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Abstract

In this thesis we address the problem of supersymmetry breaking in four dimensional
string theory. We derive an effective Lagrangian describing the low energy degrees
of freedom including the Goldstone mode associated with the spontaneously broken
R-symmetry when a gaugino condensate forms.

We show the equivalence between our approach and those previously used for study-
ing gaugino condensate in 4D string theory but we also show the need to include quan-
tum effects due to the strong coupling constant in the hidden sector.

We determine the vacuum structure of the complete scalar potential and show
that supersymmetry is broken and a large mass hierarchy may develop with a single
gaugino condensate. Realistic phenomenological values for the gauge coupling constant,
unification scale and soft supersymmetric breaking terms can be obtained. Consistency
with the minimal supersymmetric extension of the standard model requires the hidden
gauge group to be SU(6) or SO(9).

Thesis submitted for the degree of Doctor of Philosophy
in the University of Oxford

Trinity term 1993



To my parents



Acknowledgements

It is a pleasure to thank my supervisor, Prof. G.G. Ross, for his continuous guid-
ance, encouragement and motivation during my time as a research student.

I would also like to express my gratitude to Dr. C. Muifioz for his supervision dur-
ing my first year in Oxford and for many enlightening discussions.

Thanks to all my friends in the department, for making it such a friendly and con-
vivial place. Particularly to: I. Adjali, F. Anton, C. Avenarius, M. Beltran, K. Benson,
M. Klein, S. Lola, T. Moretto, L. O’Donnell, L. Perondi, A. Rau and J. Watson.

I am grateful to H. Monroe and T. Budden for proof-reading the thesis.

I would like to thank, specially, all the friends that made my stay in Oxford and
Paris such a memorable and pleasant experience.

Finally, I would like to express my deep gratitude to my Family for their support
and love throughout my studies.

The support of the U.N.A.M. (México), O.R.S. award and E.E.C. fund are kindly
acknowledged.



Contents

1 Introduction 3
1.1 Introduction . . . . . . . . . . . e e 3
1.2 Outline . . . . . . . e e e e e e e 8

2 Supersymmetry and NJL model 10
2.1 Hierarchy Problem . . . . ... .. .. .. ... oo 11
2.2 Global Susy . . . . . . . . . e e e e 12

Superfields . . . . . . . .. e 14
Chiral Superfield . . .. ... .. .. .. . e 15
Vector Superfield . . .. ... ... ... L oo oo 15
Linear Superfield . . . . . . . . . ... ... . e 17
2.3 R-symmetry and anomaly . . ... ... ... ... ... 00 0L 19
2.4 Local Supersymmetry . . . . ... ... ... e e 21
2.5 Supersymmetry breaking . . . . .. . ... oo oo oo 26
2.6 NJLmodel . ... . .. . . @ . e e e e e 28
2.7 Chiral Fermion condensate in Global SUSY . . .. .. ... ... .... 31

3 String Theory 34
3.1 Bosomicstring . . .. .. ... ... e 35
3.2 Superstring . . . . . ... e e e e e 38
3.3 Heteroticstring . . . . . . . . . .. . .. e e 40
3.4 Compactification . . . . ... ... . L L e 41
3.5 Lowenergyspectrum . . . . . ... .. ... . e 44
3.6 Duality . ... . .. . e e e e e 46
3.7 Effective 4D stringmodel . . . . . ... ... ... ... L. 50
3.8 Loop corrected and duality invariant gauge coupling constant and Kahler

potential . . . . . . . ... 94

4 Gaugino Condensation in 4D String Theory 58
4.1 Truncated approach . . . . .. .. ... ... ... .. . ... ... 61
4.2 Effective Lagrangian approach . . ... ... ... ... ......... 63
4.3 An effective 4-Fermi interaction in 4D string theory . . . . . . .. .. .. 65
4.4 Summary of the effective 4-Fermi interaction in 4D string theory . ... 71

4.5

Connection with other parameterizations of the gaugino condensate .. 72



CONTENTS 2

5 Analysis of the Complete Scalar Potential 74
5.1 Treelevel potential . . . . . . . .. ... . .. ... 75
5.2 One-loop scalar potential . . ... ... ... ... .. ... 79
5.3 Dynamical breaking of SUSY . .. ... ... ... ... 81
5.4 Extremum conditions. . . . .. .. .. ... . o oo oo 82
5.5 Confinement masses . . . .. ... . .. . .. e 87

6 Phenomenological Consequences of SUSY Breaking in 4D String The-

ory 89
6.1 Gravitino mass . . . . . . v v i vt e e e e e e e e e e e e e e 90
6.2 Minimal string unification . . . . . .. ... o o oL 91
6.3 Moduli phenomenology . . . . . . . ... .o oo 98
6.4 Matter superpotential . ... ... ... ... o o000 102
Cosmological constant and stability for matter superfields . ... .. .. 105

6.5 Soft supersymmetric terms . . . . ... ... L L oo o 108
Common supersymmetric breaking mass mg . . . . . . .. ... ... .. 111
Gaugino masses in the visible sector . . . .. ... ... ... ... ... 112
Trilinear terms A; . . . . . . o e e e e e e e e e e e e e e 113

Bterm . . . .. . . . . e e e 114

7 Summary and Conclusions 120
A Notation and Conventions 122
B Contribution from y, to the Lagrangian 124
C Modular functions and tree level Scalar Potential 127

Bibliography 131



Chapter 1

Introduction

1.1 Introduction

The study of the elementary particles and their interactions is of primary importance for
our understanding of observed physical phenomena. It also has important consequences
on other fields of physics like cosmology. Both fields require a deep knowledge of the
fundamental laws of nature and a major aim, in theoretical physics, is to obtain a theory
that unifies all known interactions. The advantages of such a theory are considerable
since it could resolve many unanswered questions.

Experiments suggest that there are only four interactions: i) the strong interaction,
which binds the nucleus together, ii) the well-known electromagnetic force, which binds
the atom together, iii) the weak one, which does not bind anything but is responsible for
phenomena like radioactivity and iv) gravity. The first three have similar mathematical
structure and the theory describing them is called the standard model. Gravity, on the
other hand, is described by a geometrical theory and has a quite different mathematical
structure.

The theory of elementary particles (excluding gravity) agrees remarkably well with
the experimental results obtained at laboratory energies, but it contains far too many
free parameters. This has led many physicists to believe that it must be the low-energy
limit of a more fundamental theory.

Clearly a complete “theory of everything” must include gravity. It is now believed
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that a quantum theory of gravity for point-like objects is mathematically inconsistent
and the only possible solution, up to now, is string theory [1]. The reason is that the
fundamental object in string theory is a one-dimensional object. It contains only one
free parameter, the string tension, which is taken as the Planck mass (we will set the
reduced Planck mass to one, m, = Mpianck/ V81 = 2.4 x 108 GeV = 1) to ensure that
the gravitational interaction has the correct physical strength. All other quantities, like
the number of particles, their mass and the strength of the strong, electromagnetic and
weak interactions, can be derived. Most consistent string theories require 10 space-time
dimensions, so one has to postulate that 6 of the dimensions are “small” in order to
test the theory. Unfortunately, by reducing from 10 to 4 dimensions, the uniqueness
of string theory is lost because there are a large number of consistent 4D string vacua.
Nevertheless, for every string vacuum, all physical quantities are again fixed in terms
of the Planck mass.

For any unification theory (not necessarily string theory) the question arises as to
why the observed particles, like the proton, have such a small mass compared to the
unification energy (Agyt), the scale where the coupling constant become unified. The
difference between these two scales, the mass of the proton and the unification scale, is
at least 104 orders of magnitude. This problem is called the mass hierarchy problem
[2]. Even if the initial conditions were such that the mass of the proton were 10! times
smaller than Ay, quantum corrections would give the proton a mass of the order of the
unification scale unless some surprising cancelations at the quantum level took place.
In any attempt to obtain a unification theory the mass hierarchy problem must be
tackled. Solving this problem in string theory is one of the main motivations of the
present work.

A considerable amount of work has been invested in the mass hierarchy problem
and a very elegant solution is supersymmetry (SUSY) [3, 4]. This symmetry relates
particles with integer spin (called bosons) to particles with half integer spin (called
fermions). In a supersymmetric theory, for every fermion there is a corresponding
supersymmetric boson with exactly the same mass. Due to the relationships between

the couplings and masses of fermions and bosons in a SUSY theory, quantum corrections
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to the boson mass vanish solving the mass hierarchy problem. However, as mentioned
above, SUSY predicts a supersymmetric state with the same mass for every known
particle and since these extra states have not been observed SUSY cannot be an exact
symmetry. If it is going to solve the hierarchy problem the supersymmetric states
cannot be very massive, as we will show in chapter 2, and should be detectable in the
particle accelerators in the near future. What is believed to happen is that, even though
the theory is supersymmetric, the state of minimum energy is not, corresponding to a
spontaneous symmetry breakdown. If the supersymmetric theory has an asymptotically
free gauge group, the gauge interaction will become stronger for decreasing energies
and may eventually bind fermions together. Such a binding condensate may result in a
breakdown of supersymmetry and will generate a mass for all supersymmetric partners.

There are several string theories, and perhaps the best candidate to become the
ultimate “theory of everything” is the heterotic string [32]. It is consistently formulated
only in 10 dimensions and, once it is compactified to 4D, the gauge group is Eg X Eg or
subgroups. The Eg group allows for complex fermion representations needed to describe
the physical fermion states and it is called the visible sector. The other gauge group
E} (or subgroups) is the hidden sector and it could be responsible for supersymmetry
breaking. Both gauge groups can be broken by Wilson lines at the compactification
scale [77] and in many models the visible and hidden sector interact through gravity
only.

We will attempt to extract the generic features of 4D string vacua and treat the
model-dependent quantities as free parameters. In doing so we hope to restrict the
number of phenomenologically viable string vacua and get a better understanding of
string theory, going some way towards singling out the correct string vacua.

A generic feature of these 4D models is the existence of the dilaton field S, whose
vacuum expectation value (v.e.v.) sets the gauge coupling constant at the unification
scale, and moduli fields T; that parameterize the geometry and complex structure of
the compactified manifold. The moduli determine the unification scale and some of the
Yukawa couplings as well. It has been recently observed that the 4D string theory is

invariant under duality symmetry [6, 8]. This symmetry transforms the moduli fields
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in a non-trivial way and by demanding the effective 4D theory be duality invariant the
number of string vacua is restricted. As we will see in chapter 5 this symmetry plays a
crucial role in stabilizing the potential.

In order to determine the v.e.v. of the dilaton and moduli fields, SUSY must be
broken, but it can not be arbitrarily broken since the mass splitting between scalars
and fermions must be of order of 1TeV as discussed in section 2.1. The most com-
mon and perhaps the best way to break supersymmetry is via gaugino condensation
[9], because it can easily lead to a large hierarchy. The reason is that the scale at
which the condensate forms, the condensation scale, is exponentially suppressed rel-
ative to the Planck mass. The condensation scale is defined as the scale at which
the gauge coupling constant becomes strong and the running of the coupling depends
only logarithmically on energy. The advantages of gaugino condensation as the un-
derlying supersymmetry breaking trigger is twofold. In the first place, it is generic
in 4D-superstring theories to have a hidden sector with a gauge group given by FEg
or smaller. For such asymptotically free gauge theories, the coupling usually becomes
strong at low scales, so gaugino condensation may be expected and there is no need
to postulate an additional source of supersymmetry breaking. Secondly the scale of
gaugino condensation and the associated supersymmetry breaking scale are dynami-
cally determined and thus the mechanism offers an explanation for the magnitude of
the hierarchy of masses scales. Thus, when combined with the radiative breaking of
the electroweak symmetry, the resultant theory not only protects the electroweak and
supersymmetry breaking scales from receiving large radiative corrections proportional
to the unification or Planck scale (the usual hierarchy problem) but also predicts the
supersymmetry and electroweak breaking scales in terms of the Planck scale and the
multiplet content of the theory. In addition, after supersymmetry breaking, the mod-
uli of the theory are fixed giving predictions for the value of the gauge couplings and
Yukawa couplings.

A great deal of work has been invested in studying gaugino condensates in 4D string
models and an effective interaction can be obtained by observing that, neglecting pos-

sible superpotential terms, the 4D string model is anomaly free under a generalized
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R-symmetry under which the gauginos and dilaton field transform non-trivially. The
transformation of the dilaton field determines an unique superpotential which is pro-
portional to the condensation scale cubed. This effective superpotential is interpreted
as the contribution coming from the gaugino bilinear below the condensation scale. It
also agrees with dimensional analysis since it is expected that gaugino condensation
is of the order of the condensation scale cubed. Analyzing the tree level potential of
this effective interaction one finds that it is unbounded from below for § — 0 and is a
runaway potential for § — oo. Thus no stable solution is found'. Furthermore if one
assumes that the v.e.v. of the dilaton is somehow fixed then the v.e.v. of the moduli
is independent of S and is approximately one (T ~ 1.2). The value of the unification
scale is determined by the v.e.vs of the moduli and for T ~ 1.2 the unification scale is
of order of the string scale, 30-50 times larger than the required value by the minimal
supersymmetric extension of the standard model. Therefore, we conclude that even
though a gaugino condensate would break SUSY spontaneously, the details of the cal-
culations show that there is no stable solution at tree level (for a single condensate) and
the v.e.vs of the moduli are inconsistent with the minimal supersymmetric standard
model.

In this thesis, we investigate the dynamics of the strong coupling leading to the
formation of gaugino condensate. We will show that the results are quite different
from the ones obtained at tree level for the effective superpotential describing the
gaugino bilinear. We find that loop corrections of the strong coupling constant, play a
crucial role in stabilizing the potential. Since the formation of a gaugino condensate is
a non-perturbative effect, approximation methods must be introduced. A convenient
approach to the study of the formation of fermion condensates was presented by Nambu
and Jona-Lasinio (NJL) many years ago [10]. Starting with an underlying 4-Fermi
interaction, there is no formation at tree level level of a fermion condensate, but once
the bubble summation of the initial interaction is included a condensate is dynamically

favoured, for a sufficiently large coupling constant.

'In order to obtain a stable solution for the dilaton, one needs to introduce two gaugino condensates
and chiral matter fields with non-vanishing v.e.vs.
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In a strongly interacting gauge theory, there is no primary 4-Fermi interaction, but
such a gauge interaction may generate strong 4-Fermi force. We will model the strong
interaction by this effective 4-Fermi coupling allowing the NJL to be used to study non-
perturbative effects. The form and radiative corrections of the interaction are of great
importance for determining the vacuum structure of the 4-D string model. In fact, for
gauginos, in the absence of superpotential terms and anomalous terms, there is an R
symmetry (under which the gauginos transform non-trivially) which is spontaneously
broken if a gaugino condensate forms leading to a Goldstone mode. We derive an ef-
fective interaction for the low energy degrees of freedom of the 4D string theory which
includes the Goldstone mode associated to the spontaneously broken R-symmetry. Us-
ing this interaction, we reproduce the effective potential derived previously, but we also
show that it is necessary to go beyond tree level. Including loop corrections due to the
strong binding coupling in the hidden sector, we show that the potential is now stable
in the dilaton direction. Also, the splitting between the scalar and fermion masses can
be of the order of 1 TeV as required to solve the mass hierarchy problem. Furthermore,
the v.e.v. of the dilaton that sets the gauge coupling constant at the unification scale
is given in terms of the dimension of the hidden gauge group. In order to be consis-
tent with the minimal supersymmetric extension of the standard model (MSSM), the
gauge group has to be SU(6) or SO(9). The v.e.vs of the moduli are now much larger
allowing for MSSM to work. Finally we also obtain the soft supersymmetric terms and

find good agreement with the phenomenological constraints from electroweak symmetry

breaking.

1.2 Outline

This thesis is arranged as follows. In chapter two we introduce supersymmetry and
local supersymmetry or supergravity and we describe the NJL model. In chapter three
we present string theory and derive the low energy 4D string model of the heterotic
string. We also introduce the duality symmetry which is an important ingredient in the

4D model and discuss the threshold corrections to the gauge coupling constant. These
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two chapters summarize the relevant information needed for the presentation of our
research given in the subsequent chapters. In chapter four, we introduce an effective 4-
Fermi interaction in the context of 4D string theory and show its equivalence with other
approaches. We analyse the full potential and find the stable solutions in chapter five.
Finally, we present the phenomenological consequences of supersymmetry breaking via
gaugino condensates in 4D string model in chapter six and show that by introducing a
suitable superpotential it is possible to cancel the cosmological constant while having
supersymmetry broken. The summary and concluding remarks are given in the final

chapter.



Chapter 2

Supersymmetry and NJL model

In any unification theory, the mass hierarchy problem arises [2], because the unification
mass is necessarily many orders of magnitude larger than the electroweak scale. Even
if the initial conditions were such that the tree level mass were of the order of the
electroweak scale, quantum corrections would render the mass close to the unification
scale unless some cancelation takes place. One of the most promising solutions is given
by introducing an extra symmetry called supersymmetry [3, 4]. This symmetry relates
bosons to fermions and will be presented in section two of this chapter after discussing
the hierarchy problem. In section three we discuss the R-symmetry and its anomaly.
This anomaly is relevant in determining the supersymmetry breaking structure in the
4D string model. We consider in section four supergravity or local supersymmetry,
which is necessary if we are to include gravity and must be present in any complete
unified theory. In section five we discuss the necessary conditions for supersymmetry
breaking and in section six we describe the NJL model. The NJL model is a convenient
way to study the formation of condensates which may trigger supersymmetry breaking.
Finally, we present a global supersymmetric extension of the NJL model. Contrary to
the non supersymmetric case the formation of condensates is not dynamically favoured.
We will leave for chapter four the discussion of the NJL in local supersymmetry in the

4D string model.

10
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2.1 Hierarchy Problem

The study of the elementary particles in the last three decades has been quite exten-
sive and has led to the well known standard model. The standard model describes
the interaction of the elementary particles and it is in very good agreement with the
experimental data. However, it is difficult to presume that it is a complete and final
theory since it has far too many free parameters.

In the standard model, the breaking of the electroweak symmetry is achieved spon-
taneously via the Higgs field which acquires a vacuum expectation value and mass
of the order of 250 GeV. Assuming that a more fundamental theory appears at a
scale A, where A; could be the unification scale O(10'€) GeV or the Planck scale
M, = 10'°GeV, one can relate the mass of the Higgs particle at different scales. The
low energy result is independeﬁt of the physics beyond A; and can be calculated in a
model independent way using the renormalization group equation. The mass at the

low energy scale Ag is given by [11]
A7
mi(Ao) = mi (A1) + Cg? /42 dk? + Rg* + O(g*) (2.1)
. 0

where g is the gauge coupling constant, C is dimensionless and R grows almost loga-
rithmically with A; as A; — 0o. The term proportional to C diverges quadratically for
Ay — oo. In order for m$(Ag) < Ay, one has to fine tune m%(A;) quite accurately
(to one part in 10'*) to cancel the second term in eq.(2.1), which is of the order of
A3%. This is called the fine tuning problem and the question of why Ap < A; or why
m¥(Ao) K MBnek 1 referred to as the mass hierarchy problem.

In a supersymmetric theory the quantity C in eq.(2.1) is zero because the quan-
tum contribution from the fermions is canceled by the contribution from the scalar
fields through diagrams such as the one shown in fig.2.1 and no fine tuning is needed.
However, supersymmetry predicts that scalar fields should have the same mass as the
fermions but none has been detected. Therefore, supersymmetry must be broken, and,
in such a case, the second term in eq.(2.1) is given by the difference between the fermion

and scalar masses (Am?) multiplied by the coupling of the Higgs field with the fermions



2.2. Global Susy 12

(a) (b)

Figure 2.1: Graphs that contribute to the scalar mass. The dashed line represents a scalar field while
the dotted line in fig.2.1b a fermion field.

or scalars. The condition that there is no fine tuning requires
g’ Am? ~ m%(Ag) — m%(Ay) < 1TeV. (2.2)

Thus, although supersymmetry can solve the hierarchy problem, it does so only if
the masses of the superpartners are so low that they are accessible to experimental
discovery. For this reason, considerable effort has been invested in constructing viable
supersymmetric theories and their phenomenology.

Before presenting the supersymmetry breaking mechanism and its phenomenological
consequences in 4D string theory we will introduce supersymmetry in the following

sections.

2.2 Global Susy

In this section we will present supersymmetry (SUSY). This symmetry relates fermions
to bosons and it is the only possible extension to the well known Coleman-Mandula’s
theorem [12]. The Coleman-Mandula theorem states that the only possible symmetries
of a non-trivial S matrix for a relativistic quantum field theory in four dimensions are
given by the generators of the Poincare group and generators of the internal compact
Lie group. The theorem relies upon the assumptions that only a finite number of
different particles associated with a one particle state of a given mass exist, and that
there is a energy gap between the vacuum state and the one particle state. The proof
of the theorem assumes that all generators are bosonic and, it can only be extended by

the inclusion of fermionic generators leading to what is called supersymmetry [3, 4].
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Supersymmetry (SUSY) is a symmetry that transforms bosons into fermions and

vice versa, through a quantum operator @,

Q.| fermions >= | bosons >, (2.3)

and

Q4 | bosons >= | fermions > .

Under the Lorentz group, Qo transforms as a left handed Weyl spinor (1/2,0) while
its hermitean adjoint transforms as a right handed one (0,1/2). Since the SUSY gen-
erators carry one half unit of spin, they obey anticommutation relations. In particular
the anticommutation relations between o and Z,)-ﬁ- must be proportional to the en-
ergy momentum tensor P,, since it is the only (1 /2,1/2) conserved tensor due to the

Coleman-Mandula theorem. The complete algebra for these generators is

[QaaPu.] = 07 (24)
{QaaQ—g'} = QGZBP“ (25)
{Qon Qﬁ} = {Qda@ﬁ'} =0 (26)

where o# denotes the Pauli matrices and «, 3, &, B = 1,2. Here there is only one Qq
and the algebra is called N=1 SUSY. For more then one @, with a = 1,2, ..IN, then
the algebra is called N-extended SUSY. The most interesting supersymmetric theory
from a phenomenological point of view is N=1 SUSY, because it is the only one that
allows for complex representations of fermions needed to describe chiral fermions.

Equation (2.4) shows (for p = 0) that @, commutes with the Hamiltonian and
thus we expect the fermions and bosons related by SUSY to be degenerate in mass.
Furthermore, from eq.(2.5) and using o 3033 = 2g* one derives that the Hamiltonian
is given by

H=P = i(QlQl +Q2Q2 + Q1Q1 + Q2Q2) (2.7)

which implies that the spectrum is semipositive definite, H > 0, i.e. the vacuum energy
is non negative.
The simplest and most general way to obtain supersymmetric Lagrangians is by

introducing the so called superfields. A superfield is a collection of fields with different
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spins that transforms among themselves under a SUSY transformation. Because the
component field with the highest mass dimension does not usually get a kinetic term,
it plays the role of a Lagrange multiplier and can be eliminated through its equation
of motion.

Before presenting the relevant superfields used in this work, it is useful to introduce

an anticommuting parameters 6, and 5ﬂ- which are elements of the Grassman algebra

{04,085} = {04,0;} = {6,053} = 0. (2.8)

A finite SUSY transformation depends on the space-time coordinate z, and on 6, and
9[; and it is defined by
S(z,9,8) = ¢l0Q+Q0-zuP*] (2.9)

The multiplication of two successive SUSY transformations yields

5(z,8,0)8(y,e,a) = S(z + y — iao,0 + i00,8,0 + a,8 + &@). (2.10)

Superfields

A scalar superfield Z(z, 6, §) is a mapping from points in superspace (z,,0,80) to complex
numbers. Due to eq.(2.8), the Taylor expansion in 6, # terminates after a finite number

of terms and has the general form
E=¢+0x+05+60°F+0°F + 00”04, + 00X + 620y + 626°D, (2.11)

where ¢, X, ...etc denote the component fields. The mass dimension of the fields are

obtained from [Z] = [¢] and [f] = [#] = —1/2 where [f] stands for the mass dimension
of f. The SUSY transformation of = is analogous to that of eq.(2.10),

S(y,a,a)=(z,0,0) = Z(z + y — iao,0 + i00,a,0 + a,0 + a). (2.12)

It is also useful to define covariant derivatives that anticommute with a SUSY trans-

formation. They are given by

DoE = (0a + 10" ,6°9,)E (2.13)
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and

o]

(n
I

(05 — i6%0” §O)E (2.14)

where 0, = 3—2;.

Chiral Superfield

Different irreducible representations can now be obtained from the scalar superfield
(2.11). One of the most common is the chiral superfield, which is defined by the
condition

D@ =0. (2.15)

It consists of a complex scalar field ¢, a left handed Weyl spinor % and an auxiliary
complex scalar field F'. The mass dimensions of these fields are 1, 3/2 and 2 respectively,

and their SUSY transformation are given by

§¢p = V2o,
& = V2aF 4 ivV20,a0"9, (2.16)
(5F = —i\/i(’)“d)aué.

The SUSY variation of the highest component (F) of the superfield is a total derivative,
a fact that will become important in constructing invariant Lagrangians. It is also clear
that SUSY indeed transforms fermions into bosons and vice versa. Since the fermion
field is a chiral fermion, it can describe chiral matter fields, and the ¢ component is its

supersymmetric partner.

Vector Superfield

The chiral superfield does not include spin one particles. To include them, one must
consider the vector supermultiplet which satisfies the reality condition Vi = V. It
contains 4 real spin zero fields C', M, N, D, two Weyl spinor v, A and a spin one field
A,. In the Wess-Zumino gauge, the fields ¢, M, N and C can be gauged away although
their SUSY transformation is non-trivial. The fields A, D and F,, = 9,4, - 9, A,

transform among themselves under a SUSY transformation and thus form an irreducible
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representation. These fields correspond to the gauge boson A,, its supersymmetric
partner, the gaugino A, and an auxiliary real scalar field D. One can define a chiral
superfield W,, called the gauge covariant chiral superfield, containing these fields as

follows
1

Wa=—4

(DD)D,V. (2.17)

It is a chiral superfield since DW, = 0. The field components are
Wou = (=idan 6D = i2(0'5™ ) Fim, —0* 50 3) (2.18)

where the terms in brackets correspond to an expansion of the superfield W, in powers
of the @ parameter with zero, one and two powers respectively.

In order to construct a supersymmetric Lagrangian, one needs to determine the
kinetic terms for the chiral superfield and gauge covariant chiral superfield. They are
given by

L., = [‘i’@]p (2.19)

and

1
Lyow = 7[WaWWF + hec. (2.20)

where ® is an antichiral superfield. The subscript in eq.(2.19) denotes the D term of
(®®), i.e. the 282 term, while the F subscript refers to the F component of the chiral

expression (W,W?), i.e. the 62 term. In component notation these equations become
* 17 n
Len = FF" + (9,9)° + 5[40 0,9 — (8,9)0"¢] (2.21)

and

1 . - 1
Loau =~ Fu ™ + iFWF‘“’ + %[/\0“6,,)\ = (N2 + 3 D? (2.22)

where F# = le#®BF, 5 is the dual tensor of F,,. From eq.(2.21) and (2.22) we

[\e)

recognize the usual kinetic terms for the scalar and fermion components of the chiral
superfield ® and for the gauge bosons and gauginos while the F' and D fields do not

get a kinetic term and therefore can be eliminated using their equation of motion.
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Linear Superfield

Another relevant superfield is the linear superfield L. It is a real superfield and is
defined by

L=1, (2.23)
and
(DD)L = (DD)L = 0.

L has only three independent fields, a real scalar C, a majorana spinor L and a field
strength of an antisymmetric tensor b,,. The number of degrees of freedom is the same
as for the Wess-Zumino multiplet, but here there is no auxiliary field since the number

of fermionic and bosonic degrees of freedom matches off-shell. The kinetic term is given

by
1

§[L2] D. (2.24)

The linear superfield L can be interpreted as a supersymmetric dualized chiral super-

Llin =

field. Furthermore, L., (2.19) and Ly;, (2.24) are equivalent. To see this we introduce

an extra term to eq.(2.24)

Lin = —3%p + [L($ + 8)]p (2.25)

which is just a Lagrange multiplier. Eliminating L gives L = ¢ 4+ ¢ and using the
equation of motion for ¢, one obtains D?L = D?*L = 0. This shows that L is a linear

supermultiplet. Using these identifications one gets for the kinetic terms

Liin = 587D = 5171 + (L6 + &)lo = (8¢l = Las. (2:26)

Though the linear and the chiral superfields are equivalent through a supersymmetric
dual transformation, and the standard formulation of supergravity is given in terms
of chiral superfields, the linear supermultiplet is needed for a consistent formulation
of supergravity theories when one incorporates loop corrections because it allows for
non-holomorphic kinetic terms for the gauge bosons.

The gauge interaction between the chiral and the gauge fields can be introduced by

the interaction term (in the Wess-Zumino gauge)

[8e*”@)p = | Dug|? + 30" Dt + 98" Do +ig(6" () — $(3)) + FF*  (2.27)
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where D, = 8, + igA, is the usual gauge covariant derivative and V is the vector
multiplet.

The interaction Lagrangian for the chiral fields is given by the I term of the su-
perpotential W (plus hermitean conjugate), i.e. [W]r + h.c.. The superpotential W is
a function of chiral fields only. The mass terms and Yukawa interaction for the chiral

fields are related to the quadratic and cubic terms of the superpotential,

1 L
W = Emijézéj +

1

3A,-J-k<1>i<1>f<1>’°. (2.28)

The F projection of the superpotential W is

_ L 0W(g) 18°W(9)
Wlr = F d¢; 2 Opid;

Yiv;

where ¢; and ; are the scalar and fermion component of the chiral superfield ®;
respectively. It is easy to show that the scalar and fermion components of a given
superfield are degenerated in mass. The tree level scalar potential is given by
ow 12

Vo=FF" = |a¢)

(2.29)

and it is semipositive definite.

In principle one could generalize eq.(2.20) by multiplying it by a gauge kinetic
function f that should be chiral and transform as a symmetric product of the adjoint
representation of the gauge group. One can, as well, generalize eq.(2.28) by allowing
the superpotential to be an arbitrary polynomial of chiral superfields. But a renor-
malizable theory is only obtained if the gauge kinetic function is a constant and W
does not include terms with degree higher than three. For these theories, a series of
non-renormalization theorems [13] have been obtained. It can been shown that the
F terms in the Lagrangian are not renormalized. As an example one has the masses
and the Yukawa couplings of eq.(2.28). Thus, the bare mass and Yukawa coupling
remain unchanged (up to wave function renormalization) after radiative corrections
are included. It is precisely this property that makes SUSY so interesting, since it
allows for particles with zero initial mass to remain massless even after loop correc-

tions are included. This property is a consequence of the cancelation of loop diagrams
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between scalars and fermions since they give the same contribution but with opposite
sign (cf. fig.2.1). Furthermore, since the vacuum is semipositive definite, if SUSY is
not spontaneously broken at tree level then it will not be spontaneously broken (per-
turbatively). Even if SUSY is spontaneously broken, a supersymmetric theory has no
quadratic divergences. The absence of quadratic divergences is a welcome property for
any theory since it has then a better behavior in the ultraviolet limit. Not all theories
without quadratic divergences are supersymmetric. There are only a finite number of
non-supersymmetric terms which give no quadratic divergence. These terms are called
soft supersymmetric breaking terms and they can naturally appear in the context of a
more general theory like supergravity. Thus, a global supersymmetric theory with soft
supersymmetric terms can be seen as a low energy limit of a more fundamental one.
We will see that this is the case in the context of the 4D string model and will study
the soft supersymmetric terms in chapter 6.

Finally it is important to keep in mind that the nonrenormalizable theorems are
based on symmetries of the § matrix (the underlying theory could have more or less
symmetry) and a flat Minkoswki space. For example, in local supersymmetry (or su-
pergravity) the tree level potential is no longer semipositive definite. Non-perturbative
effects may break SUSY spontaneously even in a theory with SUSY not spontaneously

broken at tree level.

2.3 R-symmetry and anomaly

We will now present the R-symmetry . This symmetry transforms the phases of the
component fields of a superfield differently. It is an additional symmetry that transforms
the supersymmetric generators (), non-trivially, but leaves the supersymmetric algebra
eqs.(2.4-2.6) unaltered. Under this symmetry the supersymmetric generators transform
as Qo — Q) = e%Q, and Qs — Q% = €®Q4 while the Grassman parameters
transform as § — 6’ = €90 and § — 6’ = e**9. The generator of the R-symmetry does
not commute with the supersymmetry generator but it does commute with the energy

momentum tensor P, and with M,,. The realization of this symmetry on the scalar
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superfield eq.(2.11) is
=(z,0,0) = 2™ Z(z, e, £90") (2.30)
where 2n is the chiral or R charge of the superfield =. For a chiral superfield we find
& = (¢l’ ‘»b,a FI) — eZin6¢ — eZin6(¢, 6—i61,b, 6—22'6F) (231)
while for the vector superfield we have
V=V, (2.32)

since it is a real superfield. Notice that under the R-symmetry, the transformation
of the components fields is different, and eq.(2.32) implies that for the Wess-Zumino
multiplet, the D and A, components have zero R charge while the A component has R-
charge one. The R-symmetry, if exact, imposes constraints on the possible interactions
terms in the superpotential and the kinetic terms. For the chiral superfields eq.(2.19) is
automatically invariant while eq.(2.20) requires the gauge covariant superfield to have
R charge one (n=1). Thus, the gaugino field (which is the lowest component of W,)
has R charge one as well. R-invariance does not allow a mass term for the gauginos
since the term mAA, where A is a majorana spinor, is not R-invariant.

The R-transformation on the chiral fermion fields is equivalent to a chiral transfor-
mation that is anomalous [14]. The anomaly arises from triangle diagrams with gauge
bosons as external particles and chiral fermions running in the loop. The divergence of

the chiral or R current Jg is
. 1 ~
BMJ}‘Q = ZjQ'Lmj’gbj'yswj + gﬁoFuyF“V (2.33)

where m is the mass of the chiral fields, 8y the one loop beta-function coefficient, F,,
the field strength temsor for the gauge fields and F*¥ its dual. This current is not
conserved even in the case m = 0 and the anomaly is called the chiral, axial or ABJ

anomaly and it was shown that it is not affected by higher order radiative corrections

[14].
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2.4 Local Supersymmetry

In order to include gravity we study local supersymmetry or supergravity (SUGRA)
[3] which is the gauge theory of supersymmetry. An infinitesimal SUSY transformation
on a boson B gives a fermion F and applying a second SUSY transformation F is
rotated back to §,B. Thus, two successive SUSY transformations lead to a space-time
rotation and one expects that local SUSY will necessarily include gravity. The global
SUSY transformation eq.(2.9) becomes local when the supersymmetric parameter 6 is
a function of the space-time coordinates z,, i.e. § = 8(z,).

The purely SUGRA multiplet in four space-time dimensions consists of a massless
spin 2 particle, the graviton, and its supersymmetric partner the spin 3/2 gravitino.
The Lagrangian is given by

1 ) R
L, = —2?\/ lg| R — 56”‘ P75 D oo (2.34)

where | g| is the determinant of the metric g,, which should be written in terms of the
vierbein e as g,, = €];'€} Nmn, R is the curvature that depends on the vierbein and the
spin connection wi'™, ¥, is the gravitino, D, = 3, + %wzmamn the covariant derivative
with respect to gravity and k¥ = 1/m,. The spin connection does not represent a new

degree of freedom and can be eliminated by its equation of motion. The supersymmetry

transformation that leaves eq.(2.34) invariant are

66:? = 5k6—7md)p,

1
6%s = 7Dy (2.35)
ow’'™ = 0

n

where we have used four components notation with £ = (6, 8%).
The most general global SUSY lagrangian coupling chiral Z and vector V superfields
is
[8(Z, Ze* |p + Re[W (2)|F + Re[f(2)asW W*]F. (2.36)
The function ¢ transforms as a real vector, W(Z) is the superpotential and f the

gauge kinetic function. This theory is renormalizable only if W is a polynomial of
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degree less than or equal to three, f is a constant and ¢ = Ze?¥ Z. To obtain a locally
supersymmetric theory, one needs to couple Z and V to the supergravity multiplet.
There are several ways of doing it. Since it is a lengthy calculation and the most
general Lagrangian has been given in the literature [3, 15] we present the final version.
The standard form of N=1, D=4 supergravity coupled to Yang-Mills is described
in terms of chiral superfields (with up to two derivatives in the bosonic fields) and it
is completely specified by two functions; the Kahler potential G and the gauge kinetic
function f. The functions ¢ and W of global SUSY are no longer independent, but
they enter in the action through the Kahler potential G, a real and gauge invariant
function, given by [15]
G=K+In|W|? (2.37)

with K = -—3ln(—5§) a real function and W, the superpotential, an holomorphic func-
tion of the chiral superfields Z. The gauge kinetic function f is an holomorphic function
of the chiral superfields Z and transforms as a symmetric product of the adjoint repre-
sentation of the gauge group.

The SUGRA action is given by the superconformal Lagrangian [15]

1L = —%[Soggea:p{—éG(Z, Ze Wb + ([S8]F + h.c.) — }1-([ fus(Z)WWPLE + hec)

(2.38)
where V = gV*T* is the Yang-Mills vector multiplet (in the Wess-Zumino gauge
Ve = (A%,)% D®%)),T* are the group generators, g the gauge coupling constant,
W the gauge covariant chiral multiplet. The conformal weights w of the different
fields are: w = 0 for Z, w = 1 for Sp and w = 3/2 for We. The two functions G and f
have then conformal weight zero. The chiral multiplet Sy is needed as a compensator
which gauge fixes the superconformal symmetry down to super Poincare!. To obtain a

canonical Einstein term -1eR, the compensator must be taken as [15, 16]

1 )
So = (8, 3¢7/°Gix' o) (2.39)

'In superconformal algebra the D and F' projections include the contribution of the superfield E,
which is the supersymmeteric generalization of the determinant of the metric e = /| g/|
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where h, is the supergravity auxiliary field and G; = 9G with 2* the scalar component

oz
of the chiral superfield Z-.
To recognize the different terms in the action (2.38) we express it in terms of the

component fields. The kinetic terms are given by (suppressing all gauge indices)

1

e ' Liin = G§DMZiD“z*j — %Ref F, F* — ZImf F,, Fw (2.40)

' - L 1 - a
+5RefX PA+IGIE Pxi = ZPursm Doboe™?

where F* = %e‘“’&"ng is the dual tensor of F,,, x; is the fermion component of the
chiral superfield Z; and 1, the gravitino. The gauge coupling constant can be read out
of eq.(2.40) and it is given by g=2 = Ref, while Im f gives the strong CP violation term
#.. The kinetic terms for the scalars and fermions are not in a canonical form but are
multiplied by G; In string theory the scalar fields have a o-like kinetic structure and
cannot be put into a canonical form, while the gauge kinetic function f is just given
by a chiral superfield S called the dilaton.
The tree level scalar potential is given by [15]

Vo = B (G™1)sh — 3¢% + %(Ref)‘1D2 (2.41)

where h; is the auxiliary field of the chiral superfield Z; and D, is the auxiliary field
of the vector supermultiplet V. Through their equations of motion these fields can be

expressed in terms of the physical scalars and fermions and they read

i < 1 . .
hi = =G, + %’\R)‘L + (36867 ~ G )xerxiLy (2.42)
Dy = iRef Y (—gG'T} z; + %fixiR)\L - %fixiLAR). (2.43)

Before analyzing the supersymmetry breaking mechanisms in supergravity theories we
would like to comment on the renormalization of the gauge coupling constant. Ex-
plicit calculations of loop corrections to the gauge coupling constant [17]-[19] in four
dimensional string theories show that some of the radiative terms are not holomorphic
and thus, they can not be incorporated into the gauge kinetic function since this func-

tion must be holomorphic. The consistency between loop corrections and SUGRA is
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solved by considering not the standard form of SUGRA (cf. eq.(2.38)), but reformu-
lating SUGRA (20, 21] in terms of a gauge kinetic function that depends on a linear
multiplet L and not on chiral superfield S. This reformulation will allow for having a
non-holomorphic gauge kinetic function. As we saw in section 2.2, these two fields are
related through a duality transformation and both formalisms are equivalent.

A non-harmonic gauge kinetic function may be introduced by considering the term [20]
1 _
Lo = -7[J(Z, Ze2)Qlp (2.44)

where J is a real gauge invariant function and Q is the non-abelian Chern-Simons
supermultiplet associated with the vector multiplet V' (in the Abelian case it is just

given by Q = Tr[D*VW, + D,VW® + VD*W,]). In component notation eq.(2.44)

gives
Lo = —%J(z,z)F,wF“” - %e-lewva#QU,,,, (2.45)
where
E,=14(J'0,% ~ J;0,2") (2.46)
and |
1
Quve = TT(V[AFW] - é‘V[uVuVa]) (2.47)

is the Yang-Mills Chern-Simon form, for which 2¢#7°9,9Q,,, = Tr(F,F*). I
J(2,Z) = f(z)+ f(?) is the sum of an holomorphic plus an antiholomorphic function
then E, = 18,(f — f) and by partial integration we recover the standard axionic
coupling and kinetic term for the gauge fields (cf. eq.(2.40)) and both formalism are
equivalent. But eq.(2.45) allows for an non-harmonic J consistent with SUSY.

In terms of the linear multiplet, the superconformal action for SUGRA theory with

up to two derivatives is {20, 21]
3., = U = 1 _
e 1L = _5[505@(3;3,;, Z,Ze*) + (5+8) U +Q)p + (ISS]F + h.c.)  (2.48)

where the field U = L — {0 is an unconstrained superfield and L is a linear multiplet.

This action is equivalent to the standard supergravity Lagrangian (2.38) by choosing

[21]
:3@6-6/2 U )—1/2

® -
3 (SOSO

(2.49)
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where G is the Kahler potential excluding the contribution from the dilaton field 5.
The equation of motion for § + S only state that L must be a linear multiplet and

using the equation of motion for U,

0

9 70y~ _Lie g 2.50
(%(I)(a:,Z,Ze ) = 6(S+S), ( )

and substituting back into eq.(2.48) the standard SUGRA Lagrangian is obtained with
G=-In(S+8)+G (2.51)

and

f=5. (2.52)

Explicit calculations of one-loop corrections to the gauge kinetic function show that
these terms can be non-harmonic and one can introduce them in the SUGRA action
by adding a term [20, 21]

- %[A(L - Q)lp (2.53)

to eq.(2.48). The equation of motion for U (cf. eq.(2.50)) becomes

-(%cp(x, Z,Ze¥V) = —%(S + S5+ A). (2.54)
We can now rewrite the supergravity Lagrangian in the standard form. The loop
corrections (2.53) will appear in the Kahler potential G and not in the gauge kinetic
function f with

Goneloop = —In(S + 5§+ A+ G (2.55)

and f the same as in eq.(2.52). Thus, by formulating the SUGRA action in terms of
a linear multiplet, we can introduce non-harmonic one-loop corrections in a consistent
way with SUSY. Making a duality transformation gives a standard supergravity theory
in terms of an holomorphic gauge coupling constant. The non-harmonic corrections
appear now only in the Kahler potential G, which shows that they must be interpreted

as a wave function renormalization of the dilaton field.
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2.5 Supersymmetry breaking

The supersymmetric partners of the physical fermions have not been detected yet and
therefore SUSY must be broken. It can be explicitly broken by introducing non-
supersymmetric terms or it can be spontaneously broken. In general, a symmetry
is spontaneously broken when the vacuum is not invariant under the symmetry gener-
ators. In the case of SUSY we require that the SUSY generators do not annihilate the

vacuum

Qo |0># 0. (2.56)

Equivalently SUSY will be spontaneously broken if the anticommutator of {Qq, %},
where 1 is a fermion field, is different than zero. In such a case the SUSY transformation
for the chiral fermion or gauge fermions is non vanishing and in local SUSY they are
given by

§Yri = %@Z&‘R + %hifL (2.57)
and

62 = %aﬂuﬁﬂ"& - Dés, (2.58)

A nonvanishing v.e.v. for a h; or a D term implies that the supersymmetry trans-
formation for the fermion fields is non zero and SUSY is spontaneously broken. The
associated fermion field becomes a Goldstino and in local SUSY this field couples to

the gravitino field through the mixed interaction term [15]
_ 1 - :
YL -y (ngLAR - e82G)xk (2.59)

giving rise to the super-Higgs effect. The massless spin 3/2 gravitino combines with
the spin 1/2 fermion giving a massive spin 3/2 gravitino. The mass of the gravitino

can be deduced and it is given by
My = e%/2. (2.60)
The auxiliary field of a chiral fermion is (cf. eq.(2.42))

i 1 :
hi = ~e%7Gi + 23 1 (26467 - G¥)unie,
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and thus for a non-trivial gauge kinetic function with f; # 0, a non-vanishing gaugino
condensate, < ArAL ># 0, may lead to spontaneously broken SUSY.

From the structure of the tree level potential
Vo = W (G71)5hi — 3eC + %(Re £~ 1D?

we see that unlike in global SUSY, V; is no longer semipositive definite and one can
have broken SUSY and vanishing cosmological constant (i.e. h? (G‘l)j-hi = 3¢% and
D = 0). If the minimum of the tree level potential is at h; = D = 0, SUSY is not
broken though the gravitino mass and the scalar potential may be different than zero.
In global SUSY, the supertrace of the mass matrix, defined by
StrM? = Lj3(-=1)?7(2J + 1)M?% where J denotes the spin, vanishes even if SUSY
is spontaneously broken. In local SUSY, this is no longer true, and in the simple
case of having fields with canonical kinetic terms and assuming vanishing cosmological

constant, the supertrace of the mass matrix is
StrM? = 2(N - 1)m3 , (2.61)

where N is the number of chiral fields. Thus we see that in SUGRA StrM? is in
general different than zero. If we take the limit as Mpjgnce — 00 it can be shown that
Mg/, — 0 we recover the global SUSY result StrM? = 0. In eq.(2.61) one should not
consider the mass of the goldstino since it has been already absorbed by the gravitino.
The remaining N — 1 chiral fermion remain massless while the 2(/NV — 1) real scalar
fields get a common mass m3/,. It is the gravitino mass and not the supersymmetry
breaking scale that gives the mass splitting between the scalar and the fermion fields.

The source of SUSY breaking is quite relevant because many of the low energy
parameters, such as masses of the particles and gauge coupling couplings, are only
fixed after SUSY is broken. One of the most common explanations for SUSY breaking
is gaugino condensation. That a gaugino condensate indeed breaks SUSY can be seen
from eq.(2.42). One would expect the gauginos to condense when the coupling constant
becomes strong and binds them together in a similar way as for the chiral condensate

in QCD. Since this phenomena is non-perturbative, approximation techniques must be
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Figure 2.2: Diagrammatic representation of the mass gap equation for a 4-Fermi interaction

used to estimate the effects of gaugino condensation. Different mechanisms have been
used to determine the effective interaction and they are very much restricted by the
symmetries of the action. A very useful approach for investigating the condensation
of fermions is due to Nambu-Jona-Lasinio (NJL) as described in the following section.
We will leave for chapter 4 the analysis of the NJL model in the context of the 4D local

supersymmetric string model.

2.6 NJL model

In order to study non-perturbative effects in field theory approximation methods must
be used. In particular the NJL model [10], presented long ago, is a useful technique
to address the question of whether a fermion condensate is dynamically favoured or
not. Starting from a 4-Fermi interaction, one calculates the infinite number of fermion
bubbles through the Schwinger-Dyson equation and derives the mass gap equation (see

fig.2.2) [23], ) -
m m4% /A

7 In( F/z 7))
A 14+ m%/A

where mp is the mass of the fermion and A the cutoff. A non-trivial solution to

(2.62)

this equation corresponds to a non-perturbative result since by equating a tree level
result with a radiative correction one is necessarily in the non-perturbative region and
is effectively summing an infinite number of fermion bubbles (see fig.2.3). A non-
trivial solution signals that a condensate is dynamically favoured and through quantum
corrections it will become a dynamical field, i.e. a kinetic term will be generated. This
new field is the Goldstone boson of the axial chiral symmetry that is spontaneously
broken when a condensate forms.

An alternative and useful approach to study this phenomena is to introduce an aux-
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Figure 2.3: Bubble sum generated by the 4-Fermi interaction

iliary scalar field with no kinetic term that can be interpreted as the fermion bilinear
by solving its equation of motion. The auxiliary field just plays the role of a Lagrange
multiplier and if it is eliminated, one recovers the initial 4-Fermi interaction. After
introducing this field one calculates the tree and one-loop scalar potential. The ex-
tremum equation with respect to the auxiliary scalar field gives the mass gap equation
obtained in eq.(2.62). Since both formalisms are equivalent we choose to work with the
auxiliary field method.
The non-SUSY NJL model starts with a four-fermion interaction described by the
Lagrangian [10]
L= iy"0, + 36" (F4)" ~ (r59)?) (2.63)

or in terms of right and left components notation

L = {(Yry*0,¥rL + YrRY*8,%R) + §*YLYRYRYL. (2.64)

Here g2 is a dimensional coupling, g = h?/A?, where h is dimensionless and A is the
mass scale at which the new physics generating the four-fermion interaction appears.
The theory has a U(1l)r, ® U(1)g chiral symmetry of independent phase rotations of
the left and right handed fermion components. Equivalently, one can define the chiral
U(1) transformations

Uv : YL — YL R (2.65)
and

Ua: YLr— ey p. (2.66)

If a condensate ¥rvy, forms, the axial U4 transformation will be spontaneously broken.

Eq.(2.64) can be rewritten in terms of an auxiliary scalar field ¢,

L = i(Yry*0,%L + YrY 0. %R) — | 0| % + 96" DRYL + gdvr ¥R (2.67)
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By its classical equation of motion, ¢ is identified with g®¥ryyr. Eliminating ¢ gives
eq.(2.64).
The tree level potential
Vo= 9] (2.68)

is semipositive definite. The minimum is at ¢ = 0 and no condensation state is formed
but once the radiative corrections are included a non-trivial result may be obtained.

The one-loop corrections are properly taken into account by the Coleman-Weinberg

result [25]
1
Vi=-c / d’p p*In(p* + mF) (2.69)
where mp is the tree level fermion mass. Integrating eq.(2.69) using a momentum-space

cutoff one obtains

At 9 T
Vi = —161r2($+$ ln(1+z)+ln(1+a:)) (2.70)
with
2 2| 42
_ mgp 4g° | ¢ |
r = A2 = A2 . (271)
The scalar potential is then the sum of Vj and V; and it is given by
At 2 9
= 1671’2(533—2:—2: ln(1+$)—ln(1+a:)) (2.72)
with
242
g A
= . 2.
=" (2.73)
From eq.(2.72) it is easy to see that the extremum condition is
ov 1 z
= —~—1-2zl =0. .
e ¢a(a zn(1+x)) 0 (2.74)

Provided V has a negative slope at the origin eq.(2.74) admits a non-trivial solution

that is dynamically preferred. This is possible only for

92A2

82

a =

> 1, (2.75)

i.e. a strong coupling constant. In this case eq.(2.74) gives

g2A2

82

2 A2
¥ gz/% 7az)) (2.76)

2
m
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which is the familiar mass gap equation that could have been derived from the interac-
tion of eq.(2.63). Note that this solution is necessarily non-perturbative since it equates
tree level and one loop contributions. It is straightforward to show that it amounts to
a non-perturbative summation of fermion bubble graphs, which are dominant in the
large N, limit where N, is the number of colours.

The solution corresponds to the case where ¢ acquires a v.e.v. and thus a fermion
condensate is energetically favoured. The U4 chiral symmetry is spontaneously broken
and the associated Goldstone mode may be identified with the field ¢ which, through
quantum effects, acquires a kinetic term L and becomes a propagating field. It may be
seen that L + Ly is the effective Lagrangian describing the light (Goldstone) degrees of
freedom, appropriate below A, together with the fermion field. The effective potential
calculated using this Lagrangian just reproduces the results using the more familiar
Schwinger-Dyson equation following from the original Lagrangian eq.(2.63). Thus the
effective Lagrangian describing the would-be Goldstone mode provides a convenient
way of implementing the NJL scheme for summing the leading terms in the large N,

limit.

2.7 Chiral Fermion condensate in Global SUSY

We will now present a SUSY extension to the chiral NJL model which shows that,
contrary to the non-SUSY case, the formation of a condensate is not dynamically
favoured. This may be expected from the non-renormalizable theorems of global SUSY
which, among other properties, state that a global SUSY theory cannot be radiatively
broken, although non-perturbative effects may violate such theorems. What happens in
the global SUSY caseis that the extra scalars needed to obtain a supersymmetric theory
get the same mass as the fermions, and the one-loop potential vanishes. Therefore the
tree level results remains valid, i.e. no fermion condensate. On the other hand, if global
SUSY is explicitly broken by introducing a scalar mass, then the formation of a chiral
condensate is energetically favoured.

In the globally SUSY NJL model [26] one has to introduce two auxiliary chiral
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fields ¢; and ¢,, because otherwise one would obtain pathological kinetic terms with

the wrong sign or with derivatives in the denominator. The appropriate Lagrangian is

L= /d49[€5+¢+ +d-¢- + #52052] + /d29[¢1¢2 — gh19+ -] + h.c. (2.77)

where ¢, ¢_ are the original chiral superfields whose fermion components yield the
desired 4-Fermi interaction. The fields ¢, ,¢_ and ¢, carry mass dimension one while
®2 has mass dimension two. The auxiliary field ¢; is a Lagrange multiplier and its

equation of motion constrains ¢, to be

P2 = 9P+ 9. (2.78)
In component notation
A2 = gA+A_,
e = g(Ayy- + A_ty),
F, = g(AyFo+A_F; — o). (2.79)

Even though ¢; has a kinetic term, the constraint (2.78) shows that ¢, should be
interpreted as an auxiliary field and not as a dynamically one. Using the equation of

motion for ¢;, one can derive the constraint for ¢; which in components reads,
A = %(A’_‘;Fi + AL FE — )
- —-T%ia“aﬂ(Aid—J_ + A% y)
g
= —WEJ(A_FA_). (2.80)

To investigate the formation of condensates, we are interested in possible v.e.v. for

A1, Az, Fy and F;,. The tree level potential for these fields is
Vo= -FF; — A Fy — ATFy — Ay Fy — ALFY. (2.81)

Minimizing with respect to A; and F3, one gets < F; >= 0 and A; = F}. Thus, the

tree level potential is

Vo= A1 A] (2.82)
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At the minimum < A; >= 0, which shows (cf. eq.(2.80)) that there is no formation of
fermion condensate. To determine the one-loop potential one calculates the tree level
masses for the different physical fields A_, Ay, %_ and ¥4. The mass of these fields

can be obtained from the interaction Lagrangian between ¢; and ¢ ¢_
Lint = —gA1(A_F+ + AL F_ — ¢ )+ hec. (2.83)

If one eliminates the Fy fields through their equation of motion (Fi = gA414z),
eq.(2.83) becomes

Ling = —g*| A1|?| A4 ]% = ¢*| A1 |*| A= |® = (gA1¥-t4 + hoc.) (2.84)

which shows that the scalar fields and fermion fields get a common supersymmetric mass
m = gA;. Hence the contribution to the one-loop potential between the scalar and the
fermion fields cancels (V; = 0) and the complete scalar potential V = Vo + V) = Vg is
given by the tree level one. Thus a zero v.e.v. for A; remains valid even after radiative

corrections are included, and therefore no condensate is dynamically favoured.



Chapter 3

String Theory

String theories [1] are perhaps the best candidate to unify all interactions and provide
the ultimate theory of everything. As is well known, a quantum gravity of point-like
particles is mathematically ill defined and the only possibility up to now of incorporating
a consistent quantum theory of gravity is to use string theory. The main observation
is that in string theory the starting object, the string, is a one dimensional and not a
point-like object as in field theory. This fact has enormous consequences; for instance
all ultraviolet divergent terms present in field theory are absent in string theory.

Even though string theory in the critical dimension has only one free parameter,
the Planck mass, the effective four dimensional field theory admits a large number
of consistent vacua [27]-[31],{38]. In order to investigate the possible solutions and
restrict the number of candidates, one may try to work in a model independent way
and concentrate on general properties of 4D models. In this chapter we will present
some of the general structure of the 4D effective theory.

The content of the chapter is the following. In the first three sections we present
an overview of the bosonic, superstring and heterotic string, respectively. In section
four we comment on the general properties of the compactification schemes and in
section five we give the low energy spectrum. A symmetry of relevance to constrain the
different string vacua is the duality symmetry presented in section six. The effective

4D string field model is given in section seven while radiative corrections to the gauge

34
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3.1. Bosonic string

coupling constant are discussed in section eight.

3.1 Bosonic string

Unlike normal field theories the starting object in string theory is a one-dimensional
object, the string. When the string evolves in space-time, it sweeps a two-dimensional
world-sheet which is usually parameterized by the coordinates ¢ and 7. It is conven-
tional to take o as the space-like coordinate that runs from 0 to 7 and 7 as the time-like
one. The worldsheet is described by the position of the string X (o, 7) at any given time.

The action is just given by the area of the worldsheet and in Minkoswki space it is

S=T / dodr\/X2X7 — (XX')? (3.1)

where

. 0X 0X
X =—— X' = —
or '’ do’
and T is the string tension. In natural units (A = ¢ = 1) T has dimension of (mass)?
and it is the only free parameter in the theory, which is chosen as the Planck mass

(Mpianck = 10°GeV). The action as written in eq.(3.1) is not simple to deal with

since it contains a square root and an equivalent one is given by
8 = I drdovVhh*? ~ v
=-3 TdovVhh®"n,,0,X"0sX (3.2)

where A%? is the metric of the world sheet with a,8 = 7,0 and Ny the space-time
metric. The coordinates p,v go from p,v = 1,..., D where D gives the dimension of
space-time and, at the same time, the number of bosonic dimensions. Since & in eq.(3.2)
has no derivatives, it is just a Lagrange multiplier that can be eliminated by its equation
of motion and we would recover then eq.(3.1). The action (3.2) is conformally invariant
and one can use this symmetry to fix the worldsheet metric hog = 743, Where 744 is
the two dimensional Minkoswki metric, called the covariant gauge. With this choice,

the Euler-Lagrange equation for the string is the wave equation

02 9?
(9r ~ o2/ Xu =0 (2-3)
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and the two dimensional energy momentum tensor is

2 1 8§
T, = -2 3.4
g T \/h OhoB (3:4)
= 0o X*95X" - %haﬂha’ﬁ'aa,)(“aﬁ,x".

The energy momentum tensor T, g is automatically traceless, h*PT,s = 0, and the field

equation %;’:— = 0 implies that T,,g must vanish.

As usual in two dimensions, the general solution to the wave equation can be written

as the sum of two independent ones, the left and the right one,
X = Xk(o7) + XE (o) (3.5)
where
c-=1-0 ,0t=1+40.

Xpr describes “right-moving” modes while X7 “left-moving” ones. In terms of these

coordinates, the Fourier expansion with boundary condition X (7,0) = X(r,0+ ) is

1 1 ;1 o
Xp = 5%+ 5pho” + —;—E-T;aﬁe‘z"’ (3.6)
and
1 1 1.1 :
X; = 53;“ + Ep“o"' + 52;&;‘6_2”){ (3.7)

where we have set the string temsion to 7 = 1/7 and z¥#,p* may be interpreted as
the center of mass position and momentum of the string respectively. The a* are the

Fourier modes and obey the commutators
[ah, an] = [, 65] = Mémynn” (3.8)

and

[abk,ar] = 0.

The a,, are therefore naturally interpreted as harmonic oscillators, raising and lowering
operators for negative or positive m, respectively. The ground state |0 > is defined to

be annihilated by the a,, for m > 0. However, this condition is not sufficient to fully
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specify the physical spectrum, because the Fock space is not positive definite due to the
time component commutation relation in eq.(3.8). These extra states, called ghosts,
have negative norm and must be removed from the Fock space to obtain the physical
spectrum of the string.

In terms of the Fourier modes L, = %Eam_n - a,, of the energy-momentum tensor
Tsp, the condition that the energy tensor vanishes while acting on a physical state,

Tag|¢ >=0,is
(Lm = 6ma) [ $>=0 ,m >0 (3.9)

where the a is a constant needed due to the normal ordering ambiguity in defining the
zero Fourier mode Lg. The commutators relation among these modes gives the famous

Virasoro algebra,

[Lmy Ln) = (m = n)Lpyn + A(M)épmqn (3.10)

where A(m) is a c-number and arises due to quantum anomalies from the normal
ordering ambiguities. In fact, with the inclusion of the anomaly term the algebra
(3.10) is called the central extension of the Virasoro algebra. A consistent bosonic
string without negative norm states nor anomaly is only possible if the dimension of
space-time is D = 26 and a = 1.

The mass of the states for the closed string are

M? =8xT(-1+ N) = 81T(-1+ N), (3.11)
where
N =XYa, - a, (3.12)
and
N = Ya, - a,

are the number operators. The left and right parts of the string give the same con-
tribution to the mass of the closed string. The ground state of the bosonic string is
unfortunately a state with negative (mass)?, i.e. a tachyon, M2 = —8xT. The first
excited level consists of massless particles and it contains a spin two particle (the gravi-

ton), a scalar field known as the dilaton and a state that transforms as a second rank
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antisymmetric tensor of SO(24). Higher excitations have masses quantized in Planck
mass units. This is a generic feature in string theory, i.e. the states are either massless
or they have a mass quantized in units of the Planck Mass. In order to eliminate the
tachyon state and to introduce fermions one considers a supersymmetric extension of

the bosonic string, called superstring.

3.2 Superstring

The bosonic string action describes a string moving in a 26 dimensional space-time and
the coordinates X* can be seen as bosons living in the two dimensional worldsheet. A
possible extension to this theory is to introduce more structure on the worldsheet. The

superstring action contains bosonic and fermionic degrees of freedom and it is given by
T -
§=-3 / dodr(8°X 9, X" — i p®0uib,) (3.13)

where 1 are Majorana fermions which transform in the vector representation of SO(D-

1,1) and p are the two dimensional Dirac matrices. The supersymmetric transformation

which relates the bosons to the fermions is

oX* = et (3.14)
Y = —ip®9,X e (3.15)

with € a constant anticommuting spinor. As in the bosonic case one can define right

and left modes for the fermion fields and the respective equations of motion are

a 6 M —

(57 + 55)%- =0 (3.16)
0 d

(52— 304 =0. (3.17)

One obtains two separate sectors with right or left movers only, i.e. 92 and 9_X* (¢*
and O_X*) are both functions of 6~ (o*) only.

As a consequence of the boundary conditions

A (3.18)
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each fermion can take either periodic values, called the Ramond (R) sector or antiperi-
odic values, referred as the Neveu-Schwarz (NS) sector. The Fourier mode expansions

for the right and left modes for these two sectors are
Pt = Tdhe 2o~ (3.19)

wi — EJ‘,,:C—%TW*'

for the Ramond sector and

P* = Thte 2o~ (3.20)

and

Qpi — Eb’;rl.e—2‘i’l'a’+

for the Neveu-Schwarz one. In the R sector, the oscillators take integer values (n e Z),
while in the NS they take half integer values (r41/2 ¢ Z). The anticommutation relation

between the Fourier modes are
{05, 05} = " ér 46 (3.21)

and

{dn,d} = 1" bnim (3.22)

and similarly for the left moving ones. Physical states are expressed as tensor products
of left and right movers. There are four different sectors referred as NS-R, R-NS,R-
R,NS-NS depending on the boundary conditions of the states in either sector. The
states in the Ramond sector give spinor representation in SO(D-1,1) as can be seen
from the algebra of the df modes eq.(3.22) which is just the Dirac algebra. Therefore
the NS-R and the R-NS sectors describe space-time fermions while the R-R and NS-NS
sectors describe space-time bosons.

As in the case of the bosonic strings, the superstring theory contains a ghost field
which must be removed. This requires a 10 dimensional space-time and ays = 1/2 in
the NS sector and ag = 0 in the Ramond one, where the a is the normal order constant
that appears when defining the zero component Fourier mode of the energy momentum

tensor as for the bosonic string. But even for such values of the parameters D and a,
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the theory remains inconsistent at the quantum level and it still contains a tachyon
state. The correct procedure is to truncate the spectrum with a GSO projection [73].
This projection consists in keeping only those states that are even under the (-1)F
operator. The eigenvalues of this operator are defined as +1 for Bose fields X* and -1

for Fermi fields ¥*. Thus, only states with an even number of Fermi fields are retained.

The GSO operator is defined as
(-1D)F = —(=1)%"* (3.23)

in the NS sector and

(=1)F = rtl(=1)Zdrdr (3.24)

in the R sector. I'y; is the chiral projection operator in 10 dimensions (the equivalent
one to the 75 in four dimensions). This operator is needed in eq.(3.24) to ensure that
the (-1)F operator commutes with df. For massless modes the Ramond sector contains
only massless fermions with positive chirality (in the 10 dimensional sense). Another
important consequence of these truncations is that it renders a supersymmetric theory
in the 10 space-time dimensions and it removes the tachyon state since this state has

negative GSO eigenvalue (Ib, - b, = 0 and (—1)F = —1).

3.3 Heterotic string

Having presented the bosonic and superstring theories, we now consider the heterotic
string which is a hybridization of the other two. Of all string theories it is the heterotic
string [32] that has the most promising features to become the unification theory. It
uses the fact that a closed string has left and right moving modes which are independent
from each other. The right-movers are taken to be of the superstring type and provide
the theory with fermions and ensure the absence of tachyon states. The left-movers
correspond to the bosonic string. Since the right-modes live in a D=10 space-time,
we take 10 of the 26 bosonic dimensions in the left sector to represent space-time
and are left with 16 internal bosonic dimensions that provide the non-abelian gauge

group. Compactifying these 16 bosonic dimensions on a 16-dimensional tori requires
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the internal momentum to be quantized and the lattice of this tori must then be a
self-dual one. The only two self-dual lattice in 16 dimensions are SO(32) and Eg x Es.
It is the second one that is the most interesting from a phenomenological point of view,
since it can easily contain the standard model group as a subgroup. The differences
between the two theories result from boundary conditions. In two dimensions, one
boson is equivalent to two Majorana fermions. The 32 fermions obtained from the 16
bosons in the left sector are in the vector representation of SO(16) x SO(16)' group
and if all of them take the same boundary condition (periodic or antiperiodic) then one
obtains the SO(32) gauge group. However, if they take opposite boundary values, they

generate the Fg X Fg gauge symmetry.

3.4 Compactification

As seen in the preceeding section, the heterotic string provides us with a unification
theory with one free parameter, the string tension, but it is consistent only in 10 space-
time dimensions. For any comparison with experiments, we clearly have to get “rid” of
6D to obtain a 4D effective theory. The procedure of getting “rid” of extra dimensions
is called compactification. Unfortunately, there is no unique way of compactifying the
extra dimensions, and many consistent string vacua arise in 4D [27]-[31]. If string
theory is going to make any sense as a theory that describes the physical world, it
should reduce, at low-energy, to the standard model of elementary particles. Although
the number of candidates is enormous [29]-[31], there is no specific example to date that
satisfies all constraints from the standard model. The main difficulty is that in string
theory all quantities are in principle calculable, and the standard model imposes very
heavy constraints on them. Anyhow, with the hope that such a model is contained in
4D strings, the search can be narrowed by imposing some generic properties.

As a first step one requires the 10D space to be a tensor product of My x Kjg
where My is the 4D space-time and Kg the internal space to be compactified. Another
necessary condition is that the 4D theory is described by an N=1 SUGRA theory to

explain the mass hierarchy problem. This condition imposes non-trivial constraints on
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Kg. If SUSY is unbroken, the variation of the fermion components must be zero
0 = 0. (3.25)
The variation of the 10D fermions are [1]

b = le+ (DM — 96T ) H ;1 = 0,

32g%¢
bx = f ¢ 00 + < f - ¢r”"nH,,k =0, (3.26)
oA = I‘”F,Jn =0

4gx/$

where 9, x,n and )\ are respectively the gravitino, dilatino, the ten dimensional SUSY
spinor parameter and gluino; ¢ is the dilaton and H is the gauge-invariant field strength
of the two form B. The indices 1, j,k,[ are 10 dimensional and we have dropped four

Fermi interactions in eq.(3.26). In addition, we have the Bianchi identity

dH =trRAR - E%trF A F. (3.27)

If we assume, for simplicity, that
dH = H =d¢ =0, (3.28)
an unbroken SUSY implies that there is a covariant constant spinor,
Din=0. (3.29)
Thus, the K¢ space must be Ricci-flat
Ri;=0

since [D;, D;]n = 0 implies that RijklI""n = 0. Eq.(3.29) is a non-trivial result. and
shows that for a maximal symmetric space My, the Ricci scalar is zero. Thus, the
cosmological constant vanishes in any 4D string model but it still remains to explain
why the cosmological constant vanishes after SUSY is broken.

The condition D;n = 0 states that the spinor 7 remains unchanged after being

parallel transported around a closed path. In general, a spinor when transported around
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a closed curve transforms to ' = Un where U are SO(n) matrices that form the
holonomy group. The constraint of having one covariant constant spinor forces the
holonomy group of K¢ to be SU(3). This can be understood by observing that the
subgroup that leaves only one element of the fundamental representation of SU(4)
(which is isomorphic to SO(6)) invariant is precisely SU(3). A manifold that admits
a metric with SU(n) holonomy is called a Kahler manifold. If its first Chern class
vanishes, then it is called a Calabi-Yau manifold [72]. Thus the requirement of one
unbroken SUSY in 4D implies that the internal manifold K¢ must be a Calabi-Yau
manifold with SU(3) holonomy group.

In order to solve the Bianchi identity eq.(3.27) with dH = 0, one could identify the
SU(3) holonomy group with an SU(3) subgroup of the gauge group Eg D Eg x SU(3).
With this identification, called the embedding of the spin connection on the gauge
group, it can be shown that eq.(3.27) is automatically satisfied. Furthermore,- the
breaking of Eg into Eg x SU(3) is welcome from a phenomenological point of view
since Fg can accommodate complex fermion representations needed to describe chiral
fermions.

Even though the Calabi- Yau manifold restrict the set of possible Kg spaces and give
a great deal of information, the complete spectrum and Yukawa couplings are difficult
to obtain and only a few examples are known [33, 74]. A simpler compactification
scheme would be to compactify on a 6D tori but such a manifold gives N=4 SUSY in
4D and is not acceptable. Another possibility are the so called Orbifolds [34]. These
spaces do not correspond to manifolds since they contain singular points with infinite
curvature. The great advantage of Orbifolds is that they are fairly simple to handle
and many examples of three generations of standard model particles are known [27]-
[31]. However, no realistic model that satisfies all standard model conditions has been
found. Furthermore, the Yukawa couplings and the hole spectrum can be obtained
[62]. An Orbifold is just a torus divided by the action of a discrete group. In 2D, for
example, one can divide the torus by a Z3 group whose elements are 120° rotations.
Under the action of this group, points that are rotated by an angle of 120° are identified

thus leaving 3 fixed points z = {0, -\}—gei”/ 6, \_/2__56—2'2#/ 6}. To construct a 6D Orbifold we
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could simply take the product of three 2D ones. The lattice generated by Zs is that
of SU(3) and by identifying it with an SU(3) subgroup of K¢ one can get ride of three
SUSY parameter leaving a 4D theory with N=1 SUSY parameter only. More general
Orbifolds can be obtained [30, 34, 35] and one SUSY parameters in 4D restricts the Z,
(30, 34] group by which the 16D tori is divided to n = 3,4,6,7,8 or 12 (where n stands

for n-root of 1).

3.5 Low energy spectrum

The low energy spectrum of the heterotic string in 10D consists of a super Yang-Mills
multiplet (A A,) of gauge fields of the Fg x Fg gauge group and the 10D SUGRA
multiplet. The SUGRA multiplet w consists of a symmetric traceless tensor gq; that
contains the graviton, an antisymmetric tensor B, a scalar field ¢ called the dilaton
and their SUSY partners.

A massless particle in 10D obeys the wave equation Oy9¢p = 0. For a 10D space
given by M4 X K¢, massless states in 4D are in one to one correspondence with harmonic
states of Kg,

O4¢ = —Og¢ = 0. (3.30)

In a complex manifold, the number of independent harmonic (p,q) forms, where p
counts the number of holomorphic forms and q the number of antiholomorphic forms, is
given by the Hodge number A, ;. For a manifold of three complex dimensions (p, g < 3)
with SU(3) holonomy group, one has hoo = h33 = hoz = 1, ho1 = ho2 = ha3z = 0
and hj,1, ko, unspecified. Furthermore, it can be shown that the (1,1) forms transform
under the SU(3) holonomy group as a 3 while the (2,1) forms as a 3. This result will
be relevant for counting the number of generations, as we will shortly see.

The 4D spectrum of the supergravity multiplet is summarized in table 3.1. The
massless states consist of the graviton, the dilaton field, hy ; complex scalar fields called
the (1,1) moduli, hy; complex scalar fields referred as (2,1) moduli and their SUSY
partners. The (1,1) and (2,1) moduli arise from the 10D metric and antisymmetric

tensor only and they parameterize the geometry and complex structure of K¢ [5]. In
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D = 10 D =4
g g (x) gravitgn
u’v u,v
gu’ k
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M,N a,b 1,1
g —
a,b g a,b
g h2 1 Somplex scalar fields
[ 4
a,b
B B TRY {(x) 1 real scalar
u,v ’
B 5 -
h = 0 spin 1 field
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B (x,y) B - h, , real scalar fields
M.N a,b ’
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a,b a,b h = 0 complex scalar field
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¢ (x,y) 1 real scalar field
W u gravitino
W (x,¥) h, , = Majorana spinors
[ 4 [ 4
M
A 4
k h = Majorana spinors
2,1
¥ o(x,y) 1 Majorana spinor
’

Figure 3.1: Dimensional reduction from 10 to 4 for the SUGRA multiplet. The indices M,N go from
1,2...10 while lower roman cases from 6,...,10 and greeks from 1,..4.

Orbifold compactification there are 3,5 or 9 (1,1) moduli {30, 35, 36]. Three of them are
always present and they represent the size (radius) of each complex plane. The other
(1,1) moduli correspond to the relative shape of the planes. The (2,1) moduli give the
complex structure of Kg, and there are 0,1 or 3.

For the Yang-Mills multiplet the 4D spectrum as shown in table 3.2. One has gauge
bosons that correspond to the Eg X Eg gauge group, h;; L-handed fermions in the
(27,1) representation while h; L-handed fermions in the (27,1) one and a number of
unspecified L-handed singlet fermions plus their corresponding superpartners. The fact
that hy 1 and hg; count the number of fermions in the fundamental representation of

Eg is due to the embedding of the spin connection into the gauge group as described
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in section 3.4 . The adjoint representation of Eg decomposes into Eg X SU(3) as
248 = (27,3)® (27,3) ® (1,8) @ (78, 1). (3.31)

Since the (1,1) and (2,1) transform respectively as a 3 and 3 under the SU(3) holonomy
group (identified with the SU(3) gauge subgroup) the Hodge numbers h;; and hg;
give the number of fundamental representation of Fg. The number of light generations
is then |hy1 — hg21|, since each 27 can accommodate a whole generation of standard
model particles, and one assumes that the 27 and 27 representations will pair up and
will get a mass of the order of the Planck mass. In fact the number of generations
is given by half the Euler characteristic of the compactified manifold K¢ which is a
topological number.

3.6 Duality

Recently considerable effort has been invested in determining the effective 4D string
model [27, 28, 38]. As we have seen, the requirement of N=1 SUSY in 4D constrains the
possible low energy models. However, there are still an enormous amount of consistent
candidates and further study has to be carried out in order to restrict the number of
string vacua. An interesting property of 4D string models is the appearance of the so
called target space duality symmetry [6]-[8],[39]-[41]. This is a symmetry of the moduli
space, it relates large to small values of the moduli and is intirﬁately related with the
contribution from the infinite number of Kaluza-Klein modes which are always present
in string theory. As a consequence of duality symmetry, the compactified radius R can
be transformed to R — 1/R [6], which suggests that there is a minimum distance, the
Planck length, that can be probed in string theory. This minium distance is expected
in any sensible quantum theory of gravity, so it is pleasing to see it emerge. What
happens is that for R < 1 the momentum and winding quantum numbers of the string
can be interchanged and R can be reinterpreted as R’ = 1/R > 1. Although duality
symmetry has only been shown to be an exact symmetry in perturbation theory [40],
one expects that non-perturbative effects will respect it. One requires then the effective

field theory to be duality invariant. This proves to be very useful (and necessary) in
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Figure 3.2: Dimensional reduction from 10 to 4 for the Yang-Mills multiplet. The indices M,N go from
1,2...10 while a,b=6,...,10 and p, v=1,. 4.

fixing the v.e.v. of the moduli fields once SUSY is broken and in constraining the
different parameters in the superpotential, such as the Yukawa couplings as well as the
possible string vacua [42, 43, 54, 58]. Furthermore, the contribution of these modes
is also relevant in determining the gauge coupling constant and unification scale. The
unification scale can be smaller than the string scale and thus allowing for minimal
string model to work.

Before giving the general structure of duality symmetry we would like to present the
properties of this symmetry in a simple example. Let us compactify one dimension of
the 26D bosonic string on a circle [1]. For this coordinate, one identifies z = z + 2mnR,

where R is the radius of the circle and n is an arbitrary integer. The most general
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configuration for the string coordinate X(o,7) satisfying the two-dimensional wave

equation and the closed string boundary conditions then becomes?

X(o,7)= o+ pr + Lo + \—Z@zi—(ane-%‘ F ane=2t) (3.32)
where
p_—_%l' ,L =nR. (3.33)

The number m labels the allowed momentum eigenvalues and it must be an integer
so that the quantum wave function e’?? is single-valued. The integer n gives the
number of times that the string wraps around the circle. Such states exist only when
the compactified manifold contains noncontractible closed curves, called Kaluza-Klein

states. In terms of left and right components, one has

1 | .
— Il ~ —Ya, -2i0 .
Xp=zp+ 2(p L)U + ﬁzna e (3 34)

and

_ 1 + Z 1~ —2i0t
XL =z + 2(p+L)cr + ﬂznane . (3.35)

The contribution from the zero modes to the mass of the string is given by

2
2 _ M 1 952
M* = om2 + 2n R (3.36)

and it is symmetric under the exchange of
R~ 1/R and m o n. (3.37)

This is the duality symmetry. Thus we see that a space with R < 1 is equivalent to
another space with R > 1 as long as we also interchange the integer n and m, i.e. the
interpretation of momentum and winding states. For large R the winding states become
very massive and do not contribute to the low energy limit but for small R these states
become important and have to be taken iﬁto account in any effective theory.

In a more general case, the string action is [44)

1
- / dodT(Gasd* X 0u X" + P Bop0, X85 X ) (3.38)

!Here we are taking the string tension T' = 1/2.
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with Ggp the metric tensor of the compactified manifold and By, an antisymmetric
tensor. They give the so called background fields. These two tensors parameterize
the geometry and complex structure of the internal manifold. Again, one identifies
Xe(2r,7) = X*0,7) + 27n® with n® an arbitrary integer. Single valuedness of the
wave function requires that the momentum to be quantized in terms of integers m*®.

The zero mode of the bosonic string is given by
X3 =2*+n%+ G"'b(mb — Bpen®)T (3.39)

where G*® is the inverse matrix of Gqp. Expanding the string in left and right sectors

one obtains a similar expressions to eqs.(3.34) and (3.35) but with

(p* - L%) = %(—n“ 4+ G*(my — By.n®)) (3.40)

N | =

PR =

and
1 1
p} = E(p“ + L%) = -2—(77,‘JL + G®*(my — Bycn®)), (3.41)
respectively. The zero mode contribution to the mass is

1 1
M? = —iGabn“nb + -2—G“b(m“ — Byen®)(mp — Bpan?). (3.42)

Eq.(3.42) and the entire spectrum (and even the interaction theory) is invariant under

the interchange m® « n® as long as
(G+B) - (G+ B)™. (3.43)

As an example, for one compactified dimension X with radius R, then Gi; = R? and
there is no B field, and eq.(3.43) reduces to the first equation in (3.37).

The components of G and B are moduli fields and therefore these fields are related
to the geometry and complex structure of the 6D complex space Kg. These moduli
split into two classes, the (1,1) and the (2,1) moduli. The (1,1) moduli fields T;, (i =
1,..,h1,1), are associated to deformations of the Kahler class. The real part of the three
(1,1) moduli always present in Orbifolds gives the radius of the compactified dimension

R while the imaginary part is an axion like field b,

T. = RI+ib, i=1,2,3 (3.44)
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The second class consists of (2,1) moduli fields Uy,,(m = 1, .., hg,1), which are related
to the complex structure. The moduli space factorizes into two distinct subspaces
Mt x My and the duality transformations for the subspaces are independent from
each other. Depending on the Orbifold on which one compactifies the moduli space,
Mt x My may vary {36, 37] but it contains a SL(2,Z) group as a subgroup for each
of the three (1,1) moduli fields T; which are always present and the (2,1) moduli U;.
To be as general as possible we will only consider moduli fields which transform under
duality as elements of SL(2,Z) and thus we will drop the distinction between them and
rename all moduli as T fields. They transform then as

a;T; — tb;

: ek N 45
1 we;T; + d; (3 )

with a;,b;,¢;,d; € Z and a;d; — ¢;b; = 1.

3.7 Effective 4D string model

The effective low energy 4D string model [46] that arises from the heterotic string
corresponds, by construction, to an N=1 SUGRA ﬁodel with a Eg X E§ gauge gr.oup.
The gauge group can be broken after compactification down to the standard model in
the observable sector and to any SU(N) subgroup, with rank less then eight, in the
hidden sector. This can be easily done using Wilson lines [77] and is very much model
dependent. The complete spectrum as described in section 3.5 is also model dependent
although there are some generic features for all these models and it is on these properties
that we will concentrate. Apart from the SUGRA and gauge supermultiplets it contains
a gauge singlet dilaton S and moduli T; superfields as well as an unspecified number of
chiral matter superfields.
The bosonic part of the 10D SUGRA action is [45]

_ 9 do

wo_ _~p_°2 —3/2H" Hz]k
L sR- 39 17k 76 p

1 ..
)P = 397 TrE FY (3.46)

where R is the Ricci scalar, H is the field of the antisymmetric tensor B;;, ¢ the 10D
dilaton and Fj; the 10D Yang-Mills strength. By dimensional reduction to 4D, the
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kinetic terms for the scalar and boson fields are [46]

Liin= —30,00%0 ~ 19—6(8u¢/¢)2 - %6_20¢—3/2(0ub)2

— %¢—3/2e60H“W,H“UP _ %¢_3/4630T7‘F,WF‘W (3‘47)

where we have chosen the metric of K¢ as g1 = 677€’ and the components of the 4D
metric g}, are related to the 10D ones by g2, = gl0¢3°. The field b arises from the
antisymmetric tensor B;; of the 10D SUGRA.

The kinetic terms can be put into a standard SUGRA from by defining [46]

S = e37¢~3/* 4 3iv/2D (3.48)

and

T = e ¢%/* — iv/2b (3.49)

with D given by a duality transformation ¢=3/2¢%°H,,,, = €,,,s0° D. Thus we notice
that the dilaton field comes originally as a linear muitiplet and it is only after a duality
transformation that one obtains the dilaton as a standard chiral superfield. As men-
tioned in chapter 2 it is in the context of a linear multiplet for the dilaton field that
non-harmonic radiative corrections can consistently be incorporated in a SUSY theory.

The kinetic terms eq.(3.47) become then

1
Lin=K:10,51*+ K7108,T|% - ; ReSTrF,, F* (3.50)
with
K =—-In(S+85)-3In(T+T) (3.51)
and K = 53;% and similarly for K%. From eq.(3.50) we observe that the gauge

coupling constant at the unification scale is given by the real part of the dilaton field

S and it is the same for all gauge groups. The gauge kinetic function is thus
f=2S5. (3.52)

The kinetic terms for the superfields S and T are given by the Kahler potential eq.(3.51)

and have a o-model structure and thus cannot be put into a canonical form.
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The form of the Kahler potential eq.(3.51) is not the most general one, since , by
setting the internal metric as g;; = 675€7, we have identified the three (1,1) moduli
that give the size of each complex plane to be the same. For a generic dilaton and

moduli fields the Kahler potential becomes
K=-In(S+ S) — 3n(T; + Tz) (3.53)

where ¢ runs over all moduli. To specify fully the effective 4D string model we would
need to determine the superpotential W and the Kahler potential for chiral matter
superfields as well as the particle spectrum. In principle the Kahler potential and the
superpotential can be completely determined for any specific compactification scheme.
In practice it is not simple and most of the information so far obtained has been by
expanding the superpotential and Kahler potential in powers of the chiral fields. Nev-
ertheless, general results have been obtained relating derivatives of the Kahler potential
with those of the superpotential by comparing string amplitudes with their equivalent
ones using SUGRA [38]. One of these results is that the Yukawa couplings can be
derived from the Kahler metric and vice versa. As a result of this connection, one
can prove that the unrenormalized Yukawa coupling for the trilinear coupling of chiral
superfields depends on (1,1) moduli while for the antichiral superfields it depends on
(2,1) moduli only. All of these relationships between different unrelated terms in the
SUGRA theory are obviously from a stringy nature and have no counterpart in field
theory.

A generic property all 4D vacua share is invariance under duality symmetry. As we
saw in section 3.6, this symmetry is observed in perturbation theory and is expected to
remain valid after non-perturbative effects are included. In order to obtain a duality

invariant theory, we have to demand the Kahler function,
G=K+In|W|? (3.54)

and the gauge coupling constant to be duality invariant. As we have seen, the moduli
transform in a non-trivial way (cf.eq.(3.45)) and from eqs.(3.52) and (3.53) we have

that the dilaton field is invariant,

S-S (3.55)
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and that the superpotential must transform as a modular function of weight -1 for each

moduli
w
— :
0;(ie;T; + d;)
If we demand that the T dependent part of the superpotential has no poles in the

w (3.56)

fundamental region then the choice is completely determined (up to a modular invariant
function which we take it to be one) and it is given in terms of the Dedekind-eta n(7})

function with modular weight? 1/2, i.e.
n — (icT + d)Y*y.
It is defined by
n=g"*I2,(1-q"), q=e T, (3.57)

The superpotential can be expressed as
W = W II;n™%(T;) (3.58)

with Wy modular invariant. Since the gauge kinetic function is given at tree level

by f = S and the dilaton field is duality invariant f and the gauge coupling constant

972 = Ref = ReS are as well.
Including chiral matter fields the Kahler potential becomes [38, 53]

K=-In(§+8)-Zin(T+T;)+ K(T,T) | ¢i| ? (3.59)

where the normalization of the kinetic term for the chiral matter superfields is given

by K!(T,T) and it is a polynomial function of the moduli fields [38],

Ki=T;¢T" (3.60)

rj

with a; a constant (in most cases a; = 1) and n;; the modular weight of the superfield
¢; with respect to the moduli T;. The duality transformation on the chiral superfields

with modular weight n;; is

@i — (ic;T; + d;)™ ¢ (3.61)

’See Appendix C summary of modular functions.
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and K!|p;|? is then modular invariant. Eq.(3.59) was derived assuming that
K{(T,T)|¢:i|* < 1.

Up to now we have only consider the tree level results for the Kahler function G' and
the gauge kinetic function f. But loop corrections to these quantities are important
in determining the full effective potential and we will discuss in the next section the

contribution to the gauge coupling constant from loop corrections.

3.8 Loop corrected and duality invariant gauge coupling

constant and Kahler potential

String theory provides a natural framework for gauge coupling constant unification
since, at tree level, all coupling constants are given in terms of the string coupling

constant g2 = (ReS)™! by g% = %3- where S is the dilaton field and k, is the level of

e’

the corresponding Kac-Moody algebra for the gauge group G,. At scales below the
string scale M, where3

M, =0.7g,10% GeV, (3.62)

these couplings will evolve according to their renormalization group equation. For
a simple gauge group G, the one-loop running gauge coupling constant is given by
[17])-[19]
1 ko A?
= —<= +bdn(=—=)+ A 3.
) gt ") (69
where b, = 55(3C(G,) — LR, hr,T(R.)) is the N=1 S-function coefficient and hpg,

the number of chiral fields in a representation R,. M,, as defined below, is the renor-
malization or compactification scale below which the coupling constants begins to run.

The existence of an infinite number of massive states (Kaluza and winding states),
above the string scale, gives rise to a string threshold contribution A, which is relevant
to the determination of the coupling constant at the string scale. These threshold
effects can be directly calculated by computing world-sheet string amplitudes involving
external gauge fields and moduli [17]-[20], which has been done for (2,2) symmetric

orbifold compactification.

3 M, is given in M S scheme [19].
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Another possible way to calculate the threshold corrections is by imposing target
space moduli invariance and the cancellation of target space modular anomalies. The
existence of moduli fields in 4D superstring model is a generic feature for all vacua.

The scale M,, below which the coupling constant starts to run, is in general a
moduli dependent quantity

M2 = % (Ti)* M (3.64)

where T,; = (T + T); and the constant @; is model and gauge dependent. In the case
of a single overall (1,1) moduli T; = T, i = 1,2, 3, with o = Xa; = —1 one obtains the
field theoretical expression

M, = (ReS ReT)™ /2, (3.65)

The contribution to the gauge coupling constant from the moduli fields in eq.(3.64) can
be calculated from the anomalous triangle diagrams with two gauge bosons and several
moduli fields as external legs and massless gauginos and charged (fermionic) matter
fields circulating inside the loops.

The threshold term in eq.(3.63) is given by

Aq = Ti(by — kabs)in | n(T:) |4, (3.66)
. 1 :
bg = 1671'2 (C(Ga) - ERahRaT(Ra)(l + 2”3%))

where n' is the modular weight for a chiral matter superfield with respect to the i-
moduli, 7(T') the Dedekind-eta function (cf. eq.(3.57)). In the case of an overall moduli,
one has b, = ;0% = =15(3C(Ga)—ZR,hr,T(R.)(3+2nR,)) = by—2XR,hr,T(R,)(1+

ng,) with ng, = Ziny_.

The universal Green-Schwarz coefficient §ggs in eq.(3.66) is needed to cancel, using
the Green-Schwarz mechanism [47], the gauge independent part of the target space
modular anomaly. The threshold contribution of the massive fields, b" — kobLs, is in
general non-vanishing if at least one of the Orbifold twists leaves the i-plane unrotated.
In this sector, the massive spectrum is N=2 space-time supersymmetric and b’ — kaégs
is proportional to the N=2 S-function coefficient which is in general non zero. On the

other hand, if all Orbifold twists rotate a specific plane, than the spectrum is N=4
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supersymmetric and b — k855 = 0 [19], giving no threshold contribution. In this case
the gauge coupling constant is independent of the T; moduli and one has that b’ /k,
must be equal for all gauge groups, i.e. b/'/k, = bji/ky.

To have a duality invariant gauge coupling constant, the o coefficient in eq.(3.64)

has to be _ '
i _ kabgg —bg

= b )
Note that only for an overall moduli T with égs = 0 and ng, = -1, @ = -1, M,

(3.67)

will correspond to the “naive” field theoretical result. The term proportional to b’
in (3.67) is just the contribution to the gauge coupling constant from the anomalous
triangle diagrams with two gauge bosons and one moduli as external states and massless
fermions running in the loop.

Using eqs.(3.63) and (3.66), the one-loop gauge coupling constant can be written in

an explicit duality invariant form

1 ka A? i i 4
PN + baln(ﬂ_,‘,si) + Xi(bg — kabgs)in[Tri | n(T3) | °] (3.68)
where the gauge coupling constant at the unification scale is now defined as [17]-[20]
i 1- Y
g; “ = ReS + ik, 055InT,; = 5 (3.69)

For a non zero Green-Schwarz term (6gs # 0) there will be a mixing term between the
dilaton and the moduli fields in the Kahler potential. The dilaton will no longer be
duality invariant but will transform in such a way that renders g, duality invariant.

The condensation scale at which the coupling constant becomes strong (i.e. 51? < 1)
is

A2 = T[T | m(T3) | 42 M2 (D), (3.70)

Thus, we have obtained a duality invariant gauge coupling constant and a condensation
scale that contain the contribution from loop corrections of massiess fermions states
and moduli fields.

The loop contribution to the gauge coupling constant shows that the the tree level

kinetic function given in eq.(3.52) must be corrected and it becomes

f=5+2%:(b; — kabgs)In(n*(T3)), (3.71)
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while the S dependent part of the Kahler potential is [20]
K = —In(S + § + 2%;k,655InT,;). (3.72)

In order to render the theory duality invariant, the dilaton field must transform in a
non-trivial way due to the mixing term between the S and T fields in eq.(3.72). The
dilaton transforms as

S -5+ 2Eika5ésln(iciTi + d;) (3.73)

and the gauge coupling constant at the unification scale (cf. eq.(3.69)) is duality in-
variant.

Having presented some of the relevant information needed to study the breaking of
supersymmetry in 4D string theory, we will proceed to analyse the dynamics that may

trigger supersymmetry in the following chapters.



Chapter 4

Gaugino Condensation in 4D

String Theory

In this chapter we will study the breaking of supersymmetry in 4D string theory [48]-
[58]. As mentioned earlier, supersymmetry is needed to explain the mass hierarchy
problem between the Planck and the electroweak scales. It is also interesting to note
that the gauge coupling constants of the standard (non-supersymmetric) model do
not unify at any given energy, but for the ﬁﬁnjmal supersymmetric extension of the
standard model they meet at the unification scale Agy; ~ 1018GeV.

Of course SUSY cannot be an exact symmetry since no supersymmetric partner
of the known elementary particles has yet been detected. Therefore it must be, at
best, a spontaneously broken symmetry. To preserve the mass hierarchy, the mass of
the supersymmetric partners cannot be much heavier than the present experimental
energies obtained in the accelerators and, if they exist, they should be detected in the
near future. There are several possibilities for breaking SUSY. Perhaps the best one is
via gaugino condensates [9], because it can easily lead to a large mass hierarchy since
the supersymmetric breaking scale is exponentially suppressed compared to the Planck
mass. For any given asymptotically free gauge group, the gauge coupling constant be-
comes strong as energy decreases and may lead to the formation of fermion condensates

as is the case in QCD [22, 23, 24]. The scale at which the condensate is formed is re-

58
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lated to the so called condensation scale, defined as the scale where the gauge coupling
constant becomes strong. Clearly it will vary for different gauge groups.

In string theory, one obtains an effective theory after compactification with two
separate gauge groups Fg X Eg or subgroups there of. The group FEg, called the visible
sector, is supposed to have the standard model as a subgroup while the other group
E% (or a subgroup) is referred to as the hidden gauge group. Usually these two sectors
interact through gravity only. Since in string theory all gauge coupling constants are
unified at the string scale and are mainly given by the v.e.v. of the dilaton field, the
condensation scale for each gauge group will be determined by its one-loop beta function
coefficient Bg. The larger §g is, the larger the condensation scale will be, and we will
then expect that SUSY is broken by the gauge group with largest 3o. That a gaugino
condensate with a non-trivial gauge kinetic function does indeed break SUSY, as is the
case in the 4D string model, can be seen from the expression of the auxiliary field of
the chiral superfields (cf. eq.(2.42)). A non-vanishing gaugino condensate will render a
non zero v.e.v. for the auxiliary field and this is the condition for spontaneously broken
SUSY.

The non-renormalizable theorems for global SUSY theories state that global SUSY
can not be perturbatively broken, i.e. if it is not broken at tree level, radiative correc-
tions will not break SUSY. These theorems are evaded by non-perturbative effects, of
which gaugino condensation is an example.

The breaking of SUSY via gaugino condensate has been extensively studied and
there are primarily two different approaches: the “truncated” [48]-[51],[53] and the
“effective Lagrangian” one [52, 57]. Both are uniquely determined by the symmetries
and anomalies of the 4D string model and are basically equivalent. Unfortunately, no
reasonable solution has been found for a single gaugino condensate. Recently it was
shown that by including several gaugino condensate with slightly different one-loop
beta function and matter fields (which should acquire a v.e.v.), it is possible to obtain
a stable solution for the dilaton field and a large mass hierarchy [56].

Although these approaches give a general parameterization of the gaugino conden-

sate, they do not address the dynamical question of why a condensate is energetically



CHAPTER 4. GAUGINO CONDENSATION IN 4D STRING THEORY 60

favoured. In practice this is an important consideration for the contribution to the vac-
uum energy from gaugino binding effects can play a significant role in determining the
structure of the potential and the SUSY breaking effects in the visible sector. In order
to study such effects, it is necessary to evaluate the non-perturbative effects giving rise
to gaugino condensation. The complete solution is clearly beyond our present-day tech-
nology so we are forced to employ approximation methods. A convenient approach for
obtaining non-perturbative information about the gaugino binding is to apply Nambu-
Jona-Lasinio (NJL) techniques for summing the bubbles graphs that result from an
underlying 4-Fermi interaction. In a strongly interacting gauge theory, there is no
primary 4-Fermi interaction, but gauge interaction may generate strong 4-Fermi in-
teraction. If we replace the strong gauge interaction by such a 4-Fermi interaction,
NJL techniques may then be used to study the non-perturbative effects. In QCD, a
4-Fermi effective interaction for the quarks gives an acceptable phenomenology and
reproduces some of the alternative low energy models of QCD [24]. Furthermore, the
scalar potential in the “truncated” and “effective” approaches, used to describe gaugino
condensation, also generate such a 4-Fermi interaction. With this model we will show
that the form and radiative corrections of the interaction are of great importance in
determining the vacuum structure of the 4D string model.

In supersymmetry (ignoring possible superpotential terms) there is an anomalous
R-symmetry which is spontaneously broken if a gaugino condensate forms leading to a
Goldstone mode. In this case the gaugino bilinear may be parameterized by an auxiliary
scalar field ¢ that represents the Goldstone degrees of freedom of the spontaneously
broken R-symmetry (under which the gaugino transform non-trivially). To have a
consistent theory, the auxiliary field ¢ describing this would-be mode must be embedded
in a chiral superfield ® that is coupled in a supersymmetric way to the superstring
model. Using this formalism we will show that, once non-perturbative loop effects are
taking into account, a large mass hierarchy is indeed possible with only one gaugino
condensate.

The outline of this chapter is as follows. In section one and two we present other

parameterizations of the gaugino condensates referred to as the “truncated” and “effec-
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tive Lagrangian” approaches, respectively. In section three we discuss the NJL model
in the context of 4D string models and summarize it in section four. Finally we show

in section five the equivalence between our approach and those used before.

4.1 Truncated approach

In the truncated approach the effects of the gaugino condensate [48]-[51] are introduced
by hand by including a superpotential of the form W = h e=35/2% where h is a constant,
bo the one-loop beta function coefficient and S the dilaton field. This superpotential
is proportional to the condensation scale cubed (cf. eq.(3.70)), the scale at which the
gauginos condense. It is obtained by observing that in the absence of a superpotential,

the complete Lagrangian is invariant under a generalized R symmetry

AL — 6—i6/\L (4.1)
and
§— 8- fﬁlif—Oa (4.2)

where A;, are the left handed gauginos of the hidden sector. In terms of the gauge
covariant chiral superfield W? (cf. eq.(2.17)) and the dilaton S their coupling is given
by eq.(2.38)

Lint = % / 29SWW* ¥ h.c. (4.3)

and the R transformation (cf. eq.(4.1)) for the gauge covariant chiral superfield reads
W — e We(ge®). (4.4)

To see that the transformation of egs.(4.1) and (4.2) is a good symmetry of the theory,

one first notes that the R current J f (cf. €q.(2.33)) is anomalous

bo -~
8,05 = §FF (4.5)

and hence performing an R transformation on the gauge fields induces an extra term

in the Lagrangian

§L = —5%"5’15’. (4.6)
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However, this extra term is exactly canceled by the R transformation on the S field.
Since ImS couples to FF as in eq.(2.40) one gets another term

bo

6L = 6-§Fﬁ‘ (4.7)

and we obtain 6L + 6L’ = 0. Although the R-symmetry is anomalous the Lagrangian
remains invariant under the generalized R-symmetry egs.(4.1) and (4.2) and this sym-
metry should still be valid after the gauginos condense. In order to obtain an anomaly

free Lagrangian, the superpotential W must transform like
W — e¥w (4.8)

so that [ d?W remains invariant (d%6 — e~%¥d%9). The functional dependence of the

superpoteﬂtial on S is uniquely determined by eq.(4.8) and is given by
W = he35/%0 (4.9)

where h is S independent but may depend on R-invariant fields such as moduli fields.
The superpotential (4.9) is consistent with dimensional analysis where the superpo-
tential W is proportional to the gaugino condensate W =< SAX >. By dimensional
analysis (which may be supported by instanton calculations), < A\ > is of order A2,
where A, is the condensation scale, and thus the S dependence is just that of (4.9). In
the case of h being independent of moduli fields the tree level potential for W given in
(4.9) and using K;(K~!)!K' =3 is

1

V! =
07 4

35-\?
eK|W|2(1+ ) : (4.10)
2bo

In a more general case where the moduli dependence of h is such that it renders a
modular invariant Kahler function G, as discussed in chapter three, one must have

h = holl;n(T;)~2 with hg a modular invariant function. The tree level potential becomes

1
Vo = ZeK |W 2B, (4.11)
with )
35"‘ 2 Tri ~ N2
By = (1 + 2b0) + X 472 |G2(Tz) I 3. (4°12)
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4.2 Effective Lagrangian approach

We will now present the effective Lagrangian approach [562, 57]. In this approach, an
effective superpotential P.yy, is derived by requiring that the trace, axial and super-

conformal anomalies cancel at the one-loop approximation. It is given by

1 2b
Pugy = 3 (fo+ Zoin(v/u™) (4.13)
where the scalar component of Y is identified with the gaugino condensate and fo is
the gauge kinetic function at the string scale. The functional dependence of Y on S is
obtained by minimizing the scalar potential and it is proportional to A2. A simplified
expression for Y can be obtained by minimizing the superpotential %ZYV— = 0 yielding an

effective superpotential of the form

3
b‘gg e3fo/20, (4.14)

Pesy = -

If we take the gauge coupling constant to be given at tree level, then fo = S and

eq.(4.14) is equivalent to eq.(4.9) with

B bo/.l,,3 |
ho = — 2. (4.15)

As we have seen the truncated and effective Lagrangian approaches yield almost
equivalent theories, which are also consistent with dimensional and instanton calcula-
tions. The functional dependence on the dilaton field is the same in both approaches.
Of course, it is not surprising since the derivation of both rely on anomaly cancelation.

After obtaining an effective model for incorporating the effects of gaugino conden-
sation, one can study the behavior of the scalar potential and look for stable solutions
to determine the scale of SUSY breaking. This scale is basically determined once the
v.e.v. of § is obtained, but unfortunately both approaches yield a runaway potential
for S — oo and an unbounded potential for § — 0. Thus no stable solution exists. The
analysis has been extended to consider a hidden sector G' that consists on two or more

gauge groups G = G X Gy X .... The superpotential takes the form

W = hle=3fo/% | p2e=3f0/25 4 (4.16)
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where bg, b3... are the one-loop beta function coefficient for the first and second sub-
groups respectively and h!,h2,.. their corresponding constant parameters defined in
eq.(4.15). However, no stable solution for reasonable values of § (i.e. § = O(1)) is

found. This can be easily seen from the stationary condition
W — 5,Ws =0 (4.17)

which for two condensates yields

4 1 hi(35, /268 + 1)
= = [ . 4.18
Rl (h2<35,/2bg+1) (4.18)

Thus, no solution with a large hierarchy, i.e. 35,/2bp > 1, can be obtained.

A possible interesting solution is only found after matter fields are included. We
will not attempt to give a complete analysis of these solutions but we will only sketch
the arguments and refer the reader to the original works [55]. For a theory with massive
matter fields, where their mass is given in terms of the v.e.v. of another chiral matter

field, the coefficient in eq.(4.15) gets modified to

2~

ho = —N(3202) "7 [detM] (4.19)

where we have written the one-loop beta function coefficient as b9 = (3N — M)/1672,
M= %‘%} is just the mass matrix and Wy, = Z; ; p Ai7F ®,®;®; is the trilinear superpo-
tential for chiral matter superfields ®;. After integrating out the matter fields through
their equations of motion the coefficient in (4.19) becomes

_3N-M
3

M

(3272¢) SHAr (-A?’i)w-M. (4.20)

ho =

For other gauge groups, the corresponding hg would have a similar form as that of
eq.(4.20). Using eq.(4.18) and neglecting small logarithms, one gets for the v.e.v. of
the dilaton, in the case of two condensates,

NoMy — N1 M,
(3N — M3)(3N; — M)

S, ~ 0.34 (4.21)

and thus reasonable values of S can be obtained and a large hierarchy may develop.
In such a scenario SUSY is broken only if the auxiliary field of the moduli are

different than zero since the auxiliary field of the dilaton vanishes. By minimizing
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the scalar potential with respect to the moduli, their v.e.v. is of order one (T ~ 1.2)
[53]. In the case of the moduli taking the dual invariant points (T = 1,€'"/8), SUSY
will not be broken since their auxiliary fields would then vanish. The values for the
moduli do not allow for unifying the coupling constants, assuming the minimal string
model, since the unification scale is of the same order as the string scale, which is much
larger than the Ay, = 1016GeV needed [60]. Furthermore, a squeezed Orbifold, i.e. an
Orbifold where the compactified radius take different values, seems to be required for
phenomenologically viable solutions to the unification of gauge couplings [56]. It is not
clear how such an Orbifold can be obtained in this context.

As mentioned before, neither of the two approaches used so far addresses the ques-
tion of whether a gaugino condensation is energetically favoured nor do they address
the study of the gaugino binding effects. In order to investigate this problem we will
study the non-perturbative effects due to a strong coupling constant following NJL
techniques presented in section 2.6. Using this method, we will show that a gaugino
condensate is energetically favoured with a single gaugino condensate. A large mass
hierarchy can be achieved with a reasonable value for the dilaton field and the v.e.v. of
the moduli, which are much larger than one allowing for the minimal string unification

scheme to work.

4.3 An effective 4-Fermi interaction in 4D string theory

In a theory with an asymptotic free gauge group, one expects the formation of fermion
condensates at a scale where the gauge coupling constant becomes strong. Since it
is a non-perturbative effect, we must use approximation techniques. We assume that
the gauge interaction between gauginos and gauge bosons, for a strong gauge coupling
constant, generates a point-like 4-Fermi interaction below the condensation scale (see
fig.4) and it will vanish rapidly above this scale [24]. Using this 4-Fermi interaction,
the formation of gaugino condensates can then be conveniently studied using the NJL
model described in chapter 2.

As in the case of the NJL model, we look for a formulation that parameterizes the
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Figure 4.1: Effective 4-Fermi coupling generated by a strong gauge interaction below the condensation
scale A,

gaugino bilinear by a classically non-propagating auxiliary field, which at the quan-
tum level becomes the Goldstone mode associated with the breaking of a continuous
symmetry. In this case, however, the formation of the original theory in terms of an
auxiliary field must be made consistent with local SUSY.

For gauginos, in the absence of superpotential terms, there is an R-symmetry which
is spontaneously broken if a gaugino condensate forms leading to a Goldstone mode.
In this case the auxiliary field ¢ describing this would-be mode must be embedded in
a chiral superfield ® which is coupled in a supersymmetric way.

In the standard formulation of SUGRA the theory is completely specified once the
Kahler potential G and the gauge kinetic function f are given. We look for an effective
ansatz for G and f that will describe the desired four gaugino interaction. As in the
non-SUSY NJL model it is convenient to introduce an auxiliary field ® that represents
the gaugino bilinear through its equation of motion, and has no kinetic term at a
classical level but rather develops one quantum mechanically.

For a superpotential W and gauge kinetic function f depending on this auxiliary
chiral superfield ® = (¢, x4, ), where ¢, x4, are the scalar, fermion and auxiliary
field components, the terms in the N=1 SUGRA Lagrangian involving these fields are
(suppressing all gauge indices and using the gauge 1 - v = 0) [15]

e—lLaux =€

1 o 0W  18f-< 1 )
K/6,- Kf2Y" - ¥J - K/Z‘sz— o~

1 . _ 1. .
+ ;7 fYXRiXLiARAL + 5 XRi(=0 - F' +iD)AL + hec. (4.22)

where A, represents the gaugino field' (with kinetic term Ly = %Re fAy#0,)0), ¥ the

1We define Ag,1 = (1 £ 7s)A, Ar = (Ar)'0
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gravitino field, x; the fermion component of the chiral matter superfield ¢;, D the
auxiliary field of the gauge covariant chiral multiplet (that has the gaugino bilinear as
its scalar component), ﬁ’,w =F, - %ino‘u,,‘y”A g with F,, the gauge field strength and
the ¢, 7 indices in f and W represent derivatives with respect to the scalar component
of chiral superfields (i.e. W; = %Vr with 2* the scalar component of ®i).

The classical equation of motion for the component fields of ® yield the constraints

i) =0
_eKﬂa_wi_la_f,'\)\
2 06 409 RL
i) §£=0

1 3 1 [ . 1 ay a
XL¢(§f¢¢>\R>\L — eK/2ydey §f¢(—0'F+zD)>\L— §f¢ ARALXLa — €X1PW% X1, = 0
(4.23)
and
iii) 4% =0 o

i

with V the scalar potential (i.e. V = L — Li and Lj the kinetic Lagrangian) and the
index a in eq.(4.23ii) runs over all scalar fields except for ¢.

As mentioned above, the effects of gauge boson-gaugino interaction, for a strong
gauge coupling constant, will be to generate an effective four fermion vertex, and the
effective theory describing this interaction is specified once the ® dependence of W and
f are given.

If we demand that the effective theory, given in terms of the auxiliary field ®, gen-
erates this 4-Fermi interaction then the forms of the W and f are uniquely determined

(up to a constant). They are given by
Wo = m*IL;n™%4(T) ¢ (4.24)

and

f = fo+E&n(¢/p) (4.25)

where m and p are mass parameters independent of ®, { is a dimensionless constant

and fy is the gauge kinetic function at the string scale (cf. eq.(3.71)) and includes
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the contribution from the infinite number of massive Kaluza-Klein string modes. The
T dependent part in eq.(4.24) is to ensure that the superpotential transforms under
duality with weight -1 for each moduli as required by modular invariance (cf. eq.(3.56)).

From the classical equation of motion eqs.(4.23) the scalar component of the auxil-
iary field ® is given in terms of the gaugino bilinear by

e—-K/2£

= 2m2IL;n—2(T;)

ARAL, (4.26)

while the fermion component? is given in terms of the gaugino and chiral fermion fields

by

_ e K/2g Log & . 1 4ay —K/2yx7da
S (mzn,-n—z(n-)) (3740 F = iDs+ 3 F* A + W ooy, )

(4.27)
The third equation of eqs.(4.23) is an extremal condition on the scalar potential and
once the one-loop corrections are included, it is just the mass gap equation. As we will
now show, these choices of W and f lead to an effective four-fermion interaction of the
desired form once the auxiliary field is eliminated by its classical equation of motion,
eq.(4.26). But before we proceed, we have to determine the parameters £, m, and p of
eqs.(4.24) and (4.25).

One can determine £ by demanding the effective Lagrangian to be anomaly free
under the R-symmetry under which the gauginos transform like Ay, — e™% Ap. As we
saw in section 4.1 the effects of this transformation on the gaugino bilinear is to generate
an anomalous term 6L = %pFIT' in the Lagrangian, where by is the N=1 S-function
coefficient for the hidden sector gauge group. To cancel this anomalous term, we note

from eq.(4.26) that the field ¢ becomes
¢ — e (4.28)
and the gauge kinetic function eq.(4.25) transforms as

f— f—i2p. (4.29)

2See appendix B for details about the interaction terms in the Lagrangian for x4 and D fields.
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Therefore the R-symmetry is anomaly free if we identify the parameter £ with 2bo/3,

i.e.

£=22 (4.30)

Since the superpotential W given in eq.(4.23) must be chiral, due to supersymmetry
the mass parameter m must be chiral as well. Thus, we are forced to identify it with
the Planck mass, since it is the only field independent mass scale.

Finally, to determine the scale u, we impose modular invariance on the gauge cou-
pling constant eq.(4.25) and scalar potential. From eq.(4.25) we obtain that the ¢ field
is given by

l b | 2 _ | 7 | 2Hi( l 7 | 4)2(ka6‘és—bg)/£ e—ZReS/ﬁ e2Ref/£
and in terms of the modular invariant quantity Y = 2(ReS + Z;k,655InT,;), one has
|¢|2 — |,u | 2Hi( |7 | 4)-3bg/boHi(Tr | n; | 4)3ka8"Gs/bo e—3Y/2bo ,2Ref /€ (4_31)

Modular invariance on the Kahler potential and gauge coupling constant requires
¢ to be modular invariant. The mass parameter y must then be identified with
II,-TT:%:‘V 2% m with m a modular invariant mass scale, since T, |n|* is a modular in-
variant function. We choose m = M2 (in Planck mass units) so that in the field theo-
retical limit® u is given in terms of the compactification scale M2, defined in eq.(3.65),
p = M3ILT,Y* = M3. Other choices of 1 are possible. None of them modify the
analysis of the scalar potential significantly nor the hierarchical solutions.

The non-holomorphicity of the gauge kinetic function given through the u term is
due to the contribution from the light chiral matter fields of the hidden sector that
couple to gauge bosons and moduli fields as discussed in section 3.8. It is interesting
to notice that by imposing modular invariance one obtains an effective model which
necessarily includes the contribution of these light fields. A non-holomorphic gauge
kinetic function is consistent with local supersymmetry if the dilaton is given by a linear
supermultiplet instead of a chiral superfield one (cf. section 2.4). Both formalism are

equivalent through a duality transformation®*. When the dilaton is represented by a

*In this Limit b /by = 1/3.
*Duality here should not be confused with target space duality.
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chiral superfield , i.e. in the standard formulation of SUGRA, the contribution from
the light chiral matter fields should be seen as a wave function renormalization of S.
They should appear in the Kahler potential and not in the gauge kinetic function (cf.
eq.(4.25)). Doing so, the S dependent part of the Kahler potential becomes

K = —in (8 + § + 25i(kabiss — b2)inTy; + 2boln(M?)) (4.32)

With the inclusion of this term, the duality transformation for the dilaton must be such
that it renders the Kahler potential eq.(4.32) modular invariant,

S — S+ 2%;(k.bs — b)n(icT; + d). (4.33)
The duality invariant quantity

Y = S+ 8§ 4 2%i(kabls — U)nT,; + 2boln(M?) (4.34)

gives the gauge coupling constant at the unification scale, gs‘2 = %

With this redefinition of Y and of the modular transformation of S, the parameter
p must be duality invariant and chiral. Thus, we identify it with the Planck mass,
K = MPpPlanck-

We are now in position to calculate the tree level potential. It will be derived in
chapter 5 but for completeness with the discussion in this section we will present it

here. It is given by (see eq.(5.5))

1
Vo=¢€% By = 21-eKH,-m(T,-)r“ |#|% B, (4.35)
with
— Yo Y aivy T5 | A o2
Bo=(1+ 6) +E’Y+a,-(1' f) 47r2|G2(T,)| -3 (4.36)

and a; = 2(ka655 — b). If we eliminate the auxiliary field ¢ by its classical equation

of motion (4.26), the tree level potential becomes
Vo= (%)2 | ArAL |2 By (4.37)

and we notice that the choice of superpotential and gauge kinetic function given in
eqs.(4.24-4.25) reproduces the desired four gaugino interaction. Finally, we would like
to point out that this 4-Fermi interaction is supersymmetric and the effective theory

also contains related supersymmetric graphs like the ones shown in fig.4.2.
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(@) | (®) ©)

Figure 4.2: 4-Fermi interaction and related supersymmetric graphs. The full line represent a gaugino
while the curly line a gauge boson.

4.4 Summary of the effective 4-Fermi interaction in 4D

string theory

For convenience we summarize the effective model for the light degrees of freedom of
the 4D superstring theory presented in section 4.3. It contains the dilaton field 5,
moduli fields T;, chiral matter fields ¢, gauge fields and the Goldstone mode ® of
the spontaneously broken R-symmetry, which is generated for a strong gauge coupling
constant in the hidden sector.

The Kahler potential, superpotential and gauge kinetic functions are
K = —In (s + 5 +25i(kob5g — b)InTy; + 2b01n(M3)) — Sin(Ty)+ Ki | |2, (4.38)

Wo =L %(T}) ® + Wy, . (4.39)

and

f=fot %boln(q&) (4.40)

respectively. W, is the superpotential for the chiral matter superfields and the gauge

kinetic function at the string scale is given by
fo =8 +2%u(by — kabs)in[n(T)?, (4.41)

as in eq.(3.71). The Goldstone mode is a non-propagating field at tree level. Through
the equation of motion of its auxiliary field, the scalar component is given in terms of
the gaugino bilinear of the hidden sector (cf. eq.(4.26))

LY
2m2ll;n=%(T;)

¢ = ARAL
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while its fermion component is given in eq.(4.27).
The model described in eqs.(4.38-4.40) is anomaly free and duality invariant. The
duality transformation for the fields read

S = S§+2%(k.b5s — b))In(icT; + d),

aTi—ib
T, — T 1 d’ (4.42)
¢ — &,

with a,b,c,d e Z and ad—bc = 1. As shown in eq.(4.37), this model generates the desired
four-Gaugino interaction and reproduces the tree level scalar potential used by other
parameterizations of the gaugino condensate. It also permits the determination of the
radiative corrections and use of NJL technique to extract non-perturbative information
in the regime of strong coupling. After minimizing the complete scalar potential (tree
level plus one-loop potential), we will show that the vacuum structure is quite different
than the tree level one, thus permitting us to find a stable solution for the dilaton with
the inclusion of a single gaugino condensate. We will also show that the value of the
v.e.v.’s of the dilaton and moduli fields (which are larger then the usual dual invariant
ones) can give a good prediction of the fine structure constant at the unification scale

and unification scale allowing for minimal string unification to work.

4.5 Connection with other parameterizations of the gaug-

ino condensate

In the approach adopted here, when a gaugino condensate forms, ¢ will be the Gold-
stone mode associated with the spontaneous breaking of the R-symmetry. Since the
construction leading to eq.(4.35) respects both the underlying R-symmetry and local
SUSY, it must duplicate the results obtained in the “truncated” approach which relies
on the R-symmetry. Thus, we may understand the origin of the highly constrained
form of eqs.(4.24) and (4.25) leading to the potential of eq.(4.35) as following from
consistency with the symmetries of the system.

It is then no surprise that a simple reparameterization of the auxiliary field ¢ gives
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the effective superpotential derived by requiring that the trace, axial and superconfor-

mal anomalies cancel at the one-loop approximation. This effective superpotential is

(cf. eq.(4.13))

1 2b
Peff = ZY (fo + —3‘9171,(}’/;1,’3))

where the scalar component of Y is identified with the gaugino condensate.

As we said before, we may cast a superpotential P in this form by defining
P =-m?® + f,sWoW? (4.43)

with f given in eq.(4.40) and W the gauge covariant chiral superfield (which has A
as its scalar component). Then, by using the equation of motion for & (& = {WW/m?)
and rescaling the auxiliary field &’ = ®/e (e is just exp(1)), one obtains

m2e
ey
£

which is proportional to the superpotential used in the “effective” superpotential ap-

P= (fo + En(®'[w)) , (4.44)

proach, eq.(4.13). The equivalence between the “truncated” and “effective” approaches
were discussed in section 4.2.

Furthermore, by taking the gauge coupling constant at tree level as in section 4.1
(i.e. fo = §), the tree level scalar potential given in eqs.(4.11) and (4.12) obtained by
the truncated approach is the same one as that of egs.(4.35) and (4.36) calculated using
the NJL parameterization of the Goldstone mode thus showing again the equivalence

between the different approaches.



Chapter 5

Analysis of the Complete Scalar
Potential

In this chapter we will determine the vacuum structure of the 4D superstring model
and we will show that a large mass hierarchy may develop. As presented in chapter
4, a convenient way to extract information about possible fermion condensates in field
theory with a strong coupling constant is to use the NJL model. In the NJL model,
one has an initial four fermion interaction and one calculates the quantum corrections
of an infinite sum of fermion bubbles. By finding a stable solution to the complete
scalar potential, where by complete we mean the sum of the tree level and one-loop
potential, one can determine whether a fermion condensate is dynamically favoured or
not. The result obtained is necessarily non-perturbative since one is comparing the tree
level with the one-loop scalar potential.

In this chapter we will first of all calculate the tree level potential for the model
presented in chapter 4 and we will show that it describes the desired 4-Fermi interaction.
We will then proceed to calculate in section two the one-loop scalar potential and we
will discuss the symmetry breaking in section three. In section four we determine the
v.e.v.’s of the dilaton and moduli fields while in section five we study the scalar potential

including supersymmetric confinement masses for the gauge bosons and gauginos in the

hidden sector.
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We leave for chapter six the phenomenological analysis of the results obtained in

this chapter.

5.1 Tree level potential

Having obtained the low energy 4D superstring model in chapter 4 we are now in
position to determine the vacuum structure of the model and investigate whether a
gaugino condensate is dynamically favoured or not. The relevant degrees of freedom are
given by the gauge, moduli and dilaton fields as well as the Goldstone mode associated
with the R-symmetry which is spontaneously broken when a gaugino condensate forms.
We do not consider, in this chapter, chiral matter fields and set their v.e.v. to zero.
We will include them in chapter 6.

As discussed in chapter 4, the 4D string model is described by an N=1 SUGRA
theory with a Kahler potential and gauge kinetic function given by eqgs.(4.38-4.40).

For any N=1 SUGRA model the tree level potential takes the generic form [15]

Vo= hi(G™)ihi ~ 3¢7 + 2 (Re ) D? (5.1)

where (G’l){ is the inverse matrix of G{ = E%G? and h; is the F-term of the i**-chiral
2
superfields and D the auxiliary field of the gauge vector. multiplet. In general these

auxiliary fields are given by eq.(2.42)
1 - & 1 ., -
hi = —e%/*G; + Zfi/\R)\L ~ G trixek + EGfXRijXi (5.2)

and D by eq.(2.43)!. As discussed in section 2.5 SUSY will be broken if either h; or
D develop a non-vanishing v.e.v. From the structure of V5 eq.(5.1) one can see that in
SUGRA it is possible to have broken SUSY and zero cosmological constant unlike in
global SUSY.

For a pure gauge theory in the hidden sector of the 4D superstring model, the only
chiral fields are the dilaton S and the moduli 7;. For the choices of superpotential and

gauge kinetic function of eqs.(4.39) and (4.40) the F-terms for these fields are

1 & 14+Y
§€A/2WO( Y/g)

'For the contribution to Vo from D and x4 fields see appendix B.

1 -
hs = —e%/2Gg + ZfS/\LAR = (5.3)
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gauge kinetic function of egs.(4.39) and (4.40) the F-terms for these fields are

1 -
hs = —e®/2Gg + ZfSALAR = leK/2WO(1_+_Y_/i) (5.3)
4 2 Y
and
1 Wr. 1
hp = —eKPWo(—Kp — =5 4 = fr :

where Y is given by eq.(4.34).
Using the expressions for the auxiliary fields eqs.(5.3) and (5.4) and taking D = 0,

the tree level scalar potential? is then
Vo= mg,/gBo (5.5)

with

Y (1 %iy2 _11
Y +a; £’ 4r?
where G is the Eisenstein modular form with weight 1/2 and a; = 2(k,86%5 —b’;). The

a

|Go(T3)|? - 3, (5.6)

Y
Bo=(1+—£—)2+2i

gravitino mass is given by
1 -
M3 = ZeKlL-ln(T,-)l 1) (5.7)

The Kahler potential contains a mixing term between the S and T fields (cf.
eq.(4.38)) and thus the matrix (G'l)j- is not diagonal. The cross terms between the
auxiliary field of the dilaton and moduli fields are proportional to the radiative cor-
rection of the dilaton wave function (cf.(4.34)) parameterized by a;. These radiative
corrections are small compared to the tree level value. In the limit a; < 1, the Kahler
metric is diagonal, and eq.(5.6) reduces to the standard tree level result

T | ¢
15 1GaT)| -3,

Y
B0=(1+?)2+2,-

As mentioned before, SUSY is only broken if an auxiliary field gets a non-vanishing
v.e.v., because in this case the supersymmetry transformation for the corresponding
chiral fermions is non-vanishing. The chiral fermion component mixes then with the

gravitino field through the interaction term [15]

_ 1. - ;
br -7 (gfidpr = e/ Gi)xi-

2See appendix C for details.
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x* becomes the Goldstino field that is eaten by the gravitino acquiring a mass m?2 /2=
%eK | W |2 as in eq.(5.7). Clearly a non-zero gravitino mass is only possible for a non-
vanishing v.e.v. for ¢ in which case hg (cf. eq.(5.3)) is also different from zero and
SUSY will be broken.
If we eliminate ¢ by its equation of motion eq.(4.26), we can express the scalar
potential in terms of the gaugino fields,
| XpAp |2
(Ref)?

The factor of (Ref)? in the denominator in eq.(5.8) appears because we have rescaled

Vo= (5B (5.8)

the gaugino fields appearing in this equation to have canonical kinetic terms. Thus, we
have shown that a choice of W and f in eqs.(4.39) and (4.40) leads to a four-fermion
interaction, as desired.

As we have seen (cf. chapter 4), the effective Lagrangian expressed in terms of the
would-be Goldstone boson correctly parameterizes the form of the gaugino condensate
derived by other methods [48]-[53]. What this connection shows is that these analyses
give the “tree level” 3 form of the effective potential describing the gaugino condensate
and that (cf. section 5.2) radiative corrections must be included. Indeed, the purpose
of developing this formalism was to allow us to study non-perturbative effects in the
strong hidden sector coupling using the NJL method. We proceed by calculating the ¢
dependence of the effective potential, V. If, at the minimum of V, ¢ develops a vacuum
expectation value, it will signal that a gaugino condensate is dynamically preferred,
corresponding to the breaking of supersymmetry. To the extent that expressing the
theory in terms of the auxiliary field ¢ is a re-parameterization of the theory, our
results will be exact.

As we have seen, eliminating ¢ leads to a Lagrangian involving a four-fermion
interaction. The value of Ref in eq.(5.8) is not a free parameter for it defines the
initial four fermion interaction used to define the strong binding interaction in the
NJL approach that we have adopted to study gaugino condensation. Below the scale of

gaugino condensation the effective four fermion interaction must have the form %(:\A)z,

3By “tree level” we mean that it does not include the contribution from the gaugino bubbles due to
the strong gaugino coupling in the hidden sector.
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¢ = O(1), where the condensation scale A, is also the confinement scale. This will be
true provided [Ref(#)]™! in eq.(5.8) reaches a maximum “frozen” value

c

[Bef]™ =

(5.9)

As may be seen from eq.(5.8) the residual ambiguity in Ref parameterized by ¢ corre-
sponds to an ambiguity in determining m2¢ (and hence A)) in terms of A2, relatively
unimportant when considering whether a condensate will form. We impose this physi-
cally motivated condition as a reasonable parameterization of the strong coupling effects
which must eliminate the unphysical divergence associated with the vanishing of Ref
and which we are presently unable to calculate .

In this thesis, we choose to parameterize the strong gauge interaction in terms of
this four fermion interaction rather than the primary gauge and gaugino couplings. We
are then able to perform the non-perturbative sum of these interactions corresponding
to the sum of all fermion bubble graphs. In this way we can get, albeit incomplete,
information about the dynamics of such non-perturbative effects. We find that they can
have a dramatic effect on the structure of the effective potential allowing for a stable
non-trivial minimum for ¢ corresponding to a supersymmetry breaking solution with a
large mass hierarchy. This demonstrates the importance of including the binding effects
and, at the very least, should encourage efforts to perform a more complete summation
of such effects.

The tree level potential for ¢, given by egs.(5.5-5.7), has no stable solution in
the dilaton direction. It is unbounded from below for S going to zero* and it is a
runaway potential for S going to infinity. A partial solution is to include several gaugino
condensates. As showed in section 4.2, one also needs chiral fields in the hidden sector
to acquire a v.e.v. Thus, gaugino condensation as usually parameterized does not occur
in models with a single hidden sector gauge group factor. However, we have argued it
is essential to go beyond “tree level” to include non-perturbative effects in the effective

potential which may allow for a non-trivial minimum even in the simple case of a single

*This results represents infinite gauge coupling constant at the unification scale. Therefore, the
expansion in terms of the string coupling constant, used in deriving the effective string model, breaks
down. |
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hidden sector gauge group. A similar result is obtained in the NJL model, where only
after radiative corrections are included, a fermion condensate is dynamically favoured.
This non-perturbative sum (equivalent to the NJL sum) is readily obtained simply by
computing the one-loop correction to V. If these contribution stabilize the potential,
the resultant minimum will correspond to a cancellation of tree level and one-loop terms

which, as noted above, is necessarily non-perturbative in character [10, 23].

5.2 One-loop scalar potential

To determine the relevant quantum corrections we have to determine the one-loop

scalar potential. They can be calculated using the Coleman-Weinberg one-loop effective

potential [25, 59]
1
322

where M? represents the tree level field-dependent square mass matrices, i.e. the second

W

.S't7'/d2pp2ln(p2 + M?) (5.10)

derivative of the Lagrangian properly normalized to take into account for the non-

canonical kinetic terms of the fields, and Str the supertrace. V; can be integrated to

give
_ 1 s
Vi = 647r2A Strd(z) (5.11)
with
_ 2, T |
Jz)=z+z ln(1+x)+ln(l+z) (5.12)
and
M2

Since the 4-Fermi interaction is non-renormalizable, we regularize it by introducing
a momentum space cutoff A that should be identified with the condensation scale
eq.(3.70) for the gaugino loops. Above this scale the effective 4-Fermi vertex should
vanish rapidly. For the gravitational interaction, which is also non-renormalizable, one
should use the standard unification scale as the cut-off. The supertrace Str of a function

Q(M?) is given by [59]

StrQ(z) = 3trQ(M3) + trQ(M3) — 2trQ(ME) + 2Q(4m35) — 4Q(mdyy)  (5.14)
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where M% ¢ are the tree level (mass)? matrices for vectors, scalars and spin=1/2
fields. The 2Q(4m2 /2) term is the contribution of the spin=3/2 particle, the gravitino,
and the term —4Q(m2 /2) is due to the gauge condition g -y = 0.

We have now to determine the tree level masses for the different fields in the model.
These correspond to the S and 7; scalars, their fermion partners, the gravitino and the
gauge fields. The Goldstino field that couples to the gravitino field through eq.(2.59) is
mainly given by the fermion component of the dilaton. Therefore, its contribution to
the supertrace in eq.(5.11) should not be taken into account since it is already present
by giving the gravitino a mass. Otherwise, we would count it twice.

The tree level scalar masses for the S and T fields are obtained from the scalar

potential
0*V,
0z’

and in calculating the masses one has to take into account that the scalar kinetic terms

m? = (G_l)j- (5.15)

are not (and cannot be) in a canonical form. The fermion masses can be read off of the

N=1 SUGRA Lagrangian. The relevant terms are [15]
1 i
Lrym = §XRiB IxL; + h.c. (5.16)

with
B™ = mg/y (GTGY)™V/? [Dij + é@ f9 = 4G (G Y f' — (Ref) L fi fo )] (5.17)

and

DY =GY -GG - GGG (5.18)
Finally the gaugino mass is obtained from

2 0%,
Ref OAROAL
2 8V, 0*W,

M9 = Ref 0OWo OARONL (5-19)

mg =

giving
2 g2
2_ .2 &85
my, = m3/24(Ref)2' (5.20)
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Neither the graviton nor the gauge bosons have a tree level mass although the gauge
bosons, as discuss below, may acquire a supersymmetric mass due to confinement.

The complete scalar potential, tree level plus one-loop potential, is then given by

Bo|¢|? ng 4., M ,
- -~ 21
IVHT, |13 32n2 2 Il A2 )+ W (5.21)

with J given in eq.(5.12). V] is the one-loop potential (cf. eq.(5.11)) for all fields

V'tot -

excluding the gauginos and n, is the dimension of the hidden sector gauge group.
The masses given in eqs.(5.15), (5.17) and (5.20) are the field-dependent supersym-
metry breaking masses following from the gaugino condensate. They may be different
from zero at the minimum only if supersymmetry is broken since all these masses are
proportional to the gravitino mass eq.(5.7). In addition we should allow for a super-
symmetric contribution to the mass of the hidden sector states generated by the strong
hidden sector forces which (in analogy with QCD) may be expected to be confining. Of
course, we are unable to determine these masses, and so we proceed by examining the
various possibilities. The first possibility is that the gaugino condensate forms at a scale
above confinement and there is a domain in which the states are correctly described
by the gauge bosons and gauginos with the only mass coming from the gaugino con-
densate as calculated above (It is thought the equivalent situation may occur in QCD
with chiral symmetry breaking occurring before confinement). In this case, we may
now compute, using eqgs.(5.15-5.20), the one-loop potential. Alternatively confinement
may occur at, or above, the condensate scale. In this case, the radiative corrections
should be computed using the confined spectrum of states. Lacking knowledge of this
spectrum we may still try to estimate the result by using the average description of
these states in terms of gluons and gluinos but allowing for the confinement effects by
giving them a common (supersymmetric) mass. We will discuss both of these cases in

the next sections.

5.3 Dynamical breaking of SUSY

We are now in a position to determine whether it is energetically favourable for a

gaugino condensate to form. From egs.(5.11-5.21) it is clear that to have a SUSY
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breaking solution to the gap equation [23]
0
—(Va+ V7)) = 5.22

the negative contribution from the fermion loops must dominate. Note that the contri-
bution to the one-loop scalar potential from each individual massive state is a monotonic
function of the mass (for a fixed cutoff) being zero only for vanishing mass. In this limit
since the (supersymmetry breaking) gaugino mass in eq.(5.20) is proportional to g a
strong gauge coupling constant will be dynamically preferred, i.e. g=2 = Ref << 1.
In contrast with the NJL model, where the coupling constant is indeed a constant and
the formation of fermion condensates is energetically favoured only for a sufficiently
strong coupling, we have in this case that the coupling constant is field dependent and
as it stands the one-loop potential will go to —oo for Ref = 0. This is an unphys-
ical singularity which will be removed when non-perturbative effects are included for
it corresponds to infinite coupling. As we discussed in section 5.1 the value of Ref is
not a free parameter for it defines the initial four fermion interaction and it takes a
maximum value of ¢/A. (cf. eq.(5.9)).

It is interesting to note that duality invariance is needed in order to ensure a stable
solution. In fact if we did not have a duality invariant theory the superpotential in
eq.(4.39) would be independent of the moduli and the complete scalar potential would
go to -oo along the direction in which a gaugino condensate forms with T', the modulus
setting the radius of compactification, in the limit 77 — 0. Clearly this is physically
unacceptable and the origin of this problem is that in the T — 0 limit corresponding to
the small radius (R) limit, Kaluza-Klein modes with masses a R? cannot be neglected
in writing the low-energy effective Lagrangian. A convenient way of summing this

contribution is by imposing duality invariance as discussed in section 3.6.

5.4 Extremum conditions

In this section we will minimize the complete scalar potential, Vo + V;. As discussed
in the preceeding sections, in order to avoid the unphysical singularity when Ref ap-

proaches zero and the potential becomes unbounded from below, a cutoff for the cou-
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pling constant must be introduced consistent with the strength of the initial 4-Fermi
effective interaction and the correct choice is Ref = A, (taking ¢ = 1in eq.(5.9)). After
introducing this physically-motivated cutoff, the Goldstone mode can be eliminated in

terms of the dilaton and moduli fields using eq.(4.40)
|61 = MPTL(Ty; | | 4)3se3 /2%, (5.23)
The gravitino mass becomes
M = (T i )71 A (5.24)
with the condensation scale given by eq.(3.70)
A = MITL(Tri | s | #)% €™/

In order to minimize the scalar potential, it is useful to write eq.(5.21) as

V =7A%a zg ~ J(zg)) + V] (5.25)
where
2
m
T, = —Ié
£ B3 2
= (= AZ. 5.26
Tg (4) YHiTrilnil4 c ( )
The parameters a and v are defined by
= _J
“= 7b(2)Bo ’

and ¥ = n,/32x2 with n, the dimension of the hidden sector gauge group. V{ in
eq.(5.25) is the one-loop potential for all fields excluding the gauginos.

If there is a stable solution with a large mass hierarchy, then one necessarily needs
the coefficient in the exponential of the condensation scale Y//2bg to be much larger than
one which implies that By ~ (3Y/2bp)% >> 1. In this limit the main contribution to the
one-loop potential comes from the tree level gaugino mass and as can be seen from the

Y 2,2 _ 2 2 2
quadratic divergence StrM? ~ A7, ;m% — ngAZmg = m3,,Bo8 — m3 ,ny B, where we
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have only considered the leading scalar masses. This shows that the dominant part of
the potential comes from the gaugino bubbles (n,Bp > 8 and Agy: < 1), as expected,
and to find an approximated analytic solution we can neglect the VJ potential. This
is done as a matter of convenience for presentational purposes and of course in any
numerical solution the complete scalar potential must be used.

The v.e.v. of the dilaton and moduli fields are obtained by simultaneously solving
the extremum equations with respect to the moduli and dilaton fields. The S depen-
dence in the scalar potential comes only in Y so that 3‘; = g¥ g’; = g¥ Since at the
extremum for the dilaton g¥ = 0, we do not have to worry about the moduli depen-

dence of Y when looking for a solution to the extremum equation of the moduli. The

extremum equations for these fields are

g; A2 [ T (of(3azy — 20 — x,0") — azg + J'z,) + OT‘ (aa:g - 2a:gJ')] =0
(5.27)
and
% = yA? [aa:g(B—O:- - 5:23 - %) 2J(2 + )+ J’(2b 2?;5)] =0 (5.28)
with
8 = Tri | n(T5) | 4,
J' = 3x L Bos = %% and o® given in eq.(3.67). Eq.(5.27) is satisfied either for T; at the

dual invariant pomts (T; =1, eir/ 6) where §;7, = Bor, = 0 or for

J' —a+o'(3a- 2i - J) = iéo—ﬂ@f —a) (5.29)
(Bg (5,‘T‘- BO

and only in the latter case may T; be “large”. We would like to emphasis that eq.(5.29)
must be satisfied by at least one modulus to obtain a stable solution. The v.e.v. of the
dilaton and moduli fields depend on the value of the N=1 -function, the dimension
of the hidden gauge group and on ¢; (see below). For a phenomenological interesting
solution, i.e. Mg/, ~ 1TeV, one has g—;— >1, By~ (%,l%)2 > 1 and 55— B°T ' o~ -g—gfo— < 1.

Therefore, if eq.(5.29) is satisfied it will be for a unique value of a;, say o, since the

values of z4,J and a in eq.(5.29) are fixed at the minimum. This means that only if
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@; = aj = a it is possible that different moduli T; and 7; have a large v.e.v. and
their v.e.v.s will necessarily be the same (up to modular invariant transformations), i.e.
T; = T;. We see that it is thus only possible to have a large overall moduli 7 if all three
a; have the same value, as in the case for a Z3 or Z; Orbifold where all a; vanish. For
an Orbifold with two completely rotated planes then only one a; is (possibly) different
from zero in which case the v.e.v. for the moduli attached to this plane will be different
from those of the other two. A squeezed orbifold may thus naturally be obtained. These
Orbifolds are better candidates for a minimal string unification [36].

Solving eqs.(5.28) and (5.29) up to leading order, one obtains

9 20 —1 \7!
Bo = 5‘%% (1 + 30— 1 E) (530)
and
éﬁi}_

(3a—1) (5.31)

€ = zgln(zy) | min = v
where By is given in eq.(5.6) and z, in the eq.(5.31) should be evaluated at the minimum
so that € is just a (field-independent) negative number. Since at the minimum z, < 1
eq.(5.31) requires @ < 1/3 and the exponent of 7, |n|* in the gravitino mass must be
negative.

From eqs.(5.30) and (5.31) it follows that the dominant term in By is given by the
contribution from v.e.v. of the auxiliary field of the dilaton h; and one can approximate

By ~ (%}%)2 The v.e.v. of Y and T; are then given in terms of the dimension of the

hidden gauge group, its one-loop N=1 S-function coefficient and o by

1 2a —1 7!
Y = 8r ﬁ;(1+3a_1e) , (5.32)
3Y 6
22(1 - QZ)TM' = ;—b—o - ;ln(Q) (533)

Eq.(5.33) is obtained from eqs.(5.26) and (5.31) and the sum is over all moduli that

_ oy3 ILT(* Vg2

acquire a v.e.v. different from the dual points and @ . If the gauge
group is broken down from FEs to a lower rank group such as SU(N) with 5 < N <9
[568], as can be easily done by compactifying on an Orbifold with Wilson lines [77], a
phenomenologically interesting solution can be obtained with only one gaugino conden-

sate. On the other hand, the v.e.v. of the moduli fields does depend on oy, the v.e.v.
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of the dilaton and by. The value of a is approximately —1/3 (satisfying the condition
from eq.(5.31)) if either the modular weight of the hidden matter fields is n}éa =-1/3
(i-e. untwisted fields) or if the dominant term in the N=1 A-function coefficient for the
hidden gauge group by is given by the quadratic Casimir operator C(G,) (cf. eq.(3.67)),
in which case (taking égs = 0)

by 1 2 1 1
i=—_'l="'_ 1—-—-2 h a)\ & s - 34
e S ( ¢ oRahR.T(Ra)(3 +"R“)) 3 (5:34)

If we only consider the three diagonal (1,1) moduli (which are always present in Orb-
ifold compactification) then, for a gravitino mass of order 1TeV and a = -1/3,
ReT =~ 8,12,22 depending on whether three, two or one moduli get a “large” v.e.v.,
respectively. In the case discussed above of a large overall modulus, ReT = ReT; =
ReTy = ReT3 ~ 8. Note that this result is quite different from the previously obtained
values of T ~ 1.2 [53]. Clearly the discrepancy is due to the inclusion of the strong
gaugino binding effects in V; (cf. eq.(5.11)). Interesting enough, these large values are
necessary in the minimal string unification in order to predict the correct values of the
weak angle sinf,, and strong coupling constant asirong as will be seen in section 6.2.

We can now verify if the radiative corrections to the wave function of the dilaton are
small. For a phenomenological interesting solution with m3/, = 1T'eV one needs Y /by =~
58(1 — o) and defining the radiative corrections as AY = 2aboinT; (cf. eq.(5.11)) one
has using eq.(5.33) that AY/Y = | 25(%07)171(150/71'” < 8/100. The maximum value
is taken when ., = 1/3, which is its biggest value allowed by eq.(5.31), and the
radiative corrections correspond to only 8% of the tree level value.

Using eqs.(5.25), (5.30) and (5.31), the scalar potential can be written at the mini-
mum as

V= g1’-‘1(a ~1) Bom3, (5.35)
Y

while the gravitino mass is proportional to A2 (cf. eq.(5.24)and (5.26)),

3./7
Mmg/g = E%Ag’ (5.36)

and not to A2 as is the usual assumption. It is the T dependence in eq.(5.24) that
accounts for the difference. The proportionality factor in eq.(5.36) is of order 10~* and

one requires A, ~ 1012GeV for phenomenologically viable solutions with m; 2> 1TeV.
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Since @ < 1/3 and Bo > 0, the scalar potential (cf. eq.(5.35)) is O(A%) and
negative allowing for a non-trivial solution, but with a cosmological constant many
orders of magnitude larger than the experimental bounds. This problem is shared by
all attempts to generate spontaneously supersymmetry breaking. However, we will
show that it is possible to cancel the cosmological constant by introducing an extra
term in the superpotential and fine tuning it. We postpone this discussion and that of
the implications of the soft supersymmetry breaking terms to chapter 6.

It is also interesting to compare this result with the one obtained at tree level (cf.
section 4.2). In this case the scalar potential is just Vo = m2 /2Bo and a non-trivial
solution is found for By < 0. A negative By is obtained if the square of the auxiliary
fields of the dilaton and moduli are smaller than 3m32 /2 and for vanishing hg and hr
then, although the value of the scalar potential at the minimum is different from zero,
supersymmetry is not broken. As mentioned before, the order parameter for broken
supersymmetry is a non-vanishing auxiliary field because only in this case the fermion
component of this auxiliary field transforms non-trivially under supersymmetry. This
field becomes a Goldstino and it is “eaten” by the gravitino field which acquires two
extra degrees of freedom giving rise to the well-known superhiggs effect. Thus, once
we include the contribution from the gaugino-loops, the result changes drastically and
a non-trivial minimum is found with supersymmetry broken mainly due to the non-

vanishing of the auxiliary field of the dilaton.

5.5 Confinement masses

As discussed above, confinement effects may cause the spectrum determining one-loop
effects to differ from that used in section 5.2 so we turn to a consideration of how these
effects may alter our conclusions. Since we do not know the details of this spectrum
we will assume that, as an average of these effects, the states will get a common
(supersymmetric) mass m.,, Which we take it to be proportional to the condensation
scale (Mo = kA.). The gauge bosons have a mass m4 = m,, while the gaugino mass

becomes m{, = my + mcon With m, given by eq.(5.20).
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We can now minimize the scalar potential including these confinement effects. At

the minimum the value of Y and z) = m}2/A? are given by

Y ~ 8 (5.37)

\/ng (1 —k ln(l—‘};—’i))

and
14 k)(1— kinltk
wg:ﬂ@a—l)( G k?’,‘c)
Y 1 - (1+k)inifE)

where we have assumed that my < me., in eq.(5.38) to get an analytic expression.

(5.38)

We see from eq.(5.37) that the effects of the confinement mass is to shift (increase) the

v.e.v. of Y. Clearly it is still possible to obtain phenomenologically interesting results
for reasonable values of k (i.e. k ~ O(1)).



Chapter 6

Phenomenological Consequences

of SUSY Breaking in 4D String
Theory

In this chapter we will analyze the phenomenological consequences of the 4D string
model with SUSY broken via a gaugino condensate. As studied in the preceding chap-
ters we have obtained an effective low energy scalar potential and we have found stable
solutions. We will now show that a large hierarchy can be expected to occur in the 4D
string model. |

The content of the chapter is the following. In sections one and two we discuss the
gravitino mass which sets the splitting between scalar and fermions and the minimal
string unification scheme, respectively. Since some of the moduli get a large v.e.v., we
study some of the phenomenological consequences in section three. In section four we
include matter chiral fields and show that by introducing a suitable superpotential it is
possible to have vanishing scalar potential with SUSY spontaneously broken. Finally,
we present in section five the soft supersymmetric terms derived from the Lagrangian

and discuss the electroweak symmetry breaking.

89
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6.1 Gravitino mass

The main purpose of studying supersymmetry was to explain the mass hierarchy prob-
lem. In SUGRA, the splitting between the scalars and fermions is of the same order as
the gravitino mass. In the absence of an explicit mass term in the superpotential, i.e.
m = 0 in eq.(2.28), the fermions remain massless even if SUSY is spontaneously broken
because the fermion fields are protected by chiral symmetry. On the other hand, there
is no symmetry protecting the scalar fields, and once SUSY is spontaneously broken
they acquire a mass proportional to the gravitino mass (cf. eq.(5.24)).

A large mass hierarchy is obtained for mg/3/mpianck < 1, and to get the correct

electroweak breaking it must be between [60]
ma/2 = 10 — 10* GeV, (6.1)

depending on the relation between mg/, with mg and m,/,. In 4D string theory, the
gravitino mass is not a free parameter but is given as a function of the dilaton and

moduli fields by eq.(2.27), m3 , = S ILi(Tri | 0(T) | *)7* AS. Tt can be written as

1 iy
miy = g MOTL(Tri| (T3) | 43071 51/ (6:2)
1-3ag
1 16Y z 1—ap
2 — 6 g -Y/bg(1—
e = 5 (ammg) R (63)

where we have eliminated in eq.(6.3) the T dependent part using eq.(5.26). To get a
large mass hierarchy one needs the exponent term in eq.(6.3) to be large, i.e. Y/bo(1 —
ag) > 1. Since the v.e.v. of Y is given by the dimension of the hidden gauge group,
Y = 8r/ /g (cf. eq.(5.32)), the gravitino mass is determined once ng,bo and ag are
fixed. In any string vacua these quantities are fixed and the mass hierarchy will be
predicted, but in practice there are a large number of consistent string vacua, and we
are not yet able to choose between them. Thus we can consider the parameters ngy, bo
and ag as free parameters and a wide range of values for these quantities give a small
gravitino mass of order 1TeV. As an example, we will choose an SU(6) gauge group
in the hidden sector with a one-loop S-function coefficient 1672bg = 16 and oy = 0.3.

The value of the gravitino mass, condensation scale and gauge coupling constant at the
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unification scale are

m3/2 ~ 82 GeV,

A. ~ 42 x 101 GeV (6.4)
and
Y
-2 = )

while the value of the moduli fields depends on how many of them get a “large” v.e.v.,
i.e. different than the dual invariant points. The v.e.v.’s are given by solving the

equation (5.33) or equivalently

£ Bims)
LT | 9(T) |4 = =222 (6.5)
32Y z
In the case of having one, two or three moduli with “large” v.e.v.’s we find
<T,[2>=< ReT >=21.7,12.1, 8.7 (6.6)

respectively (this example is summarized in table 6.1). Thus, we see that reasonable
values of ng,bo and o can give a large mass hierarchy and gauge coupling constant
at the unification scale. Furthermore, some of the moduli acquire a “large” v.e.v., a
fact that is important when we discuss the minimal string unification scheme in the

following section.

6.2 Minimal string unification

In this section we study the possibility of having unification of the gauge coupling
constants assuming the minimal string unification scheme (MSU) [36, 56]. This scheme
consists of having the chiral matter content in the visible sector of the theory to be that
of the minimal supersymmetric model (MSSM) (3, 4] while the hidden sector remains
unspecified. The unification scale and gauge coupling constant in string theory are field
dependent quantities and they are only fixed once a string vacuum is determined. At
tree level the v.e.v. of the moduli are small (< T >~ 1) and the unification scale is of
order of the string scale. However, once loop corrections are included, the v.e.v.’s of the

moduli can be much larger and the unification scale can be reduced to O(10'6) GeV.
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Recent precision measurements of the weak coupling at LEP and strong coupling
constant have permitted a refinement of the analysis of the unification of the gauge
coupling constants. The SU(5) prediction is now ruled out but the supersymmetric
extension is in good agreement with the experimental values {60].

The gauge coupling constants in the standard model (SM) are measured at the
electroweak energy scale. Using the well-known renormalization group equation these
couplings can be determined for any other energy scale. The gauge coupling constants
have a logarithmic evolution with respect to energy and at the one-loop level they are
given by

97(A) = hag*(A) + 2haln( L) (6.7)

Ao is the energy scale at which the gauge coupling constant g¢ is measured, g, is the
gauge coupling constant at the arbitrary scale A, and b, is the one-loop beta function
coefficient for the G, gauge group while k, is its corresponding Kac-Moody level. In
the SM the beta function coefficients are given by 167%b3 = 7,1672%by = —19/6 and
1672by = —41/6 with k3 = ky = k13/5 = 1 for SU(3),SU(2) and U(1) respectively.

As mentioned above, it has recently been shown that the evolution of the gauge
coupling constants in the SM do not become unified, i.e. they do not meet for any given
energy. However, interestingly enough they do meet if one includes supersymmetry
(SUSY) and assumes the minimal supersymmetric standard model (MSSM), i.e. the
minimal supersymmetric extension to the SM. The main reason is that in the latter
case the one-loop beta function coefficients change due to the inclusion of the extra
states and they become 1672b3 = 3,16mw2%b; = —1 and 1672b; = —11 and the strong
coupling constant becomes less asymptotically free. For these values of the one-loop
beta function coefficient and assuming that the supersymmetric breaking scale M, is
of order 103*1 GeV, the gauge coupling constants are unified at a value for the fine

structure constant given by (in the minimal subtraction scheme M .S) [60]

2 -1
&L (g—j%) =257+ 1.7 (6.8)

and unification scale

Agur = 106203 GeV., (6.9)
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Though in the MSSM one has three free parameters Mjs, ggu: and Agys to predict three
coupling constants, meaning that there will always be a solution to the unification
of the gauge coupling constant, this fact does not mean that the unification scheme is
empty because the values of the parameters M;, ggut and Agy; are very much restricted
by phenomenological constraints. In fact, one requires Mpianck > Agur > 1012 GeV to
avoid a fast decaying proton, M, must be at the most of order 1 TeV to explain the
mass hierarchy problem and larger then 100 GeV to prevent light SUSY states that
would have been detected already. Finally ggut must be positive and small so that we
stay in the perturbative regime.

As mentioned above, in string theory the three parameters of MSSM (M, g4u: and
Agy:) are no longer free but are given in terms of more fundamental quantities and
are completely specified for any string vacuum. The supersymmetric scale which gives
the splitting of the scalar and fermion states is mainly given by the gravitino mass
M;s ~ m3/y, while the unification scale is given as a function of the moduli and it is
fixed once the v.e.v. of the moduli fields are obtained. In string theory the running of
the couplings was presented in section 3.8 and it is given by (cf. eq.(3.63))

1 k, A2
= — 4 byln(—=) + A. 6.10
2w~ ¢ i) (6.10)

where b, = 25(3C(G.) — Er,hr,T(R,)) is the N=1 §-function coefficient and hpg,
the number of chiral fields in a representation R, (the latin indices of the beginning of
the alphabet (a,b,..) represent gauge indices while those in the middle of the alphabet
(3,7, ...) refer to the type of moduli T;). M, is the renormalization scale given in
eq.(3.64) and the threshold term A, is given in eq.(3.66). The o-index refers only to
the hidden sector gauge group while the indices a and b correspond to the gauge groups
of the visible sector, i.e. by is the one-loop B-function coefficient of the hidden sector
gauge group while b, and by are the coefficients for the visible sector groups (for the
SM groups).
Eq.(6.10) can be rewritten in a similar form as eq.(6.7)

2 A
g;2(A) = kagguzt(Agut) + 2baln(T) (6.11)

gut



6.2. Minimal string unification 94

with the unification scale defined by

20 = MUIL(To | 9(Tri) | 4)2e/? (6.12)

i Stcka—bl . : ;
where a; = -S5%—= (cf. eq.(3.67)) and the gauge coupling constant at the unification

scale is given by

_ Y
If two gauge coupling constants become equal, i.e. 93(25“‘) = 93(2:"‘) = g2,1(Agut), at

the unification scale Ay, the coefficients defined in eq.(3.67) for different gauge groups
must then be equal, i.e. !, = o} and hence we will drop the a, b-index.

From eq.(6.12), we note that a unification scale smaller than one (i.e. in Planck
mass units) necessarily requires the exponent to be positive, @ > 0 since the modular
invariant function 77; | 7;|* < 1. One can eliminate the Green-Schwarz term in eq.(6.12)
and the unification scale becomes [56]

bt bt

Agut = MGIL(Tyi | 0(Tri) | ) X6~0) (6.14)
and is completely specified once the v.e.v. of the moduli and the by and b} coefficients
are determined. A positive a or equivalently a positive exponent in eq.(6.14) forces
the compactified space to have chiral matter fields with modular weights different than
-1/3 (untwisted fields have modular weights -1/3) otherwise b!* = b,/3.

In any given string vacuum the gauge groups and particle spectrum are entirely
determined and therefore the gauge coupling constant, unification scale and gravitino
mass are not free parameters. In practice, there are a large number of consistent vacua
having the standard model gauge group and three generations of particles and until
now there is has been no procedure to choose one. To avoid this problem, we work in a
model independent form by allowing the coefficients ngy, by and ag to be free parameters
from which the the gauge coupling constant, unification scale and gravitino mass are
obtained. Again, it would seem that there is not any predictive power, since we are
replacing the three parameters of the MSSM with three other ones. Yet, this point of
view is not entirely fair since the new parameters can take only a limited number of

discrete values and in principle they are not free at all, as argued above. One could
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further restrict the minimal string unification by demanding that the gauge coupling
constants of the visible sector and of the hidden sector become unified at the unification
scale. In what follows we will consider both possibilities; (i) that all gauge coupling
constants are unified at the same scale and (ii) that only the gauge coupling constants
of the SM are unified.

Let us consider the (i) case first. From eq.(6.12), we notice that if all gauge coupling
constants are to be unified, then the o parameters of the hidden and visible sector must
be the same, i.e. o) = o}, = ai. From the minimization condition (cf. discussion of
eq.(5.29)) we obtained that o} = aé for those moduli with “large” v.e.v.’s and thus
all a’s must have the same value (for moduli with dual invariant v.e.v. the quantity
(Tyi | 7(Tk) | 4)°0 ~ 1 and we will neglect it).

Assuming that the gauge group in the hidden sector is of rank less or equal eight
(i.e. a subgroup of Eg) then n, < 248 (the dimension of Eg), 0 < 1672by < 90 and
0 < ag < 1/3. If the hidden sector is broken down to an SU(N) subgroup (with N < 9)

then the coefficients are restricted to take values in the range

0 <1672by < 3N, (6.15)
0 <ao< 1/3 (6.16)

and
nyg=N%~1. (6.17)

Thus we see that a very small set of values for ny,bo and « are allowed and that the
values of the MSSM parameters (cf. eq.(6.8-6.9)) that can be obtained is far from
trivial. Furthermore, the structure constant at the unification scale is given by [61]

., 1672
(8 = .
gut
VALY

To gain a better insight into the solution obtained in eqs(5.30-5.31) we will trade the

(6.18)

one-loop beta function coefficient of the hidden gauge group for the gravitino mass and
we will rewrite the unification scale in terms of m3/,ny and ap. From egs.(6.2) and

(6.12) we have

Agut = M IL(Tri | mi | 4)%/2
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4Ym§/2 2(3:(,-1) 3y 1
Agut = Ms M e *bo (1=3aq) (619)

and the by dependence is in the exponent only. Using eq.(6.3), one can eliminate this

dependence and we get [61]

£3B3m o /2
Agut = M, [—()“;T/; (6'20)
32Y z,
with by given by
m2 3p3 1-3a0\ 17}
bo= —L | n | 4y 222 [5 0"2%2] . (6.21)

The r.h.s. of eqs.(6.20) and (6.21) still depend on b through z4,& and By (cf. eq.(5.6),
(4.30) and (5.26)) but the unification scale depends on by now only linearly. It is not
possible to solve eq.(6.21) analytically for by, although its dependence on the r.h.s. is
only logarithmic. By setting 16m2by = 3N on the r.h.s., one obtains a good approxi-
mation.

From eqs.(6.8) and (6.18), a coupling constant consistent with the range of MSSM
requires a gauge group with 33.2 < n, < 43.4, which fixes the hidden gauge group
to be SU(6) or SO(9). For these gauge groups, the fine structure constant would
be &g'ult ~ 26.7 and 26.3 respectively. We can now plot Agy;vs.a for a fixed value
of the gravitino mass. In fig.6.1 we show the graph for an SU(6) gauge group with
mz/y = 82GeV. The unification scale has a minimum at around o,,;, = 0.3 with a
value of

Agut ~ 2.8 X 10'° GeV. (6.22)

It is remarkable that the minimum value for the unification scale is just about the
value required by the minimal unification of couplings in the MSSM. The value of amin
does not depend on the gravitino mass. For decreasing value of the gravitino mass,
the unification scale is also reduced as it is clear from eq.(6.20). If we require that
m3/y > 35GeV, then 1672by > 14.8. Since bg can only take discrete values, we have
set 1672 by = 15 which gives mg/; =~ 82 GeV.

The value of the moduli for this specific example were given in eq.(6.6). It is

precisely the fact that the v.e.v. of the moduli get a “large” v.e.v. that permits the
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Figure 6.1: Unification scale as a function of a, keeping mg /. fixed.

unification scale to be much smaller then the string scale (note that for T, ~ 1.2 as
obtained at tree level the unification scale will always be of the same order of magnitude
as the string scale). Furthermore, the solutions to eq.(5.31) allow for squeezed Orbifolds
which where found better candidates for minimal string unification.

We will now consider the case in which the hidden sector gauge coupling constant
does not necessarily become unified with the gauge coupling constants of the standard
model. This would be the case when the threshold corrections to the gauge coupling
constant differ for the hidden and visible sector gauge groups. In this case, there is no

connection between the o parameters of the hidden sector and the ones in the visible
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sector. Thus, the unification scale is

3B3m &/2
€_L_3_/3} . (6.23)

R = M [ 32Y 232

The term in square brackets is independent of @, and & is the average of the o! whose
corresponding moduli T; get a “large” v.e.v.,ie. & = nllE?’ al = %E?’a};, where n; is
the number of moduli with “large” v.e.v. It is easy to see that in this case a unification
scale consistent with MSSM is possible. The value of ay is restricted only to be smaller
then 1/3 and it can take negative values. As an example, we could consider a hidden
gauge group with matter field in the untwisted sector only and taking égs = 0 one has

ap = —1/3. For this value of @y and choosing & = 0.32, one obtains a gravitino mass

and a unification scale of

my, =~ 632GeV (6.24)
Ague ~ 2x10'°GeV. (6.25)

In this example the v.e.v of the moduli are T, /2 = ReT = 22, 12.3, 9 for one, two or
three with “large” v.e.v. and 16m2by = 11 (see table 6.3). The same value of Agyt can
be obtained for larger gravitino mass and a.

To conclude this section, we have shown that after finding a stable solution to
the scalar potential including the contribution from gaugino binding effects, the v.e.v.
obtained for the moduli and dilaton fields give the required values of MSSM for the
gauge coupling constant and supersymmetry breaking scale (i.e. gravitino mass). The
unification scale can also be consistent with MSSM for specific values of a. Furthermore,
since the value of the fine structure constant at the unification scale is fixed by the

dimension of the hidden sector gauge group this group must be SU(6) or SO(9).

6.3 Moduli phenomenology

We will now study some of the consequences of having moduli fields with “large” v.e.v.’s.
As mentioned before string theory has only one free parameter which may be taken

to be the Planck mass. In principle, all other quantities can be predicted. As seen in
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the last section the coupling constant at the unification scale itself and the unification
scale are two examples of such predictions. We turn now to the predictions for the
Yukawa couplings. These couplings can be moduli dependent and their value is fixed
once the dependence and v.e.v. of the moduli are determined. Furthermore, there is the
possibility, in these models, of the existence of a light scalar which could be responsible
for a fifth force. This force will compete with gravity and could be experimentally
detected.

The functional dependence of the Yukawa couplings upon the moduli can be ex-
plicitly calculated for specific Orbifolds [62], but a generic and useful way to determine
these couplings is to use target space modular invariance. As discussed in chapter three,

the Kahler potential
G:K0+I(,’f|<,o,-|2+lni|W|2 (6.26)

must be duality invariant. K is the contribution from the dilaton and moduli fields
(cf. eq.(4.38)) and [38]

K! = IeTY, (6.27)
W = W+ W5 (6.28)

where @; is a constant (which is usually one), Wy is given in eq.(4.39) and W3 is the
chiral superpotential. Modular invariance is achieved if the chiral superfield ¢; and

superpotential transform as

oi — (il +d)¥ ¢, (6.29)
w
W Him (6.30)

where n'/ is the modular weight of the chiral superfield ¢; with respect to the T; moduli
and the superpotential transform as a modular function with weight -1 for each moduli.

For generic Abelian Zy and Zy X Zp Orbifolds, the modular weights of the chiral
superfields vary in an absolute range of —9 < n < 4 depending on which gauge group
and Kac-Moody level they correspond {36]. Knowing the transformation properties of

the chiral matter fields one can easily derive the transformation property of the Yukawa
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couplings Y;; of the trilinear superpotential W5 = Yiikpipjpr and it is given by [42, 43]
Yije = I (icT + d); (Hmeitnestnoe) y (6.31)

where ny; is the modular weight of ¢; with respect to T5,.

As an application of this results let us consider a possible light scalar fields. Such a
field would be phenomenologically important because if it couples to ordinary matter,
a fifth force mediated by the exchange of this particle will be generated which may
compete with gravity. The range of the interaction is inversely proportional to the
mass of the exchanged particle. Only if it has a small mass would the range of this
interaction be long enough to be experimentally detected. A good candidate for a light
scalar field is the imaginary part of the moduli T;, ImT, whose corresponding real
part gets a “large” v.e.v., because its mass is exponentially suppressed relative to the
gravitino mass. Using the scalar potential given in eq.(5.25) one can calculate the mass
for this field (we have taken into account the fact that ImT does not have canonical

kinetic term)
2
MImT = 271'2\/; T2 e ™I/ my),. (6.32)

Clearly, a small mass requires a large v.e.v. for T,. Using the example presented
in section one where T, = 44.5,24.2,17.3 for n; = 1,2, 3 respectively (n; counts the
number of moduli with large v.e.v.) the mass in eq.(6.32) is mp,7 = 2 X 10724, 2.4 x
10-11, 4.1 x 107 GeV. Therefore a long range fifth force is only possible for n; = 1
since for n; = 2,3 the range r < 8 x 10~ ¢m is too small to be experimentally detected.

The interaction between I'mT and matter fields is given by the Yukawa interaction

1
Ly = §eK/2 hijkgo,-)zjx;c (6.33)

where x; is the fermion component of the ¢; superfield and we have used the same
symbol for the superfield and its scalar component. Without going into any specific
Orbifold example, one can deduce the functional dependence of the Yukawa couplings on
the moduli, up to a modular invariant function, by simply imposing duality invariance.

Using the duality transformation in eq.(6.31) one has

hijk = L n(Tp) "2 Hnwitnestnon), (6.34)
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To compare the strength of the Yukawa interaction relative to gravity, we take the

two fermion fields in eq.(6.33) to be quarks while the scalar one we take as the Higgs
doublet. The relative strength is then given by

Gs _ |il,‘jk<H> |2

G 77 (6.35)

where ilijk = %eKﬂ\/(K‘l)ﬁ(K‘l)?(K‘l)’; hijk is the normalized Yukawa coupling?
and M, the nucleon mass. Taking < H >= 300GeV and M, = 1GeV, one finds an
upper limit for the allowed Yukawa couplings

ilijk < 10—4, (6.36)

in order not to contradict the present experimental limit G5/Gn < 1073 [64]. Of course
eq.(6.36) only restricts those Yukawa couplings that depend on the light ImT and in
this case the modular weights of the chiral matter fields are constrained. Defining

6; = Tri | n(T:) | * as in eq.(5.28) the normalized Yukawa coupling can be written as

. 1 _1 s
| Biji| = ez T8, 2 HPrt st mes) (6.37)

WY

using eq.(6.27) and setting a; = 1. The constraint equation (6.36) for the Yukawa
couplings using eq.(6.5) gives [63]

In(2 x 10~4/Y
Ep' (14 npi + npj + npk) < =2 ( 353 vY) (6.38)

3
ln(m m3/7)

where the sum now is over the moduli that acquire a “large” v.e.v. For a coupling
constant at the unification scale of gg—u2t = 2.1, consistent with MSSM, and mg/, =
147 GeV eq.(6.38) gives

Yo (npi + npj + np) < —2 (6.39)
for one “large” moduli. This last equation indicates that ordinary matter fields must
have negative modular weights. Considering an overall modular weight defined by

N; = ¥,n;, the allowed modular weights of the fields must satisfy N; + N; + N, < -2.
For abelian Orbifolds with standard choice of Kac-Moody levels the allowed range for

1Y is given at the compactification scale and should be run down to the electroweak scale. We do
not worry about this because one expects the change to be small



6.4. Matter superpotential 102

an overall modular weights for the standard model fields is given by -3 < ngouEe <0
and —5 < np p gy g < 1[36]. It is interesting to note that the permitted values of the
modular weights from a fifth force consideration given in eq.(6.39) lie within the range
of allowed values for the standard model fields and that this range is further restricted.
For any particular Orbifold model, the modular weights of ordinary matter must satisfy
eq.(6.39) for those Yukawa couplings that depend on moduli with “large” v.e.v. and

this restricts the possible string vacua.

6.4 Matter superpotential

Up to now we have only considered the scalar potential for gauginos in the hidden
sector, dilaton and moduli fields. We would now like to include the contribution from
matter superfields. We will show in this section how the interaction between the gaugino
bilinear and the matter fields stabilizes the scalar potential for vanishing v.e.v. of the
matter fields up to radiative corrections in the visible sector. To compare the tree level
potential with the scalar potential including the gaugino radiative corrections we will
arrange the terms in powers of the gravitino mass. It will then be easy to see the
main differences. As a consequence of the gaugino binding we will show that the soft
trilinear terms are suppressed by a factor of 1072 with respect to the tree level ones
and we will calculate the supersymmetric masses for scalar fields and gaugino masses
in the observable sector.

In general the matter superpotential is given as a power series expansion in the
chiral superfields ¢ suppressed by the Planck mass [38]. In the absence of linear and
quadratic terms, the leading term in the superpotential is cubic in the matter super-
fields. In what follows, it is assumed that the matter fields get at most a small v.e.v.
compared to the Planck mass, to be consistent with the Kahler expansion in eq.(3.60),
i.e. |;|2KYT,T) < 1. The gaugino condensate term Wy gives the dominant contri-
bution to the scalar potential and the v.e.v. of the dilaton and moduli fields obtained
in chapter 5 remain valid.

For a generic matter superpotential Wp,, using the Kahler potential of eq.(3.59),
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the tree level scalar potential is

1
Vo= ze¥ (K™)3I FsWo + KsWn |* + S(K )i | FWo + 6| 3| Wot+ Wml?)

(6.40)
where
3Y
Feo = —_— -
S Ks 2bofs (1+ T —),
WOZ 3
Fo= Kit 2o = f,
+ Wo  2bg

:Bi = Kin+Wm,i,

bo is the one-loop beta function coefficient for the hidden gauge group, fi is the deriva-
tive of the gauge kinetic function with respect to the i-field and the index % runs over all
matter and moduli fields. The first term in eq.(6.40) is just the square of the auxiliary
field of the dilaton hg, while the second term is a sum of the squares of the auxiliary
fields of the moduli Ar; and chiral matter fields hy,.

To determine the vacuum structure, one has to include quantum corrections and
the main contribution to the one-loop potential is given by the gaugino-loops. We
would like to emphasize again that, although we are just calculating the one-loop po-
tential, the final result is necessarily non-perturbative, since by solving the mass gap
equation one is stabilizing the tree level potential with the one-loop potential, and is
effectively summing an infinite number of gaugino-bubbles. One can easily determine
the contribution of these loops by calculating the gaugino mass at tree level. Since all

dependence on the gaugino bilinear in eq.(6.40) is given in Wy one has,

— bo K/2
mg = 6Refe H (6.41)
with
= FS(K~Y)$(FsWo + KsWn) + F/(K)i(FiWo + ;) = 3(Wo + Wn).  (6.42)
The one-loop potential, considering the contribution from the gauginos-loops only, is

(cf. eq.(5.11))
Vi = —7Ad(zg)

Vi = —7A§(2wg+xgln(xg)) (6.43)
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where we have expanded the function J since, as we showed in section (4), z, = O(107%)

(cf. eq.(5.31)) and it is now given by

2 2 K
my;  bie

= — 2, 6.44
2= 3% =553 | 1 (6.44)

If Wi = Wi = 0 then H = BoW, and eq.(6.44) reduces to eq.(5.26), as should be
the case. The complete scalar potential V = V + V; is then

1 .
V = XK FsWo + KsWin |2 + (K V)| EWo + ;]
23
9

To obtain a more transparent expression for V', one can expand the scalar potential in

1
~ 3| Wo+ W, |®- | H %1+ Emgln(mg))]. (6.45)

powers of the gravitino mass (m3, = 1eX | Wo|?). Making use of the solutions to the

extremum equations eq.(5.30) and eq.(5.31) the scalar potential is [58]

V =m};,B+ (m3pA + he)+ C (6.46)
with
B = (FS(K-l)SFS + Fy(K~V)LF — 3) (20‘ —l. L In(z )) (6.47)
5 ' ' Sa—1 279 V)0

_ L ks pigp-1yig, S pr—1N\S 20 — 1 1
A = 5¢ (F (K™°)iBi + F7(K )SKSWm—BWm) 30_16—2zgln(a:g)

and

C= %eK (B (K1)i; - 2| Wi |?

1+ 2a—1 ¢ — 1x,4in(z,)
By

|[FS(K)§KsWin ~ 3, + FI(KYiB).

It is worth comparing the expressions for A, B and C with those ones obtained at tree

level. Defining Ag, Bo and Cy in a similar way as in eq.(6.47) one has

Bo (Fs(K™Y)3F° + Fy(K™)iF' - 3),

Ay = %ex/z( FY{KY)i8; + F3(K Y)SKsW,, — 3W,,) (6.48)

and

Co = ¥ (B(K B = 2| W] ).
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One can easily see that A and B are suppressed by a factor of 22=1 ¢ — 1z In(z,), which
at the minimum it is just $ 2=% € = 22(a—1) = 0(1072), relative to Ag and By, respec-
tively. For the C term keeping the leading terms only, one has
C o~ 2eX((K1)if'Bi — 3| Wy, | 2) which differs from Cq by —1eX | Wi, | 2.

The main contribution to the soft trilinear term A comes from hg (i.e. from the
Fs = 0(10?%) term) and the suppression factor in A and B is a consequence of canceling
between the tree level and one loop diagrams. The field dependent term mjin(m2) in

Vi (i.e. z4ln(z,) in A and B) is essential in stabilizing the scalar potential for vanishing

v.e.v.’s of the matter fields as will be shown in the next section.

Cosmological constant and stability for matter superfields

As we showed in section 5.4, in the absence of a matter superpotential, the scalar
potential has a negative cosmological constant of order A%, which is many orders of
magnitude larger than experimental bounds. Here, we would like to show that it is
possible to cancel the cosmological constant by a suitable choice of matter superpoten-
tial and we will also study the extremum solutions and stability of the scalar potential
for matter superfields.

Let us begin with the study of the stability for the matter superfields. As was
mentioned before the Kahler potential (cf. eq.(3.60)) was derived assuming small v.e.v.
of the chiral matter superfields. Here we will show that ¢; = 0 is a stable solution to
the scalar potential assuming that the superpotential is at least cubic in these fields.

If the gauge coupling constant (cf. eq.(4.25)) is independent of the chiral matter
superfields, the condensation scale A, and Wy will be independent of these fields (here
we will assume that this is the case, otherwise the generalization is straightforward)
and the scalar potential will depend upon the chiral matter fields through the Kahler
potential K and superpotential Wy, only. Expanding the term z4ln(z,) in powers of
¢ and keeping the leading term only (zgln(z,) ~ (1 + K!|¢;|?)e) the expressions for
A, B and C are

a—1

B = 3a-1

(Fs(K~1)3FS + Ki(K~)iK* - 3) ( - Kilgil?) & (6.49)

DD | =
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1 .
A = 2K (KK (KW + W) + FS(K1)3K Wi — 3Win)

4
X - K| ©:
(2= Kz|<p=|)€

and
1 .
C = g (B | KW + Wi | = 3| Wi |2).

It is simple to see that, for a cubic superpotential, a zero v.e.v. for the matter fields
corresponds to an extremum solution (Wn, = Wy, ; = Wy, ;; = K; = 0). To determine
whether it is a stable solution we expand the scalar potential in powers of ;. The

leading quadratic term is

1o
- 5 Ki Boem3yy | pi|” (6.50)

(using the fact that By ~ Fg(K1)3F5 ~ ¢ 2 ~ 0(10%)) and eq.(6.50) is positive since
€ < 0. Note that eX factors out in V eq.(6.45), and since the ¢; expansion of this term
gives a contribution proportional to the cosmological constant, which (see below) we
will arrange to vanish, we have not included it. Nevertheless, the inclusion of this term
would not spoil the stability of the potential for o < 0, since in this case the leading
quadratic term is %= K} By e m? o leil®

Thus, contrary to previous analyses we find that the scalar potential is indeed stable
for ¢; = 0 [58]. Again the discrepancy lies in our inclusion of the radiative contribution
from the strong gaugino binding for it is the mjIn(m?2) term in V; that gives the leading
contribution to the scalar mass and stabilizes the scalar potential in this direction. It
is important to mention that, neglecting radiative effects due to the visible seétor,
the scalar potential is stable for vanishing v.e.v. of the matter fields. However, it is
still possible to have the usual electroweak radiative breaking due to the top Yukawa
coupling.

We would like now to study the possibility of cancelling the cosmological constant
by introducing a suitable superpotential [58]. Although it is not clear how such a

term arises, it is nevertheless interesting to see that it is in principle possible to have

vanishing cosmological constant with supersymmetry broken at a phenomenologically
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realistic value. To achieve this we introduce a linear term in the superpotential
Wp=c¢cD (6.51)

where ¢ is a constant that will be fine tuned to give zero cosmological constant and D
is a chiral superfield. It is clear from eq.(6.47) that in this case a zero v.e.v. for D
is not an extremum solution due to the linear term FsW,, in the soft supersymmetric

term A. In fact, the coefficients A, B and C are now

B = > (Fs(K™)5FS + K(K~)iK +KB|D|2-3)("‘ —Kg|D|2> ‘.
2 3aa—1
1 _
A = ZeKﬂ (D(KB|D|2c+c)+FS(K‘I)‘ngcD—ScD) (31 _11-K3|D|2>e

and
1 .
C= e (K| KiWin + Wi |2+ (KB) | KB D|%c+c|?-3|eD|?) (6.52)

where the i-index in eqs.(6.52) runs over all chiral superfields but for the D one. The
leading contribution from the superpotential of eq.(6.51) is through the auxiliary field
of D (hp = %eK/ 2(KpW+W0p)). This contribution is semipositive definite and for van-
ishing v.e.v. of D the only term that survives is the one proportional to | Wy, p | 2= 2
and the one-loop potential is independent of it. It is in fact this term that gives the
main contribution to the scalar potential even for non-vanishing v.e.v. of D. Since it
is positive it allows for the cancellation of the cosmological constant by fine tuning? c.
Since the value of h% is given by the difference between the tree level potential (which
is mainly given by h%) and the one-loop potential one necessarily has that hs > hp.
This is important because then the masses of the scalar and the gauginos of the visible
sector are insensitive to the details of hp, relaying only on the fact that the cosmological
constant vanishes.

The values of ¢ and D that give a zero cosmological constant and solve the extremum

equation of V (assuming that K {(K~1)iK; = 3), corresponding to a stable solution,

2 As a first impression one might think that the v.e.v. of D is such that it makes its auxiliary field
vanish but this is not the case because the leading linear term in D is given by FsW,, coming from
the auxiliary field of the dilaton instead of the one coming from hp
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are [58]
2 l-«a D -1\S =S 2
- 6.53
¢ 2(1_3a)KDFS(K )SF GIWOl ( )
and
A3
KB|p|?=- U ¢ (6.54)

(1-3a)(3-5a)22
Note that K B | D|? is smaller than one, satisfying the Kahler expansion condition.
From eqs.(6.53) and (6.54) and using that €3Y/2by = 6(3c — 1) the ¢D term in the
superpotential W is different than zero and it is given by

(1-o)?

eD = 3(3 ~5a)

Wo (6.55)

and thus the superpotential W becomes

W = WQ + CD
_ (3a—2)(a-3)
W = G 5a) Wo. (6.56)

Thus, we have seen that it is possible to cancel the cosmological constant by intro-
ducing a linear term cD in the superpotential and fine tuning ¢. We have also justified,
a posteriori, not taking into account the term proportional to V in calculating the

leading quadratic term in eq.(6.50).

6.5 Soft supersymmetric terms

We now consider the prediction for the soft SUSY breaking terms in the low energy
Lagrangian. The phenomenological implications of supersymmetric extensions of the
standard model depend sensitively on the nature of the supersymmetry breaking effects
that must be included to give a viable theory. These effects can be parameterized
through the introduction of the soft SUSY breaking terms which arise if supersymmetry
breaking occurs spontaneously and which need not spoil the supersymmetric solution
to the hierarchy problem. In supergravity theories these terms may be related in a
model independent way if supersymmetry breaking occurs in the hidden sector with

coupling to the visible sector via gravitational effects only.
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The soft supersymmetric terms are the common supersymmetric scalar mass mo,
the gaugino masses in the visible sector m;, /2, the soft SUSY trilinear term A; and the p
term associated with the higgsino masses. The MSSM is given by the supersymmetric
extension to the standard model with the inclusion of the soft supersymmetric terms
which break SUSY explicitly, but do not give any quadratic divergences. These terms
may appear naturally in the context of a more fundamental theory as is the case of
4D string theory. However, for the electroweak breaking to take place and not to
spoil the hierarchy solution, the different soft SUSY parameters have to satisfy some
phenomenological constraints.

The MSSM is defined by the global SUSY superpotential [3]
W = h(UUH? — D'U°H;}) + w(HYHS — HT H) (6.57)

where, for simplicity, we have shown only the term associated with the top Yukawa
couplings, h;. The H; and H; are the two doublets needed in MSSM to give a mass to
the standard model particles while the fermion components of the U and D’ superfields
are given by the up type quark and the down type quark, respectively. In addition to
the terms obtained from eq.(6.57) one has the soft supersymmetric terms and the final

form of the effective global SUSY potential is

Vess = mi| Hy|? +m3| H2|? + [ A(UUH3 — D'U°HF) + h.c!] (6.58)

0 0 -7+ 2 2 %912"'9%
+[Bp(HyHy — H HY ) + h.c]+ mg | o] T

where we have set all scalar masses to be equal and ¢ refers to the scalar compo-

(1871~ | H3|?)?

nents associated to the quarks and leptons. The last term in eq.(6.58) comes from the
auxiliary D field associated to the gauge scalar superfield (cf. eq.(2.18)).
The masses of the two Higgs, taking B = 0 in eq.(6.58), are given by

m? = myy, + p? (6.59)

m3 = m}y, + p (6.60)

with

m%ﬁ (Agut) = m%ﬁ (Agut) = m%.
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At the unification scale both masses are positive, but running them down to the elec-
troweak scale one of them can become negative, triggering electroweak symmetry break-

ing. This is possible because the masses evolve differently as can be seen from the
renormalization group equations [65]

dm%{‘_ ! 2 5 ; 2
din(Q) ~ 81r2(_3M292 5M1.¢]1 + 3h; 622(m + m;c + mH2 + 4;)) (6.61)

where the M; are the gaugino masses and the tilde denotes supersymmetric state. For
i = 1 in eq.(6.61) the term proportional to the top Yukawa coupling vanishes but for
i+ = 2, if the top Yukawa coupling is large enough, it can drive m2 negative. With the

usual definitions

2

- = tan(B), (6.62)
1
m% = By, (6.63)
. 2
sin20 = - + - 0==-p) (6.64)

we have
m2 ~ m3 — (m? + m3)cos20
cos20

where the running masses are evaluated at M,.

]VI%:

(6.65)

An acceptable electroweak breaking is achieved if the following conditions are sat-
isfied [3, 4]:

i) The potential must be unbounded from below

2|msz|? < mi+ml

ie |sin20] < 1 (6.66)
ii) Colour should be unbroken [70]
A? < 3(3 + ) (6.67)
iii) Electroweak symmetry must be broken (i.e. SU(2) x U(1) = U(1)em)
(mim < |m3|*)| My (6.68)

iv) The top mass must be in the range 100 GeV < mr < 180 GeV [T1].
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The first two conditions apply at all energy scales and the last two should be valid
at the electroweak scale. From an experimental point of view the lower bounds on the

supersymmetric particle masses are [66]

M3 >79GeV , M, > 45GeV,
m; > 74GeV , m;> 45GeV, (6.69)

where M3 is the gluino mass, y is the lightest chargino, and g, denote the squarks and
sleptons respectively.

As a matter of completeness, one should also require Mz not to be too sensitive
with respect to the different soft supersymmetric parameters. Otherwise there would
be a fine tuning between these parameters in order to get the correct mass for the Z
boson. This condition is conveniently introduced by demanding that [67]

| a; (')M%(a,-,
M2 Oa;

o) | <A (6.70)

where a; are the soft SUSY parameters. A measures the allowed degree of fine tuning
needed; for A = 10 the value of a; must be fine tuned to 1/10 of the Z mass.

The soft SUSY terms, as mentioned above, are free parameters in the MSSM and,
interesting enough, there are solutions that satisfy all conditions including the con-
straints from gauge coupling unification as discussed in section 6.2. On the other hand,
in 4D superstring theory these terms are no longer free and one cannot fix them ar-
bitrarily. In section 6.2 we discussed predictions in 4D string theory for the gauge
coupling constant at the unification scale, the unification scale and the supersymmetry
breaking mass derived from strings. Now we will determine the predictions for the soft
SUSY terms. As mentioned above these soft SUSY terms are: the common supersym-
metric breaking mass mo, the gaugino masses in the visible sector m,,, the trilinear

term A; and the p term.

Common supersymmetric breaking mass mg

The common supersymmetric mass is obtained by simply taking the second derivative

of the scalar potential (6.45) with respect to the scalar fields. In the absence of explicit
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mass terms (quadratic terms in the superpotential), the scalar fields have a vanishing
v.e.v. as shown in section 6.4 and the leading quadratic term in the scalar potential is

given by expanding the Kahler potential K. From eq.(6.50) the leading quadratic term

/ €By 1
mo = —TOZ€K|W0|2 (6.71)

where we have included a (K ~1)! factor to account for the noncanonical kinetic terms of

gives a mass

the scalar field. If we express Wy in terms of W using eq.(6.56) then eq.(6.71) becomes

eBg 3 — 5a
mo = 1/ — : (30(_ 2)(a)_ 5 ™o (6.72)

The auxiliary field of the dilaton is much bigger then the auxiliary field of D. Therefore,

the scalar mass is only sensitive to the fact that one has no cosmological constant and

not to the details of the cancelation of the vacuum energy.

Gaugino masses in the visible sector

The gaugino masses in the visible sector are obtained from the auxiliary field h; of the

chiral superfield given by eq.(2.42)

hi = —e%/2G; + %’_\R’\L + (%G?G" — G¥)XkRXiL- (6.73)

To have a non-vanishing gaugino mass the gauge kinetic function must be non-trivial,
fi # 0. In 4D strings, f depends on the dilaton and the moduli fields and clearly the
leading mass term will then come from the auxiliary field of the dilaton since hs > hr.
Taking into account the fact that the gauginos do not have canonical kinetic terms the

gaugino masses are

_ 2 1
" T (Ref)uis 4

o

fs(K~13RS[1 - (1 + - 3a6)] (6.74)

1
m1/2 = -6« -2‘6K/2W0. (675)

The first term in eq.(6.74) is the contribution from the tree level potential while the

second term comes from the one-loop potential. Both equations are given to leading
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order in € and for a = 0 the mass would be of order €mg/,. If we express eq.(6.75) in

terms of W one has
a(3 - 5a) m
(Ba—2)(a-3) ?

We have found that the gaugino masses for the different gauge groups of the visible

(6.76)

My = —6

sector are equal at the unification scale as expected because SUSY is mainly broken

through the auxiliary field of the dilaton.
Trilinear terms A;
The trilinear term, as defined in eq.(6.58), is given by

Ly = A;mgy; hi2s 123 (6.77)

where k1,3 is the physical Yukawa coupling and ¢;, 1 = 1,2, 3 are arbitrary scalars with
canonical kinetic terms. The physical Yukawa coupling is given by Ly .k = 123 &1 X2X1
where y; is the corresponding fermion component of ¢; and in 4D string theory one

has Lyyx = %eK/ 2 \ﬁl?___l(K =1}t h123 ¢1 X2 X3 Where the square root of K’s is needed in

order to have correctly normalized fields. The physical Yukawa coupling is then

- 1 -
hi23 = §€K/2 \/H?=1(K~1)§ h123. (6.78)

From eq.(6.48), assuming that one has only three moduli so that K;(K~1):K* = 3, the

contribution to the trilinear term comes from the A and C terms. Eq.(6.77) becomes

_ 1 xp [3Y(a ~1) T/ r—1\T P123,T ] =
L = 26 4b0(3a — 1)GVVO + CD(l + N+ K (K )T —h123 ) h123 ¢1¢2¢3. (6.79)

where N is the degree of the superpotential (in this case one has N = 3) and thus the
trilinear term is

_ 3(a—-1)
" (3a—2)(a-3)

[(3 _5a0)+ (—“—2’—1)(1 + N+ KTk %”ﬂ)] . (6.80)
123

Ay
with N = 3. In order not to have broken colour charge condition (ii) must be satisfied
and the value of «a is restricted to be positive, 0 < «, if we do not consider the contri-
bution from the ¢D term used to cancel the cosmological constant (cf. eq.(6.51)) since

in this case AT = 3(a — 1). Otherwise eq.(6.80) requires —3.5 < a < 1/3 which does

not impose any heavy constraints since we expect —1 < a < 1/3.
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B term

Another soft SUSY term is the so called B-term. This term is defined by [69]
Lp = —mg3/; BpuH,H, (6.81)

where H’s are the Higgs fields. This term could arise through various different mecha-
nisms. One possibility is that there is a bilinear term pH; H, in the superpotential, as
in MSSM term. In this case B is given by a similar expression as A; in eq.(6.80), but
with N = 2 and hj93 replaced by pu. Taking p independent of T we get

_3(a=1)3-"T7a)

B = 2(3a - 2)(a - 3)

(6.82)

Another possibility is that the u term can originate from a term in the Kahler potential
proportional to HyH, [69]. After supersymmetry breaking this generates the pH; Hj

term in the superpotential with u o< mg/,. In this case the soft term is of the form of

eq.(6.81) with
2
BII _ mO
mgz/

0o (3 - 5a) % ¢By
" = (Gees) T (6:83)

Yet another suggestion is that the pu term comes from a term in the superpotential

proportional to WoH, Ho. In this case we find

m o (a— 1) Mo :
B - (3a - 1) (mg/z)

"o _ (3 - 501) 2 (a - 1) €Bo
B" = ((3a—2)(a—3)) (Ba—-1) 2 °

(6.84)

This completes the derivation of the soft SUSY terms arising from gaugino con-
densation. It is illuminating to compute them for our realistic example of section 6.1.
In this case one has an SU(6) gauge group with by = 15/167% and a gravitino mass
mg/y = 82GeV. The soft supersymmetric terms are then (this example is summarized

in table 6.1)

mo = 4.7mgz/y,
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My = 0.9mg),

A = —007, (6.85)
B = -032,

B" = 218,

B" = 153

These values suggest that the dominant supersymmetry breaking term is mg for the
MSSM (i.e. for mg,my 9, A; and B’). This is contrary to the analyses based on tree
level results. There are two reasons for this. In the first place, the mechanism explored
here, being nonperturbative, necessarily requires that the one-loop corrections to the
scalar potential be as important as the tree level ones. Secondly the cancelation of the
cosmological constant in gaugino condensate requires a contribution from the matter
superpotential. Both effects are absent in [75] and explains the difference between the
resulting soft terms. The value of B in the example shown in eq.(6.85) is large because
a = 0.3 and the denominator of eq.(6.84) is large. As discussed in section 6.2 this is
not a generic case since a can be smaller without affecting the hierarchy solution (see
table 6.3).

Finally we remark that for the specific example given in eq.(6.85) the conditions
at the unification scale eqs.(6.66) and (6.67) are satisfied. The fine tuning parameter
A =~ 17, since at a crude approximation A ~ m#/M% with m; evaluated at the
electroweak scale and it is given by m} = m3 + p? + km? jo With k=~ 1/2.

The values obtained for the soft supersymmetric terms satisfy the constraints re-
quired by the electroweak symmetry breaking. Therefore, the breaking of supersym-
metry could generate the breaking of the electroweak symmetry and determine the
electroweak scale dynamically.

For completeness, we summarize some of the phenomenologically relevant param-
eters for supersymmetry breaking, in tables 6.1, 6.2 and 6.3, for an SU(6) gauge

group with different matter content.
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table 6.1 SU(6) gauge group with 1672 by = 15 and ap = 0.3.
n|Y T; m3/o m_’";%z‘ gi'/% Ag'u.t &;'z}t A B’ B” B" A
3 425|173 55 4.3 09 |28 |26.7]-0.07|-0.32|18.6| 130.5| 6.7
2 14.22124.2 | 82 4.7 0.9 2.8 |26.5]-0.071-0.32|21.8]| 153 17.5
1 | 415|445 147 | 5.3 0.9 |28 |26.1]|-0.07]-0.32126.1|196 71
table 6.2 SU(6) gauge group with 16w2by = 16 and o = 0.3.
n|Y T, m3/g ?nﬂ;;; T—T:%/Lz- Agut &;Jt Ay B’ B" B™ A
3 | 426163440 (42 (09 |35 |26.7]|-0.07|-032]|17.5|122.4} 403
2 1423 (225555 (44 09 {35 |[26.6(-0.07(-0.32(19.9{ 140 720
1 [4.17]40.3 {900 |5.1 09 |35 [258]-0.07|-032]26.3| 184 2508
table 6.3 SU(6) gauge group with 16725 = 11 and oo = —1/3.
m |Y | T | mgp | :j;;z Agut | 650 | Ac | B |B" | B"| A
3 (4621791632 | 154 | 0.9 2.0 [(29.0|-0.8]-1.06]|238 | 158 | 10*
2 14.61 | 24.7 | 661 154 | 0.9 2.0 [28.9(-0.8)-1.06|238 | 158 | 10%
1 | 4.57 | 44.0 | 849 154 | 0.9 2.0 |28.71-0.8)-1.06|238 | 158 | 104

We show in tables 6.1-6.3, the values for phenomenologically relevant parameters de-

termining the supersymmetry breaking. n; is the number of moduli, T;, with large v.e.v.,

gg’ft = Y/2 is the unification coupling, ma/s is given in GeV, Agy; in 1016 GeV and Qgut 18

the fine structure constant at Agy:. A¢, B', B” and B” are explained in egs.(6.80-6.84). A

measures the tuning of the electroweak breaking (cf. eq.(6.70)). The unification scale is given

for ag = ag = 0.3 in tables 6.1 and 6.2, where o, corresponds to the visible sector gauge
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groups. With this choice the SU(6) and the standard model gauge groups are unified. In table

6.3 ag = 0.32 and the SU(6) gauge group does not become unified with the visible sector ones.

For a wide range of values for a, a large hierarchy can be obtained. However,
the soft supersymmetric terms are more sensitive to . In fig.6.2 we show mg/ M3,
™my/2/ M3/, and the trilinear term A; as a function of a. For increasing o, mq and A;
become smaller. The common supersymmetric mass, myg, is always larger than mg;.
On the other hand, the gaugino mass is always smaller than m4 /2 and it approximates
the gravitino mass for |a| — 1/3. The ratio of m,/3/m3/, is independent of the value
of my/,, but mo/mg/, is not. The reason is that mo/m3/, depends on Y/bg, which sets
the hierarchy as can be seen from eq.(6.3). |

Running the masses down to the electroweak scale, neglecting corrections due to
possible large Yukawa couplings, the common supersymmetric mass remains the same
while the gluino mass increases by a factor of three [65]. If we demand all supersym-
metric masses to be in the range 100 TeV < m,s < 1000 TeV, then mg/my/; | gut < 30.

In figs.6.3 and 6.4 we plot mo/m 3| gut as a function of a. The ratio becomes
larger for a going to zero, because the gaugino mass gets smaller. Even though we do
not expect the limit m;;, — 0 for @ — 0 to be valid3, the gaugino mass does indeed
decrease considerably.

To conclude, from the range of values of the parameter o, the preferred value is for o
positive and close to 1/3. For this value of « the difference between the supersymmetric
masses of the scalar and gaugino fields is smallest. This allows for having a small fine
tuning parameter A. At the same time, the trilinear term |A;| decreases. This is
welcome since one-loop diagrams, associated to the complex phases of the trilinear
terms, contribute to the electric dipole moment of the neutron. For A; = O(1), this
contribution is about 10? — 103 bigger than the experimental values [76]. Furthermore,
as we saw in section 6.2, an @ ~ 0.3 minimizes the unification scale and allows for
unifying the standard model gauge groups with the hidden sector one. Thus, from

all the range of possible values for the parameters ng, bp and o, consistency with the

3The approximation used in calculating the gaugino mass breaks down for o going to zero.
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Figure 6.2: mo/ms3/2, m;/2/m3/2 and the trilinear term A: as a function of a. The dotted line represents
Mo /™2, the dot-dashed one m;/;/ms/, while the dashed one A..

MSSM and electroweak breaking, selects a very narrow band. It is remarkable that
the values of all soft supersymmetric terms improve within this band taking quite

acceptable values.
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Chapter 7

Summary and Conclusions

In this thesis we have addressed the question of dynamical supersymmetry breaking
in 4D string theory compactified in Orbifolds. We have argued that a strong coupling
constant will generate a 4-Fermi pointlike interaction below the energy scale at which
the coupling constant becomes strong. The presence of this 4-Fermi interaction is also
supported by other parameterizations of gaugino condensates derived by demanding the
effective theory to be anomaly free under the R-symmetry under which the gauginos
transform non-trivially.

Our approach is equivalent to the ones used previously but we show that it is neces-
sary to go beyond tree level in the strong coupling sector. The radiative corrections are
conveniently introduced using NJL techniques and an infinite sum of gaugino bubbles
is performed. Analyzing the full potential (including the radiative corrections which
are non-perturbative in character) a stable solution is found for a single gaugino con-
densate. This result differs from the one obtained at tree level where no minimum is
found.

At the minimum, supersymmetry is broken through the auxiliary field of the dilaton.
We have shown that for very reasonable values of the gauge group one obtains a large
mass hierarchy with a single gaugino condensate. The v.e.v. of the dilaton, which
gives the gauge coupling constant at the unification scale, is fixed by the dimension

of the hidden gauge group. Consistency with the minimal extension of the standard
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model restricts the gauge group, responsible for supersymmetry breaking, to be SU(6)
or SO(9). The moduli can have large v.e.v.’s (of the order of 10), contrary to the value
obtained at tree level (of the order of one). This allows the unification scale, which
is moduli dependent, to be much smaller than the string scale and within the range
required by MSSM. Furthermore, our solutions permit for squeezed Orbifolds, which
are better candidates for minimal string unification.

In most theories with spontaneously broken symmetry the cosmological constant
is negative and many orders of magnitude larger than the experimental bounds. To
cancel the cosmological constant we introduced a suitable superpotential linear in a
chiral superfield. We showed that by fine tuning the constant in the superpotential it

is possible to have supersymmetry broken with a large mass hierarchy and vanishing

cosmological constant.

In the models we have studied, the supersymmetry breaking is achieved in the hid-
den sector of the theory and it is transmitted to the visible sector through gravity only.
The visible sector can then effectively be described by a globally supersymmetric theory
with explicit soft supersymmetric breaking terms. Since the breaking of supersymme-
try is by the auxiliary field of the dilaton the soft supersymmetric terms are universal.
Introducing chiral matter fields we show that, neglecting radiative corrections due to
possible large Yukawa couplings, they are stable for vanishing v.e.v. We then proceeded
to calculate the soft supersymmetric breaking terms and we obtained reasonable values
which permit the breaking of the electroweak symmetry through radiative corrections.
Thus the breaking of supersymmetry through gaugino condensation not only explains
the mass hierarchy between the electroweak and Planck scales but it also predicts the
scale of supersymmetry and electroweak breaking.

To conclude, we have shown that gaugino condensation in the hidden sector could
provide the necessary structure to dynamically break supersymmetry in a class of 4D
string models. The values of the parameters determining the masses and interactions

of the standard model are predicted and quite acceptable values are obtained.



Appendix A

Notation and Conventions

In this appendix we give the conventions and notation used in this thesis. We work in

natural units ¢ = & = 1 and set the reduced planck mass

MPlanck
m, = —— =1 Al

as well.

Indices can be raised by applying the two-dimensional € tensor
0o = €qp0° (A.2)

where €,5 = ¢*# is antisymmetric in o and 8 (@,8 = 1,2) and €12 = 1. The complex
adjoint of @ is

g% = (). (A.3)
The antisymmetric tensor €, ; with dotted indices has the same structure as €53 and

dotted indices can be lowered using ¢, b The square of 8 is defined by
9% = 6°0, = €,30*6°. (A.4)
The Pauli matrices carry a space-time index u as well as a dotted and undotted index
o5 = (1,0) (A.5)
where 01,0, and o3 are the usual Pauli matrices,

0 1 0 —2 1 0
oy = , O = , 03 = . (A.6)
1 0 : 0 0 -1
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We choose a metric g, with diagonal entries (1,-1,—1,—1) and o = 1[v#,7"]. The

gamma matrices y* satisfy
{v*, 7"} = 29" (A.7)

with 40 hermitean, and 4* antihermitean. We take y5 = 7° = 7%y y%y® with 73 = 1

and
{753 7#} = 0. (AS)

From chapter 4 onwards we use 4 component notation for the fermion fields and defined

YRL = %(1 +75)¢ (A.9)

and
¥r.r = (¥L,R) 0. (A.10)

A Majorana spinor satisfies the condition

Yrr= YR C" (A.11)

where C is the charge conjugation matrix. In a chiral representation for the gamma
matrices, one has 5 = diag(l,-1) and C = diag(—io?,io?) with the off diagonal
entries being zero. In such a representation it is easy to see that the mass term for a

Majorana particle is
mPRYL = m i oy (A.12)

where 9T = (¢{, ¥T). For a Dirac spinor the Weyl components 11 and 9, are indepen-

dent but for a Majorana they are related through the majorana condition eq.(A.11).



Appendix B

Contribution from Xy to the

Lagrangian

In this appendix we study the interaction generated by x4, the fermion component of
the Goldstone mode ¢ associated with the spontaneously broken R-symmetry desvcribed
in chapter 4. We will show that these extra terms do not generate any tree level masses
nor any contribution to the scalar potential, i.e. all terms vanish at the minimum.

As given in equation eq.(4.22), x4 is a Lagrange multiplier because it does not have
a kinetic term and through its equation of motion eq.(4.23) it is given in terms of the
gaugino and chiral fermion fields. It includes also the auxiliary field D of the gauge
covariant chiral superfield which is itself a non-propagating field. In order to eliminate
x¢ and D, which are only Lagrange multipliers, one has to simultaneously solve the
equations of motion of these fields. The interaction terms involving x4 and D are given
by

1 1
e ' Louzr = aXRoXLe + XRebL + DXRecL + -é-eD2 + agD + h.c. (B.1)

where
a = %f‘bqﬁj\R)\L - %EK/ZW(Ma
1 A 1 ; 3 1
by, = §f¢(—a - F)AL - §f¢ XLiARAL — KWty L,

0
L = §f¢AL, (B.2)
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e = SRef,
and
9 =§G'T/z + %fiiRiAL - %fi)&/\R-
Using the equations of motion for x4 and D one obtains the constraints

(29(—1 - éRbL)CL =+ (ERCL + 4eE)bL

1
= = B.3
XL 2 de|a|? — @crer, — acLer (B-3)
2 T
D 2 la| a_b—LcR ab-RcL (B.4)
4e|a|? — acper, — acrcr
and substituting back eqs.(B.3) and (B.4) into eq.(B.1) the Lagrangian becomes
1L = _l 4|a|?f? - 4f(al—)LcR + &BRCL) + 4e(aj)LbR — (—LBRbL)
¢ 4 1
2bLCRbRCL — bRbLCLCR bLbRCRCL (B.5)

4e|a|? — aérer, — acrer
From the 4D string model defined in eqs.(4.24-4.25), one has f¢ = W% = 0, and if we.
further assume W#* = 0 then egs.(B.2) simplify considerably. We find that e and g do

not change while the other quantities become

e = f""”,\R,\L = 4¢
bL = 2(0' . F)CL (B-6)
and
)
with £ = 2by/3 and ¢ = £¢ = 2(31(/2112172

We can now determine the contribution to the Lagrangian eq.(B.5) coming from

the D and x4 fields. This contribution is given by
1 R
¢ Lous = —5(Ref ~€) D + o By (B.7)
with

= —(Ref-€)7'(g—i&(o- F)) (B.8)
D = —(Ref-& MgG'T!z+ f'XR. L““‘szLAR i€(o-F))  (B.9)
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and x, is
XL¢ = —%(Ref ~ &) (ig + Ref(o - F))AL. (B.10)

From eqs.(B.7) and (B.9) we notice that no tree level mass term is generated since at
the minimum D = 0 and the gauge bosons have vanishing v.e.v.

If we compare eqs.(B.7) and (B.9) with the standard contribution of the D field to
SUGRA given by

(3

“Loue = ~2 Ref D (B.11)
with

D = —(Ref) M (§G'T! z; + %fiXRiAL - %fiﬁ;)\R) (B.12)
we realize that the effects of the x4 field is to modify the expression of D, giving it an
extra term (the second one in eq.(B.8)), and the coefficient of D? in the Lagrangian,
ie. Ref — Ref — €. It also generates extra gauge bosons interaction (second term in

eq.(B.7)) but non of these terms are relevant in determining the vacuum structure and

do not generate any tree level masses.



Appendix C

Modular functions and tree level

Scalar Potential

In this appendix we present the modular functions used in this work and some of their
properties. We also derive the full tree level potential including the cross terms between
the dilaton and the moduli fields in the Kahler potential K.

The modular group acting on the complex modulus 7 is defined as the group of
linear fractional transformations |

al — b
el +d

a,b,e,d e Z ad — bc = 1. (C.1)

The relevant group for this transformation is SL(2, Z) and it has two fixed points T = 1

and T = p = ¢"/8. A modular form with weight n is defined by
al — 1b , n
(= T =) = (icT + d)"F(T) (C.2)

and the space of modular forms of a given weight is a finite dimensional vector space.

A suitable basis is obtained by means of the Eisenstein series
Gak = Z'nl,ng eZ(ican + n2)_2k- (C3)

For £ > 1, Gy is a modular function of weight 2k. For £ = 1 the series does not

converge unless the order of summation is specified. The function G is an holomorphic

127



APPENDIX C. MODULAR FUNCTIONS AND TREE LEVEL SCALAR POTENTIAL128

function but transform as a connection G — (icT + d)2Ga — 27ic(icT + d). On the

other hand

A 2
Gy =Gy - Tﬂ- (C.4)

T

with T, = 2ReT transforms as a weight two form, but is not holomorphic.

The Eisenstein functions (k > 1) have no poles and their zeros are at T = 1 for
k odd and at T = p for k # 0 mod 3. G5 has no poles and its only zeros are at
the self-dual points T = 1, p. The derivative of any invariant function vanishes at the

self-dual points. A useful function is the Dedekind-eta function defined as
n(T) =g/, (1-¢"),  g=e 7 (C.5)

which has modular weight 1/2. Its derivative is given by

n'(T) G2(T)
_ 6
(T) 4 (€6)
"(T) _  Go(T) 1
WD) - T ar T (C.7)
The functions |T,G|% and § = Tr|n|*? are modular invariant functions since
T, — Tﬁm' For large T’ one has
2
Gy = ?(1—24q+...) (C.8)
n = ¢/*1-q+ ) = e~™N2(1 — g4 ..) (C.9)

The low energy 4D string theory is given by an N = 1 SUGRA theory with Kahler po-
tential G and gauge kinetic function f given by eqs.(4.38-4.40). The tree level potential
in N =1 SUGRA has the generic form

Vo = hi( K™1)5h7 — 3€° (C.10)

where h;, ¢ = §,T; are the auxiliary fields of the dilaton and moduli fields. Since the
Kahler potential mixes S and T the matrix (K ‘1)§ is not diagonal. For simplicity,
we will neglect the term proportional to 2bglnM? in the Kahler potential in eq.(4.38).
Then, using eq.(4.38) we find

1 kT -KT
detK _ K% I(g

(K1) = (C.11)
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with
Y+a | 1
T _s_ G r_ [Y(Y +a)+d’]
Kg = K7 VT K4+ = T,2Y2 . (C.13)

The scalar potential is then

Y
Vo = 2 hs 2 ; . — e |2 — 2G C.14
0o=Y"|hs|“+ X Y+a | hsa; — Trihy; | * — 3e ( )

where Y = §, + Z;a;In(Ty:) and a; = 2(ko6¥5 — b)),). The auxiliary fields are given by
eqs.(5.3) and (5.4), i.e.

hg = leKWO(l_‘{'Y@, (C.15)
3 %
= LKW |-k - Wn fﬂ]
b, = 3¢<Wo|-Kr e+
R I B AP : _ﬂ]
hr, = e W"[T,,-(HY)J’Zn(l %) (C.16)

where we have used eq.(4.26) to express the gaugino bilinear in terms of Wy and

£ = 2bg/3. Substituting these expression in eq.(C.14) we find

[ Y Y a; T
Vo = m3), L(1 + _5_)2 + 2y T a | (1- ?)(1 + 2Tr,-z777—) |2~ 3] (C.17)
Y Y aio T2 | -
Vo = m3), ((1 + ‘5—)2 +Ziy n a,-(l - ?)2 1z | G2l 2 - 3] (C.18)

where mg /2= €€ is the gravitino mass. It is now easy to see that the tree level potential
is duality invariant and in the limit a; < 1, eq.(C.18) reduces to eq.(4.11).

Finally, we give the full solutions to eqs.(5.27) and (5.28) in the limit z, <« 1. The
function J(z), defined in eq.(5.12), behaves as

J(z) ~ 2z + z%ln(z), for z<k 1 (C.19)

J(z) ~ z, for z~1 (C.20)
and

J(z) ~In(z), for z> 1. (C.21)
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From V; = 0 one obtains a ~ 2, where a is defined in eq.(5.26), and thus a solution

to the full potential V' (cf. eq.(5.25)) is for z < 1. Using eq.(C.19), the solutions to
eqs.(5.27) and (5.28) are

_ 1+ (1-5a)c/2+d(2+c)
=2 <1 +(1-3a)3¢/2 +d(4 + 3c/2)) (C.22)
and
e = zin(z) = ¢(3a—1)—3d—de (©23)

1+(1-3a)3¢/2+d(4+ 3¢/2)
where ¢ = 4b/Y and d = —%g-’oﬂ. Taking By ~ (3Y/2b)? we can write d = c2g, with
g = 7T, /36, and eq.(C.23) becomes

(B3a—1)—ge(8+¢) )

€= (1 + ¢((1—32)3/2 + ge(4 + 3¢/2)) (C.24)

Expanding in powers of ¢ one obtains to leading order eq.(5.31).
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