UNIVERSITY OF SOUTHAMPTON

Type 1 String Phenomenology

and Extra Dimensional Models

David Andrew James Rayner

A thesis submitted for the degree of

Doctor of Philosophy

Department of Physics and Astronomy

July 2002



Dedicated to Claudia and my family



UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF SCIENCE
PHYSICS

Doctor of Philosophy

Type I String Phenomenology
and Extra Dimensional Models

David Andrew James Rayner

We study the phenomenological consequences of type 1 string constructions and
higher-dimensional effective field theories involving Dirichlet-branes with the aim of
forging a connection between the underlying string theory and observable low-energy
physics. First, we propose a mechanism for mediating supersymmetry (SUSY) break-
ing in type | string constructions with intersecting D-branes. We consider an explicit
example with a Pati-Salam-like gauge symmetry, where only the third family and
Higgs scalars acquire large soft masses. We compare the low-energy sparticle spec-
trum with gaugino mediation and no-scale supergravity models. Second, we use a
model-independent parametrisation to study the localised twisted moduli contribu-
tions to supersymmetry breaking in the effective low-energy supergravity description
of type I models. We derive general expressions for soft masses and trilinears in terms
of Goldstino angles that control the relative contributions to supersymmetry breaking
from the closed string sector. Finally, we study electroweak symmetry breaking in a
five-dimensional effective field theory where supersymmetry is broken on a spatially-
separated brane. We evaluate the dominant Kaluza-Klein (KK) contributions to the
1-loop effective potential, and calculate the physical Higgs mass spectrum as a func-

tion of tan § and the compactification scale M.
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Chapter 1

Introduction

1.1 Preliminaries

1.1.1 Motivation

The work in this thesis explores the connections between superstring theory and
low-energy observable physics. There are strong motivations for supersymmetric ex-
tensions of the Standard Model that arise naturally in string theory, which in turn,
provides the only consistent framework for uniting the four fundamental forces of

Nature. There are several general aims to this approach:

e to understand how the Standard Model can be embedded into a higher-dimensional

string theory
e to identify the mechanism(s) responsible for supersymmetry breaking

e to make predictions that can be tested at the Tevatron or LHC, which in turn

provide constraints on viable models e.g.



— the hierarchy of fermion masses

— the mass spectra of supersymmetric partners

In particular, type I string theory provides an appealing framework to consider low-
energy phenomenology due to the flexibility (or rather uncertainty) in defining the
fundamental string scale M,. This is in stark contrast to heterotic theory, where M,
is around an order of magnitide below the Planck scale independently of the details
of compactification. The presence of extended Dirichlet-branes in type I (and II)
vacua offer many important consequences, most notably, the realisation that gauge
and gravity fields can live in different numbers of dimensions. D-brane constructions
also have a very rich gauge structure in which to embed the MSSM or some other well-
motivated gauge extension. These provide us with strong motivations for studying

the phenomenological consequences of type I models.

1.1.2 Thesis Structure

This thesis is organised as follows: in chapter 1 we review the Standard Model (SM)
and discuss the motivations for its extension. In particular, we focus on low-energy
N =1 supersymmetry and the Minimal Supersymmetric Standard Model (MSSM).
Supersymmetry (SUSY) is an essential ingredient in superstring theories that offer the
only consistent framework for combining all four fundamental forces together within
a single theory. We review the main features of type I string theory and discuss how
developments in string theory have stimulated interest in higher-dimensional effective

field theories involving Dirichlet-branes.

In chapter 2, we propose a mechanism for mediating SUSY breaking in type I string
models with intersecting D-branes. We consider an explicit construction involving
intersecting D5-branes, where only the third family and Higgs scalars couple directly

to the SUSY breaking sector to receive large soft masses. We compare the sparticle



spectrum of our model with the predictions from gaugino mediation and no-scale

supergravity models.

We use a model-independent parametrisation to study the localised twisted moduli
contributions to SUSY breaking in chapter 3. We propose a phenomenologically-
motivated Kahler potential for states that are sequestered away from the twisted

moduli and derive general expressions for the soft masses and trilinears.

In chapter 4, we study a higher-dimensional effective field theory that is motivated
by the model discussed in chapter 2. We consider electroweak symmetry breaking
(EWSB) in the presence of a single large extra dimension, and use a matrix method
to extract the top and stop Kaluza-Klein spectra that yield the dominant contribution
to the 1-loop effective potential. We calculate the Higgs mass spectrum as a function
of tan 4 and the compactification scale of the extra dimension My. We find that the
standard MSSM bounds on the lightest Higgs scalar mass can be violated when the

third family lives in the extra dimension.

The overall conclusions to this thesis are presented in chapter 5, which is followed by

a number of Appendices.

1.2 The Standard Model

The Standard Model ! (SM) of particle physics combines the strong and electroweak
forces within the framework of a renormalisable gauge field theory with a gauge
group Gsy = SU(3)c x SU(2)r, x U(1)y. There are three generations of elementary
fermions, where each generation contains a family of quarks and leptons. Table 1.1
lists the gauge quantum numbers of these fields under the gauge group Gsar. Demand-

ing that the lagrangian is gauge-invariant generates interactions between fermions

!There are many excellent introductions to the SM, see Refs. [1, 2] for example.



that are mediated by the exchange of intermediate vector bosons.

! Particles [ Spin [ SU3)c [ SUR)L | U(L)y |
Left-handed quarks, Q. = (wir diz) || 1/2 3 2 1/6
Right-handed up quarks, w;gr 1/2 3 1 2/3
Right-handed down quarks, d;g 1/2 3 1 -1/3
Left-handed leptons, L., = (v ein) || 1/2 1 2 -1/2
Right-handed electrons, e;g 1/2 1 1 -1
Higgs boson, & = (®*+ ®%) 0 1 2 1/2
Gluons, ¢* (a=1-138) 8 1
Weak bosons, W% (a=1-3) 1 1 3
Hypercharge boson, B 1 1 1 0

Table 1.1: Gspr gauge quantum numbers of the fields in the SM. Notice that the
left (right) handed components transform as doublets (singlets) under SU(2)z. The
quark and lepton fields carry an additional generation (or family) index ¢ = 1,2, 3
e.g. u; = (u,¢t),d =(d, s,b), e, = (e,p,7) and v; = (Ve, vy, Vs ).

Gauge symmetry forbids gauge boson and fermion (Dirac) mass terms in the la-
grangian ? since left and right-handed fields transform in different representations
of SU(2);. However, we are free to construct the following gauge-invariant Yukawa

interaction term by adding a fundamental Higgs scalar doublet ® to the SM spectrum:
~Lyur = Y2 QL ®up + YEQI@din + Y LT Bejp + hoc. (1.1)

where ®° = j g5 ®*. Note that gauge indices have been suppressed, and Y;?de are 3 X 3
Yukawa matrices in generation space. We propose that the Higgs scalar has a potential

that develops a non-trivial vacuum expectation value (VEV) which spontaneously

?However, neutrinos are massless in the SM since there are no right-handed neutrinos vg to
form Dirac masses, mp ~ I/};I/R + h.c.. Also, Majorana mass terms violate SU(2)r x U(1)y gauge-
symmetry and are forbidden by conservation of lepton number.



breaks the electroweak gauge symmetry down to electromagnetism
SU2) xU(l)yy — U(1)em (1.2)

and generates Dirac mass terms from the Yukawa interactions in Eq.(1.1).

Consider the following lagrangian for the complex Higgs doublet:
Chiggs = (D*®)1 (D, @) —m} 010 — Ag (10)" (1.3)
and the covariant derivative is given by:
g/
D,® = <8ﬂ - ZE*B,L — gy T“) ¢ (1.4)

where ¢’ and ¢ are the U(1)y and SU(2); gauge couplings, and 7% = 0%/2 are the
generators of SU(2);. The Higgs potential in Eq.(1.3) has a symmetry breaking
minimum away from the origin at (®T®) = —m2 /2)s. Using our freedom to make a
global SU(2);, rotation, we can choose to locate the real VEV in the lower, neutral

component of the Higgs doublet

0 2
(D) = L where v = T (1.5)

\/§ v Ao

Expanding around this vacuum, we make the redefinition:

1 0
¢ =— (1.6)
V2 o h(zx)
where h(z) is the physical Higgs field. The remaining three degrees of freedom from
the original complex Higgs scalar doublet have been “eaten” by the gauge fields

associated with the broken electroweak generators to give them mass. We can see

these mass terms explicitly by expanding Eq.(1.3) around the symmetry breaking

S



minimum:

2,,2 2

(D*®)! (D,®) > QSL (W' W, + W W) + PS— (oW +¢B*) ... (L7)

where WW»* combine to form a charged mass eigenstate W = (W} F iW?)/V/2 with
a mass Mw = gv/2. Notice that W and B, are mixed together by EWSB, and the

mass eigenstates are given by:

Zg cos by —sinbw w3 (1.8)

A, sinfw  cosOw B,
where tan 0w = ¢'/g is the weak mixing angle. The photon linear combination A, is

still massless since electromagnetism is unbroken, while the neutral weak boson Z} has

obtained a mass Mz = /¢? + ¢ v/2. We find that the observable electromagnetic
charge is related to the weak and hypercharge gauge couplings by the relation:

e =g cosby (1.9)

Substituting the Higgs scalar VEV (®) into Eq.(1.1), we can generate the following

fermion mass matrices:

1
mihe = ——Y;-}L’d’e v (1.10)

1% \/—2‘
In general, m*“ will not be diagonal and so quarks from different generations can
mix together. We can extract the physical masses (in the mass basis) by making a
unitary transformation on the weak eigenstates (v, d;1, uir, d;r) that will diagonalise

the mass matrices. For example, consider the transformations between the weak and

mass bases:

uir, — Ui, = (VE')ij ujL uir — uip = (V&)ij uir (L.11)



w.d . . . .
where V"5 are unitary and diagonalise the quark mass matrices:

u —_ U u yut
mdiag - VL m VR

d  _ yd.,,d4y49t
mdiag'—VLmVR

(1.12)

The combination Vogy = V[fLVLdJr is the unitary Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix [3] and the standard parametrisation involves three physical mixing
angles and a single phase that can lead to CP violation. The CKM matrix elements
are observable in weak charged current processes, and Vg is found to be highly

diagonal.

1.2.1 Successes of the Standard Model

The SM has been rigorously tested at high-energy accelerators as illustrated by the
amount of high precision data collected by the Particle Data Group [4]. Measurements
of the Z° width constrain the number of (active) neutrinos with masses m, < Mz/2
to be three. Hypercharge gauge anomalies arising from triangle graphs involving
internal loops of fermions are found to be exactly cancelled within each complete
generation of quarks and leptons 2. Taken together, we conclude that there must be

three complete generations in the SM to maintain consistency.

The quark model of mesons and baryons invokes approximate flavour symmetries to
successfully predict the light hadronic spectra of bound quark states. The unitarity of
the CKM matrix offers a method called the Glashow-Illiopoulos-Maiani (GIM) mech-
anism [5] to suppress rare flavour-changing processes. In fact, the GIM mechanism

predicted the charm quark prior to its experimental discovery.

The Higgs mechanism for EWSB explains how the weak bosons acquire mass, and

3This criteria will prove important when we decide to supplement the matter content of the SM.



therefore the short-range nature of the weak force. We can make perturbative cal-
culations of physical observables to test against experiment, and we understand the
renormalisation group equation (RGE) evolution of physical parameters with energy
scale. Indeed, we can understand the confinement of quarks inside hadrons from the

infra-red behaviour of the SU(3)¢ gauge group.

1.2.2 Unanswered questions in the SM

Despite the vast amount of experimental data, there is increasing observational and
theoretical motivation for extending the SM which must be incomplete since gravity
is not included. Quantum gravity effects are anticipated to appear around the Planck

scale Mp; ~ 10" GeV, but this leaves a vast “energy desert” above the electroweak

4

scale where “new physics” can appear.

e Neutrino masses and the fermion hierarchy

The most significant experimental evidence for new physics beyond the Standard Model
is the observation of neutrino oscillations [6] which imply that neutrinos must have
non-zero (albeit very small) masses. However, there are no right-handed neutrino
states in the SM and so we cannot form Dirac masses or Majorana masses since the
SM also conserves lepton number. An obvious extension is to trivially include right-
handed neutrinos vp. Unfortunately, this offers no explanation why neutrino masses
are so small (and similarly the observed hierarchy in the other fermion masses) and
thus a more appealing approach is to embed the SM in a deeper theory where masses

and couplings could be predicted a priori.

e Hierarchy problem

Prior to EWSB, fermions and gauge bosons are massless since mass terms explicitly

violate gauge-invariance. However, there is no symmetry that protects the Higgs



boson mass me from receiving large radiative corrections of order the cutoff scale
Apv, e.g. dme ~ Ayy. Figure 1.1 shows the dominant top-quark radiative correction

to the Higgs mass.

5mi & giks [<203, + 6mPIn ()] 4.

Figure 1.1: The dominant top quark 1-loop correction to the Higgs mass is found to
have a leading quadratic divergence.

Suppose that this cutoff is associated with the Planck scale Mp;, then the Higgs boson
mass correction would involve Planck-scale particles in virtual loops that would push
the Higgs mass towards Mp;. However, we know that EWSB occurs at the weak
scale O(Myw ) which begs the question how the hierarchy between these two different
scales is stabilised. A possible solution is to fine-tune the tree-level mass and 1-
loop corrections such that the sum is around the weak scale, but this seems highly
unnatural. There is also no explanation of how the Higgs potential develops an

instability (i.e. m% < 0) in the SM.
e Gauge unification problems

Most theorists would agree that it would be desirable if the SM could be embedded
into a deeper theory, perhaps uniting the three SM gauge groups within a grand
unified theory (GUT) with a single gauge coupling e.g. SU(5) or SO(10). GUTs

are inherently more predictive and right-handed neutrino states arise naturally *.

4In Appendix A, we will discuss a supersymmetric Pati-Salam GUT where lepton number is like



However, when the observed low-energy gauge coupling constants o, {Myz) are extrap-
olated up to high energies through RGE running, we find that they do not unify at a

single value (using the matter content of the SM) as shown in Figure 1.2.

) —
50
40 |

6"‘ 30 r

20 |

0 _ SU(3) Standard Model _

0 L snad il s sssd g sassd sl s sl ol Gl e sl sk o Luad “l
10> 10* 10° 10° 10 10" 10" 10" 10%®

u (GeV)
Figure 1.2: The renormalisation group equation (RGE) running of gauge coupling

constants ¢; as a function of the renormalisation scale u in the SM. Notice that the
gauge couplings do not meet at a single point.

L Lot

There are many well-motivated solutions to these problems including supersymmetry,

grand unification, superstring theory and extra-dimensions that we will review in

subsequent sections.

1.3 Supersymmetry

In this section, we aim to highlight the important features of phenomenologically-
viable low-energy supersymmetric models. However, there are plenty of excellent

reviews that provide further technical details [8, 9, 10, 11].

Supersymmetry (SUSY) unites bosons and fermions through some underlying sym-

metry. It non-trivially combines spacetime Poincare symmetries with internal sym-

a “fourth colour” [7] and right-handed neutrinos v;g arise in the same multiplets as u;r, d;r and

CiR.

10



metries, and extends ordinary spacetime into superspace by including anti-commuting
coordinates (f,0) along with the usual (commuting) spacetime coordinates (z,). In-
deed, alocal (or gauged) theory of SUSY is called supergravity since it includes general
coordinate transformations to offer a theory of gravity. SUSY is also an essential in-
gredient in superstring models that (so far) provide the only consistent framework for

combining all four fundamental forces.

1.3.1 Minimal Supersymmetric Standard Model

The minimal supersymmetric extension of the SM (MSSM) adds a fermion (boson)
superpartner for each boson (fermion) particle in Table 1.1. This immediately offers
a potential solution to the hierarchy problem shown in Figure 1.1 since an additional
diagram involving the scalar partner of the top quark contributes to dm? to soften the
quadratic divergence into a logarithm, provided the mass-splitting is around O(TeV).
However, the fermionic Higgsino partner of the Higgs scalar will couple to the hyper-
charge boson and re-introduces a triangle anomaly. Hence, a second Higgsino (and
Higgs boson) with opposite hypercharge is required to cancel this anomaly. We label
these two Higgs doublets H, and H, since we will find that they couple to fields with

different weak isospin component I3. The extended matter content of the MSSM is

given in Table 1.2.

[t is convenient to work in terms of chiral (and vector) superfields which unite scalars
with fermions (and fermions with vector bosons) within a single field. For instance,

a chiral superfield can be expanded in superspace notation into component fields *:

U(z,,0,0) = ¢p(z) +V200(z) + 00 F(z) +i0,¢(x) 0o (1.13)

. o o
-ﬁae Ob(x) 0 — 20,0 $(x) 00 69

®We will consistently suppress the spinorial indices on ¥ and #. See for example, Refs. [10, 11]
for technical details about spinor algebra.

11



B Particles | Spin0 [ Spin1/2 | SUB)c [SUR)L [ Uy ]
QL (g dir) | (wir, diz) 3 2 1/6
squarks, quarks o g uly 3 1 -2/3
R i i 3 1|13
sleptons, leptons L1, (Uip €in) | (vir eir) 1 2 -1/2
Lip €ir eZ‘R 1 1 1
Higgs, Higgsinos H, (HF HO) | (HF H?) 1 2 1/2
Hy | (HYHy) | (HPH7)| 1 2 | 12
{ Particles [ Spin1/2 ] Spinl [ SUQB)c[SU@R)L [UM)y |
gluino, gluon  (a=1-8) g* g© 8 1 0
winos, W bosons  (a=1-3) we we 1 3 0
bino, B boson B B 1 1 0

Table 1.2: Gsy gauge quantum numbers of the matter content of the MSSM. We
have taken the CP-conjugate of all right-handed singlet fields to change them into
left-handed fields.

where ¢ is a complex scalar (e.g. squark, slepton or Higgs boson); ¢ is a left-handed
2-component Weyl fermion (e.g. quark, lepton or Higgsino) and o* = (12, ') with
the Pauli matrices o' . Notice that we have included a complex scalar auziliary field
F that will allow us to close the SUSY algebra off-shell and helps us keep track of
degrees of freedom. However F' is a non-dynamical field which can be eliminated using
its classical equation of motion. The conjugate superfield W' expansion is found by
taking the hermitian conjugate of Eq.(1.13) where the Weyl fermion is right-handed.
We will refer to W (UT) as a left (right) superfield since they involve left-handed (right-
handed) Weyl spinors respectively. Superfields are usually distinguishable from their
components as shown in Table 1.2, but in the case of SU(2), doublets, it is convenient
to use the same symbol for the superfield and its SM component, e.g. @);1, represents
both the quark doublet superfield and the quark doublet (w;z, d;1,), whereas the squark
doublet is denoted by QZ-L = (1, JZL)

12



Similarly, vector superfields V' can be decomposed ° into gauge bosons A ,,, 2-component

Weyl fermion gauginos A and another auxiliary field D:
V(,,0,0) = 0040 A () + 00 9M (2) — 86 0A(z) + %99 69D(z)  (L.14)

Under infinitessimal (global) SUSY transformations, we find that fermions and bosons
transform into each other as expected, while the auxiliary fields transform into total-
derivatives that vanish in the action. This provides a simple method of constructing
SUSY-invariant lagrangians by extracting the coefficients of 0 (F-terms) and 06 60

(D-terms) from a (gauge-invariant) combination of superfields.

In the MSSM, we generalise the Yukawa couplings of Eq.(1.1) so that supersymmetric
interactions are determined by a gauge-invariant, holomorphic superpotential of chiral

superfields "
Wissu = Y QuH Ul + Y QuHaDip + Y5 Lip HiEp — pH, Hy (1.15)

where masses are generated after EWSB when H,, 4 acquire VEVs as given in Eq.(1.17).
The supersymmetric Higgs mass parameter u plays an important role in obtaining
the correct EWSB VEVs and must be stabilised around p ~ O(Mz) < Mp;. Models
have been proposed that generate the small y-term - these include the next-to-minimal
supersymmetric Standard Model (NMSSM) which introduces an additional gauge sin-
glet superfield [12, 13] and also the Giudice-Masiero mechanism [14]. There are other

renormalisable, gauge-invariant combinations of chiral superfields from Table 1.2 that

SWe are working in the so-called Wess-Zumino gauge, where non-physical degrees of freedom

have been gauged away.
"Renormalisable terms involve up to three chiral superfields, although non-renormalisable inter-
actions can be constructed with higher-dimensional operators suppressed by powers of some mass

scale.
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can be included in the MSSM superpotential

1 N 1
Wrpy = 5/\@';C UZCRDERDZR + §>‘2jk LiLLjLE}CCR (116)
+ A Lin Q0 Dig + i Lir H,,

where gauge indices have been suppressed. However, the first term leads to baryon
number violation, while the last three terms violate total lepton number. Proton
lifetime measurements severely constrain these interactions since tree-level diagrams
can be constructed where squarks mediate very rapid proton decay. In the MSSM, we
often invoke a new discrete symmetry called “R-parity” that forbid the superpotential
terms in Eq.(1.16). This symmetry has important phenomenological implications
since it predicts that the lightest supersymmetric particle (LSP) is stable against

decay into ordinary SM particles and, if electrically neutral, it offers a potential Dark

Matter candidate.

Electroweak symmetry is broken when the neutral components of the two Higgs scalar

doublets acquire VEVs

1 0 1 Vg

(=7 o= (1.17)

where we know v2 4 v3 = v? & (246 GeV')? from measurements of the Fermi constant
G'r. Notice that we do not know the ratio between VEVs given by tan 8 = v,/vy,

and look to experiment to constrain the parameter space.

SUSY cannot be an exact symmetry in Nature since we have not observed degenerate-
mass superpartners at high-energy accelerators. However, we do not know the mech-
anism(s) responsible for breaking SUSY, although many models have been proposed.
The allowed parameter space is only weakly constrained at present, and we must

surely wait for the observation of sparticles at the Tevatron or LHC to identify viable

14



models. As discussed earlier, SUSY offers a solution to the hierarchy problem pro-
vided the sparticle masses lie around the TeV scale. In the absence of experimental
data, we assume that the SUSY breaking parameters in the soft lagrangian ® Ly,

are generated from some underlying theory (e.g. supergravity or string theory):

1 o S
—LUFM = 5 (MBB + MyWW + Magg) + hec.
+A$j afR@jLHu - A?j ~ZR@ijTl’d - Afj éfszLHd + h.c. (1.18)
+QIL7TLE)L QJL + z:'er%L f)jL + ﬁmeééﬁjR + jZRm%%JjR + é;me%%éjR

+my, HiH, +mjy HiHg — (BuH,Hy + h.c.)

where M; are gaugino masses, and the trilinears A;; and squark/slepton masses m?

are 3 X 3 matrices in generation space. However, these parameters can have com-
plex entries (although the mass matrices must be hermitian) which introduces 105

additional masses, phases and mixing angles that cannot be rotated away.

Using this soft lagrangian and the superpotential, we can calculate the physical mass
spectra of the superpartners by diagonalising the lagrangian to extract the squark and
slepton masses. The two complex Higgs scalars contain 8 real degrees of freedom, of
which 3 Goldstone modes are eaten by the W*, Z° weak bosons to give them mass,

and the remaining 5 physical degrees comprise the physical Higgs sector of the M5SSM:

o H* - a charged Higgs boson pair
o A° - a CP-odd, neutral Higgs boson

o H°, RO - two CP-even, neutral Higgs bosons

After EWSB, the (observable) mass eigenstates are given by linear combinations of

gauge eigenstates since fields with identical quantum numbers can mix together. For

8Notice that terms in £,,¢: must not re-introduce quadratic divergences [15] and spoil the solution
of the hierarchy problem.
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instance, the charged Higgsinos and gauginos mix to form charginos:
ar, qy , W' W? — 3§, %5 (1.19)
and the neutral Higgsinos mix with the neutral gauginos to form neutralinos:
Hy, HY W2, B — 1Y, %5, X35 X4 (1.20)

where the lightest neutralino ¥V is often the LSP.

1.3.2 Successes and motivations for low-energy SUSY

Supersymmetry offers solutions to many of the problems in the SM and there is strong

theoretical motivation for pursuing supersymmetric extensions of the SM.

e Hierarchy problem

As shown in Figure 1.1, the Higgs scalars are not protected in the SM from acquiring
quadratically-divergent radiative corrections from virtual loops of Planck-scale par-
ticles. However, SUSY stabilises the hierarchy between the electroweak and Planck
scales by contributing sparticle loops for every particle loop that softens the quadratic

divergence into a logarithmic divergence as shown in Figure 1.3.

This supersymmetric cancellation avoids the problem of fine-tuning provided that

SUSY is broken around the TeV scale.
e Radiative electroweak symmetry breaking

Supersymmetry can also provide an explanation for the mysterious Higgs mechanism
and the origin of its tachyonic mass. For example, in supergravity models with

universal soft parameters at the GUT scale, we find that mF;, receives large radiative
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Figure 1.3: The dominant top and stop 1-loop corrections to the Higgs mass, where
the additional stop contribution cancels the quadratic divergence. In the limit that
SUSY is preserved (m; = m;) the Higgs mass would be 1-loop finite.

corrections from top and stop loops that do not exactly cancel. Extrapolating to low

energies using RGEs, we see that m3 is driven negative at the weak scale which

triggers EWSB [16].
e Gauge coupling unification

We have already shown that we do not obtain gauge coupling unification in the SM.
However, the additional sparticles with masses around the TeV scale carry gauge
quantum numbers and therefore modify the RGE running to yield approximate uni-

fication at a scale My ~ 2 x 10'® GeV as shown in Figure 1.4.

This unification is consistent with embedding the MSSM within a supersymmetric
GUT group that can push the potentially dangerous proton decay rate above experi-

mental lower bounds.

1.3.3 Unanswered questions in the MSSM

However, our understanding of low-energy SUSY is not complete since there are

still many unanswered questions. One of the main concerns is the huge number of
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Figure 1.4: The RGE extrapolation of gauge coupling constants «; to high energies
in the SM and MSSM. Notice how additional sparticle loops in the MSSM modify
the evolution of the gauge couplings which now meet meet at a unification scale of

MGUT ~ 2 X 1016 GeV.

(arbitrary) parameters in the MSSM - there are 124 masses, phases and mixing angles
(excluding neutrino masses) compared to the 19 parameters in the SM. In the absence

of sparticle data, we cannot identify the mechanism(s) responsible for SUSY breaking.

In order to make progress, we assume that the MSSM arises from an underlying
theory where these free parameters are inter-related by some (unknown) symmetries,
e.g. supergravity, SUSY GUTs or string theory. For example, there has been extensive
study of the phenomenology of minimal supergravity (mSUGRA) models where SUSY
is broken in a “hidden sector” that is coupled through gravitational interactions to
SM particles [17]. In these models, the soft parameters in Eq.(1.18) are unified at the
Planck scale, i.e. universal gaugino masses Miy; squark, slepton and Higgs scalar
masses MZ; and trilinears Ag. These high-scale parameters provide upper boundary
conditions for running RGEs down to the weak scale to extract the physical low-energy
sparticle spectra. Another variant is called “no-scale supergravity” [18] which assumes
that M/, > My, Ao and leads to characteristic experimental signatures such as very
light right-handed sleptons. However, SUSY breaking can also be communicated to

the visible SM fields via an intermediate non-SM gauge sector [19, 20].
Developments in superstring theory involving Dirichlet-branes and large extra dimen-

18



sions offer exciting new possibilities for SUSY breaking since the hidden sector can
now be physically separated or sequestered from the SM fields along an extra dimen-
sion(s). Parallel brane constructions also form the basis of the Horava-Witten model
in strongly-coupled heterotic string theory [21] which in turn motivated the formula-

tion of anomaly [22, 23] and gaugino [24, 25] mediated SUSY breaking effective field

theory models.

We expect to observe sparticles at the Tevatron and/or LHC within the next ten
years. However, experimental sensitivity is at the level where mSUGRA effects are
(in principle) accessible in current experiments. For example, off-diagonal squark and
slepton mass matrix elements cause flavour violation at 1-loop that is measurable
in K° -~ K° mixing, b — s+ and p¢ — e~ processes. Flavour-changing neutral-
current (FCNC) data imposes very strong constraints on these off-diagonal mass

matrix elements [26], and electric dipole moment observations constrain CP-violating

phases in soft parameters [27].

We have shown that supersymmetry is a very powerful framework and offers many
solutions to SM problems. However, we still need to consider how the MSSM can be

embedded within a deeper theory such as superstring theory which is the focus of the

next section.

1.4 Superstring Theory and Extra Dimensions

In this section, we aim to review the status of superstring phenomenology. There are
many excellent introductions and reviews of superstring theory that can be consulted

for technical details [10, 28, 29].

String theories offer the only consistent framework for unifying all four fundamental

forces of Nature together. Matter fermions, Higgs scalars, gauge bosons and gravity
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fields are all represented as different vibrational modes of microscopic strings of length
~ 1/M,, where M, is the fundamental string scale. Strings can have their ends free
(open) or tied together to form a loop (closed), where a closed string is often regarded
as a bound state of two open strings. Closed strings are found to possess a spin 2
resonance representing a graviton which is the proposed mediator of gravitational in-
teractions. Supersymmetric strings (or superstrings) offer the most promising models

and string phenomenology [30] is the study of how to embed the MSSM within string

theory.

1.4.1 String Revolutions and Dualities

String theory has undergone a series of important developments or revolutions. The
first revolution occurred in 1984 when Green and Schwarz [31] constructed the 10d
anomaly-free type I string theory involving open and closed strings with a gauge group
S0O(32). This was followed by the formulation of the two 10d heterotic closed string
theories that combined bosonic strings in 26d with the 10d supersymmetric Green-
Schwarz theory to give a gauge group SO(32) or Eg x Eg [32]. Heterotic and type I
both exhibit N/ = 1 spacetime supersymmetry and contain very large gauge groups
which can easily accommodate the MSSM. Type IT models with A" =2 SUSY in 10d
were later developed, giving a total of five consistent, perturbative superstring theories
that are all candidates for containing the MSSM. However, these models contain a
plethora of exotic matter outside the MSSM states and the extra dimensions must be

compactified from 10d to 4d in order to forge a connection with observable low-energy

physics.

The second string revolution occurred in 1995 with the discovery of weak/strong
coupling dualities [34]. As shown in Figure 1.5, dualities are found to unite the
five superstring theories and 11d supergravity as different perturbative limits of an

underlying 11d M-theory [35]. Another important development was the discovery
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T T

Figure 1.5: The web of dualities that inter-relate the five string theories with 11d M-
theory. HE and HO refer to the two heterotic theories with the gauge groups Fs x Eg
and SO(32). This figure is taken from Ref. [33].

of extended, solitonic objects called Dirichlet-branes [33, 36, 37] in type I and II
vacua. Dp-branes span a (p 4+ 1) sub-manifold of the full 10d spacetime and they
are identified as the hyper-surfaces where open strings end. These open strings have
Dirichlet boundary conditions in the (9 — p) coordinates transverse to the Dp-brane,
and Neumann conditions inside the world-volume of the brane. Open strings attached
to a given Dp-brane have Kaluza-Klein (winding) states along the compact dimensions
with Neumann (Dirichlet) boundary conditions. A coincident stack of N D-branes
generates a U(N) gauge group ? and open strings carry Chan-Paton gauge quantum
numbers for the gauge groups of the branes to which they are attached. Gravity
fields arise as closed strings, so confining gauge fields to D-branes raises the (hitherto)
unexplored possibility that gauge and gravity fields can live in different numbers of
dimensions in type I and II theory. These discoveries ended the heterotic monopoly in

string phenomenology and made other corners of the M-theory moduli space accessible

to study.

*Imposing a mirror symmetry Q (which is called “orientifolding” [38]), or groups of discrete
symmetries {1g, can generate alternative SO and Sp gauge groups.
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1.4.2 Type I Strings

In this section we will review type I string theory which has been the focus of in-
tense study recently [39, 40] and many semi-realistic models have already been con-
structed [41]-[55]. Perturbative type I models are particularly interesting since they

are dual to strongly-coupled heterotic constructions.

We can understand 10d SO(32) Type I string theory as an “orientifold” [38],[56]-[61]
- or Z projection - of type IIB theory in 10d. This projection is identified with the
parity operation  on the surface swept out by the string (world-sheet) that exchanges
left and right-moving vibrations. It projects out states that are not invariant under
 and breaks ' = 2 SUSY down to A/ = 1. This results in an (unoriented) type
I closed string theory in 10d '°. However, orientifolding leads to string amplitudes
containing tadpole divergences that must be cancelled for a consistent theory. The
solution is to add states which are “twisted” with respect to ) - and these are simply
type I open strings with their ends attached to D-branes ''. We find that we require
32 D9-branes (with world-volumes filling the whole 10d spacetime) in the vacuum,

where the attached open strings give rise to massless 10d gauge fields transforming

in the adjoint of SO(32).

We need to generalise this orientifolding technique to compactify six dimensions while
leaving a single unbroken supersymmetry in 4d 2. We will consider type IIB 4d
orientifolds [41]-[50] obtained by compactifying six dimensions on a six-torus 7°¢ =
T' x T? x T3, where each pair of compactified dimensions is wrapped around a
symmetric two-torus T* of radius R; and volume v; = (27 R;)%. We will label the

10d spacetime coordinates as (2o — #g), where (29 — x3) span the usual 4d Minkowski

0Compare with type IIB theory where the closed strings are said to be oriented.
1D branes and orientifold planes both carry Ramond-Ramond charges, and so tadpole cancella-

tion is equivalent to a net Ramond-Ramond charge of zero.
12Notice that A/ = 1 SUSY in 10d is equivalent to A" = 4 in 4d, and so the compactification must

simultaneously break three of the 4d supersymmetries.
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spacetime. It is convenient to pair up the remaining six compact coordinates (z4—2zg)

within three complexified dimensions as shown in Figure 1.6
? = (:E4,:C5) ) <y = (3767377) ) Z3 = (5178,5119) (121)

where z; spans the two-torus 7".

Twisting the compactified theory by an orientifold group {§) x G}, where  is the
world-sheet parity and G is a discrete Abelian group Zn, Zn X Zy and Zy, X... X Zn,,,
leads to A = 1 SUSY in 4d and the presence of singular fixed points that are invariant
under the action of the orientifold group **. However, there are only a finite subset of
type IIB orientifolds (type I orbifolds) that give rise to A" =1 in 4d and these have
already been classified in the context of toroidal heterotic compactifications [62].
The action of orientifolding leads to tadpole divergences that must be cancelled by
introducing Dp-branes into the vacuum, where p = 5 and/or 9 to preserve N' = 1
SUSY . The tadpole cancellation conditions strongly constrain the gauge structure
and massless spectrum by projecting out states that are not invariant under the
orientifold group action [39, 40, 47, 48]. Notice that the presence of a background field
B,, field, or non-trivial Wilson lines, can modify the tadpole cancellation conditions
and reduce the rank of the gauge groups [51, 53, 63] since fewer D-branes are required

for consistency.

Instead of using the world-sheet parity ), we are free to use different Zs-parities to
orientifold the type IIB theory, and other choices lead to vacua where D3 and/or

D7-branes must be added to cancel tadpoles. This scenario is related to the previous

13The origin of the compact space is a trivial example of a fixed point.
14The D5;-branes span Minkowski space plus the two-torus 77, and the compactification radius

of 7% is often labelled R, = Rs,.
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one involving D5; and/or D9-branes via T-duality transformations:

1 Al

R; ¢ AL 1.22
M? R S VEN (1:22)

where R; is the radius of compactification of the two-torus 7%, M, is the string scale

and Ay is the 10d dilaton that controls the type I string coupling. Therefore, T-

dualising a pair of compact dimension will exchange Neumann with Dirichlet bound-

ary conditions, and Dp-branes become D(p + 2)-branes.

Type I models are phenomenologically appealing since the fundamental string scale
M, can take a range of values. This is in contrast to heterotic models where the string
scale is fixed close to the Planck scale (independently of the compactification radii)
by the relation M, = \/WMPZ with agur ~ 1/24. Dimensionally reducing the
effective 10d lagrangian, we can extract expressions for the Planck mass and D-brane

gauge couplings in terms of the compactification scales M; = 1/R; and M, [39, 40]:

1 XEMPM2M?
Gy = = L7172 1.23
N M2, 8 M3 (1.23)
A M? Ar MEMZM?
2 _ 1 2 _ 1 2 3
G T o ’ T TN (1.24)

where as,9) = ggi(g)/47r and Ar < O(1) to remain perturbative. This explicit depen-
dence on the size and shape of the compactification manifold gives the string scale
its freedom 1TeV $ M, § Mp;. In particular, type I string theory offers the ex-
citing possibility of large extra dimensions, where quantum gravity effects could (in

principle) be accessible to the next generation of accelerators [64].

We will now consider the open and closed string states that arise in generic construc-
tions involving stacks of coincident D9-branes and three types of D5;-branes. Recall
that D9-branes fill the whole 10d spacetime (zg — @g), while a D5;-brane spans the

usual 4d Minkowski space (29 — @3) plus two extra compact dimensions that wrap

around the two-torus 7.
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Z1 = (134, 335)

Z3 = (5587 539)

(20 —23) @ 5;-brane

Figure 1.6: We can represent the six-dimensional compact space using a complexified
coordinate system, where D3;-branes are shown as straight lines along the z; direction.
Therefore, a D5; and D5y-brane will overlap at the origin of the coordinate system
(zo — x3), but extend out into “perpendicular” compact dimensions.

We can represent the 6d compact space on the six-torus 7'° using a three-dimensional
coordinate system z; where each coordinate corresponds to a pair of compact dimen-
sions as given in Eq.(1.21). Therefore, stacks of coincident D5;-branes are represented
by a single line along the i coordinate. This is shown in Figure 1.6, where we have
two different stacks of 5-branes that overlap at the origin (zg — z3), but have world-

volumes that extend into different perpendicular compact dimensions.
There are two types of massless ' = 1 chiral fields that arise in type I models:

e Closed strings chiral singlets

Chiral singlets arise from the closed string sector and include a complex dilaton 5 and
untwisted moduli fields 7; (¢ = 1,2, 3) that freely move in the whole 10d spacetime.

The untwisted moduli fields parametrise the size of the compactified dimensions where

the compactification radius is given by:

T+ T
R=Y' " 1.25
2L (1.25)

In heterotic models, the 4d dilaton is uniquely defined by the string coupling (10d
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dilaton) and volume-modulus. However in type I models, couplings are related to
either the dilaton or untwisted moduli from T-duality. Compactifying the 10d theory
using an orientifold leads to the presence of fixed points that are invariant under the
orientifold group. Twisted moduli Y}, are closed strings that have been trapped at these
fixed point singularities and parametrise the size of the fixed points. As we will discuss
in chapter 3, these twisted states can contribute to SUSY breaking and also modify
gauge couplings. Twisted moduli play an important réle in cancelling anomalous

U(1)’s through a 4d generalisation of the Green-Schwarz mechanism [47, 48].

e Charged open string states

Chiral matter, gauge bosons and Higgs fields arise as open strings attached to D-
branes. They can either end on different D-branes (e.g. C55% | C%i) and carry
charges under both gauge groups, or have both ends attached to the same D-brane
(e.g. C]~5i , 07). Notice that these latter states carry an additional index that can be

exploited to constrain the form of the renormalisable superpotential.

In the most general setups involving three types of D5;-branes and D9-branes, string
selection rules constrain the allowed combinations of open string states that appear

in the superpotential (subject to gauge invariance) [39]:

Wyen = s, <01510251 C§1 + 0510515205152 + 015109510951>
s, (CPCPCT + CROM%2CM% 4 O 0% 0% + g5, CH20%C% (1.26)
+go (CRC5C8 + CRC1C%1 4 CJ0%C%)

where the Yukawa coupling constants (associated with fields arising from each 5-and

9-brane) are given by:

> _ A7 2 Am (1.27)
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In Appendix B, we discuss the supergravity formalism that is used for the low-energy
description of type I models in terms of the Kahler potential, superpotential and
gauge kinetic functions [65]. We also provide general expressions for soft masses and

trilinears in terms of SUSY breaking F-terms, where we will assume that only closed

string states acquire non-zero VEVs.

1.4.3 Extra Dimensional Models

The recent developments in string theory involving D-branes, dualities and potentially
low string scales [66, 67] has stimulated interest in higher-dimensional effective field
theories '*> and their phenomenological implications [64]. In particular, the realisation
that gravity and gauge fields can live in different numbers of dimensions has inspired
the construction of “brane-world” models where SM fields are confined to D-branes
embedded in a higher-dimensional space felt by gravity [70]. These models offer new
(non-supersymmetric) solutions to the hierarchy problem [71] and can explain the
relative weakness of the gravitational force due to a volume suppression from the
additional dimensions felt by gravity. Brane-world models also offer a realisation of
hidden sector SUSY breaking, where the hidden sector is spatially separated from the
SM fields on a distant brane [22, 23, 24, 25].

Historically, the idea of (microscopic) extra dimensions pre-dates string theory and
first appeared in the context of unification, when Kaluza and Klein attempted to
combine Maxwell’s theory of electromagnetism with Einstein’s theory of general rel-
ativity by embedding both theories in a generally covariant 5d spacetime [72]. They
assumed that quantum corrections caused the extra dimension to curl up into a circle
of radius R ~ O(Mp}') =~ 10% cm which is too small to observe. The fifth dimension

y has the topology of a circle S, so that a scalar field ¢(x, y) propagating in the extra

15See Refs.[68, 69] for recent reviews.
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dimension satisfies the boundary conditions:
¢z, y) = ¢(z,y + 27 R) (1.28)

Hence, ¢(z,y) can be expanded as an infinite tower of 4d Kaluza-Klein modes ¢, (z):

$a,y) = dulx)e™? (1.29)

where the momentum (mass) is quantised p, = n/R. The non-zero modes correspond
to particles with masses around the Planck scale, which can be neglected in the low-
energy limit. Decomposing the Einstein-Hilbert action in 5d, they recovered the usual
Maxwell theory coupled to general relativity where the off-diagonal fifth component

of the metric tensor can be identified with the Maxwell field A, = g5, and the electric

charge is given by e ~ /87 Gn/R.

Instead of circular compactifications, recent higher-dimensional models have been
studied where the extra dimension(s) are compactified on orbifolds such as S*/Z,.
These are constructed by dividing a continuous manifold (S!) with a discrete sym-
metry (Z3) as shown in Figure 1.7 which leads to the appearance of discontinuous

singularities, or fixed points, that are invariant under the orbifold group action .

However, we can still decompose higher-dimensional fields as infinite towers of Kaluza-
Klein excitations, but now the orbifold symmetry provides a mechanism to project

out unwanted states 7.

In chapter 4, we will study a 5d supersymmetric effective field theory %, where the

16We have already seen in section 1.4.2 how closed strings (twisted moduli) can become trapped

at such fixed points.
17Recall how the additional supersymmetries that remain when the 10d type IIB theory was

dimensionally reduced to 4d, are projected out by the orientifold group.

18Notice that AN/ = 1 SUSY in 5d is equivalent to N’ = 2 SUSY in 4d, and it is convenient to
construct &' = 2 hypermultiplets by combining an A = 1 chiral sapermultiplet with its CP-mirror
partner as discussed in Appendix C.
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Figure 1.7: We can construct an S*/Zy orbifold by dividing a circle S* by a discrete
Zy group. This identifies coordinates on opposite sides of the circle, and leads to the
presence of two fixed points that are invariant under the Z, symmetry.

extra dimension y is compactified on an 5'/Z, orbifold. In analogy to Eq.(1.29), we

can decompose 5Hd fields into infinite Kaluza-Klein towers:

Elz,y) = ;En(r) cos (%) (1.30)

Oz,y) = ;On(x) sin<Ry>

where the orbifold leads to a classification of fields into even (£) and odd (O) Z»-
parity. Notice that we can project out non-MSSM states at y = 0 by assigning them

odd Zy-parity.
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Chapter 2

Brane Mediated SUSY Breaking

We propose a mechanism for mediating supersymmetry breaking in Type I string
constructions. The basic set-up consists of a system of three D-branes: two parallel
D-branes, a matter D-brane and a source D-brane, with supersymmetry breaking
communicated via a third D-brane, the mediating D-brane, which intersects both of
the parallel D-branes. We discuss an example in which the first and second family
matter fields correspond to open strings living on the intersection of the matter D-
brane and mediating D-brane, while the gauge fields, Higgs doublets and third family
matter fields correspond to open strings living on the mediating D-brane. As in
gaugino mediated models, the gauginos and Higgs doublets receive direct soft masses
from the source brane, and flavour-changing neutral currents are naturally suppressed
since the first and second family squarks and sleptons receive suppressed soft masses.
However, unlike the gaugino mediated model, the third family squarks and sleptons
receive unsuppressed soft masses, resulting in a very distinctive spectrum with heavier

stops, shottoms and staus.
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2.1 Preamble

The process of SUSY breaking continues to be an active area of research as discussed
in section 1.3.3. Over the years there have been various mechanisms proposed, in-
cluding gravity [17], gauge [19, 20] and anomaly mediation [22, 23]. An alternative
mechanism has been been put forward [24, 25] called gaugino mediated supersymme-
try breaking (§MSB) which has the attractive property of solving the flavour problem,
since scalars masses effectively vanish at the GUT scale and are generated through ra-
diative corrections for which a GIM-like mechanism prevents flavour-changing neutral
current (FCNC) problems. This is rather like the no-scale supergravity mechanism
[18], but is implemented within a Horava-Witten [21] type set-up ' consisting of two
parallel but spatially separated D3-branes with SUSY broken on one brane, the su-
persymmetric matter fields living on the other brane and the gauge sector living in
the bulk and communicating the SUSY breaking from one brane to the other. The
Higgs doublets may also be in the bulk providing a solution to the y problem via the
Giudice-Masiero mechanism [14]. The advantage of this set-up is that the contact
terms arising from integrating out states with mass M are suppressed by a Yukawa
factor ™ML if M > L, and so a modest separation L between the two branes can lead
to negligible direct communication between the SUSY breaking brane and the matter
brane. This is the starting point of both the anomaly mediated and the gaugino

mediated models, and underpins the solution to the FCNC problem in both cases.

In this chapter we shall propose a mechanism for mediating SUSY breaking in Type
[ string models based on open strings starting and ending on D-branes. Type I
string theories can provide an attractive setting for ideas such as gaugino mediated
SUSY breaking (M SB), and we shall explore this possibility in this paper. In place

of the Horava-Witten set-up we shall consider a Type I toy model consisting of two

INote that in the Horava-Witten model the branes are dynamical and appear at strong coupling.
Also, they are not Dirichlet-branes and the gauge fields do not live in the bulk.
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parallel D-branes with a third D-brane intersecting with both of the parallel D-branes.
Instead of having the gauge fields in the bulk we shall put the gauge fields onto the
third mediating D-brane, which allows SUSY breaking to be communicated between
the SUSY breaking brane and the matter brane. Thus the role of the bulk is played
by the third mediating D-brane, and it is the gauge fields which live on this brane
that communicates the SUSY breaking. However in Type I models it is natural for a
matter family to also live on the mediating D-brane, and this provides a characteristic

signature of the brane mediated SUSY breaking mechanism.

To illustrate these ideas we consider a toy model inspired by the work of Shiu and Tye
[52] using intersecting D5-branes, where the intersection regions are effectively parallel
D3-branes within a higher-dimensional spacetime. In this model two chiral families
occur in the 4d intersection region at the origin fixed point (5155 sector), with a third
family on the Db5,-brane (5255 sector). However our model differs from Shiu-Tye
since we include a further D5]-brane which intersects with the D5by-brane at a point
located away from the origin fixed point, and suppose that SUSY gets broken on that
brane and is communicated via the states on the D54-brane which intersect with both
D5;-branes at the two fixed points — brane mediated SUSY breaking (BMSB). In this
example gauge fields, Higgs fields and the third family all live in the mediating D-
brane which plays the role of the bulk in the original gMSB scenario. This separation
of the third family? provides an explanation for the large mass of the third family of
quarks and leptons, without perturbing the solution to the flavour problem since the

first and second families remain almost degenerate.

?Remember that the first two families are localised within an effective 4d overlapping region,
while the third family feels two extra dimensions

32



2.2 Gaugino Mediated Supersymmetry Breaking

In this section we review the gM.SB mechanism [24, 25]. This toy model involves
D3-branes embedded in a higher-dimensional space. Two parallel D3-branes are spa-
tially separated along (at least) one extra dimension as shown in Figure 2.1. Standard
Model quark and lepton fields are localised on the matter brane at y = 0 as open
strings, while the gauge and (possibly) Higgs fields propagate in the bulk®. Super-
symmetry is broken on the displaced source D3-brane at y = L. SUSY breaking
is communicated to the bulk fields by direct higher-dimensional interactions®*, and

mediated to the quark/lepton fields by Standard Model loops®.

“source D3-brane”

SUSY breaking sector

“matter D3-brane”

MSSM matter fields

y=20 y=1L

Figure 2.1: An extra dimensional loop diagram that contributes to SUSY breaking
scalar masses. It is similar to a self-energy diagram, but with the virtual gaugino not
confined to either 4-dimensional brane. This figure is taken from Ref. [24].

The full D-dimensional lagrangian is split into two distinct pieces - a bulk term

3Thus feeling all 5-dimensions.
“Higher-dimensional operators are assumed to arise from the underlying string theory, although

this 1s not clear at present.
®Gauginos in the bulk couple directly to chiral fermions on the matter brane. They also couple

to the hidden sector directly through mass-insertions on the source brane.
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involving only bulk fields and terms localised on either D3-brane that allow direct

bulk-brane field coupling.

Lp = Lour [§ (2,9)] + 32677 (y —y;) £ [€ (2,95) ,m; (2)] (2.1)

where j runs over the branes, x are coordinates for the 4 non-compact dimensions, y
are coordinates for the D — 4 compact spatial dimensions, £ is a generic bulk field,

and n; is a field localised on the 5 brane.

A Naive Dimensional Analysis (NDA) [73] allows the 5d (or higher) effective theory
to be matched on to the observed 4d theory at the compactification scale. The 4

and D-dimensional gauge couplings can be related by the volume of the compact

dimensions Vp_4:
g
2 D (2.2)

94 = VD__4

The D-dimensional gauge coupling gp must be smaller than its strong-coupling limit,

otherwise perturbative results become meaningless®

dD
9 ~ 7753 (2.3)

where [p is a geometrical loop factor for D dimensions, [p = 2PxP/?T(D/2), M is
the fundamental scale in the effective field theory which acts as a regulating cutoff,
and ¢ suppresses the coupling strength. Note that ¢ ~ 1 corresponds to the strong
coupling limit. This places a constraint, along with FCNC suppression, that restricts

the maximum size of the extra dimensions [24, 25].

Following the work of Randall and Sundrum on spatially-separated D3-branes in extra

6Extra dimensions (and Kaluza-Klein excitations) change the energy-dependence of couplings to
power law running above the compactification scale. This allows for unification at lower scales, see
[66, T4] for a review.
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dimensions [22], contact terms between fields on opposite branes are exponentially
suppressed by an amount e™™L where L is the separation between D3-branes along
the extra dimension(s). Eq. (2.4) is an example of an exponentially suppressed 4-

point operator involving superfields from the matter and source branes that generates

scalar masses:

e—ML
5£brane ~ M2 /d46 (¢TS’¢S) (¢E/I¢M> (24)
where ¢g, ¢oar are source and matter superfields respectively.

Compare the suppressed contact terms with the operators giving rise to gaugino
masses and Higgs SUSY breaking parameters, from Higgs superfields H,, H; and
gauge field strengths W, living in the bulk.

5£brane ~ 74- (/dQGMD_gngM/ W, + hc) + E/dll@ { MD-3 < SHqu + hc>
1
+ s dbes [HIH, + HiH+ (HuHi+he)| | (25)

which leads to the following soft terms when we match to the D-dimensional theory:

Fs  Ip/ly 1 Fy pu 2 o P2 )l 1 F?

1 [ Y —— r—— N —— ——— m ~ N —— ———
S VI Vi R A N Vi Fo s Tty ™ o p—ay, ™ el M2
(2.6)

where we have used Eqs.(2.2,2.3) with g4 ~ 1.

Notice that we are following Ref. [25] with the Higgs fields living in the extra-
dimensional bulk so that the y-term is generated on the source brane via the Giudice-
Masiero mechanism [14]. In comparison, Ref. [24] choose to localise the Higgs doublets
on the matter D3-brane and include an additional gauge singlet (NMSSM [12, 13])

to generate p with an extra superpotential term W ~ AN H, H;. Hence, an effective

"Notice that the By term and Higgs mass-squared terms are enhanced by a volume factor relative
to the gaugino mass my and the p-term.
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p-term can be generated if the scalar component of the singlet N acquires a non-zero

VEV.

2.3 Type I String-Inspired Model

Now we turn to Type I string constructions and introduce a toy model motivated
by the work of Shiu and Tye [52]. The string scale M, is usually considered to be
of the order 10'® GeV, but recently the gauge unification scale was suggested to be
as low as 1 TeV, which could allow the string scale at a comparable value. Shiu
and Tye [52] discuss the phenomenological possibilities within Type I string theory
and overlapping D5-branes. They use the duality between the compactification of
10-dimensional Type IIB string theory on an orientifold, with Type I theory on an
orbifold, to recover a 4-dimensional A" = 1 supersymmetric chiral string model with

Pati-Salam-like gauge symmetry ® [7, 75].

We have already discussed in section 1.4.2 that tadpole cancellation conditions and
a non-zero background B-field constrain the number and type of D-branes allowed
within the model to D5 and D9-branes only [53]. In a particular scenario they consider
only one type of D5 brane (53) together with the D9 brane, and after T-dualising two
pairs of compact dimensions, they obtain a scenario with two intersecting branes,
namely 5; and 55 branes which intersect at the origin fixed point. A gauge group
U(4)@U(2) @ U(2) exists on each brane, and they discuss three scenarios where the
SM gauge group originates from different brane combinations. Their third scenario is
of particular interest since it leads to three chiral families - two families on the 5;59

overlap and a third family on the D5g-brane as shown in Figure 2.2.

Using Eq.(1.26), we can extract the renormalisable superpotential terms allowed by

8See Appendix A for details of the Pati-Salam gauge group.
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5y-brane
5o
Cj

C’5152

Fffective D3-brane ‘% 5i-brane

Figure 2.2: The matter fields and Higgs doublets resulting from Shiu and Tye’s third

scenario with intersecting D5-branes, where C? is an open-string state (matter field)

starting and ending on the p™* brane. C?? is an open-string state starting on the p”
brane and ending on the ¢'* brane.

string selection rules:
Wen = CP2C32C22  C22 0215205152 (2.7)

where we have neglected all other open string states.

We now proceed to introduce a toy model based on the above construction. In order
to allow the third family Yukawa couplings (FazFspH) consistent with the allowed
terms in Eq.(2.7), we assign the Higgs doublets H = H,,, Hy; = C7? or C5*. This leads

to the four possible allocations of 5, states in Table 2.1.

l 5, states “ A ] B ‘ C ’ D ]
H=H,, Hy Cy | O | CFF | C3?
F3r, = Qsr, Lsr 5 | 057 | O3 | Cr
Fsp = Usp, Dip, ESp, Nsp || G52 | C3* | Cf* | C5°

Table 2.1: Allocation of 55 states that lead to third family-only Yukawa couplings at
lowest order. We use the lower index to distinguish between doublets, singlets and

Higgs fields.
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Notice that there are no free indices on the intersection states

F;La ER - QiLa LiL7 icRa ?Ra iCR: ch = 05152 (Z = 1’2) (28)

which means that we cannot distinguish between the first two families.

In our Type I string-inspired model, we shall assign the gauge groups and matter fields
as in Table 2.2, where we have ignored the custodial SU(4)s, @ U(1)® symmetry. The
states ¢, @', H, H' are used to break the gauge groups down to the Gsps as discussed

in Appendix D.1.

[ States | Sector H SU(4)s, | SU(2)s5,, | SU(2)s,, I SU(2)5,, f SU(2)s,, }
Fip =Qir, Lip 5152 4 1 1 1 2
Fip = ?z'CR : Dir, Eig, rz’CR 5152 4 1 1 2 1
Fsp = Qar, Lag 59 4 1 2 1 1
Fyp = Usp, Dip, ESp, Nsp | 52 4 2 1 1 1
¢ 5152 1 1 2 1 2
¢’ 515, 1 2 1 2 1
H 5o 4 2 1 1 1
H' 52 4 2 1 1 1
H==H0,,H 5, 1 2 2 1 1

Table 2.2: SU(4)s, @ SU(2)s,, ® SU(2)s,, ® SU(2)s,, ® SU(2)s,, quantum numbers
for left and right-handed chiral fermion states and symmetry breaking Higgs fields.

Gauge invariance with respect to the initial gauge group SU(4)s, ® SU(2)s,, @
SU(2)s,, @ SU(2)s,, @ SU(2)s,, provides a mechanism to forbid both first and sec-
ond family Yukawa couplings (F;z FjrH ) and R-parity violating superpotential terms
in Eq.(1.16) without any other assumptions®. Note that the u-term is forbidden by

string selection rules, which also forbid a superpotential term involving a matter brane

9Notice that the third family right-handed neutrinos and sneutrinos receive large Majorana masses
from the operators FzpFsgrHH resulting in a see-saw mechanism. This is discussed in Ref. [76],
along with a discussion of higher-dimensional operators suitable for first and second family fermion

masses.
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singlet!® where W ~ AN H,, H,. Therefore, the Giudice-Masiero mechanism offers the

best opportunity for producing a u-term from the soft potential as discussed later.

2.4 Brane Mediated Supersymmetry Breaking

We now augment the model in section 2.3, by including an additional D5}-brane lo-
cated at an orbifold fixed point away from the origin as shown in Figure 2.3. The
idea of including the extra 5}-brane is that SUSY is broken on this brane and com-
municated by the MSSM states that live on the 5,-brane which intersects it . Thus,
the gauge fields on the 5y-brane play the role of the gauge fields in the bulk in Figure

2.1. In Appendix E, we will discuss the various mass scales in this model.

5, 51

05152 C;)Q
matter brane .% i\/_v\j\(» @ source brane
2

Figure 2.3: A brane-construction using overlapping D5-branes, with effective D3-
branes at the intersection points spatially separated along the D5s-brane. The first
two chiral families (C®'%2) live on the first intersection region. The third family and
Higgs doublets (0]5’2) live on the D5,-brane in the “bulk” between the source and
matter branes. The gauge-singlet source field in principle can either live on the D5]-
brane or be localised on the 5)5; intersection, but for definiteness we assume the

latter possibility.

We now consider a limiting case in which the model in Figure 2.3 reduces to the

10A non-renormalisable higher-dimensional 4-point superpotential term may be generated by two
additional gauge singlet fields, eg. W ~ N1 Ny H, Hy. This can become the 3-point term when one

of the singlet fields acquire a VEV.
'We will assume an arbitrary gauge group on the 5/-brane, and ignore tadpole cancellation

conditions at this fixed point.
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gM S B model discussed in section 2.2, namely that the D5, compactification radius

is very much larger than the D5, radius!?
Rs, > Rs, > M[! (2.9)

In this limit, the model reduces to that shown in Figure 2.1, where the matter and
source D3-branes correspond to the intersection regions of the D5-branes, and the
bulk corresponds to the mediating 5 brane, as shown in Figure 2.4. Note that the
first two families are located on the matter brane, while the third family and Higgs

doublets live on the mediating 5; brane.

/
1 5
-1 -

Rs, — M matter source

brane brane

matter source ® ®
brane P brane 99
2

Figure 2.4: The intersecting D5-brane construction in the limit of small D5, com-
pactification radius. The D5;-branes reduce to effective D3-branes, separated in two
orthogonal dimensions along the D35y-brane (bulk). The allocation of Higgs and chiral
matter fields are the same as in Figure 2.3 and Table 2.2.

From Eq.(1.24), we know that the gauge couplings on the branes are given by:

M2’U

—2 * 51

= > "1 2.10
951 (271‘)3)\] ( )

-2 _ MEU52
952 (QW)SA[ )

where A; is the 10d dilaton in type I string theory and the compact volume spanned
by the D5;-brane is vs, = (27 Rs,)%. We can see that the coupling-squared is inversely
proportional to the compactification volume vs,, which implies that g5, > g5, from
Eq.(2.9). This limiting case of the symmetry breaking is discussed in Appendix D.2,

but the important results are that the dominant components of the gauge fields live

12Both radii must be larger than the inverse string scale M ! otherwise the original T-dual
description in terms of 9 and 53-branes from Ref. [52] is more appropriate, and we lose the intersecting
brane structure.

40



on the D5y-brane which is consistent with ¢gMSB with two extra bulk dimensions.

After the gauge symmetry is broken down to the Standard Model, we recover the

relationship between gauge couplings:

3
gy ~ \/%93 (2.11)

where g3 = ¢s,, and this is consistent with gauge coupling unification if g5, = govr

at the GUT scale.

It is also interesting to note that the restrictions we place on the radii do not restrict
the radius of the third complexified dimension too strongly. This could allow a large
extra dimension felt by gravity alone (with a size of the order of Imm) as considered

recently [70], but we will not discuss that possibility here.

In this limiting case, we can use the results of Ref. [25], where we identify L = R;,, to
extend the analysis for the size of the extra dimensions and exponential suppression
factors. Ref. [25] considers the maximum dimension size in the strong coupling limit
¢ ~ 1, but for a small number of extra dimensions the theory does not need to be

strongly coupled at the string scale, ie. € # 1.

Consider our symmetric toroidal compactification where the volume of the compact

dimensions is

Vs, L2 = Ri (212)

Using Eqs. (2.2,2.3) with D = 6, we can relate dimension size to the parameter ¢ for

ga ~ O(1) (as observed for SM couplings).

9 6[6 9
G5, ™~ e ~ L

LM, ~ (cls) (2.13)

(ST
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Note that from Eqgs. (2.12, 2.13), we have:

vs, M2 ~ el (2.14)

[ O] ]

1 63 | 2x1071
0.8 56 | 6 x 10713
0.6 49 |3 x 1074
0.4 40 2 x 107°
0.2 28 8 x 1077
0.1 20 5% 107°
0.05 14 9 x 1071
0.01 6 4 x 1072

Table 2.3: Estimates for the toroidal compactification length L and exponential sup-
pression factor for D = 6, where L = R;,.

We have just seen how to recover the gM S B model, but with two extra dimensions
and the third family in the bulk. We can use the gM S B operators that generate
scalar and Higgs masses, A and Bu-terms and even a p-term via the Giudice-Masiero
mechanism!®. However, in our model with M = M, and Rs, > Rs, > M, there are

only two extra dimensions in the bulk between D3-branes?.

We use Eqs. (2.4-2.6) with the following identifications:

éu = (C™)  Qu,Luw, U, Din, Efg, Nin (t=1,2)
Wwe = WSM
Hy,Hy = (CP?)  Hy, Hy, Qsr, Lsr, Usy, Dsg s ESp, Nig (2.15)

J

13Remember that a superpotential y-term is forbidden by string selection rules for our choice of

states.
14This allows us to use Table 2.3 to get restrictions on the size of Rs,.
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65 = (C7™)  ¢s

to generate higher-dimensional operators, subject to the full 42222 gauge invariance.
We assume that the F-component of the gauge-singlet field ¢g, which we assume
to be a string state localised at the intersection between the source brane and the
mediating brane, acquires a non-zero VEV and breaks supersymmetry. We now

proceed to discuss the different types of masses in the limiting case of the BMSB

model.

2.4.1 Gangino masses

In the limit of Rs, 3> Rs,, the Standard Model gauge fields are dominated by their
components on the D5y-brane (bulk). In agreement with gM S B, we generate gaugino

masses of the same order of magnitude from Eqs. (2.5,2.6)

LI b/l 1 Fs (2.16)
M, M2vs,  €ely M, .

mx

(where vs, is the volume of the compact dimensions inside the D5;-brane world-
volume.) Notice that gauginos on the D5;-brane will have exponentially-small masses
due to their separation from the SUSY breaking, and we would expect to observe them

at colliders unless they acquire large masses through some (unspecified) mechanism.

2.4.2 First and second family scalar masses

This is the generic 4-point contact term between fields on opposite branes that leads

to exponentially suppressed first and second family squark and slepton masses'®, using

15This operator also leads to first and second family mixing and off-diagonal mass matrix elements.
There may be another operator leading to first and third family mixing,
eg. 0L ~ [d0CT552C27¢Los.
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Eq.(2.4).

e MR t515s 5150 1
6Lossi ~ /d g 15152 0515 st (2.17)
e—M*R52F2 o - N N N 7 ~ ~ » - ~
Viore ~ IYE : (QILQJL + @pilyn + dipdin + Ll Lip + Eréin + ’/iRVjR)

*

Table (2.3) shows that the exponential suppression factor is strong for two extra
dimensions. Therefore, contact term contributions to the first and second family

scalar masses are negligible at high energies, and they are generated by RGE effects

instead.

Loop contributions to first and second family scalar masses as shown in Figure 2.1 are
much larger than contact terms and anomaly mediated contributions. So, although
the first and second family squark/slepton masses are not zero at high-energies, they

are suppressed by a loop factor relative to third family scalar masses.

2.4.3 Higgs mass terms and third family scalar masses

Extending Eq. (2.5) to include third family scalars, we have the following higher-

dimensional operators:

l 1 1
6 Lsofi ~ i/m {71‘4‘5 (o5H. Hy+ h.c.) + -ngsggbs [HgHu + HIHy + (H,Hy + h.c)

FQLLQur + UshUsp + D5k Dse + Lig Lo + F5hBin + NokNg| b (219)
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From Eqs. (2.6, 2.18), we obtain the p-term,

Fs lg/li 1 Fs

~ 2.1
B M, Moy, ~ el M. (2:19)
Higgs and third family scalar masses.
F2 g/l 2
By, miy iy ~ A5 lofls L Ls (220)

M? M2vs,  ely M2

2.4.4 Scalar mass matrix

We have generated a scalar mass matrix with an explicit third family mass hierarchy

at lowest order:

0 00
1 F2
7n§calar ~ Zﬁi 0 0 0 (221)
0 0 1

The first and second family mass matrix elements are dominated by loop corrections
since the contact term contributions are exponentially suppressed. However these
contributions are still smaller than the third family masses due to the location of the

third family in the bulk and its direct coupling to the SUSY breaking hidden sector.

2.4.5 'Trilinear A-terms

Gauge invariant operators can be constructed for third family A-terms as follows:

1
M:

{
T [HdDgRQgL + HUShQar + HaES Lo, + HyNogLag + hec.
4

(2.22)
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These operators lead to trilinear A-terms that are proportional to the Yukawa cou-

plings:
000 000
Fs 15/, Fs 1
PP AL . 0 0 | ~ _ 0 0 2.23
! ]\/—[* M37)532/2 Mx 6l4 (6[6)1/2 0 ( )
0 01 0 01

where we have used Eq.(2.14).

The first and second family A-terms are negligible in comparison to the third family

term, and receive loop-suppressed contributions instead.

2.4.6 Yukawa textures

Using our choice of states and Eq. (2.7), we obtain a third family hierarchical Yukawa

texture for the quark and lepton sectors at lowest-order. This texture reflects the

observation that m; > m.,m, ; mp > mg, my and m, > m,, m..

000
Yi~]10 0 0 | wherea=u,d,e,v (2.24)
0 01

Smaller next-to-lowest order Yukawa couplings (and associated trilinear A-terms) are
generated by higher-dimensional operators. Notice that an interesting operator is

allowed by 42222 gauge invariance, and appears to be such a small Yukawa term:

5L ~ Fip FipHod (2.25)

The scalar components of the superfields H, ¢ and ¢’ (Higgs) acquire VEVs and
spontaneously break the gauge symmetry. When each field is replaced by its VEV,
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we can generate a first and second family mass term. This operator will be suppressed
by powers of the string scale such that the first and second family have much smaller

masses relative to the third family in the bulk.

2.4.7 Mass ratios and FCNC constraints

Consider the ratio of Higgs and third family scalar masses Bu,quu,m%d,m%s to

gaugino masses m?3:
mi Ly
—_— —-A/I*Z’U52 ~ €l4 (226)

mi ZG

using Egs. (2.2,2.3) and g4 ~ 1, where m} = Bu, my, , m¥y,, m%,.

Also consider the ratio of trilinear soft masses As3 to gaugino masses my using Eqgs.
(2.16,2.23):
A33 1

~ 2.27
my o (elg)'? (2.21)

L e || ™ [mi/m3 [ ms/ma | Assfmi |
0 [2x107] 158 | 12.6 | 0.016
08 |6x10°° | 126 | 112 | 0.018
06 [3x100] 9 | 97 | 0.0%
04 | 2x10° | 63 79 | 0.0%
02 | Sx107 | 32 | 56 | 0.0%
01 [5x10° | 16 | 40 | 0.050
0.05 | 9x107 | 8 28 | 0.071
001 | 4x102| 16 | 13 | 0.159

Table 2.4: Estimates for the ratio of scalar masses and third family A-terms to gaugino
masses for different ¢ and the exponential suppression factor (for masses-squared)
arising from toroidal compactification.

Experimental constraints on FCNC [26] from mass-squared matrix elements require
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a suppression of ~ 1072 — 10~* at the high-scale for first and second family scalar
masses in Eq. (2.17). Using Table 2.4, we get a lower limit of say € ~ 0.01. However,
phenomenological considerations restrict the ratio of my and m,, and places an upper
limit of say € ~ 0.1. This amount of suppression requires that the effective D3-branes

are separated by a distance of order Rs, ~ 10/M,.

2.4.8 Phenomenology

As in [25] we shall consider the phenomenology based on an inverse compactification
scale (R;;l in our case) close to the unification scale Mayr ~ 2 X 1016 CGeV. It is
natural to assume a high energy unification scale in the limiting case gs, > gs, since
in this limit the light physical gauge fields all arise from the mediating 5, brane, and

so are all subject to a single gauge coupling constant, g5, = gaur.

We have seen that in the BMSB model (at Mgyr) the trilinear and first and second
family soft masses are negligible, while the third family soft masses, and the Higgs
mass parameters are larger than the gaugino masses. In Table 2.5 we compare a
sample spectrum in the BMSB model to that in both the gM.SB model [24, 25] and
the no-scale supergravity model [18], where the ratio of Higgs VEVs tan 8 = 20 and a
universal gaugino mass of M, = 300 GeV, are chosen to give a lightest Higgs boson

mass of about 115 GeV, consistent with the recent LEP signal [77, 78]. ¢

In the no-scale model the only non-zero soft mass is Mj /o, which results in a very
characteristic spectrum where the right-handed slepton is very light and is in danger
of becoming lighter than the lightest neutralino ¥}. The §MSB model differs from
the no-scale model only by the inclusion of soft Higgs masses which we have taken

to be degenerate and somewhat higher than the gaugino masses. The main effect is

16Note that tan @ = 20 is sufficiently small that we may neglect all Yukawa couplings except the
top Yukawa coupling in the RGEs.
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BMSB | gM SB | no-scale

M, 300 300 300
Ao 0 0 0
mr,, 0 0 0
mr, 500 0 0
mi., 500 500 0
M, 500 500 0

7 830 830 830

{0 124 119 124

9 239 200 237

%9 506 258 472

0 517 314 485

5 238 195 237

b6 518 314 486

Bz, Ear | 220 9220 220

By, 546 220 220

Een, Esp |l 124 124 124

S 515 124 124

N, Nop || 205 205 205

Nap, 540 205 205

U, Uar || 740 740 740

Usz, 783 653 676

Usn, Usp | 715 715 715

Usn 628 520 7

Dip, Dyp || 744 744 744

Dy, 787 658 631

Dip, Dip | 713 713 713

Dsy 871 713 713

i 613 492 544

ts 832 718 745

tan 3 20 20 20

Mo 115 114 115

Mo 738 596 511

m a0 738 596 511

M 742 602 517

u(Mz) 500 250 467

Table 2.5: Comparison of spectra (in GeV) for the three models BMSB, gMSB and
no-scale supergravity. The common parameters are tan § = 20, universal gaugino
mass M/, = 300 GeV, trilinear soft mass Ao = 0, first and second family squark and
slepton masses m%m — 0. The parameters are chosen to give a lightest Higgs boson
mass consistent with the LEP signal [77, 78]. The p parameter (assumed positive)
and B are determined from the low-energy EWSB conditions.
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to reduce the p parameter, which is determined here from the EWSB condition, and
taken to be positive, which results in lighter charginos and neutralinos. Also in the
GM S B model the heavy Higgs and third family squark spectrum is also noticeably
different from the no-scale model. ! Turning to the BMSB model, we see that the
effect of having both the Higgs and third family soft masses is to raise the u parameter,
and of course to significantly increase the third family squark and slepton masses,

providing an unmistakable spectrum and a characteristic smoking gun signature of

the model.

2.5 Conclusions

We have proposed a mechanism for mediating SUSY breaking in Type I string theories
- BMSB. Rather similar to the gM .S B set-up in Figure 2.1 we have proposed a Type
I string-inspired set-up consisting of three intersecting D5-branes as shown in Figure
2.3 in which the gauge fields, Higgs doublets and third family matter fields all live on
the third mediating 5,-brane which plays the role of the bulk in the gA/ .S B scenario.
The presence of the third matter family on the mediating D-brane is characteristic of
Type I string constructions and provides the main experimentally testable difference

between the BMSB and gM .S B models.

We have considered a limiting case in which Rs, > Rs,, and shown that in this
case the model reduces to the original gMSB model with the role of the bulk being
played by the mediating 5y-brane. In this limiting case, the model naturally leads to
approximately universal gaugino masses and a single unified gauge coupling constant,
which motivates the identification of the string scale with the usual GUT scale. In

this case the phenomenology of the BMSB model is rather interesting, and it may be

17As noted in [25], if we had taken non-degenerate Higgs soft masses then the lightest right-
handed slepton mass could have been significantly increased relative to the no-scale model due to
the hypercharge Fayet-Illiopoulos D-term.
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compared to the predictions of the no-scale supergravity and the gM S B model. Asin
the §M S B model, the first two families naturally receive very small masses at the high
energy scale leading to flavour-changing neutral currents being naturally suppressed.
The presence of third family soft masses will not alter this conclusion very much since
FCNC limits involving the third family are much weaker. However the third family
soft masses will lead to a characteristic squark and slepton mass spectrum which may
be easily distinguished from that of both no-scale supergravity and the §M .S B model

as shown in Table 5. The u-problem is solved by the Giudice-Masiero mechanism as

in the original gM .S B model.

In this limiting case the BMSB model bears a close resemblance to both the no-scale
supergravity and the gM .S B models. The fact that the third family receives a non-
zero soft SUSY breaking mass is strictly not an unambiguous signal of the underlying
Type I string model, since it is possible for this to happen in both the other cases also.
For example in the old heterotic models based on orbifolds, matter may be localised
in the fixed points of the orbifold (the twisted sector) or not (the untwisted sector)
so it is possible to have the third family playing a different role from that of the first
two families. What is different in the model presented here is that the gauge group is
localised on two different branes, but in the limiting case (above) the physical gauge
group arises essentially from one brane, and in this limit we return to a situation
similar to that of the old heterotic string theories. There are however three points
worth noting here. Firstly, the presence of two families at the intersection points of
two branes, and one family on a single brane, seems to be typical of Type I string
constructions [52]. Secondly in Type I string constructions we have the possiblity of
full unification of both gravity and gauge forces, precisely because gravity exists in 10
dimensions whereas the gauge groups live in a 6 dimensional sub-manifold, which is
not possible in old heterotic string theories. Thirdly, the limiting case of Rs, > Rs,
would be expected to apply only approximately, and therefore in practice there will

be corrections, for example, to gauge coupling unification which may be observable.
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In the more general non-limiting case, the model will have an even richer structure. In
this limit (ie. Rs, > Rs, # M!), we must use the full gauge state expressions listed
in Appendix D.1. The light gauge states are no longer dominated by their D3s-brane
components, but are instead mixtures of fields from either brane, with the exception
of the gluon/gluino states that only arise from the D5s-brane. The result is that the
high energy gluino mass will be larger than the high energy wino and bino masses.
In this more general case the gauge couplings are no longer equal, so there is less
motivation to identify the string scale with the GUT scale. Generally the string scale

can take any value from a few TeV to 10'® GeV, and we have the possibility of a mm

scale large extra dimension.

The toy model has other interesting features such as the fact that the gauge symmetry
forbids first and second family Yukawa couplings at lowest order, and naturally forbids
R-parity violating operators that cannot be forbidden by string selection rules alone,
while allowing the third family Yukawa coupling. Most importantly, however, the toy
model demonstrates the BMSB mechanism, which is based on having at least three
branes with two different intersection points. This minimum requirement implies
that constructions with all the branes at the origin fixed point are inadequate for
our purpose. Although there are examples in the literature of intersecting branes
at different fixed points [54], such models are generally more complicated than the
simple set-up considered here. Nevertheless our BMSB mechanism could provide a

useful alternative starting point from which to address the problem of SUSY breaking

in more general Type I string theories.

Finally note that it has been been suggested, in the context of Type I theories, that
singlet twisted moduli, which appear in the tree-level gauge kinetic function, might
be responsible for generating gaugino masses if they acquire non-vanishing F-terms,
and that this might provide a brane realisation of gM S B if the standard model gauge

symmetry originates from 9-branes providing that there are in addition two sets of
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D5-branes located at two different fixed points [79]. This suggestion shares some of
the features with the work in the present chapter, although model building issues were
not discussed, and the characteristic possibility of the third family on the mediating
brane was not considered. Also additional contributions from the F-terms of dilaton
S and moduli fields T; were also generically allowed, whereas in this chapter we have
implicitly assumed them to be absent. In the next chapter, we will explore the role of

twisted moduli as sources of SUSY breaking in the context of general D-brane models

involving intersecting D-branes.



Chapter 3

Twisted Moduli and

Supersymmetry Breaking

We consider twisted moduli contributions to supersymmetry breaking in effective type
I string constructions involving intersecting D5; and D9-branes using Goldstino an-
gles to parametrise the supersymmetry breaking. It is well known that twisted moduli
enter at tree-level into the gauge kinetic functions, and can provide new sources of
gaugino mass if they develop F-term vacuum expectation values. It is generally as-
sumed that string states which are sequestered from the twisted moduli receive a zero
soft mass in the twisted modulus domination limit, however the standard form of
‘Kahler potential does not reproduce this expectation. We therefore propose a new
form of the Kahler potential which is consistent at leading order with the sequestered
form proposed by Randall and Sundrum, and show that it leads to exponentially
suppressed sequestered soft masses. Including the effects of Green-Schwarz mixing,
we write down the soft scalar and trilinear masses arising from a type I string con-
struction involving intersecting D5; and D9-branes in the presence of untwisted and
twisted moduli. If the squarks and sleptons are identified with sequestered states

then in the twisted moduli dominated limit this corresponds to gaugino mediated
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supersymmetry breaking, and we discuss two different scenarios for this. The general
results will be useful for phenomenological studies involving a combination of grav-
ity and gaugino mediated SUSY breaking due to the dilaton, untwisted and twisted

moduli contributions, and enable the soft masses to be studied as a function of the

different compactification radii.

3.1 Preliminaries

Superstring theories offer the only consistent method for unifying the four funda-
mental forces of Nature within a single framework, as discussed in section 1.4, Prior
to 1995, heterotic strings with a gauge group of SO(32) (heterotic-O) or £s x Eg
(heterotic-E) offered the most promising possibility of constructing superstring mod-
els containing the MSSM. However, the discovery of Dirichlet-branes and string du-
alities ended this heterotic monopoly on string phenomenology, and semi-realistic 4d

N =1 type I models have been constructed from type IIB orientifolds, as reviewed

in section 1.4.2.

The heterotic-O and type I models share common features, but differ in phenomeno-
logically important ways. For instance, both scenarios contain dilaton and (twisted
and untwisted) moduli fields - closed string states that are related to the geometry
of the compactified space and appear in the low-energy four-dimensional effective
SUGRA theory [65]. However, in contrast to heterotic models, type I theories include
extended, solitonic Dirichlet-branes which are needed to cancel tadpole anomalies.
Stacks of coincident D-branes are found to generate U(N') gauge groups within their
world-volume (which can be smaller than the full 10d space), and the attached open
strings are identified with chiral matter and gauge fields. Hence, type I models nec-
essarily include open and closed strings for consistency. This raises the hitherto

unexplored possibility that gravity (closed) and gauge/chiral (open) fields can live in

39



different numbers of dimensions. Another important diference is that in type I models
the fundamental string scale M. is no longer fixed at the grand unification Mqur or
Planck scales Mp;, and in principle can be as low as the TeV scale [66, 67] with the
lower bound determined by phenomenology. The low energy gauge structure is con-
trolled by the number and type of D-branes present in the vacuum, and background

B-fields can also induce further symmetry breaking [51, 53].

An important difference between heterotic and type I is the role played by twisted
moduli fields - closed string states that are trapped at fixed points in the underlying
manifold due to the action of orbifold compactification. Consider the gauge kinetic
function f, that appears in the SUGRA lagrangian [65]. In weakly coupled heterotic

string theory, the string coupling constant is uniquely determined by the dilaton

972 ~ Re(S), and:
fa = k(}’S + Al—loop(Ti> (31)

where k, is the Kac-Moody level of the gauge factor! and the dependence on the
untwisted moduli A;_j0,(7;) only arises from 1-loop string threshold corrections [80]
2, In contrast, type I models have gauge kinetic functions that depend on the dilaton S
for 9-branes and the moduli fields T; for 5;-branes at tree-level, giving rise to different
gauge couplings on different branes. In addition the gauge kinetic functions have a
tree-level dependence on the twisted moduli, and this gives rise to different gauge
couplings even within a particular D-brane sector. The tree-level dependence on the

twisted moduli fields Y* from the k* twisted sector (within the world-volume of a

111’1 the MSSM, kSU(B)C = kSU(?)L = g‘kU(l)y = 1.
“In contrast, there is a very different situation for the strongly coupled case (from M-theory)
where f, receives comparable contributions at tree-level from the dilaton and untwisted moduli

fields f ~ S+ T [81].
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given D-brane sector) are given by:

foo= S teE N yke (3.2)
k

47rq

8/
o= Ty Bk 5y (3.3)
k 4m Pi

where the gauge coupling is found by the relation:

4
Ref, = g—f (3.4)

«

and q(p;) label the fixed points within the 9(5;)-brane and sq 4,5, are calculable
model-dependent coefficients involving Chan-Paton matrices [39]. Thus twisted mod-
uli tend to induce non-universal gauge couplings even for gauge groups living on a
common brane sector. The twisted moduli also play an important réle in the can-
cellation of gauge and gravitational anomalies in type I models - like the dilaton
in heterotic string theory - through a generalised four-dimensional Green-Schwarz

mechanism [48] that mixes twisted and untwisted moduli together.

The Kahler potential and superpotential can also receive non-perturbative contribu-
tions, and in the absence of a complete model one may adopt a phenomenologically-
motivated parametrisation in order to make progress [39, 82]. The relative contribu-
tions to the overall SUSY breaking F-term vacuum expectation value from different
fields can be parametrised in terms of Goldstino angles ®. In such an approach one can
derive the soft parameters in terms of these Goldstino angles, and examine various
limits in which the dilaton or moduli fields dominate. As envisaged by the origina-
tors of the approach, it may also be used to investigate the contributions to SUSY
breaking from twisted moduli in effective type I theories, in addition to the usual
dilaton and untwisted moduli fields [83]. However the analyses that have been done

so far have only considered the explicit situation where the gauge group and matter

3See the discussion in Appendix B.2 for further details.
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fields arise from a stack of D9-branes, and thus share the same world-volume as all
of the twisted moduli fields. It is one of the purposes of this chapter to extend the
scope of such analyses to include more general set-ups involving intersecting D5; and
D9-branes. In so doing we encounter a difficulty that is not present in the case of a
single D9-brane set-up, namely the problem of sequestered states which do not share
the same world volume as the twisted moduli, and we show how this problem may

be successfully resolved.

In this chapter, then, we shall consider twisted moduli contributions to SUSY breaking
in effective type I string constructions based on a general set-up involving intersecting
D5; and D9-branes, using Goldstino angles to parametrise the SUSY breaking. It is
well known that the F-term VEVs of the twisted moduli fields provide a new source
of gaugino masses [79]. It is also generally assumed that states that do not live
in the same world-volume should receive zero soft mass contributions in the twisted
moduli dominated limit, which offers a possible string realisation of gaugino medi-
ated SUSY breaking (§M SB) [24, 25, 79]. However we show that the standard form
of Kahler potential is not consistent with this physical requirement. We therefore
propose a new form of the Kahler potential which is consistent at leading order with
the sequestered form proposed by Randall and Sundrum [22], and which leads to
exponentially suppressed sequestered soft masses, in agreement with physical expec-
tations. Including the effects of Green-Schwarz mixing we then write down soft scalar
and trilinear masses arising from a general string construction involving intersecting
D5; and D9-branes in the presence of untwisted and twisted moduli. We show how
the results may be applied to gMSB and discuss two explicit scenarios for this. The
general results will be useful for phenomenological studies involving a combination
of gravity and gaugino mediated SUSY breaking due to the dilaton, untwisted and
twisted moduli contributions, and enable the soft masses to be studied as a function

of the finite compactification radii.
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3.2 Effective Type I String Theory and Twisted
Moduli

3.2.1 Kahler Potentials

In this section we will introduce a generic type I string construction involving inter-
secting D5;-branes embedded within D9-branes, where coincident D-branes give rise
to gauge groups localised within the world-volume of the corresponding D-brane. In
section 1.4.2, we discussed how chiral charged matter fields appear as open-strings
with their ends attached to D-branes. Chan-Paton factors at the string ends carry
the gauge quantum numbers under the attached gauge group. This type of construc-
tion leads to two distinct types of matter field - st,- and C’]9 are open strings with
both ends attached to the same D5(9)-brane, while C®® and C? have their ends
attached to different D-branes and the string tension forces the inverse length of the
strings to become of order the string scale M,. The C® states become localised at
the 4d intersection point between the two D5-branes, while the C%¢ states have one
end attached anywhere along the 5;-brane world-volume. The spectrum also contains
closed strings that correspond to the gravity multiplet and dilaton (5) and moduli
fields (7;). Notice that this construction is entirely general and is T-dual to alter-
native scenarios involving D7- and D3-branes. A construction involving two sets of
intersecting branes within a D9-brane is shown in Figure 3.1, but our analysis can be
extended for a full set of three perpendicular intersecting branes and the open/closed

string states that result.

We can now exploit the string duality between 10d SO(32) heterotic theory and 10d
type I theory to derive the 4d Kahler potential K(S,T;, C,) for the dilaton S, (un-
twisted) moduli 7; and charged chiral superfields C, that arise in the low energy

supergravity description of the model with two sets of intersecting D5-branes embed-
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Figure 3.1: A generic type I string construction involving two sets of perpendicular
D5-branes embedded within a D9-brane, where the D5-brane world-volumes intersect
at the origin. Charged chiral fields appear as open strings with both ends attached
to the same D-brane Cfi and C?, or different branes C®*2 and C*. Closed strings
(5,7;) can live in the full 10d space, although orbifolding leads to closed strings
(twisted moduli Y) localised at 4d fixed points within the D5,-brane world-volume.

Origin fixed point

ded within a D9-brane as shown in Figure 3.1. Ignoring the twisted moduli for the

moment, the result is [39]:

K=-In($+8~|CP7—|CP) —n (Tu + Ty - |C)? — |C52?)
—In (Ty + Ty = |C5* = |C?) = In (Ts + T5 — |C3)% — |C3' P = [C*2)  (3.5)
105152’2 iC%l!Q 10952|2
(S + S)I/Z(T:a + T3)1/2 (Tz + T2)1/2(T3 + T3)1/2 + (T1 + Tl)l/Q(TS + T3)1/2

+

where the results can easily be extended to include a third 53-brane.

Expanding the Kahler potential in the lowest order in the matter fields
(i.e. (S+S8)>|CH? +|C52|?) yields:
G52 CT°

2 051
>+; S+9) (T1+T"1)+(T1+T1)

(3.6)

K=—mn(5+5) - Xm (14
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e T G - R e T = T
(Th+1T3) (Th+Ty) (Ts+15)  (I5+13) (15+13)
10515212 ’095112 |095212

TS L3 AT+ T2 T (T + To) (15 + 1) 72 T (Ts + T2 (T5 + 1) 1/2

Using Appendix B, we can identify the individual Kéhler metrics (which are diagonal

K, = ]E}lbcgab) for each type of charged chiral field:

~ 1

K s = _

R )

~ 1

7 . . )

XCJ.’ (Ty + Tk) (Z FIiFk# Z)

- 1

Kro = ————s- 3.7
= g (3.7)

K, = !
5152 = (S T 5)1/2<T3 T T3)1/2

: I
Koo, = _ _ - . .
Yo = ATy AT Ty CFIEREY

The twisted moduli Y*7 also contribute to the Kahler potential, but the precise form
of the contribution is strongly model-dependent. For simplicity we shall consider a
single twisted modulus within each of the three D5-brane sectors, which we denote
by Y where k = 1,2,3 labels the D5, branes. Each of the Y; may be regarded as
a linear combination of all the twisted moduli within that D5, brane, so that the
simplified gauge kinetic function is from Eq.(3.3),

[ =T+ 22y, (3.8)

@ 4

Modular anomaly cancellation via the Green-Schwarz mechanism suggests that this
contribution mixes twisted and untwisted moduli together while preserving modular

invariance. We will work in terms of a general even function K with an argument:

(Y + Vi) — 66 In(T; + Tj) (3.9)
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For simplicity, we will initially drop the Green-Schwarz term (dgs = 0) and assume
a very simple form [84]

. _ 1 _
K (Y, Yi) = 5 (Y + Ye)? (3.10)

which is valid for small values of Y, + Y} close to the fixed point. Hence the tree-level

Kéhler potential for the closed string states is:
3

K=-ln(5+5) -3 In (T +1T) +i1§’(yk,}7;c) (3.11)

i=1 k=1

We will repeat our analysis in the presence of a Green-Schwarz mixing term (dgs # 0)

in section 3.3.
Recall from Eq.(1.26), that the perturbative superpotential is given by:
Ween = g5, (CPCPCP + C51CP5 7% 4 070 0%

ren 1

+gs, (Cf202520§2 ORI 025209520952) + g5, CHCP 0% (3.12)
g0 (C2C5CS + CP0%1 0% + C3C7=C%)

where the Yukawa coupling constants (associated with fields arising from each 5-and

9-brane) are given by:

4 4
2 = = 3.13
951 Ren ’ g ( )

However, the superpotential can also receive (unknown) non-perturbative contribu-
tions, e.g. from gaugino condensation?, that require the F-terms to be parametrised

in terms of Goldstino angles.

In this general setup, we are assuming that SUSY breaking originates from the

closed string sector. In the absence of a Green-Schwarz anomaly cancelling term

4Gee [85] for a recent discussion in the context of stabilising the dilaton potential in type I string

theory.
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in Eq.(3.10), the Kahler metric is diagonal at leading order since ReS, ReT; > |C,|%.
Using Eqgs.(3.6,3.10,B.8) we can write down the SUSY breaking F-term VEV in terms
of two Goldstino angles (0, ¢), where §(¢) describes the relative contributions from
the dilaton and moduli (twisted and untwisted moduli) F-terms respectively, and we

are assuming a vanishing cosmological constant V5.

Fs = \/3—7n3/2 sin Hems([&’gs)—l/Z = \/gmg/g sin (96”5(5 + 5) (3.14)
Fr. = \/§m3/2 cos fsin ¢ ©; eiai([&"TiTi)"l/z = \/§7n3/2 cos fsin ¢ ©; e (T; + T;)(3.15)
Fy, = \/§m3/2 cos f cos ¢ Oy, em”k([&’kak)‘l/2 = \/§m3/2 cos § cos ¢ By, 197k (3.16)

where 0, (®;) parametrise the relative contributions from different untwisted (twisted)

moduli respectively, and satisfy >0 ©? = 1 and 3°0_, @2 = 1.

We can study three limits of phenomenological interest where different sources of
SUSY breaking dominate: dilaton (S) domination where sin § = 1; untwisted moduli
(T;) domination where cos§ = sin ¢ = 1; and twisted moduli (Y%) domination where
cos ) = cos ¢ = 1. In the next sub-section we shall see that there is a problem with

the sequestered masses in the twisted moduli dominated limit, and then we show how

this problem may be resolved.

3.2.2 Problems with the Standard Kahler Potential

In order to illustrate the problem let us consider the case of a single linear combination
of twisted moduli located inside the 53-brane, which we denote by Y3, corresponding
to the simplified gauge kinetic function f?* = Ty + 5,Y5/47. Thus we take the SUSY
breaking parameter ®; = 1 in Eq.(3.16). We regard this linear combination ¥ to be
located in the world-volume of the 5;-brane at a distance OQ(Rs,) from the intersection
states C®1%2. Figure 3.1 shows that only €2, C? and C° states can couple directly

to the Y, twisted moduli, while stl, C%1 are confined on the 5;-brane, and C*'* is
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confined to the origin fixed point. We refer to the states C>',C* and C** which

are spatially separated from Y5 as being sequestered from it.

Using FEqgs.(3.14-3.16,B.17) with the standard Kéhler metric for the intersection and
51-brane states of Eq.(3.7), the sequestered state scalar masses are found to be (still

ignoring the Green-Schwarz mixing term §gs = 0):

3
M5, = m§/2 1-—- 3 (sin2 0 + ©2 cos®  sin? ¢)]

méfl = m3/2 {1 — 3sin? 9}

’ITLZsl = m3/2 [1 302 cos® d sin qb} (3.17)
mégl = 7713/2 [1 ~ 302 cos® 0 sin® qﬁ}

mies, = m3/2 {1 — —cos? @ sin® ¢ (@2 + @2)]

In the twisted moduli dominated limit where the F-term Fy, is the only contribution

to the SUSY breaking (cos# = cos ¢ = 1) the intersection state masses from Eq.(3.17)

are:

mis s, = mgcsl = Mges, = mj, (1=1,2,3) (3.18)
M

These soft masses are found to be independent of the separation between the origin
and the fixed point at which the twisted moduli live. Physically, this is not what we
expect for fields trapped at the origin fixed point. Since these states are sequestered
from the twisted moduli we would expect that their soft masses be exponentially
suppressed by the spatial separation between the two fixed points, as the following
argument explains. In the twisted moduli dominated limit, the situation regarding

the sequestered states is physically equivalent to the §MSB scenario [24, 25] as shown

in Figure 3.2.

In section 2.2 we discussed that, in gaugino mediation, SUSY is broken on a 4d hidden
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Figure 3.2: The intersecting D5-brane construction shares similar features with the
gaugino mediated SUSY breaking model in the limit of a small compactification radius
Rs,. In this limit, the C'j51 and € states are effectively localised at the origin,
and these intersection states are equivalent to the matter brane while the localised
twisted modulus is equivalent to the hidden sector brane where SUSY is broken. The
spatial separation between the two fixed points (matter and hidden sector brane) is

T~ O(R52)

sector brane which is spatially separated along one (or more) extra dimensions from
another parallel 4d matter brane where matter fields are localised. Scalar masses on
the matter brane are exponentially suppressed at tree-level by the distance between
the branes but are radiatively generated at one-loop via gaugino mediation. In the
string theory realisation, the role of the hidden sector brane is played by the twisted
moduli localised at a non-trivial fixed point separated from the origin fixed point

which corresponds to the matter brane.

Clearly in the limit of large spatial separation between the two fixed points r ~ O(Ks,)
the sequestered soft masses should be exponentially suppressed °:

2 2 —Myr_ 2
51 5, Mpvsy ™~ € m3/2 (319)

2
M55y, mC
J

SPhysically, this suppression is due to integrating out the heavier modes (with masses above the
cutoff M.} that propagate between sectors with a Yukawa-like propagator.



where M, is the ultraviolet cutoff for the effective theory, which we will associate with
the string scale. Obviously, a sufficiently large separation will lead to a negligibly small
mass as in gM.SB which offers a solution to the flavour problems and suppression
of flavour-changing neutral-currents. In the next sub-section we propose a new form
of the Kahler potential which give rise to the correct exponentially suppressed soft
sequestered masses in Eq.(3.19) rather than the result in Fq.(3.18). In Appendix G
we consider an alternative exponential suppression factor e~ (M)’ that is attributed

to non-perturbative world-sheet instanton corrections [86].

3.2.3 A New Kahler Potential

We need to modify the intersection state Kihler potentials Kgs;s,, ]1’051 and Kpos; to
give the desired exponentially suppressed mass prediction in Eq.(3.17) ;vith an explicit
dependence on the separation. Notice that in the limit of very small separation, we
should be able to recover the previous (standard) form of Eq.(3.7). To begin with

we will only consider the Kahler potential for C*1*2 states and later generalise to the

051,0951 states as well.

Consider the scalar mass relation of Eq.(B.17) for the intersection states C'*'** in the
limit of twisted moduli domination and let us determine the Kahler potential from

the requirement that it be exponentially suppressed:

Mysys, = m%m — Iy, Fy, Oy, Oy, (111 ﬁ’cslsg)
= mj, [1 - ~—3——-ay Dy, Korsy + 3 (0, Ko ) . 1&’05152} (3.20)
[&'7051 59 2 I(Cslsz )2 2 :
= S_RSQM*mg/z

where Fy, = \/§m3/2 cos 8 cos ¢ €2 ; twisted moduli domination corresponds to cos § =

cos ¢ = 1, and Rs, is the compactification radius of the second complex dimension and
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is of order the separation between the hidden sector Y5 moduli and the intersection

states. The 4d untwisted moduli field T; can be decomposed into real and imaginary

parts:

_ 2RIM?
==

T; + (3.21)

where R} = RZ. is the compactification radius on the i** torus, M, is the string scale,
n; is an untwisted closed string from the Ramond-Ramond sector, and A7 is the 10d

dilaton which is related to the fundamental (perturbative) string coupling and can be

set equal to unity. We can find a relationship between the real part of the untwisted

T-modulus field Ty and the compactification radius Rs,:

_VBAT (3.22)

27 oM,

We solve for the Kéhler potential that leads to the equivalence of the last two lines

of Eq.(3.20):

— 7 \2
Romes = exp {(1 — Vi) &6—}/—)—} (S, Ty, T3] (3.23)

where ( is some arbitrary function of S, 7} and/or T3. The condition that the previous
expression for the Kéhler potential of Eq.(3.6) is reproduced in the limit of a small

compactification radius, i.e. Rs, ~ /Ty + Ty — 0 fixes the function ([S, Ty, T5]:

1

Kesis, — €[S, Ty, Ts) = _ _ 3.24
(5152 C[ s 41 3] (S+S)1/2(TB+T3)1/2 ( )
Then in the limit of very large separation Rs, ~ /Ty + Ty — co:

. e(Y2+Y2)%/6

]&'705152 — (325)

(S F 9)2(T5 + T3)' /2

67



In this limit, using Eqs.(3.14-3.16,B.17) we obtain:
3 :
Misys, =M, [1 -3 (sin2 0 + O3 cos® 8 sin® qb) — cos? f cos® ¢ (3.26)

which replaces the form in Eq.(3.17) in the large separation limit, and vanishes in the
limit of twisted moduli domination (cos = cos¢ = 1) due to the strong exponential

suppression factor.

As shown in Appendix F, Randall and Sundrum [22] have discussed the conditions
under which a visible matter sector may be sequestered from a SUSY breaking hidden

sector. The Kéahler potential in Eq.(F.7) leads to scalar masses that vanish exactly:
Kps = —3MpyIn [1 4+ ¢ Fvel3Mbi y ¢=Fnial2Mp, | (3.27)

where K5 (Kpiq) 1s the separate Kahler potential for the visible (hidden) sectors, and

Mp; is the reduced Planck mass. If we write the visible sector (C') and hidden sector

(Y2) Kahler potentials as:
% 2 - 3 - >\ 92
]&vis =3 [C! 5 [Xhid = 5(}’2 + )’2) (328)

then the combined Kahler potential may be expanded for small |C|? and (Y5 + Y3)?

as:

Kps = —3MpIn[1 4 ¢ IOV/Mb 4 o= (ot12)%/200E (3.29)
(Y, + Y5 (Va+ 172)4]

1 _ 4
= (Y,+Y)2+0 Y+Y4+Cz[1+ L — -
S(¥2 + o) (Y + Y2)Y] +[C] ST, TN,

The expansion of the coefficient of |C'|? in Eq.(3.29) is equivalent to the expansion of
eM2+Y2)*/6 in Fq.(3.25) up to O [( o+ }72)4J, where we have adopted “natural” units
and set Mp; = 1. Therefore the numerator in FEq.(3.25) is equivalent to the Randall-
Sundrum sequestered form of the Kéhler potential in Eq.(3.29) up to O [(Yz + 372)4],
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which is sufficient for all practical purposes.

We can now write down the modified form of the tree-level Kéhler potential that
vields the “correct” mass for the intersection states C°'°? (and similarly the 5;-brane
states C’;’l and 0951) - in the limit of Y3-domination - with an explicit dependence on

the separation between the intersection point and the twisted moduli hidden sector:

3
K(S,5,T,T:, Yy, Ya) = —In (S + 5) — Zln (T:+7T) + %(Yé AT

+ S s gt ZET(%%W’”I? > s AL HNCED
+Z 1[5321727 Z Sjj;’ +Z 11110—3?];1) C;g (5+g§1(/T2?}}2r T3)1/210515212
E - S
+OZ (T2+Tf)(5§£)+ T3)1/21095112+09252 @ +T1)ISZE£ T

where
E(Ty, Ya) = exp {(1 - e—\/T2+T2/2) Oi%j"’q (3.31)

Before we repeat this analysis with the Green-Schwarz mechanism to cancel anoma-
lies, we will show that our result can be generalised to a construction involving three
perpendicular D5-branes that all intersect at the origin. We will assume that there
are three separate linear combinations of twisted moduli Y; - one combination within
each D5;-brane world-volume - each at a distance O(Rs,) from the origin intersection

states, where

VI + T
Ry = Vol (3.32)

' 2M.
We can immediately write down the form of the Kéhler potential that will give the
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correct prediction for the masses in the Y-dominated SUSY breaking limit:

K ) §(T25Y'2) f(T&YE’;)'CfIP + S(Tlai/i)g(T37}/é)10152l2

(5+5) (T + 1)
E(T, V1) (T2, Y2) | syre . E(TL, YY) E(T, Y2) E(T5,Y5) | 5501
(T2 + T2) e+ (S + S)V2(Ty + Ty)1/2 & (3:33)

(T, Y1) E(T3, Ys)
(Ty + T1)1/2(T3 + T3)1/2

§(12,Y5) E(T5,Y3)
(T + Tz)l/Q(T:z + T3)1/2

l0951|2+ ’0952|2+...

Notice that the C’;i and C% states will couple directly to the twisted moduli within
the same brane (Y;), but will receive exponentially suppressed SUSY breaking con-
tributions from the twisted moduli on different branes (Yj;). The C’J9 states live in

the full 10d space and therefore can couple to all twisted moduli.

3.3 Green-Schwarz Mixing

In this section we will repeat our previous analysis, but with the inclusion of an
anomaly cancelling Green-Schwarz term that requires mixing between the twisted
and untwisted moduli fields as discussed in section 1.4.2. This mixing leads to a
non-diagonal Kéhler metric (at leading order) and we use a canonically normalising

P-matrix in our parametrisation to define the SUSY breaking F-terms ©.

For simplicity, we will again assume that only a single linear combination of twisted
moduli fields Y, (within the D3;-brane world-volume at a distance O(Rs,) from the
intersection point) contributes to the SUSY breaking. Since only the twisted moduli
from the 52-brane contribute, it is not too unreasonable to suppose that only the 75

untwisted modulus field participates in the anomaly cancellation. Using Eqs.(3.9,3.10)

6See Appendix B.2 for details.
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we propose that Y3 has the following Kéhler potential [84]:
- - 1 - 12
K(Ye,Yo) = 5 Y2 + Vs = Sas In(T; + Ty)] (3.34)

We can calculate the Kéhler metric by using Eq.(3.30) with the modified twisted

moduli potential:

G 0 0 0 0
0 iy 0 0 0
Kp=| 0 0 memp(k+ds) 0 5% (3.35)
0 0 0 (TSJ:TS)g 0
0 0 — e 0 1

where [ = 5,71;,Y, and k = 1 + dag [YQ + Y, — das In(7% + TQ)J. For simplicity, we
assume that |C]2 < (S 4 9),(T; +T;) 7.

The Kahler metric is block-diagonal, and we can canonically normalise the metric
using a (5 x 5) P-matrix [83] as discussed in Appendix B.2. Using Eq.(B.8), the

F-terms are defined as:

Fg sin @ eto's
Fr, cos § sin ¢ ©; e’
Fr=| Fp | = V3mgy P| cos 0 sin ¢ O, e (3.36)
Fr, cos 0 sin ¢ Oz '
Fy, cos f cos p %2

where 6 and ¢ are Goldstino angles, >, @I@i = 1 and we have included CP-phases

(87

"Notice that in this limit the exact form of the intersection state Kahler potential K¢s,s, is not

important.
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Using Eq.(3.35) and imposing the condition PTK;;P = 1 we obtain a very compli-

cated expression for the P-matrix that can be expanded for large values of (T3 + T5)

to give:
S+S 0 0 0 0
0 TNT+T 0 0 0
P = 0 0 Lyle 0 — o (3.37)
0 0 0 Ts + T3 0
0 0 BalEs 0 l-gEy

where k = 1+ dgs [¥s + Y2 — das In(Ty + T)).

From Eqs.(3.36,3.37) we find that the SUSY breaking F-terms up to O [1/(T2 + Tg)?’]

are:

FS = \/§m3/2 sin@ems (5+5)
Pr, = +/3maj;cosfsin O, ¢ (Ty + 1))
[ (T4 T) oy, 9GS
12 _ 3 0 o) _ oy, 7Y 3.38
T, V/31m3; cos _Sln Qb_—\/z 2% — cos g ™72 T+ T (3.39)

Fr, = \/§m3/2 cos Osin ¢ O5 €2 (T5 + Ts)
_ das Vkéas iova
Fy, = \/§m3/20080 smgb(\/]: (T2+T2) O¢
- s
1Y, —_——2
+ cosde (1 T + T

Notice that in the limit of 75 (or ¥3) modulus domination, both Fr, and Fy, are non-

zero. However, setting cos# = cos ¢ = 1 still corresponds to the Ys-domination limit,
even in the presence of Green-Schwarz mixing, and we expect the intersection state

masses to depend on the separation from the Ys-fields as before.

Our previous analysis, in the absence of a Green-Schwarz mixing term, leads us to
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propose the following generalisation of the Kihler potential Kps5, in Eq.(3.23):

exp [é (1 _ e—\/T2+T2/2> {yg + Yy — Sgs In(Ty + Tz)}Q]
(S + 5)VA(T; + T5)' /2

Koo = (3.39)

which leads to an exponentially suppressed intersection state mass in the limit of

Y;-domination:

JiTE 1
m205152 =¢ To+T2/2 m§/2 +0O {m:} (340)

Similar results apply to the C;l and C%1 states and we obtain a Kahler potential as

in Eq.(3.30), but with Eq.(3.31) generalised to
1 — _ _
f(Tg, }fz) = exrp [6 <1 — e T2+T2/2> {)/2 + }/2 - 5@5 ID(TQ + TQ)}Q:‘ (341)
In section 3.5 we will consider an explicit example and analyse the soft parameters in

various limits.

Notice that our comment at the end of section 3.2.3 about including the effects of mul-
tiple SUSY breaking twisted moduli still holds. The previous expression of Eq.(3.33)

is easily generalised by replacing the arguments as follows:

(Vi + Y2) — (Vs + Y2) = Sas In(Tx + T3). (3.42)

3.4 Soft SUSY Breaking Parameters

We can now write down the complete list of soft scalar masses and trilinears that arise
in a general string construction involving two intersecting D5-branes embedded within
a D9-brane, where a single linear combination of twisted moduli Y; is located at a

fixed point within the world-volume of one of the branes (5;). It is straightforward to
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generalise these results to more twisted moduli fields, and we have explicitly discussed
the case of three twisted moduli ¥; in section 3.2. The results presented in this section
will be useful for performing more general phenomenological analyses of sparticle
spectra in string theory than have been done so far in the literature 8.

Note that the gaugino masses require knowledge of the gauge group embedding, and

therefore gaugino masses are more model-dependent. We will consider a simple ex-

ample in section 3.5.

3.4.1 Scalar Masses

Using Eqgs.(3.30,3.38,3.41,B.17) we can write down the scalar masses for the non-
sequestered states sz, CJQ and C%2 which couple directly to the twisted moduli Y3:

mzf2 = még = m3/2 {1 302 cos? § sin gb]
mZO;Z = m3/2 [1 3sin? 9}
mé;z = mé? = m3/2 {1 302 cos? § sin qb} (3.43)
még = m3/2 [1 — 3@ cos” § sin gb}
Mpes, = [1 — 5 cos 20 sin® (@2 + 0 )]

The sequestered states sz, 5152 and %1 are spatially separated from the twisted

modulus field Y, and have masses of the form:

3 :
miss, = m?— §m§/2 <sin2 f + O3 cos® 0 sin® qS)

2 35 292,03 2
Meos, = fn2——2~m3/2 cos” § sin” ¢ —]€—2+®3

8In appendix G we consider an alternative exponential suppression factor e~ (M.1)* that can be
attributed to non-perturbative world-sheet instanton corrections [86], and we calculate the modified
expressions for scalar masses and trilinears.
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mls, = m’—3m3,sin’ 0 (3.44)

ot
mégl = 10’ — 3m3,0] cos’ I sin® $
mzcgl = m’— Em?,)ﬂ@g cos® fsin’ ¢
where
m® =mj, [1 — cos® § cos® ¢ (1 — eV T”LT_?/Q) (3.45)
29 ‘a2 25 = _ _
_cos smkqb@z GS <1 . e—\/T2+T2/2> {Y2 +Y, —«5@5111(7} ‘I‘TQ)}
205in?2 @2 e~V To+T2/2 — _ — 12 =
yo 0o e VE+ T {¥e + Ta = Sostn(To+ 7o)} (24 T+ 1)
cos? 0 cos psin é (O, ell2=o%) 4 @ ¢mile2=0w)) o=V T2+T2/2 ) )
_ ( 2 2 ) { o+ Yo — SgsIn(Ty + Tg)}

32V (Ty + T)
i} , _ dgs
X <8(T2 +13)%% + bgs {Y2 + Yz —dgsIn(T2 + TZ)})} +0 [(Tz n T2)3/2}

In the limit of a large separation, Rs, ~ /Ty + Ty — oo

m? — mg/2 [1 — cos® 0 cos? ¢ (3.46)
20 0n2 102
= ésmkqb O20as {YQ + Y, — dasIn(Ty + Tz)}}
and for a small separation Rs, ~ /Ty + Ty — 0

Now we will consider the different limits of SUSY breaking:

e Dilaton domination (siné = 1):



mé;z = méfl = —2m} (3.48)
1
mé5152 = —§m§/2

Notice that this limit generally gives rise to tachyonic states.

e T-moduli domination (cos§ =sin¢g = 1):

méfz = még = m§/2 (1 - 3@%) , mégz = m§/2
mz,? = mé? = m§/2 (1 - 3@%) , mQCQg = m§/2 (1 - 3@%)
2 22 3 5 oo 2 2 3 (o2 2
7n05152 = mT - -2—77’&3/2@3 N mCQS2 = m3/2 1 - 5 (@1 + @3) (3.49)
.2 3 03 .
wte, = gty (Prer) ot =g
. N 3
mégl = mi — 3m§/2®§ , mé;l = MA — Emg/z(ﬂg

where

2 — _ -
02 das <1 _ e—w/T2+T2/2> {YQ + Yy — SasIn(Ty + Tz)} (3.50)

jor

@2 —\/T2+T2/2 — _ B 2 —
§228 VA T (Y + Vi —dasTy + 7)) (24T + 1)

32k

ma = m§/2 [1 -

e Y;-moduli domination (cosf = cos ¢ = 1):

2 —_ 2 . 2 — 2
mcf22 . —_ mClg,2,3 — m0952 — m3/2
2 2 2 —/Ta+T2/2 2
Mesys, = mc,sl = Meos; — € 2+ 12/ m3/2 (351)
1,2,3

where the 5-and 9-brane states couple directly to the SUSY breaking twisted moduli

and are not exponentially suppressed.

Physically the twisted Y3 moduli dominated limit, corresponds to gaugino mediated
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SUSY breaking, if the standard model quark and lepton states are identified with the
sequestered states (see later example). The dilaton and T-moduli domination limits
correspond to different examples of gravity mediated SUSY breaking. In the general
case where we are not in any particular limit, SUSY breaking will have contributions
from the F-terms of the dilaton and untwisted moduli as well as the twisted moduli,

and then we must use the general formulae for the scalar masses in Eqs.(3.43,3.44).

3.4.2 'Trilinears

The trilinear and Yukawa couplings arise from the superpotential, where the dominant
tree-level contributions are shown in Eq.(3.12) in terms of open string states. The
precise structure of the Yukawa and trilinear matrices depend on the identification of
these string states with MSSM fields. As shown in Eq.(3.12), the leading terms are
constrained by string selection rules and gauge invariance. Higher order corrections
can be generated by higher-dimensional operators where powers of the model cutoft
(e.g. the string or Planck scales) lead to a large suppression. We will illustrate

how different identifications lead to alternative Yukawa structures in section 3.5, as

recently discussed in Ref. [87].

We can list the dominant trilinear couplings that arise from the perturbative su-
perpotential of Eq.(3.12). Using Eqgs.(3.30,3.38,3.41,B.19) and making the standard
assumption that the Yukawa couplings Y., have no dependence on the dilaton and
moduli fields (9rln Y. = 0) ? we find:

A V3 ng 2"
CoRosis s = 3mayy cosd [sin ¢ NG

: @2 eiaz —\/T2+T /2 7 v = 2
+oing 2o 22Ty 4 Ty {Ys + Yo — Sas In(Ty + Ta)} (3.52)

9Notice that by definition, the Yukawa couplings are related to the moduli fields through Eq.(3.13)
so this assumption is not really valid, but we make it for illustrative purposes so that our results
may be compared to others in the literature.
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iay2

— cos ¢

<1 + 26—\/T2+T2/2> {Y2 + }72 — 5GS hl(TQ + Tg)}}

ia’s

AC?C%IO%I = —\/§m3/2 [Sil’l@é

i O™ _ +T12/2 T Y N
+ cos #sin ¢ TV e v \/Tg + T, {Y2 + Y, —dgs In(Tz + TQ)} (3.53)

tory,

<1 +2eV T2+T2/2> {Yz + Y, — SgsIn(Ty + T2)}}

—cos B cos ¢

1 : 1 . oz :
Acsisycns) sy = —\/§m3/2 [5 sin 0 &'*5 + 5 cos fsin ¢ (@1 e + @i/% — 03 em‘*)

3_]; VT2 1 {Y2+ Vs — SasIn(Ty + 1‘5)}2 (3.54)

., 0,
+ cos
cos fsin ¢ 2

iozy2 o _ —
—cosfcos ¢ (1 +2eV T2+T2/2> {Yg + Y, — s In(Ts + Tg)}}
AC§IC5152C5152 = A051051051 =A 5109510951 = ——\/—mg/g cos d [Singb@l €ia1
boin g L VT L (Y V- bas T+ )Y (3.55)

\/l:
—cos g e TV IHT/2 {Yz + Y, — Sgs In(Ty + Tz)}]

. @2 €
Acsgc 52 =A 5909520952 = —\/§m3/2 cos t [sm q5 \/E

—cos g% {Y; + Y3 — s In(Ty + o)} (3.56)
AC?CSC;’ = AC‘230952 €952 — —\/§m3/2 [sin@ eias
— cos f cos ¢ e {Yz + Y5 — dgs In(Ty + TZ)H (3.57)

Now we will consider the different limits of SUSY breaking;:

e Dilaton domination (sin§ = 1):

AC’?C“!C%I = AC?C@C@ = ACgC%Q 952 = 2A05152@9510952 = ——\/gmg/g e'*s
AC§20515205152 = AC’§105152C5152 - AC?C;’IC? =0 (3:58)

Agsigoss gosr = Agiagon gon = Agtagzagzs = 0
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e T-moduli domination (cos 8 =sin¢g = 1):

A0352 C5152 (5152

Acf 951 951

AC51 59 0951 0952
Acvgl 051 59 051 59

A

59 ~59 ~52
Cl 02 03

Acteges

where

R @2 e’iCYQ

A=m
3k

3 : n
- - Emg/g @2 e — A
= —A
\/g . @ eiag . R
= Ty Man O1e" " + 2\/]; — Oz | — A
. 3 .
= Acf102510351 = ACfngf’lC%l = _\/§m3/2 @1 e — §A (359)

13 .
= AC25209520952 = —];,'- m3/2 62 e'?

= A0290952 952 = 0

= — — — 2
e—\/T2+T2/2 \/T2 + T {Yz +Y; — das ln(T2 + TQ)} (3.60)

o Y;-moduli domination (cos§ = cos¢ = 1):

Acsg C5152 05152 AC?0951 cosy = Agsisa0051 098 = <1 +2e™V T2+T2/2> A
AC’§105152C5152 Acflcilo? - ACf109510951 = 3e” T2+T2/2;1 (3'61)
Agra iz goa Ao o = Acyoses = Acgoma oo = 34
where
~ elor, _ _
A = my), 7 {Y2+ ¥z — basIn(Tz + T»)} (3.62)
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3.5 Gaugino Mediated SUSY Breaking Revisited

The preceeding results are based on a general set-up of intersecting D5; and D9
branes. In order to discuss gM S B it is sufficient to specialise to the case of just two
intersecting sets of D5 branes, 5; and 55. This set-up arises for example in the explicit
string constructions of Ref. [52]. We shall assume that the MSSM gauge group arises
from the 5p-brane only. This enables approximate gauge coupling unification to be
achieved. The MSSM matter fields are identified as either C®%2 or C3? states. We
assume that any C®1%2 states are gauge singlets with respect to any gauge groups on
the 5;-brane. Such a set-up may be achieved in practice from constructions involving
severely asymmetric compactifications (for example Rs, > Rs, as shown in section
2.4), where the combined gauge groups generally arise from linear combinations of
groups on each set of branes. The asymmetry ensures that the dominant contributions

live on the 55-brane, a limit we refer to as “single brane dominance”.

Although the perpendicular 5;-brane seems to be irrelevant in this scenario, in fact it
plays an important rdle since the C®1%2 states are sequestered at a distance r ~ O(Rs,)
from the fixed point associated with the twisted modulus Y. From Eq.(3.44) we find

the soft mass for the sequestered state to be

3
Miss, = e — §m§/2 (sin2 0 + 02 cos® 0 sin® gb) (3.63)

where m? is given in Eq.(3.45). In the twisted moduli dominated limit (cosf =
cosp = 1)
= ¢V ItTa/2 ms,. (3.64)

2
M55y

If the standard model states are all identified as intersection states €132 then, for
a large compactification radius, this setup corresponds to gaugino mediated SUSY
breaking. However the soft mass in Eq.(3.63) is valid away from the twisted modulus

dominated limit, and is also valid for a small compactification radius. It therefore
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allows more general and detailed studies of gaugino mediation to be performed, in-
cluding the effects of finite compactification radii, and the contributions from gravity

mediation effects, which in type I theories correspond to the dilaton and untwisted

moduli F-term VEVs.

The non-sequestered soft masses are given by Eq.(3.43),

méf2 = mzcg = m§/2 {1 — 303 cos? 0 sin’ gb]
mz? = m§/2 [1 — 3sin? 0] (3.65)
m2052 = m§/2 [1 — 307 cos? # sin? ng

The MSSM gauge groups all arise from the 5;-brane, and using Eq.(3.3) with a single

linear combination of twisted moduli fields within the 5,-brane world-volume, we find:

2 =T+ 2, (a = SU®B)e, SUR2)z, U(L)y) (3.66)

where s, are model-dependent coefficients that depend on the details of the orbifold

compactification 1°.

We can find the gaugino masses using Eqs.(3.4,3.38,B.18):

\/?;77’63/2 gz ; To+ Ty  $a [das VEkdas
M, = ——=F—%cos ¥ |si g€ ——m o — = 3.67
o cosf [sing Oy e 7 + w \ Vs + (T + T5)? (3.67)

— cos ¢ €2 5GS— _ Ja <1 — ———(S—giso——> H
Ta+Ty 4m (T + 13)?

Now consider different limits of SUSY breaking:

ONotice that for Z3 and Z7 orbifolds, these coefficents are proportional to the MSSM 1-loop
beta-function coefficients b,.
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e Dilaton domination (sinf = 1):
M,=0 (a=8U@3)c,SU2)L,U(l)y) (3.68)

e T-modulus domination (cosf = sin¢ = 1):

S o (Toi Ty s (6 :
g (B3 (b, )
8 \/E 4m \/]; (T2+T2)

M,

e Y>-modulus domination (cosf = cos¢ = 1):

2 2
M, = _Meiazfg 0G5 _ Sa 1— __%s (3.70)
8 Ty+T1; 4rm (15 + 1y)*

3.5.1 Scenario A - Gaugino Mediated SUSY Breaking For
All Three Families

91
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Figure 3.3: The allocation of charged chiral fields in scenario A which is similar to
the gaugino mediated SUSY breaking model [24, 25]. The MSSM gauge group arises
from the 5y-brane, and all three MSSM chiral families (1,2,3) are localised at the
origin, while the Higgs (H,, H;) and MSSM gauge fields live on the 5;-brane. The
dilaton and moduli fields S, T; live in the full 10d space and a single twisted moduli
Y5 is localised at a fixed point inside the 55-brane world-volume.

In scenario A, depicted in Figure 3.3, the three chiral families are open string states
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localised at the origin fixed point, and the Higgs fields feel two extra dimensions as

open string states with both ends attached to the 53-brane.

QiL; LiL: z’CRa fR? z'CR = 05152 (7' - 17273) (371)
Hu, Hd = C]-Sz

The Higgs states carry an extra index that plays an important role in constructing
the perturbative superpotential from open string states. The tree-level superpotential

from Eq.(3.12) contains the terms:
Wiyen = g5, [CP0PC3 + CPCH520%5%] (3.72)

In order to obtain non-zero third family Yukawa couplings (at tree-level), we can
immediately see that the Higgs fields must be C52 states. This leads to a “democratic”

Yukawa texture (and trilinear matrix) where all entries are equal:

111
Y%~ Ogs,) | 111 (3.73)
111

The democratic structure arises due to the presence of three (indistinguishable) chiral
families, localised at the origin fixed point (C*'°2). However, type I compactifications
do not generally lead to low-energy spectra with this property as one (or more)
families generally arise with both ends attached to the same D5-brane (C®*) which is

the situation we will discuss in scenario B.

The squark, slepton and Higgs soft masses are given by Eqs.(3.63,3.65) with the
identifications in Eq.(3.71). In general the squark and slepton (C®'°2) soft masses
receive unsuppressed contributions from the dilaton and untwisted moduli F-term

VEVs, which corresponds to the string version of conventional gravity mediation. In
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the limit of twisted moduli domination, we see that the quarks and lepton states
acquire exponentially small soft scalar masses:
ST T .
my,, = mIZJfR = m%fﬂ =m}, = m%fn = " VItTa/4 mg/2 (1=1,2,3) (3.74)
and the Higgs scalars obtain much larger masses due to their direct coupling with the

SUSY breaking sector (twisted moduli):

mi, = mi, =mj, (3.75)
This yields the same spectrum as the gaugino mediated SUSY breaking scenario [24,
25], where vanishingly small scalar masses at the high-scale (due to the separation
between sectors) offers an attractive (and natural) solution to the SUSY flavour prob-
lem '*. However, unlike §M S B, the third family trilinear As; = Ao§2 (5155 a5, 11O
Eq.(3.61) is not loop suppressed and depends on the explicit function of twisted mod-
uli K(Y3, Vs, Ty, Ty).

The general results in Eqs.(3.63,3.65) enable us to smoothly move away from the
twisted moduli dominated limit (corresponding to gMSB) and also consider the con-
tributions of the dilaton and untwisted moduli to the soft masses (corresponding
to the gravity contributions to SUSY breaking). We can also consider the effect
of smoothly changing the compactification radius Rs, (corresponding to varying the

distance r in Figure 3.2.)

Notice that if we assign the Higgs fields as different 5o-brane states - for example

H, =C» and Hy = C’fé - then it is possible to generate a p-term in the tree-level

11 As discussed in section 2.4.7, flavour-changing neutral-current suppression places a lower limit
on the size of the separation.
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superpotential
Wien DANH,Hy — o~ MN) (3.76)

if we add a gauge singlet that acquires a non-zero VEV, e.g. N = C}?.

3.5.2 Scenario B - Gaugino Mediated SUSY Breaking For

the First and Second Families Only

In scenario B, depicted in Figure 3.4, the third family is moved on to the 5;-brane

along with the Higgs and gauge fields.

Qir, Lir, Ugr, Dip, B = C*? (1=1,2) (3.77)

— 5
Qsr, Lar, Usg, Dsg, Esp, Hy, Ho = ()7

This setup is a simplification of the BMSB model of Chapter 2 in the limit of a
vanishing 5;-brane compactification radius, where the gauge fields are dominated by

their components on the 5;-brane - “single brane dominance”.

In order to generate a third family Yukawa coupling at tree-level, the Higgs and third
family singlets and doublets must carry different indices. However, we are still free to
choose whether the allocation of Higgs fields allows first and second family Yukawa

couplings at tree-level. For example, suppose that we choose the following allocations:

QBL; LSL = C'152 30R7 DgR: E§R = 0252 Hu; Hd = 05)2 (378)

We will generate block-diagonal Yukawa textures that are not consistent with exper-
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Figure 3.4: The allocation of charged chiral fields in scenario B which is a simplifi-
cation of the brane mediated SUSY breaking model in Chapter 2. The MSSM gauge
group arises from the 5y-brane, and only the first two chiral families (1,2) live at
the origin while the third family (3), Higgs (H,, Hy) and gauge fields live on the
59-brane. The dilaton and moduli fields S, 7; live in the full 10d space and a single
twisted moduli Y5 is localised at a fixed point inside the 55-brane world-volume.

imental data:

1 10
Vi~ O(gs,) | 11 0 (3.79)
0 01

However, if we choose that H, 4 # C5?, then we generate a Yukawa texture with only

a single non-zero value in the (33) entry:

00 0
Y%~ O(gs,) | 0 0 0 (3.80)
00 1

which is more compatible with data, as higher order corrections can generate the
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required structure. We also obtain a trilinear matrix with a single (33) entry:

00 0
Age = AgvEe~10 0 0 (3.81)
0 0 A33

where Ass = A 52 525 from Eq.(3.56).
1 2 3

The soft masses for this scenario are very similar to scenario A, except that the third
family is a C32 state, so it is now a non-sequestered state. In the twisted moduli
domination limit of Eq.(3.51), the first two families receive exponentially suppressed
masses as for scenario A. However, the third family and Higgs acquire large soft

masses ~ O(ms/z) which may be read off from Eq.(3.65).

As discussed earlier, the experimental constraints from FCNC data is only sensitive to
the first two families [26], and this scenario (with a hierarchically larger third family)
may not violate these constraints, thereby providing an interesting alternative solution

to the flavour-changing problem.

3.6 Conclusions

We have considered twisted moduli contributions to supersymmetry breaking in ef-
fective type I string constructions based on intersecting D5; and D9-branes, using the
formalism of Goldstino angles and extending the scope of previous analyses which were
based on a single D9-brane sector. The more general set-up allows the possibility of
states which are sequestered from twisted moduli states which are located at fixed
points and cannot move freely. The sequestered states should have suppressed soft
mass contributions from distant twisted moduli, and this observation has been used

to suggest how gM.SB might be implemented in type I string theory [79]. However,

87



contrary to this expectation, we find that the standard form of the Kahler potential
leads to non-zero soft masses for the sequestered states in the twisted moduli dom-
inated limit. This motivated us to look for a new form of Kahler potential for the
sequestered states. We have proposed a new Kahler potential which is consistent at
leading order with the sequestered form proposed by Randall and Sundrum [22], and
which leads to exponentially suppressed sequestered soft masses. Including the effect
of Green-Schwarz mixing we have derived trilinears and soft scalar masses arising
from a general string construction involving intersecting D5; and D9-branes in the
presence of untwisted and twisted moduli. We have shown how the results may be
applied to gM S B, and discussed two explicit scenarios for this based on two inter-
secting 5, and 53 brane sectors, in which the MSSM gauge group is placed on the 5,
sector. The second scenario in which §MSB only applies to the first two families,
while the third family receives an unsuppressed soft mass, is a simplification of the
model discussed in Chapter 2, but we have extended it to incorporate both gravity

and gaugino mediation effects.

These general results will be useful in phenomenological studies involving a combina-
tion of gravity and gaugino mediated SUSY breaking due to the dilaton, untwisted
and twisted moduli contributions, which enable the soft masses to be studied as a
function of the compactification radii. Previous analyses [83] have only considered
the effect of twisted moduli in the case where the gauge group and matter fields live
on the D9-brane, and share the same world-volume with all twisted moduli fields.
However such a scenario does not give rise to localised matter fields (confined at in-
tersection points) and in general one does not encounter states which are sequestered
from twisted moduli. Hence the standard Kahler potentials used in those analyses are
perfectly acceptable. By contrast our analysis opens the door for more general type
I string constructions involving D9 and D5;-branes, where potentially more realistic
phenomenology and hierarchies between observables can be obtained with some or all

of the matter fields sequestered from twisted moduli SUSY breaking sectors.
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Chapter 4

Supersymmetric Higgs Bosons in a

5d Orbifold Model

We consider a 5d simplification of the BMSB model from Chapter 2, where the extra
dimension is compactified on an .Sy /Z, orbifold. We analyse the phenomenology of
the Higgs sector in this effective field theory for a compactification scale Mgy = 1/R
around the TeV scale. We show that the conventional MSSM Higgs boson mass
bounds in 4d can be violated when we allow the gauge sector, Higgs, top and stop
fields to live in the fifth extra dimension. Supersymmetry is broken at an orbifold
fixed point which is spatially separated from the Yukawa brane where two chiral fam-
ilies are localised. When the brane-localised supersymmetry breaking term for the
stop sector is arbitrarily large, we find that the stop Kaluza-Klein mass spectrum
is completely independent of the Higgs fields. Hence, the Higgs masses only receive
radiative contributions from the top Kaluza-Klein modes. We find that the 1-loop
effective potential is insensitive to the cutoff scale of the theory. This yields a nega-
tive correction to the Higgs scalar squared-mass that triggers electroweak symmetry
breaking in the range 1.5 5 tan 8 $ 20, where bottom/sbottom loop effects can be

ignored. The recent LEP Higgs bound at my > 114.1 GeV, in conjunction with
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naturalness arguments, allows us to bracket the compactification scale 1.5 S My 5 4
TeV. Within this parameter space, we find that the lightest Higgs boson mass has
an upper bound mpo S 160 GeV with the magnitude of the uy-parameter restricted to
the range 33 S |y S 347 GeV.

4.1 Introduction

Extra-dimensional supersymmetric models with a TeV compactification scale [66, 67]
offer an exciting new environment for investigating electroweak symmetry breaking
(EWSB). Various models have been proposed to study EWSB in extra dimensions and
their phenomenological implications [88]-[93] and the majority of models break SUSY
through Scherk-Schwarz (SS) boundary conditions * [95]. However we will concentrate
only on those models which recover the MSSM below the compactification scale and
are anomaly-free after the orbifold compactification [96]. An important feature of
these types of models are that the contribution of quark/squark Kaluza-Klein (KK)
modes to the Higgs mass is negative which triggers EWSB at the TeV scale. Also the
1-loop radiative correction to the effective potential is found to be free of ultraviolet
divergences, which implies that the Higgs physics is completely independent of the
high-energy physics above some cutoff scale. This is due to the requirement of V' =1
SUSY in 5d (which is equivalent to A = 2 SUSY in 4d after compactification ) which
leads to a finite 1-loop effective potential because even though SUSY is globally softly
broken, it is still preserved locally [91, 97] 2.

In this chapter we show that the conventional MSSM lightest Higgs boson mass bound
mpo S 130 GeV [99] can be violated by allowing some of the fields to live in a fifth

'Notice that Ref.[94] demonstrate the equivalence of SS boundary conditions with Wilson line

symmetry breaking.
2Recently, the finiteness of this kind of theory has been showed explicitly at 2-loops [98].
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extra dimension ®. Motivated by fine-tuning arguments, we are led to a (conservative)
upper bound on the compactification scale My S 4 TeV. At this compactification
scale, the lightest Higgs boson mass can be pushed as high as mpyo ~ 160 GeV. We
find that in order to have EWSB through radiative corrections, tan can have a
wide range 1.5 $ tanf S 20 rather than the small range allowed in the model of
Ref. [92] 35 < tan 8 < 40, where SUSY is broken through the SS mechanism. We only
limit tan 8 $ 20 since we neglect bottom-shottom loop effects. Note that, unlike the

MSSM, tan 3 = 1.5 is not ruled out by experiment in our extra dimensional model.

4.2 Our Model

4.2.1 Outline

In this section we introduce our string-inspired model which is a simplification of
the BMSB scenario discussed in Chapter 2, but with only a single extra dimension
compactified on an S'/Z, orbifold as shown in Figure 4.1. We regard this model
as an effective field theory which is defined below a cutofl that we identify with the
string scale M,. Compactification of the extra dimension on the orbifold leads to a
description of 5d bulk fields () as infinite towers of KK resonances. The Z; orbifold

lets us classify bulk fields into even and odd parities which satisfy the following

transformation rules under (y — —y):

Even Odd

Eeven (T, —Y) = Ecven (z,y), €odd (7, —y) = —&oad (2, Y) (4.1)

3Higher upper bounds on the lightest boson mass have been recently calculated in the context of
SUSY in warped extra dimensions [100] and a (de)constructed model [101].
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F3p Fsr
“Yukawa brane” me e “source brane”
. 3L F3g L
Ist/2nd family - Fi a1, Fi2r SUSY breaking sector
MSSM matter fields H, H, $s3, DS,H, PSw
y=20 y="mR

Figure 4.1: Our model showing the parallel 3-branes spatially separated along the
extra dimension y. This extra dimension is compactified on the orbifold S'/Z, that
leads to two fixed points at y = 0, 7R, where the two 3-branes are located. The first
two chiral families (£} 5) live on the Yukawa brane at y = 0, while SUSY is broken by
F-terms of gauge singlet fields (¢g) on the source brane at y = wR. The third family
(F3), gauge sector (Vayssay) and Higgs superfields (H, 4) live in the extra dimensional
bulk along with their A' = 2 SUSY partners which are required for consistency. The
fields present in the model are summarised in Table 4.1.

The odd fields have KK expansions involving sin (ky/R) or sin (mzy) where k is the
KK number and my is the k¥ KK-mode mass?. Notice that odd fields do not have
zero modes which can be associated with MSSM fields since they have wavefunction
profiles that vanish at the fixed points. In contrast, the even fields have cos (ky/R) or
cos (myy) expansions and therefore do not vanish at the orbifold fixed points®. These
Zq-parity transformation properties are important when we come to couple bulk fields
to boundary fields at either fixed point [102], for example when we localise the third

family Yukawa couplings at y = 0 in section 4.3.2.

From a 4d perspective, A" = 1 SUSY in 5d is equivalent to N/ = 2 in 4d, since the

4Usually the KK modes have masses of the form my = k/R.
SWe can choose that the familiar MSSM fields are even with respect to the Z,-symmetry, and so

have massless zero modes before SUSY breaking.
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Kaluza-Klein modes can combine in pairs to form N = 2 invariant states. However
CP-conjugate “mirror” fields also need to be added to the theory to respect the
N =2 SUSY and form hypermultiplets as discussed in Appendices C.1 and C.3. For
instance, each 5d vector supermultiplet Vasssys contains a five-component gauge field
Anr=, 5, a real scalar ¢ and two Weyl fermions A ; that all transform in the adjoint
representation of the gauge group [93, 103]. Each Vyrssar can be decomposed into an
N =1 vector supermultiplet (containing a gauge boson A, and a gaugino ;) and
an N =1 chiral supermultiplet (containing a scalar ¥ ~ o + iAs and a fermion A,)
where the fifth component of the 5d gauge boson becomes the longitudinal component
of the scalar. Similarly each 5d matter hypermultiplet can be decomposed into an
N =1 chiral supermultiplet and its CP-“mirror” chiral supermultiplet, e.g. the up-
like Higgs hypermultiplet ﬁu contains the familiar MSSM Higgs chiral superfield H,,

and its CP-“mirror” H*° partner. The location of the fields present in our model are

shown in Table 4.1.

’ States | Location | Z,-parity

Fip=Qir, Ly (1=1,2) y=0
Iir=Ug, Dip, Eip (1=1,2) y=20

Fsr = Qs , Lsg bulk even

Fsgp =UsSg, Dsp, ESp bulk even

e = Q5 , LTy bulk odd

sp = Usy, DI, By bulk odd

V=A,, )\ bulk even

Y =o0+14s5, A bulk odd

H,, Hy bulk even

Hre, Hpe bulk odd

53, GS,H, Psw y=mR

Table 4.1: The location of the states present in our model. Bulk fields are also
classified by their transformation with respect to Z,-parity. Notice that the superfields
Q, U, D, L, E implicitly include the scalar and fermion components, e.g. Qir ~

@iz, QiL-
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4.2.2 Lagrangian

From section 2.2, we know that the 5d lagrangian can be split into an N = 2 invariant
bulk term [103] consisting of 5d bulk fields, and separate 4d A" = 1 invariant brane
terms localised at either fixed point. Notice that the 4d brane terms are formed from
the boundary fields and the even projections of the bulk fields on to the boundary
branes using an off-shell formalism of /' =2 SUSY in 5d [102].

L=Ls[€(my) ]+ 0y —y) L[ €z, y5),m5(2) ] (4.2)

where ] runs over the two branes at the orbifold fixed points, x are coordinates for
the 4 non-compact dimensions, y is the coordinate for the extra compact spatial

dimension, ¢ is a bulk field, and 7, is a field localised on the j** brane.

The 5d lagrangian for vector (Ap, 0, A;) and matter hypermultiplets (®¢ = Hy 4, Fy
and ¥, = ﬁu,d, F3) given below [93, 103] includes the standard kinetic energy terms

and supersymmetric Yukawa interaction terms:

Ls = Trg% {———;—Ffm + Daol* + XM DuX = X [o, A]}
+ | Dar® 2 + Wary™ Dy 0* — (V205 X0 + h.c.) — Voo 0" (4.3)
—ofic?0r — g2 3 ol (7 Tacpa]
where a labels the bulk matter fields (including both Higgs doublets and the third
family superfields); 7,7 = 1,2 are SU(2)g (R-symmetry) indices and M, N = 0-3,5.
Dy is a covariant derivative and 7™ are SU(2) generators where m=1,2,3. ®¢(¥,)
are the scalar (Dirac fermion) components of the Higgs and third family superfields.

The 5d Dirac matrices are given in Appendix C.2.

Unlike previous models, we assume that supersymmetry is broken by non-zero F-terms

of 4d gauge-singlet fields ¢s3, dsu, ¢s. localised on the source brane at the fixed
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point y = 7 R and mediated across the extra dimension by bulk fields as discussed in
Chapter 2. Notice that the SUSY breaking fields ¢ s carry additional indices that allow
for non-universal couplings, e.g. Fgs3 and Fspg are not necessarily equal. However,
we assume that the same gauge-singlet ¢s3 (¢s ) couples to the whole third family
(Higgs) fields respectively. Generalising the D-dimensional operators from Eq.(2.18),

but for one extra dimension, we can generate third family scalar and gaugino masses:

WeW, + hc.| (4.4)

5% = §(y — nR) [ /d‘* *F3¢53¢53+/d2

where F3 represent the third family superfields Qsr, Lsr, Uy, Dsg, ESg; Wa 1s the
5d gauge field-strength superfield that contains the gaugino as its lowest component,

and ¢z (¢, ) are the couplings of the third family (gauge fields) to the SUSY breaking

sector.

Similarly we can also generate soft Higgs masses, By and p-terms through the fol-

lowing operators:

HIH, + e, HSHy + cpuHoHy + hc| 8 yds

+/d40 (%Huﬂd GLy + hc)} (4.5)

1
5282 = —§(y — 7R) UCMMS [

Terms with even-parity fields replaced by their mirror pairs are forbidden by Z,-
parity, as only even fields couple directly to the 3-brane boundaries at the orbifold

fixed points. However, the y-derivative of an odd field is actually even with respect

to Zy-parity, so terms like:
(= mh) [0 (0,037) (0,05) okt (46)

are allowed by the Z; symmetry, but can be neglected since they are so heavily

suppressed by high powers of the cutoff scale M,.
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We choose to localise the Yukawa couplings on the “Yukawa” brane at y = 0 since we
are unable to produce Yukawas in the bulk from higher-dimensional operators because
such operators would explicitly break the N/ = 2 SUSY®. Therefore couplings between
bulk and brane fields can only be consistently defined on the boundaries of the 5d
space. In order to discuss EWSB, we will consider the dominant top/stop sector

Yukawa couplings and ignore the rest 7. The lagrangian term that generates Yukawa

couplings is given by:
LY = ~6(u) L [0 (Qu B Usp + hc) (47)

where f; = (nRM..)*/*y, and f; (y;) is the 5d (4d) Yukawa coupling. We will make
an additional assumption that only the zero KK-modes of the Higgs scalars acquire
non-zero VEVs and participate in EWSB. It is convenient to expand the zero modes
of the neutral components of each complex (scalar) Higgs doublet in terms of real
and imaginary parts:

1 ) 1 )
H o = 7 (Pu + x0) : HY o = 7 (ha +2X4) (4.8)

where electroweak symmetry is spontaneously broken when the real parts acquire

non-zero VEVs < hy, >, < hy ># 0 and < x, >=< xq >= 0.

4.3 Kaluza-Klein mass spectra

In this section we will calculate the top and stop KK mass spectra in the presence of
Yukawa couplings using a variant of the matrix method developed in Refs. [104, 105].

This method allows us to diagonalise the infinite KK mass matrices, where non-trivial

SNotice that it is possible to construct higher dimensional operators in the bulk that respect the
weaker constraint of SU(2)r (R-parity) invariance, but &' = 2 SUSY is still explicitly broken.
"We will also neglect bottom/sbottom effects by taking tan # < 20.
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mixing between different KK modes is induced by the delta-functions in Eqs.(4.4) and
(4.7). We find that for realistic phenomenology, we require a large mixing parameter
(as > 1) between stop KK modes and small mixing (e <« 1) between Higgs KK
modes. Finally, we will calculate the stop/top sector KK contributions to the 1-loop

effective potential, and we find that it is finite due to supersymmetry in 5d.

4.3.1 Top KK mass spectrum

We will begin by diagonalising the top KK mass matrix which is independent of
the SUSY breaking sector. Using Appendix C.3 and Eq.(C.7), we can combine
Eqgs.(4.3,4.7) to find the terms in the 5d lagrangian that contribute to the top mass

matrix:

where f; = (WRM*)3/2 y;. The 5d top fields have the following KK-expansions:

1 s 2 k1,
tL(R)(fCa y) = th(R),o(CL‘) + Z R cos (%)
k=1

i 2 . (ky\ -
Fonlay) = 3| sin (w) e (@) (411)
(R) et TR R (R)

and since we assume that only the real part of the zero-mode of H? acquires a non-zero

trr)k(T) (4.10)

VEV, we can neglect all other KK-modes in the Higgs expansion:

=g, -1 4 (4.12)

where we have used Eq.(4.8) and dropped the imaginary part.

Substituting these KK expansions into Eq.(4.9) and integrating out the extra dimen-
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sion, we obtain the 4d lagrangian:

mass - k‘ me me
L = =3 = (2], s + thsitn ) (4.13)
k=1
hu o] oo
+% {fz,otR,o +v2 Y (tE,OiR,k + iz,kt}z,o) +2 > L‘thR,z +(L < R)
k=1 k=1
where we have used the following identity
R k [
./o dy cos (%) cos (%) = ?5;;1 (4.14)
This infinite matrix can be rewritten in block-diagonal form:
—L7ess = U MU+ hee. = (4.15)
) \—/%ythuR yeh o RT 0 tro
2 ( tho the i )| vheRIT V2yhoR(ITI) —M || try |+ he
| 0 -M 0 7

where 7 = (1,1,1,1,...) and My = kéy.

Following the method discussed in Ref. [105], we consider the eigenvalue equation:

(4.16)

where m; 1 [h,,] is the field-dependent mass of the k** top KK excitation; a is a number,

while By, and C are infinite-dimensional vectors. After multiplying out Eq.(4.16) and
some algebra, we obtain three independent relations:

ﬂythu -
B 4.17
(\/:2_ me k[ ha] — ythu> k’zzzl ( )
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k. B

Cr = —= 4.18
* R miilhy] (4.18)
2yihy m?[he R? ad
B, = Yiho m3 (7] : S Bu (4.19)
(V2muslha] = yiha) (m?4[ha] B2 — k2) 520
where we can sum Eq.(4.19) using the identity
i 1 e myplhu] TR cot (myg[hy] mR) (4.20)
k=1 (mfk[hu] R? — kz) 2m; y[h.] R?
to derive an eigenvalue condition for each KK-mode:
. ythu 7TR
tan [mt,k[hu]RJ == (4.21)
This yields the following field-dependent KK mass eigenvalues
M b
My (k] = ‘ko + TC arctan (%/%M:) (k = —00,...,00) (4.22)

where Mo = 1/R. We can identify the observable top mass with the £ = 0 KK mode,

Me b
miff] = = arctan ( %MD (4.23)

Notice that we recover the usual MSSM relation my[h.] = yihy/V/2 in the limit
that Mg — oo as expected since the theory becomes four-dimensional. However, for
general M¢, Eq.(4.23) is different due to the non-trivial mixing between KK-modes
on the Yukawa brane from Eq.(4.7).

4.3.2 Stop KK mass spectrum

We will now repeat the diagonalisation procedure for the stop fields. However, the

stop analysis is complicated by an additional source of KK mixing from the SUSY
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breaking sector in Eq.(4.4), where the mixing parameter s is related to the F-term

VEV of the SUSY breaking singlet ¢g3:

FSS
Q3 = C3T <M‘1) (M R) (424)

Using Eqgs.(4.3,4.4,4.7), we can extract the stop mass terms in the 5d lagrangian:

—L74%° = 05170511 + OstpOsin + Oty 0517 + Osl ™ Ostf°

+6(y) ]\4]2/2 #O [0, B, + Fa, B+ fEFv;R VR TR (425)

—I—CS(y—ﬂ'R) FSB (tLtL‘f’thR)

where f; = (mRM. )3/2 y¢. Notice that there is an important difference from the
previous top analysis since expansion of the Yukawa coupling operator Eq.(4.7) into
component fields leads to terms in Eq.(4.25) that involve 5d stop fields, Higgs scalars

and quark superfield auxiliary F-terms that need to be integrated out.

The standard definition of auxiliary F-terms are modified when 5d bulk fields are
coupled to 4d boundary fields due to the requirement that the localised coupling
preserves ' = 1 SUSY at the boundary. We use the method developed in Ref. [102]
that exploits an off-shell formulation of SUSY to define the auxiliary fields in terms

of the even-parity projections of bulk fields on to the boundary ®

F,, = 6(y) —Mf?f—/gfg HO — d5tpe (4.26)
f Tmex
Fle = 8(y) Mgt/Q i Hy — Osl7; (4.27)

Substituting Fo,, and Fye_ into Eq.(4.25) will lead to the appearance of squared

®Notice that this expression also involves odd-parity mirror fields (#7°°) since the extra-
dimensional derivative of an odd field is even.
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delta-functions 6%(y). These can be re-expressed as 6*(y) = §(0)é(y), where we recast
§(0) as

2

;}( > =D (4.28)

1 & 2 &
5(0) = —; 1= — FEZI

TR, =

and D is an infinite quantity. However, we find that D factors out and will not appear

in the KK mass eigenvalues.

The 5d stop fields have the standard KK expansion

~ 1 ky\
tL(R)(:U, y) = 27rR L(R), 0 Z \/7 CcoSs ( y) tL(R),k(x) (4.29)
N o . ky\ -

17 , = — —= ) t7F 4.30
L(R)(l’ y) ; \/;r_]-% S (R) L(R),k(l‘) ( )

and can be substituted with Eqs.(4.12,4.26,4.27) into Eq.(4.25) to obtain the la-

grangian terms that contribute to the 4d KK mass matrix:

& o
~L78 = o [Z k2 (T s + T5ERS) + (?2 +2y? 2 R2D> # oL

+ Z (Q/S\/— —{- 2\/—yt hQ RZD> <{z,kgL,0 -+ {Z,DELJC) (431)

k=1

2
Y (2= + a2 2 12D B = 3o b b R (B0 + T o7)
k=1 k=

- Z V2y,h b R (Tp50, + 15 407 )} +(L & R)

k=1

where we have integrated out the extra dimension and used the identity in Eq.(4.14).

This infinite mass matrix can be re-written in the basis:

- ~ ~ T
= (fLo fne 739) kl=1,...,00 (4.32)
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so that Eq.(4.31) becomes:

1
—Lp = Ul ME L+ hee.

- % > (Fr0 Bp 155) % (4.33)
Loy + 202D Loy T+2/2I°DI —[(T-M) iro
Log IT+ 2202 DIT M2+ Z05J +412DJ V20 (T -M) || fns | +hee
T (M-IT) —20 (M - TJ) M2 e

where ' = (y; hy R), T = (1,1,1,1,...), L = (=1,1,—1,1,...), My = k 6 and

[ N 1 -1 1
11 1 --- L -1 1 =1 ---
T =177 = J=1I"T = (4.34)
111 - 1 -1 1 -
T
Suppose that the eigenvector ®;, = (qﬁL}O L1 Pra - PR PRe ) satisfies the

mass eigenvalue equation:
MG @y = mi [h] P, (4.35)

Then we obtain the following relations:

Noro = Pigro+ vV2(SePy+SoP-) =T 3 1% (k =0) (4.36)
[=1
Mok = V2P_¢ro+ k2 +2(SoPy + SeP_) — V2T S 17 (k € odd)

=1

Norr = V2Proro+ k2re +2(SePs + SoP_) — V2T S 1¢h5 (k€ even)
=1

X Rk = ~Tk¢ro— V2T k(So + Sg) + K Rk (k=1,2,3,...)
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where A = mj; ,[h,] R and

Py = ﬂ:%g +2T*D ; So=Y_ 1, ; Sp= Y ér; (437)

I€odd I€even

Following a series of manipulations, we can eliminate D and solve Eq.(4.36) to obtain

a transcendental equation for the stop KK mass mz,|h.] = A/ R:

m

2 2
miglha] B [tan (7r m;i g ha] R) - % I'? cot <7r mi [ ha] R)} =& [1 + %— FZ} (4.38)
which can be solved iteratively by considering different limits of the KK mixing
parameter as;.
e No SUSY breaking (a3 — 0)

In the limit that SUSY is unbroken (a3 = 0), Eq.(4.38) becomes

mig[hu] B {tarf (7r mz [ ha] R) - &Hﬂgﬂ} =0 (4.39)

where the non-trivial solution is identical to the top KK mass eigenvalue in Eq.(4.22)

as expected since supersymmetry is preserved.
o Weak SUSY breaking (a3 < 1)

In the limit of weak SUSY breaking, there is minimal mixing between KK modes

(a3 < 1), and the stop mass eigenvalues 1° are given by:

ml, (k] = [ <kMC + mt[hu])z + B ME + ZEh, ag]} (1 + (9(a§)> (4.40)

Notice that we are unable to solve Eq.(4.38) for az ~ 1 since the O(a3!) corrections can no

longer be neglected.
1Notice that this eigenvalue also applies for the mirror stop fields fT/CR after EWSB when the

Yukawa couplings in Eq.(4.7) induce mixing between even and odd-parity stop fields. However, in
the absence of EWSB (< hy, >= 0), the mirror stop fields will have the usual KK masses k/R since
they do not couple directly to the SUSY breaking sector.
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where we have used the expression for the field-dependent top mass m;[h,] from

Eq.(4.23), and ZZ[ha, 3] is given by:

053M2-/7r2 lf< ]’tu >=10
ZI?;&O[hm Ozg] = .

0 otherwise (4.41)
Zl?:()[hud Oé3] = 0

From Eq.(4.40), we see that the mass of the stop £ = 0 mode is given by:

o
2 [h] = mf[hu]—{—ﬂ—;’Mé (4.42)

mf,k:o

where the stop mass is equal to the top mass and SUSY breaking soft mass added
in quadrature '!. Hence, we can generate soft masses around the TeV scale with

minimal mixing (a3 < 1) if the compactification scale M lies at very high energies..
a <
W—j MZ ~O(TeV) = Mg > 1TeV (4.43)

Therefore, below the compactification scale we recover the usual 4d MSSM phe-
nomenology.

e Strong SUSY breaking (as > 1)

Finally we will consider the strong SUSY breaking limit (a3 > 1) which leads to
maximal mixing between KK-modes. This scenario is equivalent to a large extra

dimension and the solution of Eq. (4.38) is given by:
1 2
mtg,k = <k + 5) M {1 +0 <a§1>} (k = —00,...,00) (4.44)

Notice that to leading order the stop mass eigenvalues are independent of the Higgs

UFor simplicity, we have neglected the trilinear mixing term A; between the stop left and right
fields.
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background field (A,). This independence can be explained by the arbitrarily large
mixing term on the source brane that makes the Yukawa brane become transparent
which washes out any field dependence, and so the stop mass is identified by its
SUSY breaking contribution. We find that the compactification scale should be M¢ =

O(TeV) to provide soft terms at the electroweak scale.

4.3.3 Stop/Top KK contributions to the effective potential

We will now calculate the dominant stop and top Kaluza-Klein contributions to the

effective potential using the KK mass spectra:

Y1 ”) (4.45)

M,
myeplha] = ,kMC + 70 arctan (\/§MC

2 1 ? 2

The KK contributions to the 1-loop effective potential are given by the relation:

4 24+ m?2
/(;Z ?;4 ln[ P~ Mk } (4.46)
T

1 o0
V—oo =-T
totoo = 571 2 7 g

k=—o0

where the trace is over all degrees of freedom 2. Since the stop KK mass eigenvalue
is independent of the Higgs field h,,, we find that the stop contribution is constant

and can be absorbed into the cosmological constant.

We perform the momentum integral in Eq.(4.46) using dimensional regularisation,
and find that the top and stop contributions can each be separated into an infinite

pole part and a finite piece. For instance, the infinite part from the top sector is given

12Recall that each top/stop (and mirror) field has three colours and four degrees of freedom, i.e.
a four-component fermion or two complex scalars, so the trace gives an overall factor of N, = 12.
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Vsl = o [m?[hu] 3 (5 mt{hu])4 3 (-5+ mtwﬂ (1.47)

where the second term arises from k& # 0 top KK modes, and the third term from
the CP-“mirror” fields. Using zeta-function regularisation to perform the infinite
summation [106, 107], we find that the three terms in Eq.(4.47) exactly cancel each
other. Therefore, V5 (and similarly V32 ) vanishes due to the explicit A' =2 SUSY
present in the bulk, and the top (stop) contributions to the 1-loop effective potential
are found to be finite. Notice that in a non-supersymmetric model, the third term in
Eq.(4.47) involving CP-“mirror” fields does not appear and so the top contribution
is no longer finite. Also note that in the case of small extra dimensions, the non-zero

KK-modes are decoupled from the low-energy physics, and so only the first term in

Eq.(4.47) arises and we recover the usual MSSM effective potential.

We find that the finite top contribution is:

- COS
6 5
167 1

Vi [ha] = IME &1 {Qﬂ'nmt[hu]:l (4.48)

and the constant field-independent stop contribution is given by:

4 co (_1\n 4
_9MC (=1) _ 135¢(5) MZ (4.49)
1676 ns 25676

V:stop

n==1

which can be absorbed into the cosmological constant and dropped from our subse-

quent analysis.
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4.3.4 SUSY Breaking Higgs Parameters

The soft Higgs mass parameters are generated on the source brane at y = 7 K through
the higher-dimensional operators in Eq.(4.5). Substituting the standard KK expan-
sions for the 5d Higgs doublet fields will lead to mixing between KK modes, where
the mixing parameter is given by:

Qg = Ccygm ( M:} ) <MC> (450)

and Fsp is the F-term VEV associated with the singlet ¢gy field, and we have

assumed that ¢y, = cy, = cp.

In section 4.3.2, we were led to maximal mixing (3 > 1) in the stop sector to generate
soft masses around the TeV scale. We also know that for EWSB via top/stop radiative
corrections, we require a negative mass-squared to trigger spontaneous symmetry
breaking. However, this is harder to achieve when a3 & «ay since the tree-level and
(negative) 1-loop contributions have comparable magnitude. We conclude that the

KK-modes in the Higgs sector must be minimally mixed (o <« 1) for viable radiative

EWSB.

Comparing Eqs.(4.24) and (4.50) shows that we have two options, either (i) the
couplings in the higher-dimensional operators are hierarchical (¢3 > cg, cgy, ¢,) which
appears unattractive, or else (ii) there is a non-univerality in the hidden sector. We
have assumed the latter option where different SUSY breaking fields couple to the
stop and Higgs sectors separately which allows for non-universal F-terms (Fsz # F's3)

with comparable hidden sector couplings ¢ ~ O(1).

In the case of minimal mixing, the Higgs KK mass matrix is dominated by the diagonal
elements, so that we can decouple the non-zero KK excitations. Instead we will impose

the EWSB conditions on the lightest (kK = 0) KK-modes where the soft parameters
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can be taken directly from Eq.(4.5):

2 CHFgH 12754 2
my = —Mc = — M¢ (4.51)
M3m 2
CBu 2 Cu 2
Bu=-—my , p=-—myg
CH cH

where m¥;, = m}, = m}.

4.4 Reliability and Perturbativity

We have not yet imposed any constraint on the relationship between the compactifi-
cation scale M¢ and the cutoff scale M,. The requirement of perturbativity (where
our perturbative analysis is valid) allows us to find an upper bound on the ratio
(M./Mc). We know that the gauge and Yukawa couplings exhibit power law run-
ning behaviour in extra-dimensional models [74]. Indeed the beta functions of these
couplings depend on powers of the renormalisation scale iz due to the inclusion of the
KK-modes that makes the physics highly sensitive to the renormalisation scale. This
implies that gauge coupling unification and the emergence of the Landau pole in the
Yukawa couplings are accelerated with respect to the usual (logarithmically-running)
4d theory. The top Yukawa coupling y; is found to develop a singularity at energies
close to the compactification scale M. In our model, the presence of the third family
in the 5d bulk gives the Yukawa coupling beta function (43,,) a quadratic dependence
on the ratio between the renormalisation scale y and the compactification scale Mc:

s/ 1\
By ~ y; (A?Z) +... (4.52)
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Note that this dependence on (/M) is stronger than the corresponding beta function

for the gauge coupling (f,,) which is only linearly-dependent

By~ g’ (MLC> +... (4.53)

Suppose unp is the scale where the top Yukawa coupling becomes non-perturbative,
which was found by the authors of Ref. [92] to be unp = 5Mc. Therefore, we can
maintain a (reliable) perturbative regime by imposing the following constraint on the

cutoff scale of our theory M,
M. S unp — M, $bHMq (4.54)

Similarly the cutoff is bounded from below by the compactification scale M¢, and we

find that the string scale M, is restricted to the range:

Mg $ M, $ 5M¢ (4.55)

4.5 Higgs Mass Spectrum

In this section we will calculate the mass eigenvalues in the Higgs sector, where the
light and heavy CP-even Higgs mass eigenstates (hY, H°) are linear combinations of
the real fields A, and hy. We can use the standard MSSM relations to find the masses
of the charged (H*) and CP-odd (A°) Higgs fields. The tree-level potential in terms
of the neutral components of the k£ = 0 Higgs doublets (HY o, HJ,) is:

2
— Bu (HyHY, + h.c.) (4.56)

=]

2
2| 770 2] 770
Viree = mj ’Hd,ol +m; ’Hu,O

My
ook [0
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where we are free to define By as real and positive by absorbing any phase into HJ
and HyY,; and we have traded the U(1)y and SU(2)r, gauge couplings (¢, g) for the
physical Z° mass MZ and the VEV v = 246 GeV. Using Eq.(4.51), we find that the

Higgs doublets share the same soft mass since we assume cy, = ¢y, = cqm:

miy =ml,, = lul’ +my (4.57)

and we regard m? st and By as input parameters.

Combining Eqs.(4.8,4.23,4.48,4.56), we find an expression for the total 1-loop effective

potential in terms of the real Higgs fields h,, hg:

2

1 M 2 .
V= gml, (h2 + 13) — Buhuha + 'g;f‘ [h2 — k3] (4.58)

IME &1 Yihy ™
— 2 t
+167r6 P o cos [ n arctan (ﬂMC

where we can neglect the imaginary parts y, 4 since they acquire vanishing VEVs and

we have also dropped the constant stop contribution.

Applying the EWSB conditions at the usual minimum (A, ) = vsin g, (hq) = vcos 3
with v = 246 GeV.

o
Dha

ov

o —0 (4.59)

(hu)s(ha)

(hu>7<hd>

allows us to eliminate By and M2 in terms of the other parameters. By imposing the
correct observable Z° mass (Mz = 91.18 GeV), we can also eliminate m. s so that
the compactification scale M¢ and tan @ (or equivalently m0) are regarded as the
two free parameters. In Figure 4.2, we plot ms,f: as a function of the compactification

scale M¢ for two different values of tan .

We construct the CP-even mass matrix from the second derivatives of the effective
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Figure 4.2: The universal Higgs soft mass mfoﬂ = |u|® + m3 against the compactifi-
cation scale M¢ for tan§ = 1.5 and 20.

potential at the minimum, which can be diagonalised to find the mass eigenvalues

(mho, mgo )Z
V. PV
oh? 0h,Oh
M?ven - : ’ (460)
o*Vv o*V

Ohidh, O

Notice that these CP-even eigenvalues include the 1-loop effects, but only mj is 1-loop
improved since we are neglecting bottom-shottom loops for tan 3 < 20:

2 2 1 0%Viop

ms . =m -
2,9mp 2 2
: 2 oh2

(4.61)

(hu)i(ha)

where m3 = m? ;, from Eq.(4.57). However By (and m?) are not 1-loop improved,

so we can use the standard 4d tree-level MSSM expressions to find the CP-odd (A°)

@@%%

111 y )
it 3

,1‘ §§,

X
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and charged Higgs (H*) masses [11]

2Bu
2, = 4.62
A sin 23 (4.62)
mise = mi + M (4.63)

where M%, is the physical W* mass. We solve for M% as a function of the free
parameters (M¢,tan 3), and use the standard definition of fine-tuning A [108, 109]
(but neglecting the variation of tan § with respect to changes in M¢) to find an upper

limit on the compactification scale M.

AMC am2ZO

4.64

4000

Figure 4.3: The fine-tuning parameter A as a function of tan 8 and the compactifi-
cation scale My in GeV. A is shown to have a very weak dependence on tan 3 in the
range 2.5 S tan 8 S 20 for which we can neglect bottom-shottom effects. However,
the fine-tuning rapidly becomes singular as tan 8 — 1.

Motivated by the fine-tuning as shown in Figure 4.3, we choose to investigate the
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parameter space Mg < 4 TeV and 1.5 < tanf < 20 where the fine-tuning A ~
O(10%).

Higgs Mass (GeV)

800
700 £
600 +
500 +
400 +
300 |
200 +
100

m 40 (GeV)

Figure 4.4: The Higgs masses (mpo, my+, mpo) against mo for tanf = 1.5. We
have run 1 < Mg < 4 TeV parametrically along each curve. The LEP candidate
at 115 GeV (bold dotted-line) [77] is shown for comparison with mjo. We have also
included the MSSM results (dotted-lines) taken from Ref.[4] to compare against our

model (bold-lines).

In Figures 4.4 and 4.5, we plot the eigenvalues (mpo, myo) of the CP-even mass matrix
and the charged Higgs mass (mpy+) against the CP-odd mass (m4o) for two fixed
values of tan # = 1.5 and 20. In Figure 4.4 we also include the MSSM predictions for
tan = 1.5 taken from [4] for comparison. Notice that, unlike the MSSM predictions
from [4], our model is not excluded by the LEP signal for tan = 1.5. There are

additional experimental lower limits for the other Higgs masses
myo > 92 GeV and my+ > 69 GeV (4.65)

but these provide a much weaker constraint on our model.
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Figure 4.5: The Higgs masses (mpo, mpg+, mpgo) against m 4o for tan § = 20. We have
run 1 < Mg < 4 TeV parametrically along each curve. The LEP candidate at 115
GeV (dotted-line) [77] is shown for comparison with myo.

In Figure 4.6, we plot the lightest Higgs mass (myo) as a function of the compactifi-
cation scale Mg and tan 3. The LEP data excludes the parameter space below the
first contour at myuo = 115 GeV [77] which corresponds to a compactification scale
Mc ~1.5—1.7 TeV over the whole range of tan 5. Combining Figures 4.3 and 4.6 we
find a very conservative estimate for the allowed window of compactification scales in

our model:

1.5TeV $ Mg S 4TeV (4.66)

Our model can easily accommodate the conventional 4d MSSM upper bound on the
lightest Higgs boson mass myo ~ 130 GeV, and can be pushed as high as mye ~ 160
GeV with Mo =~ 4 TeV and 5 S tan 8 S 20. Recall that including additional matter
(e.g. gauge singlets in the NMSSM [12, 13]) can also raise the upper bound on the
lightest Higgs mass, but our “minimal” extension of the MSSM in 5d achieves higher
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Figure 4.6: Mass contour plot for the lightest Higgs mass myo as a function of the
compactification scale My (GeV) and tan 3 in the absence of bottom sector effects
(i.e. tanf < 20). The LEP candidate at 115 GeV [77] is easily accommodated
over the range of tan 3 with a compactification scale Mo ~ 1.5 — 1.7 TeV. At large
tan 3 — 20 and Mg — 4 TeV, the lightest Higgs mass can be as large as mpo ~ 164

GeV.

mass bounds without adding extra matter content.

We can use Figure 4.2 to find limits on the p-parameter from the universal soft Higgs
mass M, z; which is constrained when we impose EWSB at the electroweak minimum.
From BEq.(4.51) we find the ratio between m};, = mj, = m} and li1|* in terms of the
compactification and cutoff scales:

m2 M.m
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where we have assumed that cg,c, ~ 1.

Recall from section 4.3.4 that we assume non-universality in the SUSY breaking sector
(Fs i < Fs3) to obtain maximal (minimal) mixing in the stop (Higgs) sectors for
viable radiative EWSB while maintaining similar couplings ¢z ~ c¢g. We can use the

constraints from Eq.(4.55) to find limits on the ratio between the soft Higgs mass and

the py-parameter from Eq.(4.67)

2
TS ?—l% $ 5m (4.68)
L

and therefore limits on my. s in terms of pu:

mZ, s = mi + |p|” — (m+1) |u* s m2 s s (5 +1) |ul* (4.69)

The constraints on the p-parameter for different compactification scales and values

of tan 3 are shown in Table 4.2:

‘ “ MC =1.5TeV ’ M(; =4TeV 1
tanf =1.5 || 114 2 |pu| 2 57 | 347 2 |u| 2 173
tanf =20 | 662 |u|233 | 2152 |u| 2107

Table 4.2: Upper and lower limits on the size of the u-parameter for two different
values of tan # = 1.5 and 20, and compactification scales My = 1.5 and 4 TeV.

Therefore, the magnitude of the u-parameter is constrained to the range 33 5 |p| S 347

GeV in our model.
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4.6 Conclusions

In conclusion we have considered the Higgs sector of an A = 1 supersymmetric 5d
theory compactified on an orbifold $'/Z, where the compactification scale M¢ ~
O (TeV). This effective field theory is inspired by the explicit type I string model
in chapter 2. Orbifolding leads to fixed points at either end of the extra dimension
(y) where 4d branes can be localised. Supersymmetry is broken by the F-term VEV
of a gauge singlet on the brane at y = m R that is spatially separated from another
Yukawa brane at y = 0 where the first two MSSM families and Yukawa couplings are
localised. Direct coupling between the two sectors (and therefore soft squark masses
at the high-scale) is suppressed by the separation between the branes which alleviates
the flavour-changing neutral-current problem since the first and second family squark
masses are only generated through flavour-blind loops. The third family, gauge sector
and Higgs fields live in the extra dimensional bulk with their /' = 2 supersymmetric
partners (which are required for consistency) and therefore receive unsuppressed soft

masses due to their direct coupling to the SUSY breaking sector.

We assume a non-universality in the SUSY breaking sector, where different gauge
singlets couple separately to the stop (Higgs) fields and the associated F-term VEVs
are hierarchical (Fs g < Fs3) which induces maximal (minimal) mixing between dif-
ferent KK-modes. The maximal mixing between stop modes requires the use of a
matrix method to diagonalise the infinite mass matrix. In contrast the Higgs KK-
modes are minimally mixed so that the mass matrix is dominated by the diagonal
components and we can effectively decouple the non-zero KK-modes from the anal-
ysis. We find that the soft Higgs parameters are generated by non-renormalisable
operators. The presence of the third family in the bulk is particularly important for
its dominant 1-loop contribution to the Higgs effective potential. The full tower of top
and stop Kaluza-Klein modes contribute to the potential and trigger radiative elec-

troweak symmetry breaking. Following dimensional regularisation and zeta-function
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regularisation techniques, we find that the 1-loop contributions to the effective po-
tential are separately finite and therefore insensitive to the high-energy cutoff AM,.
However in the maximal mixing limit we find that the top contribution has a non-
trivial dependence on the Higgs background fields, whereas the stop sector will only

contribute to the cosmological constant.

We minimise the 1-loop effective potential and impose the conditions for electroweak
symmetry breaking to find the physical Higgs mass eigenvalues. Requiring the correct
physical Z%mass allows us to eliminate parameters in terms of the compactification
scale M¢ and tan 3 (or equivalently m 40). We use fine-tuning arguments to constrain
the parameter space Mc S 4 TeV, and choose to study the region 1.5 $ tanfg S
20 where bottom sector effects can be neglected. We obtain physical Higgs mass
eigenvalues for different values of tan § and find that the LEP signal [77] imposes a
lower limit on the compactification scale My 2 1.5 TeV. We also find that, unlike
the MSSM, tan 3 = 1.5 is not excluded by experiment and our model can easily
accommodate the LEP signal over the full parameter space. In fact the usual MSSM
upper bound (mp $ 130 GeV) and the NMSSM bound (mpo $ 150 GeV) can be

trivially exceeded and raised to myo $ 164 GeV for a compactification scale Mg ~ 4

TeV and 5 5 tan 3 5 20.

Note that radiative electroweak symmetry breaking is viable over a large range 1.5
tan 4 < 20 in comparison to an alternative model [92] that is severely constrained to
the smaller range 35 < tan 3 S 40. The requirement of perturbativity in our model
imposes a constraint on the relationship between the compactification scale My and
the cutoff M, scale (M¢ § M. § 5M¢). We use this constraint in combination with
the assumption of a universal soft Higgs mass (m} = m}, ) to deduce limits on the
p-parameter, and we find that the magnitude of i is inside the range 33 S |p| S 347
GeV.
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Chapter 5

Conclusions

In this thesis we have studied connections between superstring theory and low-energy
observable physics in the context of type I string models and higher-dimensional
effective field theories involving intersecting Dirichlet-branes. In chapters 2 and 3, we
studied how generic models with localised supersymmetry breaking can be realised in
intersecting D-brane constructions. We considered an explicit three-family example
involving three intersecting D-branes that, in the limit of asymmetric compactification
radii, reduces to the gaugino mediated SUSY breaking model, but with the Pati-Salam
gauge group arising from a linear combination of gauge groups on different branes.
Type I string selection rules constrained the form of the renormalisable superpotential
which, for our assignment of open string states, forbids R-parity violating terms and
leads to a third family hierarchical Yukawa texture. We compared the low-energy
sparticle spectra with gaugino mediation and no-scale supergravity predictions, and
found that our model has a characteristic experimental signature with much heavier
stops, sbottoms and staus due to the separation of the third family states which is a

common feature of type I constructions.

We extend these ideas, in chapter 3, by identifying the localised SUSY breaking fields
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with twisted moduli - closed string states that become trapped at orbifold fixed points.
Intersecting D-brane constructions provide a mechanism for confining open string
states (corresponding to MSSM fields) at the four-dimensional intersection point be-
tween branes. This offers a string realisation of gaugino and anomaly mediated SUSY
breaking when the twisted moduli, that acquire SUSY breaking VEVs, are localised at
another spatially-separated fixed point in the compact space. However, in the absence
of a complete understanding of non-perturbative corrections to the Kahler potential
and superpotential, we used a model-independent parametrisation to derive general
expressions for soft masses and trilinears in models with D5 and D9-branes. This
framework allows us to perform more general investigations of SUSY breaking that

involve both conventional gravity mediation and gaugino mediated SUSY breaking.

In chapter 4, we considered electroweak symmetry breaking in an effective field theory
motivated by the model in chapter 2. The equivalence of N' = 1 SUSY in 5d with
N = 2 in 4d necessitates the inclusion of additional exotic CP-“mirror” states into
the spectrum. We are forced to localise Yukawa couplings on a 4d boundary which
induces mixing between different Kaluza-Klein modes. We utilise a matrix method
to extract the Kaluza-Klein mass spectrum of the top and stop fields which provide
the dominant contributions to the 1-loop effective potential. After minimization, we
derived expressions for the physical Higgs boson spectra as a function of tan 8 and
the compactification scale My. We found that the conventional 4d MSSM bounds on
the lightest Higgs boson can be exceeded for a conservative choice of parameters by

allowing the third family and Higgs fields to live in the extra dimension.

The “holy grail” of string phenomenology is to understand how the MSSM can be de-
rived from a higher-dimensional string theory that unites all four fundamental forces
together in a consistent framework. We would like to understand the observed pat-
tern of fermion masses and the mechanism(s) responsible for supersymmetry breaking.

However, we must not underestimate the importance of experiment which provides
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invaluable constraints on constructing realistic string-inspired models. The work pre-
sented in this thesis goes some way to address these issues and bridge the gap between

low-energy observations and the underlying string theory.
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Appendix A

Supersymmetric Pati-Salam Model

In this Appendix we will review the supersymmetric Pati-Salam model [7] which
arises in heterotic [110] and type I string constructions * [52, 55]. The original (non-
supersymmetric) Pati-Salam model [75] was an attempt to embed the SM in a larger
gauge group. It treated lepton number as the fourth quark colour so that leptons

and quarks are united within the same multiplets, and right-handed neutrinos arise

naturally.

The supersymmetric Pati-Salam model has the same gauge group:
GP5=SU(4)®SU(2)L®SU(2)R (Al)

and each generation 7 of quarks and leptons transform in the following representations

under Gps:
R B .G .
U;p W Up VL (A.2)

Fr = (4,2,1)=
df db d5 e

"However, this type I model has multiple SU(2)., and SU(2)g factors. This model will be studied
in more detail in chapter 2.
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tR _tB _1G  t
U,rp UWpr U,r Vg

o aif g8 gte ot
Fip = (4,1,2):( oG R GR (A.3)

where we have suppressed gauge indices, and superfields are represented by their
fermionic components from Table 1.2. Notice that right-handed superfields have been
CP-conjugated to obtain left-handed superfields to be able to construct a holomorphic

superpotential.

The two MSSM Higgs doublet superfields are contained in the representation:

B | HY H]
H=(1,2,2) = (A4)
Hy Hj

where this embedding of the MSSM Higgs fields avoids the phenomenological Higgs
doublet-triplet splitting problems of minimal SU(5) models [111].

There are additional heavy Higgs fields H,H’ in the representations:

UR UB UG 1% .
Ho= (412)=| "M " "L‘) (A.5)
d?—[ CLH dH =¥}

— — CZR/ dB/ dG/ €Nt
H = (4,1,2) = (A.6)

u%/ ugl U%/ vyt

These heavy Higgses will break the Pati-Salam gauge symmetry down to the SM

when their “neutrino” components develop VEVs around the GUT scale Mgy
<H> = <V"H> = vy ~ Mgur s (Hl> = <I/’,L[/> = vy ~ Mgy (A7)

where SU(3)¢ is contained in SU(4), and the hypercharge U(1)y is a linear combina-
tion of the residual U(1) subgroups in SU(4) and SU(2)g. This symmetry breaking
separates the two MSSM Higgs doublets in Eq.(A.4), and we find that the hypercharge
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(and electromagnetism) assignments are naturally quantised.

In analogy to the discussion of the Higgs mechanism in section 1.2, the broken gener-
ators of the Pati-Salam group have corresponding gauge bosons that become massive
after symmetry breaking, while the SM gauge bosons remain massless. Diagonalising

the mass matrices, we find the following heavy gauge bosons:

e 6 SU(4) bosons with mass-squared (v3, + v3,)g;/4

e 2 SU(2)r bosons with mass-squared (v}, + v3;)gsr/4

o 1 SU(2)p-r bosons with mass-squared (v3, + v3,/)(g25/4 + 395/8)
where g4 and gyr are the gauge couplings for SU(4) and SU(2)g respectively. They
are related to the hypercharge coupling ¢’ by the relation:

1 1 9
9%  gr  39¢:
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Appendix B
Supergravity Basics

We will use conventional supergravity formalism to describe the 4d effective theory
that describes the low energy limit of type I string models. Supergravity (local SUSY)
is defined in terms of a Kahler function (G) of generic chiral superfields (¢ = h,C,)
including the hidden sector closed strings (h = 5, T}, Y% ) and open string matter states
(Co = CJ, 0%, C39, CP) 1.

Glod) = Kl&d) (M> +1n (WM—@) (B.1)

2 3 3
MPl Pl Pl

The Kahler potential K (¢, ) is a real function of chiral superfields and may be ex-

panded in powers of matter states C, [65] (including non-perturbative contributions):
_ . o 1 _
K = B (h,h) + Kay(h, R)CaCl + [§Zab(h, R)CaCy + h.c.] +o (B.2)

where K is the (generally non-diagonal) matter metric and a non-zero bilinear term

Z,, can generate the p-term through the Guidice-Masiero mechanism [14] subject

INotice that we have included powers of the reduced Planck mass (J\prl) that appear in the
Kahler function to obtain the correct dimensions, although it is conventional to adopt natural units

and set Mp; = 1.
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to gauge-invariance. The superpotential W (¢) is a holomorphic function of chiral

superfields that can also be expanded:

A

1 1
W = W(h) -+ §,uab(h)CaCb + EY;[)CC@O(,CC + ... (B.3)
Notice that it includes a trilinear Yukawa term (that will generate fermion masses)
and a bilinear py-term. However, the Kahler potential and superpotential also receive
non-perturbative contributions that are often difficult to predict. To make progess we

will utilise a simple parametrisation of our ignorance of the non-perturbative sector

in terms of Goldstino angles and CP-phases.

B.1 Supergravity Potential

We know that SUSY must be broken in Nature, but the precise mechanism responsible
is not known at present. It is convenient to analyse the SUSY breaking by considering
the F-part of the SUGRA scalar potential 2. It can be expressed in terms of derivatives
of the Kéhler function G(&, ¢), or equivalently in terms of the F-term auxiliary fields
that can acquire non-zero VEVs and trigger the SUSY breaking [65]. Using Eq.(B.1)

we obtain:
V(¢, @) = e [G1(K™);Gy — 8] = Fy Ky Fr — 36" [W? (B.4)

where I,J = ¢1,05 € 5,T;, Yz, C, and

oG Wi
! = — T [‘r B5
Gr 3or ~ W + K7 (B.5)
Fr = %K Y,;G; (B.6)

*We will ignore the D-term contributions arising from the gauge sector.
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where (K ™1); 7 is the inverse of the metric Kj;, and satisfies the relation (K1) ;7 K7, =
07r- A subscript on G denotes partial differentiation, while the same subscript on F is
just a label. A barred subscript on an F-term denotes its conjugate field Ffy = (FI)T.

We make no distinction between upper and lower indices.

After SUSY breaking, the supersymmetric partner of the Goldstone boson (Goldstino)
is eaten by the massless gravitino through the super-Higgs mechanism. The gravitino

now has a mass given by
K 1 -
m3, = 9 = S (W)? = ST Ky Fi) (B.7)

and sets the overall scale of the soft parameters.

In the absence of F-term vacuum expectation values ((F7) = 0 V¢y), the locally
supersymmetric vacuum is negative Vsysy = —3e®. However if one (or more) of
the auxiliary F-terms acquires a non-zero VEV, the negative vacuum energy can be
(partially) cancelled. This raises the exciting possibility that the vacuum energy, or
rather the cosmological constant V4, can be made vanishingly small in agreement with

experimental limits. Notice that such a possibility cannot arise in global SUSY.

B.2 SUSY breaking F-terms

As previously mentioned, (unknown) non-perturbative contributions to the Kahler
function require a parametrisation of our ignorance in terms of Goldstino angles and
CP-phases that control the relative contributions to SUSY breaking from the various
F-terms VEVs. We can define a column vector of F-term VEVs F in terms of a matrix

P and column vector ©® (which also includes a CP-phase), where © has unit length
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and satisfies ©T® = 1, and P canonically normalises the Kahler metric PTK7 P = 1:

F = 3Cmg (PO) (B.8)
F' = V3Cmay, (01P)

Replacing the fields by their VEVs, we can rewrite Eq.(B.4) as a matrix equation:

VY=V, = FIK;F— 3m3
= 3C?m};,0'0 (P1K;P) - 3mi, (B.9)

where V5 is the cosmological constant and hence C? = 1 + g—mﬁz’—— Therefore, choosing
3/2

a vanishingly small cosmological constant sets C' = 1.

As an example consider the case of the dilaton S and an overall moduli field T
with diagonal Kahler metric. The SUGRA potential would be a “sum of squares”
Vi ~ |Fs|? + |Fr|*> + ... — 3¢% and hence the P-matrix is a diagonal normalising

matrix:
Pry= (K;7)™%6;; (B.10)

In this special case we would recover the expressions of Refs.[39, 65, 82]:

F ]’«’ _ —-1/2 s 9 iag
F= ( 8 ) :\/ﬁcmB/Q( (Kgg)" " sinbe ) (B.11)

Fr (Kpp)™? cos § etor

so that dilaton(moduli) dominated SUSY breaking corresponds to sinf(cosf) = 1
respectively. However in the more general case, the potential includes terms that mix

different F-terms. The action of the P-matrix is to canonically normalise the Kahler
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metric and maintain the validity of the parametrisation 3.

B.3 Soft Masses and trilinears

Using Eqs.(B.2,B.3) we can write down the un-normalised SUSY breaking masses and
trilinears that arise in the soft SUGRA potential [65]:

= 1
Viort = mﬁbCaC’b -+ (gAachachaOch + h.c.) + ... (B.12)

where the Kahler metrics are in general not diagonal leading to the non-canonically

normalised soft masses

my = (mly+ Vo) Koy — Fr (020, Koy — 0 Kae(K™") 10, K ) Fo (B.13)
W - _ . N

Aabcy;bc - W eh/sz [[(my;bc + am}/a,bc - (([(_l)dé‘aml(éambc (B14)

+(a ¢ b) + (a > ¢))]

where the subscript m = h,C,. Notice that a non-diagonal K&hler metric for the
matter states will generate a mass matrix between different fields. The physical
masses and states are obtained by transforming to the canonically normalised Kahler

metric,
K CsCy — CLC. (B.15)

The Kihler metric is canonically normalised by a transformation PTKP = 1, so

that the physical canonically normalised masses m? are related to the previous non-

a

3The Kahler metric always receives off-diagonal components from the matter fields, but these are
conventionally assumed to be small in comparison to the diagonal entries. However, the anomaly
cancelling Green-Schwarz term in string theory mixes different fields at the same level to introduce
off-diagonal components of comparable size.
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canonical mass matrix m2, by the relation
m? = Ptm2P. (B.16)

If the Kahler matter metric is diagonal (but not canonical) K, = K82, then the

canonically normalised scalar masses m? are simply given by

m? =ml, — FrI0;0; (In K,) (1,J = h,CL). (B.17)

The soft gaugino mass associated with the gauge group Gy, is:

1
2 Ref,

M, = Fidifa  (I=5,T,Y) (B.18)

and the canonically normalised SUSY breaking trilinear term for the scalar fields

Aach;lbc Ca Cb Oc is

Agbe = Fy [K; + 0110 Yope — 0110 (K KW K. | (B.19)
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Appendix C

N = 2 supersymmetry formalism

C.1 Mirror fields in N = 2 supersymmetry

As discussed in section 1.4.3, we can construct A/ = 2 SUSY hypermultiplets from an
N =1 chiral supermultiplet in combination with its CP-“mirror” superfield. We will
remove any ambiguity by specifying what we mean by a “mirror” partner. Consider
the left-handed quark MSSM doublet, ();1,, as an explicit example. Under the MSSM
gauge symmetry and Lorentz symmetry, ;1 has the following quantum numbers

(1 o) (C.1)

27

respectively:
1
QiL : (37 23 6)

Now the mirror ()i} has the opposite gauge quantum numbers, but still transforms

like a left-handed field:
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However, the CP-operation recovers a right-handed “CP-mirror” with the same gauge
quantum numbers:

(0, 3) (C.3)

CP{Qi1}— QL : (3> 2, ‘é) 2

When we consider the Higgsinos and top quark, it will be useful to form 4-component
Dirac spinors from the A/ = 1 MSSM fields and the CP-conjugates of their mirror
fields. This leads to mixing in the classical equations of motion as discussed in
Appendix C.3. Similary for gauginos we associate the usual N/ = 1 gaugino and its
N = 2 superpartner together in a 4-component spinor. Note that use of the term

“mirror” will implicitly include CP-conjugation.

C.2 5d Dirac matrices

In this Appendix we will review the Dirac matrices that appear in the fermion terms
of the 5d Lagrangian. We will use the notation that the indices M, N run over 0,1,2,3,5;
and g Tuns over 0,1,2,3 as usnal. We use a timelike metric nyyy = diag (1, -1, -1, -1, 1),

and take the following basis for the 5d Dirac matrices:

where ¢ = (1,¢) and 7 = (1, —g).

C.3 N =2 spinors and 5d kinetic terms

It is convenient to work in terms of AN/ = 2 hypermultiplets, which we have seen are

formed from conventional NV = 1 supermultiplets by adding the CP-conjugates of
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their mirror superfields with opposite quantum numbers.

We will consider an explicit example where the third family lives in the extra-
dimensional bulk. The third family scalars and their mirrors are uncoupled, and
so only the even parity (MSSM) scalars couple directly to the SUSY breaking sector
to acquire a soft mass. However, the form of the 5d Dirac matrices causes mixing

between fermion fields of even and odd Zy-parity.

Consider the top fields charged with respect to the (unbroken) SU(2); gauge group
in the MSSM - the left-handed top is contained within the left-handed quark doublet
(231, along with the left-handed bottom quark. The right-handed top is a singlet with
respect to SU(2)z, and so a Dirac mass term ~ my (tLt}; + t};tL> is forbidden by

gauge invariance!.

In the /' = 2 generalisation, we must include additional mirror fields to construct the
full 5d hypermultiplet. The left-handed top t; and the CP-conjugate of its mirror,
t7¢, can be combined into a 4-component Dirac spinor, since the charge-conjugated
left-handed mirror is equivalent to a right-handed fermion. Similarly for the right-
handed top ¢z and its mirror ¢};. Notice that SU(2)y, singlets and doublets appear in
different Dirac spinors, and therefore do not break the gauge symmetry. We have two
4-component Dirac spinors for the top sector, where the index labels the handedness
of the MSSM fermion:

t $me
TL = L TR p R (C5)

1y tr
and similarly T = 774"

Ty = ( et 4l > Tr = < el et ) (C.6)

A Dirac mass may be formed after the SU(2)1, gauge symmetry is broken which is what happens
in the (MS)SM through the Higgs mechanism and EWSB.
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We can now construct the kinetic terms in the 5d lagrangian in the absence of inter-

actions.

Lxg =Tty ouTr + iTry™ 0 Tr
= it} At + itho"d,tp + it7 om0, 4 itn GO, e (c.7)

— 7 sty + 1105t + 105t — 15 Ot R

Notice that the 4d kinetic terms do not mix fields, while v° leads to mixing between

fields and their mirror states. This leads to non-trivial classical equations of motion.
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Appendix D

Spectrum of Gauge bosons in

BMSB

D.1 General case

In this Appendix we consider the effect of symmetry breaking on massless gauge
field states and gauge couplings in the BMSB model of chaper 2. We begin with
the gauge group SU(4)s, ® SU(2)s,, ® SU(2)s,, ® SU(2)5,, ® SU(2)s,,, where the
scale-dependence of the gauge couplings is governed by RGEs. Conventionally, the
symmetry breaking all occurs at high energies (10'® — 10'°GeV) except for SU(2)r ®
U(l)y — U(1)gm which happens at the electroweak scale (v ~ 246 GeV). In the
tables that follow, gauge couplings are assumed to be at high energies unless other-

wise stated. Notice that i, a and m are adjoint indices for SU(2), SU(3) and SU(4)

respectively.

(a) First combine the chiral SU(2) groups from either brane via diagonal symmetry
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| Gauge group || SU(4)s, | SU(2)s,, | SU(2)s,, | SU(2)s,5 | SU(2)5,5,
Coupling G5, g5, G5, gs, g5,
States Gy, L 5oL SR SR

Table D.1: The initial gauge groups, gauge couplings and states in our model.

breaking to recover the Pati-Salam gauge group.

diagonal
SU@sy1yn @ SU @z SUR)1yr

Spontaneous symmetry breaking (SSB) induces a change of basis, parametrised by

cos by = N (D.2)

Vi + g2,

We can express the new massless states and gauge couplings in terms of the original

parameters. The Higgs mechanism generates massive gauge bosons with masses of

the order of the symmetry breaking scale.

Gauge group || SU(4)s, SU2)r, SU(2)r
Coupling 52 gL = ——%‘il—gsz—Z = gr
\/ 95, + 95,
. 1 . .
States Gy, Wip=———= (951 We,L/r + 95.Ws L/R)
’ V% + 3, 1

Table D.2: The new massless states and couplings after the original gauge symmetry
is broken down to the Pati-Salam gauge group.

plus 3 massive SU(2)L, (WL> and 3 massive SU(2)r (WR> bosons, of mass

My, = 394 (68, + 63,
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(b) QCD SU(3)¢ is contained within SU(4)s,. The U(1)s combine to give the hyper-
charge U(1) using the relationship Y = (B — L) 4 21x.

SU(4)52 D SU(3)C®U(1)B_L
SU(Z)R D) U(l)]R (D.S)

The Pati-Salam gauge group is broken down to the Standard Model by giving VEVs
to the Higgs fields H,H’ as discussed in Appendix A.

U(1)p-r @ U(1)r, == U(1)y

The change of basis is parametrised by

V295, _ J 3 (g2, + 62, (D.5)

93+ 362, 593, + 342,

cos By =

Gauge group || SU(3)¢ SU(2)y, U1y

5,95, r_ 951g52\/§

Coupling 95, g = —— 2 Gy =
\/ ggl + g?)g V 59?1 + 39?2

V3 (g5, W, + 95, W2 ) + V205, GE

95 Wi + 9. Wi g
V32, + 3¢,

States Gt Wi =
2 L -
V93, + 93,

By =

Table D.3: The Standard Model massless states and gauge couplings expressed in
terms of the original parameters.

plus 6 massive SU(4)s, bosons (G§2 — Géj), mass Mg = vg2,,
2 massive SU(2)g bosons (Wf{t), mass M7+ = TV 9%,
R

and 1 massive SU(2)p_1, boson (Xp_1), mass M)%B_L = iv% (glz% + gg§2)
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(c) Finally, we can recover the QCD and EM Standard Model gauge group via the

familiar low-energy Higgs mechanism, parametrised by

cos by =

9r(v) _ \) 592, (v) + 39?2(1]).
g3 (v) + g (v) 842 (v) + 642, (v)

Electroweak symmetry breaking occurs when the Higgs fields H,, H; acquire non-

zero VEVs. Notice that the gauge couplings are evaluated at the electroweak scale

g=g(v).

SU@R)r@U(l)y — U(l)em

Gauge group || SU(3)¢ U g
Coupling gs,(v) _ 95 (v)gs,(v v)V3
\/8901 (U J52 )
V395, (0) (Wie + Win) + V305, (v) (Wi + Wain) + V295 (2) G
States Ge, =
\/8gbl + 6g52 )

Table D.4: The massless gauge states and couplings after electroweak symmetry

breaking.

MZ% = g5, (U)g52 (U)U\J

plus 3 massive SU(2)z, bosons (W, Z2) with masses:

My

1 - 951( )952( ) and

= svgr(v) =
2 21/62,(v) + 62, (v)

462, (v) + 392, (v)
2 (g2, (v) + ¢&,(v)) (592, (v) + 342, (v))
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D.2 Limiting case Rs, > s,

In this Appendix we repeat the symmetry breaking analysis for the limiting case
R52 >> R51 @ 952 << 951 (D7)

We find that the dominant components of the massless gauge fields live on the 5,-

brane (“bulk”) which is consistent with gM SB - “single brane dominance”.
(a) After diagonal symmetry breaking we recover the Pati-Salam gauge group

SU(4)s, ® SU(2); @ SU(2)r

Gauge group || SU(4)s, | SU(2)L SU(2)r
Coupling 952 9L/R ~ 95,
States Gy, WI{/R ~ VV;QL/R

Table D.5: The dominant components of massless states and couplings after symmetry
has been broken down to the Pati-Salam group.

plus 3 massive SU(2)r and 3 massive SU(2)gr bosons (WL/R ~ ngL/R> ,

2

2 12,2
WL/R ~ 2U¢g51

(b) We break the Pati-Salam group down to the Standard Model. Notice the relation-
ship between the hypercharge gauge coupling and the other gauge couplings, which is
consistent with gauge coupling unification. This will happen if the 5, gauge coupling

equals gour at the GUT scale.

plus 6 massive SU(4)s, bosons (G§2 — Gé;‘), M ~ tv3g2,,
2 massive SU(2)r bosons (W}% ~ % (WE}QR F inzR», MVQV% R UHGE,
and 1 massive SU(2)p-r, boson (XB_L ~ \/gGég’ - \/gI/VE??R), M%, | = 293,v%
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Gauge group || SU(3)c SU(2)r
Coupling G5, gr ~ gs, 9;/ ~ \/ggfﬁz
States G, Wi~ Wy, | Br ~ f 5pn T [Gls

Table D.6: The dominant components of the massless states and couplings after the
Pati-Salam group is broken down to the Standard Model.

(c) Finally the Higgs mechanism induces electroweak symmetry breaking, and gener-

ates the massive W and 7 bosons.

Gauge group || SU(3)¢ UD)enm
Coupling || gs,(v) €~ \f gs, (v
States Ge, | A~ (W2 + W2 ) 1Ges

Table D.7: The dominant components of the familiar massless gauge states after

electroweak symmetry.

plus 3 massive SU(2);, bosons:
(Wi~ 25 (Why FiW2,)), Myz ~ Lugs,(v)
and (Zg ~ \/;W%L \?_W%R 3 %Gé§)7 Mz =~ 2v5,(v)
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Appendix E

Mass scales in BMSB

In this Appendix we consider the different mass scales present in the BMSB model.
Fach time the gauge symmetry is spontaneously broken down towards the Standard
Model, the gauge bosons associated with the broken generators acquire masses via
the Higgs mechanism, where the masses are around the symmetry breaking VEVs.
Our model already assumes an order for symmetry breaking, which creates a VEV
hierarchy vy > vy > v ~ O (M ). For instance, we know that vy,vy > O (Mw)

since these broken symmetry bosons have not been observed.

We must also consider the (inverse) compactification radii of the D5-branes. Their
relative sizes are arbitrary, but we choose to start with the relationship Rs, > Rs, or
equivalently Rgll > 35_21 as shown in Figure E.1. Notice that we have not specified
how Rs, is related to the other two compactification radii, suffice to say that a large

third dimension (felt by gravity alone) is not forbidden, i.e. R5' > Rs' > R3!.

In this work, we have adopted the standard scenario with symmetry breaking occur-
ring at a scale comparable to the first two compactification radii and string scale.
Soft masses are also generated at around the same scale. We have deliberately not

specified these scales, but we claim that the formalism applies for GUT/string scales

141



Energy scale

1
M~ M.+
d51 = d52 =6 g513g52(6d) ~ g5, (2ﬁR51) 1 95, (27('R52)
S i
d51 =4 ’ d5o =6 9513952(661) ~ G5, (27TR52)
=11 o o o o o o o
52
d51 = d52 =4 951, 95,

Figure E.1: At energy scales below an inverse compactification radii, the dimension
appears too small to observe. The coupling in a higher-dimension is related to the
same coupling in a lower dimension via Eq. (2.2).

in the region 1 TeV to 106 GeV.
We impose the following restrictions:
R;! > Rg!
Vp Uy DU (E.1)

M. > B3l Ry ~vg,ou > v~ O(Mw)

These constraints provide six ways of ordering the inverse radii and VEVs. The
supersymmetry breaking scale (where soft masses are generated) also needs to be

assigned, thus giving a total of 30 possibilities.

In Table 13 we list the various possibilities for the relative ordering of mass scales,

VEVs and inverse compactification radii within the constraints of Eq.(E.1).
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v VY (%) Rg ! Rgll

2

-1 ~1
v | vy | R | vy | R

R} | vu | v | B3/
v vy | R 21 Rgf Vg

v R5—21 Uy Rgll V¢
v Rg; Rg 11 VY Vg

HiE|g|Q|w| >
S

Table E.1: Possible ordering of symmetry breaking VEVs and inverse compactification
radii within the constraints of Eq. (E.1).
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Appendix F

Sequestered Hidden Sectors a la
Randall-Sundrum

Randall and Sundrum [22] constructed a model with parallel 3-branes separated along
a fifth extra dimension y. Matter fields are localised on one brane at y = 0 while
SUSY was broken on the other brane at y = L. SUSY breaking is communicated
between sectors via bulk fields living in the extra dimension including gravity and the
conformal anomaly multiplet. The hidden sector is truly “sequestered”, or hidden,

from the visible sector due to the very weak gravitational coupling strength.

Consider the supergravity lagrangian kinetic term for chiral matter superfields ¢ =

(4, q) coupled to generic bulk superfields ®,
1
el t o) ole— L7 (s 6
£_\/—g/d0[f(Q,Q)CI><I> Gf(q,q)RJr...J (F.1)

where ¢ = det(g,.), R is the Ricci scalar, and we adopt the “compensator formalism”

of Wess and Bagger [112] for the gravity fields:

=1+ Fpb? (F.2)
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such that flat space corresponds to ® = 1, g, = 7. and Eq.(F.1) recovers the

familiar globally supersymmetric lagrangian.

The kinetic lagrangian function f is related to the supergravity Kéhler potential K

by:

= —3M2, e K3V (F.3)

where M2, = M?%,/8m is the reduced Planck mass and is conventionally set equal to

unity in cosmological units. Notice that for a canonically normalised Kahler potential

K(4",4) = §'q then
1@ a) ~ =3ME + ¢+ (F.4)
which gives the standard Ricci scalar term from the Einstein-Hilbert action

M},
LrV=g— R+ ... (F.5)

Now we will include a hidden sector field ¥ which acquires a non-zero VEV and
breaks SUSY. The effect of SUSY breaking is communicated to the visible sector
via the bulk ® fields, and any direct coupling between the two sectors arises from a

non-renormalisable operator with a coefficient suppressed by powers of Mp;.

Previous attempts to incorporate a hidden sector field have simply added the visible
and hidden sector matter Kéhler potentials together (K = K, + Kpig) but from
Eq.(F.3) this will clearly lead to a non-zero tree-level scalar mass, albeit suppressed
by powers of the Planck mass. Randall and Sundrum realised that in order to obtain

a truly sequestered hidden sector, the hidden and visible sector Kahler potentials
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must be added non-linearly:

f o= =3MA+ fuis + fria
— —3M]231 i:l + e_I{vis/SMIQDl + 6—]{hid/3M12>l:I (F6)

which gives a combined Kéhler potential:

Kns = —Sszal In [1 i e—[x’vis/S]\;[fDl + e—I‘:hid/SA;I%l} (F.7)

Notice that there is no problem adding the individual hidden and visible sector su-
perpotentials together to form a combined superpotential, since each superpoten-
tial is radiatively stable due to supersymmetric non-renormalisation theorems. The
Randall-Sundrum Kahler potential possesses the property that - due to a “magical”

cancellation - the scalar mass vanishes exactly at tree-level.
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Appendix G

Alternative exponential

suppression factor

In this Appendix we consider an alternative suppression factor e~(M+r)’ that is at-
tributed to non-perturbative world-sheet instanton corrections [86], and differs from

the (previous) field theory interpretation of the suppression due to propagating mas-

sive modes.

We summarise the modified scalar masses and trilinears found by repeating the earlier
calculations in section 3.4, but with the alternative suppression factor. The non-

sequestered scalar masses of Eq.(3.43) remain unchanged, but Eq.(3.44) becomes:

3 : .
miss, = m?— §m§/2 (sm2 0 + ©2 cos® 0 sin’ gb)
3 : o3
Mmies, = m°— §m§/2 cos® 0 sin? ¢ (-E—z- + @§>
méfl = 1m* —3m3,sin’0 (G.1)
mé;l = m?— 3m§/2@§ cos® §sin® ¢
3
méjl = m?— Emg/z@g cos® 0sin® ¢
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where

m* =mj, [1 — cos? f cos? & (1 — e'(T2+TZ)/4)

29qin? 25 - _ _
_ cos smkgb 03 dcs (1 _ e_(T2+T2)/4) {Y2 +Y, — Sasln(Ty + Tz)} (G.2)

cos? O sin? ¢ Q2 ¢~ (1a+T2)/4 B - o
égij (To + To)* {Ya + Yo — Sas In(Tz + To)

cos? § cos ¢sin ¢ (@2 ell@2mav) 1 @] e—i(‘”_wz)) e~ (124T2)/4
- 32k
x@amaﬁmmn+@ﬂ@m+ﬂwﬁwhwdyw“mﬂ+mn]

which replaces Eq.(3.45); and the masses are expanded up to O [:5%%—2—}

Similarly we can find modified expressions for the trilinears of Eqgs.(3.52 - 3.57).

@2 6
A052C515205152 = \/_mg/g cos b [Sll’lgb \/Z:
+ sin ¢ \/E e~ Tr T/ (T, 1 Ty) {Yz +Y; — SasIn(Ts + T?)} (G.3)
'Lozy2 - _ —
—cos ¢ (142" B+ [y, LV, — 65 In(T, + TQ)}J

iag

A09C951C951 = ——\/_m3/2 [sin@e

e~ (T2+T2)/4 —
+ cos 8 smgb 2\/1? (Ty + T3) {Yg + Y, — dgs In(Ty + Tg)} (G.4)

tary,

—cos fcos @

(1 + 26‘(T2+T2)/4) {}/’2 -+ }72 —_ 5GS ID(TQ -+ Tz)}:t

1 . 1 , 0, e*2 -
Apsisy sy sy = —\/?;mg/Q [5 sin 0 e'“S + 5 cos f sin ¢ (@1 et + i/e]; — O3 e““)

(T +T2)/4
+cosesm¢ \/_]5 ARA(Ty 4+ To) {Vy + Ya — S In(T + TQ)} (G.5)
iy, - _ _
— cos f cos ¢ (1 + 2 e‘(T2+T2)/4) {Yz + Y, — bgs In(Ty + TQ)}:I
AC§10515205152 =A 51051051 = A 5109510951 ot -—\/—mg/g COS(9 {sin¢@1 eml
+mw -%”W%%+n{n+m—%umn+%& (G.6)
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— cos ¢ €972 e~ (TeAT2)/4 {Yg + Yy — SgsIn(Ty + Tg)}]

@2 e’iag

Acf2 cren = ACSQ 955 (957 = —\/§m3/2 cos I:SHI ¢ N/

— Ccos ¢ €12 {Yg +Y; — Sas 1n(T2+T2)H (G.7)
AC?C;C@ = AC;}C952 0952 = —\/57723/2 {Sil’l@ ems
— cos 0 cos ¢ €'Yz {Yz + Vs —bas In(Ty + TQ)}] (G.8)

where all trilinears have been expanded up to O (ﬁ)

It is now straightforward to consider these modified expressions in different limits of

SUSY breaking domination as before.
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