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Abstract

To increase the predictivity of the Minimal Supersymmetric Standard Model (MSSM),
one needs to go to an underlying, more fundamental theory, where at least some of
the many MSSM parameters can be determined by symmetries or by dynamics.
Progress may come from four-dimensional superstring solutions and their effective
supergravities. Summarizing some recent work [[-], we introduce a class of ‘large-
hierarchy-compatible’ (LHC) models that could naturally embed a stable hierarchy
myz S mgjy < Mp. We discuss how in LHC models one may determine: 1) the
explicit mass terms of the MSSM, as functions of the gravitino mass; 2) the scales
of gauge and supersymmetry breaking, mz and ms/s; 3) the heavy-fermion masses.
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1. Introduction

The gauge hierarchy problem of the Standard Model (SM) is related to the existence
of quadratically divergent one-loop corrections to the effective potential, proportional to

Str M?(¢) = D (=1)*"(2Ji + 1)mi(9) , (1)
where ¢ is the classical Higgs field and the index ¢ runs over the states of the model,
with field-dependent squared masses m?(¢) and spins J;. Correspondingly, there are also
quadratically divergent contributions to the Higgs mass, proportional to [0* Str M?/0¢?].
Since in the SM both quantities are generically non-vanishing, the natural scale of the SM
Higgs mass and of the corresponding VEV [if SU(2) x U(1) is broken] is the ultraviolet
cut-off scale, e.g. the Planck scale: a ratio myz/Mp ~ 1070 is unstable versus perturbative
quantum corrections.

A partial solution of the gauge hierarchy problem is provided by the Minimal Su-
persymmetric Standard Model (MSSM). In this model [f]], supersymmetry breaking is
parametrized by a collection of explicit but soft mass parameters, such that, denoting spin-
0 fields with the generic symbol z, Str M?(z) = constant, and there are no field-dependent
quadratic divergences. The scale Mgygy of the explicit MSSM mass terms acts as an ef-
fective cut-off scale for the SM, and a sufficient condition to solve the gauge hierarchy
problem is to have Msusy $ 1 TeV. Usually, the soft mass terms are further constrained
by assuming, as boundary conditions at some grand-unification scale My ~ 10 GeV,
a universal scalar mass mg, a universal gaugino mass m, s, and a universal cubic scalar
coupling A. It should be kept in mind, however, that such assumptions are not based
on fundamental symmetry principles, and that different sets of assumptions can also give
phenomenologically viable models.

In addition to the stabilization of the hierarchy, another attractive feature of the MSSM
is the possibility of describing the spontaneous breaking of the electroweak gauge symme-
try as an effect of radiative corrections. Thanks to the quantum corrections associated
with the large top-quark Yukawa coupling, the effective potential of the MSSM gives a phe-
nomenologically acceptable vacuum, with SU(2), x U(1)y broken down to U(1).,, and
my naturally of order Msysy. For appropriate numerical assignments of the boundary
conditions, one obtains a mass spectrum compatible with present experimental data.

Besides these virtues, the MSSM has a very unsatisfactory feature: the numerical val-
ues of its explicit mass parameters must be arbitrarily chosen ‘by hand’ (the fact that also
the gauge and Yukawa couplings must be chosen ‘by hand’ is as unsatisfactory as in the
Standard Model). This means a certain lack of predictivity, and in particular does not
provide any dynamical explanation for the origin of the hierarchy Mgysy < Mp, which is
just assumed to be there. To go further, one must have a model for spontaneous super-
symmetry breaking in the fundamental theory underlying the MSSM. The only possible
candidate for such a theory is N = 1 supergravity, where, in contrast with the case of



global supersymmetry, the spontaneous breaking of local supersymmetry is not incompat-
ible with vanishing vacuum energy. For spontaneous breaking on a flat background, the
order parameter is the gravitino mass, ms/,, and all the explicit mass parameters of the
MSSM are calculable (but model-dependent) functions of m/,.

When discussing the spontaneous breaking of N = 1 supergravity, one is faced with
some hierarchy problems that are as serious as the gauge hierarchy problem of the SM.
In N = 1 supergravity, the gravitino mass ms/, depends on the VEVs of the scalar fields,
some of which typically have masses of order mg/,, or smaller, and there are in general
field-dependent quadratically divergent contributions to the effective potential. This im-
plies that a small ratio mg/,/Mp is generically unstable versus perturbative quantum
corrections. In addition, consistency with the flat background, explicitly assumed in the
standard formalism of Poincaré supergravity, asks for the absence of O(m3 /szz) contri-
butions to the vacuum energy when discussing physics at scales Q ~ my < mg/. Already
at the classical level, this is a highly non-trivial requirement, since the scalar potential of
N = 1 supergravity is not positive-semidefinite. This problem is partially solved by the
so-called ‘no-scale’ models [J ], which naturally fit in the effective supergravity theories
derived from classical four-dimensional vacua of the heterotic superstring. In these models,
the classical potential is manifestly positive-semidefinite, and all its minima correspond
to broken supersymmetry and vanishing vacuum energy, with the gravitino mass sliding
along an approximately flat direction [ff]. The fact that the supersymmetry breaking scale
is classically undetermined provides the possibility of fixing it via quantum corrections. If
the latter, as computed in the fundamental quantum theory of gravity, do not introduce
O(m? /sz2) contributions to the effective potential, then one may obtain an exponen-
tially suppressed gravitino mass, ms/, ~ exp[—O(1)/a]Mp, as a result of the logarithmic
quantum corrections in the low-energy effective supergravity theory [{].

2. LHC supergravity models

At the level of the effective N = 1 supergravity, the viability of the above program (and
of other scenarios for the generation of the hierarchy ms/, < Mp) is plagued by the possible
existence of quadratically divergent contributions to the vacuum energy, proportional to

Str M?(2,2) = 2Q(z,%) mg/Q(z,E) , (2)

where [[], using here and in the following the supergravity convention Mp = 1, and
assuming for simplicity F-breaking along a gauge singlet direction,

Q(sz) = NTOT —1- gl(z’Z) [le(zvz) + FI?(sz)] gJ(z,E) ) (3)

R;5(2,%2) = 01051logdet G, x(2,2),  Fi5(2,Z) = 01057logdet[Re fup(2)] 1. (4)

To interpret the previous formulae, we recall that the N = 1 supergravity Lagrangian is
determined by two arbitrary functions: the Kéahler function G(z,%) = K(z,%) +log |w(2)|?,



where K is the Kéahler potential, whose second derivatives determine the kinetic terms for
the fields in the chiral supermultiplets, and w is the superpotential; the gauge kinetic func-
tion fu(2), which determines the kinetic terms for the fields in the vector supermultiplets,
and in particular the gauge coupling constants g,,> = Re fu. Inegs. () and ({]), derivatives
of the Kéhler function are denoted by G/9z' = 8;G = G; and 9G/9z' = G = Gy, the
Kéhler metric is G;5 = G;, and the inverse Kéhler metric G/ 7 is used to define G' = G17 G5
and G' = G,G’T. Tt is important to observe that both R,5 and F,5 do not depend on
the superpotential, but only depend on the metrics for the chiral and gauge superfields.
This allows for the possibility that, for special geometrical properties of these two metrics,
the dimensionless quantity @(z,%Z) may turn out to be field-independent and hopefully
vanishing.

In order to appreciate the geometrical meaning of the vanishing of Q(z,%), we present
here a simple working example [[]. Consider a model containing Nror = N. + 3 chiral
superfields, three gauge singlets (7', U, S) and N, charged fields C; (i = 1,..., N.), with a
gauge kinetic function f,;, = 04,5, a Kahler function

G = —3log(T+T — C;C;) — klog(U +U) — log(S +5) + log |w(C,U,S)[*, (5)

and a superpotential w(C, U, S), which depends non-trivially on all fields apart from the
singlet field 7. One can easily prove that, thanks to the field identity GT'Gr = KT Ky = 3,
the scalar potential of such a model is automatically positive semidefinite, with a flat
direction along the T-field. As long as there are field configurations for which w # 0
with G = Gy = G¢ = 0, there are minima that preserve the gauge symmetry but
break supersymmetry with vanishing vacuum energy and Gr # 0. The gauge coupling
constant at the minimum is fixed to the value g*> = (ReS)™!, and the VEV of the U
field is also fixed by the minimization condition, whereas the gravitino mass m3 o =
lw|?/[(S+S)(T+T)3(U+U)* is classically undetermined, sliding along the T" flat direction.
To compute @(z,Z) in this model, it is sufficient to realize that the Ricci tensors for the

three factor manifolds have the simple expressions (I = 0,1,..., N,):
N, + 2 2
R =—7—Y3, HRgs=203, Ryg = EgUU> (6)

from which one finds, by JU.St applying egs. ({) and (), that Q(z,%) = 0 at all minima of
the potential along the flat direction T', independently of the details of the superpotential.

The previous example can be generalized [ to the case of a supergravity model con-
taining Nror fields 2/ = (2%, 2) and described, for small field fluctuations around (z*) = 0,
by the Kéahler function

G = ~log¥ (1) + YKL ()45 4 5 z[wB )22 4 he] +log (), (7

depending on the fields z* only via the real combinations r® = 2® + z% The Kéhler
potential and the gauge kinetic function are assumed to have the scaling properties

rY, = 3Y, (8)



reKA- = A\ KA (9)

iajac iaja’
a )\A + )\B
r PiAjBa = TPiAjB ) (10)
Ta(Re fab)a - )\fRe faba (11)

where it is unambiguous to define Y, = 9Y/(dr®) = 9Y/(02*) = dY/(9z%), ete. If there
are field configurations such that w # 0 with G; = 0, there are supersymmetry-breaking
minima with classically vanishing vacuum energy, and eqs. () and (f]) give

Q=Y (14+AX)na—n—Apds—1, (12)
A

where n is the number of 2¢ fields, >>sn4 +n = Nror, and d; is the dimension of
the gauge group. From eq. ([J) we can immediately read the contributions to @ from
all multiplets, once their scaling weights are given: the requirement that ) = 0, which
completes the definition of the LHC models, amounts to a field-independent but highly
non-trivial constraint.

3. Mass terms in LHC models

In the case of LHC models, the general supergravity mass formulae and the resulting
expressions for the MSSM mass parameters undergo dramatic simplifications [[[] (simi-
lar predictions were derived, for special goldstino directions and under slightly different
assumptions, in ref. [f]).

Since the spin-0 fields z* in the supersymmetry-breaking sector are assumed here to
be gauge singlets with interactions of gravitational strength, they have always masses
O(mj3,y/Mp), ie. in the 107*-10~* eV range if the gravitino mass is at the electroweak
scale, with interesting astrophysical [J] and cosmological [[[0] implications, including a
number of potential phenomenological problems. After subtracting the goldstino, their
spin-1/2 partners x® all have masses equal to the gravitino mass.

For the gaugino masses one finds that, if there is unification of the gauge couplings,
(Re f)ab = Oap/g#, then

mi, =Apms,,  (Ar=0,1). (13)

As for the spin-1/2 fermions Y, we should distinguish two main possibilities. Those in
chiral representations of the gauge group, such as the quarks and the leptons, cannot have
gauge-invariant mass terms. Those in real representations of the gauge group, such as the
Higgsino fields of the MSSM, can have both a ‘superpotential” mass, proportional to w; , .,
and a ‘gravitational’ mass, proportional to P;,;,[1 + (A4 + Ap)/2]. Both these terms can
in principle contribute to the superpotential ‘u-term’ of the MSSM, and to the associated
off-diagonal (analytic-analytic) scalar mass term m2. Writing as usual m% = By, one
obtains

B = (2+)\H1 —|—)\H2)7Tl3/2 (14)



in the first case, and
A A
B= <2 + y> ma (15)

in the second case.
Moving further to the spin-0 bosons z* in chiral representations (squarks, sleptons,
...), they can only have diagonal (analytic-antianalytic) mass terms, of the form

(mg)a = (14 Aa)ms, . (16)

Similarly, a general formula can be obtained for the coefficients of the cubic scalar cou-
plings,
(A)iAjBkD =@B+Ma+Ap+ >\D)m3/2 . (17)

The previous discussion should have clarified some important features of LHC models:
the MSSM mass terms are predicted, as functions of the gravitino mass, by simple formulae
involving the approximate scaling weights; the MSSM p-term can originate from the Kahler
potential, and is naturally of the order of the gravitino mass; some desirable universality
properties of the MSSM soft mass terms are not automatic, but can be ascribed to some
universality properties of the corresponding scaling weights.

4. Superstring-derived LHC models

At the pure supergravity level, the assumptions defining the LHC models might appear
plausible, but they certainly are not compulsory. It is then remarkable that, if one considers
the effective supergravities [[1] corresponding to the known four-dimensional superstring
models [[[7], in the appropriate limit one obtains precisely the desired scaling properties.
The candidate z® fields are the singlet moduli fields: the universal ‘dilaton-axion’ multiplet
S, which entirely determines, at the classical level, the gauge kinetic function f,;, = 6,95,
and the other moduli that parametrize the size and the shape of the internal compact
space and are usually denoted by the symbols 7; and U;. In the limit where the T; and/or
U; moduli are large with respect to the string scale, the Kahler manifold for the chiral
superfields displays the desired properties, with well-defined scaling weights of the Kéhler
metric with respect to the real combinations (7} + T;) and (U; + U;). These scaling
properties are due to the discrete target-space duality symmetries [[J] of four-dimensional
superstrings, and the scaling weights are nothing but the modular weights with respect
to the moduli fields that participate in the supersymmetry-breaking mechanism: in the
limit of large moduli, non-trivial topological effects on the world-sheet are exponentially
suppressed and can be neglected, and the discrete duality symmetries are promoted to
accidental scaling symmetries of the kinetic terms in the effective supergravity theory.

The discrete target-space dualities are symmetries of the full Kahler function G. Under
a generic duality transformation, of the form 2z® — f(2%), the Kéhler potential trans-
forms as K — K + ¢ + ¢, where ¢ is an analytic function of the moduli fields 2*. The
fact that duality is a symmetry then implies a definite transformation property for the



superpotential, w — e~®w. This in turn puts very strong restrictions on the superpoten-
tial modifications that can be used to describe spontaneous supersymmetry breaking in
the effective supergravity theory. As for the origin of these superpotential modifications,
two types of mechanisms for supersymmetry breaking have been considered so far in the
framework of four-dimensional string models. The first one corresponds to exact tree-
level string solutions, in which supersymmetry is broken via orbifold compactifications
[[4]. The second one is based on the assumption that supersymmetry breaking is induced
by non-perturbative phenomena, such as gaugino condensation, at the level of the string
effective field theory [I7].

In the string models with tree-level supersymmetry breaking [[4], the superpotential
modifications in the large-moduli limit are fully under control, since in that case the explicit
form of the one-loop string partition function is known, and one can derive the low-energy
effective theory without making any assumption. One obtains automatically the desired
scaling properties of the kinetic terms, which in some cases can produce an LHC model.
In this class of models, the large-moduli limit is a necessity, since for values of the moduli
close to their self-dual points there are singularities, induced by some winding modes that
become massless and then tachyonic. In the large-moduli limit, we can disregard the effects
of these extra states, excluding them from the effective field theory, and the superpotential
modification associated with supersymmetry breaking is not manifestly covariant with
respect to target-space duality. On the other hand, the Kéahler potential maintains the
same expression as in the case of exact supersymmetry, with the desired scaling properties
that can produce an LHC supergravity model. Another important property of this class
of models is the fact that, in order to have ms/,; < 1 TeV, some internal radius must
be pushed to very large values. By dimensional analysis, one would expect that huge
threshold corrections to the coupling constants, due to the infinite tower of Kaluza-Klein
excitations, spoil the perturbative expansion just above the compactification scale, but in
the framework of string theories this problem can be avoided.

In the case of non-perturbative supersymmetry breaking [[J], in the absence of a
second-quantized string formalism one can assume that, at the level of the effective su-
pergravity, the super-Higgs mechanism is induced by a superpotential modification that
preserves target-space duality. Unfortunately, the form of the superpotential modification
cannot be uniquely fixed by the requirement that it is a modular form of appropriate
weight. However, another important constraint comes from the physical requirement that
the potential must break supersymmetry and generate a vacuum energy at most O(m3 /2)
in the large moduli limit. This is not the case for the models of supersymmetry break-
ing having minima of the effective potential for values of the internal moduli all close to
some self-dual point, and making use of the Dedekind function 7 in the superpotential
modification: either they do not break supersymmetry or they do so with a large cosmo-
logical constant, in contradiction with the assumption of a constant flat background. On
the other hand, superpotential modifications such that w — constant # 0 for z* — oo
give rise to supersymmetry-breaking minima of the effective potential corresponding to a



vacuum energy O(mj /2) and 2z field configurations far away from the self-dual points.
5. Dynamical determination of my; and ms/;

The effective low-energy theories of the LHC supergravity models contain, besides the
states of the MSSM, the additional light scalars z* in the supersymmetry-breaking sector,
with interactions of gravitational strength, whose VEVs control the sliding gravitino mass.
This allows for a dynamical determination of both my, and ms/,, via the logarithmic
quantum corrections associated with renormalizable MSSM interactions.

The conventional treatment of radiative symmetry breaking [f]] can be briefly sum-
marized as follows. As a starting point, one chooses a set of numerical input values
for the independent model parameters at the unification scale () = My: the soft masses
(Mo, m1/2, A, m3), the superpotential mass y, the unified gauge coupling ayr, and the third-
generationf] Yukawa couplings (i, ap, ;). One then evolves all the running parameters
down to a low scale ) ~ Mgysy, according to the appropriate renormalization group
equations (RGE), and considers the renormalization-group-improved tree-level potential

2 2 2 2 2 9%+ 0 2

Vo(Q) = mivi + m3v; + 2m3zvive + —5 (112 - vl) + AViosm - (18)
In eq. ([§), AV,psm stands for a Higgs-field-independent contribution to the vacuum energy
(cosmological term). The minimization of the potential in eq. ([§), with respect to the
dynamical variables v; = (HY) and vy = (HY), is straightforward: for appropriate numeri-
cal assignments of the boundary conditions, one obtains a phenomenologically acceptable
vacuum, with SU(2), x U(1)y broken down to U(1).,, and a mass spectrum compatible
with present experimental data.

Here we regard the MSSM as the low-energy effective theory of an LHC supergravity
model, where the gravitino mass ms/, cannot be determined at the classical level, and
there are no quantum corrections to the effective potential carrying positive powers of the
cut-off scale Mp. Even if more general LHC models can be constructed, we assume that
some non-perturbative dynamics fixes the VEVs of the moduli associated with oy and
My, and the following boundary conditions on the MSSM mass parameters

mijp = &My, Mo =& myp, A=Emgp, ms=E& mypa, p=E-myna, (19)

where the scaling weights with respect to target-space duality fix the £ parameters to
constant numerical values O(1) or smaller. Then all the moduli dependence of the MSSM
mass parameters is encoded in the gravitino mass ms/,, which should be considered as
an extra dynamical variable, in addition to the Higgs VEVs v; and vy. If we take the
low-energy limit and neglect the interactions of gravitational strength, we can formally
decouple the supersymmetry-breaking sector and recover the MSSM. Quantum effects
in the underlying fundamental theory, however, would induce a cosmological term in the

'For the purposes of the present paper, mixing effects and all other Yukawa, couplings can be neglected.
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resulting MSSM effective potential; for LHC models, this term contains no positive powers
of Mp and must therefore be proportional to mj /2

A‘/cosm =n- m§/2 5 (20)

obeying a boundary condition n(My) = ny. We stress that, in contrast with conventional
treatments, in the present context we are forced to include the cosmological term, since the
gravitino mass is not taken as an external parameter, but rather as a dynamical variable.

According to our program, one should minimize the effective potential of the MSSM not
only with respect to the Higgs fields, but also with respect to the new dynamical variable
Mg s, keeping (for the moment) the values of ay, My, &, 7o and (a¥, af,a¥) as external
input data. As in the standard approach, the role of radiative corrections is crucial in
developing a non-zero value for the Higgs VEVs at the minimum. Quantum corrections
to the classical potential are summarized, at the one-loop level, by V; = V4(Q) + AV4(Q),
where

1 4 M2 3\ nm m? 3

i

Q

and V5(Q) is the tree-level potential, eq. ([§), expressed in terms of renormalized fields
and parameters at the scale (). The RGE for the new dimensionless coupling of the theory,
the coefficient 7 of the cosmological term, reads

dt  32m2

4
dnp 1 [%} . (t=1ogQ), (22)
01,2=0

and plays an important role in the determination of the supersymmetry-breaking scale:
the MSSM particle content is such that (n — n9) is always driven towards negative values
at sufficiently low scales, and the gravitino mass dynamically relaxes to a value closely
related to the scale at which n turns from positive to negative. The desired hierarchy can
be generated for values of 7y between zero and O(100), depending on the values of the é’
parameters.

To illustrate the main point of our approach, it is convenient to choose, as inde-
pendent variables, the supersymmetry-breaking scale m3 /o and the dimensionless ratios

0; = (vi/mgs2) (i = 1,2). Then the minimization condition of the one-loop effective
potential with respect to ms/, can be written in the form
oVy Str M4
2
Mg T T o (23)

The minimization conditions with respect to the variables ©; are completely equivalent
to the ones that are usually considered in the MSSM, when the supersymmetry-breaking
scale is a fixed numerical input. A general study of the MSSM predictions, as functions
of the boundary conditions 5_: Mo, agbﬁ, can be performed numerically. Some illustrative
numerical results, for a particularly simple choice of boundary conditions, can be found in

ref. [B.



6. Dynamical determination of Yukawa couplings

We can extend the previous approach by assuming that also ongﬁ are dynamical vari-
ables [B] (see also [[[d]), in analogy to what was done before for the supersymmetry-breaking
scale Mgygy ~ mg3/e. The main motivation for this proposal comes from four-dimensional
superstrings, where all the parameters of the effective low-energy theory are related to
the VEVs of some moduli fields. If the dynamical mechanism that breaks supersymmetry
fixes the gauge coupling constant a to a given numerical value at My, but leaves a resid-
ual moduli dependence of the Yukawa couplings, along some approximately flat direction,
then also the latter should be treated as dynamical variables in the low-energy effective
theory. This means that the effective potential of the MSSM should also be minimized
with respect to the moduli on which the Yukawa couplings depend.

It is a well-known fact that, in general four-dimensional string models, tree-level
Yukawa couplings are either vanishing or of the order of the unified gauge coupling. Con-
centrating for the moment on the top Yukawa coupling, one expects a tree-level relation
of the form

ol = qay, (24)

where ¢; is a model-dependent group-theoretical constant of order unity. At the one-loop
level, both gauge and Yukawa couplings receive in general string threshold corrections [[7],
induced by the exchange of Kaluza-Klein and winding states, whose masses depend on the
VEVs of some moduli fields. One can then consider two main possibilities.

If the top Yukawa coupling receives a string threshold correction identical to the one
of the gauge coupling, the unification condition (P4)) is preserved. In this case the non-
perturbative phenomena, which we have assumed to determine ay, also fix the value of
aV; the latter is no longer an independent parameter, and one can perform the analysis
described in the previous paragraph with one parameter less. In particular, the structure
of the RGE for a4 is such that its numerical value at the electroweak scale is always very
close to its effective infrared fixed point [[§], oy ~ 1/(47).

If eq. (B4) receives non-trivial threshold corrections, with additional moduli depen-
dences besides the combination appearing in the gravitino mass, it is plausible to assume
that also some of the extra moduli correspond to approximately flat directions, after the
inclusion of the non-perturbative physics that breaks supersymmetry and fixes the value
of the unified gauge coupling constant. Then minimization with respect to the moduli
relevant for the low-energy theory always admits solutions corresponding to the maximum
allowed value for «;. Strictly speaking, this is excluded by the requirement of perturbative
unification, af < 1: the minimum value of the effective potential must correspond to
the case in which a; has the largest value permitted by its moduli dependence, which is
typically very close to the effective infrared fixed point.

Both situations described above are very interesting, since they give the numerical
prediction that, at low energy, m; ~ M/®sin 3, where M/® ~ 190 GeV (with an uncer-
tainty of roughly 10% due to the error on «s, threshold and higher-loop effects, etc.),



and (1/4/2) < sin3 < 1 (the actual value being determined by the form of the boundary
conditions at My), thus in the range at present allowed by experimental data. In the
second case, the reason of the attraction of ay(msg/s) towards the infrared fixed point is
the particular structure of the effective potential, after the minimization with respect to
the supersymmetry-breaking scale. Indeed, eq. () can be rewritten as

1 1

4 22
‘/1|mzn 12877'2 StI'M (Q) 12871'2( mt Ct )7 ( 5)
where
2 2 2 7”22 K ’
Cy =12 |mg, +mg, + = cos 20+ | Ay + — . (26)

Equation (RJ) looks unbounded from below in the variable a4, but the actual bound is set
by the effective infrared fixed point, which therefore corresponds to the deepest minimum
of the effective potential, if permitted by the structure of the moduli space of the underlying
string theory.

Equation () can be easily generalized [[J] to the case in which also af and oY are
considered as dynamical variables:

Vi min = (—m2C? —mpCE — m2C% + .., (27)

12872
where CF and C? have expressions similar to that of C?. In this case, the leading de-
pendence of V; on the Yukawa couplings (v, ap, ;) would attract the latter close to an
effective infrared fixed surface; minimization of the vacuum energy along this surface can
be used to determine the expectation values of the individual couplings, which can produce
acceptable values of the third-generation fermion masses in a wide range of the MSSM
parameter space.

As a final remark, we should point out that this dynamical determination of the low-
energy Yukawa couplings is most naturally embedded in LHC models, but is in principle
possible also in models where both the supersymmetry-breaking scale ms/, and the unified
gauge coupling ay are fixed by Planck-scale physics, and only the Yukawa couplings are
controlled by the VEVs of singlet scalar fields along approximately flat directions of the
effective potential.
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