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ABSTRACT: The issue of fine-tuning necessary to achieve satisfactory degree of hierarchy
between moduli masses, the gravitino mass and the scale of the cosmological constant has
been revisited in the context of supergravities with consistent D-terms. We have studied
(extended) racetrack models where supersymmetry breaking and moduli stabilisation can-
not be separated from each other. We show that even in such cases the realistic hierarchy
can be achieved on the expense of a single fine-tuning. The presence of two condensates
changes the role of the constant term in the superpotential, Wy, and solutions with small
vacuum energy and large gravitino mass can be found even for very small values of Wj.
Models where D-terms are allowed to vanish at finite vevs of moduli fields — denoted
‘cancellable’ D-terms — and the ones where D-terms may vanish only at infinite vevs of
some moduli — denoted ‘non-cancellable’ — differ markedly in their properties. It turns
out that the tuning with respect to the Planck scale required in the case of cancellable
D-terms is much weaker than in the case of non-cancellable ones. We have shown that,
against intuition, a vanishing D-term can trigger F-term uplifting of the vacuum energy
due to the stringent constraint it imposes on vacuum expectation values of charged fields.
Finally we note that our models only rely on two dimensionful parameters: Mp and Wj.
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1. Introduction

The issue of hierarchical supersymmetry breakdown and moduli stabilisation returns as
one of the leading themes in superstring phenomenology. One needs to create a potential
for various moduli fields which should simultaneously break supersymmetry, split masses
of superpartners in observable sector, and fix the remaining parameters of the low energy
lagrangian. Selecting the right vacuum is made more difficult by the existence of a trivial
vacuum in stringy models, corresponding to a noninteracting theory. To make the low-
energy vacuum stable one needs to make the barrier between the finite and trivial vacua
sufficiently high and steep, which in particular implies that the masses of the moduli, like
the dilaton and the volume modulus, should be notably larger than the TeV scale (which
is also the scale of the gravitino mass in scenarios with gravity mediation). In addition,
the scale of the vacuum energy has to be realistically small, orders of magnitude below the
TeV scale.

The last requirement is particularly difficult to fulfil, as in generic models of sponta-
neous supergravity breaking the vacuum energy tends to become negative, of the order
mg /2M123.

There are a limited number of options to uplift the vacuum energy to make it vanish
or slightly positive. Firstly, one may add an uplifting term which explicitly breaks local
supersymmetry. This route has been known as the KKLT scenario, [, ], and has been
widely explored by many authors. Secondly, the uplifting could be supersymmetric, if
one finds a way to cancel the negative definite term —3eX|W|? in the SUGRA scalar



potential by a) 1/2¢2D? — D-term uplifting or b) eKKijFiFE — F-term uplifting. The
first option has been explored in [J—[], and, in [{, [f], it was found that with a single
non-perturbative sector, the cancellation of the cosmological constant by the D-term while
keeping hierarchically small gravitino mass is possible provided certain fine-tuning can
be accepted and suitable corrections to the Ké&hler potential of the volume modulus are
introduced. Otherwise, as noted earlier in [, §, J] one tends to obtain a heavy modulus
and either a very heavy gravitino mass or an excessively large cosmological constant. For
an explicit stringy model see [[L0].

An example of F-term cancellation is no-scale supergravity, which however doesn’t
stabilise the no-scale modulus at tree level. A way out of this problem has been proposed
in [[[1] and further explored in [[J], where a D-term was suggested as an additional contri-
bution fixing the value of the no-scale modulus. A general study of F-term uplifting given
by [13] demonstrated that if supersymmetry is broken by F-terms from a sector that is not
strongly influenced by gravity, the SUSY breaking sector can act as an uplifting potential.
In fact, it has been subsequently shown that uplifting and simultaneous stabilisation due
solely to the F-terms is possible in simple cases of the O’Raifeartaigh type [[[4], with ISS-
type [[[§] or Polonyi hidden sectors, considered in [I§-[[§] and in warped backgrounds [[9].
However, tuning is necessary in these models too, and in the supersymmetry breaking sec-
tor one needs to give up on the (stringy) feature that all dynamically generated mass scales,
which eventually provide explanation of hierarchy between the Planck and the electroweak
scales, are moduli dependent.

In this letter we present a refined mechanism of supersymmetric F-term uplifting in
the presence of consistent D-terms. We introduce two condensing sectors (thus effectively
we are employing the racetrack scheme). This has the advantage that the role of the
constant term in the superpotential, W, which is crucial in the schemes with a single
condensate, changes, as the two condensates compete with each other and not with the
Wy. In addition we introduce a spectator charged scalar. As a result, we can rather
easily, without any dramatic tree-level hierarchy among the dimensionful parameters of the
lagrangian, achieve nearly vanishing positive or negative (or zero) cosmological constant
with all moduli stabilised and small gravitino mass. The D-terms vanish at the interesting
minima, and the cancellation of the negative —3e®|W|? is realised by the F-terms of the
moduli fields with the D-term acting indirectly, but non-trivially, as a constraint on the
F-term and superpotential contributions to the potential. The D-term also serves as a
source of large contribution to the mass matrix, hence one of the fields becomes very heavy
while the others stay light. The existence of a state heavier than the condensation scale is
consistent with the fact that stabilisation and cancellation of the vacuum energy result from
the interplay between the gauge sector and gravity-suppressed contributions. A distinct
feature of the model discussed here is that except Wy which serves mainly as a source of
mass for the lightest scalar, all scales in the hidden sector are dynamically generated with
all gauge couplings explicitly field-dependent, as implied by string theory, in contrast to
models with ISS-type hidden sectors, [[[5], considered in [[I6, [[7], where the crucial mass
scale in the hidden sector has been put in arbitrarily.



2. General setup

To start with let us assume for simplicity that the dilaton becomes stabilized and decouples
at some scale M close to the Planck scale, and below M the superpotential for the light
volume modulus takes the form W = Wy + W(T'), where Wy = (W (S)). With the simple
expression W (T) = Ae~%T one stabilizes the T-modulus but with a negative cosmological
constant, Vy < 0. This can be remedied by adding in a positive “D-term” contribution dpV
which depends on 7T in such a way that a) it makes the Vj positive or zero, and b) it doesn’t
spoil the stabilization of T". In the scenario presented by KKLT it has been assumed that
SpV =1/2¢*>D? where D = 1/(T+T)". This can be seen as arising from brane-antibrane
forces, but then supersymmetry is explicitly broken in the effective 4d lagrangian. This
makes it difficult to reliably study questions about soft supersymmetry breaking within 4d
field theoretical framework [0].

Alternatively, an interesting possibility is that the uplifting term could be a FI term
coming from gauging of a shift symmetry 1. However, as noticed by Dudas et al [ff] the
simple superpotential W = Wy — Ae~"" is not invariant under the local imaginary shift
of T: T — T + 1§/2A which produces D-terms of the required form. It turns out that
introducing a gauge invariant version of the superpotential changes the rules of the game.
We shall follow this route below, putting aside the possibility of gauging an R-symmetry,*

see Zwirner et al [, Binetruy et al [23].

2.1 Gauging the shift

In this letter we will limit our focus to models which are invariant under non-R U(1)
gauge symmetry. Let us consider gauging of the imaginary shift of the modulus 7. It
has been shown in [2J] that one can indeed realise such a situation in stringy models. Let
K = K(T + T). The shift T — T + i§/2A is generated by the Killing vector X = i§/2
where § is real. The prepotential D fulfills the Killing equation K;+X = idD /0T, and
generates the scalar potential 6V = 1/2¢2D?. One finds, upon solving the Killing equation,
D = —g‘g—[jf + &, where £ is a genuine constant. If & # 0 the gauged symmetry acts on
gravitini and becomes a local U(1) R-symmetry, as described earlier. We shall set £ = 0
in what follows. To be consistent with global supersymmetry algebra the superpotential
must be invariant under any local (non-R) symmetry. The invariant superpotential which
is solely a function of the modulus 7" must therefore be a constant. This is not sufficient

to stabilize the T'.

The solution is to introduce more charged fields:

07 = iAqZZ; XZ = iqZZ . (21)

'For the R-symmetric scheme to work, all terms in the superpotential must acquire the same local
phase, hence the constant term Wy is excluded, and many other useful terms are problematic, like a purely
dilatonic piece. Nevertheless, it has been shown in that one can construct simple models of this type which
have flat or dS minima for 7" with broken supersymmetry.



2.2 Gaugino condensation

Let us assume that the source of the superpotential for T' is non-perturbative effects in a
strongly coupled gauge theory. For simplicity let us take SU(/V) hidden gauge group with
Ny < N pairs of N and N representations. In addition, let us assume that the fields are
charged under a local U(1). Below the condensation scale the effective non-perturbative

superpotential is

Abo Nfo
Wapert = (N — Ny) (ﬁ) , (2.2)

where by = 3N — Ny, M;; = QZQ] The condensation scale is related to the modulus T
through the relation Acong = €~ 7/% where Re(T) = 8gi22. Let us take Ny = 1. Then the
superpotential becomes
e~ T\ N-1

Whpert = (N —1) (W) . (2.3)
This is invariant under the local U(1) if M — Mel9TDA with § = —2(q + ¢). In general
this means that TT(QU(U) is nonzero, so naively it is anomalous. However, the 4d Green-
Schwarz mechanism may be employed to cancel the one-loop anomalous diagrams and
hence we see that 6 o< T'r(q), where ¢ runs over all charged fermions in the spectrum. For
SUSY QCD it can be shown, see [[J], that the cancellation of all anomalies is consistent with
the non-perturbative superpotential given in eq. (£.4). A detailed discussion of anomaly
cancellation in a racetrack scenario can be found in [f.

To be able to write down the effective potential one needs also the Kéahler function for
the composite meson fields M. Here one should use symmetries. Possible choices are for
instance K = MM/M?% or K = VMM. Since we do not believe that a particular choice
of the Kéhler potential could play a significant role, we take the first option which leads
to cleaner formulae.

3. Racetrack with consistent D-terms

The simplest model that works analogously to the original KKLT model is the one with a
racetrack superpotential stabilizing T

e T\ ™1 e~ T\ M
= ANy | — — ANy | — 1
w 1 1<M1> 2 2<M2> + Wo, (3.1)
with - )
0 b
VD:T<§+3U%+$§>, (3.2)

where z; = |M;| > 0. We assume the Kahler function
K= —blOg(T—l—T)—i—MlMl —i—MgMg, (33)

with b = 1,2 or 3. Notice that there could be a constant contribution to the Kahler
potential,? ¢, which would rescale uniformly all terms in the scalar potential by e®x,

2Such a constant may be a remnant left over after decoupling of very heavy fields, like the dilaton.



except the contribution Vp. In this respect cx acts in the way analogous to that of the
charge 9, which in turn rescales only Vp. The superpotential is defined up to the overall
complex phase. Hence, one can fix that phase in such a way that the constant part of
the superpotential (WWp) can be considered to be a real number. Then the scalar potential
takes the form

V=Ve+Viw+Vp, (3.4)

with

Ve = (2t) beites

—2t 1 2t 2 1 2
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1
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1
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and
1

o (e ~ 2 (€N o 2
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1 L3

Viy = —3(2t) berites

NN
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T2

et N1 e\ N2
+2W0|A1|<m_1> COS(¢1)N1—2W0|A2|<96—2> cos (¢2) Na | ,

where A; = |Ay|e™1, Ay = |Asle™?, M = e P1te) N1 N — poeil@2tw)Ne T — 4 g

At first glance we have 6 degrees of freedom in this model: ¢, x1, x2, a, ¢; and ¢3. In
fact only 5 of them are relevant: certain combination of a and two phases ¢; and ¢, forms
the longitudinal polarisation of the massive gauge boson, that appears due to spontaneous
breakdown of the shift symmetry. Hence, one can gauge away one combination of these
fields. Alternatively, one may choose to work with a flat direction in the scalar potential.
Hence in practice one needs to solve the potential with respect to t, x1, x2, ¢1, ¢o and
a then the flat direction can be identified with the longitudinal polarisation. In addition,
different choices of wy and wsy correspond to the different settings of the origins of the ¢
and ¢9 variables respectively. Without lose of generality, one can put wy = wo = 0.



The behaviour of this model is close to that of the racetrack, with the ¢ modulus being

stabilised by its F-term potential. The minimum appears close to:3

‘Al‘.%é/NQ N1N2
(t) =In (3.7)
[Aslay/™ ) IN2 = M|

where the dynamical phases absorb any overall phases, such as the sign of No — N;. We
expect x1 and xo to be typically order one because they have no sources of hierarchy.
Hence the minimum reached will not be exactly the value given by eq. (B.7) since there
are additional contributions to the potential coming from the F-terms for the condensate
fields and the D-term. However, for the values of the parameters considered in this paper
the differences are minimal.

In addition to ¢, the x1 and zo fields need stabilising. To see that this must happen
we need only consider Vi and V. Since Vi only contains negative, fractional powers
of x1 and xo it is unbounded from below with z1 and zo tending to zero. However, Vg

includes larger negative powers with positive coefficients, coming from the ‘gZV terms, and

the negative singularity is lifted to be a positive singularity. Finally, 1 and xo cannot
run off to infinity since the F-terms for M; and My contain positive powers of 1 and x5
cancelling the negative powers coming from the superpotential.

Since the phases are cyclic, by definition, stability is guaranteed and the number of
flat directions is determined by the global symmetries. With all input parameters set to
non-zero values there exists one flat direction corresponding to the anomalous U(1) gauge
symmetry.

At this stage, the potential is stable without needing to utilise the D-term. It is
clear that the D-term contribution alone cannot stabilise ¢ since it runs off to oo, but it
does perturb the minimum reached. The importance of the D-term is in cancelling the
cosmological constant. Since Vp is very flat at large t its effect on the position of the
minimum is minor,* but it provides a positive definite contribution to V', which allows the
cosmological constant to be tuned to zero with arbitrary precision. As expected this closely
mirrors the behaviour in the original KKLT formulation, with the D-term lifting playing
the role of the explicit SUSY breaking anti-D—brane contribution.

In addition to the direct contribution of Vp’s energy density to V', the D-term indirectly
increases the overall energy density through its effect on V@ and Vjy. Since Vg + Viy
minimise with § = 0 it follows that any alteration of the position of the minimum will
increase the value of Vp + Vyr (assuming no flat directions). It is the combination of these
two effects that gives rise to the final expectation values minimising the potential.

Unfortunately these effects are too efficient. A very small § ~ 10714 is sufficient to lift
from a negative to a positive minimum and a natural, order one, § does not allow finite
minimisation. In principle, from the point of view of the effective field theory a very small
effective U(1) charge of T' and M; could be tolerable although it is highly unnatural, and
it is also unnatural from the point of view of string theory. Thus we shall try to improve

3This expression is obtained by solving Fr = 0 for t.

4 Assuming that 6 is small; if § is too large aaLtF cannot cancel aaLtD and there is no solution to %—‘; =0.



the model in such a way that solutions with § ~ 1 could be found. To this end we consider
a cancellable D-term in the next section.

At this point it is instructive to have a closer look at the breaking of the anomalous

U(1). The mass terms come from the kinetic part of the lagrangian

bo> 2 2, 1 2

where M; = z;¢/%™ and summation over charged fields is understood. One easily finds
out that the mass of the vector boson is given by

2 2 4 252
m%/ s (@ —|—2q]2\/[ix?> -7 d < b +x2>. (3.9)

t \ 82 t \az 77

It turns out that in the models we consider here the ‘anomalous’ gauge boson is always
rather heavy, see table 1.

4. Natural D-terms and natural charges

Since the D-term in the previous model only minimises for ¢t — oo, 1 — 0 and z2 — 0
and contains no sources of hierarchy order one values of t, x; and zo imply that Vp will
be order one. With 3y ~ 10732, to obtain a physically reasonable gravitino mass it is
clear that Vp does not obtain a natural vev, as demonstrated by the smallness of §. One
approach to this problem is to introduce a field that appears with a relative minus sign
inside the D-term, such that Vp can go to zero for natural input parameter values.

The effect of a cancellable D-term is purely the introduction of a constraint on the

rest of the potential. In the limit that the solutions to g—g = 0, where Z; runs over all

oVp __
0Z; — 0

modulus fields, are governed by the first derivatives of Vp then the solution® to
can be imposed as a constraint on Vr and Vi and, to good approximation, Vp = 0. The
simplest possible D-term of this form is obtained by introducing one additional matter
field, C', with the opposite sign charge to the condensing fields, but with no superpotential.
While this is the simplest possibility, it is also clear that this will modify the anomaly
cancellation conditions discussed in section R.2. However, one can add a field, C’, carrying
the opposite charge to C' and not appearing in the superpotential. Such an addition will
ensure that anomaly cancellation conditions are undisturbed.® It is simple to show that
C' will minimise at zero and play no further role in the uplifting, thus hence forth we only
discuss the effect of adding C'. We choose to consider a canonical Kéhler potential for
simplicity.

5There is only one non-trivial solution, in the limit § — oo, namely the solution in which the D-term
goes to zero.

6The C and C’ fields are non-Abelian singlets so they could only contribute to the U(1)® anomaly and
the mixed graviton-graviton-U(1) anomaly. However the fact that gc = —q¢ ensures that the contribution
to U(1)% is ¢& + q%, = 0 and the contribution to the mixed anomaly is gc + gor = 0.



4.1 Additional charged matter

As C does not appear in the superpotential it only interacts via the D-term and through
the Kahler derivatives, in the F-terms. This leads to a change of Vi — e Vv and a
change of Vi — €’ Vi + Vi(c), where ¢ = |C| and

Vi(e)=ceX W2

1
Z2t\ N
e
e (%)
Ty

e\ e\ T
—Q‘AlHAQ‘ <—> <—> Ccos ((bl —¢2) N1Ny + (41)

I T2

2 o (e N 2 2
2

-

= (2t)_b02662 T3

1

>N_1 cos(¢p1) N1 —2Wp| A, (e

Z2

—t —t

+2W0’A1‘ (6

I

N3
> cos(¢pa)Na | .
The D-term potential is given by

2
Vp = ﬁ <E + 23 4 25 — q02> (4.2)
t 2t

where ¢ is the charge of C, defined such that C' — ¢AC under the anomalous U(1). If
¢ had no potential, besides the D-term, it would simply move such that it was given by
2 = % (% + 21 4+ 23) and the minimum for Vi + Vi would be undisturbed. However ¢
has a mass term from its coupling to [IW|? and as such is driven towards zero. Exactly how
much c¢ changes from the default value is fixed by the interplay between the minimisation of
t, 1 and x3 and the minimisation of ¢?|W|?. The deviation is determined by the size of the
mass term for the constraint equation, which is in turn given by ‘—2‘|W|2. The smaller |q|
is the larger the effective mass term for the constraint equation and hence the further the
solution to the equation will be driven from the preferred value of Vi + Vjyr. Since moving
away from this value will increase the vev of Vg + Vir a small enough charge lifts the
cosmological constant to be positive.” In addition to this indirect lifting, the extra matter
provides a positive contribution to energy density through the mass term ¢2|W|?. However,
since ¢2|W|? is driven to zero this effect is less important than the effect on Vp + Vi and,
alone, is insufficient to cancel Vjy. The combined effects can lift the potential to be small
and positive, as shown in our numerical examples.

The cosmological constant can be sent to zero by tuning the input parameters. It is
clear from the previous discussion that there exists a value of the charge ¢ that gives V' =0,
but perhaps a more natural parameter to tune is Wy. Considering a small Wy we see that
there is a negligible positive contribution proportional to WOQ, and two terms coupled to
cosines of ¢ and ¢9. For small Wy the |A1]|A2|cos(¢p1 — ¢2) term dominates and hence
enforces ¢ = ¢o. Nonetheless ¢ is still free to align such that the coefficient of Wy is
negative. Thus a model with a small Wy will always result in a lower minimum than the
same model with Wy = 0. As a result, Wy can be tuned such that V = 0, assuming that a
q is chosen such that when Wy = 0 the minimum is positive.

"With Wy = 0 and all other parameter values given by table E, q ~ 1 is sufficient.



Data| Non-cancellable | Cancellable
ms /o 227.761 478.142
v/ 0 0
VMY 213211 x 1010 [3.41239 x 1010
VY| 178276 x 1010 | 2292.40
t 732.348 733.325
) 0.169201 0.173619
T2 0.208768 0.237810
d1 T T
0%y T T
my 8.213 x 10* 1.630 x 10°
Me 8.277 x 10* 1.646 x 10°
Mg, 1.760 x 103 3.141 x 102
M, 2.369 x 103 2.427 x 1017
me N/A 7.853 x 102
mg, | 4.914 x 10? 6.000 x 102
m¢2 0 0
my 4.73 x 103 8.56 x 1017

Table 1: Comparison of the models. The cosmological constant can be tuned to be as small as the

numerical precision allows and hence is set to zero.

Data| Non-cancellable | Cancellable
b 3 3

|A1] 2.62 2.62

| Asg| 0.3 0.3

Ny 25 25

No 27 27
) 6.22 x 10717 1

Wo 2 x 10712 2.13 x 10712
q N/A 1/16

Table 2: Input parameter values.

5. Discussion

We present numerical results and provide approximate, analytic justifications of the results
seen.

In the tables Vp = (V') is the cosmological constant and all dimensionful quantities are
given in GeV except for the field vevs which are quoted in units in which Mp = 1. Finally,
note that the masses quoted are not the masses of the fundamental fields, for which the

mass matrix is not diagonal. Instead the masses are labelled by the fundamental field that
makes up the largest component of that mass eigenstate.
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Figure 1: Minimisation with a non-cancellable D-term. In addition to the total potential, the F-
term, D-term and superpotential contributions are plotted. All quantities are given in units where
Mp =1 and all other fields are fixed at their minimum values.

8x 1073
6x1073%
T 4x10%
> Vv
2x107%
_____ Ve
0 —
——— = Vw

Figure 2: Minimisation with a cancellable D-term. The same potentials are plotted as in figure 1,
but with Vp removed for clarity and again, Mp = 1 and all other fields are at their minima.

We see that the two models, with similar input parameter values, produce remarkably
similar output, but with a few important exceptions. Firstly, mg, differs markedly between
the two models due to the inflation of the potential by . Secondly, we see that my, is
many orders of magnitude larger when the D-term is cancellable. This appears because,
despite Vp and its first derivative being negligible, the second derivative of Vp is naturally
Planck scale. Notice that the vev of ¢ is essentially the same in both models with the
potential having a very similar form as seen in figures | and . The shows that, since
eq. (B.7) yields ¢t = 735.816 and ¢ = 737.096 for the non-cancellable and cancellable cases

,10,



respectively, we can conclude that the approximation that the minimum is given by Fr = 0,
and hence eq. (B.7), is valid for these input parameters.

It is clear that, despite the differences between the models, the fine tuning of (V) to
zero can be readily achieved in both cases. The methods of cancellation differ considerably
between the two models and it is necessary to consider them separately. Firstly we consider
the effect of the cancellable D-term. In this case by setting Wy = 0 and then varying
q we see that a small enough charge will lift the potential to be positive. If a small
Wy is then introduced, the phases will align to ensure that the cross terms produce a
negative contribution to the potential (the W@ terms have negligible effect). It has been
demonstrated numerically that even small values of Wy, such as 107!, will produce a
negative cosmological constant, assuming that ¢ = 1/2, while Wy = 0 gives V' > 0. Hence
for some value of Wy in the range 0 < Wy, < 107! it follows that V = 0 for Wy =
Wo.. When varying Wy to tune V' to zero it is clear that the value of mg/; is essentially
independent of the tuning. To be more precise, near Wy the addition of a small AWy will
make V' < 0 whereas subtracting AWy will give V' > 0. This will be true in the limit that
AWy — 0, whereas Amg /o — 0 in this limit. Finally we see that because SUSY is always
broken due to the effects of the meson fields V' = 0 has to be obtained by a cancellation
between Vg and Vyy. This shows that V' = 0 implies a finite mgy/, if ¢ stabilises.

In the simple models given here the phase of the field C' has no potential whatsoever.
However, it is clear that one can add a nontrivial superpotential W(C ) to stabilise the phase

without affecting stabilisation and cancellation, as long as its expectation value remains
smaller than (V).

The non-cancellable D-term lifting is both indirect and direct, with the direct lifting
from the positive definite contribution to the potential introduced by Vp. The indirect
effect of the non-cancellable D-term is similar to the cancellable D-term’s, the argument of
the D-term is driven to zero, which necessarily moves z1, x5 and t away from the minimum
of Vi + Vi and F-term lifting occurs. In addition to this effect the D-term provides direct
lifting analogous to the original KKLT models, with both of these effects being controlled
by the size of §. Hence varying ¢ allows the tuning of V' = 0.

Since, in the large ¢ limit, Vp is approximately given by 62(x? +x3)/t, it is clear that, in
this limit, |0Vp /0t| < |Vp|, whereas the exponential dependence of Vi ensures that, in this
limit, |OVE/0t| ~ ]N%VF\ ~ \N%VF\. Since |Vp| is of the same order as |Vyy| and V is tuned
to zero, Vi + Vir + Vp = 0 implies that Vp should be of the same order as |Vp| and |Vyy|.
This, coupled with the fact that N% > 1, implies that [0Vp/0t| > |0Vp/0t|. As a result
the D-term does not disturb the minimum of ¢t. The same is not true for z; and x9 since
Vp, Vr and Vyy are all polynomial functions of x; and x5 (ignoring the eX factor which is
irrelevant to this discussion) and so, very roughly,® OVy/0x; ~ Vp/x;, OVp/Oz; ~ Vp/x;
and OVyy /Ox; ~ 0. This demonstrates that Vp and Vp have comparable effects on the
minima of x; so as a result we expect the minima to shift upon the introduction of Vp.

8V has a much larger first derivatives than Vi due to the effect of the Kéhler derivatives.
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6. Summary and outlook

The issue of fine-tuning necessary to achieve satisfactory degree of hierarchy between the
moduli masses, gravitino mass and the scale of cosmological constant has been revisited in
the context of supergravities with consistent D-terms. We have studied models where super-
symmetry breaking and moduli stabilisation cannot be separated from each other: unlike in
the models considered in [B, [[7] supersymmetry breaking, for finite vevs, is mandatory. It
turns out that even in such a case the realistic hierarchy can be achieved on the expense of
a single fine-tuning. In models with cancellable D-terms the tuned parameter turns out to
be the constant term in the superpotential, in models with non-cancellable D-term tuning
can be restricted to the U(1)-charges of moduli. We have studied a refined mechanism of
supersymmetric F-term uplifting in the presence of consistent D-terms. We have employed
the racetrack scheme enhanced by a constant term in the superpotential. In contrast to
the original KKLT construction minimisation is not due to cancellation between Wy and
the modulus field, but between the separate condensate terms. In addition we introduce
a spectator charged scalar. As a result, we can easily, without any dramatic tree-level
hierarchy among the dimensionful parameters of the lagrangian, achieve nearly vanishing
positive or negative (or zero) cosmological constant with all moduli stabilised and small
gravitino mass. The D-terms vanish at the interesting minima, and the cancellation of the
negative —3e|W|? is realised by the F-terms of the moduli fields. Despite going to zero in
the minimum the D-term has a large effect on the mass matrix, inducing a large splitting
in the moduli mass spectrum. The existence of a state heavier than the condensation scale
is consistent with the fact that stabilisation results from the interplay between the gauge
sector and gravity-suppressed contributions. A distinct feature of the model discussed here
is that except Wy, which removes a zero eigenvalue from the mass matrix, all scales in the
hidden sector are dynamically generated via running of field dependent gauge couplings, as
implied by string theory, in contrast to models with ISS-type hidden sectors considered ear-
lier [Id, 7. Perturbing the model by a small (smaller than < W >) superpotential, W (C),
for the extra charged scalar doesn’t materially affect the results. Finally, the amount of

tuning necessary in the models discussed here is comparable to those in [f, [, [Ld, [[7].
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