fields Φhid, Φ̃hid charged under SU(P+1).

At low energies strong gauge dynamics generates a non-perturbative superpotential:

W = m3
pl

(
A1Pφ

2/P eib1f1 +A2Qe
ib2f2

)
, b1 =

2π

P
, b2 =

2π

Q
, (1.29)

where the matter field φ represents the degrees of freedom of an effective meson field, coming

from condensation of Φhid and Φ̃hid quarks when the interaction becomes strong. A1 and A2

are numerical constants that are calculable for a given G2 manifold, while f1 and f2 are gauge

kinetic functions of the two hidden sectors. In general, the gauge kinetic functions f1 and

f2 are different from each other, but analysis greatly simplifies when the two three-cycles on

which the hidden sector gauge fields are localised are in the same homology class. This then

implies that

f1 = f2 ≡ fhid =

N∑

i=1

Ni(ti + isi), (1.30)

what we will assume. In the above equation, si are the N geometric moduli of the G2 manifold,

while ti are axions coming from the 3-form field of the eleven-dimensional supergravity. The

Ni are constants fixed by a particular choice of the G2 manifold.

In order to calculate the supergravity potential, Eq. (1.20), we need to specify the Kähler

potential. Based on results from [34] we will assume that it reads:

K/m2
pl = −3 ln

(
4π1/3V7

)
+ K̃hid(si)φφ, (1.31)

where V7 is the volume of the G2 manifold in units of the eleven-dimensional Planck length

and a homogeneous function of moduli of degree 7/3, i.e.

V7 =
∏

i

(
si
)ai , where

∑

i

ai = 7/3. (1.32)

K̃hid(si) is a homogeneous function of the moduli of degree zero which will generally be of

order one and vary adiabatically.
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Having specified all necessary ingredients one can now calculate and try to minimise the

scalar potential for moduli. It was shown in [22] that in such, fairly general, setup, all moduli

can be indeed stabilise with VEVs of order

〈si〉 ' 0.1mpl. (1.33)

The requirement that the vacua that support this have a small cosmological constant lead to

large F -term VEVs for the hidden sector meson fields, Fφ. This imply breaking of supersym-

metry and a non-zero gravitino mass

m3/2 =
〈Fφ〉√
3mpl

= eK/2mpl
|W |
m2
pl

, (1.34)

that the scale for scalar masses in supergravity. Interestingly, in this setup, 〈Fφ〉 is much

bigger than VEVs of modulus F -terms, Fs, i.e. 〈Fφ〉 � 〈Fs〉. This hierarchy between 〈Fs〉
and 〈Fφ〉 is responsible for the particular pattern of the soft supersymmetry breaking terms

in the models coming from M theory compactification on G2, as we will see in section 1.4.2,

below.

Following general supergravity results, after the supersymmetry is broken m3/2 set the

scale for scalar fields. In particular, moduli get masses, with the lightest modulus mass

estimated to be [35]:

m2
s;min = O(1)m2

3/2. (1.35)

The lightest moduli and its mass is of profound importance for cosmology, as it can potentially

dominate the early Universe, leading to a non-thermal cosmological history. In order for the

successful Big-Bang Nucleosynthesis (BBN) predictions not to be ruined, the mass of the

lightest modulus has to be bigger than about 30 TeV.

The moduli stabilisation mechanism stabilises all moduli but gives a mass of O(m3/2) to

only one combination of axions. The masses of the other axions are generated by higher order

instanton effects which make them expotentially suppressed relative to m3/2 [36]. One of these

light axions could naturally serve as the QCD axion, thus solving the strong CP-problem.

The requirement for the lightest modulus not to spoil the success of BBN predictions gave

us, since m2
s;min ∼ m3/2, the lower limit on m3/2. The axion relic abundance, proportional to a

positive power ofm3/2, gives rise to anO(1) fraction of dark matter only whenm3/2 . 100 TeV

[36]. Therefore the phenomenological input constrains the gravitino mass to be:

30 TeV . m3/2 . 100 TeV. (1.36)

This condition can be easily satisfied by the formula Eq. (1.34) in the moduli stabilisation

discussed above. See [35] for detailed discussion.

Finally, it is interesting to realise that comparing to other string theory compactifications,
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the moduli stabilisation in M theory is the most straight forward one. In M theory there is only

one type of moduli (all arise as massless fluctuations of the metric of the extra dimensions)

and only one stabilisation mechanism is required to stabilised them all. In other corners of

string/M theory multiple types of moduli arise and multiple stabilisation mechanisms are

usually required. For example, in the case of Type IIB compactifications three different types

of moduli, complex structure, dilaton and Kähler are present. Non-zero fluxes can stabilise

complex structure and dilaton moduli, but generically not all Kähler moduli can be stabilised

this way and other mechanisms have to be used in parallel. In case of heterotic and Type IIA

theories compelling scenarios for stabilisation of all moduli have to be found yet. For details

see [24] and reference therein.

1.4.2 Observable sector

Having all moduli fields stabilised we can now turn our attention to the visible sector that

includes the Standard Model. Because of the apparent gauge unification, especially in the

supersymmetric version of SM, it is reasonable to assume that all SM gauge fields arise from a

single orbifold singularity. This setting provides a GUT theory at the compactification scale.

In this work we will be mainly interested in SO(10) GUTs, but we will also review previous

results on SU(5) GUTs.

In order to avoid potentially large gauge interaction between the visible and hidden sector

matter, the visible sector should also reside on a 3-manifold (corresponding to an orbifold

singularity) that is different from the one supporting the hidden sector. Since two 3-manifold

embedded inside a 7-manifold do not generically intersect with each other, this implies that

there should be no gauge connection between the visible and hidden sectors.

The full N = 1 supergravity at the compactificaiton scale which includes both sectors is

defined by the following Kähler, superpotential and gauge kinetic functions [11]:

K/m2
pl =

(
−3 ln(4π1/3V7) + φ̄φ

)
+ K̃ᾱβ(si)Φ̄

ᾱΦβ + (Z(si)HuHd + h.c.) + . . . (1.37)

W = m3
pl

(
A1Pφ

−(2/P )eib1f1 +A2Qe
ib2f2

)
+ Y ′αβγΦαΦβΦγ (1.38)

f1 = f2 ≡ fhid =
∑

i

N izi; Im(f0
vis) =

∑

i

N i
vissi ≡ VQ̂vis (1.39)

where Φ’s are chiral matter fields of the visible sector, while Kᾱβ, Y ′αβγ and f0
vis are, re-

spectively, their Kähler metric, un-normalised Yukawa couplings and tree-level gauge kinetic

functions. The Yukawa couplings arise from membrane instantons which connect singulari-

ties, points inside gauge 3-manifols, where chiral superfields are supported. They are given

by:

Y ′αβγ = Cαβγe
2πi

∑
i l
αβγ
i 〈ti+isi〉 (1.40)

where C ∼ O(1) and l-s are integers characterising the 3-cycle encapsulating the three singu-
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larities supporting the chiral multiplets Φα,Φβ and Φγ . Due to the exponential dependence

on the moduli it is natural to obtain a hierarchical structure of Yukawa couplings.

With the visible and hidden sectors not being charged under the same gauge symmetries,

the supersymmetry breaking is mediated to the visible sector via Planck suppressed interac-

tions, i.e. gravity mediated. Based on general supergravity formulas [37] one can computed

soft-parameters that need to be introduced into the visible sector Lagrangian. In particular,

soft scalar masses can be written as:

m2
ᾱβ =

(
m2

3/2 + V0

)
δᾱβ − 〈U†ΓᾱβU〉, (1.41)

Γᾱβ = eK̂F m̄(∂m̄∂nK̃ᾱβ − ∂m̄K̃ᾱγK̃
γδ̄∂nK̃δ̄β)Fn, (1.42)

where indices α, β, γ run through visible fields, while n and m iterates over moduli fields.

K̂ denotes the hidden sector part of the Kähler potential, Eq. (1.37), while V0 is the VEV of

the scalar potential, Eq. (1.20), i.e. the tree-level cosmological constant. Since the observed

value of the cosmological constant is small, we are interested only in vacua with this term set

to (or close to) zero [22]. Matrix U normalises the visible sector Kähler matrix, i.e. U†K̃U=1.

Although non-diagional contributions are difficult to compute in generic string/M theory

vacua, since the modulus F-term VEVs are suppressed compared to that of the hidden-sector

meson fields, 〈Fs〉 � 〈Fφ〉, they should be negligible compared to the diagonal contributions.

This leads to

mᾱβ ≈ m3/2δᾱβ. (1.43)

Suppression of moduli Fs simplifies computation of scalar trilinear soft-terms as well,

leading to [10]

Ãαβγ ≈
〈(
Uαα′Uββ′Uγγ′

)
eK̂F φK̂φY

′
α′β′γ′

〉
(1.44)

≈ 1.48m3/2 Yαβγ , (1.45)

where matrix U normalises the visible sector Kähler matrix, and Yαβγ is the normalised

Yukawa coupling.

As we have seen, in G2 vacua the scalar masses and reduced scalar-trilnear coupligs,

Aαβγ =
Ãαβγ
Yαβγ

, are of order of m3/2. On the other hand, gauginos, with gravity mediated

contribution to soft masses given by [22]:

Mgrav
1/2 =

〈
eK̂/2F si∂sifvis

2iImfvis

〉
≈ −0.0307×m3/2, (1.46)

are suppressed compared to m3/2. This is because Eq. (1.46) does not depend on the hidden

sector meson F -terms, Fφ, while the moduli F -terms are suppressed, 〈Fsi〉 � 〈Fφ〉.
Since the tree-level gaugino masses are suppressed, other contributions, e.g. anomaly
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mediation and treshold effects can be important. Those contributions where analised in [22]

leading to

M1 ≈
(
− 0.03156η + αGUT

(
− 0.22497 + 0.52313(1− c)

))
×m3/2, (1.47)

M2 ≈
(
− 0.03156η + αGUT

(
− 0.03409 + 0.55483(1− c)

))
×m3/2, (1.48)

M3 ≈
(
− 0.03156η + αGUT

(
− 0.10226 + 0.47557(1− c)

))
×m3/2, (1.49)

where η comes from the treshold corrections coming from the Kaluza-Klein modes and can be

computed analytically. The constant c controls the size of the higher order corrections (∝ φφ
VX

)

to the matter Kähler potential and depends on details of a specific model considered. As one

can see, the contribution from anomaly mediation makes the gaugino masses non-universal.

Typically, one should expect, after RG running to the electroweak scale, to have M1 and M2

of order of few hundred GeV and gluinos that are heavier than that.

Since the observed Higgs mass is small compared to the unification scale, the Higgs/Higgsino

µ-term in the superpotential should be absent at the unification scale. When moduli get their

VEVs, they can generate effective µ-term. In the supergravity approximation [37]:

µ = 〈m3/2KHuHd − F siKHuHdsi〉. (1.50)

If one allows for s
mpl

HuHd ⊂ K/m2
pl, where s is a modulus field, and having in mind the

suppression of 〈F s〉 � m3/2, one can get

µ ≈ 0.1m3/2 ∼ O(TeV ). (1.51)

With M1,M2 ∼ O(100 GeV), the LSP and NLSP will be typically form of Wino and

Bino. However, if the effective µ-term, Eq. (1.51) is suppressed, Higgsino could also become

the LSP. This can, for example, happen when the HuHd term in the Kähler potential does

not, because of a symmetry, contain one, but two moduli fields, i.e. ss′

m2
pl
HuHd, leading to

µ ∼ O(100 GeV).

1.5 Outline of the thesis

This thesis is organised as follows.

In chapter 2 , based on publications [15, 16], we study GUT models arising from M theory

compactified on a G2 holonomy manifold focusing on the issue of doublet-triplet splitting. We

start with the review of the Witten’s proposal of using a discrete symmetry enhanced by a

symmetry breaking Wilson line that has been previously successfully applied in the context of

SU(5) GUTs. In this case, the mechanism allows for the Higgs µ-term to be forbidden from the

superpotential while at the same time allowing for compactification scale masses for triplets.
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When moduli are stabilised they regenerate Higgs µ-term from the Kähler potential leading to

phenomenologically viable models. We then extend those results to the case of SO(10) gauge

group and realise that the solution to the double-triplet splitting problem is substantially

different as triplets cannot be decoupled at high scale. Instead, we suppress possible triplet-

matter interactions and check explicitly that even when those terms are reintroduced by

moduli, experimental constraints are not violated. In order to restore the gauge coupling

unification spoiled by light triplets we introduce extra vector-like matter multiplets and argue

that flavour observables should not be affected in a significant way. We discuss how the high-

scale VEVs in scalar components of right-handed neutrinos from the vector-like multiplets

can break the gauge group down to the SM and induce Majorana masses required for the

see-saw mechanism. At the same time, however, those VEVs induce potentially dangerous

R-parity violating terms. Finally, we comment on how, in the framework of M theory one

can naturally induce realistic Yukawa textures.

In chapter 3 , based on the publication [16], we provide details of the high-scale breaking

mechanism of the U(1)X in our SO(10) SUSY GUT models. The mechanism is similar to that

of Kolda-Martin with higher order terms in the superpotential inducing VEVs of right-handed

components of extra vector-like multiplets. Depending on which of the non-renormalisable

terms are allowed different values of VEVs can be achieved and we present several distinct

scenarios. Masses of physical neutrinos are greatly influenced, through subsequently induced

R-parity violating terms and Majorana masses, by the U(1)X breaking. We derive, including

all possible contributions, the resulting 11× 11 dimensional neutrino-neutralino mass matrix.

We perform a numerical scan of the parameter space of SO(10) SUSY GUTs showing that

models with the phenomenologically viable neutrino masses are indeed possible.

In chapter 4, based on the publication [17], we study the prospect of observing elec-

troweakinos at a proposed 100 TeV hadron collider in the WZ channel. Partially motivated

by results from G2 compactified M theory we focus on a model where squarks and sleptons

are decoupled and one of the neutralinos becomes the LSP. We also assume that the mass

hierarchy is such that M2 > µ and M2 − µ � mZ , which maximises the discovery reach.

We calculate branching ratios for W-inos and, because of its clear experimental signature,

the fully leptonic WZ channel is chosen for the analysis. We study different kinematic dis-

tributions of the signal and background samples, generated at the (simplified) detector level.

Based on that we design simple but effective signal regions and evaluate discovery reach and

exclusion limits. We conclude that assuming 3000 fb−1 of integrated luminosity, W-inos could

be discovered (excluded) up to 1.1 (1.8) TeV if the spectrum is not compressed.

Finally, in chapter 5 we provide the summary of results and discuss possible future direc-

tions of study.
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Chapter 2

GUT models from M theory

2.1 Introduction

As argued in chapter 1 , M Theory compactified on a G2 holonomy manifold leads to an

effective 4D N = 1 SUSY, where gauge fields and chiral fermions are supported by different

types of singularities in the compactified space. Simple gauge groups arising in this framework

naturally lead to GUT types of models, where all fundamental interactions (but gravity) are

unified. The moduli fields, that are low-energy remnants of compactification and govern the

size of low-energy parameters, are stabilised leading to phenomenologically viable models [21].

In this chapter, we will extend the scope of the M theory approach from the previously

considered SU(5)/MSSM case arising from M theory on G2 manifolds [11, 38] to SO(10),

where an entire fermion family Q, uc, dc, L, ec, N , including a charge conjugated right-handed

neutrino N , is unified within a single 16 representation denoted 16m.

One of the main issues in constructing GUT models, commonly referred to as the doublet-

triplet splitting problem, is how to embed SM Higgses into GUT representations. On doing

so, one is inevitably led to interactions not present in the SM. For example, in the simplest

SU(5) case, GUT multiplets that incorporate SM Higgs doublets, 5 and 5, unify Higgses

with colour triplets D, D. The SU(5) invariance dictates that if Yukawa couplings, needed

for fermion masses, are allowed, triplets have renormalisable couplings to matter that can

mediate proton decay, usually at a rate much faster than the current experimental constraints.

In many models, including those originating in string/M theory, this problem is often solved

by making the colour-triplet very massive [39–41], something often achieved with a discrete

symmetry with effective action on the triplets that is different from that on the doublets. We

will see that in the case of SO(10) the solution turns out to be necessarily quite different,

leading to distinct phenomenological constraints and predictions, considered previously from

a phenomenological point of view in [42] and also [43–45].

The outline of this chapter is the following. In the rest of this section we review the

doublet-splitting problem in the context of SU(5) GUT models. We start with the GUT

19



breaking mechanism, Wilson lines, naturally applicable to M Theory models on G2 before

focusing on Witten’s solution to the doublet-triplet splitting problem. We also show how

effective Higgs µ-term can be generated from the Kähler potential, despite being forbidden

in the superpotential by Witten’s solution. In section 2.2 we extend the discussion to the

case of SO(10) GUTs where we are naturally led to a novel solution involving additional

vector-like matter fields. The model constructed contains an extra U(1)X gauge group and

the consequences of its breaking are discussed in section 2.3. In section 2.4 we propose a

mechanism that allows accommodating complicated Yukawa textures in this model, before

concluding in section 2.5.

2.1.1 Symmetry breaking through Wilson lines

In order for a GUT model to be considered viable one has to specify a mechanism which breaks

the GUT group into the SM SU(3)C×SU(2)L×U(1)Y . Potentially, the choice of the breaking

mechanism can also provide one with a solution to the doublet-triplet splitting problem. In

the context of M theory where one has gauge fields propagating in extra dimensions (above

the usual four), GUT groups are usually broken using so called Wilson lines [5,46,47] 1 which

we are going to review below. We will see that Wilson lines will be indeed essential in solving

the doublet triplet splitting problem, both in models of SU(5) and SO(10).

In M Theory on G2 gauge fields are localised along a three-dimensional subspace Q of a

singular manifold X of holonomy G2 [28, 29] (thus including the usual Minkowski spacetime

M4 gauge fields propagate along M4 × Q). If the space Q is not simply connected, i.e. it

can be considered as a quotient Q = Q0/Γ of a simply connected manifold Q0 by a discrete

free-acting symmetry group Γ, it can admit a flat vacuum gauge configuration with non-trivial

holonomy, Wilson linesW. This means that one can find a non-contractible path γ in Q along

which one can construct a non-trivial path ordered quantity

Wγ = P exp

(
i

∫

γ
Bmdx

m

)
6= 1, (2.1)

where Bm is a non-trivial, flat background gauge field (that cannot be gauged away), m goes

over the space Q and P represents the path ordering. For a given vacuum configuration Bm

there can be many inequivalent Wilson lines Wγ , one for each class of non-contractible loops

γ ∈ π1(Q) with Eq. (2.1) providing a homomorphic map γ → Wγ between the fundamental

group π1(Q) and GUT group G. The homomorphy (2.1) provides the group operation for the

1One might be tempted to use the usual four dimensional spontaneous symmetry breaking. In M theory
on G2, however, only representations smaller than the adjoint are realised [30,48,49] making the spontaneous
symmetry breaking difficult without breaking the SM gauge group as well. An alternative possibility of GUT
breaking without higher dimensional representations include a non-standard Higgs breaking, e.g. flipped
SU(5) [50] but we are not going to explore this possibility here.
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discrete group {Wγ} of inequivalent Wilson lines:

Wγγ′ =Wγ · Wγ′ . (2.2)

When the vacuum configuration Bm is fixed the GUT group G is broken to the subgroup

H ⊆ G that commutes with {Wγ}. If Wilson lines commute with each other (i.e. they are

Abelian) [Wγ ,Wγ′ ] = 0, they form part of the centre of the surviving group H. This implies

that Abelian Wilson lines are generated by generators of surviving U(1) groups:

Wγ = exp

(
i

n∑

k

aγkQk

)
, (2.3)

where Qi are generator of n U(1) groups that survive symmetry breaking and aγi are numerical

coeficients. Moreover, the set of generators {Qi} can be extended to form a basis of the Cartan

subalgebra of the unbroken group G, therefore implying the rank of the surviving group H

and GUT groups G is the same 2. In this work we are going to consider only such rank-

preserving (i.e. Abelian) Wilson lines. In order for the surviving group to have rank less than

the original GUT group one has to consider non-Abelian Wilson lines, for examples see [47].

Instead of working on the quotient space Q = Q0/Γ one can equivalently consider the

physics on the covering space Q0 with fields ψ(x) on Q0 satisfying boundary conditions [47]:

ψ(γ(x)) = ψ(x), γ ∈ Γ = π1(Q). (2.4)

One cannot gauge away the background field Bµ with boundary conditions (2.4) imposed,

however, the field Bµ can be put to zero in Q0 if the boundary conditions change at the same

time:

ψ(γ(x)) =Wγψ(x), for ψ in fundamental repr. (2.5)

Therefore we can view the Wilson line breaking either 1) as non-zero expectation value of GUT

group gauge bosons (in the quotient space Q), or 2) GUT gauge fields vanishing in vacuum,

but with charge fields absorbing Wilson lines when transformed under the fundamental group

of the manifold, in line with Eq. (2.5). A toy model in 5D space M4 × S1 showing explicitly

the Wilson line absorption mechanism is presented in Appendix A.1

2.1.2 Witten’s solution of the doublet-triplet splitting problem

The Wilson line breaking mechanism reviewed so far can be applied to break gauge symmetries

when gauge bosons propagate in extra dimensions, which is common setting in String/M-

Theory framework. Let’s now focus on whether the Wilson line breaking can be used for

solving the doublet-triplet splitting problem.

2As the rank of a group is equal to the dimension of its Cartan subalgebra.
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One possibility, often used in heterotic string theories, is to project out unwanted fields

(i.e. Higgs triplets) from low-energy physics by virtue of compactification [5, 46, 47]. In

this context gauge unification arrises only in some dimensions higher than the usual four,

and is broken to the SM using Wilson lines present along the compactified dimensions. If

the symmetry of the compactified dimensions is chosen appropriately the dangerous colour

triplets can be projected out from the low-energy spectrum of 4D theory, i.e. the Kaluza-

Klein zero mode Higgs triplets are not compatible with transformation (2.5), while leaving

Higgs doublets intact. In the case of M-theory compactified on G2, however, this mechanism

is not viable, as it requires matter fields to propagate along extra dimensions, In M-theory

matter fields are localised at a singular point of extra dimensions [27, 30, 31], i.e. propagate

only along visible four dimensions, and are not zero modes of Kaluza-Klein tower of fields.

An alternative solution of doublet-triplet splitting that can be used in the context of M-

Theory was proposed by Witten [38], and is based on a discrete symmetry of the G2 manifold.

If this symmetry is isomorphic to the fundamental group of the extra dimensional manifold

Q, then the action of the discrete symmetry can be altered by the Wilson lines when acting on

the matter fields that absorbed them. This means that the Wilson line phases will effectively

act as charges of the discrete symmetry. Since Wilson lines do not commute with the original

GUT group G, the resulting discrete symmetry will not commute with G either. Different

components of a GUT multiplet will acquire different discrete charges, giving us a leverage

over doublet-triplet splitting.

Let us review here in more details the results of [38] as this will be a starting point for

our studies into SO(10) GUT models. For concreteness for now we will assume that the

GUT group G is SU(5), and only in section 2.2 we will extend these results to the SO(10)

case. As discussed already, in order for a non-trivial Wilson line to develop, we need Q to

be non-simply connected. An example of such can be a quotient of a three-sphere S3 with

fundamental group L ∼= ZN :

Q = S3/L, (2.6)

where if we parameterise the three sphere S3 by two complex numbers z1 and z2 satisfying

|z1|2 + |z2|2 = 1, then the action of L on S3 is given by:

L : zi → e2πi/Nzi, i = 1, 2, (2.7)

and L acts freely on Q 3. Q is then not-simply connected with the fundamental group π1(Q)

being finite, abelian Zn. In this case it is enough to consider a single Wilson line W = Wγ

defined along the path γ = {x → Lx}, with the rest of them being generated through

Eq. (2.2). Also, since Lnx = x, it must be that Wn = 1.

As we know from Eq. (2.3), the Wilson line that breaks the SU(5) to the SM gauge group
3If one relax the requirement for L to act freely one can get the generalisation of the Wilson line breaking,

so called orbifold breaking, see e.g. [51, 52]
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H = SU(3)C × SU(2)L × U(1)Y will be generated by U(1)Y generators. Using the standard

embedding of SM SU(3)C × SU(2)L × U(1)Y in SU(5) [53] we can break G → H using the

Wilson line:

W = diag
(
η2ρ, η2ρ, η2ρ, η−3ρ, η−3ρ

)
, (2.8)

where η = e2πi/N .

This breaking pattern results in the following decomposition of SU(5) irreps:

5 : L = (1,2)(− 1
2) ⊕ d

c = (3,1)( 1
3) (2.9)

5d : Hd = (1,2)(− 1
2) ⊕D = (3,1)( 1

3) (2.10)

5u : Hu = (1,2)( 1
2) ⊕D = (3,1)(− 1

3) (2.11)

10 : ec = (1,1)(1) ⊕Q = (3,2)( 1
6) ⊕ u

c = (3,1)(− 2
3)

(2.12)

containing all matter fields of SM ( in 3×
(
5 + 10

)
) and Higgses together with Higgs triplets

(in 5u and 5d).

Now, in order to split Higgs doublets and triplets, Witten proposed [38] using a geometric

symmetry of the manifold F ∼= π1(Q). In our case, where Q is a quotient of S3 defined in

Equations (2.6) and (2.7), we can construct F to act on Q in the following way:

F : z1 → z1, z2 → e2πi/Nz2. (2.13)

Comparing Equations (2.7) and (2.13) we can see that up to transformation (2.7) there are

two sets of fixed points of Q under F . The first one, a circle S1 defined by |z1| = 1, z2 = 0

is clearly left invariant by F , while the second one, a circle S2 defined by z1 = 0, |z2| = 1

is left fixed up to the equivalence relation (2.7). In Eq. (2.5) we have seen that when a

GUT symmetry breaking Wilson line is introduced a fundamental field transforms under a

fundamental group π1(Q) with absorption of the Wilson line phases. This means that a

discrete symmetry F ′ that survives the Wilson line breaking act as F at S1, but as F ×W at

S2. If we now place all chiral fields on S1 or S2 (we would break the discrete symmetry F ′ if

we do otherwise), then all components of a multiplet localised on S1 will transform with the

same Zn charge due to the action of F . On the other hand, components of a multiplet on

S2 will have discrete charges of F ′ split by the action of the Wilson line. If matter fields are

put on S1 and S2 appropriately one can use the surviving discrete charges of F ′ to constrain

interaction of the low energy superpotential, i.e. solve the doublet-triplet splitting problem,

as we will see in the SU(5) example below.

Following [38] we can put 5
w, the multiplet containing Hd and D, at points on S2, while

all other multiplets, including 5h, containing Hu and D, as well as matter multiplets 5
m and

10m, at points on S1. Then the transformation rules for these multiplets under F , Eq. (2.13) ,
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are:

5
w → ηω

(
ηδHw

d ⊕ ηγD
w
)
,

5h → ηχ5h, (2.14)

5
m → ητ5

m
,

10m → ησ10m,

where η ≡ e2πi/N , {ω, χ, τ, σ, δ, γ} ∈ Z modN . ω, χ, τ, σ are arbitrary charges, while δ and γ

have to satisfy the condition 2δ+3γ = 0 mod N as they arise from the Wilson line, Eq. (2.8).

By requiring that Yukawa couplings, Majorana neutrino masses, and colour-triplet masses

must be present, we obtain constraints on the charges as can be seen in Table 2.1 where we

chose ω = 0.

Coupling Constraint
up-type Yukawas Hh

u10
m10m 2σ + χ = 0 mod N

down-type Yukawas Hw
d 10

m5
m

σ + τ + δ = 0 mod N
neutrino Majorana masses Hw

u H
w
u 5

m
5
m

2χ+ 2τ = 0 mod N

colour-triplet masses D
w
Dh χ+ γ = 0 mod N

Table 2.1: Couplings and charges for SU(5) operators required for phenomenological reasons.

One can solve these by writing all angles in terms of, say, σ

χ = −γ = −2σ mod N,

δ = −3σ +N/2 mod N, (2.15)

τ = 2σ +N/2 mod N.

For this model to be phenomenologically viable we need to forbid Higgs µ term (as we do

not want Higgs to have a mass of order MGUT ≈ 1016 GeV, and to at last realise the doublet-

triplet splitting), as well as dangerous proton decay operators. Table 2.2 lists the operators

that need to be forbidden together with their overall discrete charge assuming conditions

given by Eq. (2.15). Choice of N = 4 and σ = 1 gives an example of charges that meet all

constraints listed.

Coupling Constraint
µ–term Hh

uH
ω
d −5σ +N/2 6= 0 mod N

dimension-5 proton decay 10m10m10m5
m

5σ +N/2 6= 0 mod N
bilinear R-parity violation 5h5

m
N/2 6= 0 mod N

trilinear R-parity violation 10m5
m
5
m

5σ 6= 0 mod N

Table 2.2: Couplings and charges for SU(5) operators that should not be present for phe-
nomenological reasons. Charges follow constraints given by Eq. (2.15).
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2.1.3 Effective µ and trilinear terms

In the SU(5) model constructed so far, we have decoupled Higgs triplets D and D by allowing

their mass term in the superpotential using a geometric symmetry of the G2 manifold. At

the same time the symmetry forbids Higgs doublet µ-term providing a natural explanation

of why the Higgs is lighter than mpl and different in behaviour compare to triplets. However,

the discrete symmetry forces µ = 0, phenomenologically though, µ ≥ O(100) GeV from direct

limits on the masses of charged Higgsinos from colliders. The symmetry must therefore be

broken at low energy.

Since moduli fields need to be stabilised and acquire non-zero VEVs [22], they are the

natural choice for the fields responsible for breaking the discrete symmetry [10]. Since the

discrete symmetry is a geometric symmetry of the extra dimensions, the moduli fields are

naturally charged under it and after being stabilised, generically, they will break the sym-

metry. This then generates an effective µ term from, e.g. Kähler potential operators of the

form:

K ⊃ s

mpl
HuHd + h.c., (2.16)

à la Giudice-Masiero [54], where s denotes a G2-manifold modulus field of the appropriate

charge4. Note that such terms are forbidden in the superpotential [27]. In M theory compact-

ifications on G2-manifolds without fluxes, all of the moduli fields sj reside in chiral superfields

Sj = tj + i sj which contain axions, tj . This implies that terms polynomial in moduli fields

(sj = Sj − S̄j), such as in Eq. (2.16), are forbidden in the superpotential due to holomorphy

and the axion shift symmetries, tj → tj + aj .

From the standard supergravity Lagrangian when taking the flat limit of supergravity [37]

we get an effective µ-term:

µ = 〈m3/2KHuHd − F siKHuHdsi〉. (2.17)

When we plug in Eq. (2.16) it leads to:

µ ∼ 〈s〉
mpl

m3/2 +
〈F s〉
mpl

. (2.18)

As discussed in Sec. 1.4.1 , in M Theory on G2 one expects the modulus F -term VEVs,

〈F s〉, being subleading compare to 〈s〉 ∼ 0.1mpl. One therefore gets,

µ ∼ 0.1m3/2 ∼ O(TeV ). (2.19)

An important thing to notice is that similar analysis can be performed for other vector

4One expects O(100) different moduli fields coming from a realistic compactification, therefore, generically,
there should be a moduli with the discrete charge suitable for the Eq. (2.16)
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like pairs XX, if present in a model. In particular, this means that bilinear R-parity violating

operators, like the one in Table 2.2, will be generically present with the coupling ∼ µ. On

top of that, if one adds extra vector-like pairs, beyond the MSSM spectrum, they will face

a potentially dangerous mixing between SM particles and the new states generated through

the moduli VEV, even if such mixing is not initially allowed in the superpotential. We will

study those challenges when we construct an SO(10) model below.

Similarly to the µ-term above, also effective trilinear terms, e.g. Yukawa and trilinear

R-parity violating terms, can be generated in our framework. Let’s consider the contribution

to the Kähler potential:

K ⊂ s

m2
pl

XY Z + h.c., (2.20)

with s a moduli, likely to be a different one compare to Eq. (2.16), and X,Y, Z are chiral

supermultiplets. Following [37] we can write the effective trilinear coupling λ(K)
XY Z to be:

λ
(K)
XY Z =

(
〈s〉m3/2 + 〈F s〉

)

m2
pl

. (2.21)

As before, F -term VEV contribution is sub-leading compare to 〈s〉 and we can estimate:

λ
(K)
XY Z ∼

〈s〉m3/2

m2
pl

∼ 0.1
m3/2

mpl
∼ 10−15. (2.22)

Although this value is numerically small, it will have deep impact on the LSP lifetime as we

will see in chapter 3. At the same time, the smallness of Eq. (2.22) imply that this mechanism

is not suitable to generate physical Yukawas, and those should be rather allowed at tree level,

in line with what was required so far, e.g. see Table 2.1.

2.2 SO(10) SUSY GUTs from M theory on G2-manifolds

Ideas reviewed so far were used to construct the G2-MSSM [11, 55], SUSY SU(5) models

arising in M Theory on a G2 manifold. We now turn into an extension of the program to the

SO(10) GUT group, while referring to previous work on G2 compactifications and consequent

predictions for the parameters [12,22].

In the remainder of this section, we focus on the GUT group G = SO(10). Using an

abelian Wilson line to break the GUT group, the simplest case of a surviving group that is

the most resembling to the SM is

SO(10)→ SU(3)c × SU(2)L × U(1)Y × U(1)X , (2.23)
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under which the branching rules of the GUT irreps read

10 : Hu = (1,2)( 1
2
,2) ⊕Hd = (1,2)(− 1

2
,−2) ⊕D = (3,1)(− 1

3
,2) ⊕D = (3,1)( 1

3
,−2) , (2.24)

16 : L = (1,2)(− 1
2
,3) ⊕ e

c = (1,1)(1,−1) ⊕N = (1,1)(0,−5) ⊕ uc = (3,1)(− 2
3
,−1)⊕

⊕ dc = (3,1)( 1
3
,3) ⊕Q = (3,2)( 1

6
,−1) , (2.25)

and the subscripts are the charges under U(1)Y × U(1)X , which are normalised as QY =√
5
3Q1, QX =

√
40Q̃X , where Q1, Q̃X are SO(10) generators.

Following the discussion around Eq. (2.3), the Wilson line has to be generated by gener-

ators of surviving U(1) groups, in this case U(1)Y and U(1)X :

W = exp

[
i2π

N
(aQY + bQX)

]
=

∞∑

m=0

1

m!

(
i2π

N

)m
(aQY + bQX)m , (2.26)

where the coefficients a, b specify the parameterisation of the Wilson line and are only con-

strained by the requirement that WN = 1 assuming the fundamental group of the manifold

supporting the Wilson line to be ZN , in line with Eq. (2.6). Under the linear transformation:

1

2
a+ 2b→ α , (2.27)

1

3
a− 2b→ β , (2.28)

its action on the fundamental irrep then reads

W10 = ηαHu ⊕ η−αHd ⊕ η−βD ⊕ ηβD , (2.29)

where η is, as before, the Nth root of unity.

Likewise the Wilson line matrix acts on the 16 irrep as

W16 = η−
3
2
βL⊕ ηα+ 3

2
βec ⊕ η−α+ 3

2
βN ⊕ η−α− 1

2
βuc ⊕ ηα− 1

2
βdc ⊕ η 1

2
βQ , (2.30)

which could be simplified a bit further by replacing β → 2β without loss of generality, in

order for the parameters to read as integers.

Similarly to the SU(5) case we can construct a discrete symmetry that can split com-

ponents of an irrep. Following the language of section 2.1.2 , if we place a matter multiplet

on a circle S1, the discrete charges are not affected by the Wilson line, and states from this

multiplet will have identical discrete charges after GUT group is broken. On the other hand,

if a GUT multiplet is put on S2, the discrete symmetry absorbs Wilson line phases, modifying

discrete charges of different components accordingly.

Having all the ingredients required to employ Witten’s discrete symmetry proposal, we
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would like to have a consistent implementation of a well-motivated doublet-triplet splitting

mechanism as it was done for SU(5). Unfortunately the customary approach to the problem

does not seem to work with SO(10). To understand this first notice that Witten’s splitting

mechanism can only work in order to split couplings between distinct GUT irreps. This is

understood asW has the form of a gauge transformation of the surviving group and so it will

never be able to split self bilinear couplings of a GUT irrep. For example, if one takes a 10

with Wilson line phases, denoted 10ω, to contain the MSSM Higgses, following Eq. (2.29) it

will transform as:

10ω → ηω
(
ηαHu ⊕ η−αHd ⊕ η−βD ⊕ ηβD

)
(2.31)

under the surviving discrete symmetry, with ω ∈ {0, .., N − 1} being an overall charge for

the multiplet from the original discrete symmetry F , Eq. (2.13). One can see that mass

terms for the Higgses and coloured triplets are simultaneously allowed or disallowed and thus

doublet-triplet splitting is not realised.

We can, in principle, add extra 10 multiplets and forbid some couplings between the

different members of the various 10 multiplets, but one can see that there will typically be

more than one pair of light Higgs doublets which tend to destroy gauge coupling unification.

Consider one additional 10, denoted 10h without Wilson line phases 5: 10h → ηξ10h. We

have eight possible gauge invariant couplings with a 10w and 10h that can be written in

matrix form as

W ⊃ HT
d · µH ·Hu + D

T ·MD ·D, (2.32)

where µH andMD are two 2×2 superpotential mass parameters matrices, HT
u,d =

(
Hw
u,d, H

h
u,d

)
,

D
T

=
(
D
w
, D

h
)

, and DT =
(
Dw, Dh

)
. The entries of the matrices are non-vanishing de-

pending on which of the following discrete charge combinations are zero (mod N)

DwD
w
, Hw

u H
w
d : 2ω,

DhD
h
, Hh

uH
h
d : 2ξ,

Hw
u H

h
d : α+ ω + ξ, (2.33)

Hh
uH

w
d : −α+ ω + ξ,

DwD
h

: −β + ω + ξ,

DhD
w

: β + ω + ξ.

The naive doublet-triplet splitting solution would be for µH to have only one zero eigenvalue,

with MD having all non-zero eigenvalues. One finds that there is no choice of constraints in

Eq. (2.33) that accomplishes this.

5In the language of section 2.1.2 10h is placed on the circle S2.
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We could consider that in order to split the Higgses, Hu and Hd, from the coloured triplets

– D, D – we would need to add another 10, but it was shown that this cannot be achieved

and so we are ultimately left with light coloured triplets. As adding more 10 does not seem

to help, we will consider only a single light 10ω at low energy.

In order to allow for light D, D we need to guarantee that they are sufficiently decoupled

from matter to prevent proton-decay. To accomplish this, we can use the discrete symmetry to

forbid certain couplings, namely to decouple D and D from matter. Such couplings arise from

the SO(10) invariant operator 10ω 16 16, with 16 denoting the three SO(10) multiplets,

each containing a SM family plus right handed neutrino N . At the same time we would

like to allow for Yukawa interactions, that in the SO(10) case for the up-type quarks and

right-handed neutrinos look like:

yiju H
w
u 16i16j ≡ yiju Hw

u (Qiu
c
j + LiNj + i↔ j), (2.34)

and similarly for down-type quarks and charged leptons. If 16 transforms as ηκ16, the

couplings and charge required to fulfil the constraints mentioned are shown in the Table 2.3.

Coupling Constraint
up-type Yukawas Hw

u 1616 2κ+ α+ ω = 0 mod N
down-type Yukawas Hw

d 1616 2κ− α+ ω = 0 mod N

triplets–matter interaction
Dw1616 2κ− β + ω 6= 0 mod N
D
w
1616 2κ+ β + ω 6= 0 mod N ,

Table 2.3: Minimal constraints on discrete charges for the SO(10) model.

The suppression of colour triplet couplings to matter was previously considered by Dvali

in [42] and also [43–45] from a bottom-up perspective.

As discussed in section 2.1.3, the couplings forbidden at a renormalizable tree-level by the

discrete symmetry are generically regenerated from Kähler interactions through the Giudice-

Masiero mechanism [54]. While this provides the Higgsinos a TeV scale µ-term mass, it also

provides effective trilinear couplings with an O(10−15) coefficient. As these are generic, we

need to systematically study their physical implications at low energies, such as proton-decay,

R-parity violation, and flavour mixing.

For proton decay, the effective superpotential will be generate by the following Kähler

potential

K ⊃ s

m2
pl

Ddcuc +
s

m2
pl

Decuc +
s

m2
pl

DQQ+
s

m2
pl

DQL+
s

m2
pl

DNdc + h.c. , (2.35)

where we assume O(1) coefficients and take one family for illustrative purposes. As the moduli
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acquire non-vanishing VEVs, these become

Weff ⊃ λDQQ+ λDecuc + λDNdc +

+λDdcuc + λDQL, (2.36)

with λ in analogy to Eq. (2.22) can be estimated to be:

λ ≈ 1

m2
pl

(
〈s〉m3/2 + 〈Fs〉

)
∼ 10−15. (2.37)

Notice that contrary to the SU(5) case, there is no extra contribution from the bilinear term

κLHu since it is not allowed by gauge invariance.

Based on diagrams like one given in Fig. 2.1 we estimate the scalar triplet mediated proton

decay rate to be:

Γp '
∣∣λ2
∣∣2

16π2

m5
p

m4
D

'
(
1042 yrs

)−1
, (2.38)

where we took the mass of the colour triplets to be mD ' 103 GeV, as it is expected to be of

order of µ, Eq. (2.19). This satisfies current experimental limits [56], Γ
(exp.)
p . (1033 yrs)−1.

u

ū

λ′ λ′′

D

e+

d

Figure 2.1: Diagram contributing to proton decay in the SO(10) model. Couplings λ′, λ′′

have the same order of magnitude, given by Eq. (2.37).

Another limit for triplet scalar comes from the cosmological constraints on its decay. As

we have seen from proton-decay operators, Eq. (2.36), triplet scalars can decay into quarks.

If they start to decay during the Big Bang Nucleosynthesis (BBN) then nucleons could be

disassociated, spoiling the predictions for light element abundances. We can estimate another

limit on the triplet scalar mass by calculating its lifetime as it decay through the processes

D → ecuc, QQ,QL, dcuc, and we get

Γ ' λ2mD ' (10−3 sec)−1, (2.39)

which is consistent with BBN constraint. They will also give interesting collider signatures

due to their long-lived nature.
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2.2.1 Additional vector-like family

Gauge coupling unification is in general spoiled by light colour triplets, unless they are also

accompanied by additional light doublet states. The 1-loop renormalisation group (RG)

equations for the SM gauge couplings g1, g2, g3 written in terms of quantities α−1
a = g2

a/4π

reads [57]:
d

dt
α−1
a (µ) =

1

16π2
ba, (2.40)

where t = ln
(
µ
µ0

)
and µ, µ0 being some energy scales. For models with low-energy MSSM par-

ticle content (b1, b2, b3) = (33/5, 1,−3) and gauge couplings appear to unify at Q ∼ 1016 GeV.

This is, for example the case of the G2-MSSM. However, in our SO(10) case we have addi-

tional light triplets that ruin the unification. In the present framework, the only way we

know of, to circumvent this issue is the presence of light additional states which complete the

triplets into complete GUT multiplets.

Happily, this can also be achieved by use of the discrete symmetry. First we notice that

the down-type quarks – dcX , dcX – have the same SM quantum numbers as the coloured triplet

pair – D, D – coming from the 10ω. Therefore, we introduce a vector-like pair of 16’s, labelled

as 16X + 16X . Next a GUT-scale mass is given to their colour triplet components dcX , d
c
X

whilst keeping the remaining particles light. Suitable charges under the discrete symmetry

can forbid the appropriate mass terms and the large mass can arise from membrane instantons

if the 16X and 16X are close by on the G2 manifold [39].

We take 16X to be localised along a Wilson line, and following Eq. (2.30) we find that it

transforms under the discrete symmetry as

16X → ηx
(
η−3γL⊕ η3γ+δec ⊕ η3γ−δN ⊕ η−γ−δuc ⊕ η−γ+δdc ⊕ ηγQ

)
. (2.41)

Assuming 16X transforms without Wilson line phases, 16X → ηx 16X , the condition for the

mass term is

dcXd
c
X : x− γ + δ + x = 0 mod N, (2.42)

whilst forbidding all the other self couplings that would arise from 16X16X .

The light Dw and D
w

from the original 10w then “complete” the 16X + 16X pair. The

light states in the 16X and 16X obtain masses via the Kähler potential of order of TeV, via

the Giudice-Masiero mechanism as in Eq. (2.19). The low-energy spectrum is then the one

of MSSM plus this vector-like family, which in turn preserves unification albeit with a larger

gauge coupling at the GUT scale (relative to the MSSM), see Fig. 2.2.

In analogy to effective mass term for light states of 16X , 16X , an effective µ-terms of the

form µ iX16i16X is also induced by moduli vevs, which might rise concerns about mixing of

extra states with SM quarks and leptons. However, one finds that all the light components

of the extra matter decouple from ordinary matter, with mixings supressed by terms of order
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Figure 2.2: Renormalisation group evolution of the inverse gauge coupling α−1
i (µ) in MSSM

(black solid lines), SO(10) model with light triplets D, D, labeled MSSM+D/D (green dashed
lines), and SO(10) model with extra 16X and 16X , labeled SO(10) (red solid lines). We
assume that all new states beyond SM (including SUSY partners) are introduced at about
104 GeV.

(2.37). For example, consider the up-type quark sector. The superpotential contribution to

the mass matrix is, schematically, UL ·Mu ·U T
R , with UL =

(
ui, uX , ucX

)
⊂
(
16, 16X , 16X

)
,

UR =
(
(uc)i, uX , u

c
X

)
⊂
(
16, 16X , 16X

)
, and

Mu =



yiju 〈Hu〉 µiXQ 0

0 µXXQ 0

µjXu 0 µXu


 . (2.43)

Here µiXQ, µ
j
Xu, µXXQ, µXu are moduli induced µ-type parameters of O(TeV) while the van-

ishing entries are non-zero only to first order in moduli-induced trilinear interactions that are

vanishingly small, O(10−15). We have found numerically that flavour changing neutral cur-

rents (FCNCs) are highly suppressed by this structure. This can be understood analytically

in the approximation that the electroweak masses can be ignored, since yu〈Hu〉/µ ∼ O(0.1).

In this approximation, the third lightest u-quark will be given by the two component Weyl

quarks

t = u′3 '
1√

(µ3
X)2 + (µXXQ)2

((µXXQ)u3 − (µ3
X)uX), (2.44)

tc = (uc3)′ ' 1√
(µ3
Xu)2 + (µXu)2

((µXu(uc)3 − (µ3
Xu)ucX), (2.45)
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and as a result the light up-quark, which we denote t, does not result in a mixing including ucX .

This is important, since ucX in UL couples to Z differently, only through the electromagnetic

contribution to the neutral current and not via the Jµ3 contribution. Consequently, FCNCs

will be naturally suppressed and the CKM matrix should have only small deviations from

unitarity. Furthermore we note that the resulting matter states couple to the Higgses and Z

as in the MSSM.

2.3 Consequences of U(1)X breaking

Introducing the 16X and 16X will play a crucial role in breaking the extra U(1) subgroup of

SO(10) and generating right-handed neutrino masses. We assume that a mechanism similar

to the one proposed by Kolda-Martin [58] is in effect, such that the right-handed neutrino

components acquire a non-trivial high-scale vev along the D-flat direction, 〈NX〉 ≈ 〈NX〉 =

vX
6, which in turn breaks the rank. We will discuss in great details models incorporating this

mechanism in chapter 3. Before doing so, however, we shall comment on generic implications

of U(1)X breaking and expectations for the scale vX .

2.3.1 The see-saw mechanism

Presence of the 16X and 16X with vevs in their right-handed neutrino components gives

us the possibility of having a see-saw mechanism [59–63] for light physical neutrino masses.

Such a mechanism is welcome since representations 45 and larger are absent in M theory

[30, 48, 49]. Depending on the details of symmetry breaking mechanism and neutrino masses

this mechanism might be of huge relevance. For example, if we start with an SO(10) invariant

theory the Yukawas are unified for each family leading to at least one very heavy Dirac

neutrino mass, mD
ν ∼ O(175 GeV). However, if the right-handed conjugated neutrino has a

heavy Majorana mass, then the physical left-handed neutrino mass will be small through a

type I see-saw mechanism. In order to accomplish this, one has to allow the following terms

in the superpotential

W ⊃ yνHuLN +MNN, (2.46)

where yν are the neutrino Yukawas, L the matter lepton doublets, N the right-handed con-

jugated neutrino, and M its Majorana mass, which we take M � mD
ν = yν〈Hu〉. With the

above ingredients, a mostly left-handed light neutrino will have a physical mass

mν
phy '

(mD
ν )2

M
. (2.47)

6In fact, the D-flat condition reads 〈NX〉2 + 〈N〉2 = 〈NX〉2, but we will see that the VEV of N needs to be
much smaller compare to 〈NX〉 and 〈NX〉.
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One of the most appealing features of SO(10) models is that each family is in a 16 which

includes a natural candidate for the right-handed conjugated neutrino, the N . In order to

employ a type I see-saw mechanism, we need to generate a Majorana mass term for the

matter right-handed conjugated neutrino through the operator W ⊃ 16X16X16
m 16m, 7

that requires discrete charges to satisfy:

2x+ 2κ = 0 modN. (2.48)

The term in the superpotential leads to the operator

1

mpl
NXNXNN , (2.49)

from which the Majorana mass for the (CP conjugated) right-handed neutrino field N emerges

as

M ' 〈NX〉2
mpl

. (2.50)

The requirement of a realistic neutrino masses with this mechanism puts constraints on

the value of the D-flat VEVs 〈NX〉 = 〈NX〉 = vX . Since the physical neutrino mass in type

I see-saw mechanism is given by Eq. (2.47), assuming mD
ν ' O(100 GeV), and knowing that

the upper bound on the neutrino masses mphy
ν . 0.1 eV, one finds

M & 1014 GeV⇒ vX & 1016 GeV. (2.51)

The above argument suggests that we need to break the U(1)X close to the GUT scale. Since

the Wilson line breaking mechanism is rank-preserving, we need to look for an alternative

solution. One possibility is to break the gauge group with a non-zero Fayet-Iliopolous term

generated with the Green-Schwarz mechanism [64–66] required for anomaly cancellation of an

anomalous U(1). In the context of M-Theory on G2, however, there are no anomalous U(1)

symmetries [67, 68] making this option not viable in your model. Instead, we use a modified

Kolda-Martin mechanism [58] where higher order operators can break the symmetry. We

discuss details of this mechanism in chapter 3 where we also study its implication on neutrino

masses.

2.3.2 R-parity violation

Despite the existence of an effective matter parity symmetry inside SO(10), the presence of

a vector-like family will lead to R-parity violating [69] (RPV) interactions though the VEV

of the NX , NX components in the presence of moduli generated interactions. Furthermore,

7Given that in M Theory one does not account for irreps larger than the adjoint, this is the lowest order
term that can generate a right-handed neutrino Majorana mass.
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as we will see in detail in section 3.2, the scalar component of the matter conjugate right-

handed neutrino, N , will also, although usually suppresed compared to vX , acquire a VEV.

These VEVs break SO(10) and will inevitably generate RPV. These interactions will mediate

proton-decay, enable the lightest supersymmetric particle (LSP) to decay, and generate extra

contributions to neutrino masses. In our framework RPV is generic, not only arising from

allowed superpotential terms but as well from Kähler interactions involving moduli fields.

The interactions that break R-parity can either be trilinear or bilinear (B-RPV), and have

different origins in our framework. The first contribution we can find comes from the tree-

level renormalizable superpotential allowed by the discrete symmetry. Since we will encounter

〈N〉 6= 0, this means that even in a minimal setup, there will be an B-RPV contribution from

matter Dirac mass coupling

W ⊃ yνNHuL , (2.52)

reading

W ⊃ yν〈N〉HuL . (2.53)

Next we turn our attention to the Kähler potential, where interactions otherwise forbidden

by the discrete symmetry might arise if there is a modulus with required charge. In such

case, there is another contribution arising from the non-vanishing VEVs of N , NX and NX

in conjugation with moduli VEVs. To see this, notice that in the Kähler potential there are

generically interactions of the form

K ⊃ 1

mpl
NHuL+

s

m2
pl

NXHuL+
s

m2
pl

N
†
XHuL+ h.c. , (2.54)

where while the first term exists in zeroth order in moduli (otherwise there would be no

neutrino Dirac mass in the superpotential), the last two are otherwise forbidden by the discrete

symmetry, and s denotes a generic modulus for each coupling. These terms will generate

contributions to B-RPV as N , NX and NX acquire VEVs.

There are two types of contribution arising from the terms above. The first is generates

through the Giudice-Masiero mechanism. As the moduli acquire VEVs, new holomorphic

couplings will appear in the superpotential

Weff,1 =
m3/2

mpl
〈N〉HuL+ 0.1

m3/2

mpl
〈NX〉HuL+ 0.1

m3/2

mpl
〈N †X〉HuL , (2.55)

where m3/2 ' O(104) GeV, and since s/mpl ' 0.1 in M Theory. Notice that in principle

we would also have a term in the Kähler potential involving N , but this can be found to be

subleading in comparison to the term arising from the Dirac mass, Eq. (2.53).

The second contribution arises if the F-terms of the fields NX , N , NX are non-vanishing.
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In this case, we expect the appearance of the contributions

Weff,2 =
〈FN 〉
mpl

HuL+ 0.1
〈FNX 〉
mpl

HuL+ 0.1

〈
F
N
†
X

〉

mpl
HuL , (2.56)

and its magnitude will depend on how much F-breaking provoked by our symmetry breaking

mechanism. Here we are considering that the case where N
†
XHuL cannot exist in the Kähler

potential in zeroth order in a modulus field.

Putting all together, the B-RPV interactions account to the B-RPV parameter

W ⊃ κmHuL (2.57)

with

κm =

(
yν +

m3/2

mpl

)
〈N〉+ 0.1

m3/2

mpl
〈NX〉+ 0.1

m3/2

mpl
〈N †X〉+

〈FN 〉
mpl

+ 0.1
〈FNX 〉
mpl

+ 0.1
〈F

N
†
X
〉

mpl
,

(2.58)

and the relative strength of each contribution is model detail dependent, namely on neutrino

Yukawa textures, symmetry breaking details, and F-flatness deviation.

In a similar manner, trilinear RPV couplings will be generated when N , NX and NX ac-

quire VEVs. In order to systematically study this, we notice that the trilinear RPV couplings

come from the term

16 16 16 16, 16X16 16 16, 16
†
X16 16 16 (2.59)

as the scalar component of NX , N acquires non-vanishing VEVs. Notice that the last term

lives in the Kähler potential. These are made forbidden at tree-level using the discrete sym-

metry of the compactified space. However, just like the µ terms and the B-RPV terms shown

above, these terms will in general be present in the Kähler potential and will effectively be

generated as the moduli acquire VEVs. This happens again through the Giudice-Masiero

mechanism and we will find

O
(
m3/2

m2
pl

(〈N〉+ 〈NX〉+ 〈N †X〉)
)
{LLec, LQdc, ucdcdc}, (2.60)

where m3/2/mpl ' O(10−14). The apparent suppression of trilinear RPV is understood as

these terms can only be generated by non-renormalizable terms in an SO(10) context.

Similarly to the B-RPV case, there will be further contributions if the F-terms of NX , N ,

NX are non-vanishing. Namely we find

O
(〈FN 〉+ 〈FNX 〉+ 〈F

N
†
X
〉

m2
pl

)
{LLec, LQdc, ucdcdc}, (2.61)
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and again we expect these to be sub-leading even if the F-terms are not vanishing.

We see then that the values of all RPV couplings are strictly related to the details of the

breaking mechanism employed to break the extra U(1)X , leading to further constraints. In

particular, the magnitude of the B-RPV term, Eq. (2.57), is constrained as it contributes to

the physical neutrino masses [69–71]. The constraint is κm . O(1 GeV), which, assuming

the leading contribution to κm ≈ λvX , leads to the upper bound vX . 1015 GeV. This is

in contradiction with the see-saw requirement vX ∼ 1016 GeV assumed in the estimates,

section 2.3.1. However, there is a natural way within this framework to further suppress the

bilinear RPV terms. This happens when the charges of the moduli fields under the discrete

symmetry are such that the leading order terms in K, which are linear in the moduli i.e.
s
m2
pl
vXLHu, are forbidden by the symmetry, with the leading term arising at higher order in

the moduli. If the leading term arises at quadratic order or higher, (e.g. K ∼ s2

m3
pl
vXLHu

then the suppression will be sufficient. Furthermore, some moduli may have smaller vevs

than others in a detailed model, leading to additional suppression. The complete picture of

neutrino masses, including B-RPV operators, will be discussed in section 3.3.

Under the assumption that κm � µ, performing a small rotation, of O(κm/µ), in (Hd, L)

space, the B-RPV term, Eq. (2.57), can be absorbed by µHdHu. As a consequence, the

trilinear RPV terms will be enhanced by the Yukawa couplings yeHdLe
c, etc., leading to

W ⊃ ye
κm
µ
LLec + yd

κm
µ
LQdc + λ

vX
mpl

ucdcdc, (2.62)

and we have dropped the O(1/mpl) contributions to the first two terms since now the Yukawa

rotated contributions are much larger. Also, we kept the last term with the parameterisation

v describing all contributions. These will be very small, for example in the case the VEVs are

high-scale, 〈NX〉 ' 1016 GeV, the trilinear RPV coupling strength is of O(10−17). A direct

consequence of this result is that proton decay will be within experimental limits, even when

the ∆L = 1 terms are enhanced.

While the proton is relatively stable, the enhanced terms will provide a decay channel for

the LSP, which is now unstable. In the limit that we can take the final states to be massless,

and considering that the LSP is a neutralino mainly composed of neutral gauginos, the LSP

lifetime through the decay χ̃0 → dcQL can be estimated from a tree-level diagram involving

a virtual d̃c with mass m0
8 ,

τLSP '
(
3.9× 10−15

)( µ

gwydκm

)2 ( m0

10 TeV

)4
(

100 GeV
mLSP

)5

sec, (2.63)

where gw is a weak gauge coupling. The LSP lifetime is bounded to be either τLSP . 1 sec

or τLSP & 1025 sec [70, 72], from Big Bang Nucleosythesis (BBN) and indirect Dark Matter

8See, for example, the diagrams in [18].
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(DM) experiments, respectively. If we take mLSP ' 100 GeV, m0 ' 10 TeV, yd = yb ' 10−2,

gw ' 0.1, we find that κm is constrained to be either

κm & 6× 10−2 GeV (2.64)

or κm . 2× 10−14 GeV, (2.65)

for a short- and long-lived LSP, respectively9. This in turn constrains the magnitude of VEVs

of N , NX and NX following Eq. (2.58).

We can use the above result to infer some parametric dependence on the scale of the U(1)X

breaking. If we have the leading contribution to the B-RPV coupling to be κm ' 〈NX〉λ,

then from Eq. (2.64), 〈NX〉 & 1013 GeV. In this case, the LSP is too short lived to be a good

DM candidate, but decays quickly enough to not spoil BBN predictions. On the other-hand,

a low-scale VEV is bound to be 〈NX〉 . 1 GeV in order to allow for a long-lived LSP. This

would imply the abelian gauge boson associated with extra U(1)X to be light, mZ′ < O(1)

GeV. This last scenario is completely excluded from experimental searches.

The lack of a good DM candidate in the visible sector indicates us that DM is realised

elsewhere. M theory usually provides axion dark matter candidates [36,73]. It has also been

recently suggested that, in the context of String/M Theory, the generic occurrence of hidden

sectors could account for the required DM mechanics [74,75].

2.4 Effective light families

So far we have considered a relatively simple SUSY SO(10) model that includes three pairs

of matter irreps 16m, single 10w on a Wilson line containing Higgs multiplets, and a vector

like pair 16X , 16X . We have also discussed several conditions that need to be imposed on

discrete charges in order to get satisfactory phenomenological results. These are Table 2.3,

Eq. (2.42), Eq. (2.48) as well as suppression of the RPV operators and cross-terms between

the visible matter, 16X and 16X necessary for Eq. (2.43). We emphasis that one can explicitly

solve for all of the conditions. A solution example is given by

(N,ω, α, β, κ, x, γ, δ, x) = (16, 4, 0, 1, 6, 2, 1, 13, 2). (2.66)

which is also anomaly free, as can be checked by explicit calculations [76].

It is well known, however, that for such simple SO(10) models where each family is

unified into a simple irrep with universal soft masses the electroweak symmetry is difficult to

break [77–82]. Since the two Higgs soft masses are unified at GUT scale and have similar beta

function due to Yukawa unification, either both masses are positive at electroweak scale and

9In the above estimate we used the fact that the decay involving the bottom Yukawa is the largest contri-
bution to the decay width.
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symmetry is not broken or both masses are negative and the potential becomes unbounded

from below. Another aspect of the Yukawa unification problem lies in the fact that low energy

spectrum of quarks and leptons requires some degree of tuning in parameter space when their

RG runnings are considered. A customary solution to these problems is the use of higher

dimensional representations [83], which are not present in our framework.

The EWSB and Yukawa textures issues are naturally solved if each family is not contained

in one single complete 16, but is instead formed of states from different Ultra Violet (UV)

complete 16s. In order to implement this in our framework, first we assume the existence

of multiple 16 with independent and different Wilson line phases, alongside the existence

of multiple 16. Second, we employ Witten’s proposal to turn on some vector-like masses

such that three effective light 16 survive. Since in M Theory the strength of the Yukawa

couplings is given by membrane instantons, and are therefore related to distances between

the singularities supporting the respective superfields, by constructing effective families from

different UV 16s one can obtain different Yukawa couplings within each family.

Such solution can be achieved if one considers M complete 16j and M + 3 complete 16i

UV irreps. Allowing for masses between different states of these UV irreps to appear, one has

schematically the mass terms in the superpotential

16iµij16j , (2.67)

but since i = 1, ...,M while j = 1, ...,M + 3 the mass matrix µji can only have at most rank

M and hence there will be three linear combinations composing three 16 that will remain

massless. If these masses are truly SO(10) invariant, i.e.

16iµij16j = µij
(
QiQj + LiLj + . . .

)
, (2.68)

each effective light family will be SO(10) invariant. Consequently each family will retain

unified Yukawa textures, and so this does not solve our problem of splitting the Yukawa

couplings within each family.

However, Witten’s proposal endows our framework with a GUT breaking discrete sym-

metry which can be employed to ensure that the superpotential mass matrices between the

UV states

µQijQiQj + µLijLiLj + . . . , (2.69)

are not the same, leading to different diagonalisations of Q, L, etc which in turn break

the Yukawa SO(10) invariance. In order to accomplish that, take for example that the 16i

absorb distinct and independent Wilson line phases, while 16j do not, i.e. the UV irreps will
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transform under the discrete symmetry as

16i → ηmi
(
η−3γiLi ⊕ η3γi+δieci ⊕ η3γi−δiNi ⊕ η−γi−δiuci ⊕ η−γi+δidci ⊕ ηγiQi

)
(2.70)

16j → ηmi16j , (2.71)

and look for solutions for the discrete charges where different states have different mass

matrices. Since explicit examples can only be given by solving extensive modular linear

systems, which are computationally prohibitive, a fully working example with three light-

families is not provided.

2.5 Conclusion

In this chapter we have discussed the origin of an SO(10) SUSY GUT from M theory on a G2

manifold. We started with a review of M theory results behind SU(5) SUSY GUT models,

dubbed G2MSSM. Extending those results into the SO(10) case we were naturally led to a

novel solution of the doublet-triplet splitting problem involving an extra 16X + 16X vector-

like pair where discrete symmetries of the extra dimensions were used to prevent proton decay

by suppressing the Yukawa couplings of colour triplets. Such models maintain gauge coupling

unification but with a larger GUT coupling than predicted by the MSSM. Extra light states

with the quantum numbers of a 16X +16X vector-like pair that might be accessible in future

LHC searches provide a prominent prediction of this approach. We argue that these extra

multiplets, also required to break the additional U(1)X gauge symmetry, inevitably lead to R-

parity violating operators. Even though the moduli potential generically breaks the discrete

symmetry, we have seen that one naturally satisfies the constraints from the proton lifetime

and decays affecting BBN. We also have found a consistent scenario for neutrino masses arising

from the high scale see-saw mechanism, with sufficiently suppressed RPV contributions. We

argue, however, that this simple scenario, having soft masses and Yukawas unified among

each family, fails short in explaining the nature of EWSB and low-energy Yukawa textures.

Instead, a more complicated models might be manufactured in the context of M Theory

with low-energy matter 16s being effective irreps composed of different UV complete 16s.

This gives us more leverage in accommodating observable phenomena. including all mixing

term potentially contributing to the result. In the following chapter we are going to embark

on scrupulous studies of neutrino mass generation including all mixing term arising from the

broken U(1)X . For these to be meaningful we also present there the details of the UX breaking

mechanism.
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Chapter 3

Neutrino mass from M theory
SO(10)

3.1 Introduction and Motivation

In this chapter we address the problem of U(1)X breaking and neutrino masses arising from

the SO(10) GUT, following the construction in chapter 2 , although our approach to solving

these problems may be more general than the specific example studied. To break the U(1)X

gauge symmetry, we employ a (generalised) Kolda-Martin mechanism [58], where higher order

operators can break the symmetry, inducing vacuum expectation values (VEVs) in the scalar

right-handed neutrino components of both the matter 16 and the extra 16X , as well as

their conjugate partners. The subsequent induced R-parity violation provides additional

sources of neutrino mass, in addition to that arising from the seesaw mechanism discussed in

section 2.3.1 . The resulting 11× 11 neutrino mass matrix is analysed for one neutrino family

(nominally the third family) and it is shown how a phenomenologically acceptable neutrino

mass can emerge. We defer any discussion of flavour mixing to a possible future study of

flavour from M theory. Here we only show that symmetry breaking and viable neutrino

masses can arise within the framework of M theory SO(10), which is a highly non-trivial

result, given the constrained nature of M theory constructions.

It is worth remarking that there are other alternative ways that have been proposed to

study neutrino masses in string theory, which are complementary to the approach followed

here. For example, it is possible to obtain large Majorana mass terms from instanton effects

[21, 84–87], large volume compactification [88], or orbifold compactfications of the heterotic

string [87]. However the origin of Majorana mass terms in SO(10) has been non-trivial to

realise from the string theory point of view. In GUTs all matter fields are unified in 16

multiplets whereas Higgs fields and triplet scalars are unified in 10. Since string theory does

not predict light chiral multiplets in higher representations than the adjoint, the traditional

renormalisable terms involving 126,126,210, e.g., W ∼ 126 16 16, are not possible. The
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dominant higher order operators are quartic ones such as W = 16 16 16 16. Assuming that

the supersymmetric partner of the right handed neutrino singlet gets a VEV, the Majorana

mass is given by M ∼ 〈N〉2MPL
. However, as seen in section 2.3 previously, the required values of

neutrino masses imply M > 1014 GeV, which gives 〈N〉 ∼
√
Mmpl ∼ 1016 GeV. This leads to

the requirement of high scale breaking that we need to realise here. Before doing so, however,

we want to acknowledge that the implementation of the seesaw mechanism in other corners

of string compactification has also been discussed previously [89–91].

The layout of the remainder of the chapter is as follows. In section 3.2 , the mechanism

for U(1)X breaking will be given. The neutrino mass matrix will be analysed in section 3.3 ,

and the numerical results presented in section 3.4 . Finally we conclude in section 3.5 .

3.2 U(1)X Breaking scenarios and mechanisms

As has been shown in section 2.3 , BBN constraints on the LSP lifetime as well as the require-

ment for the see-saw mechanism to sufficiently suppress neutrino masses require a breaking

mechanism for the extra U(1)X in which the breaking VEV is stabilised at high values, more

or less close to the GUT scale. In order to do so, we will look into the D-flat direction of

the potential that breaks the extra U(1)X . It was shown [58, 92] that in the D-flat direc-

tion, non-renormalisable operators can provide such scenario. In its simplest inception, the

Kolda-Martin mechanism [58] relies on a vector-like pair which lowest order term allowed in

the superpotential is non-renormalizable

W =
c

mpl
(ΦΦ̄)2 (3.1)

and alongside the soft-term Lagrangian

− Lsoft = m2
Φ|Φ|2 +m2

Φ̄|Φ̄|2, (3.2)

it is immediate to find that along the D-flat direction the potential has a non-trivial minimum

which fixes the VEVs at a high scale

〈Φ〉2 =

√

−
(m2

Φ +m2
Φ̄

)m2
pl

12c2
, (3.3)

where if we take mΦ ' mΦ̄ ' m3/2 ' 104 GeV, as expected from M-Theory on G2 where

gravity mediates SUSY breaking [22], the VEVs are estimated at 〈Φ〉 ' 1011 GeV.

There are some caveats to this mechanism as presented above. First, there is significant

F-breaking as 〈F 〉 ' O(1015) GeV. While this is not a problem if the vector-like family

does not share gauge interactions with ordinary matter, in our case non-vanishing F-terms

will originate undesirable interactions, cf. section 2.3.2 . We shall therefore focus on F-flat
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solutions.

Second, the mechanism is not complete in the absence of higher order corrections from

the SUGRA [37], beyond the soft terms, that at the high VEV scale compete with the non-

renormalisable terms in the scalar potential arising from the superpotential. One has to

include

− L ⊃ C 1

mpl
Φ2Φ̄2 + h.c., (3.4)

with the estimated value of C ' O(m3/2) at the GUT scale. Although this term, of mass

dimension four, is technically non-soft [23], it is not relevant for low-energy, O (TeV) global

SUSY, in which the limit mpl → ∞ is valid. Because of that, as well as the common origin

with the regular soft breaking terms we will write this term in the soft-lagrangian part Lsoft.
Finally the model presented differs from ours as µ-terms are generically generated by

moduli VEVs even if they are disallowed by the discrete symmetry of the compactified space.

In order to proceed, we turn to a more complete version of the mechanism. To do so, we

include the µ-term

W = µΦΦ̄ +
c

mpl
(ΦΦ̄)2 (3.5)

and the more complete soft Lagrangian,

− Lsoft = m2
Φ|Φ|2 +m2

Φ̄|Φ̄|2 − (BµΦΦ̄ + h.c.) +
C

mpl
Φ2Φ̄2 + h.c.. (3.6)

Due to the presence of the µ-term, the F-term

〈FΦ〉 = µΦ̄ +
2c

mpl
ΦΦ̄2 (3.7)

can be set to zero for two different field configurations

〈FΦ〉 = 0⇒
{
〈Φ̄〉 = 0

〈ΦΦ̄〉 = −µmpl
2c

(3.8)

and the non-trivial VEV can be estimated. Taking µ ' O(103) GeV, this leads to 〈Φ〉 =

1010.5 GeV. This looks very similar to the original Kolda-Martin case, with the exception

being that the F-term can vanish, and the parametric dependence on the VEV is now on µ

instead of a soft-mass. In general there might be a non-SUSY preserving vacuum elsewhere

in field space, but we will work under the assumption that the SUSY vacua discovered with

this approach are at least stable enough to host phenomenologically viable models.

We wish to assess if we can minimise the potential in this SUSY-preserving field config-

uration. For that, we need to check if the above field configuration will also extremise the
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soft-term Lagrangian. To see this we take

− ∂ΦLsoft = m2
ΦΦ∗ −BµΦ̄ +

2C

mpl
ΦΦ̄2 = 0 (3.9)

and, in the limit the VEVs are real, we find a trivial and a non-trivial solutions

− ∂ΦLsoft = 0⇒
{
〈Φ〉 = 0

〈Φ〉2 = − (m2
Φ−Bµ)mpl

2C

(3.10)

and the second one seems very similar to the non-trivial configuration derived through the

F-term. In fact, both conditions can be met. To see this, we reparameterise the soft-terms

by factoring out their dimensionful dependence on m3/2

Bµ = m3/2µb (3.11)

C = m3/2c̃ (3.12)

mΦ = m3/2a, (3.13)

where a, b, c̃ are dimensionless, and from SUGRA [37] formulae they are O(1) at the GUT

scale. Of course they will evolve with the scale through RGE evolution, so they need not to be

always of the same order. The condition that both the F-flatness and soft-term stabilisation

are jointly achieved boils down to be a relation between parameters

c̃

c
=

2amΦ − µb
µ

, (3.14)

which is generically valid.

In order for the above non-trivial VEV be a minimum, we need the trivial VEV solution to

account for a maximum. This is to say that the mass matrix for the system (Φ, Φ̄∗) evaluated

at the origin has a negative eigen-value. In our case this accounts for allowing its determinant

to be negative

(|µ|2 +m2
Φ)(|µ|2 +m2

Φ̄)−Bµ2 < 0. (3.15)

We notice as well that the above discussion can be immediately extended for the case that

the lowest order non-renormalisable term allowed by the discrete symmetry

W ⊃ c

m2n−3
pl

(ΦΦ̄)n ⇒ Φ ' (µm2n−3
pl )

1
2n−2 (3.16)

happens for n ≥ 2, and not only for n = 2. Even so, the presented implementation of the

Kolda-Martin mechanism only accounts for a vector-like pair of superfields, while in our case

the system breaking the extra U(1)X is composed of N , NX , NX states.
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Therefore, we want to find similar solutions starting with the superpotential

W = µNXmNNX + µNXNXNX +
c2,2

mpl
(NNX)2 +

cn,k

m2n−3
pl

(NXNX)n−k(NNX)k (3.17)

where n ≥ 2 and k < n. The third term generates a Majorana mass for the matter right-

handed conjugated neutrino, N . The full soft-term Lagrangian for this theory is

−Lsoft =m2
N |N |2 +m2

NX
|NX |2 +m2

NX
|NX |2 − (BµNXmNNX + h.c.)− (BµNXNXNX + h.c.)

+

(
C2,2

mpl
(NNX)2 + h.c.

)
+

(
Cn,k

m2n−3
pl

(NXNX)n−k(NNX)k + h.c.

)
(3.18)

where again Ci,j coefficients are O(m3/2) at the GUT scale.

The F-terms now read

FN = µNXmNX +
2c2,2

mpl
NN

2
X +

kcn,k

m2n−3
pl

Nn−k
X Nk−1N

n
X (3.19)

FNX = µNXNX +
(n− k)cn,k

m2n−3
pl

Nn−k−1
X NkN

n
X (3.20)

FNX
= µNXmN + µNXNX +

2c2,2

mpl
N2NX +

ncn,k

m2n−3
pl

Nn−k
X NkN

n−1
X (3.21)

which have a significantly more challenging look than the simplified version presented above.

Nonetheless, the same conclusions hold. The above F-terms become more tractable for the

k = 0 and k = n − 1 cases. In these cases it is possible to get algebraic expressions for the

VEVs estimates. For the k = 0, the F-flatness conditions alone give us

〈NNX〉 = −µ
N
Xmmpl

2c2,2
(3.22)

〈NXNX〉 =

(
−
µNXm

2n−3
pl

ncn,o

) 1
n−1

(3.23)

while for k = n− 1, analogous expressions can be obtained

∣∣〈NNX〉
∣∣ ' (µNXmm

2n−3
pl )

1
n−1 (3.24)

∣∣〈NXNX〉
∣∣ ' ((µNX)3−nm3n−5

pl )
1

n−1 (3.25)

where the approximations mean we dropped O(1) parameters and took all µ-terms to be of

the same order, which is expected.
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n k 〈N〉 (GeV) 〈NX〉 (GeV) 〈NX〉 (GeV)

2
0 1010.5 1010.5 1010.5

1 1010.5 1010.5 1010.5

3

0 106.5 1014.25 1014.25

1 1010.2 1015.5 1015.5

2 1010.5 1018 1018

4

0 105.5 1015.5 1015.5

1 1010.1 1016.5 1016.5

2 1010.3 1018 1018

3 1010.5 1020.5 1020.5

Table 3.1: Estimate of the magnitude of the VEVs in SUSY vacua for different implementa-
tions of the modified Kolda-Martin mechanism. In all cases the scalar component of the (CP
conjugated) right-handed neutrino field N develops a VEV, breaking R-parity, in addition to
the NX and NX VEVs.

In both cases, the ratio between the NX and N VEV is follows the same dependency on n

∣∣∣∣
〈NX〉
〈N〉

∣∣∣∣ '
(
mpl

µ

)n−2
n−1

'





1 n = 2

107.5 n = 3

1010 n = 4

(3.26)

where we µ is an O(µNX , µ
N
Xm) parameter. This result shows that there is a hierarchy between

NX and N VEVs, which is very desirable as N VEVs can generate large B-RPV couplings,

cf. section 2.3.2 .

Just like before, we use the D-flat direction

∣∣∣∣
〈NX〉
〈NX〉

∣∣∣∣
2

=

∣∣∣∣
〈N〉
〈NX〉

∣∣∣∣
2

+ 1, (3.27)

which sets the magnitude of the three VEVs. The results for k = 0 and k = n − 1 can be

immediately estimated algebraically, in contrast to the other cases. The full result of SUSY

preserving configurations can be seen in Table 3.1 . It is important to note that for n = 4,

the only viable scenario is for k = 0, while for n = 3 the k = 2 is not viable as there are

super-GUT VEVs. In the end we are only interested in the sensible cases, where the VEVs

are below the GUT scale and therefore the mechanism is self-consistent.
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The SUSY configurations above are expected stabilise the soft-terms Lagrangian just

before. The stabilisation conditions are

m2
Φ1

Φ∗1 −Bµ1Φ̄ +
2C2,2

mpl
Φ1Φ̄2 = 0

m2
Φ2

Φ∗2 −Bµ2Φ̄ +
nCn,0

m2n−3
pl

Φn−1
2 Φ̄n = 0

m2
Φ̄Φ̄∗ −Bµ1Φ1 −Bµ2Φ2 +

2C2,2

mpl
Φ2

1Φ̄ +
nCn,0

m2n−3
pl

Φn
2 Φ̄n−1 = 0

and reparameterising the dimensionful soft-terms just as before, the above conditions will

resemble the F-flatness conditions in form and so they will be jointly respected taken the

parameters of the theory respect relations between them.

As before, the condition that the above extrema are minima is that the potential has a

runaway direction around the origin. This is the same to say that, when close to the origin

the potential takes the form

V ' N∗ ·MN ·N (3.28)

with N = (N,NX , N
∗
X), such that MN has at least one negative eigenvalue to account for

a run-away behaviour at the trivial extremum. Boundness of the potential in the D-flat

direction is achieved by noticing that – for each field direction – at least a quadratic term

from the non-renormalisable interactions becomes the leading contribution, while keeping a

run-away behaviour at the origin.

3.3 Neutrino-neutralino mass matrix

The different breaking scenarios discussed in the previous section rely on different superpo-

tential terms, which are either present or suppressed depending the discrete symmetry of the

compactified G2 space. Furthermore, the generic presence of a matter field VEV, 〈N〉, will

generate B-RPV terms, as described in section 2.3.2 . In turn, these provide a new source of

neutrino masses which has to be taken into account.

To be more precise we enumerate all the interactions that contribute to neutrino masses.

First, we let the matter neutrino to have a Yukawa coupling at tree-level, of the form

Wtree ⊃ yνNLHu . (3.29)

Next we have to consider the non-renormalizable terms that employ the KM mechanism

for each scenario. Alongside this, we also keep a term that can generate a Majorana mass

for the matter right-handed conjugated neutrino, N . On top of these, we include a set of

non-renormalizable terms involving the Higgses or L-type fields, in first order of 1/mpl. The
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non-renormalizable terms that will affect the neutral fermion mass matrix are then

Wnon.ren. ⊃
c2,2

mpl
(NN) (NXNX) +

cn,k

m2n−3
pl

(
NXNX

)n−k (
NNX

)k

+
1

mpl

(
b1HdHuLLX + b2LLLXLX + b3HdHuLXLX + b4LLXLXLX

+ b5LXLXLXLX + b6HdHuNNX + b7LLXNNX + b8LXLXNNX

+ b9HdHuNXNX + b10LLXNXNX + b11LXLXNXNX

)
. (3.30)

The terms that are disallowed by discrete symmetry are generically re-generated as the

moduli acquire VEVs. As such, the following Kähler potential terms will have an important

contribution for neutrino masses

K ⊃ s

mpl
LXLX +

s

mpl
LXL+

s

mpl
NXNX +

s

mpl
NXN +

s

mpl
HuHd

+
s

m2
pl

NXLXHu +
s

m2
pl

NLHu +
s

m2
pl

NXLHu +
s

m2
pl

NLXHu +
s

m2
pl

NXLXHd, (3.31)

where s denotes a generic modulus fields that counterbalances the discrete charge. This

modulus field needs not to be the same for each coupling. As the moduli acquire VEVs as

they are stabilised, the above terms will generate the effective superpotential

Weff ⊃µLXXLXLX + µLXmLXL+ µNXXNXNX + µNXmNXN + µHuHd

+ λXXHdLXNX + λνHuLN + λmXHuLNX + λXmHuLXN + λXXHuLXNX

(3.32)

where the parameters can be estimated, analogously to the case in section 2.1.3 , to lie inside

the orders of magnitude

µ 'm3/2
s

mpl
' O(103) GeV (3.33)

λ 'm3/2
s

m2
pl

' O(10−15). (3.34)

Therefore, the total superpotential, which includes all the interactions that contribute to

the neutral fermion mass matrix is give by

Wtotal ⊃Wtree +Wnon.ren. +Weff . (3.35)

In our framework we have VEVs of the N -type fields that can be significantly large,

depending on which implementation of the KM mechanism we assume. As such, B-RPV
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couplings, mixing Higgses superfields with L-type superfields, appear in the superpotential as

κmHuL+ κXHuLX + κXHdLX (3.36)

where the κ-parameters read

κm ' (yν + λν)〈N〉+ λmX〈NX〉 (3.37)

κX ' λXm〈N〉+ λXX〈NX〉 (3.38)

κX ' λXX〈NX〉 (3.39)

where we are dropping the F -terms contribution as the solutions for our KM mechanism

presented in section 3.2 are aligned in the D and F directions. We also note that we are

assuming no tree-level Yukawa couplings involving extra vector-like NX , NX for the KM

scenarios, i.e. they are all forbidden by the discrete symmetry.

Furthermore, the presence of B-RPV induces a sub-EWS VEV on the scalar components

of the ν-type fields [93]. In our case, below the EWS, we expect all ν-type scalars to acquire

a non-vanishing VEV, generating a mixing between N -type fermions and Higgsinos through

εmH
0
uN + εXH

0
uNX + εXH

0
dNX (3.40)

where the coefficients read

εm ' (yν + λν)〈ν〉+ λmX〈νX〉 (3.41)

εX ' λXm〈ν〉+ λXX〈νX〉 (3.42)

εX ' λXX〈νX〉 (3.43)

and, as expected, they have the same generic form as the κ-parameters since both sets of

parameters arise from trilinear and Yukawa couplings in the superpotential.

Finally, as in the MSSM, the presence of VEVs will mix some fermions with gauginos

through kinetic terms, namely the Higgsinos with B̃1, W̃ 0 due to the Higgses VEVs. In

our case we also have N -type and ν-type scalar VEVs, which will mix gauginos with matter

fermions through kinetic terms. We have, for the SU(2) states,

g′B̃〈νi〉νi, gW̃ 0〈νi〉νi, g′′B̃X〈νi〉νi (3.44)

while for the N -states, which are singlets under the SM gauge group, the mixing with the

gaugino of the extra U(1)X gauge group

g′′B̃X〈Ni〉Ni (3.45)
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where, in both expressions, we used the shorthand g′ =
√

5
3g1 and g′′ = 1

2
√

10
gX .

With all the above considerations, we can now construct the 11 × 11 mass matrix for

neutral fermions of our model. We define this matrix in the basis

ψ = (B̃, W̃ 0, B̃X , H̃
0
d , H̃

0
u, ν, νX , νX , N,NX , NX), (3.46)

and it has the schematic form

Mχ−ν =

(
M5×5

χ0 M5×6
χν

(M5×6
χν )T M6×6

ν

)
. (3.47)

The usually called neutralino part of the matrix includes only mass terms involving gaug-

inos and Higgsinos, and its form is very similar to the MSSM, except we have an extended

gauge group with one more U(1)X factor. It reads

M5×5
χ0 =




M1 0 0 − 1√
2
g′vd

1√
2
g′vu

0 M2 0 1√
2
gvd − 1√

2
gvu

0 0 MX −2
√

2g′′vd 2
√

2g′′vu

− 1√
2
g′vd

1√
2
gvd −2

√
2g′′vd 0 −µ

1√
2
g′vu − 1√

2
gvu 2

√
2g′′vu −µ 0




(3.48)

The next block is the one involving terms mixing the usual neutralino states with matter

states. As such, they include B-RPV masses that mix matter with Higgses. The matrix reads

M5×6
χν =




− 1√
2
gν − 1√

2
g′νX

1√
2
g′νX 0 0 0

1√
2
gν 1√

2
gνX − 1√

2
gνX 0 0 0

3
√

2g′′ν 3
√

2g′′νX −3
√

2g′′νX −5
√

2g′′N −5
√

2g′′NX 5
√

2g′′NX

0 0 κX 0 0 εX
κm κX 0 εm εX 0




(3.49)

where, in order to de-clutter notation, we are taking the fields names as to represent the

VEVs. We notice that the B-RPV couplings κ and ε are superpotential terms, while the top

three rows is generated by kinetic terms only.

The lower-right 6×6 block is purely from the superpotential, and includes only the masses

involving ν-type and/or N -type fermions. To obtain the mass, one performs the usual SUSY

rule for fermionic masses
(
M6×6

ν

)
ij

= −1

2

∂2

∂ψi∂ψj
Wtotal (3.50)

where i, j = {ν, νX , νX , N,NX , NX}.
This 6×6 matrix has three main blocks: the νν block, νN block, and NN block. Schemat-
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ically they are arranged, in our basis, as

M6×6
ν = −1

2

(
Mνν MνN

MT
νN MNN

)
(3.51)

The actual form of the matrix is obtained using the full superpotential in Eq. (3.35) .

Doing so, one gets the following sub-blocks. First we have the νν block that has mixing

between νX and ν, νX . In the sub-basis (ν, νX , νX) this reads

Mνν =




0 0 b7NXN
mpl

+ b10NXNX
mpl

+ µLXm

0 b8NXN
mpl

+ b11NXNX
mpl

+ µLX

0


 (3.52)

where we dropped the terms ν2/mpl, v2
u/d/mpl as they are irrelevant and to de-clutter, and

since this block is symmetric we omit the lower left triangular part. But notice that the terms

with coefficients b7, b8, b10, b11 can play an important role as they can generate heavy Dirac

masses, depending on the KM mechanism.

Next we have the νN block, where one can find the neutrino Dirac masses generated by

the Higgses VEV at the EWS. Taking the rows to be along the basis (ν, νX , νX), while the

columns along (N,NX , NX), this block reads

MνN =




vuyν + b7NXνX
mpl

b10NXνX
mpl

b7NνX
mpl

+ b10NXνX
mpl

b8NXνX
mpl

b11NXνX
mpl

b8NνX
mpl

+ b11NXνX
mpl

b7NXν
mpl

+ b8NXνX
mpl

b10NXν
mpl

+ b11NXνX
mpl

b7Nν
mpl

+ b10NXν
mpl

+ b8NνX
mpl

+ b11NXνX
mpl




(3.53)

where we dropped the sub-leading terms vu/dλ ' O(10−13) GeV.
Finally we have the NN block, that involves Dirac and Majorana masses generated

through the first two terms in Eq. (3.30). Ignoring the terms generated by Higgses and
sneutrino VEVs, in the sub-basis (N,NX , NX) this block reads

MNN = (3.54)

cn,k(k−1)k

m
2n−3
pl

N
n
XN

n−k
X

Nk−2 +
2c2,2
mpl

N
2
X

cn,kk(n−k)

m
2n−3
pl

N
n
XN

k−1N−k+n−1
X

cn,kkn

m
2n−3
pl

N
n−1
X Nn−k

X
Nk−1 + µN

Xm +
4c2,2
mpl

NXN

cn,k(−k+n−1)(n−k)

m
2n−3
pl

N
n
XN

kNn−k−2
X

cn,kn(n−k)

m
2n−3
pl

N
n−1
X N−k+n−1

X
Nk + µN

XX

cn,k(n−1)n

m
2n−3
pl

N
n−2
X Nn−k

X
Nk +

2c2,2
mpl

N2



where the orders of magnitude of each entry will largely depend on which KM scenario is

being considered. The matrix is symmetric so only the upper diagonal entries are displayed.

3.3.1 The mass matrix hierarchies

Following the description of the mass matrix above, we will now try to infer the hierarchies

between the entries of the matrix. First we notice that, regardless of the case (i.e. the allowed
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Kolda-Martin operators), the biggest entry in the mass matrix is always in the Gaugino-N

mixing block 1 . This result is understandable as we expect the breaking of the extra U(1)X

to transform a chiral superfield and a massless vector superfield into a single massive vector

superfield. The degrees of freedom add up correctly, and would mean that below the U(1)X

breaking scale we can take B̃X and the linear combination of N -states that break the U(1)X

to be integrated out jointly. The linear combination that breaks the extra U(1)X depends

on the exact values of the VEVs, but we can highlight some characteristics and how the

mass-matrix will look like after this is integrated out.

In order to single out the correct liner combination that breaks the extra U(1)X , one can

perform a rotation in the last three states – N , NX , NX – in order to retain only one mixing

mass between these states and the B̃X . In order to do so, in the limit the mass matrix is real,

the rotation is

U =




1 0

0 1 · · ·
...

. . .

cos(θ) − sin(θ) cos(φ) sin(θ) sin(φ)

sin(θ) cos(θ) cos(φ) − cos(θ) sin(φ)

0 sin(φ) cos(φ)




where the angles are determined by the strength of the mixing mass parameters. For instance,

in the n = 2, k = 0 Kolda-Martin mechanism presented before, the VEVs of the scalar compo-

nents of N , NX , NX are all of same order. In such case, taking θ ' 3π/4 and φ ' arctan
√

2

will leave only one state mixing with B̃X . For the other Kolda-Martin implementations, the

NX , NX VEVs are much larger than N VEV and so we can take θ ' 0 with φ ' 3π/4 to

accomplish the same.

The rotation above affects only the last three columns and rows. Since the entries of last

three columns of a given row will be mixed with at-most order 1 coefficients, whilst there

might be cancellations there will be no order of magnitude enhancements. Once the rotation

is performed one can then integrate out B̃X jointly with its Dirac partner. This in turn will

affect all the remainder of the matrix. For example, the entry i, j will receive a contribution

from integrating out a Dirac mass at position a, b of order

−Mi3Mbj

M3b

with some order one coefficients from the rotation. In this case we are setting one of the

1The caveat to this statement is if we allow for an order 1 Neutrino Yukawa, in that case the κ entry
originated from yν〈N〉LHu, will have the same order of magnitude. But since the B-RPV coupling above does
not involve B̃X , N , NX , or NX , the magnitude of this coupling does not change the following discussion. We
will return to B-RPV couplings further below.
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indices to 3 as this is the position of B̃X in our basis. The remaining index, b, refers to the

position of the linear combination that breaks the extra U(1)X . If, for example, the breaking

linear combination that breaks the extra U(1)X is mostly composed of NX , NX states, the

main contribution to the ν Majorana mass is given by

b10

mpl
〈ν〉〈νX〉 � 10−10 GeV

even if we let the respective coupling on, i.e. b10 ' O(1). Therefore, after the above rotation

and integrating out , the mass matrix remains schematically the same, but with the absence

of B̃X and a linear combination composed of N , NX , NX .

After integrating out the Dirac fermion originated by the breaking, one can see that the

Majorana and Dirac masses – generated at the U(1)X breaking scale – involving only the

surviving terms of the N , NX , NX system are the leading entries of the mass matrix. These

are present in the bottom-right-most 2 × 2 block. These states will then be responsible for

a type of see-saw mechanism involving the lighter SU(2) doublet states ν, νX , νX , with

EW scale Dirac mass terms. In order to make sense of this see-saw mechanism, the ν-states

need to be protected from too much mixing with the remaining gauginos and higgsinos, such

that the lightest mass eigenstate is dominantly composed of ν. Actually the mixing between

the ν-type states with gauginos is negligible since it is generated by ν-type VEVs and are

therefore sub-EWS. But the mixing with Higgsinos is parametrically dependent on N -type

VEVs through B-RPV terms, the so called κ mass parameters. In particular, the mixing with

Higgsinos constrains κm to be be at most O(GeV) [69–71].

The κ parameters defined in Equations (3.37), (3.38) and (3.39) can have other potentially

undesirable consequences as they can spoil Higgs physics. Consider, for example, the matter

B-RPV interaction, and assume that κm is significantly larger than any other mass involving

Hu. If this were to happen, then L and Hu superfields would pair up to produce a heavy

vector-like pair. Then Hu would be much heavier than the EWS physics and would spoil

Higgs physics, where Hu and Hd are identified as a vector-like pair. In order to preserve

viable Higgs physics, we need all κ-parameters to be much smaller than the remaining masses

appearing in the Higgs potential.

Finally, there is risk that ν, νX , νX states will mix with each other too much. To see

this consider the 3× 3 sub-block of the matrix as shown in Eq. (3.52). If all bi couplings are

suppressed, this matrix will maximally mix ν and νX through the µ-terms. But it is important

to note that while most of the bi interactions will be generated by Higgses and ν-type VEVs

(making them naturally sub-leading even if they are allowed by discrete symmetry) there are

two terms that can have important contributions

b10

mpl
NXNXννX ,

b11

mpl
NXNXνXνX , (3.55)
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which for the KM cases can generate Dirac masses much greater than µ-terms if the respective

bi coefficients are unsuppressed. This can then provide a natural mechanism to split ν from

νX , νX , if the coupling b10 is forbidden while b11 is allowed by the discrete symmetry. In this

case, we define

µ11 =
b11

mpl
〈NX〉〈NX〉 (3.56)

and the leading entries for Eq. (3.52) will take the form




0 0 µLXm
0 0 µ11

µLXm µ11 0


 , (3.57)

which will then lead to νX , νX to pair up and decouple from ν as µ11 � µLXm.

3.4 Numerical Results

As the full mass matrix presents an intricate structure of relations and hierarchies between

different states, it is ultimately impossible to obtain a simple and revealing analytic expression

that describes how one should obtain good neutrino physics. Instead, we perform a numerical

scan over space, ensuring that the above constraints are satisfied. In so doing, we divided the

analysis into different realisations of the Kolda-Martin mechanism, parameterised by different

values of (n, k), corresponding to the scenarios in Table 3.1 .

In all the cases, we considered a point of the parameter space to be good if the mass of

the lightest eigenstate of the mass matrix, identified as a physical neutrino, has a mass in the

range

[50, 100] meV, (3.58)

and in addition that the corresponding eigenstate is mostly composed of the left-handed

doublet component ν (i.e. the state arising from (ν e)T ). In order to do so, we compute the

decomposition of the eigenstate in the original basis

|νlight〉 = α|ν〉+ . . . (3.59)

and impose α to be the largest of the coefficients. As discussed in the previous section, the

prevalence of ν as the largest component of νlight will depend greatly on the parameters of the

mass matrix that mix different states, i.e. Dirac masses. For definiteness, we shall also require

that the second lightest mass eigenstate (essentially the lightest non-neutrino-like neutralino)

to be at least 100 GeV.

For each example, we only allow the particular desired Kolda-Martin operator while pre-

venting all tree-level Yukawas involving states of the extra vector-like family. Furthermore,
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unless otherwise stated we assume that all quadratic terms in Eq. (3.30) involving large VEVs

are turned off. As expected within the M Theory framework, the disallowed tree-level cou-

plings are regenerated through moduli VEVs, and so the respective coupling strength was set

to be of O(10−15). Along the same line, the µ-terms generated by moduli VEVs were set to

O(1) TeV.

Below we will show our findings for the only promising cases, which are (n, k) = (2, 0), (2, 1), (3, 0).

The other (n, k) assignments either returned to little points or no viable correlation to enhance

α. For example, cases (3, 1) and (4, 0) are not realised because NX , NX ' 1015.5 GeV and

the B-RPV coupling κm is generically greater than 1 GeV, spoiling the mass of the physical

neutrino. As we will see below, the only viable regions of the parameter space coincide with

a naturally suppressed B-RPV parameter.

3.4.1 ν component of the lightest state

From the discussion above, we expect the value of α to be correlated with some parameters

of the theory. Namely, we expect α to be enhanced if b11 is not suppressed and if the B-

RPV couplings κ-s, given in Equations (3.37), (3.38) and (3.39), are much smaller than any

other masses involving Higgsinos. Since any disallowed tree-level coupling can be regenerated

through moduli VEVs with a λ ' 10−15 suppression, we started our numerical study by

looking at the behaviour of α as we let b11 vary in the range

b11 ∈ [10−15, 1], (3.60)

which, in conjugation with a non-vanishing NX , NX VEVs will lead to non-vanishing µ11 as

defined in Eq. (3.56).

In order to assess the strength of the B-RPV terms allowed in the regions of the parameter

space that return good neutrinos, we also registered values of κ parameters at each point which

returned the neutrino mass inside the bounds stated.

(2, 0) and (2, 1) cases

For these two Kolda-Martin implementation cases, the three (N,NX , NX) VEVs are all

of order O(1010.5) GeV. As such, we allowed these VEVs to take values around

N, NX , NX ∈ [109.5, 1011.5] GeV (3.61)

to cover the range of expected values. Since with these values the mass matrix is very similar

for both (2, 0) and (2, 1) cases, we present them together.

As a consequence of the values of the VEVs above, the µ11 Dirac mass between νX , νX ,
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defined in Eq. (3.56), will take values spanning

µ11 = b11
NXNX

mpl
= b11[10, 105] GeV (3.62)

which means that, only for non-suppressed b11 we expect

µ11 � µLXm (3.63)

as required to split ν from νX , as discussed in section 3.3.1 .

The above considerations indicate us that the mechanism to split ν from νX will only

work for large values of b11. This can be seen in Figures 3.1a and 3.1b , where a slight

agglomeration of points around (α, b11) ' (1, 1) can be identified.
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(a) (2, 0) case
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Figure 3.1: Scatter plots showing the amplitude α of the left-handed doublet state ν in the
lightest mass eigenstate νlight as b11 varies for the (2, 0) and (2, 1) cases. The points are fairly
evenly distributed with a slight clustering near the desired value of α ≈ 1 for b11 ≈ 1.

On the other hand, we find that the κm parameter, representing the potentially most

dangerous B-RPV term, is mostly bounded to be smaller than 1 GeV, as is shown in Fig-

ures 3.2a and 3.2b . Although such small values of κm are welcome, the fact that there is

no clear preference for κm & 10−2 GeV suggests this class of models is challenged by BBN

constraints, cf. Eq. (2.64).

(3, 0) case

For the (3, 0) Kolda-Martin realisation, we found much promising results. Since the NX ,

NX VEVs are expected to be around O(1014.25) GeV, if we allow them to be in the range

NX , NX ∈ [1013.25, 1015.25] GeV (3.64)
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(a) (2, 0) case
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Figure 3.2: Scatter plots showing the amplitude α of the left-handed doublet state ν in the
lightest mass eigenstate νlight as κm varies for the (2, 0) and (2, 1) cases. The points are fairly
evenly distributed with a slight clustering near the desired value of α ≈ 1. The horizontal
dashed line represents the bound on the LSP lifetime, cf. Eq. (2.64).

we find

µ11 ∈ b11[108.25, 1012.25] GeV (3.65)

which implies that it is natural to achieve

µ11 � µLXm (3.66)

and consequently ν will decouple easily from the other ν-type states.

The above expectations are confirmed by the numerical results, and the lightest state will

be mostly composed of ν even for values of b11 below O(1). This behaviour can be seen in

Fig. 3.3a .

Interestingly, in the (α, κm) plane, shown in Fig. 3.3b we can see again that the mass

matrix prefers κm < 1 GeV in order to reproduce a mostly-ν lightest state. This confirms

result of [69–71] that B-RPV needs to be sufficiently suppressed in order to achieve good

physical neutrinos. Furthermore, all the good points also suggest κm & 10−2 GeV, satisfying

the requirement for successful BBN physics, cf. Eq. (2.64).

3.4.2 Matter Neutrino Yukawas and B-RPV couplings

From the above analysis we learned that for the (2, 0), (2, 1) and (3, 0) cases we expect a

non-suppressed b11 to enhance the component of ν in the lightest state. As such, we will now

consider this coupling to be of order 1 and re-run the analysis for these cases, with the goal

being to assess what typical values κm and yν should take for a successful implementation of

the proposed Kolda-Martin mechanism.
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(a) Scatter of (α, b11) plane
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Figure 3.3: Scatter plots showing the amplitude α of the left-handed doublet state ν in the
lightest mass eigenstate νlight as κm varies for the (3, 0) case. The points are fairly evenly
distributed except for a significant clustering near the desired value of α ≈ 1 for larger values
of b11. The horizontal dashed line represents the bound on the LSP lifetime, cf. Eq. (2.64).
The right panel shows that nearly all the points satisfy κm & 10−2 GeV.

(2, 0) and (2, 1) cases

In Figures 3.4a and 3.4b we see that the preferred points are those with yν . 10−10. This

suggests that for theses cases, the see-saw mechanism does not take a great role in explaining

the light neutrino masses.
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(a) (2, 0) case
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Figure 3.4: Histograms for the values of yν for the (2, 0) and (2, 1) cases with unsuppressed
b11

In Figures 3.5a and 3.5b we see that for these cases, the B-RPV parameter κm is naturally

very small. This result is easy to understand, considering the main contribution to κm,

provided in Eq. (3.37), to be

κm ' yν〈N〉,
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and given the range of values that we are allowing the VEVs to take, κm is expected to be

small. Unfortunately, some points returning good neutrino physics also return κm < 10−2

GeV, which means that these parameter points spoil BBN, cf. Eq. (2.64). Although not

shown here one can also find that κX , κX parameters, which mix LX , LX with Hu, Hd

respectively, are also constrained to be smaller than 1 GeV .
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Figure 3.5: Histograms for the values of yν and κm for the (2, 1) case with unsuppressed b11.
The vertical dashed line represents the bound on the LSP lifetime, cf. Eq. (2.64).

(3, 0) case

For this realisation of the Kolda-Martin mechanism, the results are slightly different but in

line with our expectations. In Fig. 3.6a we can see that the matter Yukawa coupling is allowed

to take values larger than in the previous case. This indicates that the see-saw mechanism

is having an effect on reducing the contribution of the matter neutrino Dirac mass to the

lightest eigenstate.

In Fig. 3.6b we see that κm is bound to be smaller than 1 GeV. The fact that κm takes

larger values for (3, 0) case than for the n = 2 cases is easily understandable. The main

contributions to κm are

κm ' yνN + λNX (3.67)

where the VEVs are expected as in Table 3.1 . These contributions are in general greater than

those in n = 2 cases, but they are still bounded to be smaller than 1 GeV. This is fortunate,

as κm & 10−2 GeV and hence this class of models retain the successful predictions of BBN,

cf. Eq. (2.64). As before, although not shown here also finds that κX , κX parameter are also

constrained to be smaller than 1 GeV .
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Figure 3.6: Histograms for the values of yν and κm for the (3, 0) case with unsuppressed b11

3.5 Conclusions and Discussion

In this chapter we have studied the origin of neutrino mass from SO(10) SUSY GUTs arising

from M Theory compactified on a G2-manifold. We have seen that this problem is linked

to the problem of U(1)X gauge symmetry breaking, which appears in the SU(5) × U(1)X

subgroup of SO(10), and remains unbroken by the Abelian Wilson line breaking mechanism.

In order to break the U(1)X gauge symmetry, we considered a (generalised) Kolda-Martin

mechanism. Our results show that it is possible to break the U(1)X gauge symmetry without

further SUSY breaking while achieving high-scale VEVs that play a crucial role in achieving

the desired value of neutrino mass.

The subsequent induced R-parity violation provides an additional source of neutrino mass,

in addition to that arising from the seesaw mechanism from non-renormalisable terms. The

resulting 11 × 11 neutrino mass matrix was analysed for one neutrino family and it was

shown how a phenomenologically acceptable neutrino mass can emerge. This happens easily

for the (n, k) = (2, 0), (2, 1) and (3, 0) cases of the Kolda-Martin mechanism we developed.

For these classes of models, not only is the neutrino masses phenomenologically viable, but

also the physical light neutrino eigenstate is almost entirely composed of the left-handed

(weakly charged) state ν in the same doublet as the electron (ν, e), as desired. Furthermore,

our analysis showed that the B-RPV parameters, which play an important role in neutrino

masses and low-energy dynamics, are in the required range, being smaller than 1 GeV. Finally,

we notice that the (n, k) = (3, 0) type of Kolda-Martin mechanism, and substantial number

of parameter points in (n, k) = (2, 0) and (2, 1) cases preserve the successful predictions of

BBN by allowing the LSP to decay quickly in early universe.

In conclusion, we have shown that SO(10) SUSY GUTs from M Theory on G2 manifolds

provides a phenomenologically viable framework, in which the rank can be broken in the
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effective theory below the compactification scale, leading to acceptable values of neutrino

mass, arising from a combination of the seesaw mechanism and induced R-parity breaking

contributions. In principle the mechanism presented here could be extended to three neutrino

families and eventually could be incorporated into a complete theory of flavour, based on M

Theory SO(10), however such questions are beyond the scope of this work.
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Chapter 4

Electroweakinos

4.1 Introduction

In the current chapter we are going to study the possibility of discovery of charginos/neutralinos

in the WZ channel at a proposed 100 TeV proton-proton collider1 . In the MSSM, which is

likely to be a low-energy limit of string/M Theory, the chargino-neutralino sector is particu-

larly important for several phenomenological reasons. Firstly, this sector contains Higgsinos,

whose mass parameter, µ, plays a crucial role in electroweak symmetry breaking. If the

MSSM provides a solution to the gauge hierarchy problem, at least some of the charginos and

neutralinos must be present not too far from the electroweak scale. Secondly, many SUSY

breaking scenarios suggest that one of the neutralinos becomes the lightest SUSY particle

(LSP). If the lightest neutralino is stable, for example due to a discrete symmetry like R-

parity, it might be a promising candidate for dark matter. A stable neutralino also plays a

crucial role in the collider phenomenology since the decay of supersymmetric particles will

always produce the LSP, leading to a distinctive missing energy signature.

The ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC) have put

considerable effort into looking for charginos and neutralinos in the LHC data. In hadron

colliders the expected limit and discovery reach for the charginos and neutralinos are con-

siderably weaker compared to those for squarks and gluinos. For the χ̃±1 χ̃
0
2 → W±χ̃0

1Zχ̃
0
1

simplified model with mχ̃±1
= mχ̃0

2
and mχ̃0

1
= 0 GeV, the current limit, based on 2016 Run 2

data, is mχ̃±1
>∼ 650 GeV [94, 95]. The clean experinentally, but suppressed by branching ra-

tios, three-lepton channel alone gives a weaker bound of about mχ̃±1
>∼ 500 GeV. Studies have

been also performed into the projected experimental reach of the 14 TeV LHC using the same

simplified model. In particular, the ATLAS collaboration expects [96] the 5-σ discovery reach

(95% CL limit) in the three-lepton channel for the chargino mass of about 550 (880) GeV

with L = 300 fb−1 and 800 (1100) GeV with L = 3000 fb−1. Similar sensitivities are expected

1In fact there are two proposal of a
√
s = 100 TeV hadron machine. First one is CERN based FCC-hh, see

https://fcc.web.cern.ch, and second is China’s IHEP based SppC, see http://cepc.ihep.ac.cn
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by CMS collaboration as well [97]. For massive neutralinos (mχ̃0
1
> 0 GeV) or models with

BR(χ̃0
2 → hχ̃0

1) > 0, the limit and discovery reach become weaker and are well below those

required by typical dark matter model.

Following the recent discussion of the next generation of circular colliders several physics

cases at proton-proton colliders with
√
s ' 100 TeV have already been studied [98–116]. For

review see [117] and a recent CERN Yellow Report [118]. In particular, the limit and discovery

reach for coloured SUSY particles have been studied in the context of simplified models

assuming a 100 TeV proton-proton collider with 3000 fb−1 of integrated luminosity [98].

Searches for the mono-jet [104], vector boson fusion [111] as well as the mono-photon, soft

lepton and disappearing track signatures [108,109] have been studied in the similar setup for

production of the pure W -inos (Higgsinos), assuming they are the main component of the

LSP.

In this chapter, based on the publication [17], we study chargino-neutralino search at a

100 TeV collider assuming 3000 (1000) fb−1 luminosity exploiting the WZ channel. Instead

of employing a simplified model approach, we work on a model which may arise as a limit

of concrete UV complete scenarios. Partially motivated by string/M-Theory results, see

Sec. 1.4.2 , as well as anomaly mediation SUSY breaking scenarios and split supersymmetry

[119–124], we assume that all SUSY particles apart from gauginos are decoupled and one of

the neutralinos becomes the lightest SUSY particle. In particular we assume M2 > µ > 0

and M2−µ� mZ , where M2 is the W -ino mass and µ is the Higgsino mass. In this scenario

Higgsinos form the main component of the lighter charginos and neutralinos (χ̃±1 , χ̃
0
1, χ̃

0
2 ∼

H̃±, H̃0
1 , H̃

0
2 ) and W -inos compose the heavier charginos and neutralinos (χ̃±1 , χ̃

0
3 ∼ W̃±, W̃ 0).

This choice of the mass hierarchy provides the highest discovery reach as production cross

sections of Winos are higher than that of Higgsinos. The results we present can also be easily

extended to the opposite scenario M2 < µ that appears to be more generic in models from M

Theory on G2 [11]. We will also assume that the lightest neutralino is stable, or at least stable

enough comparing to the collider time scale so that it escapes detection leaving a distinctive

missing energy signature 2 .

They are other groups that have studied experimental reach of chargino-neutralino searches

in multi-lepton channels at a 100 TeV collider [115, 116]. In particular, authors of [116] also

investigate models that can arise from a UV complete theory. Apart from the Wino–Higgsino

scenario with Higgsino being the LSP, as studied in this chapter, they report on other possible

cases, when Wino or Bino is the LSP. In their analysis they have also included other than

the 3 lepton search channel, investigating the opposite/same-sign di-leptons and four lepton

channels as well. The prime advantage of our study, however, is that we include possible

2We have seen in chapter 3 that the LSP might not be stable in models arrising from string/M Theory
as R-parity violation can be present. Also, in [74] it was found that a generic string/M-theory model (with
or without RPV) has the lightest visible neutralino decaying into a hidden sector. Depending on the specific
scenario non-standard SUSY searches might be more appropriate [69]
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detector effects using Delphes 3 [125] fast detector simulation. In [115], on the other hand,

a different approach, based on that of Collider Reach [126], was taken. The experimental

reach of a future collider there is estimated based on current collider limits extrapolated to

higher centre of mass energy assuming appropriate scaling of signal and background events

acceptances and efficiencies. This approach means only signal cross sections are needed to

place limits. No event simulations are required.

The rest of the chapter is organised as follows. In section 4.2 , we describe the model setup

and study the production cross sections and branching ratios of charginos and neutralinos.

After clarifying our simulation setup in section 4.3 , various kinematic distributions for signal

and background are studied in section 4.4 , which will be used to design optimal event selection

cuts for the chargino-neutralino search. In section 4.5 , we present the result of our analysis

and derive the limit and discovery reach in the M2−µ parameter plane. The conclusions are

given in section 4.6 .

4.2 The cross sections and branching ratios

4.2.1 The model setup

As mentioned before, in this chapter we focus on the models with M2 > µ > 0 and M2−µ�
mZ , where the µ is the mass of the Higgsinos and M2 is the mass of the W -inos since the W -

ino production cross section is larger than the Higgsino cross section. We assume that all the

other SUSY particles, including the B-ino, are decoupled and all SUSY breaking parameters

are real for simplicity. In this situation the mixing between W -ino and Higgsino is negligible;

the two Higgsino doublets are the lightest charginos and the two lightest neutralinos (which

are almost degenerate) and the W -inos (SU(2) triplet) are the second lightest charginos and

the third lightest neutralino (almost mass degenerate):

χ̃±1 , χ̃
0
1, χ̃

0
2 ∼ H̃±, H̃0

1 , H̃
0
2 with mχ̃±1

' mχ̃0
1
' mχ̃0

2
' |µ|,

χ̃±2 , χ̃
0
3 ∼ W̃±, W̃ 0 with mχ̃±2

' mχ̃0
3
' |M2|, (4.1)

where H̃0
1/2 = 1√

2
(H̃0

u ∓ H̃0
d) is the neutral Higgsino mass eigenstate. With this setup, the

remaining free parameters are M2, µ and tanβ. We use tanβ = 10 throughout our numerical

study. However, the impact of tanβ on the production cross section and branching ratio of

the charginos and neutralinos that are W -ino or Higgsino like is almost negligible unless tanβ

is extremely small. We therefore believe our results including the chargino-neutrino mass

reach are still useful for other values of tanβ.
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(a) LO production cross sections

q̄′

q
˜
W±/

˜
W 0

˜
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˜
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W±/Z0

(b) W-ino production diagram

q̄′
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˜
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(
˜
H+/

˜
H0

1

)

˜
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1/2/
(
˜
H−/

˜
H0

2

)

W±/
(

Z0
)

(c) Higgsino production diagram

Figure 4.1: (a) The leading order cross sections for the W -ino and Higgsino pair productions
at a 100 TeV proton-proton collider with decoupled squarks and sleptons. Corresponding,
dominant W-ino (b) and Higgsino (c) pair-production diagrams are also presented.

4.2.2 The cross sections

We show the leading order (LO) cross sections for the W -ino and Higgsino pair productions

at a 100 TeV proton-proton collider in Fig. 4.1a . The cross sections are calculated using

MadGraph 5 [127]. Since squarks are decoupled, the W -inos and Higgsinos are produced via

the s-channel diagrams exchanging off-shell W± and Z bosons, see Figures 4.1b and 4.1c. For

the pure W -inos and Higgsinos, there is no associated W -ino-Higgsino production process.

Pair production of the same neutralino states, W̃ 0W̃ 0, H̃0
1 H̃

0
1 , H̃0

2 H̃
0
2 , are also absent.

One can see that the W̃±W̃ 0 production mode has the largest cross section. The LO cross

section varies from 103 fb to 10−2 fb for the W -ino mass from 500 GeV to 8 TeV.

4.2.3 The branching ratios

The W -ino-Higgsino interaction is derived from the kinetic terms of Higgsinos.

L ⊃
[
H†ue

VHu +H†de
VHd

]
θ4

⊃
√

2g(H∗uW̃
aT aH̃u −H∗dW̃ aT aH̃d) + h.c. (4.2)
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The Higgs and Higgsino fields can be written in terms of the Goldstone bosons and the mass

eigenstates as:

(
H+
u

H0
u

)
=

(
sinβ · φ+ + · · ·

1√
2
(cosα · h+ i sinβ · φ0) + · · ·

)
,

(
H̃+
u

H̃0
u

)
'
(

H̃+

1√
2
(H̃0

1 + iH̃0
2 )

)
,

(
H0
d

H−d

)
=

(
−1√

2
(sinα · h+ i cosβ · φ0) + · · ·
− cosβ · φ− + · · ·

)
,

(
H̃0
d

H̃−d

)
'
(

1√
2
(H̃0

1 − iH̃0
2 )

H̃−

)
, (4.3)

where h is the SM like Higgs boson, and φ0 and φ± are the Goldstone bosons to be eaten by

the SM gauge bosons, Z and W±, respectively. The angles α and β represent the mixing for

the neutral and charged Higgs mass matrices.

In the large tanβ limit, we have cosα/ sinα ' (− sinβ)/ cosβ, and one can see that the

hW̃H̃, φ0W̃ H̃ and φ±W̃ H̃ have the same coupling. In this limit one can find the following

results using the Goldstone equivalence theorem [128].

BR(W̃±) '





0.5 →W±H̃0
1 or W±H̃0

2

0.25 → hH̃±

0.25 → ZH̃±

BR(W̃ 0) '





0.5 →W±H̃∓

0.25 → hH̃0
1 or hH̃0

2

0.25 → ZH̃0
1 or ZH̃0

2

(4.4)

The different CP properties between h and φ0, and H̃0
1 and H̃0

2 result in the different rates

for W̃ 0 → hH̃0
1 and W̃ 0 → ZH̃0

1 , hH̃
0
2 . These rates are given by

BR(W̃± →W±H̃0
1 ) ' BR(W̃± →W±H̃0

2 ),

BR(W̃ 0 → hH̃0
1/2) ' BR(W̃ 0 → ZH̃0

2/1),

BR(W̃ 0 → ZH̃0
1 )

BR(W̃ 0 → hH̃0
1 )

' 1− 2|µ/M2|
1 + 2|µ/M2|

. (4.5)

Fig. 4.2 shows the branching ratios of W̃± and W̃ 0, which have been calculated using

SUSY-HIT [129]. One can see that the branching ratios approach Eq. (4.4) in the large M2

limit. For the region where |M2 − µ| is close to the masses of SM bosons, the decay mode

into W± enhances since it has the largest phase space factor.

Since the charged and neutral W -inos are almost mass degenerate, it may not be possible

to resolve W̃± → XY and W̃ 0 → X ′Y ′ in hadron colliders if XY is equal to X ′Y ′ up to

soft activities. Similarly, four degenerate Higgsinos would not be resolvable, since H̃± and

H̃0
2 usually decay promptly into H̃0

1 and their decay products are too soft to be detected.

We therefore categorise the processes into distinguishable groups in terms of the SM bosons
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(a) (b)

Figure 4.2: The branching ratios of W̃± (a) and W̃ 0 (b) as functions of M2. The µ parameter
is fixed at 200 GeV. The SUSY particles other than W -inos and Higgsinos are decoupled.

appearing in the final states. For example, χ′χ′ → WZχχ process (WZ mode) includes

W̃+W̃− → (W±H̃0
1/2)(ZH̃∓), W̃±W̃ 0 → (W±H̃0

1/2)(ZH̃0
1/2), (ZH̃±)(W±H̃∓) and W̃ 0W̃ 0 →

(W±H̃∓)(ZH̃0
1/2). We show the cross sections of the all 6 distinguishable modes, WZ, Wh,

WW , ZZ, Zh and hh modes, in the M2 − µ plane in Fig. 4.3 .

One can see that the modes containing at least one W have considerably larger cross

sections compared to the others at the same mass point. In particular, the WZ mode is

promising3 because one can reduce the QCD and tt̄ backgrounds significantly by requiring

three high pT leptons (See Fig. 4.4) . Taking advantage of this we henceforth study the

expected discovery reach and exclusion limit for chargino-neutralino production in the fully

leptonic WZ mode 4.

In Fig. 4.5 , we show the cross section of the WZ mode after taking account of the branch-

ing ratios of the gauge bosons into 3`+ ν. The black curve represents the limit beyond which

less than 5 signal events (χ′χ′ →WZχχ→ 3`νχχ) are produced, assuming the integrated lu-

minosity of 3000 fb−1. This provides a rough estimate of the theoretically maximum possible

exclusion limit assuming zero background with perfect signal efficiency.

3The Wh mode is also interesting. See [95,130–135] for some recent LHC studies and results as well as [115]
for an estimated reach of a 100 TeV collider.
4Due to higher branching ratio of W to jets, lepton plus jet searches (2l + 2j) in the W (→ jj)Z(→ ll)

mode can be more sensitive than the 3l ones [95,135]. Nonetheless, the 3l case analysed here should be a good
estimate of the sensitivity of a 100 TeV collider in the chargino-neutralino sector.
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Figure 4.3: The cross sections of the 6 distinguishable modes, χ′χ′ → XY χχ with XY =
WZ,Wh,WW,ZZ,Zh and hh, as functions of M2 and µ. SUSY particles other than W -inos
and Higgsinos are decoupled.

4.3 The simulation setup

We use the Snowmass background samples [136] to estimate the Standard Model (SM) back-

grounds. We include the relevant SM processes, which are summarised in Table 4.1 .

For signal events we first generate chargino and neutralino production events using MadGraph 5

[127] with the MSSM parameters and decay widths obtained by SUSY-HIT [129] and BRIDGE

[137] respectively. MadGraph 5 is a general purpose matrix-element-based event generator,

capable of computing leading order and, in strong αs, next-to-leading order amplitudes for

arbitrary processes. Provided with Feynman rules of a model, MadGraph 5 generates all rel-

evant, for processes studied, Feynman diagrams and helicity amplitudes. Equipped with an
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Figure 4.5: The cross section of χ′χ′ → WZχχ → 3 `νχχ as a function of M2 and µ. The
black curve represents the limit beyond which less than 5 signal events are produced, assuming
the integrated luminosity of 3000 fb−1.

interface to parton distribution libraries it can then calculate cross sections and generate

parton-level events. In our studies we use MadGraph’s build-in MSSM model with mass and

mixing parameters calculated with SUSY-HIT spectrum generator. SUSY-HIT works on so

called phenomenological MSSM (pMSSM) [138,139], a subset of the general MSSM parame-

ter space, with 22 free parameters defined at either low or high energy scale. SUSY-HIT can
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run to an arbitrary scale with the renormalization group evolution (RGE) with up to two-loop

level accuracy, implementing the radiative EWSB and calculating the pole masses and mixing

between different mass-eigenstates. Although SUSY-HIT is also capable of calculating decay

widths and branching ratios for SUSY particles, we are using a separate software, BRIDGE,

that is also able to handle decays of unstable particles. BRIDGE is a decay width and branching

ratio calculator for an arbitrary physics model. It is capable of handling 2 and 3 body decays

and it attempts to preserve the angular structure of events using proper helicity amplitudes

for each decay.

We consider two production processes for our signal sample, pp → χ+
2 χ
−
2 and pp →

χ±2 χ
0
3, where χ±2 ∼ W̃± and χ0

3 ∼ W̃ 0, with the dominant production diagram shown in

Fig. 4.1b. The parton-level samples generated with MadGraph 5 are then passed to BRIDGE

to have the charginos and neutralinos decay. We then only accept the events with W and

Z in the final states, and pass those events once again to BRIDGE to let W and Z decay

leptonicaly. Finally we simulate the effects of parton shower, hadronization and detector

resolutions using Pythia 6 [140] and Delphes 3 [125]. Pythia 6 is a multi-purpose Monte-

Carlo event generator. It is capable of performing initial and final state parton shower,

generating underlying events, performing hadronisation and decay of unstable particles, to

name the most important features, producing complete events as expected in particle collider

experiments. The hadron-level events, output of Pythia 6, can be then run through a detector

simulation software in order to model a detector response. Since no specific detector design is

available for a 100 TeV collider at the moment we use a simplified detector simulation provided

by Delphes 3 tuned according to the Snowmass detector framework [136]. Delphes 3 takes into

account the effect of magetic field on charged particles, the granularity of the calorimeters and

sub-detector resolutions. Instead of performing detailed physics modeling, as for example done

in Geant4-based simulations [141], that is heavy computentionally, Delphes 3 parameterises

the response of different detector components for fast processing speed. Delphes 3 based

results are less-reliable than deticated detector response studies, but with no specific detector

design for a 100 TeV collider this gives reasonable handle on potential detector effects. The

Snowmass detector framework assumes the performance of a future collider detector to be at

least as good as the performance of ATLAS and CMS detectors.

4.4 The kinematic distributions

In this section we show some kinematic distributions for the background and signal events.

We consider the WZ mode for signal and diboson (VV) and top-pair plus gauge boson (ttV)

processes for backgrounds. The signal distributions are generated at a benchmark point:

M2 = 1.4 TeV, µ = 200 GeV. Throughout this section we use a notation denoting the i-th

hardest lepton (electron or muon) by `i (namely, pT (`i) > pT (`j) for i < j).
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Name Snowmass Relavant sub-processes σNLO
total [pb]

diboson VV W+W−, W±Z, ZZ 430.5
top-pair + gauge boson ttV tt̄W±, tt̄Z, tt̄ h 219.9

top + gauge boson tV tW±, t̄W± 182.5
triple gauge boson VVV W+W−W±, W+W−Z, W±ZZ, ZZZ 36.4

Table 4.1: The Standard Model background included in the analysis. For each background
category, we only list sub-processes relevant in the 3 lepton analysis. Reported cross sections
include all sub-processes in corresponding background categories.

Fig. 4.6a shows the normalised distributions of the leading lepton pseudo-rapidity, η`1 , for

signal (black) and background (red for VV and green for ttV). The distributions are obtained

at a parton level without selection cuts apart from pT (`1) > 10 GeV to understand the bare

distribution before taking the detector acceptance into account. One can see that the leptons

in the background tend to be more forward compared to the signal leptons. The production

threshold is much lower for the backgrounds and more asymmetric momentum configurations

are allowed for the initial partons. If one of the initial partons has a much larger momentum

than the other, the system is boosted in the direction of the beam pipe and the leptons

tend to be produced in the forward region.5 Another effect is as follows. Unlike the signal,

production of the backgrounds have a contribution from t-channel diagrams. In 100 TeV

colliders, the SM gauge bosons can effectively be regarded as “massless” particles and there

is an enhancement in the region of the phase space where the gauge bosons are produced in

the forward region.

Fig. 4.6b shows the pT distributions of the three hardest leptons. The distributions are

obtained after taking the hadronization and detector effects into account and requiring at

least 3 leptons (with pT > 10 GeV, |η| < 2.5), of which two are same flavour and opposite

sign (SFOS). As can be seen, the pT -spectrum of background leptons has peaks below 100

GeV, whilst the signal peaks at around 300, 150 and <∼ 50 GeV for the leading, second leading

and third leading leptons for our benchmark point.

We also show the Emiss
T distributions in Fig. 4.6c , where we use the same event sample

as those in Fig. 4.6b . The main source of the Emiss
T in the background are the neutrinos

produced from W and Z decays and the distribution has a peak around 30− 40 GeV. Above

this peak, the background Emiss
T distribution falls quickly. On the other hand, a large Emiss

T

can be produced from the signal from the decays of heavy charginos and neutralinos. The

typical scale of Emiss
T is given by ∼M2/2. As can be seen, the signal distribution has a peak

around 500 GeV. This indicates that a hard cut on Emiss
T will greatly help to improve the

signal to background ratio.

5For the W+Z background, the initial state is often u and d̄. If the partonic collision energy is much smaller
than the proton-proton collision energy, it is more likely to find a valence quark u carrying a larger fraction of
the proton momentum compared to the sea quark d̄.
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Figure 4.6: The distributions of (a) the leading lepton pseudo-rapidity, η`1 , (b) pT of the
three hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT .
The backgrounds are diboson (VV) and associated top-pair plus vector boson production
(ttV). The signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200
GeV, and only WZ mode is considered. The parton level events are used for (a), whilst the
detector level events after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).

We show the transverse mass mT distributions in Fig. 4.6d , where the event samples are

again the same as those used in Fig. 4.6b . We define mT ≡
√

2|pT (`′)||Emiss
T |(1− cos ∆φ),

where `′ is the hardest lepton amongst those not chosen as the SFOS lepton pair and ∆φ is

the azimuthal difference between the `′ and the direction of −→p miss
T . In the WZ background,

this distribution has an endpoint at mW and above the endpoint the distribution drops very

sharply. In the signal events, the distributions are much broader, as can be seen in Fig. 4.6d .

A harsh cut on mT would also be very helpful to reject a large fraction of background without

sacrificing too many signal events.
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Signal Region 3 lepton pT [GeV] Emiss
T [GeV] mT [GeV]

Loose > 100, 50, 10 > 150 > 150
Medium > 250, 150, 50 > 350 > 300

Tight > 400, 200, 75 > 800 > 1100

Table 4.2: The event selection cuts required in the signal regions. These cuts are applied on
top of the preselection cuts.

4.5 The limit and discovery reach

4.5.1 The event selection

Our event selection consists of two parts: preselection and signal region (SR) selection.

The preselection requirement is:

• exactly three isolated leptons with pT > 10 GeV and |η| < 2.5,

• a same-flavour opposite-sign (SFOS) lepton pair with |mSFOS
`` −mZ | < 10 GeV,

• no b-tagged jet.

With the first condition one can effectively reject the QCD, hadronic tt̄ and single gauge

boson backgrounds. The definition of lepton isolation and some discussion around it is given

in Appendix A.2 . The second condition is introduced to remove the leptonic SM processes

without Z bosons, such as tt̄W± and W+W−W±. The last condition is effective to reduce

the SM backgrounds containing top quarks. In the simulation we use the b-tagging efficiency

of about 70 %, which is set in the Delphes card used in the Snowmass backgrounds.

In order to obtain as large coverage as possible in the M2 − µ parameter plane, we define

three signal regions: Loose, Medium, Tight. These signal regions are defined in Table 4.2 .

The selection cuts are inspired by the kinematical distributions shown in Fig. 4.6 . The

Loose region, which has the mildest cuts, is designed to constrain the degenerate mass region

(M2 >∼ µ), whereas the Tight region, which has the hardest cuts, targets the hierarchical

mass region (M2 � µ). The Medium region is also necessary to extend the coverage in the

intermediate mass region.

The visible cross section (the cross section for the events satisfying the event selection

requirements) for each signal region is shown in Appendix A.3 . The information for the

detailed breakdown of the background contribution and the visible cross section at each step

of the selection is also shown. The number of total background events are expected to be

38400, 810 and 12.3 for the Loose, Medium and Tight signal regions, respectively, at 3000

fb−1 of integrated luminosity.
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Figure 4.7: The exclusion limits (a) and the discovery reaches (b) obtained from three signal
regions. The integrated luminosity of 3000 fb−1 is assumed.

4.5.2 The result

In Fig. 4.7a , we show the 2σ exclusion limits in the µ −M2 parameter plane obtained by

the different signal regions. The shaded regions have S/
√
B ≥ 2, where S and B are the

number of expected signal and background events falling into the signal regions, respectively.

For signal we use a constant k-factor of 1.3 across the parameter plane. One can see that

the three signal regions are complementary and M2 can be constrained up to ∼ 1.8 TeV for

µ <∼ 800 GeV.

Fig. 4.7b shows the 5σ discovery reach (S/
√
B ≥ 5) obtained from the different signal

regions. As can be seen, the Loose and Medium signal regions provide the discovery reach

up to about 850 and 1.1 TeV, respectively, for µ <∼ 450 GeV. On the other hand, the Tight

signal region does not have sensitivity to S/
√
B ≥ 5.

We show in Fig. 4.8a the global 2σ exclusion limits for integrated luminosities of 3000

fb−1 (red) and 1000 fb−1 (blue). The global exclusion limit is obtained by choosing the signal

region that provides the largest S/
√
B for each mass point. The shaded regions around the

solid curves represent the uncertainty when varying the background yields by ±30 %. One

can see that changing the background by 30 % results in a ∼ 100 GeV shift in M2 for the

µ�M2 region. M2 can be constrained up to 1.8 TeV with µ <∼ 800 GeV for 3000 fb−1, which

can be compared with the projected chargino neutralino mass limit of 1.1 TeV for the high

luminosity LHC with 3000 fb−1 obtained by ATLAS [96]. For 1000 fb−1 the limit on M2 is

about 1.5 TeV with µ <∼ 400 GeV as can be seen in Fig. 4.8a .

Fig. 4.8b shows the global 5σ discovery reach for 3000 fb−1 (red) and 1000 fb−1 (blue)

with the 30 % uncertainty bands for background. One can see that charginos and neutralinos

can be discovered up to M2 <∼ 1.1 TeV with µ <∼ 500 GeV for 3000 fb−1 integrated luminosity,
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(a) (b)

Figure 4.8: The global exclusion limits (a) and the discovery reaches (b) for 3000 fb−1

(red) and 1000 fb−1 (blue). The shaded region represent the uncertainty when varying the
background yield by 30 %.

which can be compared with the projected ATLAS value of 0.8 TeV for the high luminosity

LHC [96]. For 1000 fb−1, charginos and neutralinos can be discovered up to 900 GeV with

µ <∼ 250 GeV.

Note that in our simulation we include both the WZ and ZZ modes in the signal sample,

though the contribution from ZZ mode is typically less than about 5 % after the selection

cuts. We have also investigated the contribution from the other modes and found these to be

of order ∼ 10 % or less, predominantly from Zh. This can therefore be considered as a small

uncertainty on the discovery limit.

4.6 Conclusion

We studied the prospect of chargino and neutralino searches at a 100 TeV pp collider assuming

3000 (1000) fb−1 of integrated luminosity. Our particular focus was the case where the Hig-

gsinos form the lightest SUSY states (the lightest charginos and the two lightest neutralinos,

which are almost mass degenerate) and W -inos form the second lightest states (the heavier

charginos and the third lightest neutralino, which are almost mass degenerate). The other

SUSY particles including B-ino are assumed to be decoupled, which is partly motivated by

the current LHC results as well as popular scenarios of SUSY breaking and its mediation.

We have shown that in this situation the LO production cross sections of 2 TeV W -inos are

as large as 100 fb−1 and the branching ratio of W -inos follows a simple formula, which can

be derived from the Goldstone equivalence theorem.

From a study of kinematic distributions of signal and background we found harsh cuts

on lepton pT (> 50 − 400 GeV), Emiss
T (> 150 − 800 GeV) and mT (> 150 − 1100 GeV)
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are beneficial to improve the signal and background ratio and designed three complementary

signal regions. Using these three signal regions, we found the 5σ discovery reach (2σ exclusion

limit) for the chargino-neutralino mass is 1.1 (1.8) TeV for µ <∼ 500 (800) GeV, which can be

compared with the projected LHC reach (limit) of 0.8 (1.1) TeV obtained by ATLAS [96].

For 1000 fb−1 the discovery reach (exclusion limit) for the chargino-neutralino mass is found

to be 0.9 (1.5) TeV for µ <∼ 250 (400) GeV.

We would also like to comment on other hierarchies in the chargino-neutralino spectrum.

In this study we have focused on a particular hierarchy (|M2| � |µ|) of the W -ino and

Higgsino states. If the LSP is a W -ino and the Higgsinos are not decoupled, one can consider

the Higgsino pair production process followed by the decay of Higgsinos into the W -inos.

As can be seen from Fig. 4.1a , the chargino-neutralino production has the largest cross

section similarly to the W -ino production case, though the size of the cross section is about

5 times smaller compared to the W -ino production. Moreover the same argument based on

the Goldstone equivalence theorem still holds for the Higgsino decay modes and leads to

Br(H̃0
1/2 → ZW̃ 0)/Br(H̃0

1/2 → hW̃ 0) ∼ 1. Therefore, the most promising channel in this

scenario is again WZ + missing energy final state and they are effectively searched for by

the 3-lepton analysis we have proposed in this chapter 6 . The same argument applies for the

B-ino LSP case with non-decoupled Higgsinos.

We should also point out that parallel to our work similar studies has been done by [116].

The authors considered a variable: HT (jets)/Meff , where HT (jets) is the scalar sum of all

reconstructed jet pT ’s and Meff is the sum of all reconstructed object pT ’s. This ratio is

very useful to discriminate the chargino-neutralino signal from background. We have checked

that adding this variable to our event selection improves our exclusion limit (discovery reach)

by 200 (300) GeV if the detector simulation is taken into account and the effective lepton

separation of ∆R = 0.3 is used. The authors of [116] used a milder lepton isolation criteria

and their study is without a detector simulation.

6For other search channels in the context of a 100 TeV collider, see [115,116].

76



Chapter 5

Summary and outlook

In this thesis models arising from M Theory compactified on G2 holonomy manifolds are con-

sidered. Against common lore that string/M theory bares no predictive power, developments

of recent years showed that quite the contrary, a few robust assumptions in the string/M

theory framework can lead to testable predictions.

In chapter 1 we review theoretical ingredients and generic features of G2 compactification

of M Theory that lead to feasible low-energy theories. In particular, below compactification

scale one effectively deals with N = 1 supersymmetric theories with gauge and matter fields

as well as scalar fields being remenants of compactification – moduli and axions. Strong

dynamics of a hidden sector stabilises moduli fields and breaks supersymmetry. Gravity

mediates the SUSY breaking to the visible sector, leading to all soft scalar masses and trilinear

couplings being proportional to the gravitino mass m3/2. Gaugino masses, on the other

hand, not receiving direct contributions from the hidden sector, are suppressed compared to

m3/2 by about two orders of magnitude. Cosmology constraints moduli mass to be about

m3/2 ∼ O(10 TeV) leading to a distinct particle spectrum with heavy (O(10 TeV)) sparticles

and light gauginos (O(100 GeV)).

Equipped with general results of M Theory on G2, in chapter 2 we explore phenomenology

of GUT models in string/M Theory framework with primarly focus on solving the infamous

doublet-triplet splitting problem. We start with known results of SU(5) GUT models, be-

fore embarking on study of SO(10) SUSY GUTs. In both cases a discrete symmetry non-

commuting with the GUT group is used to solve the doublet-triplet splitting problem, however

in the SU(5) case triplets can be made heavy, while in the SO(10) case they remain light and

can only be decoupled from matter by suppression of colour triplets Yukawas. In order to

restore the gauge coupling unification, spoiled by light triplets, we include an extra vector-like

pair 16X + 16X . We argue that these extra multiplets, also required to break the additional

U(1)X gauge symmetry, inevitably lead to R-parity violating operators. We find that the

constraints on RPV operators from proton lifetime and LSP decays are naturally satisfied,

however, they contribution to neutrino masses, without extra suppression, is potentially too
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large. We also comment on possibility of relaxing strict relations on parameters (e.g. soft

masses, Yukawas) imposed by SO(10) structure using effective matter multiplets constructed

with the help of the discrete symmetry.

In chapter 3 we provide details of a mechanism that breaks the extra U(1)X gauge sym-

metry in our SO(10) SUSY GUT model. The mechanism is similar to that of Kolda-Martin

where higher order terms in the superpotential induce vacuum expectation values for the

scalar right-handed neutrino components NX , NX of the vector like pair 16X + 16X . The

symmetry breaking induces R-parity violating interactions which together with other contri-

butions, e.g. those coming from the see-saw mechanism, have impact on neutrino masses. The

case of a single neutrino family is studied in great details and we presented several scenarios

that result in phenomenologically viable neutrino masses and RPV terms being under control.

We conclude that the SO(10) SUSY GUT model from M Theory on G2 manifolds provides

a phenomenologically viable results with interesting predictions (e.g. light vector like pair,

RPV) for physics at the LHC and other experiments.

In chapter 4 the prospect of discovering charginos and neutralinos at a future hadron col-

lider with
√
s = 100 TeV is investigated. Following general results of M Theory compactified

on G2 manifolds one expects gauginos to be lightest supersymmetric particles. Since scalar

superpartners are potentially more than an order of magnitude heavier, gauginos are likely

to be first beyond SM particles to be discovered. In our study we consider models where

Higgsinos form the main component of the LSP while W-inos are next lightest supersym-

metric particles (M2 > µ), however it is straight forward to consider reverse situation. With

sfermions decoupled, pair produced W-inos decay exclusively into W , Z or SM Higgs accom-

panied with Higgsinos. Motivated by a clean experimental signature we focus on WZ channel

with gauge bosons decaying leptonically that results in the 3-leptons plus MET signature we

search for. We design simple but effective signal regions which we apply on the results of

(simplified) detector-level simulations and evaluate discovery reach and exclusion limits. We

conclude that with 3000 fb−1 of integrated luminosity, W-inos could be discovered (excluded)

up to 1.1 (1.8) TeV if the spectrum is not compressed.

Finally, let us comment on possible directions for future studies in the field of string/M

theory phenomenology. First of all, there is a huge mathematical challenge of finding ex-

plicit examples of compact G2 holonomy manifolds with all the singularities required for

phenomenological purposes. Although dualities with other string corners strongly suggest

that such examples should exist, there are not known currently. From phenomenoligical per-

spective it is still not clear to what extent M Theory can explain the structure of Yukawa

couplings we observe. What can it tell about the Cabibbo–Kobayashi–Maskawa and Pon-

tecorvo–Maki–Nakagawa–Sakata matrices? Those questions are particularly relevant to ad-

dress in full glory for the SO(10) case considered here, where light states from the vector-like

pair are likely to cause, observable in the near future, deviation from SM expectations. Still
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open is the question what the dark matter is made from. String/M theory framework provides

at least three different possibilities: visible sector supersymmetric particles, hidden sector par-

ticles and/or axions, each with their own properties and signatures. With new generation of

experiments in energy, precision and cosmology frontiers either proposed or already entering

service we should be able to start seeing answers for above and many more questions in the

near future.
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Appendices

A.1 Charge fields Wilson Line absorption

In this section we will present a relation between Wilson line breaking pictures based on a

5D toy model compactified along a 5th dimensional circle S1 of radius R, i.e. the space is

M4 × S11. On the one hand, a Wilson line corresponds to a non-trivial background gauge

field B4 (along the fifth dimension), that cannot be gauged away in M4×S1. From the point

of view of a covering space M4×R1, however, one can gauged away the background field BM ,

however being left with charge fields absorbing the Wilson line as in Eq. (2.5).

Let’s assume that we have a model on M4 × S1 with the (GUT) gauge group G = SU(5)

that we want to break to SM’s H = SU(3)C × SU(2)L × U(1)Y . We have a gauge field AM ,

naturally transforming in the adjoint representation of SU(5) and a field ψ in the fundamental

representation. The Wilson line W that breaks the gauge group appropriately to SM can be

written as:

W = diag
(
ei 2θ, ei 2θ, ei 2θ, e−i 3θ, e−i 3θ

)
, (A.1)

where θ is a constant. The fundamental group of S1 being isomorphic to group (Z,+) is not

finite, but can be generated by a single element to which Eq. (A.1) corresponds. As π1(S1)

is not finite, there might not be an integer N such that WN = 1.

The Wilson line Eq. (A.1) can be generated from a flat background field B non zero along

extra-dimensional component:

B4 = diag

(
2θ

2πR
,

2θ

2πR
,

2θ

2πR
,
−3θ

2πR
,
−3θ

2πR

)
, (A.2)

following the definition of Wilson lines, Eq. (2.1):

W = exp

(
i

∫ 2πR

0
B4 dx4

)
. (A.3)

From the point of view of the coverning space R1 of the circle S1 = R1/L, where L : x→
1This example is inspired by Section 7 in [142]
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x+ 2πR, fields satisfy periodic boundary conditions:

ψ(xµ, x4 + 2πR) = ψ(xµ, x4),

A4(xµ, x4 + 2πR) = A4(xµ, x4). (A.4)

The background field B4 can be written as a pure gauge:

B4 = iΛ−1(x4)∂4Λ(x4), (A.5)

with

Λ(x4) = diag(ei
2θx4
2πR , ei

2θx4
2πR , ei

2θx4
2πR , ei

−3θx4
2πR , ei

−3θx4
2πR ). (A.6)

Now, we can apply a gauge transformation Ω(x4) = Λ(x4) transforming fields according to

their representations:

ψ(xµ, x4) → ψ′(xµ, x4) = Ω(x4)ψ(xµ, x4),

A4(xµ, x4) → A′4(xµ, x4) = A4(xµ, x4)− Ω†(x4)∂4Ω(x4). (A.7)

This transformation Ω(x4) clearly gauge away the background field BM , however, it does

not satisfy the periodic boundary condition, but pick up the phase W, Eq. (A.1), under a

periodic translation x4 → x4 + 2πR:

Ω(x4 + 2πR) =W Ω(x4). (A.8)

This changes the boundary condition for fields transforming in fundamental representa-

tion, e.g.:

ψ(xµ, x4 + 2πR) =W ψ(xµ, x4), (A.9)

leading to absorption of the phase W by those fields, breaking representation and in turn

breaking the GUT group.

A.2 The lepton isolation requirement

In hadron colliders, leptons (electrons and muons) may arise from heavy hadron decays.

Those “background” leptons are usually found together with other particles around them.

The leptons originating from gauge boson decays can therefore be distinguished from the

background leptons by investigating activity around the lepton. For this check, Delphes 3
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uses an isolation variable, I, defined as

I(`) =

∆R<R, pT (i)>pmin
T∑

i 6=`
pT (i)

pT (`)
, (A.10)

where the numerator sums the pT of all particles (except for the lepton itself) with pT > pmin
T

lying within a cone of radius R around the lepton. If I(`) is smaller than Imin, the lepton

is said to be isolated, otherwise gets rejected as background. The Snowmass samples were

generated using Delphes 3 with the lepton isolation parameters of R = 0.3, pmin
T = 0.5 and

Imin = 0.1.

A 100 TeV collider can explore charginos and neutralinos with their mass scale of a few

TeV. If the mass hierarchy between W -ino states and Higgsino states are much higher than

the gauge bosons mass scale, the W and Z produced from the W -ino decays will be highly

boosted. If such a boosted Z decays into a pair of same-flavour opposite-sign (SFOS) leptons,

those two leptons can be highly collimated, and one may be rejected by the isolation criteria

defined above.

To see the impact of this effect, we show the ∆RSFOS (the distance between the SFOS

pair2) distributions in Fig. A.1 . In Fig. A.1 , the background sample consists of the most

relevant processes, WZ and ttZ, which we have generated using MadGraph 5 and Phythia 6.3

For signal, we examine three benchmark points: (M2, µ)/GeV = (800, 200), (1200, 200) and

(1800, 200). The particle level samples are passed to Delphes 3 with the same detector setup

as used in Snowmass but with R = 0.05 for the lepton isolation cone radius.

Fig. A.1a shows the ∆RSFOS distributions after the preselection cuts. As can be seen,

signal events are more concentrated around the small ∆RSFOS values, while background has

rather flat distribution. One can also see that smaller ∆RSFOS is preferred for model points

with larger mass hierarchy.

In Fig. A.1b we present the same distributions of ∆RSFOS but with the requirement of

Emiss
T > 500 GeV and mT > 200 GeV on top of the preselection cuts. As can be seen, the

distributions are more concentrated for signal and background compared to the distributions

with only preselection cuts. This is because the harsh cuts on Emiss
T and mT call for large√

ŝ for the partonic collision, leading to more boosted Z for both signal and background

events. One can see that the significant fraction of events has a SFOS lepton pair lying

within ∆RSFOS < 0.3 of each other, and it is expected that the Snowmass lepton isolation

criteria with R = 0.3 would reject some fraction of signal and background events.

One can see the detrimental impact of the rather large lepton isolation criteria R = 0.3

2To be explicit, ∆RSFOS =
√

(∆φSFOS)2 + (∆ηSFOS)2, where ∆φSFOS and ∆ηSFOS are the azimuthal and
pseudo-rapidity differences between the SFOS lepton pair.
3In the WZ sample, two extra partons are matched with the parton shower radiation with the MLM

merging scheme [143].
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Figure A.1: The distributions of ∆RSFOS, the distance between the SFOS lepton pair, (a)
after preselection cuts, (b) after additional cuts: Emiss

T > 500 GeV and mT > 200 GeV. For
both plots, detector simulation has been done by Delphes 3 using the same detector setup
as the one used in Snowmass samples but with R = 0.05.

on our discovery reach in Fig. A.2 where we present the acceptance of signal events (for the

Loose SR) for different (M2, µ) model points. The acceptance drops as the mass difference

between Higgsinos and W-inos increases (producing more boosted Z) along the arrow marked

∆R. We therefore believe that employing smaller lepton isolation cone radius will improve the

chargino-neutralino mass reach to some extent, although a dedicated study in this direction

is beyond the scope of this work.

A.3 The visible cross sections

In this section we report the visible cross sections (the cross section after cuts) for each step

of the selection cuts for different processes. Four sets of samples are considered for the SM

background, which are defined in Table 4.1 . We show the results for three benchmark model

points for signal: (M2, µ)/GeV = (800, 200), (1200, 200) and (1800, 200). The (visible) cross

sections with k-factor = 3 are shown in fb for all tables in this section. Table A.1 shows

the (visible) cross sections for the cuts employed in the preselection stage. Table A.2 , A.3

and A.4 show the visible cross sections for the cuts used in Loose, Medium and Tight signal

regions, respectively. The last columns in Tables A.2 , A.3 and A.4 show S/
√
B assuming

3000 fb−1 of integrated luminosity for the three different benchmark points.
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Figure A.2: The acceptance of signal events for the Loose SR for different data points.
The higher the mass difference M2 − µ, the smaller lepton isolation (∆R) and the worst
reconstruction efficiency. This is inherited with the Snowmass detector card.

Process No cut = 3 lepton |mSFOS
`` −mZ | < 10 no-b jet

VV 3025348 2487 2338 2176
ttV 220161 792 552 318
tV 2764638 68.9 6.07 4.12

VVV 36276 76.1 56.2 56.2
BG total 6046422 3424 2952 2554

(M2, µ) = (800, 200) 1.640 0.588 0.565 0.534
(M2, µ) = (1200, 200) 0.397 0.124 0.119 0.111
(M2, µ) = (1800, 200) 0.0863 0.0190 0.0179 0.0170

Table A.1: The (visible) cross sections (in fb) for the cuts employed in the preselection.
The column marked ”No cut” shows the cross sections for the background processes (defined
in Table 4.1) and the cross section times branching ratio into 3 leptons via WZ for signal
benchmark points.
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Process p`T > (100, 50, 10) Emiss
T > 150 mT > 150 S/

√
B

VV 647 106 5.1
ttV 176 41.2 6.6
tV 0.665 0.391 0.0793

VVV 23.4 6.0 1.06
BG total 847 153 12.8

(M2, µ) = (800, 200) 0.506 0.465 0.381 5.82
(M2, µ) = (1200, 200) 0.109 0.103 0.090 1.38
(M2, µ) = (1800, 200) 0.0168 0.0164 0.0150 0.234

Table A.2: The visible cross sections (in fb) used in the Loose signal region. The last column
shows S/

√
B assuming the 3000 fb−1 luminosity for different benchmark points.

Process p`T > (250, 150, 50) Emiss
T > 350 mT > 300 S/

√
B

VV 33.8 3.13 0.106
ttV 9.84 0.780 0.119
tV 0.037 0.0213 0.00132

VVV 1.87 0.291 0.0442
BG total 45.6 4.22 0.271

(M2, µ) = (800, 200) 0.170 0.107 0.0845 8.89
(M2, µ) = (1200, 200) 0.0572 0.0463 0.0408 4.30
(M2, µ) = (1800, 200) 0.0099 0.0088 0.0081 0.845

Table A.3: The visible cross sections (in fb) used in the Medium signal region. The last
column shows S/

√
B assuming the 3000 fb−1 luminosity for different benchmark points.

Process p`T > (400, 200, 75) Emiss
T > 800 mT > 1100 S/

√
B

VV 5.65 0.123 0.00166
ttV 1.03 0.0056 0.00092
tV 0.015 0.0001 0

VVV 0.350 0.0109 0.00153
BG total 7.05 0.140 0.00411

(M2, µ) = (800, 200) 0.0460 0.0020 0.0012 1.00
(M2, µ) = (1200, 200) 0.0238 0.0070 0.0052 4.45
(M2, µ) = (1800, 200) 0.0053 0.0031 0.0026 2.22

Table A.4: The visible cross sections (in fb) used in the Tight signal region. The last column
shows S/

√
B assuming the 3000 fb−1 luminosity for different benchmark points.
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