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ABSTRACT

N=1 Supergravity with a Non-minimal Coupling :

A Class of Models

by
Xizeng Wu

Advisor: Professor Ngee Pong Chang

In this work a class of locally SUSY GUTs with a
nonminimal coupling is proposecd. It is observed that from
the superspace point of view the Wess-Zumino supergravity
action is much simpler than the supergravity with the
minimal coupling, So the overall scalar potential is
derived and a new class of superpotential for the hidden
sector is found. The effective potential thus derived
turns out to be a generalization and improvement of the
Ovrut-Wess mechanism, The above formalism is applied to a
SU(5) SUSY GUT model and it is found that there is no anti
de-Sitter problem any more, and the SU(2)xU(l) symmetry is
broken at the scale M2/3. The squarks, sleptons, gluinos
and photinos will get their masses radiatively., Besides,

it is also discussed how to get & stable hierarchy.
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1. Introduction

Since two years ago the interest of people on
supersymmetry has been enhanced very much. The motivation
of this enhancement is rooted in the attempts to solve the
so-called gauge bhierarchy problem in the Grancd Unified
theories (GUTs). GUTs are the theories that wunify
weak,electromagnetic and strong interactions and seem to
be a major part of the physics culture nowadays, and very
justifiably sol. They do explain some long-standing
mysteries such as charge quantization and the order of
magnitude of the fine structure constant and also make
some detajled predictions for low energy phenomenology
(Sin8,, mp /m, etc.) which compare quite successfully with

experimentl'z. The most exciting prediction of GUTs 1is

that nucleus should decay with a lifetime of 1031 years
or so,which 1is accessible to the present round of
experiments being conducted now worldwidel. However,
GUTs are certainly not without cdefects, Most of these are
associated with the scalar Higgs sector and the most
serious one is the so-called gauge hierarchy probleml.

Briefly, the gauge hierarchy problem is as
follows. In GUTs one has at least two stages of the
spontaneous symmetry breaking: one that provides the grand

unification scale ("x) and one that gives the



electroweak unification scale (Mw). what seems very

bizarre is the gross difference between the two scales

™ ~ 'o-tl
M

Such an incredibly huge Jdifference in scales is very
difficult first to be produced and then be maintained in
conventional field theories, This is because the quantum
loop correction will destroy the hierarchy set up at the
tree level., Actually in conventional field theories the
spontaneous symmetry breaking occurs thanks to the Higgs
mechanism and then the scale of the breaking is more or
less the same as the mass of the Higgs particle, But the
mass of Higgs particle will get radiative corrections. In

general the radiative corrections are guadratically

divergent 2 .
2
gm W~ /\ e Ml
where is the cut-off and the natural scale for it is

Mx. These divergent contributions come from the diagrams
invelving fermion, gauge boson and scalar loops ( Fig, 1
). S0 ,unless there is some mechanism, some kind of
symmetry to make the sum of diagrams in Fig. 1 vanish, the

hierarchy will be destroyed
Mw
M
and we will be in trouble, Unfortunately in conventional

~ O«Ci)

field theories there is no such kind of symmetry to avoid



the divergent radiative correction to the masses of
scalars, So one has to finetune parameters at each order
of the loops to keep the hierarchy intact. This situation
is quite unnaturall.

In order to solve this difficulty we should
either somehow throw away altogether scalar particles or
find some kind of symmetry to make the contributions from
fermion loops and boson loops cancel each other. The first
attempt leads to the techni-hypercolour theories which
encounter some serious difficulties3. And the second
idea is just the point at which supersymmetry comes in.

Supersymmetry is a symmetry between fermions and
bosons, which was originally introduced by Gel'fand,
Likhtam, Volkov, Akulov, Wess and Zumino about ten years
ago. It was shown that supersymmetry 1is the unique
fermion-boson symmetry which is compatible with the
Poincare symmetry group4. In the conventional field
theory symmetries of the theory always transform fermion
tc fermion and boson to boson, acting, in general, on the
internal quantum numbers carried by these particles. Aand

> the only

according to the C(Coleman-Mandula theorem
possible conserved quantities are those which transform as
tensors under the Lorentz group. S0 we may have the
energy-momentum operator Pu , the Lorentz group

generator M,, and some Lorentz invariant conserved quantum



numbers { electric charge, baryon number, etc.) as the
conserved quantjities. But in supersymmetric theories one
introduces a new kind ¢of conserved guantities: conserved
charges authat transform as spinors‘. The Q's have spin
1/2, so acting on any particle they change its spin by +
1/2
GulSpin S > ~ | Sin .S_t% >

Since the Q& 's are conserved and commute with the
Hamiltonian , they do not change the mass of the particle
on which they act. This means that fermions and bosons are
degenerate in the mass, A unique and highly important
feature of supersymmetric field theories is their mild and
rather soft wultra-violet behaviour. The root of this
remarkable property lies in the existence of the high
degree of fermion-boson symmetry. In supersymmetric gauge
theories a miracle occurs, and the net result of adding
up the diagrams of Fig. 1 is zero. Most remarkably, the
result holds to any order in perturbation theory. The
magic reason is the mutual cancellation of boson and
fermion loops. These <cancellation are due to the
restriction on couplings dictated by supersymmetry. 1In
general, such a kind of cancellation leads to the famous
non-renormalization theoremse. These theorems imply
non-renormalization ( finite or infinite ) of certain

parameters or of certain relations between



parameters---some thing unimaginable in ordinary theories,.
For N=1 globally supersymmetric thecries with a
gauge group G commuting with supersymmetry, the
non~renormalization theorem states that there are no
guadratic mass renormalization and no renormalizations for
the Yukawa and scalar couplings among chiral multiplets,
The first result can be intuitively understood from the
fact that scalars are supersymmetric partners of chiral
fermions and fermions can at most have a logarithmically
divergent self-mass, So the scalar masses, through
supersymmetry, are protected by chiral invariance from
having a gquadratic divergence. This argument however is
only heuristic because it does not explain why even an
independent fermionic mass renormalization does not occur,
i.e., why zm-l and the mass and c¢oupling constant
renormalization for nmnatter <chiral multiplets are only
induced by their common wave function renormalization. In

supersymmetric theories, one typically ha56

} 3
Mren, =( QEE-E&J 7z (wave function ren.)

Mbare Gbare
where Mren. ang MbareStand for the rencormalized mass
ang bare mass . Gren. and Gbare stand for the

renormalized coupling constant and bare one, respectively,

This result can be understood from & Euperspace power

6

counting rule” and a supergraph technigue which will be

used in this thesis extensively. Using the technique, it



has been shown that to any order of perturbation theory, a
supersymmetric renormalisable thecry in 1 or more loops
will never give an F-term effective Lagrangian. This means
t hat some allowed supersymmetric F-term effective
couplings and mass terms among chiral multiplets are never
generated in perturbation theory if they are not present
in the original bare Lagrangian, C(onversely, if the
original Lagrangian contained some F-term couplings these
couplings will not be corrected by higher loop
one-particle irreducible corrections. This
non-renormalization property is often referred to as the
so-called supernaturalness,

Now it is obvious that the unnaturalness with the
gauge hierarchy problem in GUTs can be overcome ,at least
partly, by the supernaturalness in the supersymmetric
gauge unified theories( SUSY GUTs )7. Before going into
detail let's reconsider the whole implication of the gauge
hierarchy problem. Strictly speaking,a natural
satisfactory solution of the difficulty should be akle to
answer the following three gquestions:

1) Why is M/ M = 10712

2) how can one separate, at tree level, the masses of the
Higgs doublet and its GUT partner, the coloured Higgs
triplet 2

3) how can one make this mass hierachy stable against

radiative corrections ?



Clearly SUSY GUTs give a natural answer to the problem 3).
In general, in SUSY GUTs, the mass hierachy is set up at
tree level through a fine tuning of parameters in
theories, but the fine tuning is fixed once and for all
due to the non-rencormalization property of SUSY GUTs. 1In

8 the need for fine tuning is avoided by

some models
using the so-called sliding singlet or a complicated
combination of group representations of Higgs fields. as
for answering the gquestion 1), some attempts have been

9 in SUSY GUTs. So although the cure is far from

made
satisfactory, the gauge hierarchy problem has at any rate
been improved.

Of course oL the way to building a realistic SUSY
GUT there are stil]l many pitfalls. One of the basic
problems of supersymmetry is its strong resistance against
breaking., If supersymmetry plays any role in nature it
must be somehow broken, because we do not observe 1in
nature the cegeneracies among different =pin that would be
predicted by supersymmetry., But in the global
supersymmetry the vacuum energy 1s positive or 2zero and
zero vacuum energy correponds to a supersymmetric
invariant vacuum4. So in contrast with ordinary gauge
theories, supersymmetric states are energetically favored,
S0 if we want to spontaneocusly break supersymmetry, we had

better exclude the supersymmetric states from our

physically accessible ones.



This turns out to be a formidable task. Even
though one can spontaneously break supersymmetry by using

the O'Raifeartaigh mechanism10 or the Fayet-Illiopoulos

mechanismlo, it has been realized that it is difficult
to build a phenomenologically acceptable model of SUSY GUT.
In fact there are three principal cifficulties

11 7, 11

yet to be solved °. Take the SU(5) SUSY GUTs as

an example. In ¢this kind of model supersymmetry is

10-—1012 Gev.

spontaneously broken at a scale M, ~ 10
First of all we want to have a large SU(5) breaking at the
tree level in order to get predictions like those of the
non-supersymmetric SU(5) GUT. But it turns out to be very
difficult to construct a model in which the
SU(3)xSU(2)xVU(1) invariant vacuum is unique, In globally
SUSY GUTs one always has the degenerate vacua with
different symmetry breaking patternST. In the models
where supergravity is not introduced, even if
supersynmetry is spontaneously broken it still is
difficult to lift the degeneracy of vacua at the tree
level. Usually one has to either just simply assume the
realization of the SU(3)xSU(2)xU(l) vacuum without any
explanation or appeal to quantum loop corrections to lift
the degeneracyll.

The second difficulty 1is how to break the
SU(2)XU(l) symmetry with a correct mass hierarchy Mw/

M. In this case, more often than not one has to appeal



to gquantum loop corrections again to get a negative
mass-squared for the Higgs doublet, and one needs some
fine tuning of parameters in models or some constraints on
modelsll. This makes model building very complicated and
unnatural.

The third difficulty is finding a mechanism which
leads to a phenomenoclogically reasonable spectrum for the
squarks, sleptons and gauginosll' 12.

In the foregoing, the supersymmetry we have
discussed is the N=1 global supersymmetry. On the other
hand, there are locally supersymmetric theories which are
called supergravityls. In supergravity, supersymmetry is
gauged and the corresponding gauge field is called the
gravitino. Gravitinos along with gravitons mediate
gravitation, 8o supergravity is gravity with a local
symmetry between bosons and fermions., It seems more and
more evident that the correct way to include gravitation
is through supergravity. §Since the Planck mass MP’V

1019

Gev, the scale involved in gravitation 1is much
larger than M, and Mx' so it might naively appear that
there would be no effect of gravitation on low energy
particle physics. More careful studies revealed that such
is not the case,

What are the residual effects of gravitation on

the particle world at large? This interesting problem is

drawing intensive attention recently. Ovrut and Wess



-10-

first proposed a mechanism to introduce the effects of
gravitation into SUSY GUTs. They coupled a Yang-Mills

system to Wess-Zumino supergravity with a large M

term14. They proved that if the graviton and gravitino

interactions are turned off and the cosmological constant
cancelled, the global supersymmetry is broken by explicit
softly breaking operator with dimension 2 or less. It has
been shown by wus that through this mechanism the
degeneracy of vacua can be lifted, the SU(2)xU(1) symmetry
can be broken, and the SU(3)erm(1) invariat vacuum with

a correct mass hierarchy can be obtained just at the tree

116

leve . 80 the first two difficulties mentioned before

have been resolved.

15

On the other hand , Cremmer et al and

14

others gave a more general component Lagrangian of the

N=1 supergravity coupled to an arbitrary Yang-Mills system
by using tensor calculus techniques, Since then many

authors investigated locally SUSY GUTs or their low enetgy

17

effective theories based on the so-called minimal

coupling of matter and supergravity. 1In these models

supersymmetry is broken at a large scale M~

10_,,12

10 Gev by a hidden sector of gauge singlets.

17

Through the superHiggs effect, the gravitino gets a

mass
2
M3/2 ~ KM~ M.

It was found that supergavity can 1lift the degeneracy,
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trigger the SU(2)xU(l) symmetry breaking at the scale

M ~ M and give all scalar fields masses Dbounded

3/2 w’

below by the mass of the gravitino. So these
investigations reveal that the gravitino may play a
important role in particle interaction.

Of course, the existing locally supersymmetric
models are far from perfect, The models of locally SUSY
GUTs with the minimal coupling may face difficulties with
the anti-de Sitter vacua, the SU(2)xU(l) symmetry breaking

in 'realistic’ models17 , generating the 1light fermion

masses’ anéd the unstability of the hierarchy30. In
these models the physically wanteg SU(3)erm(1)
invariant vacuum has higher energy than other vacua
{say,SU(5) or SU(4) etc.). 1t 1is hardly acceptable in

17. pue to the

spite of attempts to try to justify it
loss of correspondence of the absolute minimum of energy
to the physical vacuum, the analysis of the symmetry
breaking is not transparent. In the effective thoeries, a
more complicated superpotential still needs to be found in
order to break the SU(2)XU(1)} symmetry17, because the
popular Polony potential can not trigger this breaking.
Besides, generating the light fermion masses through the
Yukawa couplings will cause breaking of the color and E.M.

symmetrieszg. Furthermore, it has been shown30

t hat
the tree level hierarchy may be destroyed by the loop

corrections,
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In this thesis a class of non-minimal locally
SUSY GUTs is proposed, We observed that from the
superspace point of view the Wess-Zumino supergravity
action is much simpler than the minimal coupling of
supergravity. So in Chapter II we derive the overall
scalar potential through integration of 8 . Using this
formula and a new class of superpotential for the hidcen
sector, we give an effective theory which turns out toc be
a generalization and improvement of the Ovrut - Wess
mechanism. In Chapter III the above result is applied to a
SU(5) SUSY GUT model, and it is found that there is no
anti de-Sitter problem any more, and the SU(2)xU(1l)
symmetry 1is brcken at the scale M2/3. The squarks,
sleptons, gluinos and photinos will get their masses
radiatively. In chapter IV more models will be ciscussed
to show how matter fermions get their masses through the
Yukawa couplings without causing troubles and how to get a
stable hierarchy. Chapter V presents the conclusions of

this thesis,
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11. General Formulation

Supergravity has two kinds of different
formulations, One is the component formulation and the
other one is the superspace formulation. Superspace is an
enlargement of ordinary space-time to spinning Spacelg.
The base-manifold of superspace has points parametrized by
coordinates

2" = (X", 8%, 6,1)
where the capital letter M represents the four -vector
index m as well the spinor indicdes m and #. M, m and 4
are all upper indices, while & is a lower index. x™ are
space -time coordinates and 8", Biare Grassman variables
whose Lorentz characters are those of the Weyl spinor.
From a group theoretical point of view superspace may be
regarded as the quotient space G/L in which G is the
graded (l4-dimensional) Poincare group4 and L is the
Lorentz group. The energy-momentum Pm and the

supercharge Q o« ., Q% act as translations and

supertranslations in superspace., A supertranslation with

infinitesimal parameters ' shifts the supercoordinates
zM as follows
x"-<3 x™ + i(6c™F - Ed™B )

0« --» 0% + g* (1)
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'0';; --» b4 < E,‘.
This supertranslation is called the global supersymmetry
transformation. The composition rule of supersymmetry
transformations 1is obtained by performing the commutator
of two infinitesimal changes of parameters §,, §,

[ 8§, 2] = (-2i(¢,0™§,-60™% ), 0, 0)
which is a manifestation of the fact that an infinitesimal

B can be oktained

translation of the space-time point x
in superspace by performing two infinitesimal
supersymmetry transformations. Anc¢ this means that the
supercharges Qy, 65' satisfy the following algebra
{ 0w, 0y} =200, 9m
(0. @) ={8 Ao
A superfield v{(z) is defined as a function of 2z 1in
superspace. Because of eq. (2), Vv(z} is equivalent to a
finite collection of ordinary fields carrying different
spins in Minkowski space-time, 1In fact V(z}) can be
expanded as
Viz) = £(x) +@&(x) +B A(x) +6" m(x) + B n(x)
+8078 v_(x) +Bovi(x) +82°8 A (x)
+0'8% atx) (3)
so V(z) unifies in a single object (a superscalar) ¢
bosonic (f, m, n, vm and d) and 8 fermionic fields (¢
S S and A ). Under the global supersymmetry
transformation v(z) transforms as a scalar

Vi z') = v'( x™ +i(00™§ - E0™F), @+t , B+E )
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Vit')= v(z) (4)
and in this way transformation rules of components of V(Z)
are determined4. From egs. (1) and (4) it is easy to
deduce covariant derivatives )
D Z( D= om ”M:;iéd TV Ju - WO ij:tfimvieuia"),(g,}
(e, D,] =0,
{pu, 0} ={pu ., B4)= {B%, Q,}= 0,
{ o, ,B‘;}szia:‘; ol T (6)
Egq. (6) shows that the flat superspace has supertorsion
even t hough its curvature vanishes, The covariant
derivatives Dy, play a crucial role in the derivation of
globally supersymmetric Lagrangians and invariant
constraints, Using them one can dcefine the <chiral
superfields which are "smaller® than general superfields
by the condition
B“d =0 .
Global supersymmetry and flat superspace techniques have
been extensively used in order to perform a systematic
investigation of supersymmetric fielad theories 4.
Furthermore, the supergraph technique has been
developed6 recently. It has proven to be especially
useful in the manifestly covariant analyses of quantum
corrections and divergences of supersymmetric quantum
field theories., In Chapter 1II we will use this technique

to calculate the radiative corrections to masses of

squarks , sleptons and gauginos.
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In the foregoing, supersymmetry 1is a global
symmetry. But it can be gauged and in this way we are led
to supergravity. In this case we would like to construct
theories invariant under x-cependent supersymmetry
transformations. As in Eq. (1), such transformations
induce motions in superspace

Xo==? Xp + 1 90""2(){)- ﬂx)d""é

84 --» 8%+ EM(x)

Ba -2 8.+ Fux).

These motions generate certain coordinate transformations

z"--,z"‘l - zM +§M(ZJ,
where ;'M(z) is an arbitrary function on superspace. In
general, these motions contain standard general coordinate
transformations with parameters € (x, @ =0) and local
supersymmetry transformations with parameters ;“(x. é =0}
ang fﬁ(x, 6 =0). Here M refers to a superworld index. To
formulate supergravity in a curved superspace one has to
develop the geometry of superspace. The first proposal of

20 who

a curved superspace was made Ly Arnowitt and Nath
used a super Riemannian geometry in superspace, However,
the flat superspace of global supersymmetry does not fit
naturally as a special <case of & super-Riemannian

geometryzl. Wess and Zumino proposed an alternative

approach based on an affine (non-metric) geometrylg. In
this formulation, at each point in superspace one erects a

locally flat reference frame and defines the vielbein
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fields
Ep(2),
A= (a, ad, &), M= (m M, &)

and their inverse,where the early capital letters (A-L)
refer to tangent space indices, the late capital letters
(M-Z) to world indices, respectively. As in any affine
space we can define the covariant derivatives

D M - M?

by=-9 ;b Xab’
where 4 M is the Lie-algebra valued superconnection and
xab are the Lorentz generators. It means that the
Lorentz group 1is the tangent space group (structure
group), The vielbein and the connection are the basic
dynamic variables. The covariant derivatives of vielbein
are called supertorsion, and those of the connection are
called supercurvature., Covariant derivatives with tangent

space indices

M
DA'EAQM (7
satisfy the graded commutation relations19
ab C
[D,, Dy }= -Ryp Xap - 2 Thpdk (8)

c . .
where TAB is the supertorsion and RAB

supercurvature, Torsion and curvature satisfy the Bianchi

identitieslg. Moreover some additional kinematical

is the

constraints have to be further added 1in orcer to
completely specify the geometry and to reduce the number

of component fields as much as possible. In this
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formulation there are constraints on the supertorsion.
Actually it is impossible to set ald torsion components to
zero as seen from eq. (6), for that woulcd exclude
supersymmetric flat space as a solution of supergravity.

It turns out that

!!g - T"cﬁ = Tﬂ‘“ = T!‘b = T:-e = T:b =0,
58 = Tda = 21054 (9)
are the proper constraints, Here denotes either or .,

One has to solve the Bianchi identities subject to these

19

constraints, and it was shown that all the

components of the torsion and curvature may be expressed
in terms of the superfields
R, Gyg @and Wygy -

These three multiplets are the supersymmetric extension of
the curvature scalar, the Einstein tensor and the Weyl
tensoczz. For instance, R contains the contracted
(scalar) curvature tensor at 0% level, G,contains a tensor
which includes the Einstein tensor at 08 level and the
Rarita-Schwinger operator at the 6’0 level. For @ = 0, Wapr
contains the Rarita-Schwinger field strength, But as far
as independent fields are concerned, they are the graviton

e;(x), gravitino ‘l":n(x), ?m&(x) , and
auxiliary fields M(x) and ba(x). It was found thatlg

a )
2 1/2y% 12 ¥8

Ep= 0 v 0 +

0 0 t 3
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+ dependent terms,

R(Z) = -1/6  M(x) + 8§ dependent terms,

G (z) = - 4 ba*) +  dependent terms . (10)
The spin-2 graviton couples to the energy momentum tensor,
while the spin-3/2 gravitino couples to the spin-3/2
supercurrent, The auxiliary fields are just enough to
équalize the number of bosonic and fermionic degrees of
freedom of f mass shell,

Now the geometry has been completely specified. It 1is
also referred to as the kinematics, It is the analog of
the specification of geometry in Einstein's theory as
being Riemannian, Just as in Einstein's theory the
dynamics are given by giving &n action, the dynamics of
the pure supergravity are given by the action

A= [a%xd% & (11)

A
Mf
and E is called the vector density superfield, So the pure

where E = det E

supergravity action is simply the measure of superspace
but subject to the kinematic constraints Eqg. (9).

Of course what interests us is the coupling of
supergravity and the Yang-Mills systems. The action of the
globally supersymmetric Yang-Mills theory is well known?
as

A= f a'xd'e s*e%s

o J atxale  (1/20,(6)F %) Tr WM W
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+ Ja*%a% (g(sp) +h.c.) ,  (12)

where Si are the chiral fields transforming as a
representation of a gauge group G, V is the gauge vector
superfield, Wa is the gauge covariant chiral superfield
which contains the vector field strength and is defined as

Wau = -1/4 Dp2e”%p, %V, (13)
g(s;) is the superpotentjal which is gauge invariant, E
is the gauge coupling constant and

c te) = re( ¥ T® ) 4.
So the most general action of the coupled Yang-Mills and
supergravity system is given byl5

A= Ja%a% e ( $(s*e%s) + Re (1/R g(s))
+ Re(1/R f,g (SOW" W) ), (14)

where @§ is a real function of S and S, fepis a
chiral superfield transforming as the symmetric product of
the adjoint representation of G. Using Eg.(14), Cremmer et
al found a general Lagrangian in component formalismls.

The overall scalar potential is

; - 3 4 D’
el va- fyexp-9)03+(§°1878,0 3, (15)

where e =/ det 1 8.1 '
§= 3leg( = F3.3) - Loy £ 1901* (16)
=T - by g,
o' e T na (giria gty a0
k=4 WG .
S0 in order to specify Vv completely, $ and f«ms should be

chosen, In the popular minimal coupling one chooses
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- -2 exp(-F a:i3"%), (17)

fug™ Oup,
and one has

el v Lo Eapn1fl+ Faigr
-dwnigr ) o+ 2(pv)*, (18)

where p"= & g 3" -r‘:.’jj . (19)
From Eq.(14) with $ given by Eg.(17), it is clear that
the so-called minimal coupling 1looks c¢omplicated 1in
superspace, Since we do not yet know what kind of choice
of ¢ corresponds to the physics of the worlgd, it
definitely appears worthwhile to try an other choice. We
should try a choice of @ which makes the action look more
simple and natural. Before doing so, it is worthwhile to
review quickly the history of this supergravity-Yang-Mills
coupling.

Oovrut and Wess first proposed a mechanism ¢to
introduce the effect of supergravity into the globally

14

supersymmetric Yang-Mills theory . They <couple the

wess-Zumino supergravity to Yang-Mills matter and get an

action
o« Surers € {25+ oo mmem,
+[-5(D*D, -FRIST + §LS)
(IR v - 81y +he ]}, (20)
where

E o« -4 (B -prostelv,
m, = H* -1 Iv
T (Dr-parc e’ D, e ),
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g(S) = £5;+ 1/2 mySiS;+ 1/3 MayS: S, S,
€ denotes the chiral density superfield, R denotes the

curvature chiral field, ©,is the covariant derivative and
g is the superpotential, The second from last term

Juuxars ( () ER + R.c) (21)
is the action for pure supergravity, It is the same action
as that given by Eq.(11), but in Eg.(21) the Lagrangian is
written in F-type density form by wusing the chiral
density §£ 19, while in Eg.(l11) the Lagrangian 1is
written in D-type form Ly using the vector density E. In
the superspace formulation it is more convenient to use
the chiral density . A large so~called M term

Jarxdte { (RIHE + R )
is put in Eq.{20), and in the limit of k-9 0 it introduces
a residual effect into the glcbal SUSY action., Actually in

that limit supersymmetry is broken through discarding an

. . . alt .
infinite cosmological constant (= H;E ). Then the action

becomes
A = ASUSY + Asb ‘
where Asusy is globally supersymmetric and
= * v - o g <.
Ae;u:,-._y Jauatd s efvg [ Jé*xd*8 Zts» ¢+ R.C.]
'4- — of
*Sificm r Jowdro W we

Agy is an explicit SUSY softly breaking term
Agp = Jove (5 afAg lz‘-“-n; + ke ), (22)
where Ag is8 the scalar partner of 8.

This term is just a remnant of supergravity, This action
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is renormalizable to any order of perturbation14. We
have applied this mechanism to a SU(5}) SUSY GUT model16
and found that the Ay, term lifts the degeneracy of
vacua and breaks SU(2)xU(l) symmetry. S0 in this model a
unique su{3}erm(1) invariant vacuum with the correct

mass hierarchy MW/MX-—alO'12 is obtained simply at

the tree levells, and Mw is related to the parameter 4
which is the strength ©of the residual effect of
supergravity,.

But the Ovrut-Wess mechanism has some
shortcomings. They are rooted in the fact that
supergravity ©breaking in that mechanism is not a
spontaneous breaking, $¢ the strength of this breaking
cannot be related to the mass of the gravitino. This is
why the parameter in the action is put in by hand.
Therefore the theory loses some of its predictive power.
For the same reason this theory cannct justify itself for
dealing with a infinite negative cosmclogical constant
while the experimental facts indicate a zero cosmological
constant, Besides, an explicit breaking of supergravity
also causes breaking of the local Lorentz invariance.

Motivated by our desire for a simpler choice of
the function @ (EQ.(14)) and for an improvement Of the
Ovrut-Wess mechanism, in this thesis we derive the overall
scalar potential corresponding to the Wess-2umino

supergravity, we investigate the way to break it
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spontaneously, and we analyse the physical implications of
the effective theory extracted from it,

In order to look for a simple choice of § , the
strategy we adopted 1is the fcllowing, We take the
Wess-Zumino supergravity, formulated by them in F-term
form rather than in D-term form . That is , they expressed
their action as a chiral density to be integrated over 6
, while our general action is a vector density to bLe
integrated over Qé. In orcder to compare and analyse the
Wess-Zuminosupergravity, we have <carried out the 8
integration of their density, For this we make use of

the expansion of € and X 19

£= e{If-‘.oa.a;a-ath*—;aa-a.FbJ}’

-4F* « %MA*

r
R
lal
— - — &
e@{-4T it D X -FE Ol X r TA[2Y,
-,.‘O"'I_"M fd. +‘ b‘J }
+ ez {_4 eﬂmﬂm ﬁunf - g_‘;bnﬁaﬂf_% 2‘}7“5:‘"',';
— - - .-ri - -—
+253 ¥a P°X - g'M* FYoi 3B G0 +i 3 7,07 b,
*}H‘T-*Rﬁ:.fl. ;.J:‘*ﬂ,b - t": gmb‘ .r%-MfM
+ ¥ 50 + LygF M -4 Yo' F, b +F ¢ “ocd ¢

P, bd t a0, Feu 07 ),

R = -+{M
D[ T Y, ~ A0V M T )
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ab . Tazp + 2 Mm%+ L5
chi D Dbt + L FEM - Tt

rd €24 (Ba T Ved * VaT, Veu) 1},

Substituting these expressions back into eqg.(20)and
completing the integral over 8 , we get
A= fd4x L )
x? a 2y_ £ o e
e L= - gk R {[ - F(hPeiar)- §LCCRre 3] |

L (2ud.s 943" + lda Y%L

- 2
+3001- 3 ridalt) - Bk, v 3t 165"
4 <, - *
- (- L0180 - T (T ra 3T I MM
e (23)
where e = J'—MJSM.‘

and 2 1s the scalar component field of the gauge singlet
chiral superfield 55 and ya is that of the gauge
multiplet s%. ba and M are defined by Egq.(10). Now we
may compare EQ.(3]) with the result of Cremmer et al
obtained before the Weyl rescaling and elimination of the

15

auxiliary fields , and we find

FY . .
F o= -2l E (130 +18al*) -'JE‘(C"L‘*‘C.‘V')J’ (24)
50
g T 8 " *"‘ L 0
J =3 logli~ I8+ sda®) ~ T Rresd™) ] (25)
Comparing this result with that given by Eq.(17) for the
minimal coupling , now it is evident that this # is much

simpler than that of the minimal coupling. It is simpler
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in the sense that 1in superspace the action 1is a
straightforward generalisation of the usual kinetic energy
term for the chiral fields, with the constant term -3/k2
simply the pure supergravity term.

Using this @ , the overall scalar potetial is

18
found-I to be-t_ “" o -Et".fc‘)‘,*i*cﬂj)
€ v = .21'.’[3 gitai - |+ fc.c""
gag ‘o 1200 UitG) JRY
+ 52 - Ky k§
L '( n{.;cu}( 5!?{-40‘" &c)
~ 2
JdwgE ] v 4 5T, (26

where

I = - '§:§i}.5)
and the 2's and y's refer to the scalar component of the
chiral superfields § and T, they are gauge singlets and

multiplets, respectively, Here

- 3 - K8 (27)
and (B2 = PPl (G riia g vy ta)

The coupling between matter and supergravity is &
nonminimal one because the kinetic energy terms for the
scalar fields are noncanonical ones

—-€ /6% xr ZAv2Z PRy |
7 (' r £ 78 ) wzotxt | (28)
where Z, = (2,+C;, Yo). The theory here thus makes sense

only if z; satisfies the constraint

K=,<,37]‘ ‘6 , (29)
Before we put in explicit GUT fields for model

building (which will be done in next chapter), it 1is
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instructive to consider a class of superpotentials with

only one singlet complex field, z:1%
;‘ n
g2 = nxo an “
where the a_ are complex c¢-numbers, Note that we do not

n
assume a priori that g, is a cubic polynomial since

supergravity theory is any case nonrenormalisable. Also we
should note that the Polony superpotential and the
O'Raifertaigh mechanism, which are used in all existing
minmal coupling models for breaking SUSY and giving a zero
cosmological constant, will lead to scalar potentials that
are unbounded from below in this nonminimal coupling
model. SO0 one really needs to find a 9, to break SUSY
and give a zero cosmological constant,

A very interesting feature of the potential as
given in Eg.(26) is that, in contrast with the minimal
case, it can be made invariant under the reflection of the
complex field 2z-» - 2 if we set <y to be equal to zero,
and restrict the form of gz(z). For this analysis it is

convenient to rewrite Eg.(26) as

et v - .-'{3.:.-.: [+13Lr- 2 §- sa.3.r), ;o

Namely, the following theorem is derived :

Theorem If v(z) = V(-2) for z in the complex plane, then
gz(z) = ag (1+ %’zz) + alz(1+-,'—;3zz)

If, furthermore, V = 0 at the minimum then

viz) = 0

and g,(2) = ag(ls % z)3 (31)
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Proof By direct inspection from Eq.(14), it is easy to
show first that invariance under 2z-9 -2 in the complex 2

plane requires

an.u (3p n>3 ),
1

aja; =K 352,

a s

Since the overall phase of 9, is irrelevant, a, can
always be chosen real., Next the relative phase of a, may
be absorbed by the phase of 2z, and then the constraint
equations above completely fix the phases of a2'3 to be

real. The scalar potential then reads

-1 2 - & 2 2 |

e V= -l-z-(a.-g-x'-do)(l _.,Kthi)m)’
If P = ai --g u‘ag < 0, the minimum 1is obtained
for Im 2z = (0, However, at the minimum, V 1is then

negative. If £> 0, the potential is not bounded from
below, For @ = 0, i.e.
V vanishes identically and gz(z) is given by Eq. (31).

Thus if we require invariance under reflection in
the complex z plane and a zero cosmological constant, the
resulting V is completely flat, Supersymmetry is actually
broken by g,, as may be demonstrated by evaluating

CHLIEENIEY - SR PP r-urry
Por all z satisfying the constraint Eq.(29)}, 92(2) is
not zero. The flat V implies that in the effective theory

in the 1limit as k--» 0 the 2z field 1is absolutely
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massless. This feature of the theory has however no direct
phenomenological implication as long as the coupling of
the scalar singlet with matter is small. In the
conventional treatment where g is set equal to
g = g;(y) + g,(z),

the GUT fields contribute to 9, while the singlet fields
contribute only to gz,and induced couplings between =2
and y are 1indeed small. The total potential V(g]+gz)

is then given by

-1 1 | 0 2_3 2

\' + = = |°- '@,"A?F
-3xi(Gun &3y +R eI T (32)

where Gl(y) - 4, _.i-,aa,_!_; '

Gylz) = § - § 338 =a,02L8” .

From Eg.(32) an effective theory for gauge matter
can be derived by letting k-+ 0. Actually only in this
limit will the theory be renormalisable., This |is
equivalent to having neglected all interactions containing
k explicitly. & d?eper understanding of supersymmetry
corrections, containing powers of k, should however be
undertaken s0 that we could trust the present approach as
a consistent mathematical truncation of a more fundamental
theory encompassing quantum gravity. For there to be a
residual effect as k~-2 0, it is necessary to suppose that

a, =nm/ k (33)

0
where m 1s a mass scale. Because ¢the 2z field is

responsible for SUSY breaking, the fermionic partner of
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the z field is the goldstino, and it 1is eaten by the

massive gravitino through the super-BHiggs mechanismls.

It then follows that the gravitino mass is given by

A o4
m3/2 = K3 e :
- I crarPara®’ rrerr ST (34)

In the limit k--4 0, the z field decouples, and for Ya

fields the effective theory finally reads "
—_— 29 |2 ; ti—1ait} ek
ViYy) ng"'l“")’(ls%tl Fimy (rva, % &, tha)e

+4.¢c)] r & (po)? (35)
=gy TRt y, (36)

where D*

and we have reparametrised
z=a 6/ k, with jal<l. (37)
The effective potential for y's looks like a potential of
global SUSY plus explicit SUSY breaking terms. But to
identify the whole effective theory as exactly that form
one has to check the whole Lagrangian carefully, It turns
out that the kinetic energy terms of the Y, and their
fermionic partners are not in canonical forms yet, and in
limit k-9 0 they become
!

2 Ci~1a13) Pu 87" D%

— &
and - chi':F'i X T X + Re (38)
respectively. Also, there are some terms here which are

absent in global SUSY theory:
L]
{"’;“,., A a% 3 XiaXyp 4(1-1a*) & ’M""txa
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-.d of e
RIS N (39)
We found that under the following rescalings of yaand

9, and chiral rotations of x2and A%
ke
' LR Y D - L

1 (S et xt

ol 3.3 b

N gfca.u) M )

g — gz 1) g (40)

?

the whole Lagrangian can be put in exactly the form of a
global SUSY Lagrangian plus explicit §USY breaking

interactions,i.e.

A =251, 5usy * Asp , (41)
where Agl.susy is given by eq.(22) and
Agp = f“"x{‘ A(ﬂa""?!a%':; J}" fc.
where = - 3 -wyirdh)v
A < (iva )3 R 73 (42)

In order for the theory to be renormalisable g, can
contain at most cubic terms of Ya So it can be
generally written as
gy =9V e+ 9+ g,

where the superindices 0, 1, 2, 3 refer to the powers of
fields. So finally wve get

Agp = Ja'x fa0 7« 59" + 9 )ebe} (43)

Ccomparing Egs. (41) and (43) with Eq., (22), it is
clear that with this approach from a simple choice of

superspace action we have derived a natural generalization
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of the Ovrut-Wess mechanism. What is more, the theory
given here improves upon that theory in two respects:
instead of a negative infinite cosmologial constant, we
have a zero cosmological constant and the SUSY breaking
strength in our effective theory is just the mass of the
gravitino rather than an arbitrary parameter put in by
hand 14. Besides, this theory is renormalisable to any
orcer in perturbation,

Now socme rcremarks are 1in order., Firstly, our
effective theory is different from that derived from the
minimal coupling. Unlike the latter, there are no cubic
terms and no common mass terms for all scalars among the
SUSY breaking interactions in our theory. This 1is a
significant difference. It will make the SU(2)xU(1)
symmetry breaking easier to be done than in the case of

minimal couplinglv. On the other hand, for our theory

14

the globally SUSY sum rule still holds at the tree

level
2J

£ (2041 )( -1)29 42 = 0

Jro
This is because the contribution to the trace of the
scalar mass-squared matrix only come from terms in
>y
4T S
but Eq. (43) gives no contribution to that. So at the tree
level it is impossible to make all squarks and sleptons

more massive than their fermionic partners. Sguarks and

sleptons will get their mass through radjative
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corrections. In the next chapter we will discuss the
physical implications of these points in more detail.
Secondly, the residual effect of supergravity is
entirely in the parameters m and a.,p% sets the scale for
SUSY breaking and m sets the scale for the gravitino mass.
In the next chapter we will see how to determine m from
phenomencology. The parameter a is the analog of A in the
effective theory derived from the minimal coupling, 1Its
exact value may depend on the model, but we always have
ja} € 1. So the magnitude of the gravitino mass 1is

independent of the exact value of a,
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I1I. A SU(5) SUSY GUT MODEL

In oder to see the physical implication of this
non-minimal coupling let's examine a specific model. We
choose the superpotential g, as

a)(y,) ~ AE HI? ¢ Im REP ) rAsnEn+

+3m/ i + A3 UH'H +C (44)
Here £ , H, B' and U are chiral superfields in the 24, 5,
g', and singlet representations of SU(5) gauge group,
respectively, C is a constant, and we shall cencote the GUT
mass by m and mhm, Of course there are gauge fields and
matter fields also. This potential has been used by many
authors7 in globally SUSY GUT models and in lcocally SUSY
GUT models with the minimal coupling, Now we apply our
theory to this potential in this chapter, and in the next
chapter we will discuss models with other potentials,

In the case of global SUSY this g, gives the
following scalar potential:

Vg1.susy" Tn‘l;a—t’-'I + l%.’i" "l}-!-,l" + | 3—3]'9 + 0t
(45)

where 3_1

1]

MEPemz )+ A wTwT -3 (AT xd A Hin),
A = A t3m/HT ) + Ay un'T

2 A (gHedImuT) + A UnT

12

Ay e'n
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o
D*= Dy 0}

¥
P = g{[t :fJ: *["x”?_; 5% "?HJ-[n'”n'-j.E‘n'n"J}
y , 3 5 5 %% J ] (46)

where g is the gauge coupling constant., In this case the

following supersymmetric vacua with <V > = ) exist:

(1) SU(5) invariant vacuum

<E> =¢cHy=gqH's= 0, U>arbitrary, (47)

(2) S5U{4)xU{1l) invariant vacuum

[}
]
. m i
a0 )
-4 (48)

¢ Hy=c¢H'> = 0, ¢U»arbitrary.

(3) sU(3)xsU{2)xuU(l) invariant vacuum

2
ZLr2= M 22_5
-3 (49)

<« H>s ¢H'>) =m¢M>) m¢M'y = 0, < U» arbitrary.
So it is obvious that, in the globally SUSY GUT,vacua are
degenerate and SU(2)xU(1) symmetry is not broken yet. Even
in the case that SUSY 1is somehow Lroken (but without
introducing the effect of supergravity), the situation is
the same at the tree levelll. But in our theory the

Bcalar potential is given as
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V= Vg1.susy * Vsb .

where V is given by Eq.(45) and

gl.susy
Vsbsn(c-r.-’z-'r,:’-r)\;m’n'n »+ A.C. , (50)

where A is given by Egq.(42). It should be noted that here
a minus sign in Eq.(43) has been chosen. It is clear that
Vsb is the remnant of supergravity. This breaking is
soft in the sense of not generating unwanted quadratic
divergence524. But it can generate a new logarithmic
divergence, as we will see later., The strength of this
breaking is determined bya , which has the same order of
magnitude as m3/2. Without loss of generality we take
as real, less than zero and i «l. In order to find the
vacuum corresponding to the potential V, we expand V in
powers of 4k and then search for minima, The results are
given as follows:
(1) SU(5) invariant VEV's

CcE£r»=¢cH > =¢H'> =0,

¢ U » : arbitrary. {51)

The value of the energy at these VEV's is

VO = 2 AC (52)
{(2) SU(4)xU(1) invariant VEV's
(HY» = ¢RBR'» =0,
<V » : arbitrary ,
|
!
<I?2=dm i (53)



-37-

In this case
Ve Amfd2 g0 ad + 20¢A t B ) ~s30Ad Jt24c. (54

3 v o1~ 83 fima (55)

For d = .z »
V reaches a local minimum
Vg = 2¢4 + ::.;-' At (8 » o 14)), (56)

(3) SU(3)xSU(2)XVU(1) invariant VEV's
<« H>? = «H’» =0

< U >: arbitrary

«<cT7? = b‘n’l -3
-3 (57)

In this case

V=30 AT MR [-)fy 80 Jezac (58)

For b -.a_L(;*JTE—) , (58)

V reaches a local minimum
to z
Vo = m‘(;oA,% - -g'—,-;;.)+z_4c +o(m¥$}’). (60}

(4) SU(B)erm(l) invariant VEV's
<U>= -%3 (So=3m') ,
< B> = ¢HY > =g A SY
amd

(27 =
ama -Imar &, (61)

In this case
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v A rRANCGA —a (m-em™a)E AL
t £ M AS + 24T (m-emal €+ Jom* A} (4-a2)?
- |2A,’m"ta-‘t3J€: =3 M AL a-ab) Ay -rA:A;(:,
£ A Armiat + AR s ~2 X Af€s S
- bmAaAIS, + LAY MATaE, + 24 ATAF+ 104800
+ FAMEEG +m ANA +2C8 (62)
After a quite tedious calculation (which 1is given in

Appendix 1), it is found that for
3

f A
. ”3;\/\’[3(” ")"'o,\,J to((gr), (63
= I\ f’n ™M
€2 10 A A3 _‘r_n_-A ) (€35)
M= A (mima (66)
>

V reaches the minimum
2

- ¢f 0 2
Vo r2ea t miload f Y- EfIA] 7

So if one chooses

& 10 2y 3 a2
C = —g{m.% + 3- .E,!(—,.-,.’-"-')%q} (68)
3
ang m'*' > m, (69)

then it is evident that

e = -
5J(5) (Vo gsuu);um (Vo ) SV 2 5K2)4L0) W"’suu)l o=
This is a remarkable result, Firstly, as expected, in this

(Vo) 0. (70)
model the vacuum is unique, There is no generacy of vacua
any more. So one of the principal difficulties of global
SUSY is resolved. sSecondly, the physical SU(3)XUem(l)
vacuum is located at the absolute minimum of energy angd

with a zero cosmological constant, As mentioned before,
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one feature of models of locally SUSY GUT with the minimal
coupling is that if the cosmological constant of any one
of the vacua is adjusted to be zero then other vacua are
at lower energy. It means that the physical vacuum with a
zero cosmological constant , which corresponds to the
Minkowski space, has higher energy than that of unphysical
vacua , which correspond to the anti de-Sitter space, It
is very hard to explain why the physical vacuum is stable
agaist the decay into the anti-de Sitter vacua. This is a
gquite unattractive feature of these models with minimal
coupling. Besides, if the physical vacuum 1is not the
energy ground state any more, then we lose an important
criterion for Jjudging which vacuum is the physical one,
and this makes the analysis of gauge symmetry breaking
pattern very ambiguousl7. As seen above, our model is
free of these difficulties,

Now let us return to the hierarchy problem. To
show that the vacuum given by Eq. (61) can give a correct
mass hierarchy, it suffice to calculate masses of gauge
bosons, The masses are given by

( M2)up = §° <shT® TPes> (71)

From Eq.(6l) it is found that

a - 2 = 3
qu My = 1? g m?
M:’* - g?’:_ff-(’nf-m) lA')
-
Mz, = 4 §* =X (m'-m) 2 (72)

and
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M b 4 m'-m} ol
Criie J;—::";’ teial (73)
So if one takes
- L. .; - A
I M, [ (m'-m) &l ] ATZ'MW‘ (74)

then the correct gauge hierarchy c¢an be obtained., Of
course we Co not determine (m'-m) and separately yet.
They will be determined later.

At the end of the last chapter we mentioned that
in this effective theory, the mass sum rule holds at the
tree level, In this model, at the tree level, all the
matter fermions are massless, Due to the mass sum rule,
one cannot have all scalar partners of guarks and leptons
heavier than their fermionic partners, respectively. But
the phenomenology teaches us that this kind of tree level
mass spectrum of the scalars cannot be realistic,
Actually, according to an analysis of existing

experimental facts, some lower bounds of selectron and

squark masses have been set25:
I'I'lg) 16 Gev ' (75)
ng > 15 Gev , (76)
My +Mg > Mg, (717)

P Lo
where e, q and Yrefer to scalar electron, scalar quark and
scalar neutrino, respectively., Otherwise they would have

been detected through the following processes:

+ - s st
e e =—> e e ,
et e — T4 ,

T —> b;y‘l
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So from Egn's. (75),(76) and (77), € and § should be much
heavier than their fermionic partners.
To satisfy the phenomenology, one has to

generate masses radiatively for € and 7;'12.

In the
following we <calculate radiative mass corrections for
squarks, sleptons and gauginos,

Using the conventional Feynman graphs in
component field formalism to calculate is a formidable
task for such a semi-‘realistic' model . We believe that
the most convenient and natural setting of this
calculation is in a superfield formalism. In the following
calculations we will use the superfield Feynman rules
given by Grisaru, Siegel and Rocek in Ref. [25], angé its
extention in the supersymmetric Ry gauge given recently by
Ovrut and Wess in Ref.[26].

In Ref. 12 a detailed discussion about
calculating the radiative corrections in spontaneously
broken SUSY theory was given. Of course in our theory,
there are non-supersymmmetric¢ interactions given by
Eq.(43). But it is crucial tc notice that these

interactions can be rewritten in a superfield formalism as

Agp = - {Jatxa®0 L Fame* t Ny v R} (78)
where M - ma®? , N, = m'ad? ’ (79)
and § , B and H' are superfields. can be taken as

spurion superfields and their appearance breaks

supersymmetry. The reason is that in a superfield



-42-

Lagrangian, supersymmetry is equivalent to a translation
invariance in superspace, the space of x's and 8 's .
Giving a superfield $(x, 8, § ) a fixed, x-independent, O
-dependent value is equivalent to breaking this
translation invariance, So as written in the form of
Eq.(75), the softly breaking interactions are taken as a
coupling, in a manifestly supersymmetric fashion, between
the quantum fields and spurion fields., In this way
superfield Feynman rules still can be used.

To calculate graphs, one also needs & suitable
regularization technique, In the past, conventional
dimensional regularization has been conjectured to give
problems for SUSY theoriesze. The reason is that the
relative number of bosonic and fermiconic degrees of
freedom varies with dimension n, so an action which is
supersymmetric in four dimensions iSs not necessarily so in
n dimensions. It is proven that a so-called regularization
by dimensional reduction ©preserves the Slavov-Taylor
identities of both supersymmetric and gauge
invarianceza. The dimensional reduction technique
consists of continuing in the number of space-time
dimensions from 4 to n, where n is less than 4, but
keeping the numbers of components of all other tensors
fixed. In superfield language it can be seen that this

procedure is equivalent to performing all the D algebra in

supergraphs in four dimensions, and evaluating the
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resulting scalar Feynman integrals in n dimensions., 1In
this thesis, this regularization technique is used to
calculate supergraphs,

In the following calculations, we use the Ry

gauge and set § = 1. Before calculating graphs, one needs

to diagonalize the matrices yme )" and w2
simultaneously27, where the definitions of I®R"* and @'

are given in Table 1. This is necessaty because only in
this way will the propagators be diagonal., After a
straightforward but tecious calculation, the eigenstates
of IR"1* and W are found and listed in Table I.

Now we are in position to calculate graphs, First
consider the radiative mass corrections to the
right-handed scalar electron. The main contribution comes
from graphs shown in Fig. 2 and Fig.3. Figure 2 gives a

contribution

. -
- a'La-F,' sa_.q-rz!t *-azew /‘Ix J& ““vlﬁ:‘ < F"f )‘F:f'ye,ezE;E‘ ;
(80}

where <CAys> = ﬁk‘ A5, and As is given by Eg. (66),
m, is the mass of the weak Zu boson and is given by Eq.
(72), ¢F,>is the VEV of the F component of He field, and

CFus > = < (B5)* >

W

- ;:!,‘ J';:..T',.Zn A . (81)

So after intergation over § , one gets a contribution to

the effective action

fcl“x (-3 'm‘-a,‘ ) A; AE“ (82)
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where
A A
sny = &, 2250, a0, 4L . (83)

Here m 1is the mass of the weak W boson and is given Ly

Eq.(72). In the calculation the relation

~ €
92 Smbuw
has been used. If one chooses
al
dal o~ (84)
and A~107? Ay ~ 10 Ay~ ] (85)
then §my, ~ 107" ML (86)

Another contribution to the e mass comes from

Fig.3. It contributes
- 2 * +
Jatxd48 (-img ) 09" e By

1g°2 Fus>*
Y £ ’2 2 < H
where é‘ml: e t’ Ow —7-;,-{

= -:;-S-‘n“ﬂw.)_‘?-. ™m2 o~ 1o~ m2 . (87)
LY
In addition, Fig. 4 gives a contribution
l a3 o2 <Ays>¢Fps> P
ome € t3 6w 7, p—y Jave Ag, Fe,

But because

Fe, = S5, =0
in this model, this term really contributes nothing to the
ﬁhmass. It should be noted that Fig.5 is zero, because the
integration over & is zero. On the other hand , because 3}
igs massless at the tree level, the wave function
renormalisation does not contribute to mass correction.

Putting all contributions together, one obtains the

conclusion that the right-hanced scalar electron gets a



-45-

mass of the order of m,- What is more, from Eq.(84) and
E9.(72) one finds

ol =~ M,
from which it follows that ™My ~om, . (88)
Equation (8f#) shows that gravitino mass sets the weak
interaction scale and the mass scale for the scalar
partner of matter fermions, We arrive at the same
conclusion as the theories with the minimal coupling do
but through a quite different route,

Evidently, the similar graphs will give similar
contributions to left handed scalar electron, scalar
neutrino and scalar quarks,

At the ¢tree level there are other kinds of
massless fermions, They are fermionic partners of gluons
and photons: gluino § and photino §. In our mocel, § and ¥
also get their masses radiatively. The main contributions
to gluino masses come from the graphs shown in Fig.6-a and
Fig.6-b. To do the D's algebra, one can use the identities

D252D2(q) - -q2D2

and D252 + 2q'a Do 3& =« D" 520, . (89)
Then one gets contributions from Fig.6
fauxav® (- ) 1ar¢ V] 7B 0. v )07 = 1A} AL (90)
where ot = f4r . So the gluino gets a mass
-t d . wm
Sme = Fog18l ~ 107 T, (91)

In addition to Fig.6, Fig.7 gives a similar contribution

S"ﬂ"ﬂvla-.ds P-X] -..,o-'ds'mw (92)
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As for the photino, the main contributions come from Fig.8
and Fig.9 and a similar caculation leads to a mass

Sme ~&n (93)
where o = €4y .Because gluinos and photinos are massless
at the tree level, their wave function renormalisations

make no contribution to the mass corrections.,
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The SU(5) SUSY GUT model discussed in preceding
chapter is not realistic yet in two respects: firstly,
guark and lepton masses are not explained. Secondly, as we
will show that the hierarchy is not stable agaist loop
corrections. In this chapter some models will be proposed
in an effort to solve these problems. It should be noted
that in the effective theories derived from the minimal
coupling, these ©problems also exist and have been

(29)(30) ' 4e will see that our

recognized recently
effective theory is no worse off, if no better off, than
that with minimal coupling in these respects,

In general, in non-supersymmetric or globally
SUSY models, quarks and leptons pick up their masses from
Yukawa couplings, through VEV's of Higgs fields. Although
this way is far from perfect for explaining matter fermion

mass patterns, we can nevertheless try it in our model. So

we add Yukawa coupling terms

j'1‘:"' Euvuxr HuM‘:'M Mi‘" -+ f"; H:' M:" M"i (93)
(x,y = 1,2,...5 ; i= 1,2,...nf . )

to the action given by Bq.(44), where M%¥, H;i are the 10

and 2' quark-lepton superfields. ne ig the number of

generations, Since quarks and leptons are in complex

representations, it follows that if they have non-zero

VEV's, the D terms may not be 2zero and this 1is not
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energetically favorable for the vacuum, So we suppose
L 3.

«<M7T> M o . (96)
Under this assumption, it is evident that the analysis
about the vacuum searching made in the preceding chapter
is still valid and leads us to the SU(3)erm(1) vacuum
given by Eq's, (63)-(66). Then at the tree level the mass
of the electron is

e

that of the d quark 1is

1
md = me = ﬁ Ar , (98)
that of the u gquark is
SEF TR
and that of the neutrino
m, =0 (100)

As we have shown in the preceding chapter
g ~ M,

6

so f.~ f, ~ 10 ".

1
On the other hand, one has at the same time
<Fus?> = <Fy o> -,%--3‘?.-;&505‘5, (101)

and therefore one has the following terms in the action:

]d'xd‘ﬁff.f':nf »6% (B, €L + D% 5.,) + 85 <Fys > 6* TRVES ¥ 3 (102)
where E and E are left-handed and right-handed electron
superfield, respectively. D* is the 4% quark superfield

and U® is the u‘quark superfield. These terms are not

supersymmetric and cause mass splittings (supergaps) among
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fermionic, scalar and psudoscalar partners, If the
supergaps created by these terms are larger than M

L and m then i1t means that at the tree level, sone

u’
linear combinations of scalar partners of gquarks and
leptons will have negative masses. This suggests that
the assumption

cM* > = (I%'g=v== o
does not hold any more, for it causes color or E.M.

symmetry breaking which is unacceptable,

To avoid this situation one should require

(ﬁf‘ﬂr)z > j" < Fus >

and (r'? gf,Aj)" > Ph<Fus> ,

} 2L 42
i.e. VAV <358 % (103)
and ;;-!:—;n al < -’;_j_\%‘ij; (104)

Once Eqg's. {(103) and (104) are satisfied, the mass
supergaps are less than the supersymmetric mass, and
therefore all scalar partners have positive masses., In
this case VEV's of scalar quarks and leptons must be zero.
and f

But since f are extremely small, meeting Eq's,.

1 2
(103) and (104) means an extremely small value of

18\ /(m*~m) ., Then Eg's.{72) and (84) mean very small
radiative masses for squarks and sleptons, and a very
small mass for the gravitino., Surprisingly, the situation
here is very much like that in the minimal couplingzg,

although the mechanism from which the problem arises is
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here very different. In the minimal case, there seems to
be no solution of this problem if one insists upon
breaking SU(2)xU(l1) at the tree level. In our case there
may be a way out,

This hope comes from the radiative masses of
squarks and sleptons. If the radiative masses are much
larger than supergaps, then there wiil be no trouble with
color or E.M. symmetry breaking,

In this model the contributing graphs are not
only Fig's., 2 and 3, but also graphs shown in Fig's (10)
and (11) involving Yukawa vertices., It should also be
noted that because squarks and sleptons have the tree
level masses , one also has to calculate the corrections
from wave function renormalisations. The graphs for wave
function renormalisations are shown in Fig.l2. Putting all
the contributions together, it is found (in Appendix 11 )

that if one chooses

m'-m r ’ /’

then the main contributions still come from Fig.2 and

[

Fig.3 and
r ~ 107! w2
¢ Mg, w (105)
Therefore the radiative maasses (n-""f M,) are much larger
than the supergap at the tree level (~Jf, M ). So all
scalar quarks and leptons have positive masses (aﬂgnw).
Then one gets

4
<¥% = cMy> =0
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and there is nho trouble with color or E.M. breaking any
more,

0f course, other ways out are possible. One
possibility is that one does not put the Yukawa
interactions of eq.(95) in the action like we did in
preceding chapter., The quark and lepton masses will be
produced radiative1y31. A way out along this line 1is
under study.

Now we turn to the problem of stability of the
hierarchy set at the tree level by Eq's. (73) and (74).
One has to make sure that 1loop corrections will not
destroy this hierarchy. Especially one has to watch out
for generation of the non-diagonal mass terms

fatx u* Apa Aw, (a=4, 5> (106)
in the action, where Ana and A,; are the scalar partners
of the Higgs doublets H® and H, , respectively. If these
terms are generated with masses much larger than Mw,
then the mass hierarchy will be destroyed.

In our model the troublesome contribution comes
from Fig.13. It gives a contribution

A (g B T Eomafewseu,  (107)
Jbw? Ar Aln
where mg+ =25m*A} and Ais a cutoff. So this means that
in the bare Lagrangian one should have a term
Ny [aux d*e mayU (108)
and Eq.(106) means a renormalisation for A;y. Here the

important point is that
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Ay mial ~ Mial > e (109)
This generated term will cause a non-diagonal mass term
~ ma [d4x Aye Ay,
Since mIAHth, therefore the hierarchy set at the tree
level will be destroyed. Besides, Fig.4 gives a
contribution

T
e T Jaee A,

gen® (110)

This will cause a shift of AU and FU and therefore

generate a term

Jax (mA")% Ana Ani (111)
which destroy the hierachy, because

(mat)ht oA

At first sight , it seems that we can discard the
term AUH'H and then there are no graphs like Figs. 13 and
14. But this case, as we have proven in Ref.{(16), gives[m_m‘»m.,)
50 |a&a) is too small to give radiative masses to squarks
and sleptons .

As mentioned before, the models with the minimal
coupling also have an unstable hierarchy30. It has been
recognized that the dimension 3 SUSY breaking operator
plays an important role in upsetting the hierarchy30. It
has also been demonstrated that in order to get a stable
hierarchy, a SU(5) SUSY GUT model with the minimal
coupling wmust contain at least 24, 75, 50 and 50

representations in the heavy sector of the theory30.
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Thus the Higgs structure in such a model is very
complicated.

In our theory there is no <cJimension 3 sSUsY
breaking operator, So simpler solutions are expected.
Firstly, if one can somehow eliminate Figs. 13 and 14,
then hierarchy will be stable. To do so we revised our
action to be

MIERI? + $1T0) 0 A (IR +3mnk) + A (H g
F3amM AR )T AQUCHH CCRE S AL

+ 4 euvwa: M“VMW‘H" ,

(112)
where §' and § are a new pair of 5 and gtfields, mn* ~m,
and other symbols are the same as previously. Evidently,
the vacuum is still SU(3)erm(1) invariant., But since
there are no propagators for(gﬂ'uflﬁﬁfﬂﬁ,ﬁi H*and HZ HY
the graphs like Figs.l3 and 14 cannot be drawn anéd a
stable hierarchy is obtained.

The second way out is to make use of a heavy

SU(3)XSU(2)XU(l) singlet. For example , we can use a new

superpotential
] 4ot
g= +AATI} T Rrt) *A (IS ImMIRED

» [
T (ENt) « Ay wan +hm 'M,n,

+ ’-z EVVWAY ppuv e Yy (113)

where is a 24 representation and other previous
notations are kept, Using a perturbation expansion of the
scalar potential in powers of , a8 in the calculation
done in the previous chapter, it is found that the vacuum

is still Su(3)erm(1) invariant and
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ama
amdo
(114)

-yma-€x/ 1

(115)

¢Hy= ¢cHpp = o Ag 8F
c =M= a0 (116)
2 A '
where a =1-£ & +f-3 B D& it )8 )

).l
€r*GasE (MMt + X0 v faA-TamiE)P, (118)
2. 2f2 2 A a
AS JA.A:tAMI (%; +"}: »* <+ 3m M 3 ] o , (119)
and e is defined as
(120}

m'-m = e o

This vacuum gives the correct hierachy at the tree level,

if one chooses

me=M, and a1~ M
Oon the other hand , all Sthget masses ~ m from the
coupling Tr( £ S2* ). In fact, if one parametrizes J1 as
w; + [, iy a2y
Lo 20 .ﬂ’f &y -Fa, =
) ~ [
- 20X
1 2 2 a
then m:’:- 44 nt, m-u;;-),m‘ (421)
and mg, =MR: (122)

Mo ™ m_;’- 9 A3 m?
In this model there are graphs shown in Figs.1l5 and 16
They contribute terms like that given by eqs.(107) and

(108) :
wn A fd%xd*0 SLo and wma* faix A, (123)

respectively. But due to the huge mass of S1,and
shifts of Ag and Fg,

it turns

out that these terms only cause small
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A-n';""‘A_n‘:‘ Fa
&

F.n;"'“F.a;* a (124)

Since]Athw, these small shifts of Ag. and Fa,only cause

changes in the VEV's of A c and A,;at most of the order of

m,,80 the tree level hierarchy is preserved.
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V. Conclusions

To conclude, we would like to stress again the
main points discussed so far. In this thesis an effective
theory 1is derived from the Wess-Zumino non-minimal
supergravity which is simpler from the point of view of
the superspace action. This effective theory turns out to
be a globally SUSY theory with explicit scftly breaking
interactions. Unlike the effective theory derived from the
minimal coupling, there are no dimension 3 operators here
and no common mass terms. Some SU{5) models based on this
effective theory are investigated, and it is shown that
{i) a unique SU{3)erm(1) vacuum with zero cosmological
constant can be obtained simply &t the tree level, This
vacuum is really the energy ground state, and no anti-de
Sitter vacuum exists, The weak interaction scale is set by
the gravitino mass;

(ii) the gauge hierarchy is set at the tree level, ancd it
can be preserved against loop corrections;

{iii) scalar partners of quarks and leptons , gluinos and
photinos get their massesn—{;‘snw, TAM, and FM,,
respectively, from radiative corrections,

All these features show that supergravity may play a
significant role in particle physics at presently

accessible energies,



-57-

Of course, like the models based on the minimal
coupling, the models discussed here are not perfect., There
are many problems to solve. For example, what 1is the
origin of the gqauge hierarchy ? What is the origin of
light matter fermion masses? Furthermore, one should also
try to examine the full theory of coupled Yang-Mills
matter and supergravity, rather than the effective theory
only. To do so the number one obstacle is the
non-renormalisability of the N=1 supergravity. Some ideas
have been proposed to deal with the renormalisation of
supergravity32, but more investigations are needed to
see if they really work, In brief, things just began and

there is a long way ahead to go.
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Appendix I : THE SU(3)erm(1) INVARIANT VEV'S AND THE

VACUUM

The SU(BJerm(l) invariant VEV's of fields are
parametrized by BEg.(61) and the vacuum energy V is given
by Eq.(62) in terms of these parameters. Comparing Eq. (€1)
with PBEg.{(49), we can expand these parameters in terms

of ¢z a/ m ( Ift<«1 ) as follows

a=14+xE +ygt ... , (A-1)
€= y§ +5g7e 0, (A=-2)
KBe uf +vE + . (A-3)
Ss md+teg v1€ v, (A-4)

where e, &, r, s, u, v, x and y are to be determined from
the minimum condition of V. Substituting Eg's.(A-1}

through (A-4) back into Eq.(62), we get an expansion for V

Vo= Vi4V,4Vad... (A-5)
where Vo is the term propotional to and

Vg = o, (A-6)

Vi = Blioam® + Al muw3-d)*], (A-7)

Vo = EM[san, mru + T AUTL Almir?
*30A Mt X IA AMixu T *A} ut
+20AMEX + Ay MM (] (A-8)
Because u% 70, v, reaches the minimum at
d=3 ., (A-9)

From the conditions

«

V. QV-. aVa
A= 5w =37 o,
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it follows that

\

6o AT WX t3AA; MU r20AaMm¢ =0 (A-12)
EmAda Y + (5 A v A ut3ahmxrmmiA=0  (3-13)
A Ay mu + (o0 Al Wy =o (a-14)
These equations have a solution, which is given by

Egs.(63)-(65). It is easy to verify for this solution that

3 Va 2%*Va *Va Vi 2V *r V. (A=15)
2X2 , YT L, dUT , JxIT, UM, WWIr z°

So at these values of r, u and x, V2 reaches its
minimum, and this minimum 1s$ calculated through Eg.(A-8)

yielding the result given by Eq.(67).
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Appedix I1 : THE RADIATIVE MASS OF e_ IN THE CASE

R
WITH YUKAWA COUPLINGS

If there are Yukawa couplings of gquarks and
leptons with H' and H as given by Egq. (95), then there are
new graphs which might contribute to the €z mass. (Such
new graphs do not include those shown in Fig's. 3 and 4.)

For example, Fig. 10 (a)lgives a contribution

- s AL S, Jade T EC R

FYTS £
- ,\:ff PR S S A -16)
= 220 d%x A_ A (A-I
:r‘nl {A"MA) m;‘ "' x E& E‘ !

where 7 = A,ma®™ is a spurion field, and S, is a light
2

eigenvector of |m'l* and ®“ matrices defined in Table 1I.

msais the mass of S2 and
r 3 ~a
t - Aa 2 =
S0 EqG. (A-16) gives a contribution

~ f,z.A: 'ﬁ"’z . (A—l'?’

This mass is much Jlarger than the contribution from
Fig's.3 and 4. But on the other hand, since the F
components &£ have VEV's

2
33Xy 0

<Fg > = d%’f!*;=ma (A—-13)

O -1a V)

there are other contributing graphs shown 1in Figs.

10(b)--(d). These graphs give similar contributions like
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that of Fig.10(a) but with the opposite sign. The
important point is that all the contributions from Fig's,
l0(a)-~(d) largely cancel each other, and give a net

contribution

-A:f,’lbl (m'-m) A:R A:ﬂ (A-19)
i.e. Fmz ~ Al f2jal (m-m) ~ A3 md «™i . (A-20)

Evidently this  net contribution is negligible, In
addition,, the internal s, lines can be substituted by
Rl and R4, which are the other 1light eigenvectors of
the matrices Im'lI” and T® . In this way new graphs are
formed and again they give negligible contributions to the

mass of ©

RQ
To discuss the mass of 3% we also should
considsr the possible non-diagonal mass terms, For

example, Figs.ll(a) can give a contribution

AL mat -

I-BIT-I'T: )\.tm.p Jfelox A ‘. , (A-20)

where h'4 is def1ned in TableI and a non-diagonal
propagator

4t ¢
A *,4 _ m:"q,f*-"-r

Q2 (@3 1M 1%
is used for the calculating this graph. Since

»*
Feo = (3807 = meAg
so eq.{A-20) generate a non-diagonal mass term

3 m
~ Jaex Me =5 A;LA (A-21)

D* §4c0-6")

This is a large contribution. But again there 1is a

compensating contribution, this time from Fig.ll(b) and
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the net result of Fig's. 11(a) and (b) is

Mg 2 M ol
~ g, ™ 9 Ag A,

(A-22)
Evidently this is a negligibly small contribution,

~
Furthermore, because eg has a

tree level mass
M. then the wave function renormalisation will give a

contribution

i
miy ( Zy =12 (A-23)
to the radiative mass. Here 2. is

3 the finite wave

function renormalisation constant, The graphs contributing

to the wave function rencrmalisation of ER are shown in

Fig's. l1l2{a--¢c), and they give

2 2 ‘l 4
Masa. R A Ry

’fl 2 [ % —r‘ - 2‘!"“ -L‘ ’M" & —IJIJ.X“EQEQ .

an

2 2,
[ 2 - re k-1 - b T [ E g

',‘:.[ & % -Lu-) - A, ”%]fd'xa“o EfEq ,» (A-24)

respectively, where m3, . s, a4, 4 are the masses of

Thus it
is easy to see that

a2 a 3 4
’ m add ] m r, W,
Mg (25 -1) ~ -?f-(—e‘,ﬁ.-;"; -rj;’.ﬂ..ﬁf’,l-ﬁ)«m;(_h-ZS)
In summary, in this appendix we have proven that
the contributions to the radiative mass of e

from Fig's.
10,

1] ané 12 are negligible, and therefore the main

contributions come from Fig's. 3 and 4.
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