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Chapter 1

Introduction

To understand a science it is necessary to know its history.

Auguste Comt

One of the fundamental new symmetries of nature that has been the subject of intense
discussion in particle physics of the past three decades is supersymmetry —the symmetry
transformations relating fermions to bosons and vise versa— introduced in the early 1970’s
by Golfand and Likhtman [1]. An important motivation for the study of supersymmet-
ric theories is that they could bring new insight in the unification of strong, weak and
electro-magnetic interactions with gravity and on the difficulties of quantum gravity. This
however requires that one finds theories invariant under local, and not only global supersym-
metry. Locally supersymmetric theories are called supergravities, and have been invented
by Freedman, Ferrara and van Nieuwenhuizen [2]; see also Deser and Zumino [3]. These
supergravity theories are non-renormalizable: quantized supergravity has new divergences
from loop contributions. Even though the expectations of solving the problem of quantum
gravity with the help of supersymmetry have not materialized in a field theory context,
they do describe the low-energy regime of superstring theories which are candidates for a
quantum gravity theory.

The Standard model model (SM) of elementary particle physics is the most successful
physical theory known. Its particle spectrum, however does not exhibit supersymmetry,
certainly not in manifest form. Therefore it is necessary to assume that supersymmetry
is broken at energy scales of the standard model and below, i.e. below 1 TeV. At which
energy above the Fermi scale supersymmetry is actually broken is a model dependent. If
supersymmetry only plays a role in quantum gravity, it may be well be broken at Plank
scale (10 GeV). Extrapolation of the running couplings of the standard model indicates,
that an approximately supersymmetric particle spectrum at scales as low as the TeV scale
would help to make the electro-weak and color gauge couplings unify [4] at an energy
near 101716 GeV. Supersymmetry breaking in the TeV range is the scenario underlying
the minimal supersymmetric standard model (MSSM) [5], in which all quarks and leptons
supposedly have scalar partners, and all gauge and Higgs bosons (of which there are at
least two doublets) are accompanied by fermion partners, with appropriate mass splittings
largely adjusted by hand to fit observational constraints.
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In the last two decades much more effort has been invested in the construction of
supersymmetric models with different particle spectra based on coset models, in which
the coset G/H is a Kéhler manifolds [60]-[72]. The requirement of Kéhler geometry, to be
explained in appendix B, is natural in the context of D = 4 supersymmetry. In recent years
such models based on this construction have been studied in great detail [74, 73, 75, 77, 90],
and we now have consistent supersymmetric models with non-linear realizations of groups
like SU(5), SO(10), Eg or Eg, and new scenario’s for superunification become possible.

Apart from particle physics, supersymmetry has been applied to a number of areas in
physics and mathematics. We mention for instance the use of supersymmetric quantum
mechanics to study anomalies in field theory [8] and the application of supersymmetry
techniques to prove positivity of asymptotic mass in general relativity [9].

One of the new areas in physics in which supersymmetry can be applied is relativistic
fluid mechanics. An understanding of fluids that posses supersymmetric properties may be
relevant for cosmological applications as they could be used to describe a supersymmetric
phase in the early universe. An other area in physics in which supersymmetric hydrody-
namics may be apply is in condensed matter physics, where they might apply to quantum
fluids like *He-*He mixtures, in the regime where terms proportional to the mass-differences
of these isotopes can be neglected.

This thesis reports on two topics which at the mathematical level are, related. The first
topic is relativistic fluid mechanics and its supersymmetric extension; the second topic deals
with the phenomenology of supersymmetric o-models on coset spaces G/H. The properties
that link them are non-linear symmetry and the strong relation between supersymmetry and
Kahler geometry. In this chapter we elaborate on this connection, provide the motivation
for our research and discusses the context in which the particular problems have been
investigated.

1.1 Non-linear symmetries

Non-linear symmetries arise in field theory when a global symmetry group G is broken
down to its subgroup H. According to Goldstone’s theorem, to each broken generator
there corresponds a massless particle. In general, these Goldstone bosons may either be
elementary or composite. The non-linear chiral lagrangian which was introduced [28, 29] to
give a handy description of soft pion processes, was the first example realizing a non-linear
symmetry. The model, based on G/H = [SU(2), x SU(2)r]/SU(2)y, was soon generalized
to arbitrary groups G and H, by Callan, Coleman, Wess and Zumino [30, 31].

Supersymmetric non-linear o-models have been studied from various points of view;
sometimes from a purely formal interest in the extension of the framework of non-linear
o-models, but particularly in connection with the application to the current problems of
composite models of quarks and leptons. Zumino [22] was the first to recognize that the
scalar fields of supersymmetric non-linear models take their values on a Kéhler manifold
and gave an explicit expression for the action for the case of the Grassmann manifold
U(m + n)/[U(m) x U(n)]. Many authors [32, 33, 34, 35, 36, 37, 38, 39, 40, 41] studied
non-linear realizations for more general cases of G/H, where the importance of a complex
extension of the group G was pointed out.



1.2 Relativistic fluid mechanics and its supersymmetric extension

In the relatively restricted class of supersymmetric pure o-models on coset spaces G/H
of Kéhler type, there is only one free parameter: the scale A = 1/f at which G breaks to
H. This mass parameter gives all the terms in the lagrangian the right mass dimensions;
we call it the sigma-model scale. Of course, if one couples the non-linear o-model to weakly
interacting vector fields by promoting some of its symmetries to local gauge symmetries,
this may introduce some additional free parameters, such as a gauge coupling constants
g. But this is just the usual freedom that one has in all gauge theories. We also note in
passing that if one considers the o-models that arise in supergravity [42, 43, 44, 45], the scale
parameter is naturally determined to be the Plank scale (10 GeV), and no independent
new parameter is required at all.

1.2 Relativistic fluid mechanics and its supersymmetric
extension

In this section, we describe the main ideas of this thesis. The first topic of this thesis deals
with relativistic fluid mechanics and its supersymmetric extension. Relativistic fluid me-
chanics has applications in the laboratory, e.g. in plasma physics and heavy ion collisions,
as well as in astrophysics and cosmology [10, 11]. As it is also believed to provide a more
accurate description of hydrodynamical phenomena, much work has been invested in its de-
velopment [51, 52]. Recently, an interesting extension of the theory to include non-abelian
charges and currents has been proposed [47, 111]. One of the important aspects of this
formalism is that it includes vorticity consistently at the lagrangean level, by developing
a non-abelian generalization of the Clebsch decomposition! of the vector conjugate to the
current; for a review with many references, see [53]. In a related development, Jackiw and
Polychronakos [46] have presented a supersymmetric theory of fluid mechanics in (2+1)-
dimensional space-time. This model is rather special, as it descents from a supermembrane
theory in (341) dimensions [50, 54, 55, 56, 57, 58]. It results in a supersymmetric general-
ization of the non-relativistic planar Chaplygin gas [59]. An interesting result obtained in
[46] is, that the vorticity in the theory is generated by the fermion fields, rather then by
the bosonic component of the fluid.

The role of space and space-time symmetries has been investigated in [16, 17] and
references therein. A rather remarkable result is the existence of an infinite set of conserved
currents in 4-D space-time, related to the reparametrization invariance in the space of
potentials [13, 14]. This seems to offer an important key to identifying fluid-dynamical
phases of 4-D relativistic field theory. In spite of these advances, so far a relativistic and
supersymmetric theory of fluid mechanics in (3+1) dimensions is lacking. Chapters 2 and
3 of this thesis are intended to fill this gap.

The main result of this work is an alternative for the Clebsch decomposition of currents
in fluid mechanics, in terms of complex potentials taking values in a Kahler manifold. We
reformulate classical relativistic fluid mechanics in terms of these complex potentials and
rederive the existence of an infinite set of conserved currents. We perform a canonical

!Parametrization of any three-dimensional vector field A in terms of three scalar potential (a, 3,7) is
called Clebsch parametrization: A = Va + gVy
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analysis to find the explicit form of the algebra of conserved charges. The Kahler-space
formulation of the theory has a natural supersymmetric extension in 4-D space-time, which
we present both in its lagrangian and hamiltonian form. The theory takes the form of a
new type of non-linear model for a vector superfield and auxiliary chiral superfields.

1.3 Supersymmetric non-linear o-models in 4 dimensions

In the second topic of this thesis we study supersymmetric o-models on homogeneous
Kéhlerian coset spaces G/H in general. It focuses to a large extent on those containing a
unification group SO(10) or Fjg, like the cosets SO(10)/SU(5) x U(1) and Eg/SO(10) x
U(1). These models are supposed to described physics beyond the standard model. An
important feature of constructing superymmetric extensions of the standard model was
renormalizability. Since non-linear o-models are not renormalizable, there seems to be a
problem here. However the non-linear structure we assume to be present at the Plank scale
or just below. In this regime supergravity cannot be neglected. Supergravity theories are
non-renormalizable by themselves, so non-renormalizable couplings in the matter sector
may arise naturally. These non-renormalizable couplings have a very specific structure
when they are generated by a non-linearly realized internal symmetry group. Of course we
expect that at the standard model energies, the theory reduces to a renomalizable effective
theory, but not necessarily supersymmetric.

Constructing supersymmetric o-models on Kahler manifolds SO(10)/[SU(5)xU(1)] and
Es/[SO(10) x U(1)], the fermion partners of the Goldstone bosons —the quasi-Goldstone
fermions— have precisely the right quantum numbers to describe one family of quarks
and leptons, including a right-handed neutrino. However, supersymmetric coset-models are
known to be inconsistent quantum field theories, because of the appearance of anomalies in
the holonomy group [83, 84, 85, 86, 87]. The general procedure to construct supersymmetric
lagrangians, or equivalently, Kahler potentials for arbitrary Kéhlerian coset spaces G/H,
and how to cancel the anomalies has been described in [19].

In this thesis we focus on phenomenological aspects of the coset-models. In order to
discuss various properties of these models, we first review the construction of the lagrangians
of anomaly-free models on coset-spaces that are globally consistent. After that we make
a first step in the analysis of the phenomenology of those models by discussing first the
possible vacuum configurations of these models; in particular the existence of zero of the
potential.

We show by studying explicit examples, that upon gauging all of the isometry group
G the D-term potential can sometimes force the scalar fields to take vacuum expectation
values for which the model becomes singular, in the sense that some of the kinetic terms
disappear in the vacuum state, and the space of physical degrees of freedom is reduced.
These examples are the supersymmetric o-models based on coset spaces SO(10)/[SU(5) x
U(1)] and Eg/[SO(10) x U(1)]. In order to gain an understanding; and how to treat
supersymmetric field theories in which these types of complications occur we also study
in details an anomaly free extension of the supersymmetric CP'-model, where the scalar
fields take values in SU(2)/U(1).

To complete the phenomenological analysis of supersymmetric o-models, we also con-

4



1.4 Qutline of this thesis

sider the gauging of the linear subgroup SO(10) x U(1) of the Fg model as well as SU(5) x
U(1) of the SO(10)-spinor model. Because this subgroup contains an explicit U(1) factor,
we added a Fayet-Iliopoulos term with parameter ¢ and we investigate in particular the
existence of zeros of the potential, for which the model is anomaly-free, with positive def-
inite kinetic energy. Then we discuss a number of physical aspects of these models, like
supersymmetry and internal symmetry breaking, and the resulting mass-spectrum.

1.4 Outline of this thesis

Chapter 2 of this thesis starts with a discussion of the equations of motion of non-dissipative
relativistic fluid mechanics. Next we introduce a lagrangian density that reproduces these
equations of motion. In chapter 3, we introduce 4-D supersymmetry into the structure,
by showing how the fluid current can be naturally incorporated in N = 1 superfields. We
propose a superfield action and present its component form, which is a generalization of the
model proposed in ref. [27]. After that, we study currents and their conservation laws in
the supersymmetric model. We show that there exists a regime in which an infinite number
of currents is reobtained; this regime we interpret as the description of a supersymmetric
fluid. We end with a brief discussion of the interpretation and possible applications of the
theory as a model of supersymmetric hydrodynamics.

We review the general features of supersymmetric o-models on Kéhler manifolds in
chapter 4. In particular, we discuss the construction of globally anomaly-free supersym-
metric o-models on Kéahler manifolds. As chapter 4 is quite general, we illustrate various
aspects of this construction by studying supersymmetric anomaly-free models based on CP!
in chapter 5. Chapters 6 and 7 are devoted to the phenomenology of anomaly-free models
based on the coset-spaces SO(10)/U(5) and Eg/[SO(10) x U(1)] respectively. The conclu-
sions of this work, as well as an outlook on further reasearch that still needs to be done in
the field of hydrodynamics and supersymmetric o-models are given in chapter 8. Finally,
there are five appendices. Appendix A, gives the standard notations and conventions that
are used throughout this thesis. Appendix B, provides the mathematical background for
the geometrical discussion of Kahler manifolds, and a proof of an identity which we used
in chapter 3 to show that the isometry currents are conserved. Various more mathematical
details of our constructions of Dirac brackets, and supercurrents, which are used mainly in
chapter 3 are discussed respectively in the appendices C and D. Appendix E discusses the
analysis of solutions corresponding to supersymmetry breaking vacua in the model with
gauged U(5) presented in chapter 6.
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Chapter 2

Relativistic fluid mechanics

A theory has only the alternative of being right or wrong. A model has a third
possibility: it may be right, but irrelevant.

Manfred Eigen.

2.1 Introduction

The focus of this chapter is on a general lagrangian density for a relativistic fluid that can
be used in a supersymmetric extension of relativistic fluid mechanics model building. It
provides a basis for the construction of a large set of interesting examples of supersymmetric
theories of hydrodynamics of an ideal fluid.

In section 2.2 we recall the basic facts about non-dissipative relativistic fluid mechanics.
We propose an alternative to the standard Clebsch parametrization, based on complex
potentials taking values in a Kahler manifold, and rederive the fluid equations in this
formalism. In section 2.3 we show the existence of a topological invariant (the vortex linking
number), and an infinite set of divergence-free currents. This is followed by a discussion of
the canonical structure of the theory in terms of Dirac-Poisson brackets in section 2.4. We
also compute the algebra of the conserved charges. Section 2.5 discusses a few examples of
fluid models.

2.2 Equations of motion

The equations of motion of a perfect (dissipationless) relativistic fluid can be expressed in
terms of a conserved and symmetric energy-momentum tensor 7}, derived from Poincaré
invariance by Noether’s theorem.

The general form of the energy-momentum tensor of a relativistic perfect fluid is (see,
e.g. [10, 11]):

T = PG + (€ + P)uyuy, (2.1)
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where p is the pressure, ¢ is the energy-density and u* is the velocity four-vector, which
is a time-like unit vector: ui = —1, in natural units (¢ = 1). Local energy-momentum
conservation is expressed by the vanishing of the four-divergence of the energy-momentum

tensor
T, = 0. (2.2)

The conserved energy-momentum four-vector is then given in a laboratory inertial frame

by

dp,
P, :/ d*x T, d—t“ = 0. (2.3)
t=to

In addition to the conservation of energy and momentum, the fluid density is conserved
during ordinary flow as well. This is expressed by the vanishing divergence of the fluid
density current j*:

i =0, = pu", (2.4)

where p represents the local fluid density in the local rest frame; the normalization of the
four velocity then implies that the current satisfies

—2=p*>0 (2.5)

Thus the local fluid density is defined in a Lorentz-invariant manner. In a space-plus-time
formulation, equation (2.4) is seen to imply the equation of continuity

-5 =(py) + Vilpyo') =0, 7= (1-v*)"". (2.6)

Because of the vanishing divergence, for general fluid flow the current has three independent
components. A standard way to express this is to write the current in terms of three scalar
potentials (0, a, 3); they are introduced as lagrange multipliers combined in an auxiliary
vector field a,, with the Clebsch decomposition

a, = 0,0 + ad,p. (2.7)

In this formalism the component 6 describes pure potential flow. Potential flow is the name
given to irrotational flow whose current field j, is defined in terms of a scalar potential
function: 9,0 = j,. The other two components a and 3 are necessary to include non-zero
vorticity. Vorticity is the circulation in the motion of fluid around a fixed point in fluid; for
a review, see [12].

In [18] we have proposed an alternative to the Clebsch decomposition, which is mathe-
matically equivalent but has several advantages: it gives insight into the construction of an
infinite set of conserved currents [13, 14], and it allows a straightforward supersymmetric
generalization; the latter property leads to a proposal for a 4-d supersymmetric extension
of relativistic fluid mechanics.



2.3 Conservation laws

This approach consists in replacing the real Clebsch potentials (6, c, ) by one real
potential # and one complex potential z, with its conjugate z. In terms of these we pro-
pose a general lagrangian density for a relativistic fluid, reproducing the conserved energy-
momentum tensor (2.1), given by the expression

E[juvev 57 Z] = _j“aﬂ - f(p)
= (00 + K0,z — iK,0,%) — f (\/—ﬂ) . (2.8)

Here K(z,Zz) is a real function of the complex potentials, which we refer to as the Kéhler
potential, K, and K: are its partial derivatives w.r.t. z and z, and f is a function of

p=+/—j? only.

The equations of motion derived from (2.8) are

f /LQ = 0,0+iK.0,7 —iK:0,7, 0-j=0,
—J
—2iK,.j-0z = 2iK,.j-0z=0. (2.9)

Translation invariance of the action constructed from £ implies the conservation of the
energy-momentum tensor
T/,u/ - g/,u/ (f, V _j2 - f) _'_ f/ jIUJVAQ, auTuy - 0, (210)
)
where f’is the derivative of f(y/—j2) w.r.t. its argument /—j2 = p. With j, = pu,,, this
energy-momentum tensor is of the form (2.1) with the pressure and energy density given
by

e=f(p), p=pfp)—flp) (2.11)

Hence the pressure is the negative of the Legendre transform of the density. A typical
equation of state (a linear relations between pressure and specific energy) is obtain from
monomial energy densities:

e=flp)=ap"™ = p=ne (2.12)

In fact all of the perfect fluids relevant to cosmology are of this type.

2.3 Conservation laws

The essential elements of the class of hydrodynamical models presented above are the
existence of a divergence-free density current j, and a divergence-free energy-momentum
tensor 7},,. We now show that there exist further conserved charges, connected with other
divergence-free currents in the models defined above.

First we recall the construction of a conserved topological charge, related to the linking
number of vortices. Following Carter [15] we define the momentum density

i

= S| = p (0,0 +iK,0,z —i1K;0,%) . (2.13)
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Iy

I

Figure 2.1: Two closed vortices I'y and I'; wind 5 times around each other. The integrals I';
and I'y are taken along some closed fluid contour. The winding number of a closed vortex I'
around a fixed curve in the fluid is given by €2, as given in (2.16).

Observe that the auxiliary vector potential a, is related to the momentum density by

Ty = Py

4, = 0,0+iK.0,z —iK:0,% = f — = f'u,,

.2 -

0

T = flin=pflup= (p+e)uy,. (2.14)

From the definition it follows, that the current defined by k* = e#** a,0,.a, is divergence-
free:

Okt = "™ d,a, Ozay = 0. (2.15)

The conserved charge is obtained from the divergence-free current (2.15), and it reads
Q= /dgx K® = /d?’x 9% a;0,a5, = /d?’xa ‘W (2.16)
1

where w (w' = 3% wj,) is the vorticity’. (Of course 2 vanishes in the irrotational case.)
Notice here that the conserved charge ) is a topological quantity (the linking number of
vortices) whose Chern-Simons term, given by a pure surface term

Q= / &’z 0; [ie7"0 0;(K:0,2 — K.0p2)] = —2i / &Pz 0; [¢770 K+.0,% 0. 2] (2.17)

measures the quantized winding number of closed vortices around each other as illustrated
in figure 2.1

Next we show that there is an infinite set of conserved charges related to the reparametriza-
tion of the potentials [13]. As a first step observe that whenever K ; # 0, the equations of
motion for the complex potentials z and z reduce to

—2i j19,2 =0, 205",z =0. (2.18)

In non-relativistic fluid, the vorticity is defined as a curl of velocity v at a given point in fluid flow:
Yy y g

w=Vxv= %5”’“ Wik = gwkajuk, where wj, = 0jv; — Ogv;. For the relativistic case, the vorticity tensor

is defined to be antisymmetric derivative of the momentum density [15]: w,, = 0,m, — Oy 7,.

10



2.4 Canonical structure

It follows, that any current
J M) = —2M (%, 2)j,, (2.19)
is divergence-free:
9. JM] = —2<sz-8z+M5j-82>:0. (2.20)

which allows the construction of infinitely many conserved charges of the form

q[M] = /d% JO[M). (2.21)

The non-singularity of the Kéhler potential is satisfied in all cases where K; is the metric
of a geodesically complete complex manifold. Some examples are discussed in section 2.5.

2.4 Canonical structure

We now pass to the canonical formulation of the theory. First we define the canonical
moimenta

= g_g = jOa T, = a_ﬁ = Z.](2:]‘07 Tz = 8_£ = _ZKEJO (222)

0z 0z
Observe here that jy is a canonical momentum, whereas the 3-vector field j is an auxiliary
field, which can be eliminated by its algebraic field equation; in particular in the following
we use the identifications

To

. . P : T
jo=ms, j= 700) <V9 +1K,Vz ZKZVZ). (2.23)
With p = /73 — j? the hamiltonian density reads
/
=g g (2.24)

Obviously, the last two equations (2.22) are second-class constraints, expressing (7., 7z) in
terms of the other phase-space variables (z, Z, 7p):

Xz = Ty — iKZWQ = O, Xz = Tz + 'iKgﬂ',g =0. (225)

To describe the canonical dynamics on the reduced phase-space determined by these equa-
tions, we introduce Poisson-Dirac brackets [20, 21]

{A,B} ={A, B} —{A v} Cigl {x;, B}, (2.26)
where C~! is the inverse of the matrix of constraint brackets
Cij = {xalr, 1), x, (', 1)} = <2iKZZ7T9 0 ) O(r —1'). (2.27)

11



Relativistic fluid mechanics

From the definition (2.45) it follows, that in the reduced phase space spanned by (z, z, 6, y)
the canonical Poisson-Dirac brackets are

—1

{z2(r,t),2(r', 1)} = Sr—r"), {0(r,t),m(r', 1)} =d(r —1'),

2K227T9
0,000} = —22 gr—r), {2(ch0), 00,0} =~ §(r —r').(2.28)
z(r,t),0(r, = W r—r'), {z(r' t),0(r, = Ko r—r').(2.

For any on-shell phase-space functional ®(0, my, z, Z) the time evolution is now determined

by

< * 3 f,(p) 2
b= {®,H), H:/dx[TJ +f(p)]. (2.29)
In particular we note, that the equation
fy = {19 HY =V - [f’i)p) (V@ +iK,Vz — iK;VZ)}, (2.30)

after the identification (2.23) is equivalent with
Jo=V-j & 08-j=0. (2.31)

Similarly, the brackets of the fields (z,z) with the hamiltonian can easily be checked to
reproduce the field equations (2.9).

With the help of these rules we can determine the algebra of the conserved charges.
It is useful to revert to a geometrical notation in terms of a simple Kéahler manifold with
metric ¢,z = ¢gs, = K,z and its inverse ¢** = g** = 1/K,;. The action of the ¢[M] on the
potentials then is:

—K.M, — KM, +2K..M

ol = {q[M], 0} = —g” (KM, + K, M;) + 2M,

Kzé
* _ZMZ . 27
oz = {qM],z}" = T = M:,
M
Sz = {q[M],Z}*:ZK — g M. . (2.32)

One may check the closure of the algebra of conserved charges by computing the Poisson-
Dirac brackets of such two charges. One finds that the result has the structure of a Poisson
bracket on the 2-d manifold spanned by (z, z).:

{alMO] qM®T} = M@, with M =g (MOMP - MOMP) . (233)

If M(z,z) is taken to transform as a scalar on the complex manifold, the transformations
0ps are seen to take a covariant form and represent a reparametrization of the complex
target manifold of the potentials (z, z). These transformations have the property that they
leave the auxiliary vector potential (one-form) invariant:

a=dr"'a, =d0+iK.dz —iK:dz = dya=0. (2.34)

12



2.5 Examples: currents on SU,,(1,1)/U(1)

As a2 = —f"*(p), it follows that also dyp = 0 and dpj, = 0. It is clear, that the
transformations d)/(0, 2, Z) in eq.(2.32) together with dy/j, = 0 define an infinite set of
global symmetries of the lagrangean (2.8) and the hamiltonian (2.24).:

{¢[M],H}" =0, H= /d%H. (2.35)

These symmetries imply the invariance of the equations of motion under reparametrization
of the auxiliary vector potential.

2.5 Examples: currents on SU,(1,1)/U(1)

To illustrate various aspects of our general discussion of models of relativistic fluid mechan-
ics described by (2.8), we now study some explicit examples of these models by considering
three examples of complex target manifold of the potentials (z, zZ). These examples are the
complex plane C, the hyperboloid H? and the sphere S%. However, we will discuss the
sphere in detail, and give explicit expressions for the transformations (2.32) generated by
conserved charges (2.21).

To analyze all three manifolds at once we consider a field theory where the scalars
(2, Z) live on the coset space SU,(1,1)/U(1) with n = 0,+1. Here we have introduced the
parameter 7 to distinguish three different manifolds [19]: SU(2)/U(1) (the two-sphere S?),
the complex plane C and SU(1,1)/U(1) (the two dimensional hyperboloid); for n = 1,0 and
—1 respectively. These manifolds are all Kéhler so that the metric can locally be obtained
from the Kéahler potentials

K,(z,2) = %hl(l +nzz). (2.36)

(The Kéhler potential for the case 7 = 0 is understood to be obtained by taking the limit
n — 0.) A comment is in order here about the global definition of models (2.8) with Kéhler
potentials K (z, Z) given by (2.36). For the flat case C there is just one coordinate patch so
that the local description contains all the information of the model. If the scalar lives on
the hyperbolic space, there are two choices depending on whether this space is defined as a
single or double sheet. In order to avoid problems with positivity, we use the double sheet
geometry.
In the following we only consider the sphere S? (n = 1) with the Kahler potentials

K(i) (Z:I:7 Ej:) = ln(l + Zizi) (237)

to be used on the northern and southern hemisphere, respectively, related up to the real
part of a holomorphic function by the analytic co-ordinate transformation z_ = 1/z,. In
this case, the hermitian metric is obtained from the Kihler potentials K *)(zy, Zy) in the
standard way as the second mixed derivative

1

G = K® (e, 2) = gy
<+

(2.38)

13



Relativistic fluid mechanics

We will drop the subscript '+’ on the fields (z, Z) from now on. The sphere admits the
following holomorphic Killing vectors generating the isometries of the sphere corresponding
to the coordinate transformations:

62 = R*(2) = e +iaz +&* 02=R*(%) = €—iaZ + ez’ (2.39)

Here « is the parameter of U(1) phase transformations, and (e, €) are the complex parame-
ters of the broken off-diagonal SU(2) transformations. The isometries define a Lie algebra
with structure constants fij’l‘C via the Lie derivative by:

(ERz[R]DZ = RizRﬁz - R]'ZRZ‘?Z = fzykRkZ (240)

Under the isometry transformations (2.39) the Kéhler potential K(z, z) is invariant up to
the real part of a holomorphic function F'(z) transforming in the adjoint representation of
the algebra (2.40):

SK(22) = F(2) + F(3), F(:0,6) = Lo+ e (2.41)

From (B.21) it easy to see that the corresponding Killing potential is given by

M(a,e,0) =i K. R(z) = F(2) )= %O‘(l - 5? 1 zi(ez —&) (2.42)

Indeed, the variations (2.39) are given by
0z = —iG¥ M ;(a, €, €). (2.43)

We now return to our models, described by (2.8), with the K&hler potential (2.36), but
with 7 = 1 and a function f defined by

b b
f(p):§p2 — p:5:§p2. (2.44)
The lagrangian density then becomes
b
L[j*,0, 7, 2] = —j" (aue +iK 0,7 — iKV,g@MZ) +55* (2.45)

This lagrangian is invariant under the infinitesimal transformation generated by the isome-
tries (2.39) provided that the real scalar 6 transform as:

50 = %(F@) - F(z)) (2.46)
As a result, a conserved charge associated the transformations (2.46) and (2.39) can be
derived using Noether’s theorem. In summary, one first constructs a conserved Noether
current from which the charge is constructed. One finds that the resulting charge is given
by (2.21). If we insert the expression (2.42) into the brackets (2.32) we obtain the trans-
formations (2.46) and (2.39).

14



Chapter 3

Supersymmetric hydrodynamics

Pure logical thinking cannot yield any knowledge of empirical world; all knowledge of reality
starts from experience and ends in it.

Albert Einstein

3.1 Introduction

In this chapter we discuss a particular N = 1 globally supersymmetric field theory in
four-dimensional Minkowski space and its applications to supersymmetric theories of hy-
drodynamics of an ideal fluid proposed in the previous chapter. In section 3.2, we construct
a supersymmetric lagrangean in terms of superfields and work out its component form.
In section 3.3 we discuss the internal symmetries of these lagrangeans in terms of Killing
vectors, which represent infinitesimal symmetry transformations. Then we construct in-
finitesimal supersymmetry transformations of the fields appearing in the lagrangean. Using
Noether’s procedure, we construct the conserved quantities associated to these symmetries
such as supercharges, which are the generators of supersymmetry transformations as well as
the energy-momentum tensor from which the four-momentum is constructed. A canonical
formulation of the theory in terms of a hamiltonian with a corresponding bracket struc-
ture is given in section 3.4. In section 3.5 we study currents and their conservation laws
in the supersymmetric model. We show that there exists a regime in which an infinite
number of currents (2.19) is reobtained; this regime we interpret as the description of a
supersymmetric fluid. We finish with a discussion of our results and possible extensions.

3.2 Supersymmetric lagrangians

In this section, we construct N = 1 supersymmetric lagrangians, using the tensor calculus
as described in [25]. Our aim is to arrive at a recipe which will allow us to write down a
general supersymmetric theory, so that later we can apply the results to the special case of
supersymmetric extension of relativistic fluid mechanics.

The decomposition of the auxiliary vector in terms of real and complex scalar potentials
has a natural supersymmetric extension in 4-d Minkowski space-time. This leads to a
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Supersymmetric hydrodynamics

proposal for a supersymmetric version of relativistic hydrodynamics in 4-d space-time. The
supersymmetric extension is obtained by identifying the current j, and the auxiliary vector
a, with the vector components V), and A, of two real superfields V' = (C, ¢y, B, V,, A+, D)
and K = (C, (x, H, Ay, &, D) with a general superfield action of the form [18, 26]

S[V, K] = /d4:c£ L= [wc—f(vﬂ , (3.1)

D
where the subscript D is last component, called D-component, of a vector superfield VIC —

F(V) and F(V) is an analytic function of the real vector multiplet V. In terms of the
components the action for V', K reads

SV.K] = / ¢'w{CD+DC+ (HB +HB) — AV" — 0,C0"C — i& — —_E-

“A = A - —1/’+ & §- — —f+ & Y- —F(C)D - _}—”( )| =204 Ay
2 A +BB-V-V—0C-dC —, H —gf””<0)¢+ by D

+i]—"’”(0) [B@L Ui+ BY_ - + 2, Y w_} } (3:2)

Here the primes are the derivatives of F(C') w.r.t. its argument. To turn this action into
a model for supersymmetric hydrodynamics, we decompose the auxiliary vector superfield
in terms of real and/or complex scalar superfields generalizing the potentials (0, z, z). The
simplest way to do this is to introduce N +1 sets of complex chiral superfields (A, A, ®*, d2);
a,a=1,...,N, and define

K=A+A+ K@), (3.3)

where K (®%, ®2) is a real function of its superfield arguments; below it will become clear
that its lowest bosonic component K (Z, z) is the K&hler potential for the complex potentials
(z,2) for a = 1.

We label the components of the chiral superfields by A = (s, x, h) and ®* = (2%, n*, H*).
Then the components of the real superfield I are replaced by the expressions

C = K(%2% 4+ s+35,

Ty a = —B a —Q —ﬁ
D = 2Gup (H HP — 922 . 078 — s @ 777>+2Ga§,7§ Y nL = ?7%

_p

o ) .
2oz <_Hé ml + e >+2Gaﬁ 7( H i=n~ + ?7:(7217#) :

M o= Gugion — KoH"—h, H = CGopiin® — KoH* ~

Ay = i( K0 = Ko+ s = 05— 2Gag 1 1),

. o B . =3 a . o B
§+ = —2iGap P=n= + 21Gop Hﬁm —2iGagA N n-n’,
. 8 . a B . B
& = QZGQQ @zémr — QZGQQ Hn= + QZGQQQTE ey
(. = 20K 02 +2ix_, (p=—2iKnS — 2ix; (3.4)
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3.3 Symmetries and currents

The component form of the action (3.2) after eliminating the auxiliary fields D, B, h,
H, x4+, A+ and their complex conjugates reads

L= y» (2@0 K 0,2 4 K 50,5+ %G TS + % ), WW—)
aqu 50 7é<_)a G B
—20Gag( 02" 0" 2= + 11 D )+2C Ragys 7y 1= 01

1 - 2 . 7
= 3F(C)|0uC0"C = ViV 4 by § | = =G by b (3.5)

+2iGag (7/_4(720{77? - lﬁﬁfﬁ?ﬁi) _é}—lm(CﬁL Yyt

In this expression we used the notation of the geometrical objects for the metric Gg,
connection I'g  and curvature Rag,s, given in (B.5), (B.7) and (B.10) respectively. Fur-
thermore, we have introduced the notation 6 = 2Im s. The Ké&hler covariant derivative of
a chiral spinor and the left-right arrow above the covariant derivative are defined by

o (e} T — 16 — = — _
D= = Pn=+ 100707, Xa @ Co = X" 0ule — OuXeCe
Dns = Png + 5,92 0. (3.6)

It is obvious, that in the absence of fermions 1. = n¢ = 0 and for C' = 0 we reobtain the
lagrangean (2.8) with

£(o) = 57 (0)77. (3.7

This is of the type (2.44) with b = F”(0). The additional scalar and spinor fields C, ¢,
and n¢ describe additional dynamical background fields. As the co-efficient of the kinetic
terms of the fields (Z, z) and v, the scalar field C' must be non-negative. This can easily
be achieved, for example by replacing the real superfield V' by another real superfield W
such that V = e"'. Thus we can take the condition C' > 0 for granted.

In the remainder of this chapter, we construct and discuss all the conserved quantities
associated with the symmetries of the action.

3.3 Symmetries and currents

In this subsection, we discuss the symmetries of the theory described by the lagrangean
(3.5) and the resulting conserved quantities. We first discuss internal symmetry, then we
construct the generators of the supersymmetry transformations. After that we construct
the energy-momentum tensor following from the invariance of the action under translations.

The lagrangian (3.5) is invariant under the infinitesimal transformation generated by

17



Supersymmetric hydrodynamics

the isometries [26]

02" = O'RMz), 02*=O'R{(2) T =ORY()n], n*=0O"R 2"
a i o 8 e —B, 7 O @ =\ 178 D =B
OH® = © < p(z)H” — z‘,m(z)??ﬂhr) OH® =© <Ri,5(2>H*_ Ri,@<z>77—77—>7

s = to'(R() - F). (3.8)

where ©! the parameters of the infinitesimal transformations. A set of conserved currents
can be derived using the Noether procedure from the isometry transformations (3.8). The
resulting currents written in terms of the Killing potential (B.18) are:

Ju(M) = =V, M = 2iM,, (C’Gﬂza + 7/_17’7#771) —2iC Mg ¥ 7753 + h.c. (3.9)
Here the semicolon denotes a covariant derivative using the connection (B.7). For example,

M;g = M,gv M;g;ﬁ = Maﬁv M;a;ﬁ = M,aﬁ - Fg,@MF/ =0,

s &L

M. [Dg, D)Mo = Ra” gy My, Mg = Moy — oMy =0, (3.10)

s057;8
These currents are divergence free
0-J =0, (3.11)
as it can be verified explicitly using the equations of motion and the following identity
Z(Rga 76 M,ﬂ/);é — Z(Rag _ﬁ Mq);g = ZR(;Q o MQ;O‘ - ZR@; Pya M,ﬂ/;g' (312)

Details of the proof of this identity are given in appendix B.2. The field equations derived
from lagrangian (3.5) read

— 1 _ A
FUOWIC = 2Gap(02" - 022 +71] P 2 ) =5 F"(C)|[V2 + (9C) = by § v
P Vo o p s
_5-7:///<C)1/1+ Vo + gfm(c)%r Yyt — o2 Gagths nyp—n?
B o
+2Rapys 7 02T 1) (3.13)

1! . fe% Qo B [e% i /5
FOWa = i(Kabus® = KaBys® = 2Gag i) =5 F"Uyyutp- = 20,0 (314)
9V = 0 (3.15)

—2D - (C0z%) = 2ip_JnS + 205 _§2" 0" — 2i (V - 02% + 77+c?w,)+4CR“ 58~ ﬁ%@zénl
o B 5 o
+2CR” sg550 T35 170 (3.16)
! 1 / - ]' i 7
FOWPs = —5F"(C)(IC+iY )i = 77" (Chi by 1
1 8= s P2 Pe
~2Gas (G + 92 )1, (3.17)
« . 1 7 a . a [e _f
4CPns¢ = —2(@0 —iy + aw_¢+>n+ — 22", +4CR® 45, n’ ian). (3.18)
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3.3 Symmetries and currents

In the expression (3.16) we have used the field equation equation (3.18) for ¢, and intro-
duced a Kahler-covariant derivative D:

D, (0"2%) = 0z% + 02T - 02°. (3.19)

All other equations of motion for (22,1, n%) are obtained by complex conjugation of (3.16),
(3.17) and (3.18) respectively. The conserved charges ¢ are obtained from the currents (3.9)

o(M) = / B2J°(M). (3.20)

We now turn the construction of the supercharges. The full lagrangian (3.5) is in-
variant under the following on-shell supersymmetry transformation, parametrized by anti-
commuting chiral spinor e, and e_:

0C = §&,9hy — 59, 0z% = e1nf,
0y = —5(V +igC)e_ 0 = —5(V —igC)ey,
6V, = €,0,,0" Yy + € 0,0 0z = e_n2,

60 = LF"(O)(Estpy + E-tp-) + (6. K ang — E- K o),
a 1 a 1 .7 B 8
ong =3 [@Z €~ + €+ 50G0, (Zerm_ + 20Ga§,777+77+)] 7

ont =3 [QEQEJF + e_m <—i1/3_n§ + 2C’Ggg,lﬁ%77€>].
(3.21)

Under these transformations the variation of the lagrangean is a total divergence:
(A _
oL = §8M(€+Bljr —e_B"). (3.22)

where the vector-spinor fields By, are given, modulo equations of motion (for details, see
the appendix D.1), by

B o 2Cus (v by +iCP )~ PO (9O +iY s +
— S PO G,
B = G (vl v —iCP ) —%f”(cw (9c — v )v+
- Ly b (3.23)
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Supersymmetric hydrodynamics

where the similarity sign ~ in (3.23) signifies that the vector-spinors are given up to equa-
tions of motion. The supercurrents are obtained directly by Noether’s procedure and read

Sur = AGag (2 s 1 —iCPF % ) +F(O)IC +iY s

1 111 T . a B
—5F ()b Py 4 = 20C Gy 1 12 T3 115 (3.24)
a7 B o & 1 .
Sp = AGas (3 B 1 +iCP 902 )+ F (CVIC — i o
1 1" - . o B
—5 7 (O Y - o+ 2C Gy 1 1= (3.25)

The full derivation of the supercurrents Sy, is presented in appendix D.2. The field equa-
tions imply that

95, =0, (3.26)

from which the conservation of the supercharges

Qs = / d*z Sy (3.27)

follows.

Since supersymmetric field theories are translationally invariant, the theory described
by lagrangean (3.5) conserves energy-momentum. It is derived in two steps. First, by
the Noether procedure from lagrangian (3.5) one derives a non-symmetric set of conserved
currents

oL
= _ VA. v
O 5(8,%11‘)8 i + 9wl

, 1. o . .
— F'(0) (aucayc + VaVi+ 3047 D w,)+§f”(c>vuw+%w, n
an =6 =0 a el A a : B for
F20Gag(8,2°0,5% + 0,2°0,2" + i D 1% ) 420G 12V,
) [iGaé D0y Al + CGog 20,2 Yy + h.c.] + g0 L (3.28)

Using the field equations (3.14)-(3.18) a straightforward calculation confirms that 0#0,,, =
0. However, it turns out that the symmetric and anti-symmetric part of ©,, are separately
conserved. To show this, we write out the anti-symmetric part 2€,, = 0, — ©,,:

1 _ o i _
QMV = _QVH = —1]:”(0)1/47[# v o — Z]'—"'(CWH/[H%]?/L
B a a . _f a G s 8 a s
—CGap T 0 12 — 1Gap T-Viuyu s + |1Gag ¥+ 02" -
+CGa§,vf)§8[yzo‘ Yn! +h.c.|. (3.29)
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3.4 Canonical analysis

A further application of the field equations then shows that 0#(2,, = 0. It implies, that the
symmetric part of the energy-momentum tensor is conserved by itself. Equivalently, one
can interpret {1, as an improvement term to be subtracted from the non-symmetric ©,,
so as to construct the symmetric set of conserved energy-momentum currents

1- > i 111 7
T = FUO)(OCOC + ViV + {03140 By ¥ )+ F"(Cb Vi +

1 o
+2CGp <8M20‘8V2ﬁ +0,520,2" + S 01 ni‘) HiGlap Vi

. 7 « B _B «@
— [zGaé V102" Y= + CGapriz0p 2™ Yynl + h.c.} +9u L. (3.30)

By construction it has the properties T}, = T}, and 0"T},, = 0, from which the conservation
of four-momentum

P, = / d*zT) (3.31)

follows. In the following section, we construct the explicit expressions for the supercharges
(3.27) and four-momentum vector (3.31).

3.4 Canonical analysis

In this section, we show that the supercharges ()1 satisfy the supersymmetry algebra and
that they generate the supersymmetry transformations (3.21) as well as the space-time
translations on the fields. As this action of the supersymmetry algebra in terms of Q)+
requires the use of canonical variables and hamiltonian equations of motion, we first present
a canonical formulation of the theory and describe the dynamics in terms of phase-space
coordinates and the hamiltonian. However in this formalism, the fermionic momenta turn
out not to be independent degrees of freedom, as they are constrained to fermionic fields
themselves. To eliminate these constraints we introduce Poisson-Dirac brackets, defined as
the Poisson brackets from which the second class constraints have been projected out.

We now present details of this analysis. The canonical momenta of the theory are

defined by

oL : oL

T = — = f” C C, g — —— = QVO,
S ©) " 80
o oL . ,‘ﬁ . - 0B B 0 v
Mya = S 1K o Vo +20Gap2=+ 2iGag 1y 0= + 2CGapq 137 12,
5 ) _
Tra = 5—"3 — —iK Vo + 20G 3027 — 2iGos 0_A"0 + 2CC s, 171
2% - - =
oc 1., oL 3
Tow = Ao = 5 F(Cbs, Ty = Yo = 20Gagni. (3:32)
51/’; 57] +
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Supersymmetric hydrodynamics

Here we included 7y in the definition of the fermionic momenta so that the momenta of
Majorana variables are Majorana themselves as well. Clearly, the last two equations of
(3.32) are second-class constraints, expressing the fermionic momenta (7, , 7)) in terms
of fermionic fields:

1 B8
Xepe = Ty — 5]—“"(0)@/& ~0, Xpg =7y —20Gaang =0 (3.33)

The similarity sign ~ in last equality of (3.33) signifies that the constraints are defined only
on a subset (the physical shell) of the full phase space. In this extended phase space, the
equal-time Poisson brackets of the theory are defined by

{reaeh = {m20), 7,00} =0%54°P 6% — 1)

{mp, (), 05 (r'} = {Vi(t)), Ty ()} =" P& (x — 1)
{C(r),mc(r)} = {0(r), m(r)} = & (r — 1),
{z%(r), m6(r))} = 6% Br—r1) {#%r), 7))} = (5% SBr—1'), (3.34)

where Py = %(1 ++5) are the left- and right-handed chiral projection operators. To simplify
the notation, from now on we will suppress the fields space dependence and drop the delta
function §3(r — r’).

In order to describe the canonical dynamics on the reduced phase-space determined by
the constraint equations (3.33), we introduce Poisson-Dirac brackets defined by (2.26). The
corresponding matrix of constraint brackets in this case reads

0 FUCHP 0 0
| Fwenr, o 0 0

Cy = 0 0 0 elemetl (3:35)
0 040G, P, 0

Applying this prescription (see appendix C for the details), we obtain the full set of non-zero
Poisson-Dirac brackets of our theory:

{z%ms} = 8%, {Zgaﬁ—ﬁ}*ZCSQ@ {C, e} ={0,m}" =1,

{ro,Ps}" = ];(( ))wi, N N
i) = 560 P {onte) = gPr (bmmel =35 v
(igmo}’ = 3Tk, {7} = T2 (3.36)

Subsequently the isometries transformations (3.8) are obtained from the conserved charges
(3.20) by the Poisson-Dirac brackets

SuA = {q, A} (3.37)
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3.4 Canonical analysis

where the canonical Noether charges (3.20) is
M = [ @ [mpdd — G2, (img+ 2 K G2 M (imo — L K
qM] = x |:7T9 — G°E M, <Z7Tﬁ + 5 éﬂ'g>+ 2 5<Z7Ta -5 Oﬂrg)

—2iC (M T2 + My T2, — 2Mog ) 7005 | (3.38)

Again, the closure of the algebra of conserved charges can be checked. Indeed, the result
(2.33) is reobtained if one computes the Poisson-Dirac brackets of two charges.
The canonical hamiltonian, obtained from lagrangian (3.5) by Legendre transformation,
reads
K,Kg

1 1 1
_ 3 2 i =/ aé P 2 aﬁ T
H = /dx[Q}—//(C)WC+(8f a)+aG S >7r9+G' 90 = TsL

1 . 1 - _
— img (me(c)?/bﬁo?ﬁ— + Gag ﬁg%ﬁi> +§f””(0)¢+ (AR

+ %]—"”(C) (VO + V240, ¥ ) 420G (V2" 475 ¥ 1)

2

o —6 o ) o B m o
_20 (Ragfyé - Fa'y Goé,é) (/m 77—}— n- 771 + C Gaé 1/}+ /70 n- w* 707]-1—

2 A :G A o Z —Q . 76 o .
+5Gap Yy ¥-nZ + {anivot/)m;a +iGagy M- 0" i tpT

iK, Ko - 4.
+GO¢§ Eﬂ'gﬂ'zg — %ﬂ'gw_’yon_’_ + hC}

—{QiGaﬁ TPV 20, + 20Gas e V20" + Ty Braa 14002 + h.cH . (3.39)

In this expression we have used for the 3-dimensional contraction Y = - - V a notation
analogous to the 4-dimensional one. After a long and tedious calculation one finds that
brackets with the hamiltonian reproduce all the field equations we derived earlier from the
lagrangian (3.5):

BoA = {A, H} . (3.40)

We now turn to the construction of the canonical super-Poincaré algebra. First we
construct the canonical expressions for the energy-momentum vector (3.31) and the super-
charges Q4 (3.27). For the four-momentum vector we find the result

Py = / d*zH =H
1 . < -
P = /d3x [—chc — g VO — 5]—""(0)@/470 V- —2CGqp 77%70 vV

K, o T,

—{@79 -y ¢+ + Ta <VZ ~ac Y w*)
1 B B o

+5 Gago (WY ¥-) (1 707%) + hic . (3.41)
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It generates space time translations on the fields A:
0,A={A P} . (3.42)

The phase-space supercharges )+ are obtained directly from the supercurrents (3.25), which
reads explicitly

@ = [@[(FiOye-2vos Ky - K)o
437" (Chiot- Byt + (e = SF(Cma s + (K amy — 2w Yo
~4iCGag V01 = Gagon2 71y (3.43)
0 = / dr [(f”(C)VC L2V + K V2" — ngzﬂ) Yot
+i]—“’”’(0)%¢+ o+ (m + %f”(cm) b+ (K,gyrg n 2m) e

. « @, B
+4ZCGQBY72ﬁ’yOT): - Gag’yomw):} .

Like the hamiltonian generates the time-evolution, the supercharges generate supersymme-
try transformations; explicitly, the results (3.21) are reproduces by the brackets

S(ex)A = {A, %ei Qi}* . (3.44)

The supercharges satisfy the standard super-Poincaré algebra, as is seen from the bracket
relations

{Qi.Q=} = 2P, {Q«, P} =0. (3.45)

The last equation of (3.45) follows immediately from (3.42). The bracket structure shows
Poincaré supersymmetry to be realized also in the canonical formulation of the theory.

3.5 The hydrodynamical regime

Having discussed the general formalism for the construction of the lagrangian and conserved
quantities, we now discuss the hydrodynamical interpretation of the models described by
(3.5). To get the hydrodynamical interpretation of these models, much more work clearly
should be done. First, one has to relate the fields in our model to the particle number
density p and the velocity four-vector u,. In particular, in the limit in which all fermion
fields vanish, we have to identify the vector component V,, with the particle number density
p and u, as in (2.4). However, this is not sufficient for this field theory to describe a
relativistic model of hydrodynamics. We have to show that this identification is consistent
with the field equation (3.15) which is the relativistic equation of continuity. Finally, it
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3.5 The hydrodynamical regime

should be possible to write the bosonic part of the energy-momentum tensor (3.30) in
standard form (2.1).

We now present details of this analysis. A supersymmetric extension of the action
for fluid dynamics constructed in section 3.2 generally goes at the expense of most of
the infinitely many conservation laws related to reparametrizing the potential, eqs.(2.19),
(2.21). This can already be inferred from the bosonic part of the theory. Consider the
bosonic terms in the equations of motion for the current (3.15) and the potentials (3.16):

0-V=0 -2D- (C’@Zo‘) +2iV -02=0, —-2D- (C@ZQ) — 24V - 0z% = 0. (3.46)
Now construct the currents

9] = =20(22, 2V, = 20C(G 08,2 — Ga0, 7). (3.47)

where G(z2, 2%) is a real function of the complex scalar fields. Using (3.46) it can be seen
to satisfy

0+ J[G) = =20C (Guaip0=" - 0 — G022 - 07 (3.48)

It follows that the divergence of the current vanishes identically only for functions G such
that the homogeneous second derivatives w.r.t. z¢ and 2z vanish:

Giaip = Giasp = 0. (3.49)

As shown in section 3.3, this happens if G is the Killing potential for a pair of holomorph-
ic/anti-holomorphic Killing vectors (R%(z), R%(%)), corresponding to isometries of the Kihler
manifold. This is not surprising, as only isometries leave the kinetic term for the complex
fields (z,z) invariant. As the number of independent isometries of a finite-dimensional
manifold is finite, no infinite set of conserved currents can be generated by Killing vectors.

Still, as anticipated an infinite set of conserved currents J,[M] is obtained for all models
(3.5) under the restriction C' = 0. Therefore we identify the manifold of states with C' =0
as the hydrodynamical regime of the supersymmetric models constructed here. Observe
here that the conserved currents constructed above are precisely the bosonic part of the
Noether currents (3.9) for the symmetry transformations (3.8) with G(z, z) = M (z, Z) the
Killling potential satisfying the relations (3.10).

For a generic real function G(Z, z) which is not a Killing potential, the current J,[G] is not
conserved, unless one takes the limit (C,n) — 0, such that the spinor field 7 vanishes as fast
as C'. Solutions of the model with this property we interpret as describing a supersymmetric

fuid.

To analyse this regime, we rescale the fermion fields as follows
1

N

Then the lagrangean (3.5) becomes

Yy = Uy, ng=CQ%. (3.50)
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i F(C) -

) . _ . 8
L= V(20,0 — i 00,2 + iK g0, + 2002 Ciag 027,05 + §mw+wp_)

90 G (0,270 + CPU] P Q%) 4207 R O 02 02 07

1 C - - g 1- <
__F O Hi_9_ — @ =
SF(C) [0,00°C = V,v#| =2 FrgyCen T+ 0T W02 — S0, 9 U
. C B B B oy 1 f’////(C) _ _
+2ZWGGE<\D+aZ Qf — \I/_aZ—Q+>—§m\I/+ \I/+ U_v_, (351)

We observe that in the limit C' = 0 divergent terms can be avoided, provided F”(0) # 0.
Then we can always normalize F(C') such that F”(0) = 1; with this choice the quadratic
vector term and the kinetic term of the real scalar C' have the canonical normalization.

Next we observe, that there exist many choices of the function F(C') such that also the
coefficients of the bilinear and quadratic terms in W are finite. Indeed, any function such
that the second derivative has the expansion

F'(C) =1+ M\C + \C?% + O(C?) (3.52)
satisfies the conditions
F'0)=1, F"(0)=X, F"(0)=2\,, (3.53)

and makes the lagrangean finite in the hydrodynamical regime. In the remainder of this
chapter, we consider Kéahler manifolds of complex dimension one (hence «, 3, - - - = 1), which
is relevant for discussing the supersymmetric version of hydrodynamical models presented
in chapter 2

3.5.1 Superhydrodynamics: non-zero vorticity

Having established the existence of regular configurations with C' = 0, the expression for
the current in this regime becomes

V, = iK.0,2 — iK:0,% — 20,0 — %M\pr_. (3.54)

The bosonic part has the standard decomposition for a fluid density current; the last term
is a fermionic extension required by supersymmetry.

Next we consider the energy-momentum tensor and the equation for C'; again in this regime.
For C' = 0, the symmetric energy-momentum tensor and the equation for C' derived from
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3.5 The hydrodynamical regime

(3.51) reduce to

MV? = 4G.20,20"2 —i (20 — X)) U, YT — 42'ng(\1/+(?2£2, . \If,azm)
1 _ _ _ _
5 (B = 200) U0, T 4G T, QT Q.

1 - — > 7 _
T,U,V<C = O) = V,uvl/ =+ Z \I[Jr (f}/,u ay +71/ 8,u) v_ + Z )\1 \I[Jr <7MVV + VUV;J v_

1 1o < AT W T
~ G {5 Vit ST gu f\h‘l’ﬂ’—‘l’—} : (3.55)

The physical interpretation of these equations is implicit in their bosonic terms. For a
hydrodynamical current

Ve=pu, = Vi = —p?. (3.56)

The bosonic part of the first equation (3.55) becomes
4
P’ = — 3 G207 02 2 0. (3.57)
1

In particular, for A\; < 0 it becomes
9 4

P = mGEZ (V2 = 12), (3.58)
1

which implies that apart from fermionic contributions, the spatial gradient of the complex
scalar field determines the fluid density p. Similarly, for A\; > 0 the time rate of change of
z determines p. With the identification (3.56), the bosonic part of the energy-momentum
(3.55) is of the form (2.1). The corresponding energy and pressure densities are given by
1 2

g:p:—p2—

~ 2 142
5 _\MGZZ (IWz]* = 2%) . (3.59)

It is not difficult to check, that the equation for the complex scalar fields (z, z) for C' = 0
reproduce the conditions
20V -0z = =21V - 02 = 0, (3.60)

cf. egs. (2.18). This establishes the existence of a regime C' = 0 in which the supersymmetric
model allows a fluid-mechanical interpretation with classical vorticity given by (2.17).

3.5.2 Potential flow

We end this chapter by showing that the full energy-momentum tensor (3.55) takes the
standard form (2.1), under particular non-trivial conditions specified by

i A _
V. =F 5)\1\/“\1/1 — gijF U0y, A=) (3.61)
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Indeed upon substitution of these expressions into (3.55), the energy-momentum becomes
1 i, =
T, = W,W,— §gu,,W2, W,=V,+ 5)\1\Il+fyu\lf,, o-W=0. (3.62)

The vanishing divergence of the current W, follows upon using the field equations

. \ )

U, = %)\J/\Di — S TV, 0V =0 (3.63)
Therefore, we can reinterpret the W, as the hydrodynamical current W, = pu, with the
equation of state:
L, 2 1 - 1 3\ I
S0 = = [4Ga02 02 4 o (30— 20 BywL T v,
2 Al 2
Next, we investigate the properties of non-trivial solutions to the Ansatz (3.61). Since
(3.61) can be written as

1A
DT, = (au + 7WH) T, =0, (3.64)

with the axial covariant derivative D, = 0, + %Wu v5 using a Fierz identity, the ansatz
has the formal solution

U, (z) = Pexp (:F% /Ox W dx) U, (0) (3.65)

where, P is the path-ordering operator. On the other hand, from (3.64) one infers that the
field strength associated with the covariant derivative D,, vanishes. This implies that W,
has to be pure gauge for non—trivial fermion solutions to exist. And because the fermion
bilinear is constant, we conclude that the abelian vector field V), is pure gauge. This shows
that the system in this regime is described by potential flow.
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Chapter 4

Supersymmetric o-models on G/H

Experimentalists think that it is a mathematical theorem while the mathematicians believe it
to be an experimental fact.

Gabriel Lippmann

4.1 Introduction

In the remainder of this thesis, we turn to a different class of non-linear supersymmetric
field theories: supersymmetric o-models. These theories may have applications to physics
beyond the standard model. For example, supersymmetric extensions of a Grand Unified
Theory (GUT) may be relevant for particle physics since they contain less parameters than
the Minimal Supersymmetric Standard Model (MSSM). One of the original guidelines of
the construction of GUT theories was renormalizability. However, as such GUT models are
likely to be realized quite close to the Planck scale, renormalizability is not necessarily an
issue as supergravity theories are non-renormalizable by themselves. Moreover, supergravity
models often include non-linear coset models such as SU(1,1)/U(1) in D = 4. Therefore
a GUT may be part of a supersymmetric non-linear sigma model based on a coset space
G/H, with H a subgroup of G.

This chapter discusses the construction of non-linear supersymmetric o-models based
on homogeneous Kéhlerian cosets spaces G/H. For the construction of this kind of models
the coset space G/H must be a Kéhler manifold [60]-[72]. In recent years supersym-
metric o-models on coset spaces, including among others the grassmannian models on
SU(n +m)/[SU(n) x SU(m) x U(1)], the orthogonal unitary coset models on manifolds
SO(2n)/U(n), as well as models on exceptional cosets like Fg/[SO(10) x U(1)], have been
studied in great detail [74, 73, 75, 77, 90]. As Eg and SO(10) are promising unification
groups the coset spaces Fg/[SO(10) x U(1)] and SO(10)/[SU(5) x U(1)] are the most in-
teresting for (direct) phenomenology. Anomaly-free supersymmetric o-models on these two
coset spaces have been constructed [74, 73], and we now make a first step in the analysis
of the phenomenology of these models.

Before we study the phenomenology of supersymmetric models based on the coset spaces
Es/[SO(10) x U(1)] and SO(10)/[SU(5) x U(1)] in later chapters, we start this chapter

by reviewing the general construction of anomaly-free supersymmetric non-linear o-models
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which describe the Goldstone bosons z® (and their complex conjugates z) of spontaneously
broken G symmetry to its subgroup H. In section 4.2 the construction of (globally) su-
persymmetric lagrangians for o-models with non-linear symmetry is reviewed. As super-
symmetric c—models on homogeneous Kéahler cosets are known to be anomalous, in section
4.3 we explain how these anomalies can be cancelled by extending the o-model lagrangian
with additional supermultiplets carrying representations of the original coset G/H [74]. In
section 4.4, we describe the gauged supersymmetric o-models. The coupling of the gauge
multiplets to the supersymmetric non-linear o-models has interesting consequences for the
the spectrum. It can induce spontaneous breaking of supersymmetry, and further spon-
taneous breaking of the internal symmetry at the sigma-model scale gA = g/ f, with the
Goldstone bosons acting as Higgs fields. Then the Goldstone bosons disappear by being
absorbed in massive vector bosons through the Brout-Englert-Higgs mechanism. This is
possible because the gauge couplings may explicitly break some of the global symmetry
G, hence the Goldstone bosons become pseudo-Goldstone bosons with a mass ~ ¢/ f. In
most cases, the only remaining massless particles are the gauge bosons and the scalars of
the non-broken symmetries, and a set chiral fermions. Section 4.5 discusses an important
aspect of supersymmetry breaking and breaking of internal symmetry: mass sum rules.
These relations play an important role in constructing realistic supersymmetric gauge the-
ories, containing the standard model. In such a model, each quark and lepton would have a
scalar supersymmetric partner (scalar quarks or ’squarks’ and scalar leptons or ’sleptons’)
and each gauge bosons would have a spin 1/2 partner (’photino’, 'winos’ and ’zinos’).
Since no such new particle has been detected, we have from experiment lower limits on the
masses of supersymmetric particles. In any case mass inequalities like: Mgquarks > Mquarkss
Msiepton > Mieptons, Must hold in a realistic model.

4.2 Supersymmetric co—models on Kahler manifolds

In this section we review the construction of N = 1 globally supersymmetric lagrangians
for non-linear o-models in 4-D space time. The action is formulated in terms of chiral su-
perfields ®* = (z*, ¢, H*), « = 1,..., N the components of which are complex scalars z?,
an auxiliary field H and a (left-handed) chiral fermion ! 17 ; and it is defined by two func-
tions of superfields: the real Kihler potential K(®, ®), and the holomorphic superpotential
W(®). In terms of these functions, a supersymmetric action can be written as

S = /Crl;,j Lenivats  Lehiral = /d29 d’0 K(®, ®) + (/ d*0 W (®) —|—h.c.), (4.1)

LOur conventions for chiral spinors are such, that 51, = +¢, and 1 ys = —1br; charge conjugations
acts as ¥r = CYT | where ¢y, = iz/;}iﬂo.
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4.3 Matter coupling and anomaly cancellation

where h.c. denotes hermitian conjugate and d?0 = —id@o‘dﬁa, d?0 = —%dégdgg, such that
[ d?0(06) = [ d?0(60) = 1. In component fields this expression becomes

‘Cchiml = —Go@(z, 2) [a#za 8u2g + @E% @ @DE‘ - HO{HQ} + Gaﬁﬁé 7/_}% 1/12@/_)% 1/}1%

—~ | 78 a 3 Ta a B
~|Gapa®2 = Gay0 22| 62905 — [ H2Gag i V] + H*Gap it v

W a(2) HE = Wa(2) H + Was(2)050] + W as(2) 0505 (4.2)

Here G, is the Kahler metric introduced in (B.5). The theory described by (4.2) has a
general isometry group G, with anti-hermitian generators 7; satisfying the Lie algebra

[T;,Ty] = fij " T (4.3)

These isometries define infinitesimal symmetry transformations on the Kéahler manifold
G/H. In components the transformation rules read

52 = O'RY(z), 6z*=0'RY(3)
SH® = ¢ gﬁ(z)Hf 0'RY s (2 )i, 5H@:0i}?§f (2) HZ — 0'R¢ M( )¢R¢L
g = ORI (2) 0y, U = 0'RE(2) U, (4.4)

with 6% the parameters of the infinitesimal transformations.

As the chiral fermions 9¢ couple to the connection and the curvature in Lp;rq;, the con-
sistency of the quantum theory is generally spoiled by anomalies [80, 83, 84, 89]. Anomalies
are classical symmetries which are broken at the quantum level (texbook introduction on
the subject of anomalies can be found in refs. [108, 109, 110].) Therefore, anomalies have to
be removed to allow for gauging the internal symmetries. However as has been shown [88§]
these anomalies can not be compensated by Wess-Zumino type modifications [106, 107]. A
particular solution to this problem has been proposed in [74] by extending the model with
additional chiral superfields generically called matter superfields.

4.3 Matter coupling and anomaly cancellation

In this section, we summarize the general procedure of cancelling anomalies of supersym-
metric o—models on homogeneous Kéhler cosets using additional chiral superfields (matter).
For more details on that procedure the reader may consult [64, 75, 74]. The generalization
to supergravity was presented in [77]

An important question in the context of supersymmetric matter is how it can be coupled
to supersymmetric o-models on Kédhler manifolds without spoiling the (possibly non-linear)
invariance of the original theory. This is important for the cancellation of anomalies as
shown in [75]. The mathematical framework used to construct matter representations of
the isometry group of the Kahler manifold is the theory of complex bundles over Kéhler
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manifolds. These bundles are defined locally on the Kéhler manifold by sets of complex
fields with specific transformation character under the isometries.

The basic pattern is exhibited by the transformation rule (4.4) for the chiral fermions.
This rule shows how a vector (an element of the tangent bundle) transforms under the
isometries. Similarly, one can define a matter representation ¥4 = (a?, x*, B4) transform-
ing as a 1-form (an element of the co-tangent bundle):

SO = —R/5(0) WP (4.5)

More general transformations are obtained by taking tensor products of the tangent or co-
tangent bundles. However, for our applications this is not sufficient. The reason is, that the
U(1) charges of such representations are completely fixed in terms of the charge of the scalars
z%: a contravariant holomorphic tensor t**» of rank p carries a relative charge p, whereas
a covariant holomorphic tensor s,,. ., of rank k carries a relative U(1) charge —k. But in
actual models, if one requires anomaly cancellations with a phenomenologically interesting
set of matter superfields, one usually needs a different assignment of U(1) charges. Therefore
the spectrum of representations must be extended with bundels which differ from tensor
bundles by the assignment of U(1) charges. This is achieved for instance by the introduction
of complex line bundles [74].

A line bundle is the target space of a single-component complex scalar field over the
manifold. We consider line bundles carrying non-trivial representations of the isometry
group; these can be defined locally on the Kahler manifold as complex scalar matter fields
S(z) coupled to the o-model, with the infinitesimal transformation law given by

5,5 = Fy(2)S. (4.6)

In the context of supersymmetric field theories such a representation of the isometry group
was introduced in [75], and subsequently considered in [68]; it is a representation because
of the property (B.23). From the line-bundle S one can obtain other line bundles with
different U(1) weights by taking powers:

A=S5" = §A=)\F(2)A (4.7)

Furthermore, using the line bundle construction, one can modify the transformation rules
of fields in tensor representations of the isometry group. For example, defining

Tal...ap = SA tCVl---CVp’ (48)

the new field T obeys the transformation rule
p
5T — Z R?If Tar-Bap + \F; T0, (49)
k=1

In this way the U(1) charges can be adjusted, be it subject to the charge quantization
conditions as we discuss now.

The bundles introduced here are characterized locally on the manifold by their transfor-
mation properties. An important question is if these definitions can be extended globally
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over the manifold. This is always possible for tangent and co-tangent bundles. However, for
the line bundles (4.6), this requires in particular that the holomorphic transition functions
introduced in (B.14) satisfy the cocycle condition

Fiij(23) + Firy (26) + Fiwiy(z1) = 2miZ. (4.10)

Manifolds with this property are known as Kéhler-Hodge [93]; their Kéahler forms satisfy
the condition

/ w(K)=2rn, with n€Z, (4.11)
Ca

for any closed two-cycle Cj.

With the above transformations rule, one can construct invariant lagrangians or equiv-
alently the Kéahler potentials for matter superfields. A general procedure for constructing a
Kihler potential K,,(®, ¥; ®, ) for these matter superfields was developed by the authors
of Ref. [32, 33, 95].

After coupling the coset model to matter fields, the complete Kahler potential is now a
sum of the o-model and matter Kéahler potential:

K(E,Y) = K, (D,0) + Ky (P, T; D, D). (4.12)

We have introduced the notation ¥4 = (&2, W4) for full set of chiral superfields, their
physical components are denoted collectively by (Z4, ¢, H*), where Z4 = (2%, a?) are
complex scalars, 7 = (Y%, x}) are chiral fermions and H* = (H®, B4) are auxiliary
complex scalars. With the above notation, the lagrangian for chiral multiplets ¥4 is given

by (4.2), where one must replace z by Z and the Greek indices a, ... by curly capital
indices A,B...:

Lchiral(z_)Z;aaﬁf"_)Ava"')' (413)

4.4 The gauged o-models on Kahler manifolds

Having cancelled anomalies by adding additional chiral multiplets, we can now gauge the
symmetries (4.4). This can be done by coupling the c—model to set of vector multiplets
Vi = (Vi A}, D) [24, 60, 61, 72], where V! is a gauge field, A} a gaugino and D' is an
auxiliary complex scalar. First, one introduces the gauge covariant derivatives by simply
replacing the infinitesimal parameters (4.4) by gauge fields:

D, ZA = 0,74 — gVIR{, Dybi = 0.7 — g ViR gUT. (4.14)

The corresponding covariantizations in the lagrangian then have to be supplemented by
Yukawa and scalar couplings in order to restore supersymmetry [24]

AL = 229 Gaa( RN + BT +9D (M + ) (4.15)

Here we have added a Fayet-Iliopoulos term with parameter &; in case there is a commuting
U(1) vector multiplet [112] and M; is the Killing potentials introduced in (B.18)

33



Supersymmetric o-model on G/H

Finally, one introduces the kinetic terms for the vector multiplets [78, 79], including
possible Fayet-Iliopoulos terms:
1 . . .o | )
Lyy = _ZFZ PP =Xy D AR+ §DZDZ +&D°, (4.16)
where
Fl, =0,V —gf*VIVF, Du\g=0.Ng—gf7"V] N (4.17)
We close this section by writing the full lagrangian in terms of the geometrical objects

for the metric G4 4, connection I', and curvature Rg4pp. After eliminating the auxiliary
fields through their field equations

HA = Do + MW, D' = —g (M 48, (4.18)
the full lagrangian becomes [70, 75]
£ == Echiml<a“ — Du) + AE + EYM

= —Gaa(DZ* DZA+ U P UL ) +Ragep VR VSO VR
>c\ 7B 92
_(GAE,CDMZC - GAE,QDMZQ) VLYt — 5 M+ &)?
. _. 1 . ) . =
1229 Gan(RANR + RN ) = F' F = Xy P A

AW sty U + Woaslp ¥ — GMAW 4 W4 (4.19)

4.5 The mass formula

At the end of section 4.1, we mentioned that a realistic supersymmetric model of particle
interactions must produce mass inequalities able to justify the absence of any supersym-
metric partner of quarks, leptons and gauge bosons in the energy range accessible to present
day experiments. This must be achieved by the mechanism of supersymmetry breaking.

A very particular feature of a supersymmetric theories is the existence of a mass formula
valid for all possible vacua with spontaneously broken supersymmetry and vacua preserving
supersymmetry, relating the masses of all the fields present in the theory. This mass formula
is very convenient when discussing realistic models. It is well known that a mass formula
holds when supersymmetry is not broken: all states belonging to a given supermultiplet
have the same mass. This result has for consequence the following sum rule. The supertrace
of the mass matrices squared of all states:

STrm? = Tr (mg +3m? — Qm%p), (4.20)

where mi, m? /o and mZ are respectively the mass matrices squared of spin-1, 1/2 (four
component spinors) and 0 (real scalars) states of the theory. For a supersymmetric multiplet
of a mass m, STrm? is defined so that

STrm? = m? (number of bosons — number of fermions) = 0. (4.21)
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However, the vanishing of the supertrace for a supersymmetric theory is much weaker
than statement of the equality of all masses within a supermultiplet. Indeed a formula for
STrm? can be generalized to arbitrary vacua, including those breaking supersymmetry [78].
The standard choice for vacuum configurations is to allow for constant values of Lorentz
invariant fields. Thus only scalars Z# are allowed to have a non-zero vacuum expectation
values (v.e.v.), denoted by (Z+). For this configuration, the theory reduces to the scalar
potential

V= —L£(9.(2%) = (1) = (L) = (V) = 0) (4.22)

In this section we derive the supertrace formula for supersymmetric non-linear o-models
described by (4.19) relevant for later applications. Since in the models we consider in this
thesis, the isometry group G does not allow for an invariant trilinear superpotential W (X)),
we will not consider here the contributions of W (X) to the mass formula. For this reason,
from now on we take W(X) = 0 (hence the terms involving W(Z) in the full lagrangian
(4.19) are absent). In order to calculate STr m?, we need the explicit form of the three mass
matrices in (4.20).

We first consider the mass matrix squared for a spin-1 particle. When the scalar fields
ZA acquire a vacuum expectation value, some gauge bosons will become massive in general.
From (4.19), the part of the Lagrangian quadratic in spin—1 particles is

_ 1 . )
L =-GauDZA - D74 — yURRAE (4.23)

with the field strength and the covariant derivative defined in (4.17) and (4.14) respec-
tively. Substituting the expressions for the field strength and the covariant derivative the
lagrangian (4.23) becomes:

L, = _% (B VOV — 5 V) — 2g2<Rg4RjA GAA>VjVj“]. (4.24)
This expression means that the mass matrix (squared) of spin 1 particles is
(m3)i; = 20*(R{ R G aa) (4.25)
From (4.25), the trace of the mass matrix squared for gauge fields Vj is
3Trm? = 69°(RAR? Gua) = 69% (GAM; aM, 4). (4.26)

The last equality follows up on using (B.18).
Turning to the spin—% mass matrix, we collect all the terms bilinear in fermionic fields
in Lagrangian (4.19) with possible vacuum expectation values (Z4). They read

£y = 2GR U — 29N, +2v2i g ( My Dt — Moalid )+, (427)

NI

where the dots represent total derivatives terms that do not affect the action. The non-
vanishing mass term can be written in a matrix form as

Ly = —2(GA0URPUR + 209N, +2 (5 Xi) My (fR ) (4.28)
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with the fermion mass matrix evaluated at the classical minimum of the potential

_ 0 —iv2g M 4
o= (gl ) -

From this expression we obtain the mass matrix squared of spin % particles

2\ _ N\ (29 (M aMi a) 0
(m)= <MFMF)_< 0 202 (G MM, ) 30

This mass matrix has to be normalized such that the kinetic terms of the fermionic fields
take the standard form

‘CDirac = _2il(a - MIJ)XJ- (431)

This is achieved by multiplying the mass matrix (4.29) with the inverse metric G4 and
introduces the Dirac fermions as a combination of a left-handed chiral fermions 7' and
the right-handed gauginos \%. As a result, the trace of the mass matrix squared of spinf%
particles is then

Tr mzé =Tr M; = 44° (GAAMi,AMi,A>. (4.32)

The last thing we need is the scalar mass matrix (squared). The lagrangian has the
form

Lo=—G 4024 0224+ V (Z,2). (4.33)

By expanding the scalar potential V(Z, Z) to second order in complex fluctuation ZA
around the minimum Z# = (Z4), the bilinear terms are

ad = A ~ ~
Ly = —<GAA>8ZA-6Z +<VAA>ZAZ +

~B
~ ’iA 1 ~ ~ _
= (G 02" 0Z ——<ZA ZA> Mm%, (4.34)
2 A
with the spin 0 mass matrix squared M2:

27 = <<VAB> <VAB>> _ (4.35)
(Vas) (Vas)

In a similar fashion the bosonic mass eigenstates have to be normalized such that their
kinetic lagrangian takes the standard form. This is achieved again by multiplying the mass
matrix squared (4.35) with the inverse metric GA4:

Tr M2 = 2 (GA4 V). (4.36)
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From the scalar potential

2

V=T (M6 (437)
obtained from our general lagrangian (4.19), one has
Vs = g’ (MiA Mg+ (M; +&) MiAA)- (4.38)

After substituting the second mixed derivative of the scalar potential (4.38) in (4.36) we
obtain the trace of the spin-less mass matrix squared:

Temd = 29° G (Maa Mia+ (M + &) Miaa ). (4.39)

Finally, collecting results (4.39), (4.26) and (4.32) leads to the general mass sum rule for
non-abelian gauged supersymmetric non-linear sigma models without a superpotential:

STrm? = 2¢°GA (M, + &) Miga, D'=(M;+&) (4.40)

which is valid for arbitrary vacuum expectation values (Z4).

The general mass sum rule for Yang-Mills theories with local supersymmetry, was de-
rived by Cremmer, Ferrara, Girardello and van Proeyen [78]. It has also been derived in
superspace by considering 1-loop divergences [81, 82, 92] in the (non—singular) field space

STrm? = 2iD; R 4 = 2iD; [R“‘ A+ RETA A]. (4.41)

The equivalence of this result (4.41) to ours (4.40) is rather easy to show using (B.18).
Observe here, that the first term R™A 4 in (4.41) always vanishes in supersymmetric o-
models on Kahler cosets with anomalies cancelled by matter as in models considered here
(non-abelian gauged supersymmetric non-linear sigma models.)

Some comments are in order here about the formula (4.40). It has been derived on the
assumption that the Kahler metric G 44 is invertible. However, in some cases as we will
discuss in chapter 5, 6 and 7, the Kéhler metric G 44 develops a zero mode in the minimum
of the potential; and the analysis of the theory becomes complicated by the appearance
of the infinities at the classical level. A particular solution to this problem is to shift the
minimum of potential away from the position where the singularities occur by adding to the
model extra terms which break supersymmetry explicitly. These new terms, which break
supersymmetry without generating unwanted quadratic divergences are called soft breaking
terms.

Explicit breaking of global supersymmetry has been discussed in [91]. In this thesis we
only focus on the scalar soft breaking mass term, relevant for later applications:

Lirear = | 1> X (Z, 7). (4.42)

Here X is real scalar which is invariant under the full set of the isometries G, and p? is real
and nonzero.
With the addition the soft breaking terms (4.42), the supertrace formula becomes

STrm? = 2g2 GAA (MZ + fz) Miaa+ 2,&2 GAA XA (4.43)
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Chapter 5

Singular metrics in supersymmetric
o—models

Do something. If it doesn't work, do something else. No idea is too crazy.

Jim Hightower

5.1 Introduction

In the previous chapter, we have seen that supersymmetric non—linear c—models in four
dimensions are described by a field dependent Kéahler metric determining the kinetic terms.
However, it is not automatically guaranteed that this metric is always invertible. In some
supersymmetric field theories the Kahler metric develops a zero mode; then the model
becomes singular in the sense that some of the kinetic terms vanish in the vacuum state,
and correspondingly some couplings diverge. In this chapter, we want to investigate how
to analyze supersymmetric field theories in which these types of complications may occur.
This analysis can be relevant for supersymmetric non-linear o—model building based on
homogeneous Kéhlerian cosets Fg/[SO(10) x U(1)] and SO(10)/[SU(5) x U(1)] which we
will discuss in chapter 6 and 7 respectively.

In order to gain an understanding of the situation, in this chapter we study an anomaly-
free extension of the d = 4 supersymmetric CP! [105] model, where the scalar fields take
values in SU(2)/U(1), and some of the isometries are gauged. In addition to the chiral
multiplet parametrizing the coset manifold, anomaly cancellation requires the inclusion of
other chiral multiplets. The simplest choice corresponds to a single supermultiplet with
the scalar component defining a section of a complex line bundle. We couple these chiral
multiplets to a gauge multiplet, focussing in particular on the case where the full SU(2)
isometry group is gauged. If one considers the most general Kahler potential corresponding
to this geometry, one realizes that depending on the parameters, the resulting metric can
vanish for particular values of the scalars. Moreover, in many cases the potential drives the
scalars to a vacuum value exactly at these singular points. At this singularity, some of the
four-fermi couplings explode, while the mass terms for the fermions stay in general finite.

Singularities can occur in two places: either the kinetic term of the scalar parametrizing
CP! or the kinetic term of the scalars parametrizing the section of the line bundle can
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vanish in the vacuum. When the two singularities occur at the same point, the vacuum
preserves both supersymmetry and the whole SU(2) gauge symmetry. The phenomenon of
singular kinetic terms has been noted before to occur in the context of the low-energy limit
of N = 2 super Yang-Mills theory [96].

In section 5.2 we describe the isometry structure of the scalar manifold, and we show
how a generic choice of the Kahler potential leads to geometrical singularities. After that
we present the off-shell lagrangian. In section 5.3 we describe the gauged version of the
anomaly-free CP1-model. In section 5.4 we classify the possible vacua, discussing general
consequences for the gauge symmetries and particle spectra. Subsection 5.4.2 discusses
a modification of the model containing a soft supersymmetry breaking mass term which
preserves the full non-linear SU(2). The mass term acts as a regulator, as it displaces the
vacuum away from the singular point. The particle spectrum in this regulated model is
computed and shown to be sensitive to the behaviour of the Kahler potential in the limit
of small regulator mass. In section 5.5 we present some examples, showing that the various
types of behaviour of the spectra in the limit of small regulator mass can all be realized
in actual models. We finish in section 5.6 by gauging the linear subgroup U(1) and the
corresponding gauge symmetries and particle spectra.

5.2 Supersymmetric c—model on SU(2)/U(1)

The simplest supersymmetric non-linear o—model in which one can study the vanishing
of the expectation value of the Kahler metric at the minimum of the D-term potential
is an anomaly free extension of the supersymmetric CP'-model, where the scalar fields
take values in SU(2)/U(1) [90]. As the pure CP'-model in four dimensions is anomalous,
consistency imposes the inclusion of another supermultiplet, transforming as a contravariant
vector on the CP! manifold. The complete field content of the model is therefore specified
by a complex scalar superfield ® = (z,¢,, H) and a second complex scalar superfield
A = (a, ¢, B). These superfields define representations of the isometry group SU(2); on
the scalar fields they take the infinitesimal form

6z = e+i0z + &°, da = —ifa — 2¢za. (5.1)

Here 6 is the parameter of U(1) phase transformations, and (e, €) are the complex pa-
rameters of the broken off-diagonal SU(2) transformations. We take the fields z and a
to be dimensionless; dimension-full fields are obtained by introducing a parameter f with
the dimension of inverse mass (in natural units in which ¢ = A = 1), and making the
replacements

z — fz, a — fa, (5.2)

and similarly for other fields to be introduced. Observe, that the opposite linear U(1)
transformations of the multiplets are precisely as required for cancellation of the isometry
anomalies.

The dimensionless CP! Kihler potential

K,(z,z) =In(1 + zz) (5.3)
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5.2 Supersymmetric c—model on SU(2)/U(1)

is invariant under the isometry transformations (5.1) up to the real part of a holomorphic
function:

5K, (%,2) = F(2) + F(2), F(z0,6) = %0 +e (5.4)
Note, that the transformations of the scalar a can therefore be rewritten as
da = —2F(z;0,€é)a. (5.5)
It follows, that the dimensionless real scalar
X = aae*°?) = qa (1 + 22)?, (5.6)

is an invariant under the full set of isometries. With this observation in mind, we take as
the starting point for our supersymmetric model a Kahler potential

K(®,0; A, A) = In(1 + ®P) + K,,(Q), Q= AAK®D) (5.7)

with K,,(€2) some analytic function of the real superfield €2 of which the real scalar quantity
X is the lowest component. The kinetic terms of scalars and chiral spinors are given by

S = /d4:c/d2«9d2§IC(<I>,<I>;A,A) = —/d‘leu (azl-azf + gt }5 wi) + ... (5.8

Here Z! = (z,a) and ! = (¥, 1), I = (1,2), denote the scalar and spinor components
of the respective superfields ®/ = (®, A), and the dots represent four-fermion interactions.
The Kéhler metric in field space is obtained from the Kahler potential:

o o) < i e i <X>> 59)
+ z2 ’ '

Gir=K= (1+22)? i
n=~Kr <Gaz Goa 2a2(1+zz)M'(X) (14 22)?M'(X)
with the inverse

(1+22)? _ 2az(14%2)
II 2M(X) 2M (X)
G = _ 2az(1+%z) 1 5 ) (5'10)
2M(X) (A+z2)2 \ M"(X) " 2M(X)

Here we have introduced the SU(2)-invariant function M (X) defined in terms of K,,(X)
as

M(X) = % + XK/ (X). (5.11)
The primes in the equations denote derivatives w.r.t. X. The determinant of the metric is

det Gy = 2M'(X)M(X). (5.12)
Positive definite kinetic terms are obtained if both

M(X)>0, M(X)>0. (5.13)
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We then have a standard non-linear field theory, which is well-behaved below a cut-off
A? ~ O(1/f?), the parameter determining the characteristic scale of the Kéhler manifold.

In contrast, if one of the two factors is negative: det G < 0, the theory contains ghosts
and is inconsistent. If one of the two factors vanishes, we have critical case and we must
resort to some regularization in order to investigate if the model still allows for some physi-
cally interesting interpretation. Observe however, that with the given field content it is not
possible to construct an SU(2)-invariant superpotential W (®!). With such a flat potential
the vacuum expectation values of the scalar fields are undetermined, but it is natural to
suppose they are to be fixed in the region where the model is well behaved according to the
criterion of (5.13).

We conclude our introduction of the anomaly—free non-linear o—model based on CP?,
by working out the component form of action (5.8), including four—fermion interactions
relevant for general consideration below

£U+m = _G22 (auz : auz + ,QEL & 2;DL - HH) - Ga& <8ua . auaf + @L & YL — BB)
G.a (aﬂa O+ G @ p — BH) — G (0.7 0ua+ 0L @ o1 — HB)
Gzi,zauz - GzE,Ea,uE + Gz?,aaua - Gzi,?za,ua') JJLVHQ/}L
Gaa,za,uz - Ga(’z,iauz + Ga&,aa,ua - Ga&,&aua> @L’VMSOL

Gaz,zauz - Gaé,éauz + Gai,aaua - Gaé,&aud> QZ)L’YMQOL

|

_< _

—(GunoOp2 = Gua 20 + G = Gt ) v

_< ,

- (ngvzH + Gza,zB> YrYL — (Gzz,zH + GaE,EB) Vg

— (Gai’aH + Gaa,aB) PRYL — (Gza,aH + Gaa,aB> PLYR
—Q(GZZQH + Gza,aB> PRYL — Q(Gzz,aH + Ga;,aB> PLYR

+ Gz VRV LYR + 2 Gz 0z PRULVLYR + 2 Gz caRVLULER

+ GazaVRVLPLER + GazazPROLVLUR + 4 Gz aaPRVLVLER
+ Goa,0aPROLPLYR T 2 GaaazPROLPLYVR + 2 Gaaea URPLPLER- (5.14)
It is important to stress that the vanishing of the kinetic terms for the scalar fields corre-

sponds to the divergence of some four-fermi couplings in the lagrangian, once one solves
the equations for the auxiliary fields. The four—fermion interactions take the form

£4—ferrn = R22z2 &RwL &Ltl/}R + Ra&a& PRPL PLYR T {Rziafz QZ)RwL PLYR + perm'} ) (515)
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with the curvature components given by

Rzézé = —4M + 8MIX7 Ra&aa =M" + XM" — X]\]/\Ij///2 5

(5.16)

Rozgs = 2M' + 2XM" — 2X M7

The last term in eq. (5.15) denotes that four combinations with two v’s and two ¢’s appear
in the expression of the four-fermion terms. Observe that the a-dependent four-fermion
couplings diverge in correspondence with the singularities.

5.3 The gauged CP'-model

Apart from the pure supersymmetric c—model determined by this Kahler potential IC, we
consider models in which (part of) the isometries (5.1) are gauged. As the SU(2) is broken,
the Higgs mechanism operates as follows: the Goldstone bosons (Z, z) are absorbed in the
longitudinal component of the charged vector bosons, and if the full SU(2) is gauged we
may choose the unitary gauge z = z = 0. To analyze the model in this gauge, we introduce
the covariant derivatives for the dynamical fields. The expressions for the gauge-covariant
derivatives of the complex scalar fields read

_ : 9 + -2\ ~ g +
D,z = 8Hz—nguz—ﬁ(Wu—i—WMz)_—ﬁWM,

(5.17)
Dya = 0,a+igAa+ ﬂgWJza ~ Jya+igA,a,
whilst the covariant derivatives of the fermions become
Dy = 0ubp —igAubr — \/§9W,ZZ¢L ~ 0,01 —igAr
Dyor = Oupr+igAuer +V2gW, (201 + aty) (5.18)

~ Oupr +igAuer + \/igWH_awL.

The last expression on each line is the one in the unitary gauge. We have introduced
the notation Wj for the gauge fields corresponding to the broken SU(2) transformations
parametrized by (e, €); A, is the gauge field of the U(1) transformations.

In this case supersymmetry implies the addition of some scalar and Yukawa couplings
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of gaugino fields to the quasi-Goldstone and matter fermions:

Lyuree = 29G.n [(X; —iV22Z\p + gﬁlg) UL+ (A; +iV22hg + z2A13>:|
129G :(m/iaXR - zzaX;) b+ @ (A}E +ivV22Ap + ZZAI%)]

+ 29G4z

(5\1} —iV2Z\g + 225\;5) oL — 1, (z’\/§a/\R + 22a/\}_%>]

+ 29 Gaa _(i\/iaXR — 22&?\}5) oL — @r (z'\/ﬁa)\R + QzaA};>]

+2¢ Gaa _(i\/iaXR — QzaJ\E) o1 — @r (z’x/?a)\R + 22@)\;%)]

g , D(1 —22) +iv/2(DVz — D™ 2)
—Z (1+2XK,,(X : 5.19
Y (14 2XK}(X)) e (519)
This is the explicit form of Eq. (4.15) in the SU(2)/U(1) case, but without Fayet-Iliopoulos
term.
For the D-term scalar potential we need the SU(2) Killing potentials. The U(1) nor-
malizations in (5.4) of the holomorphic function F' have been chosen such that these Killing
potentials factorize

O(1 — zz) + 2i(eZ — €z)
1+ 22

By gauging the full SU(2) isometry group, we obtain the D-term potential

2 2 2

g OMOM g (aM)Q 9 a2

AT iy (ki NS VEID'S 21

Ysue) =75 5 ae T2\ an g M), (5:21)

which is a function of this invariant combination M(X) only. If, instead, only a U(1)
subgroup of the SU(2) isometries is gauged, the scalar potential becomes

2 2 - 2
g (8/\/[ )2 g° (1—2zz M(X
_J (= =L ) 22
Vo =L (S +6) = & (T2 M(x) + ¢ (522
Here ¢ is Fayet-Iliopoulos parameter, which can only be included in the model with gauged
linear U(1) (and hence W* = ().

Finally, we also have to introduce kinetic terms for the gauge fields. They are of the
canonical form

M(0,¢,€) =

M(X). (5.20)

]_ _ ]_ - d _ > _
Lomge = —5F W) - F(W) = 2FX(A) = Xp P X = AL P Xy
e 1
A D Ag+ DD + 5D2 +¢€D. (5.23)

Elimination of the auxiliary D-fields from (5.23) with £ = 0 leads to the to the scalar
potential (5.21). To obtain this result (5.23), we have decomposed the vector multiplet
V = (W,, A\, D) as follows

1

V=Vin V¥=_—_(V'4+iV?, V=V3 (5.24)

Sl
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where 7; are Pauli matrices. In particular, W+ = (W' £4iWW?)/y/2, A = W3, and
FaW) = (0% igA )W — (9, F igA, ) Wi
Fuw(A) = 8,4, —0,A, —igW, W, +igW W, . (5.25)

In addition to the potential Vp generated by the D-terms, we observe that the equations
for the auxiliary fields (H, B) and their complex conjugates become

GZZH + GaZB = Gzi,z JJR’I/}L + Gai,a @RQOL + 2Gz2,a@R¢L7
Gz(zH + Ga(zB = Gz?z,z &RwL + Ga(z,a @R@L + 2Gz?z,a§5R1/}L7 (526)

and their conjugates.
In the unitary gauge z = z = 0 the full lagrangian becomes

2 -
Lo = —2M(X) <%W_'W++¢LD¢L—HH)

—M'(X) <Da Da+ @, D op— BB) — gM(X)D

>

—2(a Dy o) (M'(X) 7"t + M"(X) p17"1 )

+V2gM'(X) (—aW; Ly L+ aW,;’ zﬁm“w)

—M"(X) [aB s + B ron| —AM'(X) [afl by + o Grin|
—4[M(X) = 2X M (X)] o b + [ M(X) + XM"(X)| Grpr, Prom
+38 [M’(X) + XM"(X)} PrULVLER

+2V2g [\/5 M(X) (Agtor + ) + iM'(X) (a\g o1 — aprg) } (5.27)

In this expression the covariant derivatives include only the U(1) gauge field. The equations
for the auxiliary fields become

M(X) H = 2aM'(X) grtpr,  M'(X) B = aM"(X) gror. (5.28)

5.4 Analysis of the particle spectrum

In this section we discuss the physical realization and the spectrum of the theory with the
gauged SU(2). We begin our analysis by classifying all possible vacua, with manifest or
spontaneously broken supersymmetry, which are characterized by minimizing the potential
(5.21):
IWVsu(2)
oa
It is clear that a priori there may be three ways to solve this equation:

= M(X)M'(X)a=0. (5.29)
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1. a =0 is always a solution.

2. There may be a value a = aq such that M| = M'(X,) = 0; if the potential reaches its
minimum here, then the model is critical in the sense discussed above, and we have
to be careful in the analysis of the physical realization of the theory.

3. The solution My = M(X,) = 0 is also logically allowed; it implies that the charged
vector bosons become massless. It may happen that at the same time XM’ (X,) = 0;
then all SU(2) gauge bosons become massless and the full gauge symmetry is restored.
In that case the complex scalars (z, Z) are no longer Goldstone bosons, and the unitary
gauge can not be used to eliminate them.

We also observe, that if the solution My = 0 exists, it is necessarily the absolute minimum
of the potential: Vjj = 0, and supersymmetry is apparently restored as well. Of course, the
standard way to describe a situation in which the full gauge symmetry is restored, is to
reformulate the physics in terms of linear representations of the gauge symmetry. In the
following, we discuss these solutions in turn

5.4.1 Supersymmetry breaking with fully gauged SU(2) vacuum

In the case Xy = 0 the local U(1) symmetry is not broken, and the corresponding vector
field A, remains massless. In contrast, the charged vector bosons I/VMi are massive, having
absorbed the Goldstone bosons (z,z). As X = 0, it follows that My = 1/2, implying
spontaneous breaking of supersymmetry. Indeed

2

Vsue) = % > 0. (5.30)

The masses of bosons and fermions are no longer degenerate. The D-term potential provides
a mass for the complex scalar a. Indeed, we can derive the linearized field equation for
fluctuations around the vacuum, by making the expansion

a=ag+\/Z,a, (5.31)

where the normalization factor Z, is still to be determined. With ag a solution of (5.29),
the quadratic part of the action for the linearized field fluctuations becomes

2
L(a) = —Z, M})0,a|* — % M2 — ¢* Z, My M)al> + . ... (5.32)

Taking Z, = 1/M] we get a canonically normalized model for the fluctuating field, satisfying
in the linearized limit a Klein-Gordon equation

(-O0+m?)a=0, (5.33)

with the mass given by

2

m2 = g* My = % (5.34)
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scalars
2
mass | m:
2
value %
vectors fermions
2 2 2 2 2 2
mass | m% | mijy mass | my | mg, m/\Z my
2
value | 0 & value | ¢° 0 0 0

Table 5.1: Supersymmetry breaking fully gauged SU(2) mass spectrum

The mass term of the SU(2) vector field is generated through the kinetic terms of the
Goldstone bosons (z, z), and reads

my, = ¢* My = (5.35)

g
5
Next we turn to the spectrum of fermions. With U(1) not broken, the fermions must fall
into charged states. A positively charged Dirac fermion is formed by the quasi-Goldstone
fermion 17, and the gaugino \%:

U = \/2My 1y, + A}, (5.36)

whereas the remaining fermions ¢, A; and Ag stay massless. The mass of the Dirac fermion
(5.36) is m%, = 2¢g°My = ¢?. A straightforward calculation shows, that in the scenario
with manifest non-broken U(1) the standard supertrace formula for the mass spectrum is
satisfied:

Strm? = (=1)* (2] + 1) m} = 0. (5.37)

We close this subsection by comparing the complete spectrum of the theory summarized
in the table 5.1, with the mass sum rule of non-abelian gauged supersymmetric non-linear
sigma models (4.40):

M? + MoMy

STrm? = 24> G'L =2¢%°X, M,
rm g MMI; g Ao My MOM(’]

(5.38)
As we have gauged the full SU(2) the linear Fayet—Iliopoulos term is of course absent. To
obtain (5.38) we have used the general expressions for the inverse metric G'Z in Eq. (5.10)
and the Killing potential M Eq.(5.20). Again we see that all physical information is
contained in the variable X = X only. It is not difficult to confirm that the detailed mass
spectrum given in the table 5.1 satisfies this mass sum rule for X, = 0.
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5.4.2 Softly broken supersymmetry

In contrast to the situation discussed in 5.4.1, when Xy > 0 the U(1) symmetry is broken
spontaneously. As equation (5.29) in this case implies that MyM{j = 0, the phase with
spontaneously broken U(1) symmetry is always critical. The analysis of the theory is then
complicated by the appearance of infinities at the classical level. However, a completely
finite theory is obtained by adding an SU(2)-invariant soft supersymmetry breaking scalar
mass term AV(X) = —u2X to the potential. In the following we take the point of view
that the critical model is the limit of this regulated theory when the soft mass term is taken
to vanish.
With the addition of the regulator mass term, the full potential becomes

2
V(X) = Vsu + AV(X) = T M (X) - p2X. (5.39)

As a result the minimum of the potential is shifted to the position where
g*M'M a = p*a. (5.40)

Then either ap = 0 and U(1) is not broken, as discussed previously; or U(1) is broken,
Xo = |ag|* > 0 and

g MMy = p?. (5.41)

Hence the soft supersymmetry breaking term shifts the vacuum of the model away from the
critical point. Taking the broken U(1) invariance into account, we parametrize the complex

scalar field a as
A .
az(XﬁH%Qd%m, (5.42)

where again Zj and Zy are normalization constants to be fixed such that we obtain canoni-
cally normalized kinetic terms. The bosonic terms in the action then become in the unitary

gauge

2
ZM! ZoXoM! 2
Lhos = —*MWH W~ — 22209 p)? — 202070 (9.0 4 g4 = A,
2 2 Ze
g’ 2 2 9*Xo " 12\ 1.2 5.43
—5 Mg — P Xo = 58 (MoMg + Mg®) * + . (5.43)
0
_ m2 ~ 1 Tn2
:-W@W#Wf—zﬁﬁ—%—é@mf—éwﬁhq

where, except for the irrelevant constant V{), we have only written out the quadratic terms
which determine the linearized field equations for the fluctuating part of the fields. To get
the final result, we have taken

1 1

Iy = —, Zp=

— 5.44
M| XoM}’ ( )
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and
2 2 2 2 / 2 292X0 1 12
mW =g M()’ mA = 2g XoM(], mh = M’ (MOMO —+ MO ) s (545)
0

Also we have redefined the abelian vector field to absorb the Goldstone mode in the usual

way:
~ 1 /Z
A, — A, = A, + p ,/79 8,.0. (5.46)

This is equivalent to the choice of unitary gauge for the broken U(1) symmetry. Finally, as
My and M| are related by (5.41), we can eliminate My, M} and M/ and the U(1) breaking
parameter X, in favor of the physical parameters m#,, m%, m? and the soft supersymmetry
breaking parameter p?:
2 2,2 2,4
H mym g K
My=-—, Xo= 51, M= (mp —m%).  (5.47)

2 2,2 0 — 2,6
My 29°p Ay

2 2

For values ;2 > 0 the model obviously describes massive charged and neutral vector bosons
plus a massive real Higgs scalar h.
In the limit 2 — 0 we can now distinguish various possible scenarios:

1. If there is a number n > 0 such that for small p values X, ~ p®", then the U(1)
symmetry is restored when the regulator mass vanishes; it also follows, that m3m3, ~
p? ) As Xy — 0 implies that My — 1/2, we find in this limit that m?, = ¢?/2
is finite and non-zero. Therefore M’(0) ~ p?, and m% ~ p?™*Y which vanishes in
the limit 4> — 0 as expected when U(1) is restored. The last relation (5.47) finally
implies, that

m3 ~ 2D M(0). (5.48)

For finite M"(0) < oo, the scalar mass then remains finite for n = 1, and vanishes
for n > 1. For n < 1 the scalar mass diverges. If M"(0) itself vanishes as p?, p > 0,
these constraints can be further relaxed. The upshot is, that if X, vanishes at least
as ¢, then in the limit u* — 0 we reobtain the results of section 4.

2. If in the supersymmetric limit of vanishing ;2 the vacuum expectation value X, > 0,
then the U(1) symmetry remains broken. However, in the standard scenario with
m%, > 0 the U(1) gauge boson is massless in the limit u? — 0. This apparent
contradiction is resolved by looking at the kinetic term for the Goldstone field: it
turns out that in the limit its effective charge

2
Gerf =9\ 7~ = ma = 0. (5.49)
0

Therefore in this case there is a decoupling: the U(1) symmetry broken by Xj is a
global one, while the U(1) gauge symmetry remains unbroken. Finally the h-scalar
mass becomes
M//
i~ M0
1

Thus the scalar mass diverges, unless M ~ p? with p > 2.

(5.50)
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In contrast, if there is a number k > 0 such that for small p values My ~ p?*| then m#, — 0,
and m% ~ p21=%_ In this case one can not trust the limit u? — 0 to describe the critical
CP'-model, as the restauration of the SU(2) symmetry is expected to be accompanied by
the reappearance of light bosons (z, Z), and it is no longer allowed to use the unitary gauge.

Nevertheless for finite p? the regularized model is well-defined and the mass spectrum
can be computed. First of all, m?% becomes large for small 4 when k > 1; it is finite and
p-independent for k = 1, and it vanishes for £ < 1. Therefore the limit is well-behaved if
k < 1. In that case the Higgs mass behaves as

m2 —m? ~ 2RV (5.51)

For finite M/ this implies that the masses remain finite if 1/2 < k < 1. In particular, for
k =1 we have m? = m?, both non-zero and finite. For k = 1/2, m? can be finite non-zero
whilst m? = 0.

Turning to the fermion sector, the quadratic part of the lagrangean is

Liom = —2Myp @by — Mypr @ o — A @A —AF 3N, — A\, @A\ (5.52)
5.52

+4gMo (AL + Yr}) + 2igy/2Xo My (Arer — $LAR) -
This is diagonalized by defining the Dirac spinors
U = \/2Myr + A, @ = /Mo —iXg. (5.53)

In terms of these fields, the expression (5.52) becomes

Liem=—V FJU—3FJ DA\ J A\ +29v/2My WV + 2g+/2X M} DP. (5.54)

Combining the boson and fermion mass spectra as given in table 5.2, we obtain a supertrace
formula including soft supersymmetry breaking:

29° My

2
Strm® = — iV

(M — XoM() = —2m3, — m% +mj. (5.55)

In particular, if in the limit p? — 0 the U(1) symmetry remains broken: X, > 0, and if in
this limit the model is well-behaved, there are numbers w? > 0 and 1 /2 < k <1 such that
for small ;2 to first approximation

20°Xo0 50—

miy =i, mi = — 0 p2a=k,

(5.56)
29°Xo - w —
2 _ 2(1—k) 1 ~ 6k—4q 1
my, 2 ( + 92,u 0)
Then
2_ o 2 2% 1 n a@k-1) =0 | 0, if 1/2<k<1;

Strm 2w =" 4 2w Xo My 1 — { QA XM, if k= 1/2. (5.57)
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5.4 Analysis of the particle spectrum

In fact, the supertrace vanishes even for k& > 1, but that is because the difference m? —m?
then vanishes, even though both masses diverge individually.

The results (5.55) and (5.57) can be compared with the standard result for the supertrace
formula [81, 82, 78]. This provides an excellent check on our results, as in the general form
the trace of the mass matrix is computed in a gauge independent way. Specially, from the
general lagrangian

L= EU-‘,—m + ‘CYu +8ct ‘Cgauge (558)

with L4, given by eq. (5.14), where one must replace ordinary derivatives by the covariant
ones we obtain the supertrace formula eq. (4.20), with the traces of the mass matrices for
various spin given by

trm? = 2¢%(My + XoM)}), (5.59)
for vector bosons;
trmy ;, = 4g° (Mo + XoMy), (5.60)
for fermions; and finally
My + XoM] 2XoVy

trmf = 20°G1Vi = “Vo +

(5.61)

MoM; M,

for scalars. To obtain this result, we have used the general expression for the inverse metric
GIT given by eq. (5.10). Now observing that by definition of the vacuum state Vj = 0, and
that

2XOVE)” N 292X0
My Mg

(Mo + XoMj), (5.62)

the final expression for the supertrace of the mass matrix takes the form (5.55):

292M0

Strm? =
M

(XoM! — M) . (5.63)

The regulator mass pu? does not appear explicitly in this expression, because it does not
contribute to V{'. Observe, that the result (5.63) even holds for X, = 0, due to the equality
g*My = 1i*/M/,. Finally observe, that in this derivation we have not used the unitary gauge
at all.

Summarizing, in the limit y? — 0 the Higgs mass m;, becomes infinite, whilst the vector-
boson mass my4 vanishes. Therefore both the longitudinal component of the vector boson
(the would-be Goldstone boson) and the Higgs decouple; equivalently, the complete scalar
field a decouples from the theory; only its vacuum expectation remains. It could in principle
still contribute e.g. to fermion masses and couplings; whether this happens or not depends
on the the value of the auxiliary field B in the chiral multiplet of a. The potential happens
to be flat in the B-direction, hence the value of B and the equation of U(1)-breaking is
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scalars

2
mass mj

M M// M/2

value | 2¢%2X, 0131770

0
vectors fermions
2 2 2 2 2
mass m* myy, mass my, mg my_

value | 2¢°Xo M} | g*> My value | 2¢°My | 2¢°XoM} | 0

Table 5.2: Fully gauged SU(2) mass spectrum in the presence of soft supersymmetry breaking

not decided by the classical field equations; in fact the answer depends on the existence of
fermion condensate as it can be seen from equations (5.28) for the F-type auxiliary fields.
In the regularized form eqs. (5.28) becomes

2¢° 13V Xy | m3 2012V X0\
H, =2V , By = ( — ) ) 5.64
0 oy (Prve), Bo= (5 o, oy (PreL) (5.64)

It follows that in the limit p? = 0 the v.e.v. Hy = 0, irrespective of whether there is a
condensate (prtr). In contrast, the v.e.v. By vanishes only if the condensate (prer) = 0;
(which is what has been assumed in the analysis of the potential). Otherwise in fact the
above expression for By diverges as m3 for p? = 0.

5.5 Examples

In this section we provide examples of models with the properties conjectured in subsections
5.4.1 and 5.4.2.

1. Let

Kon(X) = i1 X + % X2 (5.65)

1
M(X) = 5 + ki X+ Ro X2 M'(X) =k + 262X, M'(X) = 2k, (5.66)

(a) If k1 > 0 and Ky > 0, then M(X) and M’'(X) have no zeros, and the potential
reaches its minimum for X = 0; it follow that the U(1) symmetry is preserved,
supersymmetry is broken as described in subsection 5.4.1, eqgs. (5.33) and (5.34).
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5.5 Examples

(b)

If k1 > 0 and ko < 0, then M (X) possesses a zero for
1

/{1(\/1+2|HL%2‘—1>.

However, if we include the soft breaking term (5.39), we find that at the min-
imum M < 0 and M’ < 0, and the latter condition remains true in the limit
1% — 0; hence the model contains tachyons. We do not consider this case further.

X, = (5.67)

If k1 < 0 and Ky > 0, then M (X) has no zeros for k2 < 2ks9; however, M'(X) =0
at

2

|"f1| 1 R
Xo=" o1 o M :—(——) 5.68
07 2%k, 07 9\ 2k, (5.68)

This is the absolute minimum of the D-term potential. If we now include the
soft supersymmetry breaking term with small 12, we have to first approximation

X1 = XO —+ AX, M1 = M(), M{ = QHQAX, (569)

with

1w 2

C 2keg?My g2 (2ky — K3

2

AX

(5.70)

In this case the mass spectrum of bosons reads to first approximation

2 2 A2 4 2\ 2
=L (1o ), g L gl 8Y o

2 2k 2Ky — K3’ 22

For the fermions we obtain the masses

= —7, mHy— = 0 572
2Ky — K2 A (5:72)

If k1 < 0 and Ky > 0 with kK% > 2Ky, then M(X) has two zeros, at

1
X, = .
k1| (1 + [1- 2%)

K1

(5.73)

Again, including the soft breaking term the model contains tachyons at X . At
X_ it is well-behaved, with

2/‘62

1

The physical minimum of the potential now occurs at

X; = X_ + AX, (5.75)
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Singular metrics in supersymmetric o—models

where to first approximation in p?

2

AX = # M, = M'AX, M| =M. (5.76)
qg Z

It follows, that the bosonic mass spectrum to first approximation in p? reads
2 1— 22

1%
Mi, mi%miZQQQX_ML :2921_\/—72%2

(5.77)

2
my, =

This corresponds to the results (5.56) with k = 1 and w? = 1/M" . The fermionic
mass spectrum becomes
202
M’

DO

mi, = 2my, = ma =m%4 =2¢°X_M', mi. =0 (5.78)

2. The above analysis is typical for models which do not have simultaneous zeros of
M(X) and its derivative M’(X). If such simultanous zeros exist, as in the above
model with 2k, = k%, the analysis is changed. As a generic example, consider the
model

Nk

MX)== (kX -1)", MX)= - (X = n* (5.79)

N | —

For this case an n-fold zero of M(X) occurs at X = 1/k; it is also an (n— 1)-fold zero
of M'(X). The minimum of the potential, including the soft breaking term, is at

nkg?
4

B 412 O\ 2o 1
KX -1 =42 = (kX —-1)= (n:gz) . (5.80)

It follows that at the minimum to lowest order in p?:

1 n n—1
42\ T-T 1 [/ 412 \ zo-T A2 \ 2ot
KXy =1+ (=2 R VA e o VL _
nKkg? 2 \ nkg? 2 \ nkg?

(5.81)
Then the spectrum of boson masses becomes
n n—1
2 2\ Zn-1 2\ 2n—1
2 _ 4 Ap 2 o f 4p
my = 5 (TLI{QQ) y My =ng (TLI{QQ) ) (582)
with the Higgs mass to lowest order in p?:
3
m; = 2 my, n=2,
(5.83)
m% = mi, n > 2.
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5.6 Supersymmetric gauged U(1) vacuum

In all expressions we have kept only the terms of leading order in 2 for small 2. The
fermion mass spectrum for these models reads

4 /~L2 2n—1 4 /~L2 =1
2 2 2 2 2
My g ( n/ﬁgz ) ) Mg ng ( n/ﬁgz ) m)\ ( )
We observe, that in the limit y? — 0 and for n a positive integer, all masses vanish,

even though Xy = 1/ remains finite and non-zero. For n = 1 the massess m?% = m3

are finite non-zero, whilst for 1/2 < n < 1 they divege.
5.6 Supersymmetric gauged U(1) vacuum
To complete our analysis we consider in this section gauging of the U(1) subgroup of the

SU(2) isometries. To determine the physical realization and the spectrum of the theory,
we have to minimize the U(1) potential (5.85).

2 2 /1 = 2
Vo = g—l(aM +§)2: 91 (1 “ M(X) +§) , (5.85)

2\ 00 2 \1+zz
Clearly a zero of the potential requires the condition:

E=22 1 M(X) (5.86)

There are several types of solutions to the condition (5.86). For all these solutions su-
persymmetry is preserved. One solution exists for a = 0, and values of Fayet-Iliopoulos
parameter in the range —% <¢é< % The value of the potential at this stationary point is
zero, indicating that supersymmetry is always preserved, whilst the internal U(1) symmetry
is always broken.

We now briefly consider what happens if ¢ is outside the range. For & = —%, the
minimum of the potential is at origin, |2|> = |a|*> = 0. In this case, internal U(1) is
symmetry is preserved. For the value £ = %, the minimum of the potential moves off to
infinity.

The particle spectrum of the theory discussed here depends on whether internal U(1)
symmetry is broken or not. The simplest case arise when U(1) invariance is maintained for
the special value £ = —%. In this case all particles in the theory are massless. On the other
hand, if z gets a vacuum expectation value, breaking U(1), the spectrum changes completely.
The U(1) gauge field A, becomes massive, the corresponding Goldstone scalar disappears
from the spectrum as usual and a massive real scalar remains. The quasi-Goldstone fermion
¥y, together with the gaugino Ar forms a massive Dirac fermion.

To see how this result is obtained in more detail, first notice that the mass term of the
U(1) vector field is generated through the kinetic terms by the v.e.v. of z, and reads

1

2 2,2
=2 G227 Gzz =
my g v, 1+ |Uz|2

(5.87)
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mass m? m? m? ,
value | 2¢702 G,z | 29702 Gz | 2502 G- (5.92)
Table 5.3: Supersymmetric gauged U(1) mass spectrum.
Next we construct the kinetic terms and potential for the real scalar p; it reads
1 2 2 2
Llp) = —5G== [ap -0p — 2970, Gozp ]+ (5.88)

with p defined by

2= (vz4-:§§) e (5.89)

After appropriate rescaling of p to canonical form, we then find that it represents a real
scalar of mass mf) = m?, the vector boson mass. Finally, the kinetic and mass terms for
the fermion fields are given by

L = AP Ap—Gazthy § r +2iV29G.; (Uzd_}L)\R — Uz AR Q/JL) (5.90)
It follows that the Dirac spinor ¥ = Az — i/G .5 ¢, satisfies the massive Dirac equation
((? + mqj)\ll = 0, (591)

with m2, = m% = mz. This establishes the presence of a massive vector supermultiplet

(A, p, V) with mass squared given in table 5.6 It is not difficult to see that these masses
satisfy the standard mass sum-rule

m? —4mg +3m% =0 (5.93)

of a supersymmetric theory. This result can be compared with the standard results for the
trace formula (4.40):

STrm? = 2¢°GA (M + &) Myy =0, (5.94)

in the supersymmetric minimum M + & = 0.
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Chapter 6

Phenomenological analysis
SO(10)/[SU(5) x U(1)] model

We used to think that if we knew one, we knew two, because one and one are two. We are
finding that we must learn a great deal more about 'and’.

Sir Arthur Eddington

6.1 Introduction

The focus of this chapter is on the phenomenology of the SO(10)/[SU(5) x U(1)]-spinor
model. From the point of view of unification this is a very interesting coset space as both
SO(10) and SU(5) are often used GUT groups. A supersymmetric model built on the
SO(10)/[SU(5) x U(1)] coset is not free of anomalies by itself as all the 10 anti-symmetric
complex coordinates z¥ (i,j = 1,...,5) of this manifold carry the same charges. To
construct a consistent supersymmetric model on this coset one has to include the fermion
partners of the coordinates in an anomaly-free representation. As SU(5) representations
are not anomaly free by themselves, we have to use the full SO(10) representations for our
additional matter coupling in this case. This has been achieved in [73] by introducing a
singlet 1 and completely anti-symmetric tensor with 4 indices which is equivalent to 5 to
complete the set of complex chiral superfields to form a 16 of SO(10). The anti-symmetric
coordinates of the coset is combine into a 10 of SU(5) with a unit U(1) charge. An anomaly
free representation is obtained using the branching of the 16. Indeed, its decomposition
under SU(5) reads

16 = 10(1) +5(—3) + 1(5), (6.1)
where the numbers in parentheses denote the relative U(1) charges.

In section 6.2 we summarize the anomaly-free supersymmetric o—model on SO(10)/U(5)
as described in [73]. In section 6.3 we perform a quite general analysis of gauging the full
SO(10) group. We investigate in particular the existence of zeros of the potential. We show
that the models with fully gauged SO(10) are singular. Then we extend the model with a
soft supersymmetry breaking mass term which preserves the non-linear SO(10). In sections
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Phenomenological analysis SO(10)/[SU(5) x U(1)] model

6.4 and 6.5 we classify the vacua of the model when the linear subgroup SU(5) x U(1) is
gauged. Finally we discuss a number of physical aspects of this model, like supersymmetry
and internal symmetry breaking, and the resulting mass-spectrum.

6.2 Supersymmetric c—-model on SO(10)/U(5)

The choice for the anomaly-free model on SO(10)/SU(5)xU(1) is motivated by its fermionic
field content, corresponding to one complete family of quarks and leptons, including a right-
handed neutrino. This can be seen by looking at the SU(5) representations of the chiral
multiplets that the model contains: the target manifold SO(10)/U(5) is parametrized by
10 anti-symmetric complex fields 2% in a chiral superfield ®¥ = (2%, wij, H), to which are
added SU(5) vector and scalar matter multiplets denoted respectively by V; = (k;, wy, 4, B;),
and U = (h, ¢, F)). The complete Kéhler potential of the model is

1 _
Q—FKJ(Z, Z) + |h2e 2 Ko o f Koy Tk (6.2)

with the submetric y~! = 1 + f22z and /"% = (det x)~!. The dimensionfull constant f is
the one introduced before to assign correct physical dimensions to the scalar fields (z, 2).
The kinetic terms of scalars Z7 = (2%, k;, h) and chiral spinors ! = (¢, w1, 1)

K(z,z;k,k;h, h) =

Liin = —Gir (azi 9ZT 9t D wi) (6.3)

are given in terms of the Kéhler metric GG;; which is obtained from the full Kahler potential

IC by

GZE Gz/} Gzﬁ
0?K
Grz: 0 Gy

This metric possesses a set of holomorphic Killing vectors generating a non-linear represen-

tation of SO(10):

1
6z = —ax—ulz—z2u+ fralz,

f
§h = 2tr(f zat —uh)h,

ok = —k(—uT + f ot 4 tr(—ut + f sz)]l), (6.5)

Here u represents the parameters of the linear diagonal U(5) transformations, and (z, zT)
are the complex parameters of the broken off-diagonal SO(10) transformations.

We observe that for the model (6.2), the isometries (6.5) do not allow for an SO(10)
invariant trilinear superpotential. Therefore, the scalar potential only contains D-term
contributions from gauging (part of) the symmetries. In the absence of a superpotential, all
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6.3 Gauging of the SO(10) isometries

fields in the action constructed from (6.2) —the Goldstone bosons and their superpartners
as well as the chiral superfields defining the matter representations— describe massless
spin-0 and chiral spin-1/2 particles.

This situation changes if we add a second family of quarks and leptons, with superfields
Y = (CDZ(;), U9y, ¥(z)). It is then possible to construct an invariant superpotential

WE) = > AV V¥, ) (6.6)

a=1,2

The ), are coupling constants of dimension (mass) ™.

6.3 Gauging of the SO(10) isometries

As a next step towards a physical interpretation of the fermions as describing quarks and
leptons, in this section we introduce gauge interactions. This can have important impli-
cations for the spectrum of the theory, as in supersymmetric theories gauge-couplings are
accompanied by Yukawa couplings and a D-term potential. We first consider gauging the
full SO(10). A local transformation of the form (6.5) then always allows one to go to the
unitary gauge z = z = 0. Thus all Goldstone bosons disappear from the spectrum as a
result of the Brout-Englert-Higgs effect; this is confirmed by the finite mass-terms for the
gauge fields corresponding to the broken generators of SO(10). However in the presence
of matter fields as in (6.2), required for the cancellation of anomalies, the analysis of the
D-terms in the potential shows that in the unitary gauge the model becomes singular: in
the minimum of the potential the expectation value of the Kahler metric vanishes. Thus
the kinetic energy terms of the Goldstone and quasi-Goldstone fields all vanish.

We now present details of this analysis. The theory defined by the lagrangian (6.2) has
a global SO(10) symmetry. This global symmetry allows vector bosons to be coupled to
the model by turning the SO(10) group, or its subgroup SU(5) x U(1), into a local gauge
group by introducing covariant derivatives into the Lagrangian. The covariant derivatives
are defined by:
L v vk e Tz)~a = gt
o p Iz pe )= Y g1o Fomw

Duk = 04k + gk (fW,lz = UL+ 6(fW,tz = UN1)= 0,k — gk (U] +:(U]) )

D,z = auz—gw(

Duh = Ouh—2guotr(fW,'z = U )b = B, + 2900 1 (U ) (6.7)

and similarly for the fermions. Again the last expressions are evaluated in the unitary
gauge. We have introduced the notation WJ and W, for the 20 gauge fields corresponding
to the broken SO(10) transformations parametrized by (z,z") and with U, the gauge field
of the diagonal transformations parametrized by wu.

Next we analyze the scalar potential obtained by elimination of the D-fields for various
gaugings. First we recall that the full Killing potential is given by

M(u,zt, ) = tr (u/\/lu + "M, + x/\/ll), (6.8)
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with the U(5) Killing potentials M,, and the broken Killing potentials (M, M,:) given
by
—iMy = M (1 — 2f22xz2) 4+ e/ Ko (KTET — f2zkkz),
—iMy: = fax M + fel Ko zkk, (6.9)
—iMy = —fxzM — fefQK”l%kz, M = 2%]02 — 2|h|26_2f2K" + efQK”kX_lE.

The D-term potential arising from gauging of SU(5) x U(1) including a Fayet-Iliopoulos
parameter &

91 2, 93 2
VvV = E(g—zMy) +§tr(—th)

2 2 g2 1
— e+ @A —5)M +2By— Br) +2 (440 — £ ADM + 428,
A 3 1
—By — ?1[30 - Bi))M + 1—0(230 — B1)* + §B%>> (6.10)

with ¢g; and g5 are the U(1) and SU(5) gauge couplings respectively. In this expression we
used the notation A, and B, introduced in [73]:

A, =tr(x?), B,= e/ Kooy Pk (6.11)

Furthermore, the U(1) Killing potential My is defined as the trace of U(5) Killing potential

M, whereas the remaining SU(5) Killing potential M, is defined as a traceless part of M,,:
1

Mt == Mu - gMy ﬂ, ./\/ly = tI‘Mu. (6.12)

The case of fully gauged SO(10) is reobtained by taking the coupling constants equal:
g1 = g5 = g0, and the Fayet-Iliopoulos term to vanish: & = 0. In the unitary gauge the
potential for the fully gauged SO(10) model becomes

Vi = 9—%0(10|h|2 2 6k 2 g (1K) (6.13)

uni 10 2f2 5 10 ' :

From this we see that we only have a supersymmetric minimum if
1

k=0, |h?=—. 6.14
=0, IhP = 1 (614

It can be seen immediately that this solution yields the vanishing of the Kahler metric:

_ Ky _ slecn( 1 2 2 ksly _

Cus = Cogy ™) = 31°5) (57 — 2P + kf”) +K8'%; = 0. (6.15)

Therefore in this case the kinetic terms of the Goldstone superfield components vanish.
Such a solution is unacceptable as we explained in the previous chapter.
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6.3 Gauging of the SO(10) isometries

6.3.1 Softly broken supersymmetry

To avoid the problem of vanishing of the Kahler metric, we again shift the minimum of
the potential away from the singular point by adding SO(10)-invariant soft supersymmetry
breaking scalar mass term

AV (X) = p?X, X = |h*(det x)? (6.16)

to the potential. As a result the minimum of the potential is shifted to a position where
the expectation value of the Kahler metric is not vanishing; and the scalar h gets a vacuum
expectation value

1 u?

2 2 2
|k| =0, |h]"=v"= I 204 (6.17)
breaking the linear local U(1) subgroup. The corresponding U(1) vector becomes massive;
and the remaining vectors of SU(5) stay massless. In the fermionic sector, two Dirac
fermions are realized as a combination of the fermions of the chiral multiplets with the
gauginos.

We now present details of the above mass spectrum. Since in general SO(10) is broken
in the vacuum, the Goldstone bosons (z, z) are absorbed in the longitudinal component of
the charged vector bosons, and we may choose the unitary gauge z = z = 0. In this gauge
the Kédhler metric in the minimum (6.17) is automatically diagonal:

Coap®™ 0 0 oa] (5 —2002) 0 0
0 0 G 0 0 1

and all the z dependence is removed from the covariant derivatives (6.7). To calculate the
bosonic mass spectrum, we consider the bosonic part of the model, which up to the kinetic
terms for the gauge bosons is described by the action

Ebos = _gfo Go(ij)(kl)W(ij) ' W(kl) - D]%Z - Dk; — D;_l - Dh — Vi
Il - ij i i
~1 5P (W) - FOW) + F5(U) - F5(0)|+ .. (6.19)

where Vi is given by Vi eq. (6.13) and AV (X) eq. (6.16). In this expression the covariant
derivatives include only the U(5) gauge field. To identify the masses of the gauge fields,
we decompose the U(5) vector multiplet U*; = (U}, AR;) into a U(1) and SU(5) vector
multiplets denoted respectively by A = (A,, Ag) and V*; = (V,;, AR;):

1
V=U- Al t(V)=0, A=u(), (6.20)

It follows that the kinetic terms for the SU(5) x U(1) gauge fields become
1

1 — 2 1 - 2 1 < 2
—JEFL(U) = Ny @ Ny = =2 (TE2(A) + An @ Ar)+7t1[FL (V)] = Ay @ Ngy. (6.21)
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Notice that the kinetic terms for the U(1) multiplet are not canonically normalized. To
obtain the standard normalization, we redefine the U(1) multiplet according to

A — V5(A,, Ag). (6.22)
With the redefined fields, the kinetic terms for the gauge fields become
Lowse = 1[5 Fn(W) - FOW) + E2,(A) + F (V) - (V)
A _l(lx@ﬂ% on A g )—X@' N (6.23)
R E— 5\ R (@R T 5L (i) L Rj Rj
Apart from the scalar h, the masses of the gauge fields can be read off easily form the

lagrangean Ly,0s given by eq. (6.19); they read:

4 1 i
m%,v == FQ%OMQ, mii == 409%01)2, MO == (2—(][,2 — 2|U|2>: Wg%o

By expanding the potential Vi, to second order in p and k with scalar p defined by

> 0. (6.24)

1 1o

around the absolute minimum (6.17) we find
1
Vian = Vins + AV (X)) = ami o>+ ..., with mz = 40g3,0°. (6.26)

Next we construct the fermionic mass terms. The quadratic part of the lagrangian is
~ — 1 —(ii > —(ii > < > ;
Lim = —Ar @ Ag— ZOS%]) P Nipr+ A7 9 )‘(ij)L)_ARj RNY
kl) @/)(” @ Yy — @i d wi, — oL 9 vr

+2v/2¢9 G, (i5) kl)[ j)@Z)L(kl +hc]+2\/_g[2\/_vARg0L+hc (6.27)

f

As a result, two Dirac fermions are formed by combining the quasi-Goldstone fermions w%] ]

and ¢y with the right-handed gauginos )\%ﬂ and A according to:

U= n+or, A=/ Myl 4 = A”] (6.28)

In terms of these fields, the fermionic lagrangian becomes

= = . — . 1_ ii — s —
Loerm = ~M@ —ma)A = W( —mo)¥ = Ny § N = A @ Agye = @), § wir, (6.29)

with the masses my and myg given in table 6.1. The gauginos )\[]] Aﬁ.%j and the chiral
fermions wy; remain massless. From the massive spectrum of the theory as summarized
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scalars

2

mass Hlp

value | 40 gi,v?

vectors fermions
2 2 2 2
mass m7 miy, mass my, my
] 40 202 | £ ] 40 202 | 22
value | 40 gjpv” | 57 value | 40 gipv” | 5=

Table 6.1: Fully gauged SO(10) massive spectrum in the presence of soft supersymmetry break-
ing.

scalars

2

mass | m:

value | 0

vectors fermions

2 2 2 2
mass | mj, mass m)\[zﬂ m)\j m;
value | 0 value 0 0 0

Table 6.2: Fully gauged SO(10) massless spectrum in the presence of soft supersymmetry
breaking.

in the table 6.1 , we obtain the general supertrace formula (4.43)

242
52
Of course, the present theory cannot be regarded as complete. On the one hand, extra
fermions must be coupled to the lagrangian (6.3) to represent the other families of quarks
and leptons. Therefore the model must consist of (at least) three copies of 10 , 5 and 1 of
SU(5) representations in its spectrum, of which one of the 10 are Goldstone bosons of the
coset space. On the other hand, since one must require the remaining SU(5) symmetry to
break down at lower energy to SU(3) x SU(2)r, x U(1), additional interactions are required.
For example, we can add the 24 representation of SU(5) to break SU(5) down to smaller
symmetry group, which can still accommodate at least unbroken SU(3) x U(1). However,

STrm? = m’ + 3m? + 6mj, — 4mj, — 4m3} = (6.30)
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Dimension | U(1) | Notation Description of the type of fields

repr. charges

10 1 24 SO(10)/[SU(5) x U(1)] coset coordinates

5 -3 k; Matter additions to 10

1 5t h to complete the 16

10 1 x%

5 -3 v; Second family

1 D a

10 1 Y

5 -3 n; Third family

1 5) h

24 0 st Higgs for breaking the SU(5)
group to the standard model

5 -2 i Higgses for breaking the Gy,

5 2 ¢ group to the SU(3) x U(1)

Table 6.3: The various SU(5) representations used for our construction of a phenomenological
model build around SO(10)/[SU(5) x U(1)]. The first column gives the dimension of the
representations, the second column their charges, the third column the notation we use for the
scalar components of chiral multiplets. A brief description of what these fields are is given in
the last column.

the symmetry breaking in SU(5)-GUT via the 24 (®) that acquires a v.e.v. of the form

3 3
(P) = diag <v, v, 0, —5Y, —§v> , (6.31)

is problematic. This is because the Higgs-doublets and Higgs-triplets, originating from the
5 and 5 representations will naturally have almost the same effective mass. Now these
masses should be very large in order to avoid proton decay but on the other hand small,
else the standard model Higgses are far too heavy. This inconsistency is called the doublet-
triplet-splitting problem. A way out of this problem is provided by the Dimopoulos-Wilczek
mechanism [99] as is discussed in ref. [98], and recently by Witten [100]. Such an analysis
of including other families of quarks and leptons as well as additional interactions to break
SU(5) down to the standard model gauge group is outside the scope of this thesis and
requires further development. For the moment we are satisfied with the observation that it
is at least possible to cure some of the difficulties mentioned above for the present model
with the scalar particle content summarized in table 6.3 in principle.
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Dimension | Component | Trace | Branching to representations of

repr. structure | property SUL(2) x SU(3) x U(1)

5 K (2,1)(3) + (1,3)(-2)

5 ki (2,1)(-3) + (1, 3)(2)

10 alis] (1,1)(6) + (1, 3)(-4) + (2,3)(1)

15 s() (3,1)(6) + (2,3)(1) + (1,6)(-4)

24 w', why =0 | (L,1)(0) + (3,1)(0) + (2,3)(-5)
+ (2, 3)(5) + (1,8)(0)

Table 6.4: This table lists the properties of the SU(5) representations used in this section.
In the first column we give the dimension of a representation. The second column gives the
explicit index structure of the representation: 7,7,...=1,...,5 are the vector indices. For the
conventions concerning (anti-)symmetrization, see tables 7.3 and 6.4. The third column gives
additional trace property of the tensors when needed to define them uniquely. The branching
rules of these representations to SU(2) x SU(3) x U(1) representations can be found in the
fourth column.

6.4 Supersymmetric gauged SU(5) x U(1) vacua

As an alternative to gauging SO(10), one can gauge only the linear subgroup SU(5) x U(1)
instead. This explicitly breaks the non-linear global SO(10). It is then allowed in principle
to construct superpotentials which are invariant only under the local gauge symmetry. In
addition, when gauging any group containing the U(1) as a factor, the introduction of a
Fayet-Iliopoulos term is allowed. It turns out, that the corresponding models are indeed
well-behaved for a range of non-zero values of this parameter.

As the SU(5) x U(1) subgroup of SO(10) symmetry is not broken in the original o-
model, the Killing vectors corresponding to these symmetries are linear in the fields. The
gauge covariant derivatives are then the usual one:

D,h = 0,h—2V5g.A,h,
Do, = Oupr — 2\/591121;%%,
D,k = 9.k+ gs(V,[ +V5A,)k,

Dwi = Ouwr+g5(V] + V54, wr. (6.32)
To determine the physical realization and the spectrum of the theory, we have to minimize
the potential (6.10). This potential has absolute minimum at zero if
1
12 1
This solution is supersymmetric and spontanequsly breaks U(1), whilst SU(5) is manifestly

preserved. As a result, the U(1) gauge field A, become massive with a mass m% = m%,
mn

2" = [k]* =0, |h]*= § f2 <£<0. (6.33)
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scalars

mass mf) m

FN
N

value | 40g30* | 0 | 0

vectors fermions
2 2 2 2
mass my | my mass my, mg
value | 40 g% | 0 value | 40 g#v? | 0

Table 6.5: Supersymmetric gauged SU(5) x U(1) mass spectrum

the mass of the real scalar p defined by (6.25). The remaining vectors V,, of SU(5) stay
massless. Of the gauginos, the right-handed components of the U(1) gauge multiplet AR
combine with the left-handed chiral fermions ¢ to become massive Dirac fermions with the
same mass as the gauge boson A However, the left-handed gaugino \; remain massless
together with the Majorana fermlons that are the gauginos of unbroken SU(5) symmetry.
The full mass spectrum of the theory is summarized in the table 6.5. Clearly, for values of
¢ in the range (6.33) it is necessary to perform a finite renormalization of the Goldstone
superfields to obtain the canonical value of the kinetic terms; in the Kéhler potential this
is equivalent to a rescaling of the o-model scale such that f?> — —5/£. In these models
the natural value of the Fayet-Iliopoulos-parameter is therefore the o-model scale, thereby
relating internal and supersymmetry breaking.

We end this section by remarking that one can also consider gauging either the U(1)
(95 = 0) or SU(5) (g1 = 0) symmetry. In the first case when gauging only the U(1)
symmetry, the minimum potential is at the same point as in the SU(5) x U(1) gauging.
Therefore the above discussion applies here and one gets the same spectrum with equal
masses for the U(1) gauge multiplet. On the other hand, if only SU(5) is gauged, the
potential reaches its minimum at z = £ = 0. Then no supersymmetry breaking or internal
symmetry breaking occurs and all particles in the theory are massless.

6.5 Supersymmetry breaking in gauged U(5) vacua

In this subsection we discuss the breaking of supersymmetry in the model with gauged
SU(5) x U(1). In order for supersymmetry to be broken, the minimum of the potential
must be at (Viuin) > 0. By an SU(5) transformation one can always arrange the vacuum
expectation value of k; to be in the first component: k; = (k,04). With this choice, the
vacuum expectation value of the Goldstone scalars can be brought in the following form in
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6.5 Supersymmetry breaking in gauged U(5) vacua

which only 2z gets a vacuum expectation value

0 7z
=2 = (_5 04) coa == R)(L=Pf), g =z-z=(Pz+2B), (6.34)
with the projection operator P = “’3—"2

To analyse the potential, it is convenient to introduce real variables

1

X =1
MR

kzzk, Y = X?|k|?, H=X"*n)? (6.35)

In term of these variables, the U(1) and SU(5) scalar potential becomes respectively

Vo= %[g + %(1 + %) (1- 4H)+6Yr, (6.36)
Vs = gg?][(l - %)2(1 ~AH + 2XY>2+(1 X+ §X2)Y2
LY (X - 2) (1 - %) (1 _AH + 2XY)} . (6.37)

It is convenient to write the complete scalar potential V' in the following form

2 2
V:a+ﬁY+'yY2:7<Y+%> +a—%, (6.38)

with «, # and v given below

2 1X+4 X 4 4\2 X —1\2 X —1\2
O e S (GO RACS

10\" "2 X X 100\Tx X
X 132
—48H(7) ]
X
67/ 1X+4 _ X444\ ¢ 120X + 144
= Dlev o =)+ B (200 - =)
& 5 (¢+5% x )T X
30X + 36
SR - 66),
X
9 | %
v = 182+ 5 (54+40x? - 90X ). (6.39)

We now determine all supersymmetry breaking vacua. Supersymmetry breaking vacua are
characterized by the equations

6,;1/ = 0, 8,;Z~V =0 and agmn

V=0 (6.40)

We take the vacuum expectation values of k, z and h arbitrary and determine the values of
X,Y and H. Notice that not all values of X, Y and H are allowed because of the require-
ment that the potential at the minimum must be positive definite, implying spontaneous
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supersymmetry breaking by the potential. Therefore from the definition (6.35) we have
these inequalities

X>1, H>0 and Y >0. (6.41)

To discuss the solutions of equations (6.40), it is convenient to write these equations in the
following matrix form

D=JC (6.42)
with D, C and J given by

OH 8Y X

0,V oV
p=|aov |, c=|ov], 7=|orm ov ox]|. (6.43)
agmnv aXV agmnH 8gmnY agmnX

The condition JC' = 0 implies that J has right zero-modes, or C' = 0. Since J is not a
squared matrix and hence it can not be diagonalized, we proceed as follows. By multiplying
(6.42) from the left by J' the Hermitian conjugate

JiJc =Jc =0, (6.44)

we find J a symmetric 3 X 3 matrix.

H F[Q Y H
X—1)x* 165 8H 3 5
— Y X2y v? Y
J=X-1) 8H < (xX-1) e 2X (6.45)
H Y
4 2y 1

Using this result we can classify the zero-modes. The determinant of J is given by

- X
The case Y = 0, and X = 1 are not allowed, because of inequalities (6.41). This implies
that the matrix J has a zero-modes iff H = h =0 or X — oo. We can now classify all the
solutions of the (6.40). In fact there are three separate solutions to the these equations:
H=0,C=0, and X — oo. We discuss these solutions in turn.

1. X — oo. This condition implies that H = 0 and Y — oo, as it can be seen from
eq. (6.35). It follows that the vacuum expectation value of the scalars z = (z)]) — oo.
A direct consequence is that the minimum of the potential move to infinity, hence it
is not a physical minimum.
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2. The second condition H = 0 (see the appendix E for the detail), allows two solutions
for the minimum of the potential eq. (6.40), with the roots:

X, = i<_g% + g?} — QQ%f) Y, = 5_95% <_g§ + g%<1 + 2€)>1
593 | 2T
2 2 2
1302 — 302 4 1842 —397 (54—25) (—3g5+8g1(1+2§)>
X, = g1 — 395 + 18gi¢ Y, = (6.47)

891 — 395 + 1647¢ (329% + 39?) (—3g§ +gi(13 + 185))

In view of expression (6.35) for H it can be seen that in this case the local U(1)
symmetry is always preserved, and the corresponding gauge field flu remains mass-
less. However, have to check for which values £ the solutions (6.47) are allowed by
egs. (6.41). Because all the parameters (g1, gs,&) are arbitrary and independent, it
hard to make statements without a numerical analysis.

3. C = 0, we find that the minimum of the potential has 10 complex solutions. (we
again refer to appendix E for full analysis of the these solutions.) The first five roots
are:

X1 — 1, X2 - X3 - X,, X4 — X5 - XJF, (648)
with
1592 + /51/—32929% — 3¢2
95

The corresponding minimum values for Y7, Hy, Y. and Hy are given by (E.10). Again,
because of the inequality (6.41), the first root X; = 1 is not acceptable. As X is a
real quantity (see eq.(6.35)), only real solutions can be accepted. It may be observed
that the solutions X, are purely imaginary, thus violation the reality condition for
the variable X. The other five solutions are obtain from equation

aX? +bX* + e XP+dX P +eX + f =0, (6.50)

with a, b ¢ d e and f given by eqs. (E.12) respectively. It turn out that this equation
can only be solve numerically. Therefore, like for the solutions (6.47), we need a
numerical values for the parameters (g1, g5, &) to complete this analysis.
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Chapter 7

Phenomenological analysis of
Eg/SO(10) x U(1) model

The beginning of knowledge is the discovery of something we do not understand.

Frank Herbert

7.1 Introduction

We turn our attention in this chapter to a well known model with a phenomenologically
interesting particle spectrum, defined by the homogeneous coset space Eg/SO(10) x U(1)
[70, 71]. The target manifold Eg/SO(10) x U(1) is parametrized by 16 complex fields 2z
in a chiral superfield &~ = (2%, ¢¢ H*) (o = 1,...,16), transforming as a Weyl spinor
under SO(10). Their chiral fermion superpartners have the quantum numbers of one full
generation of quarks and leptons, including a right-handed neutrino. To cancel the U(1)-
anomaly the model is extended to a complete 27 of Eg. According to the branching rule:
27 — 16(1) + 10(—2) + 1(4), where the numbers in parentheses denote the relative U(1)
weights. With this choice of matter content, the cancellation of chiral anomalies of the
full Fg isometry group is achieved [74] by introducing a superfield ¥,,, = (N, X£m) (m =
1,...,10) which is equivalent to a 10 of SO(10) with U(1) charge -2; and finally a singlet
A = (h,xr) of SO(10), with U(1) charge +4. .

In section 7.2, we summarize the results obtained in [70, 71, 74]. Section 7.3 discusses
the gauging of internal symmetries in general. In section 7.4, we discuss in some detail
the gauging of the full non-linear Fg symmetry. The qualitative physical aspects of the
model are easy to determine in this case. The non-linear realization of Fg on the coset
space Eg/[SO(10) x U(1)] is an effective description of the breakdown of Fg to the linearly
realized subgroup SO(10) x U(1). The scalars of the non-linear o-model represent the
Goldstone bosons of this breaking. Since gauging the full Fg symmetry does not break
any of the global symmetries of the model, these observations remain true after gauging.
Furthermore, we may choose to study the model in the SO(10) x U(1) invariant realization
by writing the full lagrangian in the unitary gauge 2* = z¢ = (0. However, because of
the Higgs mechanism, the Goldstone bosons are no longer physical degrees of freedom, but
are absorbed by the vector bosons corresponding to the broken generators, which become
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massive. In one of the supersymmetric minima, we find that the D-term potential drives
the scalar fields to a singular point of the kinetic terms.

7.2 Phenomenological Es/[SO(10) x U(1)] model

In this section, we present a supersymmetric c—model based on the non-linear realization
of Eg on the coset Eg/SO(10) x U(1). The anomaly-free supersymmetric o-model on
Es/[SO(10) x U(1)], is defined by three chiral superfields (¢, ¥,,,, A) with Kéhler potential
given by

K(®,®; 0, 0: A, A) = K, + e 5 |h2 4 g, N,y N,y 5 (7.1)
with K, = z.[Q 'In(1 + Q)].z, the o-model Kéhler potential. We have introduced a

constant f with the dimension m~!, determining the scale of symmetry breaking Eg —
SO(10) x U(1). The positive definite matrix @ is defined as
2
_ 1
Qo = Mz, M =30700" = ST, Ty (7.2)

9~ mno - mny :
Here I')t = T',,,0" are the generators of the SO(10) on positive chirality spinors of SO(10)
[70], and 0" is the 10-D positive chirality projection operator. Furthermore g,,, is the
induced metric for the 10-vector representation defined by

Ymn = 11_6tr(gT<2mC>TgT<2nC>> and g7 = (s + Q)" (7.3)

The lagrangian constructed from the Kéhler potential (7.1) is invariant under a set of
holomorphic Killing vectors generating a non-linear representation of Fj:

i 1 14 if
= — S + 2o 858 2 B
02q 29\/§za 4wmn(1"mn 2)a + 5 [feﬁéa i€ Maﬁzvz(;],
5h = 21'(%59 —3fe- z)h,
6N, = —iV30N, — wpmNp —ife- (T —36F ) zN,, (7.4)

where 0 = 0,07, and 0, w,,, and €,,€" are the infinitesimal parameters of the U(1),

SO(10) and broken Ejg generators respectively. The corresponding Killing potentials are

M; = M;E — %eGK" M; P 922 (CE0) (2,C) 35 Nin Ni, (7.5)
with E and the o-model Killing potentials M; = (M,, M™™) MP Mjz) given by
My, = f21\/§ — % 329K, 0, M™ = —%zamm K,
MP = —lKa,ﬁ, My = —lKaﬂ
f f
E = 1-—6e % |h> 4+ 6e7 g N,y N, (7.6)

Observe the presence of the constant term in the U(1) Killing potential M? which is required
to close the Lie algebra on the Killing potentials.
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7.3 The gauged model

As explained in chapter 4.4, gauging of the supersymmetric model involves several steps:
1. modification of the kinetic terms by introducing gauge-covariant derivatives,
2. addition of a D-term potential
3. addition of Yukawa couplings for the fermions
4. introduction of kinetic terms for the gauge superfields

The expressions for gauge-covariant derivatives of the complex scalar and fermions fields
read

1,4

if .
o+ 5 (FAa = AL M #%), (1)

) 1
Dyzoa = Ouza— 9(5\/§Zoﬂ4u + Z(P;nz)aAu(

D,h = 8,h—2ig(V3A, —3fA%%, )h,
H H H 17

D,N, = O,N,+ i\/ggAuNn + g A mn) N + ifgflu (Tt —36F ) 2N,

if

) 1 -
D;ﬂ/}La = 8,qua —9g (5 \/gA,qua + ZA,u(mn) F;n’l/}La - ZAg M(zg z’y’l/}L(S)u

D,xr = 9duxr+ GiQfA,(f (@/)Lah + XLZa)a

DMXLn - 8uXLn + g<22\/§AuXLn + Au(mn)XLm + fozlu . (F:/_m - 357—tm) : (¢LNm + XLmZ)>

Here we have introduced the notation (A4, fl;‘) for the 32 charged gauge fields correspond-
ing to the broken g transformations; A,y and A, are the gauge fields for the remaining
SO(10) and U(1) transformations respectively.

We have now to add the kinetic terms for the vector multiplets. They are of the canonical
form

Lrsa % Ya 7 1—mn - mn T -
Loange = —§<)\%l))\1~za+)\(ilp)\m>—§)\§z "D AT = AR D Ar

1 1 _ 1/ 1
-3 (Fiy +SFL Fg;FWa> +5 (DO‘ D+ 5D 4 D2> (7.8)

Here we have included a factor % to correct for double counting due to anti-symmetry of
the indices mn.
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Next we couple the gaugino fields to the quasi-Goldstone ¢ and matter fermions
(X7, xr) through the Yukawa coupling

i
2f
+2V29 G, 0 | (VBN AR = Nodpna) + 1 NuiZ - (T = 305,) - A ) X

7 1 N ? « o
Lyae = 2V29G, s [(—5\/356“)\3 — 1(5 I )aAR@mn) + §f5a55 M(sﬁ7 ARg — )‘R> wﬁ}

+2v29 Gyi [—2@'}3 (\/55\3 -3z AR) XL}

¥2V39 G [~ 20 (VBAr — 32 An) 5 + o (5¥32" A {Arun) (T 2)a)

1 /. f- i
_55@ (zg)\g M;’g 225 — ?)‘Rﬂ

7 1
+>2Lm(§\/§zaAR — P (T z)a>] the. (7.9)

Here (G, :5,Gy, §n, ... ) are the second mixed derivatives of the Kéhler metric G = K j,
where I = (24, N, h) and I = (2%, N", h).
Finally, elimination of the auxiliary fields (D%, D™ D) from (7.8) leads to the scalar
potential
2

Vo =L 37 my = 9—2(/\42 e s mtm ). (7.10)
9 7 2 0 2 mn B

7.4 Gauging of the full Eg symmetry

In this section, we discuss in some detail the gauging of the full non-linear Eg. In this case
as already stated, we can choose to study the model in the unitary gauge 2¢ = z, = 0.
Then the full potential becomes

2
g 1
‘/;lnitary = 5 (Mg + §M$rm>

2 2 2
g ( 1 2 2) g Y N 2
= = —2V3|h 3 Ny, = NN, — N, N, |*. (7.11
s (ogg 28R + A INP) 4 30 ?.(7.1)
Observe here that in the unitary gauge, the potential contains only the terms that one also
gets in gauging SO(10) x U(1). Minimization of the potential leads to the following set of
supersymmetric minima characterized by the equation

_ _ 1 1

N,,N, — N,N,,|* =0, |h|*>=— 4+ =|N,.]*. 7.12
It follows that |h| # 0 and the U(1) gauge symmetry is always broken; a solution with
|N;»| = 0 is possible, preserving SO(10). However, solutions with |N,,| # 0 breaking

SO(10) are allowed, and expected in the next stage of the symmetry breaking [104].
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7.4.1 Softly broken supersymmetry

In this subsection we discuss the particle spectrum of the theory at the minimum with
SO(10) invariant solution:

1
62
This shows that the internal symmetry SO(10) x U(1) is broken to SO(10). However, this
solution is not acceptable as it leads to the to the vanishing of the metric of the o—model
fields G, ? = 0 (and hence the masses of the 32 Es gauge fields Af, vanish) To see that in

more detail, we first recall that the Kahler metric derived from the Kahler potential IC in
the unitary gauge reduces to the form:

N2 =0, [hf = (7.13)

0 (5 = BRI + 18| N [2) ~ANu V(T )a” 0 0
Grr = Kyt = 0 S O] - (7.14)
0 0 1

It is not difficult to see that at the minimum (7.13) the Kéhler metric of the o-model
fields in the upper-left coner of (7.14) vanishes. Clearly, in this domain the model no
longer correctly describes the physics of the situation (i.e., the correct vacuum and the
corresponding spectrum of small fluctuations). Therefore we add soft breaking terms to
shift the minimum a way from the singular point, as discussed in chapters 4, 5 and 6. These
terms involve mass terms of the form (4.42) for scalar fields (NNV,,, h). Since the minimum
is at |N,,| = 0, we only include an Eg—invariant soft supersymmetry breaking scalar mass
term for the singlet h:

Vot = pi°e~ %% |h|? (7.15)
The full scalar potential with soft breaking term in the unitary gauge is then:
V= Vunitary + M2|h|2 (716)

As the complex scalar transforms only under U(1), we choose the unitary gauge for the
U(1) symmetry, which allow us to write

h = (v - %p)eﬁm, (7.17)

where & is the longitudinal component of the massive gauge field A,. We now determine
the mass spectrum of the theory. Expanding the potential (7.16) to second order in the
fluctuations p and N,, around the minimum

INJ2=0, |B=0?=— — e (7.18)
6f2 12¢2
the bosonic terms in the action then become in the unitary gauge
1 o, - 1 1 - .
Lo = —7Fu(A) = ZF;VEW — gF;g;"” —a,o dp — 6Nm - ON,, —
—m2 A% Ay —m% A2 —m? A m_f) P’ — 1m N2 , (7.19)
a A Amp Fp(mn) T 2 2
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Phenomenological analysis of E¢/SO(10) x U(1) model

In this expression, the dots represent interactions of the abelian vector field with the scalar
p. Furthermore, we have absorbed the Goldstone mode x in the abelian vector by redefining

the U(1) gauge field A,

~ 1
A, — A, =A, — ——0,K. 7.20
n n i 2\/6gv 1 ( )
The masses of the bosonic fields read:
12
m% =m? = 24g*0*, mi. = 17 m%,, =my =0 (7.21)

As expected the gauge bosons A, of the non-broken SO(10) symmetry remain massless.
Analyzing the kinetic and mass terms of the fermions

«—

_ “— — 1 _ — I
Liom = ~Glus § U7 — X0 @ XE = X0 9 xa = 5 (M & Aar+ A 9 Ava)

]-_mn o\ (mn I 4 l e Yo
_§>‘§% ) 7 )‘g% - Ar @ A+ \/igGoF?(@/)L)\Rﬁ - AR@/)Lﬁ)

one realizes that two massive Dirac fermions can be formed by combining the fermions of
the chiral multiplets with two gauginos:

1 1 ?
Vo= —ohna - i/ Eotbra, = Ag—iy, with Ep= 5o 602 = 2“—92 >0. (7.23)

In terms of these fields, the expression (7.22) becomes

_ — e /E _ _
Liom =—-U*J U, —Q JQ+2 7 00w, + 4v/6v g Q. (7.24)
The masses of these spinors are:
2 2
g M
mi = FEO = 27 md = 24g%0%. (7.25)

The 16 of the left-handed gaugino’s Ay, and quasi-Goldstone fermions xr,, remain massless,
together with the Majorana fermions A" that are gauginos of the unbroken SO(10) sym-
metry. Therefore, in this model the gaugino component A7, are now to be identified with
a family of quarks and leptons, rather than the quasi Goldstone fermions themselves. (We
have observed a similar thing to happen also in the SO(10)/U(5)-spinor model discussed
in the previous chapter.) The complete spectrum of the theory is summarized in tables 7.1
and 7.2.

The conclusions that can be drawn from the above analysis may be summarized as
follows. Gauging of the full F4 in the presence of soft supersymmetry breaking may lead
to a possibly realistic description of the lightest family of quarks and leptons. To make it
fully realistic three important problems must be solved [97]:
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7.4 Gauging of the full Eg symmetry

scalars

2

mass Hlp

value | 24g%0?

vectors fermions
mass | m% | m%. | | mass | my | mg
2,2 | 42 p? 2,2
value | 24g°v 17 value T 24g°v

Table 7.1: Soft supersymmetry breaking fully gauged Es massive spectrum

scalars

mass | m=

N

value | 0

vectors fermions

2 2 2 2
mass | my o mMass | My, | Mye | My,
value 0 value 0 0 0

Table 7.2: Soft supersymmetry breaking fully gauged Es massless spectrum.

1. How to break down the remaining SO(10) symmetry, as required by low-energy phe-
nomenology.

2. It should be possible to include (at least) three generations of quarks and leptons.

3. There should be a source of large Majorana masses, so that the see-saw mechanism
provides the explanation for the small neutrino masses.

In the ordinary supersymmetric grand unification models based on the group SO(10), there
are several ways to break SO(10) down to the standard model. They are summarized in
figure 7.1, in five main routes. There are three left-right symmetric routes. We use the
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SO(10)
" \x
w*%\ 210
UE) Go2ap Gooa1 Ui, G2
(24) [210]

(1,3,10) [126] (1,3,1) [126]

(1,2,4) [16] (1,2,1) [16]
24[45] (1,3,15) [210]

Ggy= 4 (9xU(1)x3U(3)

Figure 7.1: Here we give the various symmetry breaking patterns from SO(10) down to the
standard model. We have given the representations that are responsible for the symmetry
breaking and in brackets [] the SO(10) representations they originate from.

short-hand notations:

GSM = SUL(2) X U(l) X SU(?)), G2231 = SUL(2) X SUR(2) X SU(3) X U(l)

G224 = SUL(Q) X SUR(Q) X SU(4), G224D = SUL(Q) X SUR(Q) X SU(4) X ZZ.

In one of these left-right symmetric models there is an additional Z, symmetry. It is
generated by the D-parity operator that corresponds to charge-conjugation in SO(10). This
discrete symmetry may lead to domain walls in the early universe and should therefore be
broken to avoid this. In figure 7.1 we have also given the representations that can give rise
to the indicated symmetry breaking by acquiring a vacuum expectation value, as well as
the (smallest) SO(10) representations from which they can originate in brackets [].

Let us explain the information that is contained in figure 7.1 in more detail and see
which of these symmetry breaking patterns and Higgs representations could satisfy the first
requirement stated above. One should keep in mind however that from the representation
structure one can only see whether some symmetry breaking pattern is possible. To show
that it indeed happens one has to compute the scalar potential and determine its minima. In
the following we rely heavily on the knowledge of representation theory [101] and branching
rules of SO(10) to either SU(5) or Gagy. The reader can find the details of these SO(10)
properties in table 7.3. In the second phase of the symmetry breaking one needs the
branching rules of SU(5) and SU(4), they can be found in tables 6.4 and 7.4 respectively.

The route via SU(5) goes as follows. The first breaking is achieved by the 16 or the
126. For the second stage of symmetry breaking we need the 24 of SU(5) that fits into the
45 of SO(10). The second two routes both use the 54 to break to a left-right symmetric
model. When one in addition includes an 45 adjoint representation then it is possible to
avoid the D-parity discrete gauge symmetry and SU(4) is broken to SU(3). To obtain the
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7.5 Gauging of SO(10) x U(1) symmetry

standard model the group has to be broken down further by either giving the 16 or the 126
a v.e.v. The fourth route has SU(5) as an intermediate symmetry while the fifth route has
an intermediate left-right symmetry. But the symmetry breaking in both cases involves the
210 of SO(10) for both stages of symmetry breaking. Hence for the symmetry breaking
alone one needs just to add one representation, though it is rather large.

We now turn to the second problem in the list above we would like to impose. The 16 can
accommodate one generation of quarks and leptons including the right-handed neutrino.
Therefore we need at least three copies of this representation to account for three families.
It would be economical (as far as the field content is concerned) to use a 16 both as a
representation of quarks and leptons and as the representation that leads to the symmetry
breaking S0(10) — SU(5) x U(1) or Gaaap, Gaazs1 — G- Therefore a possible solution
to the this problem is provided by adding the two other fermion families as additional
matter multiplets ®* = (z£ 9%, ) carrying opposite U(1) charges so that that the internal
symmetry is free of anomalies.

The first problem above can be solved by introducing the SO(10) breaking Higgs multi-
plets A™" S™" and Q™7 with U(1) charges taken to be zero. This is not strictly necessary
but very convenient in the following. The fermionic partners of the coset coordinates z®
form one family of quarks and leptons, the other two family multiplets have scalar com-
ponents z. We make the charge convention such that x, has positive charge ¢ > 0. We
can add more copies of these representations if necessary. To conclude our discussion of the
field content we have two additional Higgses FE,,,p,r and D™"P9" that may also be respon-
sible for symmetry breaking, but in addition are also supposed to give rise to Majorana
masses for the right-handed neutrinos. D has charge r and F is it charge conjugate. In
addition to all this there should be at least a 10 that can produce the supersymmetric
standard model Higgses after symmetry breaking down to the standard model group G-
We close this section by summarizing the most general scalar field content we consider for
phenomenological promising models build on Fg/[SO(10) x U(1)] in table 7.5.

7.5 Gauging of SO(10) x U (1) symmetry

The gauging of the SO(10) x U(1) symmetry instead of the full Eg gives analogous, but
not quite identical, results. Also in this case one finds the potential (7.11), but in general
with different values ¢g; and g for the coupling constants of SO(10) and U(1). Except for
special values of the parameters, it has a minimum for the SO(10) invariant solution, with
2o = 0; and again the metric becomes singular. One way to shift the minimum away from
this point is by introducing soft breaking terms (7.15). Another option is to add an extra
Fayet-Iliopoulos term as the gauge group possesses an explicit U(1) factor. In the first
case, the fermionic mass term is given by last line of (7.22). As a result there is now one
massive Dirac fermion, from the combination of x; with the same gaugino of the broken
U(1) as before. The gauginos A™" that are left over remain unpaired, and hence massless.
Furthermore, the chiral fermions 1% and x} remain massless. The complete spectrum can
be read from the table 7.6

In the second case, for special values of the coupling constants g; and ¢,9, or the Fayet-
lliopoulos parameter &, one can get different results. Since the SO(10) and U(1) coupling
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Phenomenological analysis of E¢/SO(10) x U(1) model

Dimension | Component Branching to repr. Branching to repr. of
repr. structure of SU(5) x U(1) SUL(2) x SUR(2) x SU(4)
10 ym 5(2) + 5(-2) (2,2, 1) + (1, 1, 6)
16 (ks 1(-5) + 5(3) + 10(-1) (2,1,4) + (2,1, 4)
45 Almn] 1(0) + 10(4) + 10(-4) (3,1,1) + (1,3,1) + (1,1,15)
+ 24(0) + (2,2,6)
54 S(mn) 15(4) 4+ 15(-4) + 24(0) | (1,1,1) + (3,3,1) + (1,1,20)
+ (2,2,6)
126 DHlmrpar] | 1(210) + 5(-2) 4+ 10(-6) | (1,1,6) + (3,1,10) + (1,3,10)
+ 45(2) + 50(-2) + (2,2,15)
+15(6)
210 Qlmmpd] 1(0) 4+ 5(-8) + 5(8) (1,1,1) + (1,1,15) + (2, 2,6)
+ 10(4) + 10(-4) + 24(0) + (3,1,15) + (1,3,15)
+ 40(-4) + 40(4) + 75(0) + (2,2,10) + (2,2, 10)

Table 7.3: This table lists the properties of the SO(10) representations used in this section.
In the first column we give the dimension of a representation. The second column gives the
explicit index structure of the representation: m,n,... = 1,...,10 are the vector indices and
a,f3,...=1,...,16 are the spinor index of a positive chirality spinor. The brackets || denote
anti-symmetrization over the indices in between the brackets, while the brackets () denote
symmetrization. We do not include a normalization factor to compensate for possible over
counting. The + indicates that the tensor D+™¢ is self-dual. The branching rules of these
representations to SU(5) x U(1) representations can be found in the third column while those
to SUL(2) x SUR(2) x SU(4) are given in the fourth column

constants are independent, one may choose to gauge only SO(10) (¢g; = 0). In that case
both supersymmetry and internal symmetry are preserved, and the particle spectrum of a
model contains of a massless SO(10) gauge boson, just like in the usual supersymmetric
SO(10) grand unified models.
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7.5 Gauging of SO(10) x U(1) symmetry

Dimension | Component Trace Branching to

repr. structure property SU(3) x U(1)

4 v? 1(3) + 3(-1)

4 Vg 1(-3) + 3(1)

6 ala! 3(2) + 3(-2)

10 s(ab) 1(6) + 3(2) + 6(-2)

15 wY, w’ =0 1(0) + 3(-4) + 3(4) + 8(0)
20 cllablied) €apeac?®? = 0 6(-4) + 6(4) + 8(0)

Table 7.4: This table lists the properties of the SU(4) representations used in this section.
In the first column we give the dimension of a representation. The second column gives the
explicit index structure of the representation: a,b,...=1,... ,4 are the vector indices. For the
conventions concerning (anti-)symmetrization and traces, see tables 7.3 and 6.4. The branching
rules of these representations to SU(3) x U (1) representations can be found in the fourth column.

Dimension | U(1) | Notation Description of the type of fields
repr. charges

16 1 2 Es/[SO(10) x U(1)] coset coordinates
10 -2 N™ Matter additions to 16

1 4 h to complete the 27

16 q x} Two generations

16 -q T,

45 0 Amm Higgses for the unification

54 0 Smn symmetry breaking

210 0 Qmnpd

126 r D™mrar | Higgses for neutrino Majorana masses
126 -7 ) — and symmetry breaking

Table 7.5: The various SO(10) representations used for our construction of a phenomenological
model build around Es/[SO(10) x U(1)]. The first column gives the dimension of the rep-
resentations, the second column their charges, the third column the notation we use for the
scalar components of chiral multiplets. A brief description of what these fields are is given in
the last column. The charges ¢, will be fixed by dynamical considerations like SO(10) x U(1)
anomaly cancellations and the requirement that various Yukawa couplings can appear in the
superpotential.
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scalars

m% m?,

2
mass | m, N, 2

value | 24¢? 0 0

vectors fermions
mass | m% |m% | [mass | mi |mj |m
value | 24g3v? 0 value | 24¢3v? 0 0

Table 7.6: Soft supersymmetry breaking gauged SO(10) x U(1) mass spectrum
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Chapter 8

Conclusions

| was born not knowing and have had only a little time to change that here and there.

Richard Feynman

This thesis describes some applications of non-linear supersymmetric field theories. The first
one is an extension of relativistic hydrodynamics. Fluid dynamics is usually described by
equations of motion. It is highly non-trivial that there exists an action (even for dissipation-
less fluids) from which these equations can be derived. The Clebsch formalism has the
advantage that the equations of motion may be derived from an action principle.

In the first part of this thesis we have proposed a different parameterization in terms
of one real and one complex degree of freedom. The complex degree of freedom z takes
its values on a Kahler manifold. In this formulation the infinite set of conserved currents
J,[M] of fluid dynamics are associated with the set of functions M of this complex variable
z and its conjugate Z. A canonical analysis using the Poisson-Dirac bracket shows, that the
closure of the algebra of conserved currents leads to a Poisson bracket structure for these
functions on the Kahler manifold.

However, the main advantage of our Kéhler parameterization of the fluid current is,
that it allows for a rather straightforward supersymmetric completion. Understanding of
fluids that posses supersymmetric properties may be relevant for cosmological applications
as they could be used to describe a supersymmetric phase in the early universe. Therefore
we have presented a complete formulation of a particular supersymmetric field theory on
an arbitrary Kahler manifold. We have started with the construction of the lagrangeans
then, discussed various aspects of these general constructions. The supercurrents and the
energy-momentum tensor that follow from the invariance of the action under supersym-
metry and translation are constructed. Assuming that there exists an isometry group G
which leaves the lagrangean invariant, we have constructed the corresponding conserved
isometry currents, in terms of Killing vectors R*(z). Next, we discussed in details the
canonical formulation of the theory in terms of a hamiltonian. We have explicitly con-
structed the canonical supercharges. We have shown that these supercharges generate the
supersymmetry transformations, and satisfy the standard super-Poincaré algebra.

Having completed the construction of the conserved quantities, we found that the su-
persymmetric lagrangian derived using tensor calculus, does not automatically describe a
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supersymmetric extension of relativistic mechanics. The langrangian contains not only a
conserved current, but also a number of additional fields which complicate the interpre-
tation. However, we have shown that an infinite set of conserved currents emerges in the
vacuum sector of the additional fields. This sector can therefore be identified with a regime
of supersymmetric fluid mechanics.

The supersymmetric hydrodynamics models discussed in this thesis still leave a lot of
room for future research to improve and extend it. For example, we have stayed mostly in
the classical framework. Consistent extensions of the models at the quantum level are of
potential interest in cosmology, where they could provide an effective description of an early
supersymmetric phase of the universe, and in condensed matter physics, where they might
apply to quantum fluids like 3He-*He mixtures, in the limit where terms proportional to
the mass-differences of these isotopes can be neglected. In quantum theory models involv-
ing current of chiral fermions can suffer from anomalies. Therefore, quantization of these
models should be studied very carefully.

In the second part of this thesis, we have discussed in detail the phenomenological analysis
of supersymmetric o-models based on homogeneous cosets. We have focused in particular
on coset-spaces Eg/[SO(10) x U(1)] and SO(10)/U(5) which are some of the most interest-
ing for (direct) phenomenology. We have analyzed the possible vacuum configurations of
these models. We have investigated in particular the existence of the zeros of the potential,
for which the models are anomaly-free, with positive definite kinetic energy. The conse-
quences of this physical requirements have been analyzed for supersymmetric minima, if
part of the isometry group is gauged. If the whole isometry group is gauged, the analysis is
straightforward as one can employ the unitary gauge to put the Goldstone bosons to zero.
We find the kinetic energy of the would-be Goldstone modes and their fermionic partners
to vanish. Therefore, the quasi-Goldstone fermions no longer contribute to the cancellation
of anomalies.

To gain insight in this problem we have studied this phenomenon for a simple supersym-
metric model based on the homogeneous space CP!. It has two types of metric singularities:
either the kinetic terms for the Goldstone scalar z or the matter scalar a (that have fermionic
partners needed to cancel the isometry anomalies) become zero. We have shown by general
arguments and by regularization based upon the addition of soft supersymmetry breaking
terms to the potential, that different types of behaviour are possible. For example, the
subset of linear gauge symmetries can be realized manifestly, or in a spontaneously broken
mode; this is reflected in the mass of the corresponding vector bosons.

In some cases the singularities imply the vanishing of all vector boson masses, which one
expects to be accompanied by the reappearance of light bosons in the physical spectrum.
However, this is difficult to show while staying in the original framework, as in particular it
invalidates the use of the unitary gauge. Of course, one could abandon the present approach
and return to ordinary Yang-Mills theories with matter in linear representations; however,
a more sophisticated formulation of the present models is possible and may shed light on
this issue [103].

Continuing our line of investigation of the particle spectrum of supersymmetric o-models
on Eg/[SO(10) x U(1)], and SO(10) x U(1), we have also studied the possibility of gauging
(part of) the linear subgroups, i.e., SO(10) x U(1) and U(5). In each of these models, we
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found that the properties of the model investigated depend to a certain extent on the value
of parameters (gauge couplings, Fayet-Iliopoulos term) and the presence of extra families
and Higgses. We have obtained all supersymmetric minima, of which some are physically
problematic as the kinetic terms of the Goldstone multiplets either vanish or have negative
values. In addition to zeros of the potentials, there can be also ranges of the parameters,
or models with only some proper subgroup gauge for which the minimum of the potential
occurs at a positive value: (V) > 0. In this case supersymmetry is manifestly broken by
the potential. In the SO(10)/U(5)-spinor model we have classified all the supersymmetry
breaking vacua for the case where U(5) is gauged.

In spite of all these nice features, there is still a lot of work needed to improve and
extend the anomaly-free supersymmetric o-models on the coset spaces SO(10)/U(5) and
Es/[SO(10) x U(1)] discussed in the last two chapters. First, our treatment of the o-
models is based firmly on the classical action, although some features of these models were
motivated by quantum aspects like the absence of holonomy and gauge anomalies. Higher
order quantum corrections [102] may change the behaviour of the models by renormalization
of the Kahler potential.

Another extension of interest would be to study their particle spectrum in presence of
extra families and Higgses. In tables 6.3 and 7.5 we have summarized the most general
scalar field content we consider for the phenomenological promising models build around
the coset spaces SO(10)/U(5) and Eg/[SO(10) x U(1)].

Finally, in these supersymmetric coset models all or some of the quarks and leptons are
quasi-Goldstone fermions, or equivalently set of unpaired chiral gauginos, lacking physical
scalar partners. This strong form of spontaneous supersymmetry breaking clearly distin-
guishes the physical content of these models from the MSSM or standard supersymmetric
GUTs. Of course, this difference affects scenarios of gauge unification and the role of su-
persymmetry in the solution of the hierarchy problem [6, 7], although to what extent is
presently not clear.
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Samenvatting

Dit proefschrift “Niet—lineaire veldentheorie met supersymmetrie: hydrodynamica en sigma
modellen” beschrijft enkele toepassingen van niet-lineaire supersymmetrische veldenthe-
orién. De eerste toepassing betreft een uitbreiding van relativistische hydrodynamica. Hy-
drodynamica wordt gewoonlijk beschreven met behulp van de bewegingsvergelijkingen. Het
is verre van triviaal dat er een actie bestaat (zelfs voor dissipatieloze vloeistoffen) waar deze
bewegingsvergelijkingen van afgeleid kunnen worden. Het formalisme van Clebsch heeft als
voordeel dat de bewegingsvergelijkingen kunnen worden afgeleid van het principe van min-
imale actie.

In het eerste deel van dit proefschrift stellen we een andere parametrisatie met een
reéle en een complexe vrijheidsgraad voor. De complexe vrijheidsgraad z heeft zijn waarde
op een Kéhler variéteit. In deze formulering is de oneindige verzameling van behouden
stromen J,[M] van de hydrodynamica geassocieerd met de set functies M van deze complexe
variabele z en zijn geconjugeerde z. Een canonieke analyse met behulp van het Poisson-
Dirac haakje laat zien dat het sluiten van de algebra van behouden stromen leidt tot een
Poisson haakjes structuur voor deze functies op de Kahler variéteit.

Het grote voordeel van onze Kahler parametrisatie van de vloeistofstroom is dat deze een
relatief eenvoudige supersymmetrische uitbreiding toestaat. De kennis van vloeistoffen die
supersymmetrische eigenschappen hebben, kan relevant zijn voor kosmologische toepassin-
gen in de beschrijving van een supersymmetrische fase van een jong heelal. Daarom hebben
we een complete formulering van een bepaalde supersymmetrische veldentheorie op een
willekeurig Kahler variéteit gepresenteerd. We zijn begonnen met de constructie van de
langrangianen en hebben vervolgens de verschillende aspecten van deze algemene construc-
ties besproken. De superstromen en de energie-impuls tensor die volgen uit invariantie
van de actie onder supersymmetrie en translatie zijn geconstrueerd. Aangenomen dat een
isometrie groep G bestaat, die de langrangiaan invariant laat, hebben we de bijbehorende
behouden stromen in termen van Killing vectoren R(z) geconstrueerd. Vervolgens is de
kanonieke formulering van de theorie in termen van een hamiltoniaan tot in details bespro-
ken en hebben we expliciet de kanonieke superladingen geconstrueerd. Het is aangetoond
dat deze superladingen supersymmetrische transformaties genereren en aan de standaard
super-Poincaré algebra voldoen.

Na de constructie van de behouden grootheden voltooid te hebben, vonden we dat de
supersymmetrische langrangiaan die afgeleid is met behulp van tensor algebra niet au-
tomatisch een supersymmetrische uitbreiding van de relativistische vloeistof mechanica
beschrijft. De langrangiaan bevat niet alleen een behouden stroom, maar ook een aan-
tal extra velden die de interpretatie compliceren. Daarentegen hebben we aangetoond dat
een oneindig aantal behouden stromen in de vacuum sector van de extra velden opduiken.
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Deze sector kan daarom geidentificeerd worden met een regime van supersymmetrische
hydrodynamica.

De supersymmetrische hydrodynamica modellen zoals beschreven in dit proefschrift kun-
nen door verder onderzoek verbeterd en uitgebreid worden. Zo is in dit proefschrift groten-
deels binnen een klassiek raamwerk gebleven. Consistente uitbreidingen van deze modellen
tot het quantum niveau kunnen interessant zijn voor kosmologie, alwaar ze een effectieve
beschrijving van een vroege supersymmetrische fase van het heelal kunnen geven. Binnen
het gebied van de vaste stof-fysica kunnen zulke uitbreidingen toepasbaar zijn op quantum
vloeistoffen zoals een *He-*He mengsel, in de limiet waar termen evenredig met het mas-
saverschil van de isotopen verwaarloosd kunnen worden. Modellen met stromen van chirale
fermionen kunnen anomalién vertonen in de quantum theorie, waardoor de quantisatie van
zulke modellen nauwkeurig bestudeerd dient te worden.

In het tweede gedeelte van dit proefschrift hebben we de fenomenologische analyse van
de supersymmetrische o-modellen besproken, die op homogene cosets gebaseerd zijn. We
hebben de nadruk gelegd op coset-ruimtes Fg/[SO(10)xU(1)] en SO(10)/U(5), die behoren
tot de meest interessante ruimtes voor fenomenologie. We hebben de mogelijke vacuum
configuraties van deze modellen geanalyseerd. In het bijzonder hebben we het bestaan van
nulpunten van de potentiaal bestudeerd, voor welke de modellen anomalie-vrij zijn, met een
positief definiet kinetische energie. De gevolgen van deze fysische eisen zijn geanalyseerd
voor supersymmetrische minima, als een gedeelte van de isometrie groep is geijkt. De
analyse is triviaal als de gehele groep is geijkt, omdat men de unitaire ijk kan gebruiken om
de Goldstone bosonen gelijk aan nul te stellen. We vonden dat de kinetische energie van
deze bosonen en hun fermionische partners verdwijnt. Daarom dragen de quasi-Goldstone
fermionen niet langer bij tot de uitschakeling van anomalién.

Om inzicht te verwerven in dit probleem hebben we dit fenomeen bestudeerd voor een
eenvoudig supersymmetrisch model, dat gebaseerd is op de homogene ruimte C'P'. Het
heeft twee type metrische singulariteiten: een van de kinetische termen voor de Goldstone
scalar z en de materie scalar a (die fermioniche partners nodig hebben om de isometrie
anomalién te doen verdwijnen) wordt nul. We hebben aangetoond met algemeen geldende
argumenten en met regularisatie (die gebaseerd is op zachte supersymmetrie brekings ter-
men die in de potentiaal zijn toegevoegd) dat verschillende type gedragingen mogelijk zijn.
Bijvoorbeeld, de deelverzameling van lineaire ijksymmetrién kan manifest gerealiseerd wor-
den, of op een spontaan gebroken wijze; dit is weerspiegeld in de massa van de correspon-
derende vector bosonen.

In sommige gevallen houden de singulariteiten het verdwijnen van alle vector boson
massa’s in, die men verwacht als lichte bosonen in het fysische spectrum voorkomen. Maar
dit is moeilijk aan te tonen binnen het orginele raamwerk, omdat het -in het bijzonder- het
gebruik van de unitaire ijk ongeldig maakt. Natuurlijk kan men van de huidige benadering
afstappen en teruggaan naar gewone Yang-Mills theorién met materie in lineaire represen-
taties. Maar een meer geavanceerde formulering van de huidige modellen is mogelijk en kan
licht werpen op dit onderwerp [103].

Vervolgend met de lijn van het onderzoek naar het deeltjes spectrum van de super-
symmetrische o-modellen op Eg/[SO(10) x U(1)] en SO(10) x U(1), hebben we ook de
mogelijkheid van ijking van (een gedeelte van) de lineaire subgroepen bestudeerd, dus
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SO(10)xU(1) en U(5). We vonden dat in elk van deze modellen de eigenschappen in zekere
mate afhankelijk zijn van de waarde van parameters (ijk koppelingen, Fayet-Iliopoulos ter-
men) en het bestaan van extra families en Higgsvelden. We hebben alle supersymmetrische
minima verkregen, waarvan er sommige fysisch problematisch zijn, omdat de kinetische ter-
men van de Goldstone multipletten hetzij verdwijnen, hetzij een negatieve waarde hebben.
Naast de nulpunten van de potentiaal kunnen er ook gebieden van parameters of modellen
zijn met alleen een bepaalde deelgroep ijking waarvoor het minimum van de potentiaal
bestaat met een positieve waarde: (V) > 0. In dat geval is supersymmetrie manifest gebro-
ken door de potentiaal. In de SO(10)/U(5)-spinor model hebben we alle supersymmetrische
brekings-vacua geklassificeerd voor het geval dat U(5) geijkt is.

Ondanks al deze goede eigenschappen is er nog veel werk te doen aan verbetering
en uitbreiding van de anomalie-vrije supersymmetrische o-modellen op de coset ruimtes
SO(10)/U(5) en Eg/[SO(10) x U(1)] die beschreven staan in de laatste twee hoofdstukken.
Ten eerste is onze aanpak van de o-modellen gebaseerd op de klassieke actie, terwijl een
aantal eigenschappen van deze modellen gemotiveerd zijn door quantum aspecten zoals de
afwezigheid van holonomie en ijkanomalieén. Hogere orde quantum correcties [102] kunnen
het gedrag veranderen van de modellen via renormalisatie van de Kahler potentiaal.

Een andere interessante uitbreiding zou de studie zijn naar hun deeltjes spectrum
bij toevoeging van extra families en Higgsvelden. In tabellen 6.3 en 7.5 hebben we een
samenvatting gegeven van de inhoud van het meest algemene scalarveld, dat we hebben
beschouwd voor fenomenologisch belovende modellen die gebouwd zijn op de coset ruimtes
SO(10)/U(5) en Eg/[SO(10) x U(1)].

Tenslotte dient gezegd te worden dat in deze supersymmetrische coset modellen alle
of sommige quarks en leptonen hetzij quasi-Goldstone fermionen zijn, hetzij een set van
chirale gauginos, zonder fysische scalar partners. Vanwege deze sterke variant van spontane
symmetrie breking is het fysische spectrum van deze modellen duidelijk anders dan dat van
het minimaal supersymmetrische standaard-model of standaard supersymmetrische unifi-
catie theorieén. Het is duidelijk dat dit verschil van invloed is op ijk unificatie modellen en
op de rol van supersymmetrie als oplossing voor het hiérarchie probleem [6, 7], hoewel op
dit moment niet duidelijk is in welke mate.
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Appendix A

Notations and conventions

In the literature one finds enormous variations in the notational conventions. It is often
the case that one single object can have two or more different meanings. The purpose of
this appendix is to try to disentangle this as much as possible.

For units we use so-called natural units, in which o = ¢ = 1. Concerning (anti-
Jsymmetrization of indices we use the following conventions. Symmetrization of objects
enclosed is denoted by braces {...}, anti-symmetrization by the square brackets |...]; the

total weight of such (anti-)symmetrization is always unity. However, in chapters 2 and 3,
we reformulated the theory in a hamiltonian formulation. To avoid a confusion, we have
used the braces {, } to denote the Poisson brackets, {, }* to denote Poisson-Dirac brackets.
The Minkowski metric g,, has a signature (—1,+1,+1,+1).

A.1 Majorana and Weyl spinors

Spinors are defined as the elements of the representation space of the SO(4)-algebra defined
by the antisymmetrized product of Dirac-matrices (the irreducible representation of the 4-d

Clifford-algebra):
1

Ouw = Z [7;1771/]7 (Al)
which satisfy the commutation relations
I:O-,LLI/7O-H)\] = 51//10';1)\ + 5#)\0-1/11 - 51/)\0-pm - 5#/@0-1/)\- (AQ)

We take the Dirac matrices v, with index p = (1,2,3,4) to be euclidean and hermitean,
hence the above representation of the SO(4)-algebra is anti-hermitean. To use these Dirac-
matrices in a Lorentz-covarariant context, one should take 4, = ivo.

The hermitean ys-operator is defined as the pseudoscalar product of the Dirac matrices:

1 VK
Vs = 1 & NI = N2 (A.3)
As 72 = 1 the operators
1+
P = 275, (A.4)
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Notations and conventions

are projection operators; their eigenspinors are called right- and left-handed Weyl spinors,
respectively; we use the notation 6.:

’)/59:|: = :f:@i, 9+ = QR, 0_ = QL. (A5)
The Dirac-conjugate spinors 6 are defined as
0 = 0Ty, = i0'y,. (A.6)

This definition is important in the construction of Lorentz-invariant inner products. We
use the same labelling for left-eigenspinors of 75 as for right-eigenspinors:

Q_i Y5 = j:Q_i, 0_+ = QL, 0_ Q_R. (A?)

(The notations (L, R) are current in the literature, but not always convenient in displaying
equations). Note, that

b = (0-) . (A8)

This is because multiplication with 74 flips the 5 eigenvalue of Weyl spinor (its handedness):

Va5 = —V574-
The charge-conjugation operator C' defined in the spinor space is defined by the prop-
erties:

C=0=c"'1=-07, Cry,C7! = —75, (A.9)
where the superscript T' denotes transposition in spinor space. From this it follows, that

CysC™' =2, Co0,C " = -0l (A.10)

7%

The charge-conjugate of a spinor 6 is defined as
oc = Cor. (A.11)

A Majorana spinor is equal to its charge conjugate: #¢ = . Because of eq.(A.8) a 4-d
spinor can never be Weyl and Majorana at the same time. Another way to see this, is by
noting that multiplication of a Majorana spinor € by ~s5 gives an anti-Majorana spinor:

Of course iy560 then is a Majorana spinor again. We can convert Majorana and Weyl spinors
into each other by applying the chiral projection operators Pi:

14
0, = — g -

2 (A.13)
= 0=10,+0_ and 0% =0 = CHL

Combining the last two equations, it is easily established that for a Majorana spinor 6 =
04 404, which is manifestly self charge-conjugate. Because of this possibility to switch from
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A.2 Fierz-rearrangements

Majorana to Weyl spinors and vice versa, it is obviously a matter of convenience which type
of spinors to use as a basis for constructing spinorial expressions in 4-d space-time.
Using the previous definitions one now shows (by taking the transposition of a scalar)

Urllyy = xa 1oy, ViV Xt = =Xt Vu Vs
ViysXe = XeVs¥s, Uu O X+ = =X+ Opw V. (A.14)

Hermitian conjugation on bispinor reverses by definitions the order of the spinors (v x) T =
x T4 with no minus sign. Using this one can show that h.c. replaces i «» —i and + < —.
In particular

_ 14 P14 17 .
(e x2)t = (w 275X> = x| 27574w=x 2”5w=w$x¢, (A.15)
Wy Ouxs) " = V57"0 x= (A.16)

A.2 Fierz-rearrangements

The 16 matrices I'; = (1, 7,,iV2 0,957, 75) define a complete and independent basis
for all 4 x 4-matrices. If X is any such matrix, one can write the following identity due to
Fierz:

X = i;Tr(XrJﬁJ. (A.17)

This relation can be used in particular for a decomposition of the direct product of two
spinors. As an illustration, take two anti-commuting Majorana spinors (¢, x); the com-
pleteness of the basis I'; then implies

w;z:EZTr(FJIp;z)FJ:—iZTr(yrﬂ/})n,. (A.18)
J J

Note the minus sign, which originates in the interchange of the order of the anti-commuting
spinors on the r.h.s. of the equation. For chiral Weyl spinors, the relations split into two
smaller sets:

1
YiXe = —3 (X+¥+) P + (X£0"Y1) Proy,,
(A.19)
1
ViXy = ) (XF7"9+) Py,

These equations are easily derived by applying the chiral projection operators Py to eq.(A.18).
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Appendix B

Kahler geometry

We mention several times in this thesis that supersymmetric models in four dimensions
require the target manifold of scalar fields to be a Kéahler manifold. In this appendix we
summarize the most important results concerning Kahler manifolds used in this thesis; for
a more detailed and complete discussion of Kéhler manifolds see [22, 23, 93].

Manifolds are described locally using geometrical objects like the metric and the cur-
vature. A Kahler manifold is a complex manifold, parametrized locally by N complex
coordinates Z¢ and their complex conjugates Z% (a,a = 1,...,N) on which a real line
element can be defined by

ds? = GopdZ2dZ?, (B.1)
with a hermitian metric G4, and
Gap = Gap = 0. (B.2)

The hermitian metric G,q is said to be Kéhlerian if the corresponding Kahler 2-form w =
—iGap dZ8 A dZ* is closed,
do = —2(Gagy = Grpa)dZ7 AAZ" N dZE

5 (Gapoy = Ganp)dZ* ndZENdZ2 =0, (B.3)

As usual, the comma denotes differentiation with respect to Z%, Z%. The requirement (B.3)
is equivalent to the equations

Gapr = Grpar Gapy = Gayp- (B.4)

Locally, the metric can be derived from a scalar potential K(Z,Z), the Kihler potential,
as a second mixed derivative with respect to Z% and Z<

Gao =K aa- (B.5)
The affine connection is defined through the metric postulate

DaGy = Gya = Gpya — oGy — 1o, G5 = 0, (B.6)
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Kahler geometry

and the conjugate equation. The properties (B.1)-(B.6) imply the following relations for
the connection coefficients:

5, = G Gap,y, fé = G Gagys (B.7)

with G*¢ the inverse of the metric G4, while the mixed coefficients vanish:

ry, =0, I5 =0 (B.8)

Moreover, eq. (B.4) implies the vanishing of the torsion:

5, =1%. (B.9)
The curvature tensor, has essentially only one independent type of components:
Rpasy = Gy Ty 5 = Rapns = Gy Ui o = Gaprs = Gaon G Goy. (B.10)

The other components vanish, for example

) ) 1)
Rap®y = Fﬁ%@é - Poz%ﬁ

5 6 _
— I, =0. (B.11)
The contracted connection and the Rici tensor are, as always

rga =G Ghop = (Indet @), Raa =G Ronps = (rgm = (Indet Q) a0

(B.12)

B.1 Isometries of Kahler manifolds

Having discussed the geometry of Kahler manifolds, we now discuss their symmetries. The
complex manifolds we are considering are invariant under sets of holomorphic coordinate
transformations. Such transformations that leave the metric invariant are called isometries.
On a Kéhler manifold, an isometry of the metric is, in general, an invariance of the Kéhler
potential modulo holomorphic functions F'(Z) and F(Z)

K(Z,Z2)—-K\(Z,2)=K(Z,Z)+ F(Z)+ F(Z). (B.13)

This transformation is called a Kahler transformation. If two complex local coordinate
charts {Z;} and {Z;} have non-empty overlap, the Kahler potential in the charts are gen-
erally related by

Ki(Zi, Z;) = Kj(Z;, Z;) + Fuj(Z;) + Fuj(Z;). (B.14)

In an arbitrary coordinate system, the isometry §Z% (and its complex conjugate) of the
metric

§2%=0O'R¥Z), 62%=0O'R*Z) (B.15)

is generated by a Killing vector R*(Z), with ©° the parameters of the infinitesimal transfor-
mations. A necessary and sufficient condition for the transformation to be a Killing vector
on a Kahler manifold is the Killing equation:

(GpsR)) o+ (RFGon) g = 0. (B.16)
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B.2 Killing identity

The Killing vectors form a Lie algebra:
Ry Rj 5= R} R}y — R} R; = fi; "Ry (B.17)

Thus, infinitesimal transformations (B.15) define a (generally non-linear) representation
of some Lie group G, called the isometry group of the manifold. The f;;* are structure
constants of the algebra. As it is well-known [24, 70], the holomorphic Killing vectors can
be derived from a set of real potentials M;(Z, Z) such that

R} = —iG**M; o, R} =iG**Miq. (B.18)

From these equations, one sees that the Killing potentials M; are defined up to an integration
constant ¢;. It turns out that one can always choose these ¢; in such a way that the potentials
M; transform in the adjoint representation of the isometry group:

OiM; = R Mj o+ REM; 0 = —iGoo (RORS — RSRE) = fiy “Mi. (B.19)
Under the transformation (B.15) the Kéahler potential itself transforms as
K = Fi(Z)+ Fy(2). (B.20)
Now it can be shown that the functions F?, F* defined by
Fi =K Ry +iM;, F, =K R*—iM; (B.21)
are holomorphic:
Fo=0 F,=0. (B.22)

From the Lie-algebra (B.17) it follows that one can choose the transformations of the
functions F;(Z) to have the property

§;F; — 6;F; = fi; " Fy. (B.23)

B.2 Killing identity

In this appendix we prove the identity (3.12), which we have used to show that the currents
(3.9) are divergence free. This identity follows upon using first the following result

Ri5 = —Raaps R”, (B.24)

which is obtained from the Killing equation (B.16) by acting upon it with second covariant
derivative, use of the Ricci identity

[Dg, Do) R, = Rag ¢ RY (B.25)

o

and observing that the Killing R*(z) are holomorphic: R;; 5 = 0. Furthermore, we have
used the metric postulate (B.6). Next we act gain on (B.24) with an other covariant
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Kahler geometry

derivative Ds. By shifting the covariant derivative to let it act on the Killing vectors R’ (2)
we obtain

(Raays B)5 + (Raass R');5 = —[Ds, Dy Ry (B.26)
Upon further use of the Killing equation (B.16), the right hand side of (B.26) becomes
—[Ds, Dg) Rpy = T3, 5 By — T3 s RE o = —Ripoa R — Rpsna R (B.27)
As a result, the final expression we obtain is
(Raays B2),g + (Ragop R?):5 = —Rapa Ria — Rasye R (B.28)
Finally, if we use eq. (B.18), we get the expression
i(Raa "5 M2)g — i(Rag 5 MY):5 = iRog "o MY, — iRgs ", M (B.29)

) vt

This proves eq. (3.12).
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Appendix C

Computation of the Dirac brackets

In this appendix we construct the Poission-Dirac brackets used in this thesis. The fermionic
phase space constraints

1 ) ) 1
X = Tyy — 57‘—"(0)%: ~0, Xyo =Ty, — 5]—"”(0)%: ~0
Xng = Tz — 20 Gagnl 220, Xy = g — 20 Gagnf . (C.1)

serve to eliminate the momenta (my,,m)q) from the hamiltonian dynamics. The Dirac
procedure is designed to eliminate the momenta directly from the brackets —by defining
new brackets {A, B}"— whilst keeping the equations of motion in the form

A={A H}. (C.2)

The starting point is the ordinary Poisson brackets
{ﬂ-niaﬁ:F} = {ﬂ-iﬂiv ,II)ZF} - ’YOP:F (CB)
In the notation we suppress both the space-time dependence and the indices «, 3, ... of

chiral spinors . The bracket (C.3) presupposes (1,1, m,, 7y) to be independent, and is the
one which holds in the full phase space.

Using the charge conjugation properties (A.13) for a Majorana spinor the conjugate
brackets are:

_ _ T _
{miﬂlg} = _’VOC 1P1F =C 1’YOTP$ = {%JL} = {d}xﬂwi} = ’VOPi
_ _ T _
{ﬂni,ni} = —4%C 1PjF =C 170TP¢ = {nqg,wgi} = {nqg,wni} =~'P,. (C.4)
Now we compute the brackets of the constraints:
{Xwiv X%F} - _‘7:”(0> 70P3F7 {Xni ) X”i} = —4C GQQVOPJF' (C5>
Using this result, we obtained the matrix of constraint brackets (3.35) with the inverse
X 0 . ]:N;(C)VOPJr 0 0
ci = | e -0 0 o (C.6)
0 0 0 0GPy
0 0 5GP 0
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Computation of the Dirac brackets

Furthermore we note, that
= 1 11! I — —Q
{WCaxwi} = 5"T (C) wzl:a {77-079(771} = _QGaQT/I

{wza,x&} = 20 Gopyiil, {ﬁ;g,)‘(ﬁ}:2Gag@ﬁi. (C.7)

3
H-

The Dirac brackets are now defined as

{A,B}Y" = {A,B}- % ({A,Xw+}70 {Xw_7B} + {Av)_ﬁlz_}’yo {Xm,B})
—4020@ ({A»@é} o {xng,B} + {A,xng} 20 {Xni, B}) (C.8)

From the definition (C.8) one can now compute the elementary Dirac brackets between the
effective degrees of freedom:

T F"(C) - 8 1., 8 _ o oB 1o, 8
{ﬂ-Ca,l?Z)i} = W((Cf)) + {WZOHT/E} = 51—‘,85 Nt {Wz@ﬂE} = 51—‘1\/ N+
0 B)F 1 . oy x 1 . F(C)
VEE) = qeC B (et = eyt e (el = gy
. 1, a — log
{niaﬂ-zﬁ} = _éryﬁnlv {77}7%&} :_§Fiﬁ77j1: (Cg>
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Appendix D

Variation of the lagrangian density
under supersymmetry transformation

D.1 Computation of B,

In this appendix we show that the variation 6L of the Lagrangian (3.5) caused by super-
symmetry transformation (3.21), is a total derivative.

5L = %au <€+Bi - g_Bﬁ). (D.1)

Our starting point is the off-shell supersymmetry transformations of the superfield multi-
plets (V, ®* &2 A A). The components form of supersymmetry variations is:

0C = teshy — ey, 6D = LeLdA_ +he

5y = § Bey — (Y +idC)e 5y = —iBe — J(V —iO)e,,
0V = =56+ (VA= + 0uthy) — 36 (VA + Ot

oA_ = (0"8,V, — iD)e_ oAy = (0"0,V, + £D)es,

0B = —ie_ (A + ) 0B = ier (Ay + Jv_),

62 =e€yng, 0z%=en= 0s = €4x4, O05=¢e_x_,

ong = 3d2e_ + LH%,, on® = 3Jdz%, + LH%_,

Ox+ = 2@se_ + Lhe,, ox— = 2d5e; + Lhe_,

SH* =e_gne, o0h=¢e Jx., SHE=¢,dn%, Jh=¢e Jx_

(D.2)
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Variation of the lagrangian density under supersymmetry transformation

Here e, are anti-commuting chiral spinor parameters of supersymmtry. Eliminating of
non-dynamical fields (D, H*, B, A;, x+) from (D.2) by their field equations:

fe o — I - fe
H = G éGyQ,énl'f?i + 5¢+77+7 D = _DC7 B = 07

X+ = %f”(C’)er — Kuan®, Ay ==y (D.3)

and their conjugates lead to the supersymmetry transformations (3.21). We now compute
the vector-spinor fields By,,. First we recall, that the Lagrangian (3.5) is the D-term of the
real vector multiplet V(I — F(V)):

L=[V(IK-FWV)]p, K=K(@@ 0% +A+A. (D.4)

As it is well known that a D-term transform into a total derivative (see the supersymmetry
variation of the D field in eq. (D.2)), we can directly obtain the vector-spinor fields BY .
The variation £ in eq. (D.4) is

i
5L = §e+<‘;}[(v1c - ]—“(V))]A_jth.c, (D.5)
where the components [F (V)] _ and [VK],_ given by

FV = PO+ (O (Boe — Vi — 900, )~ (Ot (D6)

VKL = Ce +CA + 5 (BC +Hu — iV ¢, —idw, — PCC. —§Cp, ), (D)

with C,(;,H, A,, - are given respectively in (3.4). Upon using the equations of motion
(D.3) for (H® B,x4) and the field equations following from §S(V,K)/éV = 0 (6V =
dD,0V,,dB), we get the on-shell expressions

C = K("2)+s+s5=F(C),

e o @ 1 111 7
H = Goginy = Kol = h = =5 F7(C) 1),
. o o _ _B @ 1 1 111 -
A, = z(Kﬂﬁuz — K 00,2% + 05 — 0,5 — 2Gag T Yy m) ~ F' (O, + 5F" (C)damto-.

B a ,G . r e’ . [e% _,G 1 _:G (e% = (0%
§4 = —2iGag P20~ + 2iGap H — 2iGopyn ion) ~ QGQQ(E(UIQM)U— + f/?zﬁm),

(. = 2iKn*+2ix_ ~F"(C),. (D.8)

By inserting these expressions into (D.7) and after Fierz rearrangement of the term con-
taining three fermions, we obtain the vector-spinor B,

By = (VKL —[FV))
~ G (e + 1CP ) s PO (9O + Y Y+

— SF OB (D.9)

The vector-spinor B_, is obtained by the complex conjugate of B,,.
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D.2 Construction of the supercurrents S,

D.2 Construction of the supercurrents S,

Noether’s theorem asserts, that a conserved supercurrents S, is constructed from

1 _ 1_ 1_ 1_ oL
_€+S+PL - 56757#4 = _€+B+H — éE,B,H — W
i=t M

where the sum is taken over the various supersymmetry variations d¢ of the theory. As
we have already computed B.,, we only have to compute the gradient terms. First we
consider only the gradient terms with the €:

oL T " 1_, _ L
- = __ f - «
5+¢5(8u¢) 2€+1/1+ (©)9.C 2-7 (CWVuethy +iKaeyns

+i}—"(0)1ﬁ+’yﬂ (Y/ — Z@C> € + ey (ZiGag 1/_1+’Yu77§ — iKY,
+2CGog i3 — 20G g, (D.11)
Substracting of this expression from B, in the form (D.9) then reproduces the result (3.25)
Saw = ACag (b1t — 0P )1 F(C)PC + 3 Py

1 11 N . a B
_af/ (C>7LL 1/}* er Q/JJr - QZCGQQ,W/VM'U? {/m 7]1 <D12)

The computation of S_, goes entirely similar.
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Appendix E

Analysis of supersymmetry breaking
vauca solutions

In this appendix we present the solutions to the equations (6.40) which we have used in
section 6.5. We consider first the case H = 0. To determine the minimum values for X and
Y, we differentiate the scalar potential with respect to X and Y, this gives

ov 15} oV O« ap

dvy
_— = _ = _— = 2— p—
% 29(Y + 27) 0, X — X +Y8X +Y 5% 0, (E.1)

with «, 8 and 7 given by the expressions (6.39). The first equation of (E.1) is satisfied if

Y = —ﬁ. (E.2)
2y
Substituting of this result into the second equation of (E.1), gives
ov
= AX*+BX +C =0, E.3
o = AXT+BX + (E.3)
where
1
A = (200972 — 7565 + 40069342 ). (E4)
1
B = — (360g1 g2 — 8209394 + 210g5 + 140089192 — 14006792 + 1400¢%g1g2),
1
C = 13 ( 5859195 + 7209795 — 13595 — 198089193 + 1080€g7g5 — 1620£2gi*g§)
The equation (E.3) has two zeros, at
9 1393 — 3g2 + 18g3¢
X, = (=g + g2 — 24%), X,=—" 2 E.5
A e AL Y R e ()
Inserting this into equation (E.2), we obtain the minimum values of Y, i.e. the roots:
2 _ 242 2 D P 2 1 2
Y, = 995 Y, = 391 (5 + 2§)(—3g5 + 8¢5 (1 + 28)) (E.6)

27(—g3 + gi(1 4 2¢))’ (3297 + 393)(—393 + g7 (13 + 18¢))
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We now turn to the second solution of the supersymmety breaking vacuum conditions
(6.40), when H # 0, which exist for C' = 0. Differentiating the scalar potential with respect
to H gives

ov

o =EH+F=0 :H:—? (E.7)
with £ and F given by
£ = —61529%¢2; — 52368¢% — 691;‘]%93 + 10?;?5 % 1382;?%9"2’
- 380)1(6‘@; + 5209792 X + 3216092X + 1609792 X2 + 744092 X2
F = —190gig25 — 60g; + 130g7g2 X + 12095 X + 409792 X* + 6092 X
—180g7g5¢ + 2209795 X — 809795 X € (E.8)

Next, we minimize the scalar potential with respect to X and Y. In fact, they are given in
eq.(E.1). Substituting (E.7) into

ov p 3 2 2

— — 8)(0( — %&(ﬁ -+ 4—/}/28)(’}/ = 4’}/ axOé — 2758)(5 + ﬁ ax’)/ = O, (Eg)
gives the minimum value of X. There are 10 separate solutions to this equation. The first
five solutions are given by expression (6.48). The corresponding values for H and Y is

1
H = —(5+2

602 1 36911 1+ 26)  93(3VBV/B2079T — 3gL€ — 21T + 27¢))
e = I i 1122 1600 4(360% — 179242 + 642 ’
(3691 9195 +695) (3691 9195 £ 695)

Y, — [4gg(z4g§(115g§+43\/5\/—3zg§g§—3g§)

+919z (g§(30880 — 22005¢) + 3\/5\/ —329292 — 392 (352 — 3835))

+17280g0 € + 48! (9\/5\/ _32¢2g2 — 34 (16 + 37¢)
—40g2(42 + 1255)))} / [3(—15g§ + \/5\/—329393 — 3g§> (—2304gf
+995 (6lg§ + 5\/5\/—32g%g§ — 3g§) —16g; (23g§

+15v/5,/ 329292 — 3¢7 ) 2441 (i?Bgé 1 5v/5g2/ 329292 — 3¢ ))] (E.10)

The other five solutions are obtain from equation

aX? +bX* + X3P +dX? +eX + f=0, (E.11)
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with

320g] — 672097 g2 + 360095 + 960g7¢ — 1272097 g2€ + 66597 €2,

—15904¢7 + 49488g7 g2 — 1958445 — 5945691€ + 8913697 g2¢
—55741g1€%,

703569] — 133392g7g2 + 4233695 + 255440g7¢ — 23256097 g2¢
1231696412,

— 1187444} + 172848g%g2 — 45504¢; — 416384g1¢ + 29006447 ¢?
—362592¢91€2,

8843649, — 109872g7g2 + 2433695 + 297072g1¢ — 17539297 g2¢
12484004762,

—2246447] + 27648g7g7 — 5184gs — 76032g1€ + 4147297926 — 62208¢7€%.(E.12)
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