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Abstract

In this dissertation we calculate the one loop quantum contributions to soft supersymmetry
breaking terms in the scalar potential as well as gaugino masses in supergravity theories regulated
A la Pauli-Villars. We find “universal” contributions, independent of the regulator masses and
‘tree level soft supersymmetry breaking, that contribute gaugino masses and A-terms equal to
the “anomaly mediated” contributions found in analyses using spurion techniques, as well as a
scalar mass term not identified in those analyses. The universal terms are in general modified -
and in some cases canceled — by model-dependent terms. We emphasize the model dependence
of loop-induced soft terms in the potential, which are much more sensitive to the details of -
Planck scale physics then are the one loop contributions to gaugino masses.

Next, a systematic analysis of soft supersymmetry breaking terms at the one loop level
is performed in a large class of string effective field theories. We show that the pattern of
supersymmetry breaking depends on the detailed prescription of the regularization process which
is assumed to represent the Planck scale physics of the underlying fundamental theory. The usual
anomaly mediation case with vanishing scalar masses at one loop is not found to be generic. We
also discuss the supersymmetric spectrum of O-I and O-II orbifold compactification models.

Finally, we study the phenomenology of a class of models describing modular invariant gau-
gino condensation in the hidden sector of a low energy effective theory derived from the heterotic
string. Placing simple demands on the resulting observable sector, such as a supersymmetry
breaking scale of approximately 1 TeV, a vacuum with properly broken electroweak symmetry,
superpartner masses above current direct search limits, etc., results in significant restrictions on
the possible configurations of the hidden sector. We include in this analysis an investigation of
the dark matter prospects of supersymmetric models such as these with nonuniversal gaugino
masses. The cosmologically viable regions of parameter space are investigated, allowing very
specific statements to be made about the content of the supersymmetry breaking hidden sector.



Introduction

" Our ultimate goal is to study the phenomenology of string-inspired supergravity models. The
low energy physics in such models is determined by the pattern of soft supersymmetry breaking
parameters: scalar masses, gaugino mass and bilinear/trilinear couplings in the scalar potential
referred to commonly as “B-terms” and “A-terms,” respectively. When these soft supersymme-
try breaking patterns are taken to be universal — that is, a single common gaugino mass Mj s,
a common scalar mass My and a common trilinear coupling Ay at the supersymmetry breaking .
scale Agysy — the model is designated “minimal” supergravity or mSUGRA. The phenomenology -
of these types of unified models has been extensively studied in the past [19, 51, 106, 107].

We would like to instead.consider here the case of nonuniversalities — in particular those
that arise from loop corrections to tree level soft terms. In general these tree level terms are
indeed universal, but if the loop corrections are significant, or at least competitive in size with
these tree level pieces, then departures from the standard phenomenology may result. Our '

tool for addressing these loop computations in the context of a nonrenormalizable theory such: -
as supergravity is the method of Pauli-Villars regularization. We will perform explicit loop - -

computations using component fields in this context in Section 2.

A secondary motivation for this study is to understand recent results involving the super-Weyl
anomaly of standard N = 1 supergravity referred to in Section 1. There has been considerable
interest recently in soft supersymmetry breaking induced by quantum corrections, starting with
the observation [93, 131] that there are several “anomaly mediated” contributions arising from:
the super-Weyl (or superconformal) anomaly: a gaugino mass term proportional to the -
function, a trilinear A-term proportional to the chiral multiplet (matrix-valued) y-function, and
a scalar mass term proportion to the derivative of the 'fy-functioxi; arising first at the two loop
level. The claim in the literature is that these quantum corrections are independent in their
details of the high energy physics represented by the underlying theory (namély, a string theory)
— thus they are claimed to be “universal” contributions to soft supersymmetry breaking. We
will look closely at these claims in Section 2.2

In any given supersymmetric theory, a consistent analysis of the soft terms is necessary in
order to make reliable predictions. Such a systematic analysis was performed at tree level by
Brignole, Ibafiez and Mufoz [35, 36] some time ago for a large class of four-dimensional string
models. One of the nice features of this analysis was to make explicit the dependence of the
soft terms on the auxiliary field vacuum expectation values (vevs) and thus to relate them
directly to the supersymmetry breaking mechanism. In this respect, the auxiliary fields FS and
F< associated respectively with the string dilaton and the moduli fields are expected to play a
central role in these superstring models.



2 7 , Introduction

This analysis showed that, besides a universal contribution associated with the dilaton field,
soft terms generically receive from moduli fields a nonuniversal contribution which may lead to
a very different phenomenology from the standard one referred to as the minimal supergravity
model. In Section 2, new contributions to the soft supersymmetry breaking terms are exhibited
that are truly supergravity contributions in the sense that they involve the auxiliary fields of
the supergravity multiplet, more precisely the complex scalar auxiliary field M in the minimal
formulation. In Section 3 we present the general form of these contributions, expressed in terms
of the auxiliary fields, and we discuss them for several classes of superstring models. We stress
that some of the contributions depend on the way the underlying theory regulates the low energy
effective field theory. In particular we find a model of anomaly mediation where the scalar masses
might be nonvanishing at one loop.

Having found sources of nonuniversality — particularly in the important gaugino sector of the
theory — we test supergravity models in the arena of thermal relic dark matter densities. Models
of the sort we investigate in Section 3 tend to provide far too much or far too little neutralino
relic density to account for cosmological observations. Supergravity models where anomaly
contributions to gaugino masses are competitive with tree level contributions may provide the
best solution to the problem of dark matter in the universe, as is demonstrated in Section 4.

When considering the subject of effective field theories from strings, the notion of “phe—'
nomenological viability” has in the past been a very loose standard. Indeed some of the
well-known problems facing such low energy theories seemed quite intractable, depressing the
prospects of ever being able to refer to a meaningful superstring phenomenology. The problems
to which we refer include the need to generate a hierarchy between the supersymmetry breaking
scale and the Planck scale, the cosmological dangers of moduli fields with Planck-suppressed in-
teractions, the desire for a-weakly-coupled effective quantum field theory, and most significantly
the need to stabilize the dilaton [16, 37, 58).

Recently, however, it ‘was shown that by incorporating postulated nonperturbative string-
theoretical effects in a modular invariant low energy field theory the above problems can be
addressed in a simple manner with tuning required only in the vanishing of the cosmological
constant [27, 28, 29, 84]. Having passed these initial tests it now becomes possible to ask for a
slightly higher standard in “viability.”

The phllosophy behind the study presented in Section 5 is to probe this class of models in a
series of phenomenological arenas to uncover relations between the dynamics of the hidden sector
and the nature of our observable world. After a review in Section 5.1 of the class of models we will
consider we investigate in Section 5.2 the initial challenge of setting the supersymmetry breaking
scale that all effective field theories from strings must confront. In Section 5.3 we turn to the
pattern of soft supersymmetry breaking parameters and look for the implications of current mass
bounds arising from searches at LEP and the Tevatron. We also investigate phenomenological
challenges arising from gauge coupling unification and cosmological relic densities in an effort
to further constrain these models.



Chapter 1
*'Superg:ravity Prelimilflal'ieS

_This section collects some of the concepts that reappear throughout this study in the form of
a very brief introduction to supergravity effective theories that derive from models of weakly-
coupled heterotic string theory.

1.1 Supergravity Model Parameters

A supersymmetric model which is covariant under general coordinate transformations possesses’
a local, or gauged, supersymmetry and becomes a supergravity theory. In this text we will
consider a set of chiral superfields ZM (the associated scalar field will be denoted by 2™ with
M = ZM|,_5_o) which belong to two distinct classes: the first class Z* denotes observable
superfields charged under the gauge symmetries of the Standard Model (SM) while the second
class Z™ describes hidden sector fields. By “hidden sector” we will typically be referring to
_ either chiral matter multiplets charged under the gauge symmetries of the hidden sector gauge
~ group(s) Ghiq and/or some set of moduli fields which parameterize the compactification of the
" “string theory. We.will return to these moduli fields in Section 1.3.

The interactions of the chiral multiplets and gauge fields of the observable sector in a , generic

supergravity model are described by t_hfée_ functions: the Kihler potential K(ZM ,7M), the
~ superpotential W(Z', Z") and the gauge kinetic functions f*(Z™), one for each gauge group G°.

The auxiliary fields of the chiral multiplets are denoted FM and are obtained by solving their
corresponding equations of motion. They read for the chiral superfields:

FM = KR EMN (W + KgW), (1.1)
where, as is s@ndard, —Wﬁ = oW/ BZN and KMV is the inverse of the Kihler metric K MN =
?K|ozM 8Z" . The supergravity auxiliary field M simply reads:

M = —3e5X?w. : (1.2)

As a sign of spontaneous breaking of supersymmetry, the gravitino mass is directly expressed in
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terms of its vev (in reduced Planck scale units My /v/87 = 1 which we use from now on):
_ 1= — K/2757
In terms of these fields, the F-term part of the potential reads:
V=FlK-F — MM = FIK-F —3m? :
= Y ~3 = 17 3/2° (1.4)

Since in what follows we will assume vanishing D-terms (to preserve the gauge invariance of the
Standard Model after supersymmetry breaking) we will only be interested.in this part of the
scalar potential. Finally, the holomorphic function f,(Z") is the coefficient of the gauge kinetic
term in superspace. Its vev yields the gauge coupling associated with the gauge group G,:

1
<Ref, >= . ' (1.5)

a

1.2 Kaihler U(1) Superspace

In constructing supersymmetric Lagrangians, and extracting the component field expressions
from the corresponding superfield operator expressions, we will use the Kahler U(1) formalism
of [31, 32, 33] which differs from the formalism of Wess and Bagger [142]. In this section we
present the key differences and features of this formulation of supergravity.

The kinetic energy of the chiral superfields in the standard formulation for ﬁat superspace
involves the superspace volume integral :

Lie = / a0 K (zM,ZM) . (16)
and thus possesses a classical symmétry under the transformation
K(ZM, 7Y - k(2" 7Y + F(ZM) + FEZM). - an

When a superpotentlal is included with Lagrangian density Lpot = [ d20 W(Z My 4 h c. then
this symmetry can be preserved provided we 31multaneously make the tra,nsformatlon

W(ZM) - FZ") w(zM) 8

on the superpotential. This is a Kahler transformation and it manifests itself as a chiral phase
rotation, with phase given by the function F(Z™) in (1.7), on the fields of the theory. As such
it is vulnerable to a chiral anomaly when the theory is treated quantum mechanically.

- In curved superspace the kinetic term must be modified to include the effects of curvature
by amending (1.6) to read :

Lxg = —3/d49 Ee—%K(ZM’jM) . (1.9)

where E is the superdeterminant of the vielbein superfield Ef;. Note that (1.9) reduces to (1.6)
to leading order in My, when expanding the exponential. Now the Kahler transformation (1.7)
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must be accompanied by a compensating Weyl rescaling of the supervielbein F to preserve the
classical symmetry, i.e. a “super-Weyl” transformation. In supergravity this symmetry can be
incorporated into the structure of superspace in a natural way by including this chiral U(1)
factor in the structure group of the superspace geometry and assigning each field in the theory
a weight under the transformation (1.7) called its Kahler weight. The covariant derivatives are
then modified to include a U(1) gauge connection corresponding to this transformation. In this
formulation the kinetic action then becomes simply related to the volume of superspace. This
is the essence of the Kéahler U(1) superspace formalism [31].

As a practical matter, supersymmetric Lagrangians can be constructed in supergravity as
either “D-terms” involving integration of a real function of the fields over all of superspace [ d*e
or “F-terms” involving the integration of a holomorphic function over half of the superspace
coordinates [d?¢. The former can be converted to the latter via superspace integration by
parts as follows

L=/d40EX=—i d49§(52—8R)X+ h.c., (1.10)
16 R

where R is the chiral curvature superfield whose lowest component is the auxiliary field of

supergravity M = —6R|y_z_, = (M)* and (§2 —8R) is the covariant chiral projection operator.

Having made this transformation the component Lagrangian is obtained using the standard

construction [31] .

, §=—-Dr : (1.11)

1.3 Superstring Effective Theories

Our interests lie in a specific class of supergravity models which we can refer to as “string-
inspired,” which is to say that the field content and couplings can be constrained — and in some
cases completely determined — by imposing symmetries arising from the underlying string theory
which gives rise to the low energy effective supergravity model. Throughout this work the string
theories considered are of the weakly-coupled heterotic variety and we will restrict ourselves to
orbifold compactifications of the six extra spacetime dimensions to obtain a low energy effective
four-dimensional theory. '

Of central importance is the dilaton field which is universally present in all string theories.

The vacuum expectation value of this field determines the value of the string coupling constant
gstr at the scale of compactification, which we denote Agpz. Here we will assume that this scale
-of compactification is somewhere between the Grand Unified scale Agyr ~ 2 x 10'® GeV or
the Planck scale Ap, =~ 1 x 10'8 GeV. Taking the approximate unification of gauge couplings
in the minimal supersymmetric standard model (MSSM) at Agyr as a guide we will assume
92 = 1/2 = aipe ~ 24.7.

The string dilaton can be represented as a chiral superfield S or as a linear superfield L [30,
33, 38, 43, 55]. While the former is very prevalent in the literature, in the context of string
theory the dilaton £ is the lowest component of a vector superfield L which includes the degrees
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of freedom of the dilaton and of the antisymmetric tensor present among the massless string
modes, and which satisfies the modified linearity condition

—(D* - 8R)L = W°W,, —(D*-8R)L=WW¢, . (1.12)

where the superfield R is related to elements of the supervielbein as mentioned in Section 1.2,
W is a Yang-Mills superfield strength, and the summation over gauge indices is suppressed.
The Bianchi identity

(D% — 24R)WW, — (D — 24R)W oW = total derivative RRNCRE)

follows immediately from (1.12) - an important constraint when we eventually modify (1.12)
to include the presence of gaugino condensates in Section 5. The chiral multiplet formulation
can be recovered by a duality transformation, at least at the classical level. However the linear
multiplet formulation provides a simpler implementation of the Green-Schwarz anomaly cancel-
lation mechanism and a better framework for constructing an effective Lagrangian for gaugino
condensation, both of which will be addressed below.

In the weak coupling regime, the models that we consider have a simple tree level gauge
kinetic function when written in the chiral formulation:

Fa(Z™) = keSS, O (L14)

where § is the string dilaton and k, is the affine levell. At tree level this chiral superfield is
related to the string coupling constant at the string scale through the relation

1

Res) = ———,
( ) gSZTR(ASTR)

(1:15)

where s = S|,_z_o, and has a tree level Kahler potential given by K(S,S) = k(S,S) = —In(S +
S). We will employ this chiral formulation when we wish to make contact with results found in
the literature.

The calculation of various quantities in the Kahler U(1) formalism is facilitated by placing the
dilaton in the linear multiplet. At tree level the two formalisms can be related by S+ S = 1/L
so that the tree level dilaton Kahler potential can be written k(L) = In L. In the linear mutliplet
formulation the string coupling constant is given by g2:/2 = (£) = (L|p5_o)- ‘As the dilaton
determines the gauge coupling constants of the observable sector it is imperative that the field
¢ be stabilized at a finite field value. This is accomplished by appealing to nonperturbative
corrections [16, 135] to the Kahler potential of string-theoretic origin. We will parameterize these
corrections in the linear multiplet case by modifying the kinetic energy term in the Lagrangian
and the dilaton Kéhler potential by a pair of functions: .-

Lyg = /d40E[—2 + f(L)], kEL)=InL+g(L), » (1.16)

which satisfy the conditions

 Lg{L)=f-Lf(L), ¢(0)=f(0) =0, (1.17)

: 'From now on, we will only consider affine level one nbnabelian gauge groups i.e. k =1 (k = 5/3 for the
abelian group U(1)y of the Standard Model).
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which ensure that the Einstein term of the gravity action has canonical form [27], and that
they vanish in the weak coupling limit: g2/2 = (€) = (V|p—g—o) — 0. In the presence of such
corrections the string coupling constant is given by a modified relation

Fora(Aszn) =2(0) / (1 + f(2)). (1.18)

“*“In Appendix A we give the correspondence between various terms in the component Lagrangian

" in the chiral and linear multiplet formalisms.

In addition to the dilaton all of the orbifold compactification models we will consider here
-+ contain a set of moduli fields which parameterize the string compactification. The size of the
~ compact dimensions are determined by the vacuum expectation values of a set of three complex
- fields T* with a = 1,2, 3. The Kahler potential for these moduli is known at the tree level from -

w#the underlying string theory, and we can include the entire string moduli sector in the expression

-3 ‘
K(S,T)=k(S+5) - I (T*+T*) =k(S+5)+ g% (1.19)

a=1
with g% = —In(T® + T7). |
Of central importance at the perturbative level are the diagonal modular transformations:

5 aT?® — b
icT*+d’

(o4

ad—bc=1, a,bc,de€Z, (1.20)

that leave the classical effective supergravity theory invariant. This symmetry is known to
remain a symmetry of the underlying string theory to all orders in string perturbation theory,
so it must remain a perturbative symmetry in our low energy effective theory. This is one of the
key constraints imposed on our supergravity models and we will refer to the symmetry with the
words “modular invariance.” Under the transformation (1.20) the fields of the theory transform
" as follows:

g® = F*4+F® F*=I(cT®+d), ®*— exaf'mip4,
Ao o e EXaFY) gy gm3 EalmFg, (1.21)

Thus‘"'ez matter field which ffansforms_ as
ZA = (icT*+d)"az4 o (122)
+:- under the modular transformations (1.20) is said to have a modular weight of ng.

_ To preserve the classical modular invariance both thée Kahler potential and superpotential
~ for the matter terms must be modified to include functions of the moduli. We will assume for
the simplicity of the expressions which follow that the Kahler metric for the matter fields Z*
has the form:

Kip = m(Z2")65 + 0(Z2), (1.23)

and a matter field with modular weight n has

wi= [+t (1.24)

«
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Because (1.20) has the form ofa Ka,hler transformation (1.7) on (1 19), it is necessary to ensure
that the superpotential transforms as

wW(zZM) - W(ZM ) [ Ger*+ )7, (1.25)

[+

so the moduli dependence of the superpotentlal for the matter fields can be determined. If we
denote W = 83W (2M)/02:02792% then we must have

Wi =D [[ln@e) PO, - (126).
, 2 . .

where 7(T') is the classical Dedekind function:

o0
W(T) — e—wT/lZ H(l _ e—21rnT), (1.27)
' "n=1
which transforms as
n(T®) = (icT® +d) "> 5 (T°) | (1.28)

under the modular transformation (1.20). We will also use in the following the Riemann zeta
function:

_1 dn(T)

Let us note that the non-holomorphic‘Eisenstein function
: )
1 _

vanishes et the self-dual points T = 1 and T = €i"/6,

From (1.21) we can see that the chiral superfields " receive a chiral phase rotation, so we
would expect that this modular transformation would possess an anomaly. That is in fact the
case at the quantum level [6, 39, 54, 59, 87, 110, 121], so modular invariance must be restored by
an appropriate choice of local counterterms. There are two sources of such terms arising from
string theory: the universal Green-Schwarz (GS) counterterm [39, 54] and model-dependent
string threshold corrections [6, 59].

The Green-Schwarz counterterm has the following form
Lgs = / d*0 ELVs, : (1.31)

in the linear multiplet formalism [38, 26] where the real function Vs reads:
] ne
Vi = 240822111 Ta—|-T +ZP’H Ta+T ) i |¢z|2+0(¢4) (1.32)

The group-independent factor dgs is simply equal to j—3CE8, where Cg, = 30 is the Casimir
operator of the group Ejy in the adjoint representation, if there are no Wilson lines. Otherwise,
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it can be smaller in magnitude. The coeflicients p; represent the couplings of the observable
sector fields to the Green-Schwarz counterterm. They are a priori unknown model-dependent
variables, though they are (in principle) calculable in the underlying string theory. The string
threshold corrections can be thought of as corrections to the string gauge coupling constant due
to string states above the compactification scale and take the form '

_ 1 4 E 2 (o a «
Ln =~z ;/d 6 7 I (i) (Za:ba(w Wa)a> + he.. (1.33)

In the chiral multiplet formalism for the dilaton these terms can be thought of as corrections to
the gauge kinetic functions f, in (1.14). The parameters b2 vanish for orbifold compactifications
with no N = 2 supersymmetry sector [6].



Chapter 2

Soft Supersymmetry Breaking at
One Loop

2.1 Quantum-Induced Soft Supersymmetry Breaking

The points we wish to emphasize in the Pauli-Villars (PV) calculation given here are (1) the
presence in general of O(M3/;) contributions to the scalar masses that are proportional to the
chiral supermultiplet y-function (rather than its derivative, which is a two loop effect), and (2)
the difference between gaugino masses and soft terms in the scalar potential with respect to
dependence on the details of Planck scale physics. To this end we will present our calculations
under the simplifying assumption that the Pauli-Villars squared-mass matrix commutes with
other operators that are relevant to quantum corrections. We further restrict our analysis to
one loop order and retain only terms of lowest order in My/5/Mp,, where M3/; and My, are the
gravitino mass and the reduced Planck mass, respectively. We then use our results to address
the issue of anomaly mediated supersymmetry breaking [7, 93, 95, 131].

2.1.1 General Corrections to the Scalar Potential

The one loop logarithmic divergences of standard chiral supergravity were determined in [80,
81, 82], and it was shown in [77, 78, 79] that they can be regulated! by a set of Pauli-Villars
chiral superfields (I{A. As in these references we denote the light superfields by Z?, and introduce
covariant derivatives of the superpotential W (Z?) as follows:

A = KW, Ai=DiA=08A, Ayj=D;D;A=080;A—TEA,
0

A = K™An ete, Kim=0,0mK(Z,7"), =5z

(2.1)
where I‘fj is the affine connection associated with the Kahler metric K;m and its inverse K*™.

In the regulated theory, the one loop correction to the chiral multiplet Kahler potential is given
by [79] the superfield operator (up to a Weyl transformation necessary to put the Einstein term

!The full regulation of gravity loops requires the introduction of Abelian gauge superfields as well; these play
no role here and we ignore them.
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in canonical form?)

. -
AL= -5 d*9 Ee” KZTIAA Aapln(my/p?) /d49E5K(Z z"), (2:2)
AB

where Aap(Z, ~de) is defined as in (2.1), with the light field indices i, j replaced by PV indices
A, B, na = %1 is the PV signature, m 4 is the (supersymmetric) PV mass, and p is the (scheme-
dependent) normalization point. The wave function renormalization matrix is given by -

N = <KjﬁD,—,D alau 6K> 321 < DZnA(e‘KA Ay )>

= 327(2 < KZ”?AA] zAB> ) ‘ (23)

where here and throughout ellipses represent terms of higher dimension.

The regulation of matter and Yang-Mills loop contributions to the matter wave function:
renormalization requires the introduction of PV chiral superfields 4 = & @' and $° which
transform according to the chiral matter, anti-chiral matter and adjoint representations of the
gauge group and have signatures 4 = —1,+1, +1, respectively. These fields couple to the light
fields through the superpotential® o S

) 1 . ~ '
W (®4,7}) = Ewij(zk)@@l + V200, (T,Z) + - - -, (2.4)
where T, is a generator of the gauge group, and their Kahler potentialb takes the schematic form -

K=Y w4 (V) (842, ey
>

where the functions x4 are functions of the hidden sector (moduli) fields as defined by (1.23).

We are interested here in string-derived models which are modular invariant and we wish
the quantum corrected theory to be perturbatively invariant under the modular transforma-
tion (1.20) as well. This can be achieved if the couplings of the relevant PV fields are modular
invariant. For the fields ¢, ®®, &' that contribute to the renormalization of the Kahler potential
we then know that their dependence on the dilaton and T-moduli must be identical in form
to the light observable sector fields whose loops they regulate. Therefore we can separate the
function k4 into a piece dependent on the dilaton and a piece dependent pn'the moduli fields.
Then we have [77, 78, 79] for typical orbifold models

ot KD =
P il = n_l | (2.6)
e /ﬁg’:g_ZK—gaz T (T +T*) L - ‘

2This brings in terms with factors of Vi that we neglect since if {Viree) = 0, they can at most give small
corrections to the tree level soft terms.

3Full regulation of the theory requires several copies of fields with the same gauge quantum numbers, and the
coupling parameters and signatures given here actually represent weighted average values.
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With these choices, the ultraviolet divergences cancel, and, for the leading (lowest dimension)
contribution, one obtains the standard result for the matter wave function renormalization in
the supersymmetric gauge [18]

. —iAB 1 : : =ikl '
M= 32 55X " naWiasgW’ ™" = 392 481 " gH(T2) — XD Wi | (2.7)
. . AB a .

kl

The matrix (2.7) is diagonal in the approximation in which generation mixing is neglected in the
Yukawa couplings; in practice only the T°Q3H, Yukawa coupling is important. We will make
this approximation in the following, and set

j : j ik
o o, w=a o, W=D =D
i @

. eK
(T2 A= - a5z (mirirn) ™ (Wil (28)

" 87r2
The Lagrangian (2.2) generally contains soft supersymmetry breaking terms, displayed below,
that are proportional to those of the tree level Lagrangian. What are usually referred to as
“anomaly mediated” soft supersymmetry breaking terms are finite contributions that are not
remnants, like (2. 2), of the ultraviolet divergences. To evaluate such terms in the framework of
PV regularization, we must retain all contributions that do not vanish in the limit m% — oo.
Here we are interested in the scalar potential, given by

i d*p
o= 1 2 _
L @r )4STrn n( - m? - H)
1 1 m?2 H? H*
= 2,1 2 2y, 112 moy ., a2t H
= 327T2SIT77 [(hm + 59 )ln(m )+ 2h ln(ﬂz) + P 24m4]
1
O (mZ)’ ' . | (29)

where H is the effective field- dependent squared mass with the supersymmetric PV mass matrix
m? separated out:

Hyy=H+m? H=h+g, h~m’ g~ml (2.10)

The terms in (2.9) proportional to In(m2/u?) are the bosonic part of (2.2). The first term
" in (2.9) proportional to m? is the remnant of the quadratically divergent contribution {77, 78].
It is completely controlled by Planck scale physics, and can be made to vanish with appropriate
conditions on m?. If it is present it contains A-terms and scalar masses proportional to the tree
potential soft terms with coefficients suppressed by 1/327%; we neglect it in the following.

The PV loops contribute soft supersymmetry breaking terms to the light field effective La-
grangian if the PV tree Lagrangian contains such terms. In the presence of supersymmetry
breaking one generally expects the matrix g in (2.10) which is linear in m to contain “B-
terms”. Indeed it is these B-terms that generate the “anomaly mediated” contributions to
the gaugino masses and the A-terms of the light theory® that have been discussed in the lit-
erature [93, 128, 131]. As we shall see below, there are two contributions to supersymmetry

“There may also be B-terms generated at one loop in the light theory if there are quadratic holomorphic terms
in its tree level superpotential or Kihler potential. These contributions were considered in [79]; we ignore them
and use the expression “B-term” to designate the B-term proportional to the PV mass.
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breaking scalar masses that arise from a double B-term insertion in a Feynman diagram. These
two contributions cancel, resulting in the assertion {128, 131] that there is no anomaly mediated
contribution to scalar masses at one loop. However, there ca.n in general be soft masses and
A-terms in the matrix A in (2.10). In leading order in M. 3/2 2 /u?, A-terms are present in the
PV part of h only if there are dimension-three soft supersymmetry breaking operators in the
tree Lagrangian. Soft PV mass terms, which in leading order contribute only to scalar masses,
are not similarly restricted by the low energy theory. Specifically, if the regulator masses are
constant there are always soft squared-mass terms in the PV sector.

The PV mass for each superfield 4 is generated by coupling it to a field TI4 in the repre-
sentation of the gauge group conjugate to that of &4 through the superpotential term

Wi =Y _pa(ZV) 44, (2.11)
A

" where Ha (ZN ) can in general be a holomorphic function of the light superfields. There is no
constraint on the Kahler potential for the fields II4 similar to those of the @4 allowing us to
determine the analogous expressions to (2. 6) We will set, for I14 = (IT¢, II? , 11%),

04 kY = ha(S+3) [J(= +T%)%, (2.12)

and then the functions p4(Z%), and therefore the PV masses, are fixed up to a constant by

modular covariance. Note that the modular weights of the fields II* which are given by a9
are not necessarily related to those of the fields of the observable sector and thus represent an

undetermined set of parameters in the theory. Now with PV Kahler potential given by (2.5), (2.6)

and (2.12) and the superpotential (2.11) we have explicitly

m = X (k%) 7 (k3) M nal?, . (2.13)
which we also have occasion to write in the form

my =md = faph, fa=eX(kF)TH(ER)T (2.14)

The general field-dependent matrix H in (2.9) has been evaluated in [80, 81, 82]. Denotirig
by HX and H? the matrices H in (2.10) for fermions and bosons, respectively, we have, with
constant background fields,

HY = W47, (W)f=e 4pcA", (W)F=0,
(P¥)p = KPupKPBCAcp = ¢ = e ¥ fapnaAap,
w5 = A%up = gz?, H® =W +V+ M2, +R, | (2.15)

where M2, = eK|W|2 V= e‘KA A —3M 3/2 'The last term in (2.15) depends on the curvature
of the PV metric:

RA =RA_.e KAA = —54pF'F 0 (53'0; ki4) = —SasF'F 0md;Inka, A=30414,
| - - (2:16)
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where Fi = —e K/ 27" is the auxiliary field of the supermultiplet Z*. Terms involving the space-
time curvature r are replaced by terms proportional to the tree potential V after a Wey! transfor-

- mation that restores the one loop corrected Einstein term to canonical form. We assume through-
_out a vanishing cosmological constant, (V) =0, so we can drop them. Similarly, we can drop V
';.::,1f D-terms vanish in the vacuum: V = V + D, D= 2 D? (T%2)'K;, 2t = = ZY, (D,) = 0.

_Terms containing only powers of hX cancel in the supertra.ce, so we get contributions only

'from scalar trace terms that include the scalar mass term 3/2 + R in (2.15) or factors of

Hxy = KxxHY:
Hap = hap=¢¥ (ZiDiAAB = AABZ) hap =0,
Hyp = gap=eKAD; (KWyap) - AWAﬂ = ~5Agu,4a (A-Zom fa). @17

H 4, is the B-term mentioned above and the part of h4p linear in z - (z ) is the A-term.

2.1.2 Trilinear A-terms

Neglecting B-terms in the tree Lagrangian, the leading contribution to W4p is linear in a gauge
nonsinglet field Z*. Explicitly expanding H 4p gives

Hap = eKKijWJ—WiAB — eK/ZF"Bn ln(kinAléBe;K)ziWiAB. (2.18)
The second term in (2.18) is the A-term where (F") # 0 with Z" a gauge singlet in the

supersymmetry breaking sector. Assuming that the matter superpotential is independent of
Z"™, the tree-level A-terms are given by

(8,-8j8kV) = Aijk <6K/2Wijk> 3 Aijk = (Fnan ln(nmjfske_K» 5 (219)

" and the tree level gaugino masses are given by

M, = %(F”Bn In(g;?)). | (2.20)

~ Using the couplings given in (2.4), we have

F 8, In(kikgskgre X) = Ak,  F O, In(ring kgee™X) = 2M,. (2.21)

"Then we obtain

'I‘rnh2 > 2 ZnAhABhAB = —2e3K/2szi ZnAWiABWjABF"Bn ln(r.:ijmBe_K') + h.c.
AB AB

= —64n2ef 2wt | 47F A Uk+2z% | + he., (2.22)
Jk '

for the leading contribution to the A-term from the second term in (2.9), i.e. the contribution
from the shift in the potential due to the shift in the Kéhler potential. The leading order
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contribution to the “anomaly-induced” A-term arises from a PV loop diagram with one B-term
insertion: ' '

H3

NA ,A( B v o
TNIW 3 2m292—h (gﬁ,gA g7gA)+h.c.

w

a
~82m2 e PWiz | 1iMyjy + F"0n | Y 4flnfia+ D ¥*Infis || + hec.,

fas = Vfafs, fi=Tzifzx, fia=FwFrr, | (2.23)
which reduces to the “anomaly mediated term” found in [93] provided that (F"d,1ln f4) = 0.

We discuss below the circumstances under which this is the case. The full leading-order A-term
Lagrangian is

L4 = K/ZZWZ [71M3/2+Z’)’1 2M ln(mza/ll’ ) Fnanlnfia),- .

+Z7j zgk lll ?k/uz) + F"an ln.fjk)] +‘ he. +--- ,

2 2 .
map = MAMB, mjkzmq,Jm@K, My = MeaMg. (2.24)

2.1.3 | Scalar Masses

Scalar masses get a contribution from the term quartic in H:

g4 g'4
Trn 3> Ty
24m?2 24 :
> Yo 2 [2 (98 989E oh + 9398 ool ) + 94 95aT oy + af g])gf] + hc.
e X ZUA|M3/2 + F'o;In fa?AapA"”, . (2:25)
AB

which corresponds to two B-term insertions in the PV loop. The contribution from the cubic
term is '

hg A g 1 1
Tyt > g i |ofly + o z—i
1
+5 M3/2Z77A959A
1 SR
- > 149594 <—2F "Fmanamlngﬂ +—F ”Fmanamlngfa)
295 mp my

1 o : '
+§ ZanB2gBﬁgBﬁhg + h.c.
B
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hg? 1 ' _ o
B

1 _ ;AB T
45 E Y maAasA (F"F"‘anaﬁlan - M§/2)
AB
1 _ . .
, +§e"KZnAAABAAB|M3/2 +F"8%xInfz?>+ hec., : (2.26)
AB

where we used the vacuum condition (1.4). The last term in (2.26) is a double B-term insertion; it
cancels (2.25) in the Lagrangian (2.9). The first term on the right hand side of (2.26) corresponds
to one B-term and one A-term insertion, and the second term corresponds to a PV soft squared-
mass insertion. Explicitly,

F"Fﬁan&,ﬁlan - M§/2 = ufp,; + /‘L%IA’ (2.27)
where
u = M§/2 — F"F0,0mlnks, A=A T4 (2.28)

is the soft.su"pers'ymmetry' breaking squared mass of the field <I>A_ or IT4. For A — ®4 the masses
are determined by the supersymmetry breaking masses of the tree Lagrangian
By =p3 = pf, g =2M3, — i, pge = —2Mz — ML, (2:29)

so these terms give no contribution if u; = M, = 0. However, even if no soft supersymmetry
breaking masses are present in the tree Lagrangian, one cannot a priori exclude such terms in
the theory above the effective cut-off, that could be reflected in soft supersymmetry breaking
masses /‘%1 4 in the PV sector that parameterizes the underlying Planck scale physics. Finally
we have

Teh?* 5 2) na (HEHS + HapH®)
AB '

5 2K Z”A [ZuiWABWAB‘ |
AB

12T (On ln(miﬁAmBe“K)) (Brﬁln(njfsAnBe_K)) W?BWiAB ,  (2.30)

for the part of the renormalization of the Kahler potential that contributes to scalar masses.
Using (2.21) and (2.27)—(2.29), the full scalar mass term is

Lm = ) I (Ms?mz- + Y {(3M2 — ) In(m2, /s?)
. 1 a ‘
+ F"F" Osn In fia + Mo | (F" 0 + F"0,) In fia + 2Mj ,2] ]

#3024 4+ A2 W) + F T O n S
ik

JF%A,,-,c [(fmam+F-"0n)ln Fir-+ 2M3/2] }) b (2.31)
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In the absence of tree level soft supersymmetry breaking, this expression reduces to the first
(“universal”) term if <F"F 0, B—fA>

The soft supersymmetry breaking Lagrangian for the canonically normalized scalars or is
1

obtained by making the substitution ¢* = g, 2¢% in L4 + L,,. For completeness and comparison
we give the result for the one loop induced (left-handed) gaugino mass [13, 86] under the same
assumptions used here to calculate L4 + Lyy:

AM, -"1‘%( £) [(30 -C M3,2+ZanXF Onln fx
A i
= fﬁw [(30 —CY)Msp + CoF™0,K — ZF"C(’) 1nf{|
fi = K%K, (2.32)

where C,, CX and C! are the quadratic Casimirs in the adjoint of the gauge subgroup G,
and in the representations of ®X and Z* respectively, with CM = P C:. The second equality
in (2.32) follows from the requirements of finiteness {77, 78] and Supersymmetry [87] of the
chiral/conformal anomaly proportional to the squared gauge field strength. :

2.2 Comparison to Anomaly Mediated Results

In this section we wish to focus our attention on those parts of the one loop result found in
Section 2.1 which are “universal” in their nature — that is, which depend only on the gravitino
mass M3y, anomalous dimensions and S-function coefficients. Since the super-Weyl anomaly
is associated with the Kéhler transformation (1.20), which is explicitly canceled in models that
ensure modular invariance one might expect the mass terms found in [93, 131] that arise from
the super-Weyl anomaly to be absent in this class of models. However, this term has its origin
in the running of the couplings from the string scale to the scale of supersymmetry breaking,
and is therefore independent of the string scale physics.’ In addition, we found a contribution
that depends on the unknown couplings of matter fields in the GS term.

2.2.1 Gaugino Masses vs. Scalar Potential Quantities

The one loop contributions to A-terms (and to scalar masses and B-terms discussed ‘below) are
considerably more sensitive to the details of Planck scale physics than the gaugino masses. The
most straightforward way to regulate an effective theory is by introducing heavy fields — such
as the Pauli-Villars fields — with masses of the order of the effective cut-off, and couplings to
light fields chosen so as to cancel quadratic divergences. The PV masses can be interpreted as
parameterizing effects of the underlying theory. These masses are to some extent constrained by
supersymmetry. These constraints are much more powerful in determining the loop-corrected
gaugino masses than the other soft parameters, for the reasons that follow.

All gauge-charged PV fields contribute to the vacuum polarization and to the gaugino masses.
Their gauge-charge weighted masses are constrained by finiteness and supersymmetry to give
the result in (2.32). The superfield operator that corresponds to these terms is the same one that
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contains the field theory chiral and conformal anomalies under Kahler transformations of the
type (1.20), and is therefore completely determined by the chiral a.nomaly which is unamblguous
Specifically, the conformal and chiral anomalies are the real and imaginary part of an F-term

.. operator; the former is governed by the field dependence of the PV masses that act as an effective
~ cut-off and are determined by supersymmetry from the latter [87].

On the other hand, oﬁly a subset of charged PV fields &4 contribute to the renormalization
of the Kahler potential, which determines the matter wave function renormalization and governs
the loop ‘corrections to soft parameters in the scalar potential. Their PV masses are determined

by the product of the inverse metrics of these fields and of fields 14 to which they couple in

the PV superpotential to generate Planck scale supersymmetric masses, as well as by a priori
unknowi holomérphic functions p4(Z%) of the light fields that appear in the PV superpotential.

.- While the Kéahler metrics of the ®4 are determined by finiteness requirements, the metrics

of the IT4 are arbitrary. In operator language, the conformal anomaly associated with the
renormalization of the Kihler potential is a' D-term,; it is supersymmetric by itself and there is
no constraint, analogous to the conformal/chiral anomaly matching in the case of gauge field
renormalization with an F-term anomaly, on' the effective cut-offs — or PV masses - for this
term. As a consequence the soft terms in thie scalar potential cannot be determlned precisely in
the absence of a detailed theory of Pla,nck scale physms -

Relatmg this to the results of the prev1ous sectlon unlike the expressions in (2.24) and (2 31)
the leading one loop contribution to the gaugino masses (2.32) is completely determined by the
low energy theory. In this case all gauge-charged PV fields ®X contribute, their mass matrix
is block diagonal and commutes with the relevant operators, and the gauge-charge weighted
masses are constrained to give the second equality in (2.32). Since the conformal anomaly
associated with the renormalization of the Kahler potential is a D-term, it is supersymmetric by
itself and there is no constraint analogous to the conformal/chiral anomaly matching in the case
of gauge field renormalization with an F-term anomaly. As a consequence the “nonumniversal”
terms appearing in £4 + L, cannot be determined precisely in the absence of a detailed theory

of Planck scale physics. -

2.2.2 No-Scale Models.

As a check of our results, consider the “no-scale” model defined by

_K=m$+G,G=—MMT+T—Z]@W,vV=W@Q+WwL (2.33)

“+: which has no soft supersymmetry breaking in the observable sector ®¢ at tree level. If we regulate

. the theory so as to preserve the no-scale structure, we have kg4 = Kpya, and

e

 fa=fi = hi(s)eC3. - (2.34)
Then ' | v
_ | . . ,
Oilnfa= @,&%mm=—@z g &%)

Vamshmg vacuum energy at tree level requires F* = 0, so if <¢’> =0, ¢ - tI>’|0 —§—q, the
no-scale Kahler potential satisfies

—F"Gp = KW GiK Gy = 3Myj,  F'F" G = KW PGK Gy = 3ME,,  (2.36)
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and all the soft supersymmetry breaking terms, (2. 24) (2.31) and (2.32), cancel, in agreement :

with explicit calculations [22] and nonrenormahza,tlon ‘theorems [24] in the context of thls type

of model.

In one of the earlier papers related to “anomaly media.ted”.'supersymmetry breaking, Randall
and Sundrum [131] considered a class of rr;odels deﬁned by a Kahler potential

K= _3141—2@%2 fiznz™y, (2-.3-7)

where the ®* represent gauge—charged matter and the Z" atre in a hldden sector where super- .
symmetry is broken: (®%) = (F*) =0, (F") # 0. For these models

(Kﬁ) = <¢K/ ?5i1‘> = 'éz"siis = A,-,-k =0, o (238) . .
from the definitions (2.19). and (228) a_,nd. the vacuum _conditien (14). In addition therer.is
no dilaton: g, = constant, M, = 0, so-there is no soft supersymmetry breaking in the tree

Lagrangian. If we assume kg4 = K4, there are also no soft supersymmetry breaking parameters
in the PV Lagrangian. Then the scalar masses indeed vanish at one loop, and we obtain:

Infir = g;'ln f,-a =Inf; = K/3,

1 1
Ly = 3%2 Kﬂmz% (M3/2+ FK>+‘ he. +---,
AM, = AC) oMy, -1-F"4 239
e T (3C; = CY). 3/?+3 Ky} +---. (2.39)

To determine the model-dependent contribution proportional to (F"K,), we study the vacuum
conditions (V) = (V) = 0 for the potential V(z = Z|) derived from W (Z) and K(Z) =
—3In[1— f(Z)], with the gauge-charged fields ® set to zero. This potential is classically invariant
under the Kahler transformation

K(2) - K(2) = K(2) +Em[W(Z)P, fE=(1-DWIE, W(2)—Ww'42). (240)
If one imposes a sepa,rablhty” condition [131] on the superpotentla,l

the redefinition:(2.40) is not a classical invariance of the full theory with & # 0, but rather
defines. a one-parameter family of models of the general form defined by (2.37) and (2.41), with
the same vacuum, but with different couplings of the hidden sector to gauge-charged matter.

If f(Z,Z) = f(|Z|?) and (2) = (Z]) = 0, then (K,) = (3f'(2)z) = 0, and the “anomaly
mediated” results are recovered in the dimension-three soft operators (2.39). An example of this
type is given in [131] for the case of a single hidden sector-field Z. For the family of models
generated from that one by the redeﬁmtlons (2.40), we obtain for the coefficient of the soft terms

in (2.39): '

2z { sz . -
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since <FZFZ_K22> = —(F*(K,W + W,)) = 3M3/2 is invariant under (2.40).

For (2) = ¢ = 0, we have (F?K,) = 0, giving the standard result [93, 128, 131] B¢ = My,

‘In the hterature the point £ = 0 is referred to as “minimal anomaly medlated supersymmetry
breaklng » For ¢ = 1, this model is precisely the one defined by (2.33), with B¢ = 0. Quite gen-
.. -erally, if (F”’W )= - 0 in the class of models defined by the separability conditions (2.37), (2.41)

and kga = kpa for the PV fields, the soft supersymmetry breaking terms all vanish, since in
this case (F"K,) = (F"F Kim) /M35 = —3M3;y by the vacuum condition (1.4).

In't'he context of string theory however, the “no-scale” regularlzatlon is unacceptable "be-

- cause, it leads to a loop-corrected Lagrangian that is anomalous under modular transformatlons
- ~which are known to be perturbatively unbroken in strmg theory ‘Therefore one must restore B

modular invariance by including, for example a modular covarlant field dependence in '‘the PVrv B
mass parameters in (2.13) pa = tia (T), which might reflect string loop threshold correctlons,
since these necessarily break the no-scale structure of the theory soft supersymmetry breaklng h
parameters would be generated since FT #0in thlS toy model Alternatively, as shown'in [79] f
this theory can be regulated with ﬁeld—mdependent masses for the PV fields that contrrbute to .
the renormalization of the Kihler potentlal Onfa = constant, in which case the A-terms are
precisely those found above for this no-scale case, but scalar masses are also generated at one
loop: Ap? = v M? 3/2° Gauginos remain massless since their masses are insensitive to the specific-
choice of PV regulator masses. :

2.2.3 '-Sp‘urion Techniques

To summarize, we have found that the “anomaly mediated” results for soft supersymmetry
breaking rest on the separability assumptions stated above, but also on more specific assump-
tions on the form of the hidden sector potential and PV sector couplings. We now address
the question as to why ‘these same results were obtained by spurion analyses.®  In its original "

_ incarnation [7, 92, 95], these techniques of deriving observable sector soft supersymmetry break-

ing terms were applied solely to models in flat superspace (such as models of gauge mediated
supersymmetry breaking). In these cases the Kahler potential and superpotentlal obeyed the

+.separability conditions between observable and hidden sectors

Kot = Kobs (q)a@ + Khid (Za 2) y Wiot = Wops ((I)) + Whld (Z) (2-43)

Furthermore, the observable sector Kahler potential was of a mrmmal variety: Kops (‘I> <I>)

il

The key properties of models in which the leading contributions to soft terms arise from the

conformal anomaly were enumerated by Randall and Sundrum and are encapsulated in the form
““of ‘the Kéhler potentlal (2.37). This Kahler potential was the result of demanding separability
- in the function Q = : Do .

30—K/3.

oy = —3+ Qobs (‘I) —) + thd (Z Z) Wtot'= obs (‘I)) +'Whid'(Z). (2 44)

where the factors —J ensure the canonical normalization of the Emstem term in the supergrav1ty

'Lagrangian. The separability condition (2.44) and the requirement that Qqps o< 3. |®*|? (nec-

essary to ensure vamshmg tree level soft supersymmetry breakmg in the v1s1ble sector as stated

®The authors of [128] also pointed out that these results a.re correct only if (F"K ) can be neglected
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in Section 2.2.2) give rise to (2.37). Of course in the flat space limit Kihler separability (2.43)
and separability in Q (2.44) are equivalent statements. Thus the Kihler potential assumed
in (2.37) is of precisely the limited class of potentla.ls for which the flat-space spurion techmques
can be imported into a supergravity context as in Refs. [131] and [128], without comphcatlon
This intimate connection between (2.37) and the canonical flat space of the spurion technlque
is not surprising as the ansatz of (2.44) represents a set of models with very. specral conforma.l
properties, as we will elucidate below

For dimension-three soft terms the dlstmctlon between curved and flat superspace is irrele-
vant, and the dependence of the. anomaly—rnduced soft terms (2 39) on the aux1hary multlplet of
superéravrty is fixed by ‘the conformal propertles of the operators involved [93] The complete (
anomaly contribution for the drmensmn—two soft terms given in (2. 31) not proportlonal to the "
normal logarithmic running can in fact be obtained from the spurion technique by use of the

following construction. We promote the wave function renormalization coefficient Z to a spur-

" ion superfield Z as in’ [92] However, this field is not only dependent on the chiral compensator
n=1+ F, 02 and its Hermltlan conjugate, but also on a real superfield. Using the PV soft term ,
deﬁmtlons in (2.21) we can see that this’ spurlon is given schematlcally by

" V=1-(a4 2m~,,-)0 = (a + 2ma)02 + uao2é2 (2 45) |

where here a and 2m, generically represent the tree-level A-terms of the Pauh—Vllla.rs sector
that correspond, respectively, to the tree-level A-terms A and gaugino masses M, of the light
field sector, and p, represents the soft scalar masses of the Pauli-Villars sector. The functional
dependence of the superfield Z on these spurions is given by ’

Z= Z((rﬁ/ﬂ) - (@49,

with u the renormahzatlon pomt as before, in analogy with Ref. {7, 95, 131].

We can now perform a Taylor series expansion of this expression about 8 = 0 to obtain

InZ #inZ(ﬂ)-&-M[ (a+2ma F)02 (a—i—_2ma+%)§2]

ol
‘ 01n Z(p) o2, (a+2me)Fy  (a+2ma)Fy  [FyP\ om
) (i I O B ).
Now the chiral field redeﬁnrtlon
n—n = Z(u)” ?exp ( ;agl—lz(’ﬂF 02)77 (2.48)

can be performed as usual in the spurion derivation to eliminate the one loop contribution to
soft masses arising from the supergravity auxiliary field and generate the one loop contribution
to the A-terms. This process is equivalent to the cancellation of the double B-term insertions
mentioned above (2.27). Note the importance of the assumptions of (2.37), in particular the
fact that the Kahler potential for the observable sector is minimal to lowest order in 1 /MPL, for
the retation (2. 48) to be performed.

This same chlral rotation cannot be performed on the real superfield contributions of the |
Pauli-Villars soft supersymmetry breaking terms. This real superfield is not itself the product of
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a chiral and anti-chiral superfield. The terms proportional to 62 are thus irrelevant provided that
there is no supersymmetry breaking in the observable sector. This is a result of the celebrated
holomorphy that underlies the spurion technique. The scalar masses are then read off from the
6262 component of (2.47). Use of (2.27) and the equation of motion for the auxiliary field F,
then leads to identification with (2.31).

The question remains, why do flat-space spurion techniques imply the vanishing of the Pauli-
Villars tree level soft supersymmetry breaking parameters independent of the specific nature of
the Kéhler potential and superpotential? The answer can again be found in the special class
of supergravity theories for ‘which these techniques can be applied. ‘Specifically, as mentloned _
above, a “sequestered” sector model is really nothing more than a model on an Einstein-Kahler
manifold, of which the no-scale models are a particular subset [114]. These spaces are defined
by the fact that the curvature is proportional to the metric. The constant of proportionality
determines the normalization of the Einstein term in the supergravity Lagrangian. In flat space
these are empty statements, but in curved space a properly normalized Einstein term in an
Einstein-Kéhler manifold will cause the scalar mass term R + M o in (2.15) to be proportlonal

to V. Henceina space with va,mshlng cosmological constant and Kahler potent.lal given by (2.37)
(which is equivalent to using the spurion technique in flat space) the PV tree level soft masses
are identically zero. It follows that no one loop scalar massés will be generated in these theories
by the conformal anomaly.

2.3 Explicit Form of the One Loop Soft Terms

In this section we imagine spontaneous supersymmetry breaking in the hidden sector as mani-
fested by nonvanishing vevs for some set of chiral auxiliary fields F", as well as the supergravity
auxiliary field M. We translate the results of Section 2.1 into a more useful form for phe-
nomenological surveys, in which we assume the supersymmetry breaking is occurring in the
- moduli sector: F™ — FS, F®. This procedure was laid out in the pioneering work of Brignole,
Tbafiez and Muiioz (BIM) [35, 36).

2.3.1 Gaugino Masses

The tree level expressions for the soft supersymmetfy breaking terms are well known. The tree
level contribution to the masses of canonically normalized gaugino fields simply reads:®

MO = %apny - (2.49)
=g o0t (2

The full one loop anomaly-induced contribution was obtained in (2.32) and is transcribed here:

MO, = W | Pagy L (o S G Pk, - = Y Gl
o lan = 5 s M-z {Ca=2_Ca n= 750, CaF " Onlnki |, (2.50)
‘ ] 1

where C,, C? are the quadratic Casimir operators for the gauge group G, in the adjoint repre-
sentation and in the representatlon of Z*, respectively and b0 is the one loop coefficient of the .

In this subsectlon we.will suppress the brackets (---) indicating vacuum expectation values. All expressions
are. to be understood to be in terms of vevs of the ﬁelds
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corresponding S-function: ‘ v _
1 i. : ‘ .
= 1622 (3Ca - Z Ca) ) - (2.51)

and the functions x;(Z") have been defined in-(1.23). The first term is the one generally quoted an
as the universal anomaly mediated piece [93, 131]: —b)g2M3/, using (1.3). S

String threshold corre(;tlons may be interpreted as one loop correctlons to the gauge klnetlc
functions. They read:

51):16—221117; () [‘5"5 +0 Z(1+2n°‘)0”] L (252)

Combmlng contributions from the Green-Schwarz’ counterterm and string threshold correctlons
with the light loop contribution (2 50) ylelds a total one loop contrlbutlon

- {ZFa = “’0‘—20’ 1+3n°‘)] (2C(t°‘)+ L ) o

to o

w e o L
+2 M+ 2 (ca—zc;) FS}. (2.53)

2.3.2 A-terms

A-terms are cubic terms in the scalar potentxal that generally a.rlse when supersymmetry is
broken: '

ZA“ke 12w, k2 i3k + h.c. z—ZA”ke /(nm]nk) 2 ,kzzfz + hec. ; (254)
z]k ijk

C_1
where 2* = &, *

Z' is a normalized scalar field. At tree level we have

AD) = (F"on In(kinjrre™™ [Wigr)) - (2.55)

The leading order A-term Lagrangian was given in (2.24); from the definition (2.54) we obtain
for the one loop contribution:

AQ = T+ St MO el /) + Fonn(fnama ]
ok [ AL il ) + P70 )|
+ (z =) +{i—=k), v , (2.56)
where m; éﬁd me are the PV masses of the supermultiplets ®* and ®° that fegulate loop

contributions of the light supermultiplets Z* and W, respectively, and 7; is the PV ‘mass
of a field @, in the gauge group representation conjugate to that of ® (and of Z*) needed
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to complete the regularization of the gauge-dependent contribution to the one loop Kihler
potential renormalization (2.2). The parameters y] determine the chiral multiplet wave function
renormalization and were given in (2.7) and (2.8). Using (2.6) and (2.12) we obtain for the full
A-term,

1 — 1
Aye = 5AS§’,1 — M- Z Fe [ o T ) ] <Zv P, + Zv’"‘pﬁn)
(Z 7 I(ii,) + Zv”" In(jif,, )
_Zln (ta +ta)|77(ta 4] (22,), pr(O) + Z,Ylm o S)gl)
lm

+2vaM<°> In(i2,/ %) +Zv’mA§,,Lln(ﬂ?m/u%)+cyc1ic (ijk), (2.57)

with the unknown dilaton dependence folded into the mass variables ﬁ 4 and the modular weight
expressions p* given by

i

1 1 o
P = 145 +nf+qf+4j), Pa=5(+a+a=nd),

~ ’ 1 __ :
i = pipge*(hihy) "7, fig = nipae®?ga(hahs) ™2 (2.58)

where p1;415, pijtq are constants. The tree level A-terms and gaugino masses are given from (2.55)
and (2.49), using (1.26), by

o 1
Aﬁ’i = ZF (nd +n$ +ng +1) [ta B + 2((t°‘)] — ksFS
M(g()) — ga(/'l') _d, lng2FS (259)

2.

2.3.3 B-terms

B-terms are quadratic terms in z* and in 2° that appear in the scalar potential after supersym-
metry breaking if there are such quadratic terms in the superpotential and/or Kéhler potential:

wW(ZY) = Zu,] (ZMZ'Z7 + 0[(Z2Y)Y], (2.60)
K(z\7") = ZMZZP Z[oz,-j(z",Z’”‘)zizwr he | +0(Z7P).  (261)

These terms give rise to masses for the chiral supermultiplets Z*:
Ly = - Zv[é—el{/z (W'pij’ + he. ) + eK|zz|2rc’],uij|2] )
p

1 =
Mij = Vi — e_K/2 (gMaij - Fnaﬁaij) . (262)
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The Lagrangian (2.62) is globally supersymmetric although the mass term arising from a;j
appears [94] only after local supersymmetry breaking: Mjs/; # 0. The B-term potential takes
the form

1 K/ . L
Vg = 3 ;Bije / u,-jz’zf + he = ZBz]e ’ﬂz’ij 2#1’]‘*212] + hec.. (2.63)
At tree level we have

L :
Bg.)) = <Fn3n ln(fcmje_K/uij) + §M> . (2.64)

The one loop contribution is easily extracted from the result for the leading order A-term
Lagrangian given in Section 2.1.2; we obtain

1 —
By = —-?;%-M+sz [2M ) In({rhimal /%) + F™ 8 In(|simal)|
+ [Afl),, (] /%) + F0n In(fmimm))] + (i —3).  (2:65)

Using the assumptions and results of Section 2.3.2 we obtain for the full B-term in string-derived
orbifold models '

_ (0) 37 o 1 a o Im_a -
By = 3o = - [ e ] (S otst+ St
d g~ .
FS— (Z Ve Im(iZ,) + ) ™ ln(ufm))
\a Im .
—Zln [t + £ ()] (2Z’Yfpm MO +Z’71m Ir AS’%)

+227“M<°>1n(uw/uR +vamAz,m1n(mm/uR) (ie3), (2.66)

im

with the various parameters defined in (2.58). Because we have assumed modular covariance for
trilinear terms in the superpotential,” Eqs. (2.59) assure that the one loop contribution to the
B-term reduces to the anomaly mediated term

1—
Bj™" = —gM (v + ) (2.67)
if supersymmetry breaking is moduli mediated ((FS ) = 0) with the moduli stabilized at self-dual

points.

However tree level B-terms may not vanish in this case; they are sensitive to the origin of the
“p-term” (2.62). A modular invariant Kéhler potential of the form (2.61) was constructed [5] for
(2,2) orbifold compactifications of the heterotic string with both T-moduli and U-moduli. Here

"In fact we need only assume this for the dominant T°QsH, term; in making the approximation (2.8) we
implicitly neglect the small Yukawa couplings that may themselves arise from higher dimension operators and/or
loop corrections.



2.3 Explicit Form of the One Loop Soft Terms 27

we restrlct the moduli to T-moduli in which case modular invariance of the Kahler potential -
K(Z,Z") requires

@;j(Z"Z") = a;;(S,8) [[(®* + TS (TS [* (TG, kS =¢f +nf +ng, (268)

a

and modular covariance of the superpotential (2.60) requires

vii(Z") = nig [ [ (@5, w =1+n$ +nf. (2.69)
[e 4

‘Bilinear terms in matter fields do not appear in the tree level superpotential in superstring-
derived models, but they can be generated from higher dimension terms when some fields acquire
vev’s. Bilinear terms in the Kahler potential could similarly be generated from higher dimension
“terms.  These will be modular invariant if only modular invariant fields acquire vev’s. For
example D-term induced breaking of an anomalous U(1) above the scale of supersymmetry
breaking preserves modular invariance. On the other hand if vy, gy, # 0, it is of the order of
the electroweak scale: it presumably originates from the vev (N) of an electroweak singlet field
N and there is no reason that modular invariance should still be operative at such low energy
scales. In any case, the corresponding B-term is generated by an A-term in this instance.

To consider the case in which the p-term is already present at the supersymmetry breaking
scale, we can parameterize o;j,v;; as in (2.68) and (2.69), but with the exponents kf}, g5}, wi;
left a priori arbitrary; the case of modular invariance is recovered when the last equalities: m-
those equations are imposed. We also assume that Standard Model singlets N whose vev’s .
may generate quadratic terms in the superpotential or Kabhler potential do not contribute to
supersymmetry breaking: FV = 0.

If the p-term (2.62) is generated by a superpotential term (2.60), we obtain for the tree level
B-term

B,

1 1—
;Fa [(1 +nf +nf) e + 20 (t*)wd | — ksF® + 3M (2.70)
The coefficients of the moduli auxiliary fields vanish at the moduli self-dual points when modular
invariance (2.69) is imposed, but the B-term does not vanish: B(®) = 1M for FS =0. Although
it seems rather implausible that a hierarchica,lly small value of v;; < TeV would be generated
at the supersymmetry breaking scale Agysy > 10! GeV, it could conceivably arlse as a product
of vevs in a superpotential term of very high dimension [91].

'A more natural origin for a u-term of the order of a TeV is a quadratic term in the Kahler po-
tential as in (2.61). The expression for B() obtained from the general parameterization (2.68) is
rather complicated and does not in general vanish when (F3) = 0 and modular i invariance (2.68)

is imposed. As an example, consider the simplifying assumptions that a;;(S, S) = constant and
g = (OW/0t*) = 0, then for v;; =0

| . . 1 .
g = agWn)™s, F*=-z(t*+1%),
0 1
[ij)]K = Y F° [(1 +nf +nf) e+ 20 (K ]
~ |
~ (ks + 05l W) FS + 1. (2.7

3
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In this case even the coefficients of the moduli auxiliary fields do not vanish at the moduli
self-dual points when modular invariance is imposed, and under the above conditions we get

B(O) sz It is possible that a comparison of By, g, with A-terms might shed some light
on the origin of the py-term (2. 62)

2.3.4  Scalar Masses

The expression “soft scalar masses” refers to mass terms in the scalar potential
Vi =Y Mkl = Z M2|52, - (2.72)
i i ‘

with no supersymmetric counterpart in the chiral fermion Lagra,nglan The tree level soft scalar
masses are given by

(MO = 9MM F"F " 8,0mInk;. (2.73)
Here and throughout the discussion of scalar masses, we drop terms proportional to the vacuum

“energy (1.4).

Denvoti'ng‘ by N4 the soft mass of 74, the one loop scalar masses can be written in the form
(e _ .1 afn? o 792 (a2 _ rar(0y2
(Mi ) - 2 [za:'ﬁ (Na +N: (Ma ) (Mi ))
+ 3 (N + N+ (M) + (M,£°’>2)]
ik
= 32 [3)? — (M) + MO (F70a + F9,) | In(lihumal /i)

-Zq{k [(M4§°))2+(M,E°))2-.l—(A(°) + Afj,{ (F"0m + F"a )] In(jmymel/uk)

+3 (M+_) I:Z'ny(o)+ Z»,J’“Afj’,{} y (2.74)

For orbifold compactifications of string theory, with the Kéahler metrlcs glven in (1 24), w
obtain for the tree level scalar masses

(MDY = SMI + 37 FFng (e + ) (2.75)

Note that if (OW/dt) = 0, then F* = —%M(ta + t*) and Mi(o) = 0 in the no-scale case with
3o nd = —1, as for the untwisted sector of orbifold models. The soft masses N4 are given by
the standard formula (2.73) by just replacing k; by k4. The one loop contribution is then given
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by

(M) = g MMy, - FSF°9,05 (Z% lnum+27] 1nu]k>

«

— D PR +1%)” (Zv pm+27’kpjk>

l
o [wm )

0 k o 4(0)
{ ta+ta * C(ta)] (Z%PwM( '+ 5 %;7’ kaA]k> + he }
{ as (EW?M(O) ln ll’za + Z'Y]kAg)zt hl([l.?k)> + h.c. }
- Stafe s 2] { ot [0 - 0]
«

+ 3 [0 + (1 ‘“’)2+<A£;’,1)]}

+ 2 s M<°> — (M| n(@2, /%)

+Zkvz’“ (492 + O + (AD)?) (i /). | (2.76)



Chapter 3

Orbifold Models

Following (35, 36] we will consider models where the supersymmetry breaking arises through
non-vanishing expectation values of the auxiliary fields F°, F* and M and we write:

FS = LMK singes : (3.1)
| V3 ss ! S
F* = %MK;;/Z cosf Qye T (3.2)

with 3°,©% = 1. In the case where one considers a single common modulus T' (the overall
radius of compactification), (3.2) simply reads:

1
4 V3
Recall that the vev of M is related to the gravitino mass through (1.3) and that these auxiliary

fields automatically satisfy the constraint that the potentlal Vin (1.9) vanishes at the ground -
state. :

FT = HK;TI_/ 2 cosfe™T (3.3)

In the orbifold models that we consider, i.e. with gauge kinetic function (1.14) and Kéahler
potential given by (1.19) and (1.24), the tree level soft terms have simple expressions:

MO = 1/2 sin @e S
2\/3‘,

A(O) _ _M__ GZ(ta Zﬂ)Gae ( &4 n® a 1 —i7a ks . P —ivg

ik = 75 cos + 20a(ni +n7 +ng + 1)e — 17 sin fe

M |1 sing : ;

B;(f) = 7 {% 1?/2 {ks + 05 lnu.,]e s +cos92@ [(n§ +nf +1) - e, Inpij]e "’“}

o _ MM 2 2

M7y = T_{IHZ&:"?@“ cos 0} A (3.4)

The one loop contributions to (3.4) are decidedly more cumbersome and the complete expres-
sions are given in Appendix B. Below we consider the phenomenological implications of some
specific cases in which the soft supersymmetry breaking terms are simpler. In all of the following
G$ = (2¢(T*) + 1/(T™ + T%)), which is proportional to the Eisenstein function (1.30).

The expressibns in Section 2.1 require some further assumptibns regarding the Pauli-Villars
sector if we are to extract predictions from the models. We will choose two possible scenarios’
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f01j the PV masses and modular weights in what follows. First, if the PV masses m;, m,, and
m® in (2.13) are constant (as well as p4)! we have from (2.13)

ni+¢ = -1,
(A) ni—§¢ = 1, (3.5)
g% = 0,

and thus p?; = pfi =0, from (2.58) with ﬁ?j and fi2; constants.

A commonly (though often implicitly) made assumption in the literature is instead that IT4
has the same Kahler metric as ®4, as was discussed in Section 2.2:

G = ni,
(B) G* = -nd, (3.6)
% = -§
this gives ,uz] constant, ji2, = g2, p5 =1+nd +nf and pm = —ng. Distinguishing among the

possibilities from the theoretical point of view requlres string loop calculations similar to those
used to fix the moduli dependence of the gauge kinetic function [6, 59] We now apply these
relations to a range of orbifold models

3.1 Anomaly Dominated Scenarios

The analysis of the preceding sections indicates a very specific sittation which turns out to
give quasi-model independent contributions. It is the case of moduli mediated supersymmetry
breaking (F¥ = 0 or § = 0) where the moduli fields lie at a self-dual point (t* =1 or €/, and
thus G¢ = 0). Assuming (1.14), we have vanishing tree level gaugino masses and A- terms and
from (2.53), (2.57) and (2.67) we obtain:

2 bO'_
M, = gu(p) ”?%Ma

, o1,
Aije = —§M(’Yi + %5 + Ye)- (3
1—

By = -—M(%' +7)
Further assuming that 2 = % (as in the case of a single modulus T, see (3.3)), Yo = 0 and
Y a1 = —1 (as in the untwisted sector), we have vanishing tree level scalar masses and

1 ; ,

M} = GMM |4 =Y s = D5 - (38)
.0 a5k

For the choice (A) of PV weights (3.5), one finds M 2 = MM~;/9 whereas for the choice (B)
in (3.6), one obtains Mz2 = 0. This shows very clearly how dependent the scalar masses are on

1t was shown in [77, 78, 79] that the Kahler potential for the untwisted sector from orbifold compactification
can be made modular invariant with the relevant masses constant. Since the tree level Kihler potential for the
twisted sector is not known beyond quadratic order in twisted sector fields, the one loop corrections to it cannot
be calculated.
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Scalar Mass Ayy =1 x 1011 GeV  Agv =2 x 1015 GeV
Mp, 14 <tanpB < 45  1.7<tanB < 44
My, 1.8 <tanf < 48 1.9 <tanf < 44
M}, 1.3<tanfB < 42 1.6 < tanp < 41
ME, 1.3 < tanf < 46 1.6 < tanf < 44
M, 1.3<tanB < 39 1.6 < tanf < 41
M%I,, always negative 3.6 <tanp <33
M 1.3<tanfB < 33 1.6 < tanp < 37

Table 3.1: Regions of Positive Squared-Mass in the Anomaly Dominated Scenario. Range of
tan 8 for which scalar squared-masses are positive at the boundary scale Ayy using the PV scenario (A).
The value of tan was varied over the range for which the third generation Yukawa couplings remain
perturbative up to the scale Ayy. This corresponds to the range 1.3 < tan 8 < 44 for Ayy = 1 x 10 GeV
and 1.6 < tan 8 < 48 for Ay = 2 x 10'® GeV.

the regularization scheme forced upon us by the underlying theory. Case (B) corresponds to the
anomaly mediated scenario, as in Section 2.2, in which scalar squared-masses arise at two loops
but are negative for sleptons, thus implying an unacceptable phenomenology without further-
ad hoc assumptions. As discussed in Section 2.3.3, if the p-term (2.62) has a low energy origin
through the vev of a standard model singlet in a superpotential term, we would expect that in this
scenario the B-term would also be dominated by the anomaly mediated contribution (2.67). On
the other hand if it arises from Planck scale physics, we do not expect the tree level contribution
to vanish.

Let us note moreover that any departure from our hypothesis (i.e. a small value for F'S or a
departure from the self-dual point in moduli space) generates tree level values for the soft terms
which tend to overcome the one loop anomaly-induced contributions considered here, as we
will see in the next subsection. Therefore if gaugino masses and/or A-terms are measured to be
significantly larger than the “anomaly mediated” values in the string context of assumed modular
invariance this would quite generally suggest dilaton dominated supersymmetry breaking and/or
moduli vevs far from the self-dual points.

When (3.8) represents the leading contribution to scalar masses we can see from (2.8) that
the positivity of scalar squared masses depends on the size of the Yukawa couplings (which
themselves are a function of the value of tan 8 and of the scale Ayy at which the soft terms are
‘determined) and the values of the high-scale parameters pf; and p; of (2.58). In the simple
case of scenario (A) (3.5) mentioned above, the sign of the scalar squared mass depends on
‘the sign of the anomalous dimensions. Keeping all third generation Yukawa couplings and
taking the running masses of the third generation fermions at the Z-mass to be {m¢, mp, m;} =
{165 GeV,4.1 GeV,1.78 GeV}, we investigated the range in tan 3 for which the scalar masses
are positive for a GUT-inspired boundary scale of Ayy = 2x10% GeV as well as an intermediate
scale of Ayy = 1 x 10! GeV. As can be seen from Table 3.1 the problem of tachyonic scalar
masses for the matter fields is eased considerably in this scenario relative to the previously
studied anomaly mediated scenario represented by case (B) (3.6).

‘Let us now mvestlga,te the pattern of soft terms as the parameters pg, and p;; are varied by -
assuming that pf; = PG =D with p a constant. If the scale at which the soft terms emerge is
taken to be Ayy = 1 x 10! GeV then the spectrum of soft terms as a function of p is displayed
in Figure 3.1. In general gaugino masses are an order of magnitude smaller than scalar masses,
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Figure 3.1: Soft Term Spectrum for Anomaly Dominated Scenario. Soft term magnitudes for
third generation scalars, Higgs fields and gaugino masses are given as a function of universal PV parameter
p as a fraction of gravitino mass M3,,. Scalar particles are generally much heavier than gauginos except
for the limiting case of p — 1.

“except for values of p approaching the limiting case of p = 1 (which is equivalent to scenario
(B) given by (3.6)) where scalar masses go through zero. It is important to note that all of
the pbssibilities of Figure 3.1 represent “anomaly mediated” scenarios. However, it is only the
extreme case of p = 1 that was studied previously in the particular model of Randall and
Sundrum [131]. ’ '

One final aspect of these soft term patterns relevant to low energy phenomenology is the
relative size of the scalar masses and A-terms. It is well known that for any generation of
matter with non-negligible Yukawa couplings the relation

Agel® S 3(ME + ME+ M), C (3.9

evaluated at the scale of supersymmetry breaking, is a good indicator that the minimum .of
the scalar potential will yield proper electroweak symmetry breaking: when the bound is not
satisfied it is typical to develop minima away from the electroweak symmetry breaking point in
a direction in which one of the scalars masses of a field carrying electric or color charge becomes
negative. Since the “anomaly mediated” A-term and the scalar squared mass both have a single
loop factor of 1/16n? the condition (3.9) is generally satisfied.- For example, in scenario (A)
discussed above ‘ ' '

(MF + M + M) = My Ay, | (3.10)

and since A;ji is loop-suppressed relative to the gravitino mass, as seen from (3.7), this scenario
is phenomenologically acceptable. Scenario (B) with its vanishing scalar masses at one loop is
problematic;, however, and the two loop contributions.are relevant to the determination of its
viability. ‘
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3.2 BIM O-II Models

This class of orbifold models discussed in {35, 36] has matter fields in the untwisted sector with
weights (n},n?,n3) = (-1,0,0) (0,—1,0) or (0,0,—1). Then, taking for simplicity the same

’ b ]
common vz:Lluez T for the T fields?, one obtains from (B 1):

g: (c —Zo‘)” (3.11)

1672 |\ ¢ ~ ¢ ’ )
The above form suggests a closer investigation of the relative magnitude of the contributions
to gaugino masses arising from the dilaton sector (proportional to sinf), the moduli sector
(proportional to cos#) and the anomaly-induced piece (independent of the Goldstino angle).
As mentioned in the previous section, any tree level contribution (from the dilaton sector) will
likely dominate the gaugino mass, particularly when the Green-Schwarz coefficient is smaller
than —3CEg,. The anomaly-induced piece is typically quite small and will only be relevant in
the case of moduli domination (siné = 0) with moduli stabilized very near their self-dual points
and/or very small Green-Schwarz coefficient. This behavior is demonstrated for the case of the
U(1)y gaugino mass M; in Figure 3.2. We have taken k = — In(S + S) and set g2 = g2, = 1/2
here.

tot __ ga(p) das 0 & sm0
M, = 2\/_ M{\/_cose(t+t)G2 [1671'2 + b ] + 7 4+ k1/2

In Figure 3.3 we look at the relative sizes of the three gaugino mass terms for the case of
moduli domination (# = 0) and a mixed case (6 = 7/3) for real moduli vacuum values (Re t)
at a boundary scale of Ayy = 2 x 10'® GeV. Note that there is always a particular value of the
moduli vev such that a nearly degenerate gaugino mass spectrum is recovered. As cosf@ — 0
this value gets ever larger as we approach the limiting case in which the gaugino masses are
independent of the value of (Re t). At the GUT scale where g2 ~ g2 ~ 1/2 the difference in
SU(2) and U(1) gaugino masses is given by

Mj3/o T .
My, - M) =~ — 102 {7 [1 + cos @ (1 - gRe t)] + 2\/§s1n0} , (3.12)
where we have used the fact that for Re ¢ > 1, ((t) =~ —n/12. For = 0 equation (3.12) mdlcates
that M; = M, at Re t =~ 6/7 while for § = 7r/3 this occurs when Re ¢ =~ 3.7.

When 6 # 0 (3.12) implies that |Ma| > |M7]| (the gaugino masses in this regime are negative)
whenever

2 ‘ :
RetS%'{——\;_—:;tanB-l-secO—i-l}. (3.13)

In the case where § = 0 so that there is no tree level contribution to gaugino masses we see
from Figure 3.3 that |Mi] > |Ma| in nearly all of the (Re t) parameter space. This relation-
ship between the boundary values of the SU(2) and U(1) gaugino masses is crucial to the low
energy phenomenology of the model in that it determines whether the lightest neutralino is
predominantly bino-like, predominantly wino-like or a mixed state. Thus a lightest neutralino
with a significant wino content need not necessarily imply that supersymmetry breaking is due
to pure anomaly mediation. We will return to this point when we investigate sample spectra in
Section 3.4.

2All the expressions given in this and the following sections will assume zero phases ys =y =0
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Figure 3.2: U(1l)y Gaugino Mass in the BIM O-II Model. Contributions to the value of M; from
FT (dashed) and F° (dotted) as well as total M; (solid) are given as a function of Goldstino angle for two
values of d¢s and four T-modulus vevs: (Ret) = 0.5 (a), (Ret) =09 (b), (Ret) =5 (c), and (Ret) = 20

(d). All values are given as a fraction of the gravitino mass Mj/,.

The scale at which the soft masses emerge is particularly important: the largest contributions

to gaugino masses generically arise from the tree level piece and the piece proportional to the
These terms cancel in (3.12), however, when the difference is

Green-Schwarz coefficient dgs.
Thus the location of the crossover point is independent of the

evaluated at the GUT scale.
choice of g5 in Figure 3.3.

An immediate consequence of the above is that measurement of the properties of the lightest
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Figure 3.3: Relative Gaugino Masses vs. (Re?) in the BIM O-II Model with Ay = 2x10'® GeV.

Relative sizes of the three gaugino masses M; (dashed), M2 (dotted) and M3 (solid) are displayed as a

function of (Re t) for two values of the Goldstino angle § and three representative values of dgs. The vertical

dotted line at (Re t) = 1 indicates the moduli self-dual point where gaugino masses become independent of
" 8gs. When sin 6 = 0 this point represents the case of leading anomaly contributions discussed in Section 3.1.
, All masses are relative to the gravitino mass Mjy/,.

‘neutralinos may reveal information on the nature of the scale of ultraviolet physics. In partic-
ular the region of parameter space for which the lightest neutralino is predominantly wino-like
becomes increasingly small as the scale of supersymmetry breaking is lowered. This is illustrated
in Figure 3.4 where we plot the ratio of gaugino masses M; /M> for two different boundary scales:

Ayy =2 x 10 GeV and Ayy = 1 x-10' GeV, for which g2 ~ (7/5)¢?. As the gauge couplings

run farther apart the shaded areas in which M; /M, > 1 (and hence where a wino-like lightest

neutralino is possible) grow steadily smaller. When dgs = 0-the ratio M7 /M, diminishes as the

Goldstino angle 6 increases until M3 begins to approach its vanishing value and the ratio passes

through a discontinuity before increasing rapidly as § — 7. When the Green-Schwarz coeflicient

dgs is mcreased the location of this discontinuity, as indicated in Figure 3.4 by a heavy arrow,

moves to smaller values of 0.

The trilinear A-terms for these orbifold models are given by (B.3); for scenario (A) as defined
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Figure 3.4: Ratio M;/M; in BIM O-II Model. Contours of the absolute value of the ratio of U(1)
to SU(2) gaugino masses are given for boundary scales of Ayww = 2 x 10'® GeV for panels (a) and (b),
and Ay = 1 x 10'* GeV for panels (c) and (d). The shaded area is the region of parameter space for
which |Mi| > |[Mz]. The arrow indicates the direction of smallest ratios as’thé discontinuity M, = 0 is’
approached. The contour M; = M, is given by the heavy solid line. ‘ : :

by (3.5), this expression is p'articula.rly simple

M |siné g ' S
A:;;C_\—/__?: w7z | +Z ; aln #w/;LR) —-—\/—% + cyclic (ijk). = (3.14)

SS
It is worth noting that, with such’ a scenario for the PV metrics, this pattern for A-terms goes
beyond the BIM O-II model. Any of the following conditions: (i) > ,(n{ + n +nf + 1)=0
with identical vacuum values for all T-moduli (as in the BIM O-II model), (ii) cos 0 = 0 (dilaton
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domination) or (iii) G§ = 0 (moduli stabilized at self-dual point), yields the A-terms given
by (3.14) above.

By contrast, for scenario (B) defined by (3.6) the A-terms take the form

M| v - sinf | ks | §~ga
Atet — 22 {--—— [1+ cosf(t +1)G2] + [— + E “7"(111 -1)
1k 1/2

Bl B K2

—In [t +9)n@)] (Z o= kﬂﬁ"‘)] } + cyclic (ijk). (3.15)
a Im

This scenario also allows for the recovery of an “anomaly mediated-like” result of A-terms pro-
portional to anomalous dimensions in the moduli dominated limit (sin 8 = 0). Expression (3.15)
differs from the situation in Section 3.1 in that for moduli-domination this scenario can accom-
modate proper electroweak symmetry breaking provided the moduli are stabilized eway from
their self-dual points: in particular, using the fact that for Re ¢ > 1, ((¢) ~ —7n/12 we have
((t+1)G2) = —1 for (t) = 6/n ~ 2 leading to A ~ 0 from (3.15).

The expressions for the bilinear B-terms are similar, but with added model dependence at
the tree level involving the origin of bilinear terms in the Kahler potential or superpotential.
For the case of scenario (A) the general form given in (B.4) yields

M sin6 | g,
tot  _
By = Boe [ — O Inpy; + E e 7) In(jiZ,)
8§ '
7 7 -
+? c0s0_|:1 - Ea Ote ln,uij] + 3 (— - 'yz)} (2 9), (3.16)

while for case (B) the corresponding expression is
M siné 92
7 k1/2 [—ks — OsIn pyj + ;'yf?“ (In(g2) - 1) |

88

—In [(¢ +T)In(t)[*] (Z% g4 - va’%)] + —? (% _’Yi)
Im

M .
+—6— cos [1 - Z@ta Inpi; —2(t + t)szy,-] + (7 ¢+ j). (3.17)
« , .

tot __

Finally, the scalar masses in the BIM O-II model are found from equation (B.7) of Ap- -
pendix B. Under the assumptions of scenario (A) this reduces to

1 1 siné
Aftot)2 M2 d =, 4 E: _._§ 71’5
( 1 ) l I {971 k;§(23\/§ zga, k +k

sin26 | 5 _——
+—5— |1~ 273 In(i%,) +2) " 1n(u§k)J
I

+ ks? 2 Zga')’z ln(p'z?a) - % Zk ﬂk (kski + 2"733) ln(ﬁ'?k)} } (318) -
i .
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and for scenario (B) the scalar masses are given by

o 1 sinf
(M{)? = |M[? 5 R [1+ cos O(t + 1) G2) Zga% —-Z'y]k ks + ks)
s5 ik
sin® 6 k
+5— |1+ 7 +1n [(t+t)ln(t)! Z% 2> o

=S 2 n(g?) +2Y " ¥ In(a%)
a jk

S

in?
_Sks“g 2 ( 4) (ln(ga) ) ZVJ  (koks + 2ks3) ln(“]k)
4 _ .
[+ O] [ Sor (%) + 5 Sk | 1 (3.19)
| > >

The pattern of soft supersymmetry breaking terms that arise in this orbifold model with
uniform modular weights n; = —1 and with the same Kihler metric for the II4 and the ®4, as
in scenario (3.6), will produce a low energy phenomenology very similar to that of the recently
proposed “gaugino mediation” scenario [108, 134] if the Green-Schwarz coefficient is sufficiently
large, the supersymmetry breaking is moduli dominated and the moduli are stabilized at (Re ) ~
2. Such a situation gives rise to exactly vanishing scalar masses and nearly vanishing A-terms
and the gaugino masses in such a regime are very nearly universal, as can be seen from the
lower panels of Figure 3.3. However, as the Green-Schwarz coefficient is reduced the gaugino
masses become negligible at the point (Re t) =~ 2, eventually coming into conflict with direct
search results at LEP and the Tevatron. Specific spectra for the O-IT model will be presented
with spectra for orbifold models with large threshold corrections in Section 3.4.

3.3 BIM O-I Models

Models of this type were proposed with the goal of obtaining coupling constant unification at
the string scale, as opposed to the extrapolated unification scale of Agyr &~ 2 x 10'® GeV which
is typically a factor of twenty or so lower than the string scale. This is achieved through large
string threshold corrections and the requirement of both particular sets of modular weights for
the massless fields and relatively large values of (Ret) far from the self-dual points. Other
solutions to this discrepancy of scales have been proposed since but because the O-I models
have often been discussed in the literature we include them in the present discussion.

To investigate the phenomenological consequences of such models we will assume a common
vacuum value for all three moduli and take ©, = 1//3 as before. We shall investigate two
scenarios: (A) the original “O-I" scenario of Brignole et al. [35, 36] with modular weights
ng =np =—1,ny = -2, np = ng = -3, ng,;,nyg, = —4 and (B) a Z3 x Zg compactification
studied by Love and Stadler [116] with modular weights ng = np = 0, ny = -2, n, = —4,
ng = —1, ng, = ng, = —1. In what follows let us assume that the soft terms emerge at a
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Figure 3.5: Relative Gaugino Masses in the BIM O-II and BIM O-I Models with § = 0.
Relative sizes of the three gaugino masses M; (dashed), M; (dotted) and M; (solid) are displayed as a
function of (Ret) for two values of the Green-Schwarz coefficient dgs and Ayv = 2 x 10'® GeV. The top
panels (a) represent the BIM O-II model from Section 3.2, the middle panels (b) represent the BIM O-I
model and the bottom panels (c) represent the Love & Stadler case from [116]. All masses are relative to
the gravitino mass- Ms/,. '

scale for which logarithms such as In(%2,) and ln(ﬁ?k) are negligible and assume PV case (A) for
simplicity. In this approximation the general expressions of Appendix B take a simplified form.
The gaugino masses, given by : '

M - ) 1 :
tot 9 0 GS 0 1 )
Mt = ga(u)—é—— {ba + cosO(t + 1)Ga { 5 + b, — ) XZ: Ca(l +m;)

167

sin 2 . :
+\/§ o [1 + 1(9){;2 <oa - Zc)] } (3.20)

2k,

are displayed in Figure 3.5 with the value @ = 0 (where the impact of the differing modular
weights is the greatest) for three models: the BIM O-II case of Section 3.2, the original BIM
O-I case and the Love & Stadler case. The boundary scale is taken to be Ayy = 2 x 1016 GeV.3

3Though these models are designed to allow for unification of gauge couplings at the string scale Asn =~
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Figure 3.6: Relative Gaugino Masses in the BIM O-I Models with § = 7/3 and d¢cs = 0. Relative
sizes of the three gaugino masses are displayed as a function of (Re t) for the BIM O-I model (solid) and
the Love & Stadler mode! (dashed) at Ayy = 2 x 10'® GeV. All masses are relative to the gravitino mass
My,

It is clear from Figure 3.5 that the modular weights of the matter fields play a crucial role in
determining the gaugino mass spectrum provided the Green-Schwarz coefficient. is sufficiently
small. As t_his parameter is increased it will quickly come to dominate the other terms in (3.20).

However, looking at the tree level expressions for the scalar masses (3.4) it is apparent that
when cos§ = 1 any field with a modular weight such that n;, < —1 will have a negative tree
level squared scalar mass, as was noted in [35, 36]. Thus, to accommodate these large threshold
models proper electroweak symmetry breaking (i.e. positive squared scalar masses) will generally
require a Goldstino angle such that sin @ is large and the tree level terms in (3.20) are dominant.
Models with a viable low energy vacuum will therefore be models for which the impact of the
matter fields’ modular weights on the gaugino spectrum is considerably muted. This is displayed
in Figure 3.6 where gaugino masses in the BIM O-I model and the Love & Stadler model are
displayed for 8 = /3 and dgs = 0. We see that in these realistic cases the differences in gaugino
mass spectra between these models is small, making them hard to distinguish experimentally.

The trilinear A-terms for scenario (A) are

tot _
Ak =

V3 2

£x

M 0, _ inf k.
5 {—% + 2t + D)Ga(ni +nj + ni +3) — SIL—S} +eyclic (ijk),  (3.21)

5 x 10'7 GeV, we will investigate the pattern of soft supersymmetry breaking terms at the GUT scale to allow
for comparison with other models. |
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Model | Anomaly (3.1) O-11 (3.2). 0O-1(3.3) | L&S (3.3)
[ 0 .0 0 0 0 /3 /3 /3
dcs N/A 0 0 0 -90 -90 -90 -90
(Re ) 1 6/ 5 20  6/r 6/ 16 145
Mayo 1.9 x 10° 1.9 x 10 1.6 x 107 4500 1600 450 150 150
my, 51.81 0.32 152.53 248.97 332 313 287 297
mpy, 168 - 3.7 462 759 615 599 557 581
B % 0.01 80.9 0.001 0.001 99.9 99.9 99.9 99.9
Wi % 99.7 191 99.7 99.7 0.001 0.001 0.001 0.001
My, + 51.83 3.1 152.55 249.00 615 599 557 581
mg 623 3.6 1468 2245 2156 2164 2106 2128
mh 114 114 114 114 114 114 114 ‘114
ma 2237 2217 1992 1357 1447 1387 1810 1568
mi, 860 796 1142 1597 1521 1610 1373 1532
mg, . 1842 1810 1818 1820 1804 1866 1709 1793
mg, T 1805 1765 1802 1769 1782 1847 1701 1773
mg, 1810 1770 1824 1908 1883 1945 1881 1871
Mip 1191 1180 1076 514 329 302 198 290
. M7y 1193 1182 . 1078 515 330 303 281 301
Atop 391 71 -815 -1423 1696 1541 . 560 1607
Abot 973 463 -999 -1827 2819 2200 -405 4650
Atau 220 273 376 305 466 -184 -7417 -2734
© . 1617 1592 1501 1281 1341 1302 1577 1297

Table 3.2: Sample Spectra (in GeV) for Typical Models of Sections 3.1, 3.2 and 3.3. All cases
are for PV scenario (A), tan 8 = 3 and Ayy = 2 x 10'® GeV (B % and W3 % represent the content of the
lightest neutralino in per cents). The first O-II case considered, while clearly ruled out experimentally, is
presented as an illustrative example.

and the scalar masses are determined from

|M|?

(Miwt)2 = 9 (14 %) + cosO(t + )G Z’Yfk(nz +n; -lj-'nk +3)+n; cos? 6
7k
V3sin6 1 .
o [ e -5 ket k) | o, | (3.22)
55 - a jk

With these expressions we are now in a position to compare the typical spectra of these O-I
large threshold models with the models of Section 3.1 and Section 3.2.

3.4 Comparisons

In Tables 3.2 and 3.3 we give some representative sample spectra for Pauli-Villars scenario (A)
defined by (3.5) and tan = 3 and tan 8 = 10, respectively. The spectra for scenario (B) are
very similar and these values vary only minimally when Ayy is varied: To obtain these spectra at
the electroweak scale the renormalization group equations (RGEs) were tun from the boundary
scale to the electroweak scale. All gauge and Yukawa couplings as well as gaugino masses and
A-terms were run with one loop RGEs while scalar masses were run at two loops to capture
the possible effects of heavy scalars on the evolution of third generation squarks and sleptons.
We chose to keep only the top, bottom and tau Yukawas and the corresponding A-terms. The
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gravitino mass has been scaled in each case to obtain a Higgs mass of 114 GeV, which can
be considered either as a limiting case or as an experimental requirement, depending on what
happens next at LEP.

At the electroweak scale the one loop corrected effective potential Vi_jo0p = Viree + AVjaq is
computed and the effective p-term f is calculated

(m%[d + 6mi§{d) — (m%, +0m% )tan®p
tan? g — 1 2

u:

M32. (3.23)

In equation (3.23) the quantities dmpy, and dmpyg, are the second derivatives of the radiative
corrections AVy,4 with respect to the up-type and down-type Higgs scalar fields, respectively.
These corrections include the effects of all third generation particles. If the right hand side of
equation (3.23) is positive then there exists some initial value of p at the condensation scale
which results in correct electroweak symmetry breaking with Mz = 91.187 GeV.*

Note that the gravitino mass varies greatly over the models considered in Tables 3.2 and 3.3.
For the anomaly case (which is equivalent to the BIM O-1I model with sinf = 0 and (Re t) = 1)
there is a large hierarchy between scalars and gauginos, as noted in Section 3.1, which necessitates
a large value of the gravitino mass to yield neutralinos with masses near the current LEP
limits. Having normalized our scales to yield Higgs masses of 114 GeV we find chargino masses
(for PV scenario (A) and thus p = 0 in Figure 3.1) below the recently reported bounds of
m,+ > 86.1 GeV for the case of a chargino which is nearly degenerate with a wino-like lightest
neutralino [113]. As the PV scenario assumed is modified, however, this relation between the
chargino mass and Higgs mass varies. In particular as the value of p approaches larger, positive
values the gauginos steadily become heavier for a fixed Higgs mass, eventually satisfying the
experimental constraints. For the large threshold models, by contrast, the large values of (Re t)
necessary to ensure gauge coupling unification at the string scale make the gauginos typically
heavier than the gravitino at the boundary scale Ayy, due to the large value of (t + £)Go, and
have a smaller degree of hierarchy between gauginos and scalars. '

The O-II models can interpolate between these two extremes. When 8 = 0 and dgs =
0 the pattern of physical masses shows the anomaly mediated feature of a wino-like lightest
supersymmetric particle (LSP). As the value of (Ret) increases from (Ret) = 1 (the pure
anomaly mediated case) it first passes through the experimentally excluded values where (Re t) ~
6/n and the gaugino masses are nearly zero. Thereafter the hierarchy between gauginos and
scalars steadily decreases until the spectra of masses is very similar to that of the more typical
supergravity spectra to the right of Table 3.2. However, as mentioned at the end of the previous
section the feature of a wino-like LSP persists. Once 6 # 0 and/or dgs # 0 the pattern of soft
terms immediately becomes relatively insensitive to the value of (Re t) and the LSP once again -
becomes predominantly bino-like. The properties of the LSP are of paramount importance to
the question of neutralino dark matter, as we will see in Section 4.

The models with large threshold corrections also tend to have very light staus. In fact, as the
value of tan 8 increases the stau mass mz, eventually becomes negative. The limiting value of
tan 3 for which these models are phenomenologically viable depends slightly on the value of d¢s:
for @ = n/3 the model of Love & Stadler requires tan 8 < 9.1 when dgs = —90 and tan g < 4.8

4Note that for these tables we do not try to specify the ofigin of this u-term (nor its associated B-term) and
merely leave them as free parameters in the theory — ultimately determined by the requirement that the Z-boson

receive the correct mass.
L
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Model | Anomaly (3.1) O-II (3.2) O-1(3.3) | L&S (3.3)
9 0 0 0 0 0 /3 /3 7/3
bs .|  N/A 0 0 0 -90 -90 -90 -90
(Ret) 1 6/m 5 20 6/r  6/w 16 14.5
Ms,; 8000 8000 6500 1800 1200 200 N7A N/A
mpy, 20.20 0.17  62.11 98.72 139 129

my, 70 311 187 301 260 244

B % 0.08 79.2  0.002 19x1077 993 99.1

Ws % 98.0 20.8 97.8 97.4 0.001  0.002

my, + 20.21 25 62.14 98.75 260 244

g 280 1.85 644 978 1020 979

mn 114 114 114 114 114 114

ma 797 790 689 485 560 497

m;,, 449 427 527 658 663 667

m;, 797 782 774 806 849 819

mg, 739 720 727 737 792 771

m, 763 744 753 799 838 812

M 493 490 431 206 147 121

ms, 503 499 440 211 156 132

Agop 190 47  -336 -596 796 668

Apor 398 187  -403 858 . 1223 893

Atau 83 108 153 130 190 100

m 578 565 529 495 559 499

Table 3.3: Sample Spectra (in GeV) for Typical Models of Sections 3.1, 3.2 and 3.3. The same
as in Table 3.2 but for tan 8 = 10. Neither of the large threshold models are viable at this value of tan 8.

when dgs = 0, while the original BIM O-I model requires tan 8 < 3.1 when dgs = —90 and is not
allowed at all for dgs = 0. This is reflected in the empty columns in Table 3.3. This problem
is slightly ameliorated when the Goldstino angle is increased. For 6 = 2x/5, for example, the
model of Love & Stadler requires tan 8 < 12.7 when dgs = —90 and tan 8 < 9.6 when dgs = 0,
while the original BIM O-I model requires tan 8 < 4.9 when §gs = —90 and tan 8 < 2.1 when
dgs = 0.

The pattern of masses exhibited in Tables 3.2 and 3.3 suggests that the hierarchy between
gauginos and scalars in any potential observation of supersymmetry will be a key to understand-
ing the nature of the underlying physics giving rise to supersymmetry breaking. The observation
of a lightest neutralino with significant wino content will not be enough to distinguish between
the pure anomaly mediated cases and the BIM O-II type models but will indicate that super-
symmetry breaking is moduli dominated within this class of models. The presence of a large
hierarchy between scalars and gauginos and large mixing in the stop sector will point towards
moduli stabilized at or near their self-dual values, while the absence of such effects would suggest
the moduli are stabilized far from these values.



Chapter 4

Dark Matter Constraints

It has long been held that one of the prime virtues of supersymmetry as an explanation of the
hierarchy problem is that it tends to also provide a solution to the dark matter problem as a
nearly automatic consequence of R-parity conservation. The lightest supersymmetric particle
(LSP) is then stable and, as it tends to be a neutral gaugino, it will typically have the right mass
and annihilation rate in the early universe to provide sufficient mass density today to. account
for observations suggesting piot =~ perit [69, 96, 141].

This section initially investigates the dark matter implications of the most widely studied
- benchmark in supersymmetric phenomenology, the constrained Minimal Supersymmetric Stan-
dard Model (cMSSM). As we are primarily interested in a gaugino-like LSP we will restrict
ourselves to low values of tan B for which the Higgsino content of the lightest neutralino is negli-
gibly small. We emphasize that the cMSSM in this context typically fails to solve the dark matter
problem ovér most of its parameter space, with the exception of certain very special patterns of
soft supersymmetry breaking terms. These patterns must constrain the neutralino (a fermion)
to have a very specific mass relationship to an unrelated boson such as the lightest Higgs or the
stau. Barring these relationships, the cMSSM tends to predict too much dark matter — thus
bringing it into conflict with direct measurements of the age of the universe [50, 60, 104, 126].
We find this failure to be due, in part, to the cMSSM constraint on the gaugino mass ratio
M>/M,. Eliminating this assumption of universal gaugino masses uncovers new regions of pa-
rameter space that allow for cosmologically allowed, and often experimentally preferred, values
of the neutralino relic density. ’

This chapter is organized as follows: in Section 4.1 we present our methodology in the context
of the cMSSM with its standard minimal supergravity (mSUGRA) universal soft supersymmetry
breaking terms. Subsequently, in Section 4.2, we relax our assumption of universal gaugino
masses. While the relic density implications .of nonuniversal gaugino masses, and in particular
the role of My/M; in dark matter phenomenology, have been explored previously these past
studies have either focused on specific models or have not included the important effects of
coannihilation between the LSP and the lightest chargino [44, 49, 99].1

Later, in Section 5.4 we consider a specific class of supergravity models derived from heterotic
string theory which implement supersymmetry breaking through gaugino condensation in a

! A noteworthy exception is Ref. [122] though it focuses primarily on a purely wino-like LSP scenario with LSP
masses below My, .
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hidden sector [27, 28, 29, 84] as an example of how the general results of Section 4.2 can be
applied on a model-by-model basis. Requiring a cosmologically relevant thermal LSP relic
density will imply very specific conclusions about the content of the hidden sector of these
models.

4.1 Universal Gaugino Masses

The phenomenological consequences of the cMSSM have been studied extensively [19, 51, 106,
107], including the cosmological implications of its (presumed stable) LSP [10, 20, 63, 70, 98, 115,
132, 133]. In such a regime the entire low energy phenomenology is specified by five parameters:
a common gaugino mass My, a common scalar mass Mp, a common trilinear scalar A-term
Ap, the value of tan 8 and the sign of the p-parameter in the scalar potential. These values are
defined at some high energy scale, which we will take here to be the scale of gauge coupling
unification AUV ~ 2 x 1016 GeV.

To obtain the superpartner spectrum at the electroweak scale the renormalization -group
equations are run in the manner described in 3.4 from the boundary scale to the electroweak
scale.” The neutralino states and their masses are calculated using the neutralino mass matrix

M 0 —sinfw cos Mz  sinfwy sin My

0 M, cos Oy cos Mz — cos Oy sin Mz (4.1)
—sinfy cos BMz  cosBy cos BMz -0 —u ’ '
sinfw sinBMz —cos@w sin Mz —i 0

where M; is the mass of the hypercharge U(1) gaugino at the electroweak scale and My is
the mass of the SU(2) gauginos at the electroweak scale. The matrix (4.1) is given in the
(B W3, H® 2 H?) basis, where B represents the bino, W3 represents the neutral wino and H U and
H 0 are the down-type and up-type Higgsinos, respectively.?2 More generally the content of the
LSP can be parametrized by writing the lightest neutralino as:

= N1\ B + N1oW3 + N3 H + Ny HY, (4.2)

which is normalized to N2 + N2, + NZ + NZ, = 1. Thus by saymg that the bino content of the
lightest neutralino is high, we mean Nj; ~ 1.

The hghtest eigenvalue of this matrix is then typically the LSP and it is overwhelmingly bino-
like in content over most of the parameter space when tan f is low. This is because the cMSSM
universality constraint on gaugino masses at the high scale of the theory implies M; ~ %Mg
when the masses are evolved to the electroweak scale via the RGEs. Provided |Mj|, |M2| < |ul,
which is the case for low tan 8, the LSP mass is then dominated by M; and has a typical bino
contént of 2 99%. We will restrict ourselves to this low tanf regime and adopt a value of
tan 8 = 3 for the remainder of the chapter. The dark' matter prospects of the high tan 8 limit,
and in particular the possibility of heavy scalars in such a regime, have been studied recently
by Feng et al. [73]. '

Given the particle spectrum we compute the thermal relic LSP density with a modified version -
of the software package neutdriver [105]. This program includes all of the annihilation processes

2Loop corrections at next-to-leading order [90] to this mass matrix have been incorporated and found to have
little effect on the results that follow.
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computed by Drees and Nojiri [61] which are used to compute a thermally averaged cross section
(00) unn and freeze-out temperature zg = Tr/m,0. From knowledge of the mass of the lightest
neutralino m, o (assumed to be the LSP), (ov),,, and Tr, a relic abundance can be computed
using the standard approximation [105] '

B 1.07 x 10%zp
g:/szx (aeﬁ‘ +3 (beff - aeﬂ/4) /wF)

where we have expressed the thermally averaged annihilation cross section as an expansion in
powers of the relative velocity:

Q,h* GeV™Y, (4.3)

(OV) gnn = Geff + bef0® + -+ - ' (4.4)

A proper determination of relic LSP densities requires that the above computation be amended
to include the possible effects of coannihilation [97, 100, 123]. This occurs when another particle
is only slightly heavier than the lightest neutralino so that both particles freeze out of equilibrium
at approximately the same temperature. The neutralino can now not only deplete its relic abun-
dance through annihilation processes such as xx? — e*e™, but also through interactions with
the coannihilator such'as x¥x? — e*v,. The extreme importance of including relevant coanni-
hilation channels has recently been emphasized for the case of the cMSSM [64, 65, 66, 67, 68],
and in that spirit we have added a number of coannihilation channels which are relevant for
both the universal gaugino mass case [64, 66, 67] as well as the case of nonuniversal gaugino
masses to be considered in Section 4.2. '

The program neutdriver includes x*x{ coannihilation to W+ [44] and two (massless) fermi-
ons ff' which we recalculated to account for non-zero fermion masses. We have also included a
calculation of the process XiX? — W*Z, and found this channel to often dominate when kine-
matically accessible. Additionally, we have inserted the results of [65, 68] for X7 coannihilation
to Z7, yr, hr, and Hr final states. '

The region of cMSSM parameter space that gives rise to acceptable levels of bino-like LSP
relic density is given in Figure 4.1 where we have’ plotted contours of Qxh2 = 0.1, 0.3 and
Q,h% = 1. Here §, is the fractional LSP matter density relative to the critical density and A is
the reduced Hubble parameter: A ~ 0.65 [130]. We have chosen M; /, and Mj as free parameters
in the manner of Ellis, Falk & Olive [64, 66, 67] with tan 3 = 3, Ay = 0 and positive p-term.?

This plot is similar to the ones presented in [64, 66, 67] and we reproduce it here to draw
attention to two important facts. First, observations suggest that the preferred values for cold
dark matter densities are in the range 0.1 < Qxh2 < 0.3 [15, 76], though including the latest
evidence of a cosmological constant [126] may shift this to 0.06 < Q,h? < 0.2. This experimental
data points to a region of the cMSSM parameter space in which both the universal scalar mass
and the universal gaugino mass are small, on the order of 200 GeV for each (see, for example,
the region around point A in Figure 4.1). In fact, heavy scalars can only be accommodated
cosmologically if nature was kind enough to arrange the soft-supersymmetry breaking parameters
so that the mass of the LSP is about half of the mass of the lightest Higgs boson. In that case,
though t-channel scalar fermion exchange may be suppressed and the annihilation rate into
two fermions is not sufficient to deplete the LSP density adequately, the annihilation through

3In our conventions this is the sign of p'least constrained by the measurement of the branching ratio for b — sy
events. This is the opposite convention used by the neutdriver package.
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Figure 4.1: Preferred Dark Matter Region for the cMSSM. Contours of 2, h? of 0.1 (bottom-most
contour), 0.3 and 1.0 (top-most contour) are given. The shaded region is ruled out by virtue of having the
stau as the LSP. The Higgs pole region and sta.u coannihilation tail are clearly discernible. We have also
added contours of constant Higgs mass for my = 100 GeV and m; = 115 GeV. The four labeled points
are examined in Figure 4.2.

resonant s-channel exchange of the lightest Higgs 1 s efﬁc1ent enough to provide an a,cceptable
dark matter region insensitive to the scalar mass.

Once we begin to impose constraints arising from Higgs searches at LEP, the preferred low
mass region in Figure 4.1 begins to be ruled out. The only region which then remains in the-.
{Mo, My} plane for tan 8 = 3 is that which is due to coannihilation between the LSP and the
lightest stau. Being in this region requires a very specific relationship between the gaugino mass
parameter and the unrelated scalar mass parameter. We have allowed our M value to range to
as much as a TeV, in contrast to {64, 66, 67], to accentuate the point that most of the cMSSM
parameter space w1th moderate to heavy scalar masses predicts far too much neutralino relic
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Figure 4.2: Annihilation Cross Sections for Selected Points fiom Figure 4.1. These graphs
detail the composition of the neutralino depletion cross section. The total depletion cross section is on the
far left. The next two columns divide the normal annihilation channels by final state into two fermions or
all other annihilation channels. The final column is the sum of all coannihilation channels. The total relic
density is given at the top of each plot and the dashed horizontal line illustrates the ideal total depletion
cross section for a Q,h? = 0.2.

density. Every point in Figure 4.1 above the Qxh2 = 0.3 line is already excluded by astrophysical
measurements of the dark matter density.

To better illustrate the physics behind Figure 4.1 and to serve as a comparison for our
subsequent analysis we have chosen four representative points from the parameter space for
deeper investigation. Both points A and B fall within the cosmologically preferred region. Point
B is in the coannihilation “tail,” so we would expect most of the annihilation cross section to
come from coannihilation. As we can see in Figure 4.2 the annihilation cross section of point
B is indeed dominated by coannihilation. We can also see the importance of t-channel scalar
fermion exchange to x°x® — ff in points A and B, which is due to the universal scalar mass
being relatively light so that this channel is open. Referring back to Figure 4.1, both points C
and D are in regions where there is too much relic density. Figure 4.2 shows that, indeed, the
annihilation is too-inefficient to eliminate enough dark matter. The annihilation channels to two
fermions still dominate but now scalar fermion exchange is too suppressed to provide the critical
annihilation rate (indicated by the dashed line). As with points C and D, most of the parameter
space of the cMSSM is experimentally excluded since there-is no efficient way of depleting the
relic density. : :

It is a generic result of the low tan B cMSSM scenario that, excluding stau coannihilation,-
cosmological viability depends almost solely on the t-channel exchange of scalar fermions. This
strict dependence causes most of the presumed parameter space with heavy scalars to be ex-
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perimentally excluded, leaving the dark matter prospects of the cMSSM at low tanf in serious
jeopardy.

4.2 Nonuniversal Gaugino Masses

The reason for the failure of the low tan f ¢cMSSM with heavy scalars to solve the dark matter
problem is the low annihilation cross section for the neutralino. The only channel capable of
providing a suitable cross section is the aforementioned t-channel scalar fermion exchange which
is only efficient in a small region of parameter space. If we relax the GUT relationship between
the gaugino masses but still remain in the large |,u| limit (low tan ) then we will continue to
have a predominantly gaugino-like LSP (N + N 5 =~ 1) with the relative values of Ny; and Ny
governed by the relative values of M; and Mz. Decreasing M relative to M; at the electroweak
scale increases the wino content of the LSP until ultimately M; > M5 and Ny; ~ 0, Njp =~ 1.

The bino component of the neutralino couples with a U(1) gauge strength whereas the wino
component couples with the larger SU(2) gauge strength, thus enhancing its annihilation cross
section and thereby lowering its relic density. As Ny, is increased more parameter space should
open up for dark matter until annihilation -becomes too efficient in the pure wino-like limit
and we are left with no neutralino dark matter at all {122]. This is evident in Figure 4.3
where we plot contours of Q,h? as a function of scalar mass and the ratio (M,/M;) at the
boundary condition scale Agyr. Allowing the gaugino masses to vary independently introduces
two new degrees of freedom. We have chosen to vary the ratio (My/M;) while fixing the value
of My, = min (M, M) and Mj at the high scale. In practice we use our choice of M3 to
determine the value of the smaller of the pair (M;, M3) at the high scale and then use the ratio
(Ma/M,) to determine the larger of (M1, Mz). In Figure 4.3 we have set M;/; = 200 GeV and
M3 = M 1 /2.

Particular values of (My/M;) which deviate from the universal cMSSM case allow for cos-
mologically interesting relic densities which are almost independent of the scalar mass. To see
how dark matter physics changes as one departs from the cMSSM we have analyzed the six
labelled points from Figure 4.3 in Figure 4.4. Starting with the two cMSSM points, E and F,
the importance of the process X x{ — f f is again demonstrated. Point F has scalars that are
too heavy for the two fermion final state to sufficently deplete the LSP relic density while point
E has much lighter scalars, allowing efficient annihilation to two fermions and resulting in an
appropriate amount of dark matter. Given the value of M;/, = 200 GeV for this plot point E
would lie a little to the left of point A in Figure 4.1.

Points C and D sit at much lower values of (My/M;), resulting in a lightest chargino that is
. much more degenerate with the lightest neutralino. This enhances the importance of coannihi-
lation channels, leading them to dominate the annihilation cross section. The main channels for
coannihilation are ytyx —) ff', making up the left-hand coannihilation column in Figure 4.4,
and xtx} - W*Z, Wthh is the main contributor to the right-hand coannihilation column.
Chargmo—neutralino coannihilation has become so efficient here that the relic density is now not
enough to account for observations. It should be noted that point D gives almost the cosmo-
logically preferred relic density — its relic d_ensity is higher than that of point C for two reasons.

4 At high values of tan 3 in the cMSSM, for which the LSP has a mgmﬁcant Higgsino component, heavy scalars
can be accommodated and may even be preferred [73].
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Figure 4.3: Preferred Dark Matter Region for Nonuniversal Gaugino Masses. Contours of
€, h% of 0.01, 0.1, 0.3, 1.0 and 10.0 from left to right, respectively, are given as a function of the ratio of
SU(2) to U(1) gaugino masses Ma/M; at the high scale. The cMSSM is recovered where the two masses
are equal at the high scale, as has been indicated by the dashed line. The six labeled points are examined
in Figure 4.4.

First, the mass of the lightest neutralino drops slightly in going from point D (~ 122 GeV) to-
point C (~ 112 GeV). Second, the lower scalar mass at point C allows t-channel exchange of
scalar fermions to go unsuppressed. This is important in one of the diagrams contributing to
xtx? — ff'. The wino content of the lightest neutralino is also increased by lowering (M2/M),
causing the standard annihilation channel to two fermions to become relatively unimportant.
This increase in efficiency continues through points A and B, now making the neutralino relic
density cosmologically irrelevant. '

The irrelevance of scalar masses above 1 TeV can be simply understood. Above 1 TeV the
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Figure 4.4: Annihilation Cross Sections for Selected Points from Figure 4.3.. These graphs

are identical in layout to those of Figure 4.2, except now the coannihilation channels are spllt into two
columns two-fermion final states and everything else.

t-channel scalar exchange contribution to x9x? — f f is suppressed due to the scalar mass.
With enhanced wino content, however, channels that were previously suppressed are now more
efficient, such as xJx} = W+W~. More importantly, we can also see from Figure 4.3 that much
of the parameter space in the {My, (M2/M1)} plane is not ruled out: an Q,h? < 0.1 is not
experimentally excluded, it just does not completely explain all of the needed dark matter.

Figure 4.5 examines the effect of changing the boundary scale value of M3 on the cosmologi-
cally preferred parameter space of Figure 4.3. In Figure 4.5 and subsequent plots we impose the
constraint that the LSP be electrically neutral and that the resulting spectrum at the electroweak
scale satisfies the search limits of Table 4.1. The shaded region in panel (A) of Figure 4.5 is
excluded by the gluino mass bound while the shaded region in panels (C) and (D) are excluded
by the constraint on the stau mass. As the value of the gluino mass M3 is increased relative
to the other gaugino masses the cosmologically preferred range of the ratio (My/M;) moves to -
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Figure 4.5: Preferred Dark Matter Region with Nonuniversal Gaugino Masses for Various
M3 Values [I]. Contours of constant relic density are given by the solid lines for Q,h% = 0.01, 0.1, 0.3, 1,
and 10 from left to right. The dotted lines are curves of constant wino content for N3 = 0.25, 0.04, 0.01
and 0.025 from left to right. The value of the high-scale gluino mass M3 is given in terms of the universal
gaugino mass M, at the top of each plot. This plot uses a value of M;,, = 200 GeV except for panel
(A) where M, ,, = 250 GeV. The shaded region is excluded by the constraints of Table 4.1.

slightly higher values.

It is apparent from Figure 4.6 that the crucial variable in the determination of the LSP
relic density is the value of the ratio (Mz/M;) at the electroweak scale. The region of pre-
ferred relic density 0.1 < Qxh2 < 0.3 consistently asymptotes to the region between the values
(M3/M1)1,,, = 1.15 and (M2/My),,, = 1.25 independent of the value of M3, with the influence
of the universal scalar mass My most pronounced for small values of M3. Most of the reason for
this behavior is the composition of the low-scale squark masses. For large values of M3 the RG
evolution of the squark masses is dominated by M3 which drives scalar masses to higher values
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Gluino Mass mg > 190 GeV
Lightest Neutralino Mass myo > 32.5 GeV
Lightest Chargino Mass mE > 75 GeV
Lightest Squark Masses mg > 90 GeV
Lightest Slepton Masses m; > 87 GeV
Light Higgs Mass mp > 95.3 GeV
Pseudoscalar Higgs Mass myg > 84.1 GeV
Charged Higgs Mass myg+ > 69.0 GeV

Table 4.1: Superpartner and Higgs mass constraints imposed [125, 53].

and further suppresses the t-channel slepton and squark exchange diagrams. This causes the
asymptotic approach to scalar-mass-independence to saturate for much lower values of M, than
in the low M3 case, where the value of squark and slepton masses is largely independent of M3
and merely a function of the boundary value My at the high scale. ’

These results are robust under changes in the relative sign between the soft supersymmetry
breaking values of M;,; and M3, as well as changes in the overall gaugino mass scale M;,,
as is demonstrated in Figure 4.7. 3 For low values of M3 there is little difference between the
positive and negative values, though for high values of M3 the entire plot moves from right to
left when the sign is reversed. Nonetheless, the cosmologically preferred region falls between
the same values of (My/M;),,,. (denoted by dashed lines), regardless of the sign of Mj: it is
only the preferred region of (Mz/M)y;,, that changes with the sign flip. Both the effects of the
magnitude of M3 as well as its relative sign can be understood from the effect M3 has on the
running of M> and M, starting at two loops. The two loop running of the gaugino masses, in
the conventions of [120], is partially given by

d 292 3 .
&M oy > B gt (Ma+ M), (4.5)
b=1 . .

dt

where Bl(li) is a matrix of positive entries. Therefore the higher the value of |Mj3| the greater
the impact on the gaugino masses M; and Mj. Furthermore, this effect is felt more strongly by
the SU(2) gaugino mass than the U(1) gaugino mass. Thus for a given value of (Mz/M)y;,,
changing the sign of M3 drives the value of M, higher at the electroweak scale to a greater degree
than it does My, resulting in a higher value of (M3/M;),,,. This in turn leads to an increased
relic density as can be seen by comparing the right and left sets of panels in Figure 4.7.

We have seen that relaxing the GUT constraint on the gaugino masses allows for significant
improvement in the dark matter arena. ‘This relaxation only requires a slight increase in the wino
content of the LSP on the order of 0.1% to 5% (see Figure 4.5): the LSP is still predominantly
bino-like and is not in the unappealling wino-dominated scenario which must rely on other
mechanisms to generate supersymmetric dark matter [124]. The observations made in this
section indicate that models which allow control over (Ms/M;) at the boundary scale may be
more suitable to providing supersymmetric dark matter than the unified cMSSM paradigm. In
fact, requiring a cosmologically relevant relic LSP density may in turn shed light on the nature of
physics at the GUT scale in models of supersymmetry breaking. We will carry out an example of

S5For the effect of changing the relative sign between M; and M, see [122].



4.2 Nonuniversal Gaugino Masses

57

(A) (M,) ;7025 M,

(GeV)

o

-———— e et

03 04 05 06 07 08 09

(M,/M,)mgh
(C) (M) =50x My,

6000I
50007

4000

(GeV)

3000

=

M

2000}

1000}

0=
03 04 05 06 07 08
(My/M )i

0.9

N

1.0

B) (My),=My,

6000

5000

4000

3000

2000

1000

i

y

[

(Mo/M, )y,

(D) (M,),=100xM,,

0
03 04 05 06 07 08 09 1.0

6900
5000
4000
3000
2000

1000

%3 04

(My/M, )y,

05 06 07 08 09 10

Figure 4.6: Preferred Dark Matter Region with Nonuniversal Gaugino Masses for Various
M3 Values [II]. Contours of constant relic density are given by the solid lines for Q,h® = 0.01, 0.1, 0.3,
and 1.0 from left to right. The value of the ratio (Ma/My), ., is indicated by the dashed lines for the values

LSP.

(M2/M,),,,, = 1.15, 1.25 and 1.50 from left to right. The shaded regions are ruled out because of a stau

just such an investigation in Section 5.4 on a class of supergravity models derived from heterotic

string theory.
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Chapter 5

Phenomenology of Gaugino
Condensation Models

Section 5.1 is a condensation of theoretical material more fully presented in [27, 28, 84] and aims
to bring together the key points necessary for the subsequent discussion in Sections 5.2- 5.4 of
the phenomenological consequences of a large class of string-derived models in which gaugino
condensation {26, 38] occurs in a hidden sector with modular invariant couplings. The Kahler
" U(1) superspace formalism of Section 1.2 is used throughout.

5.1 Models of Gaugino Condensation

Supersymmetry breaking is implemented via condensation of gauginos charged under the hidden
sector gauge group Gnig = [[, Ga, which is taken to be a subgroup of Eg. For each gaugino
condensate a vector superfield V, is introduced and the gaugino condensate superfields U, ~
(W*W,), are then identified as the (anti-)chiral projections of the vector superfields:

Up=—(D"~8R) Vs, Us=-(D?=8R)V.. (5.1)

The components of V = > V, include those of the linear multiplet L from Section 1.3, and
the dilaton field is the lowest component of the vector superfield £ = V|,_s_,. Note that none
of the individual lowest components V,|g_5_o will appear in the effective theory component
Lagrangian. With this construction the superfield U, has the correct Kahler U(1) weight as well
as the correct constraint, that is, the counterpart of the Bianchi identity (1.13). When both the
- condensate and the weakly coupled, unconfined Yang-Mills sectors are included, the linearity
condition (1.12) takes the modified form '

~(D° -8RV = U+ (WoWa)a,

~(D* -8RV = U+ (WaW), | (5.2)

Note that we will not introduce kinetic terms for the condensate superfield; that is, we are
treating the condensate as static. A dynamical condensate has been studied [144] in the case of
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an Fg gauge group, and it was found that the bound state masses are above the condensation
scale; when these states are integrated out the theory reduces to the static case considered here.

We consider the class of orbifold compactifications with three untwisted moduli chiral super-
fields described in Section 1.3. We will now label the three moduli by the superscript I (T!) and
we reserve the label a for matter condensates to be introduced below. The kinetic energy terms
for the dilaton, chiral moduli, chiral matter, gravity fields and Yang-Mills fields are contained
in the Lagrangian term (1.16) with L replaced by V:

g = / dOE[-2+ f(V)], k(V)=InV +g(V), (5.3).
with
Vg'(V)=f-Vf(V), ¢(0)=£(0)=0, (5-4)
as before (1.17). The relevant part of the complete effective Lagrangian is then

Lo = Lxe + Lyv + Lpot + P _La+ Las, (5.5).

with Kahler potential for the moduli sector and chiral matter superfields ®4:

K=k(V)+Y g+ e @42+ 0@*), ¢ = -mT +T), (5.6)
I A

where the parametérs q}“ are the modular weights of ®4.

The second term in (5.5) is a generalization to supergravity [23, 138] of the original Veneziano-
Yankielowicz superpotential term [140],

1 i E
LW=§;/daﬁUa

which involves the gauge condensates U, as well as possible gauge-invariant matter condensates

described by chiral superfields I1¢ ~ (<I>A) a [117, 139]. The coeffecients b, bS and p, are
determined by demanding the correct transformatlon properties of the expression in (5.7) under
chiral and conformal transformations [28, 87] and yield the following relations:

A
(C’a ZCA) Z gpazzg:%, Pa) n4=3 Va. (5.8)
A A

a,A

b, In (efK/?Ua) +) bIn [(H"‘)""‘]] + he., (5.7)

The final condition amounts to choosing the value of p, so that the effective operator (II*)P* has
mass dimension three. Given the above relations it is also convenient to define the combination

bo = b + Zb"‘ = (Ca - 3ZCA> o (5.9)

which is proportional to the one—loop B-function coefficient for the condensing gauge group G-
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The third term in (5.5) is a superpotential term for the matter condensates consistent with
the symmetries of the underlying theory

Lpor = —;- / d‘¢ %emw [Ty, 7] + he.. - (5.10)

. We will adopt the same set of simplifying assumptions taken up in [28] for this superpotential,
namely that for fixed a, b3 # 0 for only one value of a. Then u, = 0 unless W, # 0 for every value
of o for which b7 # 0. We next assume that there are no unconfined matter fields charged under
the hidden sector gauge group and ignore possible dimension-two matter condensates involving
vector-like pairs of matter fields. This allows a simple factorization of the superpotential of the
form

W [(I1P=), ZW ) (IT%)P= | (5.11)

where the form of the functions W, are partially dictated by the requirement of modular invari-
ance and are given by

Weo (T) =c H (71)]2(Pet7 1) (5.12)

Here ¢f =3 Anéq}“ and the Yukawa coefficients c¢,, while a priori unknown variables, are taken
to be of O (1).

The remaining terms in (5.5) include the quantum corrections from light field loops to the un-
confined Yang-Mills couplings and the Green-Schwarz counterterm introduced to ensure modular
invariance.! The latter is given by (1.32) with the notation change p; — p4 here. The operators
L, in (5.5) are the quantum corrections from the light field loops to the unconfined Yang-Mills
couplings that give rise to the loop corrections found in Section 2.3.1. They are given by

Lo = 6471 2/d4 (W P [fa.(D ) ]Wa)a+ h.C., (513)
where 0,1 is the chiral superfield propagator [89]:
(Ox) = <'3 + %RDQ + 0(R§)> ; (5.14)

in our notation,? and P, is the chiral projection operator: P,W* = W, that reduces in the
flat space limit to (160)"1D°D2. The function [87]

B,=C)» g"+(C*—Ci)k(V)+2) C4In(1+paV) (5.15)
I A

!Not included in this section are the string loop corrections (L¢n) of (1.33) which vanish for orbifold compacti-
fications with no A = 2 supersymmetry sector [6]. We tacitly assume such orbifold compactifications for the rest
of this section. )

2We set the background space-time curvature scalar r to zero throughout this paper. A term proportional to
rAX would result in a contrxbutlon to the gaugino mass through a Weyl rescalmg, but we find that such terms are
suppressed by powers of =2 or m~2 where m is the Pauli-Villars mass.
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determines the renormalized coupling constant [29, 138, 110] g, (Asrr) at the string scale Agyg:

ga_2(ASTR) = <l ;_ef bak(8) + XA: gf; In(1 +EPA)>; | (5.16)
Mg = (b1, | (5.17)

and the functions ..
o) = ) — (M) (518

govern the running of the gauge couplings from the string scale to the normalization scale.

5.2 Preliminary Issues

5.2.1 Condensation and Dilaton Stabilization

The Lagrangian in (5.5) can be expanded into component form using the standard techniques
of the Kahler superspace formalism of supergravity from Section 1.2. In reference [28] the
bosonic part of the Lagrangian relevant’to dilaton stabilization and gaugino condensation was
presented and the equations of motion for the nonpropagating fields were solved. In partlcular
the equations of motion for the auxiliary fields of the condensates F'¢ give

Ea - .
Pa2 = 6_2” b z e baZIQ H In tI Hlba/4cal (5.19)

where t; = Tr|g—g—g and u, = Ua|9:,;=0 = pgeis.

Upon substituting for the gauge coupling via the relation (1.18) we recognize the expected
one-instanton form for gaugino condensation. Expression (5.19) encodes more information,
however, than simply the one loop running of the gauge coupling. In [87] the loop corrections
to the gauge coupling constants were computed using a manifestly supersymmetric Pauli-Villars
regularization. The (moduli independent) corrections were identified with the renormalization
group invariant [136]

1 3b,, 9

-2

a
@ 2 F T i

2w+ — - 6 - ZCA In ZA (). (5:20)

Using the above expression it is possible to solve for the scale at which the 1/g?(u) term becomes
negligible relative to the Ing?(u) term — effectively looking for the “all loop” Landau pole for
the coupling constant. This scale is related to the string scale by the relation

A

C,
ur? ~ psme’e " [ [28 (usee) /22 ()] b5 | (5.21)
A

- Now comparing the effective Lagrangian given in Section 5.1 with the field theory loop calculation
given in [87] shows that the two agree provided we identify the wave function renormalization
coefficients Z2 with the quantity [4W,/b2|2. This is precisely what is needed to produce the
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final product in the condensate expression given in (5.19), indicating that the condensation
scale represents the scale at which the coupling becomes strong as would be computed using the
so-called “exact” B-function.

Note that this final factor introduces the unknown Yukawa coeflicients ¢, into the scale
of supersymmetry breaking. Such dependence of the gaugino condensate on the parameters
of the superpotential is not unexpected, and has in fact been demonstrated in the case of
supersymmetric QCD as well as certain models of supersymmetric Yang-Mills theories coupled
to chiral matter [4]. This last Yukawa-related factor has the virtue of allowing two different
hidden sector configurations which result in the same S-function to condense at widely different
scales.

In order to go further and make quantitative statements about the scale of gaugino con-
densation (and hence supersymmetry breaking) it is necessary to specify some form for the
nonperturbative effects represented by the functions f and g. The parameterization adopted
in [29] was originally motivated by Shenker {135] and was of the form exp (—1/gsrr) Where gsrr
is the string coupling constant. A consensus seems to be forming [16, 127, 137, 143] around this
characterization for string nonperturbative effects and the function f (V) in (5.3) will be taken
to be of the form :

F(V) = A0+ A/ VV] e BV, (5.22)

which was shown [29] to allow dilaton stabilization at weak to moderate string coupling with
parameters that are all of O (1). The benefits of invoking string-inspired nonperturbative effects
of the form of (5.22) have recently been explored by others in the literature [21, 41].

The scalar potential for the moduli ¢; is minimzed at the self-dual points (t;) = 1 or (t;) =
exp (ir/6), where the corresponding F-components F! of the chiral superfields T vanish. At
these points the dilaton potential is given by

. 1 dg
V= 6m (1 +€d£)

As an example, the potential (5.23) can be minimized with vanishing cosmological constant and
asrr = 0.04 for Ag = 3.25, A1 = —1.70 and B = 0.4 in expression (5.22).

2
Z (1 + baf) ug (5.23)

ala

5.2.2 Scale of Supersymmetry Breaking

With the adoption of (5.22) the scale of gaugino condensation can be obtained once the following
are specified:

(1) the condensing subgroup(s) of the original hidden sector gauge group FEg;
(2) the representations of the matter fields charged under the condensing subgroup(s);
(3) the Yukawa coefficients in the superpotential for the hidden sector matter fields;

(4) the value of the string coupling constant at the compactification scale, which in turn deter-
mines the coefficients in (5.22) necessary to minimize the scalar potential (5.23).
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A great deal of simpliﬁcation in the above parameter space can be obtained by making the ansatz

that all of the matter in the hidden sector which transforms under a given subgroup G, is of the

same representation, such as the fundamental representation. Then the sum of the coefficients

b2 over the number of condensate fields labeled by o (o =1,... ,N,), can be replaced by one
effective variable '

N b s (0 (6o = NP, (5.24)
a

In the above equation bg” is proportional to the quadratic Casimir operator for the matter
fields in the common representation and the number of condensates, N, can range from zero to
a maximum value determined by the condition that the gauge group presumed to be condensing
must remain asymptotically free. The redefinition in (5.24) essentially takes the coefficients b2,
which we are free to choose in our effective Lagrangian up to the conditions given in (5.8), and
assigns the same value to each condensate.

The variable b2 can then be eliminated in (5.19) in favor of (b2).4 provided the simultaneous
redefinition ¢, — (Co)q is made so as to keep the product in (5.19) invariant:

—o(b> o

< 9 > N l (bg)eff (ba)eﬂ'/b

PL)~ 17 co)un (5.25)

With the assumption of universal representations for the matter fields, this implies

(ca)eg = N (Hca> | | C (5.26)

which we assume to be an O (1) number, if not slightly smaller.

From a determination of the condensate value p using (5.19) the supersymmetry-breakmg
scale can be found by solving for the grav1t1no mass, glven by
> . (5.27)

Zbaua

In [28] it was shown that in the case of multiple gaugino condensates the scale of supersymmetry
breaking was governed by the condensate with the largest one loop B-function coefficient. Hence
in the following it is sufficient to consider the case with just one condensate with S-function
coefficient denoted b, for gauge group G, = G4

Ms) = |M| <

1 .
Mo = b+ (lutl)- (5.28)

As an illustration of this point, the gravitino mass for the case of pure supersymmetric Yang-

Mills SU(5) condensation (no hidden sector matter fields) would be 4000 GeV. The addition of

~ an additional condensation of pure supersymmetric Yang-Mills SU(4) gauginos would only add
an additional 0.004 GeV to the mass. ' ‘

Now for given values of (co)g and gsrr the condensation scale

1/6

Acono = (Mpy) <Pi> (5.29)
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Figure 5.1: Condensation Scale as a Function of Hidden Sector Gauge Configuration. Contours
give the scale of gaugino condensation in GeV for (ca) g = 3.

and gravitino mass (5.28) can be plotted in the {b+, (bf,‘_)eff} plane. The sharp variation of
the condensate value with the parameters of the theory, as anticipated by the functional form
in (5.19), is apparent in the contour plot of Figure 5.1. The dependence of the gravitino mass on
the group theory parameters is even more profound. Figure 5.2 gives contours for the gravitino
mass between 100 GeV and 100. TeV. Clearly, the region of parameter space for which a phe-
nomenologically preferred value of the supersymmetry breaking scale occurs is a rather limited
slice of the entire space available.

The variation of the gravitino mass as a function of the Yukawa parameters ¢, is shown
in Figure 5.3. On the horizontal axis there are no matter condensates (b2 = 0, Ya) so there
~ is no dependence on the variable (cq).q- For values of (cs).g S 0.1 the contours of gravitino
mass in the TeV region lie beyond the limiting value of b, ~ 0.09 and are thus in a region of
parameter space which is inaccessible to a model in which the unified coupling at the string scale
is asrr = 0.04 or larger. For very large values of the effective Yukawa parameter the gravitino
mass contours approach an asymptotic value very close to the case shown here for (ca) g = 50.
We might therefore consider the shaded region between the two sets of contours as roughly the
maximal region of viable parameter space for a given value of the unified coupling at the string
scale.



66 Phenomenology of Gaugino Condensation Models

(b(i) eff
0.5}

0.4}
0.3

100 TeV

0.2

0.1}

s

100 GeV

0 0.02 0.04 0.06 0.08 |,

Figure 5.2: Gravitino Mass as a Function of Hidden Sector Gauge Configuration. Contours of
gravitino mass for 10? GeV through 10° GeV are given for (ca).g5 = 3.

5.2.3 Implications for the Hidden Sector

Having examined some of the universal constraints placed on any string-derived model proposing
to describe low energy physics it is natural to ask whether the region of phenomenological
viability (roughly the shaded area in Figure 5.3) can be used to constrain the matter content of
the hidden sector. ' ‘ :

Upon orbifold compactification the Eg gauge group of the hidden sector is presumed to break
to some subgroup(s) of Eg and the set of all such possible breakings has been computed for
Zy orbifolds [111]. Under the working assumption that only the subgroup with the largest
B-function coefficient enters into the low energy phenomenology, there are then a finite number
of possible groups to consider:

S0 (12) , SO (14), SO (12), SO(10), SO(8) (5.30)
SU(9), SU(8), SU(7), SU (6), SU (5), SU(4), SU (3)

For each of the above gauge groups equations (5.8) and (5.9) define a line in the {b,, (%) 4}
plane. These lines will all be parallel to one another with horizontal intercepts at the g-function
coefficient for a pure Yang-Mills theory. The vertical intercept will then indicate the amount of
matter required to prevent the group from being asymptotically free, thereby eliminating it as
a candidate source for the supersymmetry breaking described in Section 5.2.2.
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Figure 5.3: Gravitino Mass Regions as a Function of Yukawa Parameter. Gravitino mass
contours for (a) 100 GeV and (b) 10 TeV are shown for (ca).q = 50 and (ca),e = 0.1 with ase = 0.04.
The region between the two sets of curves can be considered roughly the region of phenomenological
viability.

\

In Figure 5.4 we have overlaid these gauge lines on  a plot similar to Figure 5.3. We restrict
the Yukawa couplings of the hidden sector to the more reasonable range of 1 < (ca) g < 10
and give three different values of.the string coupling at the string scale. The choice of string
coupling constant is made when specifying the boundary conditions for solving the dilaton scalar
potential, as described in Section 5.2.1. Changing this boundary condition will affect the scale of
gaugino condensation through equation (5.19), altering the supersymmetry breaking scale for a
fixed point in the {by, (b%) 4} plane. Demanding larger values of gsrr Will result in the shifting
of the contours of fixed gravitino mass towards the origin, as in Figure 5.4. Such large values of
osr have recently been invoked as part of a mechanism for stabilizing the dilaton and/or as a
consequence of reconciling the apparent scale of gauge unification in the MSSM with the scale
predicted by string theory {16, 112]. We will return to such issues in Section 5.3.3.

A typical matter configuration would be represented in Figure 5.4 by a point on one of the
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Figure 5.4: Constraints on the Hidden Sector. The shaded regions give three different “viable”

regions depending on the value of the unified coupling strength at the string scale. The upper limit in

each case represents a 10 TeV gravitino mass contour with (¢«),q = 1, while the lower bound represents a-
100 GeV gravitino mass contour with (ca).q = 10.

gauge group lines. As each field adds a discrete amount to (b2).g and the fields must come in
gauge-invariant multiples, the set of all such possible hidden sector configurations is necessarily a
finite one.3 The number of possible configurations consistent with a given choice of {asrg, (Ca )ef }
and supersymmetry breaking scale M3/, is quite restricted. For example, Figure 5.4 immediately
rules out hidden sector gauge groups smaller than SU(6) for weak coupling at the string scale
(92r =~ 0.5). Furthermore, even moderately larger values of the string coupling at unification
become increasingly difficult to obtain as it is necessary to postulate a hidden sector with very
small gauge group and particular combinations of matter to force the beta-function coeflicient
to small values. '

3For example, one cannot obtain values of by arbitrarily close to zero in practical model building.
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5.3 Low Energy Physics Signatures

5.3.1 Soft Supersymmetry Breaking Terms

Simply requiring that the scale of supersymmetry breaking be in a reasonable range of energy
values (i.e. within an order of magnitude of 1 TeV) can put significant constraints on the
dynamics of the hidden sector. Requiring further that the pattern of supersymmetry breaking
be consistent with observed electroweak symmetry breaking and direct experimental bounds on
superpartner masses can restrict the parameter space even more. This pattern of supersymmetry
breaking is determined by the appearance of soft scalar masses, gaugino masses and trilinear
couplings at the condensation scale. In order to investigate nonuniversal soft terms we would
like to make use of the one loop results for soft terms found in Section 2 where supersymmetry
breaking was confined to the (chiral) dilaton and/or the chiral moduli fields.

As was mentioned at the end of Section 5.2.1, modular-invariant gaugino condensation models
are “dilaton-dominated” in that the T-moduli are stabilized at self-dual points where their F-
term auxiliary fields vanish identically. We are thus led to consider models with an effective
nonzero F° and sin = 1, but we must develop a lexicon for converting results obtained in
the linear multiplet formalism of gaugino condensation to those of Section 2. As was noted in
Appendix A the scalar potential can be written as in (A.3)

1 —a ¢ j
vV = —  — _F°F F?2__MM
Xa: Ger@E © TR 3

F = igﬁwﬁﬂfx (5.31)

where comparison with (5.23) gives

F@1%,7) = = S(1+ lbg)ita ~ —(1 + €by )y (5.32)

Now our lexicon can be completed by identifying the expressions in (A.13), to give the following

_ Lo _ s_ 1.4 gS2TR0— _ 14
M = §b+u = —3M3/2, F = _ZKS§ 1 + 3 b+ u, KS = —_2-gSTR7 (533)
Vanishing of the vacuum energy (1.4) now reqﬁires
(2692 FS 2%

_ ) i
Kyg|F5)? = §|M2|7 Kz = "

TS5 3(1 + 1g20%)%

- (5.34)
3(1 + él'gg'mbg-)

Using the expressions in Appendix B, together with (5.33) and (5.34) the pattern of soft su-
persymmetry breaking terms can be obtained as a function of the condensing group S-function
coefficient b, and the modular weights of the fields with (Ret) = 1 or (Ret) = €/ and
sinf = 1. From Figure 5.1 the condensation scale in these models is typically of the order of
1 x 10 GeV and we take this to be the boundary condition scale Ayy in what follows.

The gaugino masses in the one-condensate approximation, including the contribution from
the quantum effects of light fields arising at one loop from the superconformal anomaly, are
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Figure 5.5: Gaugino Masses in the Model of Section 5.1." Gaugino masses M) (dashed), M.
(dotted) and M3 (solid) are given at a scale Ay = 1 x 10'* GeV as a function of the condensing group -
function coeflicient b°+‘ The vertical dotted line in the left panel is the benchmark case of Eg condensation
in the hidden sector with 9 27s of hidden sector matter studied in {84]. The right panel focuses on the
region where the three masses are approximately unified.

given by
2 VI ' A ,
95 (1) | 364 (1 4+ 0)8) ~Clpa(l+by0)
M _ = — —3b E . .
Yo lu=Acous 2 1+044 30a + < 4n2by (1 + paf) 3/2 (5:35)

In Figure 5.5 the gaugino masses are displayed as a function b, relative to the gravitino mass.
In reference to Figure 5.4 in Section 5.2 we noted that a reasonable scale of supersymmetry
breaking (i.e. gravitino masses less than 10 TeV) generally requires by < 0.085. The region
with gravitino mass larger than 10 TeV is shaded in Figure 5.5. Also indicated in Figure 5.5 is a
benchmark scenario consisting of an Fg gaugino condensate in the hidden sector together with
9 27s of matter and having a beta function coefficient of b, = 0.038. The spectrum of gaugino
masses will typically be similar to that of the “anomaly mediated” cases with M; 2 My and a
lightest neutralino with substantial wino-like content provided b; < 0.19. The location of the
approximate unification of gaugino masses near this value of b is expanded in the right panel
of Figure 5.5. -

We next turn our attention to the entire set of soft supersymmetry breaking parameters at
one loop in the gaugino condensate models. In Figure 5.6 we plot the relative sizes of all third
generation scalar masses and A-terms, Higgs masses and gaugino masses as a fraction of the
gravitino mass for tan 8 = 3, assuming n; = —1 for all fields. As was the case in Sections 3.1 —
3.3, the gauginos are typically an order of magnitude smaller than scalars (note the change in
vertical scale in Figure 5.6). Figure 5.6 displays an important feature of the always-present one
loop contributions arising from the conformal anomaly: when tree level scalar masses are present
and universal the nonuniversality arising from the anomaly pieces is negligible (here averaging
less than a 1% correction). However, the corrections to the gaugino masses may significantly
alter the gaugino spectrum provided the tree level contributions are absent or suppressed, as in
the models considered here. Neglecting these one loop anomaly-induced contributions to soft
terms is an approximation whose validity needs to be assessed on a model-by-model basis. For
the remainder of this section we will neglect the loop corrections to the soft scalar masses and
trilinear A-terms. This will allow us to use exact expressions for the soft terms as derived in the
linear multiplet formulation.
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Figure 5.6: Spectrum of Soft Supersymmetry Breaking Terms in the Model of Section 5.1. -
All values are given relative to the gravitino mass M3/, at a scale Ayy = 1 x 10" GeV as a function of the
condensing group S-function coeflicient b,

- Adopting the Kahler potential assumed in (5.6) and the counterterm of (1.32) with ¢s = —90
for simplicity, the scalar masses are given in the one-condensate approximation by '

o 1 [ 5 (pa=by)* :
MA =16 <” * 1+ pat)? > ’ | (5.36)

and the trilinear “A-terms” in the scalar potential are given by

43 (pa—by) by o ’
A= 3e (Hm + wrem) - G
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As noted in [29], the fact that (5.36) and (5.37) are independent of the modular weights g;'
of the individual observable sector fields is the result of the vanishing of the auxiliary fields F’
in the vacuum. This is a manifestation of the dilaton-dominated scenario of supersymmetry
breaking [35, 36, 109] for which flavor-changing neutral currents might be naturally suppressed.
For this to indeed occur, however, it is also necessary to make the assumption that the couplings
pa are the same for the first and second generations of matter.

To analyze the low energy particle spectrum it is necessary to choose a value of p4 for each
generation of matter fields. If the Green-Schwarz term (1.32) is independent of the 4 so that
pa = 0, then from (5.36) ma = Mj/,. We will call such a generation “light.” On the other
hand, it is possible that the Green-Schwarz term may well depend only on the combination
T! + T >4 |<I>’I4|2, where <I>‘I4 represents untwisted matter fields. Then for these multiplets
pa = b and the scalar masses for these fields are in general an order of magnitude greater than
the gravitino mass. We will call these generations “heavy.”

Before giving the results of a numerical analysis using the renormalization group equations
with the boundary conditions determined by equations (5.35), (5.36) and (5.37), it is worthwhile
looking at what patterns of symmetry breaking are expected for various choices of the parameter
pa in the context of the MSSM. As mentioned in Section 3.1 for any generation with non-
negligible Yukawa couplings a good indicator that the stable minimum of the scalar potential
will yield correct electroweak symmetry breaking is the relation (3.10). For any heavy matter
generation with a non-negligible coupling to a heavy Higgs field (p4 = b) equation (5.37) yields
A ~ 3M4 and so (3.9) is already nearly saturated at the condensation scale.

Another key factor in preventing dangerous color and charge-breaking minima is the ratio of
scalar masses to gaugino masses and the degree of splitting between any light and heavy matter
generations. In this model, both of the hierarchies, M35 /My, and M5 /MLE™ will turn
out to be @ (10). This pattern of soft supersymmetry breaking masses has been shown[2, 8]
to lie on the boundary of the region in MSSM parameter space for which light squark masses
tend to be driven negative by two loop effects arising from the heavier squarks. All of the above
considerations suggest that compactification scenarios in which the observable sector matter
fields couple universally to the Green-Schwarz counterterm with p4 = b may have trouble
reproducing the correct pattern of low energy symmetry breaking.

5.3.2 RGE Viability Analysis Within the MSSM

To determine what region of parameter space in the {b+, (bi)eﬂ} plane is consistent with current
experimental data it is necessary to run the soft supersymmetry breaking parameters from the
condensation scale to the electroweak scale using the renormalization group equations with the
procedure described in 3.4. The RGE analysis was performed on four different scenarios:

Scenario A: All three generations light..

Scenario B: Third generation light, first and second generations heavy.

Scenario C: All three generations heavy.

e Scenario D: All matter heavy except for the two Higgs doublets which remain light

(pa =0).
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Figure 5.7: Region with Correct Symmetry Breaking for Scenario A. The maximum value of
tan B consistent with electroweak symmetry breaking and positive squark masses is displayed as a function
of the gravitino mass. The plot is shown with by = 0.08 but the values are extremely insensitive to the
choice of this parameter.

The scenarios with a heavy third generation have become popular in the literature recently [48,
62, 129] as a means of suppressing flavor-changing neutral current processes and CP-violating
_.observables. The Higgs fields will be taken to couple to the Green-Schwarz counterterm identi-
cally to the third generation of matter, as we keep only the third generation Yukawa couplings
in the MSSM superpotential. In scenario D we relax this assumption.

In the boundary values of (5.35), (5.36) and (5.37) the values of (cq) g and (b3).4 appear only
indirectly through the determination of the value of the condensate (p%). It is thus convenient
to cast all soft supersymmetry breaking parameters in terms of the values of b and M3/. While
the gravitino mass itself is not strictly independent of b, it is clear from Figure 5.3 that we
are guaranteed of finding a reasonable set of values for {(ca)eg, (%) 4} comsistent with the
choice of b, and Mg/, provided we scan only over values by S 0.1 for weak string coupling.
This transformation of variables allows the slice of parameter space represented by the contours
of Figure 5.4 to be recast as a two-dimensional plane for a given value of tan 3 and sgn(y).
The condensation scale (the scale at which the renormalization group running begins) is also a
function of the gravitino mass in this framework, found by inverting equation (5.27).

Having chosen a set of input parameters { by, M3/9,tan B, sgn(,u)} for a particular scenario,
the model parameters are run from the condensation scale Aconp given by (5.29) to the elec-
troweak scale Agw = Mz, decoupling the scalar particles at a scale approximated by Ascalar =
M 4. While treating all superpartners with a common scale sacrifices precision for expediency,
the results presented below are meant to be a first survey of the phenomenology of this class of
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Figure 5.8: Region with Correct Symmetry Breaking for Scenario D. Three pairs of curves are
shown for by = 0.084, 0.087,0.090. For values of tan 8 between the curves the heavy scalar contribution at
two loops to the running of m2U3 drives its value negative.

models.

A set of input parameters will then be considered viable if at the electroweak scale the one-loop
corrected mu-term [2 is positive, the Higgs potential is bounded from below, all matter fields
have positive scalar mass-squareds and the spectrum of physical masses for the superpartners '
and Higgs fields satisfy the selection criteria given in Table 4.1.4

The first condition to be imposed on the scenarios considered here is correct electroweak
symmetry breaking, defined by (3.23), with no additional scalar masses negative. This criterion
alone rules out scenario C, with all three generations coupling universally to the GS counterterm
and: having large scalar masses. For the opposite case of no coupling to the GS counterterm
(scenario A) the allowed region is displayed in Figure 5.7. In this scenario electroweak symmetry
breaking requires 1.65 < tan 8 <.4.5, the lower bound being the value for which the top quark
Yukawa coupling develops a Landau pole below the condensation scale. This restricted region of
the tan 3 parameter space is a result of the large hierarchy between gaugino masses and scalar
- masses in these models and has been observed in more general studies of the MSSM parameter

space [106]. ' '

4Though the inclusive branching ratio for b — sy decays was ‘not used as a criterion, an a posteriori check
of the region of the parameter space where this class of models wants to live - namely relatively low tan 3 and
gaugino masses with high scalar masses — indicates no reason to fear a conflict with the bounds from CLEO except :
possibly in the case sgn(u) = —1 for Scenario D [11, 52].
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Figure 5.9: Chargino/Neutralino Mass Degeneracy in Scenario A. The mass difference between
the x& and the N, is given in GeV.

Scenario B with its split generations can exist only for 0.08 < b, < 0.09, where the hierarchy
between the generations is small enough to prevent the two loop effects of the heavy generations
from driving the right-handed top squark to negative squared-mass values. Furthermore, proper

. electroweak symmetry breaking in this model requires the value of tan to be in the uncom-
fortably narrow range 1.65 < tan8 < 1.75, making this pattern of Green-Schwarz couplings
phenomenologically unattractive.

As for scenario D, the large third generation masses give an additional downward pressure on
the Higgs squared masses in the running of the RGEs, allowing for a much wider allowed range
of tan 8. In fact, electroweak symmetry is radiatively broken in the entire range of parameter
space. However, as the valué of by is raised past the critical range by ~ 0.08, the scalar mass
boundary values at the condensation scale start to become light enough that the right-handed
stop is again driven to negative squared-mass values. This is shown in Figure 5.8 where the
region between the upper and lower curves is excluded. While this region expands rapidly as
the B-function coefficient is increased, the values of the g-function coefficient consistent with
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Figure 5.10: Wino-like and Bino-Like LSPs in Scenario A. The difference in mass between the
two lightest neutralinos Nz and N is given. Note that a level crossing occurs and there exists a region in
which the W3 becomes the LSP, as is to be expected when the anomaly contribution to gaugino masses

dominates.

asrr = 0.04 are nearly saturated when this effect arises..

The direct experimental constraints are most binding for the gaugino sector as they are by
far the lightest superpartners in this class of models. Typical bounds reported from collider
experiments are derived in the context of universal gaugino masses with a relatively large mas$
difference between the lightest chargino and the lightest neutralino. For most choices of pa-
rameters in the models studied here this is a valid assumption, but when the condensing group
B-function coefficient by becomes relatively small (i.e. similar in size to the MSSM hypercharge
value of-by (1) = 0.028) the pieces of the gaugino mass arising from the superconformal anomaly,
the second term in (5.35), can become equal in magnitude to the first tree level term. Here
there is a level crossing in the neutral gaugino sector. The lightest supersymmetric particle
(LSP) becomes predominately wino-like and. the mass difference between the lightest chargino
and lightest neutralino becomes negligible. This effect is displayed in Figure 5.10. The phe-
nomenology of such a gaugino sector has been studied recently in [74, 90, 101]. Note that when
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Figure 5.11: Constraints from Table 4.1 for Scenario A. Exclusion curves for lightest chargino

(solid), gluino (dashed), lightest neutralino (dotted) and lightest Higgs mass (dashed-dotted) for weak

coupling at the string scale. The region below the curves fails to meet the corresponding constramt from

Table 4.1. The upper left corner represents the region where the difference in mass between the X1 and
~the N falls below 2 GeV.

any scalar fields couple to the GS counterterm (as in scenario D) there is a large additional,
universal contribution to the gaugino masses at the condensation scale in (5.35). This eliminates
any region with a non-standard gaugino sector in these cases. '

Figure 5.11 gives the binding constraints from Table 4.1 for scenario A with tan8 =
and positive p (the most restrictive case). The most critical constraints are for the lightest
chargmo and gluino.® The effect of varying tan 8 on these bounds is negligible over the range
1.65 S tan B S 4.5, as its effect is solely in the variation in the Yukawa couplings appearing at two
loops in the gaugino mass evolution. The region for which the anomaly-induced contributions
to the gaugino masses are significant is represented by the shaded region in the upper left of the
figure. In general, the light gaugino masses at the condensation scale require a large gravitino
mass (and hence, a large set of universal soft scalar masses since Ma = Mp = M3/, in this
scenario) in order to evade the observational bounds coming from LEP and the Tevatron. While
current theoretical prejudice would disfavor such large soft scalar masses, this pattern of soft

5The gluino mass determination takes into account the difference between the running mass (M3) and the
physical gluino mass [119]. This difference is neglected for the other mass parameters.
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Figure 5.12: Constraints from Table 4.1 for Scenario D. Exclusion curves for lightest chargino
(thick solid), gluino (dashed), lightest neutralino (dotted), lightest Higgs (dashed-dotted) and lightest stop
(thin solid) mass. Curves are for weak coupling at the string scale. The region below the curves fails to
meet the corresponding constraint from Table 4.1.

parameters may not necessarily be a sign of excessive fine-tuning [71, 72]. Nevertheless, we
refrain from making any statements about the * naturalness of this class of models as we have
not specified any mechanism for generating the p-term.

Figure 5.12 gives the binding constraints from Table 4.1 for scenario D with tan 5 = 3 and
positive p. Note the change of scale in both axes for these plots relative to those of scenario A.
As in Figure 5.11, varying tan 8 over the range 1.65 < tan 8 < 40 has a negligible effect on the '
gaugino constraint contours and only a very small effect on the contours of constant stop mass.
Here the gaugino masses start at much larger va.lues 50 a lower supersymmetry breaking scale
is sufficient to evade the bounds from LEP and the Tevatron. Though the gravitino mass can
now be much smaller, recall that the scalars in this scenario have masses at the condensation
scale roughly an order of magnitude larger than the gravitino. Thus the typical size of scalar
masses at the electroweak scale continues to be about 1 TeV for the first two generations and a
few hundred GeV for the third generation scalars. As opposed to the case where all the matter
fields of the observable sector decouple from the GS counterterm, here smallér values of the
condensing group S-function coefficient enhance the gaugino masses via the last term in (5.35).
We end this section by giving mass contours for the lightest Higgs, chargino, neutralino and top.
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Figure 5.13: Mass Contours for Scenario A. Panel A: Contours for the lightest neutralino mass of
40, 80, 120, 160 and 240 GeV. Panel B: Contours of lightest chargino mass of 40, 80, 120, 160, 240 and
400 GeV. Panel C: Contours of lightest Higgs mass of 90, 100, 110, 120 and 130 GeV. Panel D: Contours
of lightest stop mass of 200, 500, 1000, 2000 and 4000 GeV. All contours increase from the bottom to the
top of each panel.

. squark for tan 8 = 3 and positive u for scenarios A and D in Figures 5.13 and 5.14, respectively.

5.3.3 Gauge Coupling Unification

" In Section 5.2.3 the possibility of larger values of the unified coupling. constant gy at the string
scale was considered in a very general way. It is well known [56] that the apparent unification
of coupling constants at a scale Ayssy =~ 2 x 10'® GeV, assuming only the MSSM field content,

.06

is at odds with the string prediction that unification must occur at a scale given by

where ) represents the (scheme-dependent) one loop correction from heavy string modes. In [28]

2 2 2
Asre = AGsrn My,

this factor was computed for the MS scheme and it is given by

A:%(f—!—l)eg‘l',
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Figure 5.14: Mass Contours for Scenario D. Panel A: Contours for the lightest neutralino mass of
40, 80, 120, 160, 240 and 400 GeV. Panel B: Contours of lightest chargino mass of 40, 80, 120, 160, 240
and 400 GeV. Panel C: Contours of lightest Higgs mass of 80, 90, 100, 110, 120, 130 and 140 GeV. Panel
D: Contours of lightest stop mass of 200, 500, 1000, 2000 and 4000 GeV. All contours increase from the
bottom to the top of each panel.

where f and g are the vacuum values of the nonperturbative corrections in (5.4) and (5.22). For
the vacua considered in this work this parameter is typically A ~ 0.19.

Even after taking into account one loop string corrections there is still an order of magnitude
discrepancy between the scale of unification predlcted by string theory and the apparent scale
of unification as extrapolated from low energy measurements under the MSSM framework. One
possible solution to the problem is the inclusion of additional matter fields in incomplete multi-
plets of SU(5) at some intermediate scale which will alter the running of the coupling constants,
causing them to converge at some value higher than Aygsy [88, 118]. These solutions tend to
involve slightly larger values of the coupling constant at the string scale than that of the MSSM
(Qlrasas = 24.7).

In the model in question here, the intermediate scale (Aconn) at which this additional matter
might appear is not independent of the scale of the superpartner spectrum (Asysy ~ M3 /2)5 but
~ the two are in fact related by equation (5.28). Thus if we assume this additional matter has
a typical mass of the condensation scale, each point in the {b}, M3 /2} plane can be tested for
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potential compatibility with string unification given a certain set of additional matter fields. We
will not specify the origin of these fields (though such incomplete multiplets are not uncommon
in string theory compactifications [91]), but merely posit their existence with masses on the
order of the condensation scale.

Our procedure for carrying out this investigation is similar to that used in the literature
by a number of authors [3, 12, 102]. The standard model coupling constants a3, a2.and oy
are determined from agy (Mz) = 1/127.9, a3 (Mz) = 0.119 and sin? 0z (Mz) = 23124 and
these MS values are converted to the DR scheme. As we will not be concerned with performing a
precision survey, these coupling constants are run at one loop from their values at the electroweak
scale using only the standard model field content up to the scale A = Mj/5. At this scale the
entire supersymmetric spectrum is added to the equations until the scale A = Agoyp is reached.
Here incomplete multiplets of SU(5) are added and the couplings are run to the scale at which
the SU(2) and U(1) fine structure constants coincide. This scale will be defined as the string
scale.

We now require az = a2 = a; at this scale and invert equation (5.38) to find the implied
Planck scale. Consistency requires that this value be the reduced Planck mass of 2.4 x 10'8 GeV
and that the QCD gauge coupling, when the renormalization group equations are solved in the
reverse direction, give a value for a3 at A.= Mz within two standard deviations of the measured
value.b

The results of the analysis for a typical choice of extra matter fields are shown in Figure 5.15,
where a pair of vector like (Q,@)' and two pairs of vector-like (D,E)’s are introduced at the
condensation scale with quantum numbers identical to their MSSM counterparts. The two sigma
window about the current best-fit value of a3 can indeed accomodate a consistent Planck mass
while allowing for perturbative unification of gauge couplings. From this base configuration
additional 5s and 10s of SU(5) can be added at will to increase the value of the unified coupling
at the string scale, but the contours of constant implied Planck mass shown in Figure 5.15 will
not move significantly. While‘these combinations of matter fields have been known to allow for
. gauge coupling unification for some time [88, 118], the relationships (5.28) and (5.38) between
the various scales involved makes this a nontrivial accomplishment for this class of models.

5.4 Dark Matter in Condensation Models

As a supergravity ‘model with a unification scale, many of the typical results of mSUGRA
continue to hold in the models of gaugino condensation considered in Section 5.1, in particular
the few number of parameters necessary to determine the low energy spectrum. However the
contribution to the gaugino masses resulting from the superconformal anomaly (2.32) gives a
correction to the standard gaugino mass unification that was demonstrated in Figure 5.5. Thus
in this model one is able to determine the ratlo (M2/M,;) as a function of the parameters of the
hldden sector.

51t is worth rema.rkmg that even the celebrated supersymmetric SU(5) unification of couplings fails to predict
the strong coupling at the electroweak scale at the level of two sigma and calls for a rather large value of
a3 (Mz) [3,12, 102]. ‘This is usually taken as an indication of the size of model-dependent threshold corrections.
We therfore demand no moré from the models considered here.
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Figure 5.15:_,Géuge Coupling Unification. Results of adding one pair of (Q,@-)”z'md two péirs of
(D, D) at the condensation scale. Contours of constant implied Planck mass are overlaid on the region
for which A = a5°® — a$™ is within the two-sigma experimental limit of da = +0.004. The dotted line
represents the maximum value of b; consistent with M3/, <10 TeV and the RGE determined string

coupling. The values of asr here range from 0.044 at the A = +0.004 contour to 0.050 at the A = —0 004
contour. .

From (5.35) is is clear that the key variable (M2/M1) depends on the value of b+ whenpy = 0:

M, (ACOND): 93 (Aconn) (1 + b58) — (b /b)) (1 + byf)
Ml (ACOND). vgf (ACOND) (1 + b Z) (bl/b+) (1 + b+£)

(5.40)

Figure 5.16 shows contours of constant LSP (xo) relic_'density for the model of Section 5.1
in the {b;, Mo} plane, where Mj is the usual universal scalar mass whose value is given by
Mpy = M3y in the model we will consider here. While the axes of Figure 5.16 are very similar
to those of Figures 4.3, 4.5 and 4.6 there are some notable differences in this model. The gluino
mass_parameter M3 relates to M, and M; through an identical relationship to Equation (5. 40)

and therefore changes with by. In the previous figures M3 was held constant at the high scale

within a single plot, but in Figure 5.16 the ratio M3/M; at the condensation scale varies from
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Figure 5.16: Cosmologically Preferred Region in Gaugino Condensation Models. Contours of
constant relic density are given as a function of My and by by the solid lines while the Higgs resonance
and W resonance are indicated by the upper and lower dotted lines, respectively. Moving outward from
the lower dotted line are contours of Q,h? = 0.01, 0.1, 0.3, 1.0 and 10. The labeled points are examined
in detail in Figure 5.18.

0.2 at by = 0.02 to 0.8 at b, = 0.09. Nevertheless, there is still a region of viable dark matter
largely independent of the universal scalar mass, as in the general nonuniversal cases studied
in Section 4.2, for the same reasons: a smaller value of (M2/M;) for lower b, results in higher
wino content as well as more degeneracy between the lightest neutralino and chargino, resulting
in conannihilation.

In Figure 5.16 it is evident that this is not a result of the masses being tuned to sit on a
pole. The Higgs pole, given by the locus of points for which 2mx<1) = my, is indicatéd by the
uppermost dotted line. More important is the W-pole, denoted by the second lower dotted line
in the left plot, where a neutralino and chargino go to an on-shell W-boson, sevérely warping
the lower part of the plot. However, both of these resonant regions are excluded experimentally
by the criteria of Table 4.1 as indicated in Figure 5.17 by the shaded region. The key constraints

~ include the gluino mass (given by the dashed line) and the chargino mass (given by two parallel
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Figure 5.17: Cosmologically Preferred Region and. Experimental Constraints. Contours of
Q,h%.= 0.01, 0.1, 0.3, 1.0 and 10 are again shown along with the experimental constraints from Table 4.1.
The shaded region is excluded: the dashed curve represents a 190 GeV gluino mass while the two parallel
solid curves represent a 75 GeV and a 90 GeV chargino mass from bottom to top.

solid curves representing a chargino mass of 75 and 90 GeV from bottom to top).

As with the previous cases the additonal physics contained in this plot is easily seen through
a few representative points given in more detail in Figure 5.18. Starting from the top right
in Figure 5.16, point F sits at far too high a value of Mj for the normal cMSSM annihilation
channels to be effective. Its high value of b, also gives a high value of (My/My),,,, (between 1.3
and 1.4), so the wino content of the LSP is low. The dominant channels are neutralino-chargino
coannihilation but this is not sufficient to deplete the relic density to acceptable levels. Point E
lies exactly on the pole for two neutralinos going to an on-shell Higgs which then naturally
decays to two fermions, making this the dominant final state. A lowered scalar mass scale also’
allows coannihilation to two fermions to increase. Nevertheless, the net effect is still too small
to bring the relic density down far enough. - '

Point D is in the region where one would not expect much annihilation to fermions, but for this

.
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Figure 5.18: Annihilation Cross Sections for Selected Points From Figure 5.16. These graphs
are identical in nature to those of Figure 4.4.

b, value the neutralino and chargino are becoming more degenerate, increasing coannihilation
and bringing the relic density down towards the cosmologically preferred region. Additionally,
points D and F are the only two points which kinematically allow x*x® = W*Z. Once this.
channel is open it is the main determining factor in the relic density.

Points B and C both lie near the region where the masses of the lightest chargino and the
LSP add up to exactly the mass of the charged W-boson. This enhances the efficiency of most
channels of chargino-neutralino coannihilation, resulting in a relic density that is now a little
too low to account for astrophysical observations. For point A, by contrast, the particles are
off-shell so these processes are too inefficient and the relic density is too high. Note that for

points A, B and C the value of the lightest chargino mass is below the experimental limit so
these points are excluded.

Figure 5.19 shows how the parameters of this model determine wino content and the ratio
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Figure 5.19: Relic Densities vs. Wmo Content in Gaugino Condensatlon Models Contours
of constant relic densnty are given as in Figure 5.16 by the solid lines for Q,h? = 0.1, 0.3, and 1.0 only.
Dotted lines are contours of constant wino content of 25%, 4%, 1%, 0.25% from left to right.

(M3/M),o,- As in the case of Figures 4.5 and 4.6 from Section 4.2, cosmological observations
favor a mild wino content of 0.1% to 5% and single out the region 1.15 < (Ma/My),,,, S 1.25.
The correspondence between the value of by and (Ma/Mi)yg, is clear from the comparison of -
Figure 5.20 with Figures 4.5 and 4.6, in partlcula,r panels (A) for lower values of b; and (B) for
higher values. :

‘To see the discriminatory power that-cosmological considerations can have on model building,
consider Figure 5.21. We sampled 25,000 combinations of {b., (b3).g , (ca)eg} Which give rise to
gravitino masses between 100 GeV and 10 TeV and which yield a particle spectrum consistent
with the bounds in Table 4.1 [34]. In Figure 5.21 we display those combinations which implied
a relic density in the range 0.1 < ©,h? < 0.3 (fine points), as well as the slightly higher range
0.3 < Q,h? < 1.0 (coarse points).

Figure 5.21 clearly favors a very specific region of hidden sector parameter space with a
preferred value of by in the neighborhood of by = 0.036 and a corresponding range in (b3).g
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Figure 5.20: Relic Densities vs. Gaugino Mass Ratios in Gaugino Condensation Models.
Contours of constant relic density are given as in Figure 5.16 by the solid lines for Qxh2 = 0.1, 0.3, and
1.0. Dashed lines are contours of constant ratio (Ma2/Mi),,,, of 1.15, 1.25, and. 1.5 from left to right.

of 0.2 S (b2).g S 0.6, which points towards a large condensing group such as SO(12), SO(14),
S0O(16), Fs or E7. A typical matter configuration for the hidden sector would be represented in
Figure 5.21 by a point on one of the gauge group lines. The number of possible configurations
consistent with a given choice of {astr, (Ca)eg} @and supersymmetry breaking scale M3/, is quite
restricted. For example, if we ask for a hidden sector configuration charged under the Fg gauge
group for which Cgg, .= 12 and C’g‘;‘d = 3, and require that our matter condensates be gauge
invariant so that fundamentals must come in groups of three, then from (5.8) and (5.9) the only
combination that falls in the preferred region of Figure 5.21 is Ngynq = 9. This combination is
notable in that it was shown in [84] to possess many desirable phenomenological features. A
similar analysis for the other allowed gauge groups leaves only a handful of possible hidden sector
configurations, summarized in Table 5.1, where we have included some examples with various
hidden sector effective Yukawa couplings (ca).q and the implied values of M/, and 2,h?%. As
is evident from the table and from Figure 5.21, using the dark matter constraint on LSP relic
derisities is a very powerful tool in restricting the high energy physics of the underlying theory.
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Figure 5.21: Preferred Dark Matter Region in Hidden Sector Configuration Space. This plot
illustrates the dark matter parameter space in terms of the gauge group and matter content parameters
of the hidden sector. The fine points on the left have the preferred value 0.1 < Q,h% < 0.3 and the
coarse points have 0.3 < £,h%* < 1.0. The swath bounded by lines (a) and (b) is the region in which
the 0.1 < (ca)g < 10 and the gravitino mass is between 100 GeV and 10 TeV. The dotted lines are the
possible combination of gauge parameters for different hidden sector gauge groups.

In summary, the prospects for cMSSM dark matter at low tan( are rapidly diminshing,
barring a curious conspiracy between My and M; /2- This is due to the inefficient annihilation of
a dominantly bino-like LSP. Departure from the standard cMSSM GUT relation allows values
of (My/M;) that accomodate small admixtures of wino content for the LSP. Lowering this ratio
at the electroweak scale increases the LSP annihilation efficiency by virtue of its higher wino
content and the tightening degeneracy between the lightest chargino and the LSP, resulting in
increased coannihilation. Ranges of (Ma/M1),,,, exist with 0.1 < Qh? < 0.3 and where the value
of My is restricted to be anything above 1 TeV — quite in contrast to the light scalars requxred
at low tan 3 in the standard cMSSM case.

The requirement of cosmologically interesting relic densities, or at least the demand that
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Gauge group | C, [ Co™9 | ba | (03)eg | Niund | (Ca)eg | M3s2 (GeV) | Q,h”
Eg 12 3 0.038 | 0.23 9 3.8 5967 0.633

SO (16) 141 -1 0.034 | 0.29 34 2.7 7011 0.194
SO (14) 12 1 0.034 { 0.24 28 4.4 3383 0.069
S0 (12) 10 1 0.034 | 0.19 22 6.3 1438 0.076

Table 5.1: Gauge group Casimirs and allowed condensate numbers. Possible hidden sector gauge
group configurations that might give rise to thermal relic neutralino densities compatible with observations.

Qxh2 < 1, can be a powerful constraint on models with nonuniversal gaugino masses which is
often quite complementary to the constraints arising from direct search limits for superpartners.
For example, in the model of gaugino condensation considered here, the number of possible
hidden sector gauge groups and matter configurations could be restricted to a very small number.
Similar analyses on models with small deviations from universality should prove equally fruitful.
While relic densities of supersymmetric particles that were once.in thermal equilibrium need

. not be the explanation for the missing nonbaryonic mass in the universe,’
of the most compelling aspects of low energy supersymmetric phenomenology and promises to'

remain so even in scenarios with heavy squarks and sleptons.

it is nevertheless one

"In {124}, for example, nonthermal mechanisms are used to provide adequate relic densities in the case of the

highly wino-like LSP characteristic of the standard anomaly mediated supersymmetry breaking scenario.



Conclusions

In conclusion, we have shown in Section 2 that even in the absence of soft supersymmetry
breaking at tree level, the loop-induced soft supersymmetry breaking operators are not uniquely
determined by anomalies. In particular, the hidden sector Kahler potential and superpotential
must be separately specified. This is closely related to the well-known fact® that Kahler invari-
ance of supergravity is broken at the quantum level, as is manifest in the expressions (2.39); F™
is Kahler covariant while K, is not. Once the full low energy Lagrangian is specified, including
any hidden sector, the one loop gaugino masses are completely determined by the requirements
of finiteness and supersymmetry of the Kahler anomaly. However the soft terms in the scalar
potential depend on the details of Planck scale physics, since the _correspondixig PV couplings are
not sufficiently constrained. In particular, scalars can acquire masses at one loop in the absence .
of tree level soft supersymmetry breaking. This is the case in the no-scale model when the PV
couplings are chosen so that the renormalized Kahler potential does not break Kahler invari-
ance. Kéhler invariance is necessarily broken by gauge coupling renormalization (uriless specific
constraints are imposed on the low energy theory) because there is no similar freedom to adjust
the relevant PV couplings. In the context of string-derived supergravity, field theory anomalies
for Kahler transformations associated with the exact perturbative symmetries of string theory
must be canceled, for example by the introduction of a Green-Schwarz counterterm in the case
of gauge coupling renormalization. This breaks the no-scale structure of the untwisted matter
sector, and there are generally soft supersymmetry terms at tree level, with supersymmetry
broken in the dilaton (S) sector. One loop effects can nevertheless be important, espec1ally for
gaugino masses.

Let us stress that even though we have been studying specific classes of superstring models,
the types of spectra that we obtained and discussed in Section 3 appear to be quite generic. For
example, scenarios from models with extra dimensions tend to give spectra which can be related
to one or another type considered here, whether it is the model of Randall and Sundrum [131],
or models of gaugino mediation [108, 134]. In particular, soft terms that are proportional
to S-function coefficients and anomalous dimensions can be realized in a variety of ways in
string-derived supergravity. The case that is generally referred to as “anomaly mediation” is
just one limiting value in a continuum of such models: The importance of these anomaly-
induced terms depends on the absence or suppression of tree level contributions to the soft
supersymmetry breaking parameters and on the assumptions made regarding the underlymg
theory when regulating the effective supergravity theory.

Once supersymmetry is discovered, the central issue will be to unravel the mechanism of
supersymmetry breaking. The search strategy will be of the most value if it is based on large

8For a recent discussion of this and related issues, see [14].
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classes of different models, not just on a single “minimal” model. The models studied above
tend to show that a possible strategy could be based on three steps:

(1) identifying gaugino masses (the least model dependent aspect of these theories) and the
nature of the LSP;

(2) identifying where (approximately) the bulk of the scalar masses lie and whether there is an -
order of magnitude between gaugino and scalar masses;

(3) then using the details of the scalar masses, in particular the mixing in the stop sector and
the degree of nonuniversality, to disentangle the possible scenarios.

Observation of nonuniversal supersymmetric parameters obeying the relations described in Sec-
tions 3.1 — 3.3 will likely shed light on the scale of supersymmetry breaking, the nature of the
fields responsible for this breaking and the origin of the u-term, if not the properties of the
- underlying superstring theory itself. ‘

The preceding pages-should be cause for guarded optimism with regard to string phenomenol-
ogy. As we saw in Section 5, the initial challenge of dilaton stabilization has been met without
resorting to strong coupling in the effective field theory nor requiring delicate cancellations. Rea-
sonable values of the supersymmetry breaking scale can be achieved over a fairly large region
of the parameter space, but a given combination of coupling strength at the string scale and
hidden sector matter content will single out a tantalizingly small slice of this space. These suc-
cessful combinations do not destroy ‘the potential solutions to the coupling constant unification
problem by the introduction of additional matter at the condensation scale. Tighter restriction
on the hidden sector will require more precise knowledge of the size of Yukawa couplings in the
corresponding superpotential.

Requiring a vacuum configuration which gives rise to successful electroweak symmetry break-
ing seems to demand that either the Green-Schwarz counterterm be independent of the matter
fields or that all matter fields couple in a universal way but that the Higgs fields are distinct.
The pattern of soft supersymmetry breaking parameters in the former case pushes the theory
towards large gravitino masses and very low values of tan 8. The low gaugino masses relative to
" scalar masses favors larger S-function coefficients for the condensing group of the hidden sector,
while smaller values may result in phenomenology in the gaugino sector similar to that of the
“anomaly dominated” scenarios. These same values tend to lie in the region of the parameter
space for which relic neutralinos could account for the majority of the “dark” matter in the
universe.

A more realistic model may alter these results to some degree and uncertainty remains in
the general size and nature of the Yukawa couplings of the hidden sector of these theories.
Nevertheless this-survey suggests that eventual measurement of the size and pattern of super-
symmetry breaking in-our observable world may well point towards a very limited choice of
hidden sector configurations (and hence string theory compactifications) compatible with low
energy phenomena.



Appendix A

Chiral vs. Linear Multiplet
Formulation for the Dilaton

In this appendlx we show the correspondence between various terms in the component La-
grangian of the linear formalism and of the expressions given in Section 2. In the presence of a
nonperturbatively induced potential for the dilaton, the tree level scalar Lagrangian takes the
form (dropping gauge charged matter)

Omt®™  K(0) o ,om g
Z(ta+ta — =3 OmlO™E ~ k'(e)a"'“a -V, (A1)

scalar =

where the axion a is related to the two-form b, of the linear multiplet by a duality transfor-
mation: »
1 20 '
—em"pqanbpq = —mama ‘ (A2)
The potential V. can be written in the form
-1 14 1
Vo= s F*F ——F2 MM
2 (t* + )2 * K'(£) 37
K'(f)
4¢

where f(£,t%,2') is a complex but nonholomorphic function of the scalar fields.

F =

F(8,1%, 2, . :  (A3)

To cast this result in a form resembling the standard chiral formulation we introduce the
variable z(¢) = 2972(Asrr), which is twice the inverse squared gauge coupling (1.18). It is
related to the dilaton Kéhler potential k& by the differential equation [31]

l
N — gt __
K () = ~a'(8), 0= p5rpom, (A.4)
giving
k() oe - 8%k(x) o¢ I3
—KOE =y TR Lt
Oz 0z? dr  K'(0)
! 2

k (z)a 0™ = —e——amxamx LOE@) 5 soms. (A.5)

I 4% (0) 4 92



94 Chiral vs. Linear Multiplet Formﬁlation for the Dilaton

Then setting
z=s+35 a=Ims, (A.6)

(A.1) and (A.3) take the standard form (now including gauge-charged chiral matter)
Loatar = — Y Ky <8mzN oz + FNF" ) + %MM,
N

K = k(s+3)+K({t*)+)_ sz, (A7)

k3
provided we identify F' = FS and K 55 = £/k'(£). When the fermion part of the Lagrangian is
included, one obtains for the gaugino masses
9. - . |
MO = —22F, o (A.8)
in agreement with (2.49) for f, = s and F = F¥.

The replacements (A.6) amount to a duality transformation to the chiral formulation for.
the dilaton. When the GS term is included, after a two-form/scalar duality transformation,
Egs. (A.1)-(A.7) are modified by the replacements S

b Imt® . -
Oma = Oma+s Y a’"em (t* + )72 o (14 bO) (t* +1%)72,
[a4

b = —bgs/24n2. | (A.9)
We may make a full superfield duality transformation by the additional replacements

s=5+35=5+3+b) I@t*+), k(s+3) - k[5+5-bK(t*)], (A.10)
[0 2

where § is the complex scalar component (Im§ = a) of the dilaton chiral superfield. This
introduces mixing of the moduli with the dilaton in the Kahler metric [35, 36]. Working in the
linear multiplet formalism for the dilaton, there is no mixing of the dilaton with chiral fields;! in
this case (A.1) and (A.3) are modified only by (A.9). With this modification (A.3) is completely
general; it includes the effects of the GS term on the potential for £ and ¢ in the presence of a
source of supersymmetry breaking such as gaugino condensation. In fact the GS term coupling
to the confined hidden gauge sector, as in the model of Section 5, must be included to make the
effective supersymmetry breaking “tree” Lagrangian perturbatively modular invariant.

In the linear multiplet formulation for the dilaton, the tree level scalar potential takes the
form

o~ —N ]_ —
Viee = 3 RygFVF" — - MM,
~ | 3
M = -3eK%y, FN= —w—le’K/zKNﬁaﬁ (eXww), (A.11)
where the effective metric K ~NTv is defined by |

Ky — Ky =Ky + %iaMaﬁVg;, O (A12)

1See for example the discussion of Eq. (4.20) in [87].
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and I?SE = Kgz = £/k'(£). If p; = 0, the effect of (A.12) is to multiply the vev of F* by
the numerical factor 1 < 1 — g2, d0s/487% < 1.1 if g2, = 1/2. Additional corrections are
unimportant if dgs(t* + )" FeWs/W|/487% < |M/3|: for example when supersymmetry
breaking is dilaton dominated or if the superpotential is independent of the dilaton.

The expression in (A.lI) reduces to the standard form if w is holomorphic. If a duality
transformation to the chiral formulation for the dilaton is always possible [38] in the effective
theory below the supersymmetry breaking scale, we must have

~ i T . - 1
w = w(5t%2"), s= 5 +1ia, S§=s+ EVGS' (A.13)
For example, in the ga,uéino condensation model of Section 5 we have

w=W(t*2') +v(5,1%), v= —e_K/Qbfu, u = ceK/2e5/b+ Hn(ta)Q(b_b**)/b'*, (A.14)

where ¢ is'a constant. In this case we have
1 o~
Ogw = FwsdyVos, ws=0, FS = —eX2K55 (@5 + K]

FN = _KPRNN [w—+K—'w+ (95 Vias)ds lnw]- (A.15)

Inserting these expressions in the potential (A.11) we obtain the following expressions for the
soft supersymmetry breaking terms at tree level:

tree  _ 4(0) b )
Az;ie - Al]k W (Faas Inw + h.c. ) ;
tree _ (0)] _ b « _
[ “ ]sup erpotential [Bij superpotential 2(ta + {a) (F as I +' h.c. ) ’
tree _ (0) b
[Ber ]Kihler potential [B” ] Kahler potential B WFQ&S In w, . (A.lﬁ)

where the expressions with index 0 are the tree level expressions given in the text with W(ZV) —
'UJ(ZN, VGS) and
=S poFo b v
F& — — K/2Kt t i + Kot __ A.
e/ Wia + Kpaw — 20 1) Os Inw (A.17)
The scalar masses depend on the curvature of the effective scalar metric K N I pi #0 they

are complicated expressions in the general case but if p; = 0, they reduce to the result given in
Section 2, with the substitutions W — w and (A.17).

If p; = 0 the expressions receive no corrections if supersymmetry breaking is dilaton mediated,
F* = (. If there is no dilaton “superpotential”’, ws; = 0, the only correction is the rescaling
F* — (14 bf)Fe. If a dilaton “superpotential” v is generated by a single dominant gaugino
condensate (and the associated matter condensates), the dilaton dependence of v in (A.14)
follows quite generally from anomaly matching, giving

35 lnw = v/byw. - - | (A.18)
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Since by < b, the corrections in (A.16) can be significant if |v/w|,cos@ and 1/t* are all order
one. The moduli dependence of v in (A.14) follows from perturbative modular invariance.?* To
the extent that modular invariant condensation dominates supersymmetry breaking, one gets
essentially the expressions in the text with negligible contributions from F*. On the other hand
if (W) is dominant, the corrections found in (A.14) again become negligible. They are significant
only if there are two comparable sources of supersymmetry breaking. Even in this case they
are unimportant in the large T' limit if 95 Inw is not too large. Note that the correction to the
A-term does not vanish at the self-dual points for the moduli, so in this case we would not get an
“anomaly mediated” scenario at these points when F° = 0. In the chiral formulation [35, 36],
there is mixing between dilaton and moduli F-terms. In that language, the corrections to the
results of Section 2, aside from the rescaling of %, arise from terms proportional to F*° F'K st
h.c. in the potential. ' '

?Modular invariance could be broken in v if corrections to k() from string nonperturbative effects are moduli
dependent [137]. We have ignored this possibility throughout.



Appendix B

Complete One Loop Expressions in
Orbifold Models

In this appendix we collect the complete expressions (tree plus one loop correction) for the
soft supersymmetry breaking terms in orbifold models defined by (1.14), (1.19) and (1.24) with
supersymmetry breaking vevs parameterized by (3.1) and (3.2).

The gaugino mass is determined from (2.59) and (2.53):

\ .
tot _ 9 (1) 2 dcs 0 _
M = ;\/_M{— cos E (ta-i-t )G5Oq [16 5 +bg — 8 ) E Cl(1+3na) e

260 sind i i
+ﬁ+;1__/7[ 162(0 ZC’)} Ws}. (B.1)

The trilinear A-terms are obtained from (2.57). The expression is simplified by utilizing (2.8)
to obtain the identities ’

FS9f = =t MO, O™ = ksyi™, (B.2)
where the last relation is true if x; # k;(s). This yields A-terms of the form:
At = M) % + cos@ Z(t + )G”@,,( (nf +n +nf +1)
* = B J

=) A" (Pim — (nf + 0¥+ n + 1) In(iEln)) — v?p?a)
Im a

=Y [+ P) )] Yo el D +E)G5Oa(nf +nf +nl + 1)}
B8 . Im a@

sin 8 ks s (5 In(a2 ng -2 m 5 In(il
+k;§2 —?+Za:'n s In(fie) + 55 In(fia) +Z’Y¢ 5 In(fiim)

= I [t + &) n(e>))] (Z 92V — ks Z"/lmpi’m)] e""”} + cyclic (ijk).  (B.3)
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The bilinear B-terms have a similar form
Bt = g (% - 7.-) + % {cosO [% Ea_:@a ((n¥ +n5 + 1) — 8ee In i)
- Z(t +£%)G3 0. (Z ¥l + Z v'mpi’m)
- Zln [ +P) )] Zv‘"‘pf’m Z(t" +£%)G5Oa(nf +nf + 1%, +1)
+ Zyﬁ’" Z(t" + E“)G‘z’@a(n? +nf +ng +1) ln(ﬂfm)] e e
j:?,f [Z 7 (9“ lnmm) +0, ln(um)) + Zv."‘a (.

= I [t + ) ()] (Z ¥ gapie — Zvﬁ"‘ksp?m) ~ (ks +8:In uu)} e””’}
o a Im

+( © j) : (B.4)

The scalar masses arise from (2.75) and (2.76). Some degree of consolidation can be obtained
by employing the relation (B.2) as well as

|FS120,05ng; = MO, (B.5)
to allow the following identifications:

ilm

=5 m - =5 . =3 _ -
F°0; ny A m@Ek) = Yo {AE}’;F BsIn(iitn) + ks F° AL In(jid,) ——kss‘|Fs|21n(y,2m)}
lm

Fo 2 A MO (i) = 3¢ {F MP0smn(ak) - 2MP)* n(iL) } (B6)
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With these, the complete expression for the tree level plus one loop scalar masses is given by
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