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ABSTRACT: We study the influence of anomalous U(1) symmetries and their associated
D-terms on the vacuum structure of global field theories once they are coupled to N' = 1
supergravity and in the context of string compactifications with moduli stabilisation. In
particular, we focus on a IIB string motivated construction of the ISS scenario and examine
the influence of one additional U(1) symmetry on the vacuum structure. We point out
that in the simplest one-Kéahler modulus compactification, the original ISS vacuum gets
generically destabilised by a runaway behaviour of the potential in the modulus direction.
In more general compactifications with several Kahler moduli, we find a novel realisation
of the LARGE volume scenario with D-term uplifting to de Sitter space and both D-term
and F-term supersymmetry breaking. The structure of soft supersymmetry breaking terms
is determined in the preferred scenario where the standard model cycle is not stabilised
non-perturbatively and found to be flavour universal. Our scenario also provides a purely
supersymmetric realisation of Kéhler moduli (blow-up and fibre) inflation, with similar
observational properties as the original proposals but without the need to include an extra
(non-SUSY) uplifting term.
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1 Introduction

In this article we address the following issues related to supersymmetry breaking, moduli
stabilisation, de Sitter vacua and moduli inflation in string compactifications:



1. Despite the recent great success on moduli stabilisation in string theory, the value
of the vacuum energy after moduli stabilisation naturally corresponds to anti de
Sitter space. This is understandable from the effective field theory point of view due
to the fact that the scalar potential of A/ = 1 supergravity is not positive definite
and therefore the local minima tend to be at negative values of the vacuum energy.
The original uplifting mechanism to de Sitter space proposed in reference [1] by
introducing anti D3 branes requires the explicit breaking of supersymmetry in the
effective field theory. Further uplifting mechanisms have been proposed [2, 3]. Despite
partial success, there is not at the moment a compelling mechanism for de Sitter
uplifting. The consideration of D-terms as proposed in [2] has to be implemented
in concrete setups since, even though D-terms add a positive definite contribution
to the effective potential, it is known that if the F-terms vanish then D-terms also
vanish [4]. Concrete examples have been provided in field theoretical [5, 6] and string

inspired models [7, 8].

2. In the past two years there has been a large amount of work on the natural ap-
pearance of metastable supersymmetry breaking vacua in global supersymmetry and
in particular, the breakdown of global supersymmetry can be achieved significantly
simpler. This is the ISS scenario [9]. Some realisations of this mechanism in string
models have also been obtained [10]. Nevertheless, there is an implicit assumption
in this mechanism, 7.e. that the gauge coupling of the corresponding gauge theory is
constant and therefore the dynamical non-perturbative scale A ~ e=a/9” appears as a
constant in the effective action. In string theory, however, the gauge coupling is field
dependent 1/g?> ~ ReT with T the complex scalar component of a chiral superfield
corresponding to a closed string modulus. Therefore the exponential dependence of A

would tend to give a runaway behaviour to the scalar potential as a function of ReT'.

3. In the past few years several string theory mechanisms for cosmological inflation
have been proposed. The inflaton field corresponds to either an open string mode
as in brane-antibrane [11], D3/D7 [12], monodromy [13] or Wilson line [14] infla-
tion or a closed string modulus as in Racetrack [15, 16], K&hler moduli [17, 18],
monodromy [19] or fibre [20] inflation. In most of these scenarios, the realisation of
inflation depends crucially on the uplifting mechanism for de Sitter moduli stabili-
sation. Therefore it tends to go beyond the N' = 1 supersymmetric effective action
if the uplifting mechanism is the presence of anti D3 branes as in KKLT. It would
be desirable to find a string inflation mechanism derived from a fully N’ = 1 super-
symmetric action. Recently in [21], general constraints on this possibility have been
found, substantially restricting the class of supersymmetric models that can give rise
to inflation. It is a challenge to find a concrete stringy realisation of inflation that
satisfies those constraints.

We address these three issues by considering a class of models that can be realised in
terms of D-brane orientifold constructions in fluxed Calabi-Yau manifolds. In particular
we consider a system of magnetised D7 branes with chiral matter fields. The existence



of anomalous U(1)’s induces Fayet-Iliopoulos D-terms. Fluxes of RR form give rise to a
tunable constant term in the superpotential and also the presence of matter fields provides
a non-perturbative superpotential. Depending on the number of D-branes this can be
realised in the electric or magnetic phase of SQCD. The electric phase was considered
in [7]. Here we will concentrate on the magnetic phase. This makes contact with the ISS
models [9] and then naturally addresses the issue of the runaway behaviour of the scalar
potential. We find that in the simplest case of one single Kéhler modulus, instead of a
metastable vacuum, the potential runs away in the direction of the modulus corresponding
to the size of the 4-cycle wrapped by the magnetised D7 branes, ruining the interesting
properties of the ISS mechanism. However, once we have several Kahler moduli, the
situation changes drastically. We find minima of the scalar potential at finite values of
the fields with supersymmetry broken as in the ISS mechanism. Furthermore, depending
on the values of the free parameters, the minima correspond to either anti de Sitter or
de Sitter spaces. In the latter case, it provides a natural uplifting mechanism for moduli
stabilisation, addressing also the first issue mentioned above.

Even though the presence of matter fields and D-terms changes the structure of the
scalar potential very much, we find remarkably that, once the matter fields are integrated
out, the scalar potential for moduli fields ends up to be very similar, but not identical, to
the one found in [22, 23] and provides a new realisation of the LARGE volume scenario of
moduli stabilisation.

Due to the similarity with the original LARGE volume scenario, we derive the struc-
ture of soft supersymmetry breaking terms and compare with previous results, we then
revisit the Kéahler moduli and fibre inflation scenario in our setup and find that they are
also naturally realised, therefore providing a pure NV = 1 realisation of these inflationary

scenarios.

2 The ISS model and its embedding into string theory

We want to discuss the vacuum structure of the magnetic dual within the Seiberg duality
setup of SQCD which arises in the range No < Np < 3/2N¢. As commonly known in this
phase of SQCD there exists a dual description of the low-energy field theory in terms of
an infrared-free modified version of SQCD, the so-called free magnetic dual description. It
is characterised by the meson fields ®, quarks ¢ and anti-quarks p which transform under
the following symmetry groups:

SU(Np — N¢) SUWNF)L SU(Np)r U(l)p U(1)a U)r

O] O] 1 1 1
1 - - 0 (2.1)
P O 1 O -1 1 0
o 1 O O 0 -2 2

where the only gauge symmetry is the SU(Np — N¢) symmetry. The Kéhler potential is
taken to be canonical and looks like

K =|qf” +[p]” + 2. (2.2)



q p | p |®]eT

U | —1/2-1/2|-1]2] 1

Table 1. U(1)4 charges of ISS-fields including the charge for the dynamical scale.

In order to obtain dynamical SUSY breaking one introduces a mass term. Hence the most
general invariant superpotential we can write down is

W= A2 | Ama, (2.3)
I

where m denotes the mass parameter of our theory, A the dynamical scale of our theory,
and p is another parameter that is determined by the duality relations. In the above
equations and in the whole article we omit indices where possible. Please note that the
scale A has to be introduced due to dimensional requirements.

The metastable vacuum solution is given by ® = 0 and p = ¢ = i\/um. A derivation
can be found in [24]. The mass term explicitly breaks the U(1)4 global symmetry.

There have been several realisations of the ISS scenario within string theory in terms
of different brane configurations [10]. Here we are more interested in capturing the main
ingredients that a string theory realisation will add to this scenario, namely the fact that
the parameters m and A have to be dynamical variables. In particular A in string theory

T with T a closed string modulus.

having a non-perturbative origin is of the form A ~ e~
One simple explicit realisation is the magnetic version of the case considered in [7]. The
basic setup is an orientifold model consisting of a stack with No+ 1 branes, from which one
has a non-vanishing magnetic flux leading to U(N,) x U(1) gauge theory. The open strings
going from the stack of V. branes to the magnetised one are the elementary chiral fields Q).
The anti-chiral fields @ have their end-points in the stack of N, branes and the orientifold
image of the magnetised brane, whereas the fields p with endpoints in both images of the
magnetised brane are singlets under the non-abelian group but charged under the U(1).
The effective field theory in the electric phase (Np < N.) was studied in detail in [7].

Here we will consider the magnetic phase appropriate for N. < Nr < 3N,/2 for which
instead of @, Q the fundamental fields are the dual fields which we denote ¢, p and the
meson-like field ¢ . The singlet field p will play the role of the mass parameter. Since
generically the U(1) is anomalous, the modulus 7" whose real part is the inverse gauge
coupling is also charged under the U(1). The U(1) charges are given in table 1.

The effective field theory will be determined by the superpotential W, the gauge kinetic
function f and Kahler potential K as follows: the gauge kinetic function for the gauge fields
on the relevant D7 brane is at leading order f = T, where T§ is the Kahler modulus whose
real part is 75. The superpotential is of the form

W =Wy + Whp (2.4)

with Wy a flux induced superpotential which is a constant after fixing the complex structure
moduli and the non-perturbative superpotential is taken to be of the moduli dependent



ISS form:! o
Whp = ae” s (1% + @p) , (2.5)

Here a, a, u are constants. The Kahler potential is

K = —210g (V + 5) + Kmatter ) (2'6)

where V is the volume written in terms of the Kéhler moduli 7, and £ corresponds to the
leading order o/-corrections. The chiral matter Kihler potential is only known in a small
field expansion as a function of the Kéhler moduli, with the complex structure dependence
unknown, however this is enough for our purposes here. From the analysis in [25] we
can write: n

Eomatser = 75 (1217 + 10" +1aP” + [pP) - (2.7)

where n is the modular weight. We can then ask how the structure of the vacuum for
the ISS scenario is modified once the moduli dependence of the superpotential and Kéahler
potential are included.

3 The one-modulus case

We first consider the simplest case of a one Kéhler modulus Calabi-Yau with T' = 7 + b,
where 7 denotes the Einstein frame volume of the 4-cycle X and b = [, C4. This is similar
to the setup presented by Nakayama et al. [26] and is considered as a stabilisation in the
spirit of KKLT [1]. After discussing the setup, we will show why it is not possible to
stabilise the Kéhler moduli and brane moduli in a viable regime.

The Kahler potential takes the simple form (here the explicit dependence on gs and
Mp is included since they are important for the numerical estimates):

¢ 1
K = —2M}log <V+ 572 | gy (B 16l + 1l +10F) (3.1)
9s s

where we kept the modulus weight general and included the leading order o/ —corrections.

3/2

The volume simply is assumed to be V = 7;"" and is in the Einstein frame. The matter

fields have mass dimension 1. The superpotential becomes
4 i)

W = g2 MIWy + Mpgie "o <M + p<I>> . (3.2)
7

We can now calculate the D-term potential for the anomalous U(1) with the previously
discussed charge assignments. Setting g, = Mp = 1, for simplicity of notation, the D-term
potential becomes:

v L (ZleP =3P +IpP) + 20 1/ 2T
P o0 " a \3(¢ + 7372

2 2 2 2 2
o+ P + g+ || >> (39

2rntl

LA full string theory derivation of this non-perturbative superpotential is not yet available (see [26] for
a previous discussion of this system).



The F-term potential is calculated from the standard supergravity formula

Ve = (Dwpawis - sV 3.4

F=E¢€ i J G M—IQD : (3.4)

with D;W = o;,W + Wo; K /M]% If we assume no implicit dependence of the matter fields
on the volume, the leading order contributions to the F-term potential are given by:

1
Ko ——— (3.5)
(7 + )
_ 4 5 Anr?m o ?
OWOWK ™ ~ <§7-2 - m;) ) a’e 27 o 2% +p®| forn>0, (3.6)
o ro—1 —ar [ P®g
WOWOKK ™" + c.c. ~ 4dWhaaTRe (e <7 + p@)) , (3.7)
_— 3 >+ gl + Ipl* + @
(WOKOKK ™ ~ [Wp|2 <3+ 2735/2 e il Tn"O' [ > (3.8)

Bearing in mind that the flux parameter W, has to be exponentially small in KKLT-like
setups, the key observation for the following discussion is the fact that we have got a
hierarchy between the D-term potential and the F-term potential, simply since the F-term
potential is exponentially suppressed and the D-term potential is not. Therefore the D-
term potential has to vanish almost exactly, that is it should vanish up to the exponential
suppression of the F-term potential.

Because of the D-term dominance, we are required to address a completely different
stabilisation procedure compared to the global field theory setup of ISS. It is actually not
possible to integrate out the fields at the minimum of the global SUSY model.

The multi-field minimisation process can be simplified (as in the global case) by noting
that the D-term potential arising from the SU(Np — N¢) gauge theory can be minimised
by simply requiring the VEV of both type of fields ¢ and p to be the same, since:

9 2
Y SUVE—Ne) _ % > (Tr g'Tag = Te pTapl) (3.9)
A

where T4 denotes the generator of the fundamental representation of SU(Np — N¢). It
can further be seen that the minimum corresponds when both vanish ¢ = p = 0.2 Since
the D-term is dominant the remaining matter fields are related by a condition of the form
|p|? ~ |®|*> — b, where b is determined by the leading order FI term. This reduces the
potential as a function of, say, |®| and 7. As expected we do not find a minimum for large
values of 7 where the potential shows the standard runaway behaviour as illustrated in the
figure 1 below.

For small values of 7 local minima can be found, but in a regime that does not justify
keeping only the leading order corrections to K [26].

2See appendix C for a detailed discussion.
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Figure 1. This plot shows the F-term potential in dependence of the Kéhler modulus 7 and the
remaining matter degree of freedom ®. We display small values of ® in order to show the reader
the runaway behaviour, which is clearly shown in the picture. Keeping ® constant would give the
typical KKLT situation.

4 The two-moduli case

Since the one-modulus case leads naturally to the runaway behaviour, it is tempting to
conclude that string theory realisations of the ISS mechanism do not have a metastable
state but a runaway potential. We will now explore the Swiss cheese, two-moduli case
which has proven to lead to qualitatively different vacuum structure in the LARGE volume
scenario of moduli stabilisation and reconsider moduli stabilisation in our set-up.

We will then consider the geometry of the Calabi-Yau defined as the surface in projec-
tive space [Py 1 1 69) Where the volume is given by

V:Tf/2—’7'§/2, (4.1)

where 7 denotes the large 4-cycle and 7 the small one. Then our stringy setup is given by:

9 32 32 & 9573 1 12 2 P 2
K =-2Mplog (7/"" =7’ "+ =5 | + qu' + lg” + [pl” + [@]7), (4.2)
s $

®
W = M}g2?Wy 4+ aMpgl/?tmeaT2 <7% + @p) : (4.3)

In the following we will use the charge assignment shown in table 2.
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un (112 -1] 1

Table 2. Charges under U(1) symmetry used from now on.

That is the D7 branes are wrapping the small four-cycle and then it is 75 that gets
charged under U(1) and not 7;. Then the D-term potential becomes

gs [2lpP78 . (laf* + P8 |@[r

= +
1-n 1-n 1-n
21y gs T1 gs T1 gs T1

2
[ M el @
1-n
2<v+—g§/2> e

where the overall gy arises due to the transformation from string to Einstein frame. In

general there are two possible charge assignments; one is displayed above, and the other
interchanges the charges p and ®, meaning that both fields are changing their role in the
D-term stabilisation.

The F-term potential is given by the usual supergravity formula (divided by g2 which
arises by integrating out the dilaton dependence)

1 i oW
VF:Ee P | DWD;WK _3M123 (4.4)
s
AI - — . 1 — . 2 — . 2
— 6_2 (@W@;WK” +aiW&J.KKUK2+K23iK83WKU+ |WJ1 O KO; K K" —3%)
9; M2 M3 M} M}

where the indices run over the two Kéahler moduli 77, T> and matter fields p, ¢, ®.

4.1 Strategy

Our aim is now to find a minimum of the whole potential at large volume to guarantee
stability towards unknown higher order corrections. Therefore we should always keep track
of the power dependence in 71 which corresponds directly to the power suppression by the
volume. The results presented are only reliable up to some order in the volume suppression.

Let us start by emphasising the following points: We can see that the D-term potential
is suppressed by 1/72 whereas the F-term potential is at least suppressed by 1/77. This
directly implies that the D-term contribution is a priori leading compared to the F-term
potential and hence the global SUSY analysis of ISS will be modified. Also, minimisation
with respect to the matter fields will lead to a moduli dependence of their VEVs.

Minimising the whole potential analytically is not possible due to the complexity of
the system corresponding to a potential as a function of six complex fields. Instead, we
will use the suppression with respect to the volume of every single term as a natural order
criterion, since this allows us to discard various higher order contributions. Our approach
can be summarised as follows:



1. The first step of our minimisation procedure will be to find the dependence of the
matter fields (e.g. x) on the large Kédhler modulus, at leading order, writing y = x/V™
and determine m for each matter field y, still not fixing the matter fields completely

(leaving x still unfixed).

2. After that we can minimise the matter fields completely by fixing ¥. We then end up
with a scenario which looks roughly like the original LARGE volume scenario with
an additional uplifting D-term.

3. We finally stabilise the potential with respect to the Kéahler moduli numerically.

4.2 Matter field stabilisation

Similar to the one-field case, the fields p and ¢ can be stabilised at p = ¢ = 0.> Then we
need to determine ® and p as functions of the volume. We should note at this point that
it is not possible to set any of these two fields to zero, in particular p # 0, since then the
contribution from OWOK K ! vanishes as well, and we remain with only positive definite
terms in the F-term potential.

We would now like to fix the implicit dependence of the matter fields on the Kahler
moduli. In order to ensure that there will not be any further leading order correction to
this assumption it is necessary to satisfy one of the following conditions:

After fixing the quark and antiquark fields the D-term potential looks like:

2

v, _ s Ip|? (36aTs + n) B |®|2(18ary —n) = 3ME /T2 1 (4.5)
T onvi | Bagd T 18agi T T 20V 1y 5 ) '

gs?V

Starting from the observation that the only negative contribution in the D-term potential
comes from the term including @ fields, it is natural to think that this term will cancel
the leading order FI contribution.* Cancelling the leading order FI-term with the ® field
implies the following implicit volume dependence:

Kl
With this assumption we can rewrite the D-term as follows:
) ~ 2
s Ip|? (36az + n) 1 3y M3 |®|%(18ars — n)
Vb = 1 T-n_1-n 2/3 9 ¢ I-n_1-n
275 V)3 18ags ™"y % a 1+ 7y 18ags™"75
L2 3y M3 |®|2(18am — n) <ypy2 (36aTs + n)> (47)
VB 20 14 f 18ag " 18ags "7y " '

3See appendix C for a detailed discussion.
4The next to leading order FI contribution is of sub-leading order even compared to the leading order
F-term potential.



To cancel the FI-term we find:

= _ 3/2— _ 1/2—
CBP 5aMRgl P ams1 3MBgl )P

VY3 2(18amy — n)VI/B 2aV1/3

|2 (4.8)

This assignment minimises the potential with respect to ® at leading order. Higher order
corrections are in principle of importance if we stabilise p at a higher order compared to
®. However, we show in the appendix that we can neglect these higher order corrections
at our minimum.

Focusing on the mass field p, the first guess might be that there should be no difference
in the implicit dependence between ® and p since they occur completely symmetrically after
setting the quark fields to zero apart from their appearance in the D-term. In this case,
we end up with the following two possibilities:

1. ® and p both get VEVs that are of the same order as the FI contribution but we
have to cancel the D-term to leading order, so we do have to cancel the FI-term with
®. This fixes one of the matter fields up to a phase. We then have to minimise the
F-term potential on its own but with the following constraint |p|? ~ |®|? — b, where
b is determined by the leading order FI part. The structure of the F-term looks
promising since we find the exact same volume suppression as in the LARGE volume
scenario and we can minimise with respect to the volume. But when we then try to
stabilise the remaining matter field, it turns out that one cannot achieve it at large
values for the volume. A detailed proof of this statement can be found in appendix A.

2. ® and p get VEVs that are larger then the Fl-term and they then differ at that ”sub-
leading” order. The problem now is that the matter fields become so massive that
we cannot trust our expansion anymore since we have to consider trans-Planckian

dynamics. In addition, one runs into similar problems as above.

Since the D-term potential should be suppressed higher than the F-term potential we would
like p to be higher suppressed than ®. Hence we have to give p a higher implicit suppression
with respect to the Kéhler moduli than to ®. To find the implicit suppression and have
a maningful approximation, we demand that we have a very large volume and then, after
the full stabilisation process is finished, check if the assumption is consistent. This gives
us which term should be leading order in 71, namely:

OWOW K ~LeX. (4.9)

Since the next to leading order contribution from the Fl-term is clearly subleading, we
have to suppress the term proportional to p at least more than the leading order F-term
potential term. This constraint implies that the leading order F-term contribution from the
term above is independent of p. Clearly p will occur in the leading order term coming from
OWOK K~ 'e. With this implication we can determine the leading order F-term potential

,10,



which looks as follows:

Vi = My (g2t"|®)a?/rie 2o + dag? M Woare "™ Re (5P)
r MIQ;.TQ" M]%Tll/4+m

2 ¢ 2n77| |2 3
W <g§/2 * 93_2"1‘/112:» 1= 9?3

27’5’/2 ’

2.3
95Ty

+

(4.10)

where we kept the explicit dependence on ® and m reflects the uncertainty in the implicit
suppression of p with respect to the large Kahler modulus and worked in the limit amy > 1
for clarity. Terms including higher order corrections in ® have not been written down but
would not enter at leading order. From the structure above, we can see that we cannot
stabilise the potential with respect to p with a vanishing D-term since the potential gives
a runaway behaviour to leading order with respect to p.

In order to avoid any further implicit dependence on 71, we have to choose the implicit
dependence in a way that both terms, the D-term contribution and leading order F-term
contribution from OWOK K~ 'eX have the same 7, suppression. Fortunately this can be
achieved by the following implicit dependence:

o> 1o
Tl/ Y5/
At leading order we can stabilise with respect to p as follows: Neglecting higher order

corrections in @, we face the following leading order potential in the limit ay > 1 evaluated
at ® = @min :

V=Vp+Vp
B 27'22"_1\;3]4 3Mj‘393a26_2‘”2

2\/€g;/2+n/2M%WOQ\/ETQQM_E’”/%*“TQ Re p 3gij43W02 gg/Qn T
+ &+ (4.12)

a

The stabilisation with respect to p goes as follows: Assuming Wy to be real, we first
observe that all coefficients are in front of p are real. Differentiating with respect to p and
its complex conjugate then directly leads to the fact that p has to be real. We can now
straightforwardly stabilise p

0= %A(ﬁ)%ﬁ*ﬁ +B(p+77), (4.13)

where A and B are abbreviations for the coefficients in the leading order Kéhler potential.
That constraint implies

0=245(5")2 + B "= 243 + B. (4.14)

— 11 —



This can be solved directly for p and we obtain in the limit amo > 1 :

3\ V/6 _En/E 6T
Proin = (;) Mpg;/Q—n/Q(_Woa)l/sTZ?’M /6 ,—222 (4.15)

After stabilising p, we end up schematically with the following leading order potential
(where we fixed n = 1/3 for simplicity):

30202072 2 <g;/3\ﬁ\4 + \/GaMl‘riWOa Re(ﬁ)TQN/lQe*“T?) 3W02§

V = g.Mp -
s 2a7’21/6V15/9 g§/3M2437_21/3V22/9 29:;5/2];27/9
Ae~2am Bry/%e=3am C
_ 4 by
o (ri/ Gy15/9 v yEns ) (4.16)

Where we have defined:

2 1/3 2
A= 32% B =63 (1 — (%) ) a?P(=Woa)/?, C = 3”;325 : (4.17)
2gs

Due to the minimisation with respect to p we obtain a different exponential suppression
than the standard LARGE volume scenario, but keep a similar structure with similar
results.

We can clearly see from the potential that the extremisation with respect to p gives
a minimum since the coefficients A and B are positive and at the minimum we have a
negative contribution from this factor.

4.3 Stabilising the Kahler moduli

To compare our stabilisation procedure to the LARGE volume scenario we go one step
back to the potential before extremising with respect to p :

v 27’22”_1‘[3‘4 3gSMj4)a2ef2aTg
1/3 2n—1/2
g5/ V22/9 2a, Y15/9

2\/éMl%gg/gWoa\/ng/Al*n/Qe_m? Re p ?)M]A_f,I/VO2 £ N+/To 41
+ V22/9 2V27/9 93/2 + a ) ( ) 8)

This leading order structure looks very promising since it is very close to the original
LARGE volume scenario with an additional uplifting term:

Toe 2072 WoAarge 472 W02 &
% 2 V3

4 a’A?

+ V“p“ft> , (4.19)
where we neglected numerical constants for clarity. The different suppressions with respect
to the volume are reflected in an overall rescaling. Nevertheless, there is a slight difference
in the power dependence with regard to the volume in the OWOK K e (21/9 would be
perfect) which spoils the possibility of an exact analytical discussion of the minimisation
as it was possible in the LARGE volume case. However the difference to the original setup
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is rather small. Therefore the suppression looks to be a bit larger driving the minimum to
larger values. Obviously the adhoc uplifting contribution from previous LARGE volume
constructions gets replaced by a concrete supersymmetric D-term contribution.

After stabilising the matter fields, we now have a potential which only depends on the
Kahler moduli. Since we are not able to calculate the vacuum structure analytically we
find the minima numerically. To be more explicit we will specialise to the modulus weight
n = 1/3 from now on, which is for practical reasons only since similar results will hold for
other weights. After stabilising the matter fields we obtained the leading order potential
in the limit ams > 1 given by (4.16), which can be written in terms of 7 o as:

our _dgry 14/9
Ae~m  peimn)tt o C ) (4.20)

V=g M]A_f, — +
$ 7_i5/27_21/6 7_111/3 7'?/2

After fixing the matter fields to their value at the minimum, the uplifting term from the
D-term seems to disappear since we only have three terms in the potential which are similar
to the original LARGE volume. However the effect of the D-term potential can be seen in
the change of the exponential suppression of the term proportional to B which corresponds
to the negative contribution. This means that we have a smaller negative contribution
compared to the setup without the D-term. Despite the fact that the D-term does not
seem to be present anymore, it affects the shape of the potential in exactly the way an
uplifting term does.

In general, the shape of the potential after fixing the matter fields suggests that there
is a LARGE volume like structure with possible D-term lifting. Working strictly within
the Kéhler cone (i.e. 75 < 71), at relatively small values of the volume the term propor-
tional to the o’ corrections is dominant. In an intermediate range the attenuated negative
contribution proportional to Wy can be dominant and at large volumes the leading or-
der contribution will come from the OWOW K~ part. Due to the domination of this at
large volumes, the potential approaches zero from above in all directions. It is in fact
straigtforward to see that when the volume tends to infinity, the negative term cannot
dominate.

This behaviour at large volume is in agreement with the uplifted LARGE volume
scenario, where we approach zero from above. Therefore, by changing the value of the
parameters we may obtain an AdS, almost flat or dS minimum or have a runaway behaviour.
This is similar to the lifted LARGE volume scenario but different from the unlifted one
where zero is approached from below, so we can see the indirect effect of the D-term to
uplift the minimum. Notice also that it is different from the previous ways of getting de
Sitter space from a purely supersymmetric potential [27-29] in which the stabilised value of
the volume was relatively small, whereas here we are obtaining exponentially large volumes.

Let us study an illustrative example of these possible vacuum structures: First of
all, we are indeed able to stabilise the Kahler moduli at large values for the large Kéhler
modulus 71. For instance as depicted in figure 2, we are able to stabilise the Kahler moduli
with the following naturally chosen parameters:

In addition to the usual stabilisation corresponding to an AdS geometry, we now can
achieve a stabilisation of the Kéhler moduli that correspond to a dS geometry. Taking
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Figure 2. A plot of the numerical behaviour of the scalar potential with respect to the Kéhler
moduli showing an AdS minimum.

T1 T2 Vinin o p Wo a | gs a I3
768.03 | 5.20 | —3.03 x 10~ 2g,Mp | 0.34g2°Mp | 0.129s°Mp | —15.85 | 0.6 | 0.1 | 1.10 | 0.32

Table 3. Showing the parameter values in the AdS-example.

55

a0

Tl

Figure 3. A plot of the numerical behaviour of the scalar potential with respect to the Kéahler
moduli showing a dS minimum.

the previous example, this is achieved by tuning the flux parameter from Wy = —15.85
to Wy = —15.25. The resulting figure is 3 and the numerical values in this example are
summarised in the following table:
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T1 T2 Vinin o p Wo a | gs a ¢
873.40 | 5.44 | 1.83 x 10~ ¥ g, M% | 0.33¢g2°Mp | 0.11g2°Mp | —15.25 | 0.6 | 0.1 | 1.10 | 0.32

Table 4. Showing the parameter values in the dS-example.

1500

Figure 4. A plot of the numerical behaviour of the scalar potential with respect to the Kéhler
moduli showing no minimum.

Figure 5. A plot of the numerical behaviour of the scalar potential with respect to the Kahler
moduli with a minimum of V = 5.74 x 10726,

Changing the parameters too drastically now results in a disappearance of the mini-
mum as depicted in figure 4.
In general we find a smooth transition from AdS to dS solutions. We may tune the

® The following example 5 shows a con-

parameters to obtain almost Minkowski minima.
siderable tuning to a minimal value for the potential of V = 5.74 x 10726,

For a full analysis we should check our analytical results for the matter fields by

®In principle further tuning freedom can be achieved if the magnetised D7 brane is considered to be in
a warped region [2] as in the original proposal of [1] for the lifting anti-D3 brane.
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Figure 6. A plot of the numerical behaviour of ~ Figure 7. A plot of the numerical behaviour of
the scalar potential with respect to the matter  the scalar potential with respect to the matter
field p. field .

visualising the potential with respect to the matter fields as well. In the case of the dS
example from the previous section we obtain the following figures 6 and 7.

Both plots support our previous analysis with a minimum in the predicted region. In
particular the correction to ® does not spoil our uplifting mechanism.

5 D7 soft-terms

We now would like to study the mechanism of supersymmetry breaking within the 2-moduli
framework presented in the previous sections. For this we assume a brane construction on a
separate four cycle 73 (e.g. through an SU(5) GUT model [31]) leading at low-energies to a
MSSM realisation. The Standard Model cycle 73 cannot be stabilised by non-perturbative
effects as pointed out in [34], however loop effects could stabilise the additional cycle [40],
leaving us for now with a regime of effective field theory (73 # 0). This ansatz is slightly
different from the original study of soft-terms in the LARGE volume scenario (cf. [23]
and [30]), but was recently discussed in [35].5

The volume in this extended Swiss-cheese Calabi-Yau can be written as V = Tf /2
TS /2 _ Tg’ /2 The philosophy of our approach is depicted in figure 8 below.

We start with the following general effective supergravity ansatz:
T ~
K = —2Mplog (V+&s2) ~log () + 22 (o + laf” + ol +[2) + K'fuif*  (5.1)
)
W = Mggg’ﬁW() + ]\4}39;/2+nOzefmT2 <1% + ,0‘1>> + WnmssM 5 (5.2)

where we reintroduced the dilaton dependence s; v denotes one of the chiral superfields
within the MSSM whose superpotential is given by Wyissm. For now, the correct form of
the moduli weights in the Kéhler potential is not of major importance, and we keep our
study as general as possible.

SWe concentrate here on generic D7 brane soft terms without including explictly the mechanism for
stabilising the MSSM modulus. We only assume that it is not stabilised at a singular point. A detailed
study of this consideration is left for future work.
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Figure 8. In the simplest model the geometry of the Calabi-Yau is parametrised by three 4 cycles.
71 is the large cycle; 72, 73 denote the small (blow-up) cycles. We assume the MSSM to be localised
at 73 and our ISS brane setup is localised on 5.

A priori we can say that the scheme of supersymmetry breaking is gravity (moduli)
mediated. The amount of gauge mediated contribution can be seen in the fact that the
masses associated with the hidden sector matter fields p and ® are larger or of the order of
the gravitino mass (see the appendix for an estimate of the masses associated to our model).
In due course we will establish the same or even stronger contributions to the moduli
mediated soft masses compared to the LVS and we therefore can neglect contributions
arising from anomaly mediation.

We follow the standard mechanism of calculating soft supersymmetry breaking terms

as for example used and described in [36].

Gravitino and Gaugino Masses. The gravitino mass is found to have the standard

volume suppression:

iz W
M}
_ Mp|Wolgs'

VE

m3/2 =€
(5.3)
where the subscript F is added to clarify that this is the Einstein-frame volume.
The F-terms needed for the remaining soft-terms are calculated in detail in appendix
F. Gaugino masses are in general given by
1 —1mm
M, = §(Re fa) F"Om fa . (5.4)

Assuming our standard model is constructed via D7 branes, the gauge kinetic function is

o1 =15, (5.5)
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Using those results, we find for the D7 brane gaugino masses the following mass:

1/2
WoMpgs msyo
Mp- ~ = . .
T 2V 2 (5:6)

Regarding the volume suppression of the gaugino masses, the results coincide with the
LARGE volume analysis. The additional suppression of the gaugino masses due to a next
to leading order cancellation in the F-terms (discussed in [37]) does not occur since 73 is
not stabilised by non-perturbative effects.

Scalar Masses. Scalar masses can be found by the following formula
m? = m§/2 — F™E™9,,0 log K; , (5.7)

where we neglect contributions from the vacuum energy.” To calculate the scalar masses we
have to specify the matter metric IC;. However we can start with the following general ansatz

_ b
Ki~ 2. (5.8)
71
This gives the following leading order results
~ d
07, 0 log Ky = — (5.9)
e 47'12
~ b
87-337—3 10g ,CZ = —p s (510)
3
8,0, log K; = —é. (5.11)

Using the results for the F-terms derived in the appendix, we find the following results:

. - dWEM3gs
(F 1)287'187'1 log IC; ~ % (512)
i . M2,
(F 3)237'337'3 log ,Cz ~ = 7P;}2 0 (5.13)
s ~ cM2Wg,
(F*)%0,051og K; ~ —PTO (5.14)

We can directly see that the contribution arising from the dilaton is negligibly small. In
addition, we find that the leading order term proportional to the gravitino mass vanishes
if d — b = 1. If this relation is satisfied, we have to identify the next to leading order
contribution. Unlike in the original LARGE volume analysis, there is no sub-leading can-
cellation in the F-terms [35] for the Kihler moduli since the e~24™ term in (4.20) comes
from 9, W OuW K 9% rather than 9., Wa,, W K™™ and the D-term uplifting contribution re-
quire a slightly different stabilisation as discussed in the previous section. This determines
the sub-leading contribution (see appendix for further details) to come from the mixing of

"Here the addition of D-terms does not change the formula for scalar masses since the SM fields are
not charged under the anomalous U(1) in the hidden sector. A general formula was presented for example
in [38].
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the non-perturbative leading order contribution to the F-term and the other leading order
F-term contribution. We obtain the interesting result:

2dWog™ pPrye o

F F 07 Oy log Ky ~ V27—12/3 , (5.15)
. Wy pProe
FT F730,,0, log Ky ~ — =005 2720 (5.16)
V27'1/

Evaluating these contributions at the LARGE volume minimum (e“? ~ V*) gives the

following common volume suppression:

d—1b

Overall we find the general expression for the scalar masses to be
W m~(i) —ars
m? = (1 —d+bym, —2(d — b) L LT (5.18)

V27'12/3

where the second term is subleading since it is higher suppressed with respect to the volume.

For example, taking d = 1 and b = 1/3 as in previous sections and in the analysis of
soft terms in the LVS [30], we obtain no cancellation at leading order and find the following
scalar masses:

1
m? = —m§/2 + higher order corrections. (5.19)

3
A-terms. The A-terms are given by

Aijk = Fm(amK + Oy, log Yvijk — O, log IN{ZKJK]C) (5.20)

Assuming a constant Yj;, we can estimate the A-terms to be given by the following expres-
sion at leading order:

g = 2D (581 B (37 )

1% 211 27 1% 2V 273
+27’2@|W(}|Mp (3@)
V 2V
= —3m3/2(1 —d+b)+ h. o., (5.21)

which are universal and of the order of the gravitino mass.

Short Summary. Overall we find three different scenarios according to the value of d—b
and T3:

1. If d — b # 1 the soft terms are of the order the gravitino mass.

2. If d — b =1 the gaugino masses are of order of the gravitino mass but scalar masses
and A-terms are much more suppressed.
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| T A B C Wo a «o 5/922
1010 | 5 1 3.1x1077 | —19.6 | 3000000 | —3673 | 2 | 0.00064 0.15

Table 5. Showing the parameter values for an approximated minimum with TeV scale gravitino.

In all cases the soft terms are universal [30, 39].

We can compare these results with the original LARGE volume analysis from [30]
where cancelations in the F-terms occurred due to the minimization of the small cycles via
non-perturbative effects and the soft-terms where found to be:

my/2

My~ —22
lOg m3/2

, My = nMi, Aagfy = —37”LMZ‘ .

The additional small suppression of the soft-terms compared to the gravitino mass
found in the original LARGE volume analysis is not present here and this feature distin-
guishes the structure of soft-terms from both scenarios.

The difference to the corresponding 3-cycle set-up in the LVS [35] is that the slight
difference in the potential (D-term uplifting contribution especially) renders the scalar
masses not affected by sub-leading corrections in the F-term or the Ké&hler metric. A
detailed quantitative analysis of this scenario is out of the scope of this article.

Example with TeV soft terms. Taking the scenario with all soft-masses of the order
the gravitino mass, the volume has to be of the order V = 10%, implying a TeV string
scale. In the previous section we presented numerical examples of the uplifting mechanism
for higher string scales. The aim of this section is to present a numerical estimate for a
realistic scenario allowing for TeV soft-masses. Due to the lack of an analytic minimum,
we are limited to estimate the explicit value at the minimum. As discussed in appendix E,
a slight change in the potential allows for an analytic discussion:

4

Ae=2m  Bemzam2p 4/ c
_ 4 2
V = gsMp < 5/2 1/6 11/3 T 5
T T 71 Ty

(5.22)

In the appendix we give a detailed analysis of the potential which enables us to estimate a
minimum at 71 = 10'0. We derive for 7 the following condition at the minimum:

9

5
2\ 5 227/3(—Wya)?/37,
9¢

2
= e3972 5.23
: ‘ (523)
A stabilisation at exponentially LARGE volume, requires ams to be sufficiently large. To

achieve this consistently (positive discriminant) this requires the ratio (Woa)??/¢ to be
sufficiently large. For the case of TeV gravitino mass we find the following set of parameters:

We have then been able to stabilise moduli at LARGE volumes (e.g. V = 10'), which
is phenomenological desirable since it gives rise to TeV gravitino mass. Generically, it
is straightforward to obtain very large values of the volume, of order V ~ 10° — 108 in
string units, but larger volumes, as in the current example, require large values of some
combination of the parameters A, B and C', which is not generic.
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The reason for this is that to obtain de Sitter, the lifting effect tends to erase the AdS
minimum, as usual, and the larger the volume, the smaller the value of the AdS vacuum
energy and then the bigger the effect of the lifting term. However, similar to lifting by anti
D3 branes, the lifting term can be controlled by having that sector on a warped region.
We have not used this extra degree of freedom here. It is remarkable that even without
warping we can still achieve dS lifting with very large volumes without fine tuning. A
detailed study of the effect of warping is out of the scope of this article.

6 Kahler moduli inflation

In the previous sections we described a mechanism that allows us to obtain dS vacua within
a fully N' = 1 supersymmetric action. We now would like to show how to implement the
model of Kéhler moduli inflation [17] within this framework.

The starting point of the discussion is the modification of the original geometry of
Pi1,1,1,6,9) by adding an additional small 4-cycle. The volume is modified to

3/2

V= 3/2

3/2
— ’7'2 .

J— 7-3

(6.1)

On that additional 4-cycle we assume a non-perturbative effect Be=%"3. The Kahler and
superpotential are changed to:

K = —9M21 i 9573 2 2 2 P2 9
= plog | V+ <7 | + (Ipl* +lgl® + |l + [@]7) (6.2)
Js gsT1
0]
W = Mpgd* W, + Mpgi/”"e_m“(z% +®p) + Mpgd*Be "™ (6.3)

This change alters the leading order potential to:

8(bB)? =267 AWobBr3e b
( )\/7'—36 n obbT3e >, (6.4)

where V14 is the potential discussed in previous sections. The old potential is independent
of 73 and we can hence stabilise the new part with respect to 73 at constant volume. We
obtain in the limit 753 > 1 : Wou/ms

—br 073
Plugging this value into the original potential gives the following contribution at the ex-
tremal value for 73 :
1TWE (7)3/2

543

Since the contribution from the potential including 73 is negative, we have to be at a

V= Vo — (6.6)

minimum with respect to 73. Having a negative contribution from the inflationary potential
at the minimum then also requires to stabilize the potential at a “large” positive value and
not at an almost Minkowski minimum. The assumption that ¥V can be taken to be constant
during inflation is justified in the limit b > a as the effect of the additional cycle 73 towards
the potential is negligibly small compared to the old potential. Hence we end up with the
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same potential as in the Kdhler moduli inflation but with the advantage that we can use
our new mechanism to stabilise the volume at a positive vacuum energy.

Following the analysis of the original paper [17], we can now calculate the inflationary
characteristics of this model. Our inflationary potential is given by

4T3W0[)B€7b73
ooy

where we neglect the higher suppressed and hence irrelevant term including the double

V =Voa + (6.7)

exponential. The physically relevant parameter is the canonically normalised version of 73
which is found to be at leading order

c 3 ’7'3MP
E \/g CORRCIRE o

where the exponent “0” denotes that the value is taken at the minimum. Rewriting the
potential in terms of the canonically normalised field 7§ shows the exponential suppression
with respect to the volume

V =1+ % (%)2/3 (75)43 exp [—b (%)2/3 (7]354);‘;/3] . (6.9)

From this potential we find the following slow-roll parameters:
- MTI% <%>2 _ %Tg% — brs)%e 2T (6.10)
n = Ml%vv/l = %(1 — 973 + 4(br3)?)e ™ (6.11)
€= M V’V‘g”’ _ —33%;%532 (1= brs)(1 + 11b7s — 30(b73)2 + 8(b75)%)e 2™ | (6.12)

where the derivatives are taken with respect to the canonically normalised fields. In these
parameters the only small difference is that we have not specified Vj yet, which will be of
a similar form compared to the LARGE volume scenario. From the slow-roll parameters
one can determine the spectral index and its running as

n—1=2n—6e+ 0O(), (6.13)
dn
dlnk

In analogy to the original discussion of K&hler moduli inflation we find the number of

= 16en — 24€* — 2€ . (6.14)

e-foldings to be given by

¢V

T3 b7'3
Ne = —/dgb = 37‘/0/ e
ena V 16WobB Jrgna \/73(1 — brs)

dT3 . (615)

To match the COBE normalisation for the density fluctuations dz = 1.92 x 107> we have
to satisfy the following constraint
V3/2

_ —4
i ke 52 %1074, (6.16)

— 292 —



where the potential is evaluated at the horizon exit, which means N, = 50 — 60 e-foldings
before the end of inflation. This endows us with a constraint to determine the contribution
from the original potential Vj. In general the only modification on the model of Kéhler
moduli inflation is given by the fact that the old LARGE volume contribution is replaced
by the new potential which was developed and discussed in the previous sections. It is
therefore most likely that a concrete calculation, which we have not completed yet, will give
the same numerical results as in the original Kahler moduli scenario, which are given by:

e The tensor-to-scalar ratio was found to be

T ~ 16€. (6.17)

e For 50 — 60 e-foldings, the model gives rise to the following characteristics:

0.960 < n < 0.967,

—0.0006 < {2 < —0.0008,
0< |r] <1071,
10°8< v <1078,

7 3-parameter K3 fibration and fibre inflation

To show the generality of the uplifting mechanism, we now consider the example of a 3-
parameter K3 fibration which allows Kéhler moduli stabilisation at LARGE volume (cf. [40]
and [20]). We start with the same expression for the volume as in the mentioned articles

V=o« Tl(Tg—ﬁTl)—’)/Tg/Q. (7.1)

It was shown that the combination a/71(m2 — #71) plays the role of the exponentially
dominating volume as in the original LARGE volume scenario. 73 plays the role of a
blow-up and is crucial for the existence of a stable minimum at LARGE volume. Taking
only the scalar potential, one still remains with one flat direction, corresponding essentially
to 71. It was shown in [40] that this runaway behaviour can be stabilised by considering
loop-corrections to the potential.

To embed our uplifting scenario in this K3 setup, we need to know where (i.e. on
which cycle) non-perturbative effects are required. To keep the same structure of moduli
stabilisation it is necessary to place our brane setup on the blow-up cycle 3. Since both of
the other cycles have to be too large and the non-perturbative effects are hence negligibly
small on those cycles.

Our setup in terms of the Kéhler and superpotential then looks like

¢ oy
K = —2M}log <V+ 3z | T l,jm/g (Ip]* + la* + 1o + [®[*) , (7.2)
9s s
_ . 3/27s3 1/24m s —aTs [ PPY
W = g/ *MpWy + Mpg, de p +pP |. (7.3)
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Wrapping around the 4-cycle parametrised by 73 gives us the following leading order struc-
ture in the D-term potential:

1 m 3 m—1¢| 12 |2 2
Vp = <V2/3 (ool + go|@I%) + @, (2(1/\/535) + 17 g‘jjmﬂ | )>> . (7.4)

where we directly set the quark fields to zero. The structure of the D-term potential is
essentially the same as in the analysis of the Py ; 1 5.9) geometry from the previous section.
This not only allows us to set the quark fields to zero but also to cancel the FI-term with
the least suppressed ®—field.

Hence obtain the following implicit dependence of ® on the large Kahler moduli

—m

- 1 -1 1
‘@’2 . |(I>|2 o Q73V2/37'32 <1 + mQT?,) ~ QTST?;Q (7.5)

VB 20e(V+6) gots ) 20V

As in the Swiss-cheese case we can only assume at this stage that p is implicitly higher
suppressed than ® with respect to the Kéahler moduli.

With this assumption and the knowledge from the previous study in the Swiss-cheese
case we can now estimate the leading order contributions to the F-term potential:

1
el ~ 72 (7.6)
OWOWK ™! ~ gZ+mM]%52e_2‘”3W (7.7)
S T:?’L

OWOKEK W +c. c. ~ 12Wogs' > " M}sRe pde "V /3ry(m + ars) (7.8)

(39 MZAVV37, 82 4 297 man/T1 (811 — 7'2)7:’;)% ) P1/6+n

At + B|®|?
OKOKK ™' ~ 3[Wo|* + W, 2“37/2”, (7.9)
Tp

where the coefficients A and B are introduced to keep the overall structure feasible.
denotes the power suppression with respect to the large Kahler moduli.

We can now determine the implicit dependence of p on the Kéhler moduli in the same
way as before to be n = 5/18. This enables us to integrate out the matter fields completely
and we end up with the following potential with respect to the Kéahler moduli

AT?}/Q_Qme—QaTg Be—§a73,7_5/3 2m C
V= T - V§+% 55

(7.10)

Let us compare this potential with the original 3 parameter K3 potential which was calcu-
lated in [40] to be given by

Vo 14\/773672‘”3 Brge 973 C

- —. 7.11
Vv V2 V3 (7.11)

The comparison leads to exactly the same results as in the Py ;69 analysis from the
previous section:
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e We have a marginally higher suppression with respect to the overall volume arising
from the change in the leading order F-terms. In addition we have a slightly larger
suppression with respect to the volume in the second term, due to the matching of p
D-term and F-term contributions with powers of the large Kéhler moduli.

e In the same term we have the only other difference in the exponential suppression

arising after integrating out p.

e Despite missing the analytic minimisation with respect to the volume by this slight
change, we can still approximate the minimisation. We then see that we have the
typical exponential hierarchy between the volume and the blow-up Kahler modulus.

e To stabilise the remaining large Kéhler modulus we can still use loop corrections as
discussed in [40].

Due to the same change in the potential, we assume at this stage that it is possible to
stabilise the Kéahler moduli in the same fashion with the additional uplifting as in the
Swiss-cheese case.

7.1 Fibre Inflation

Following the successful embedding of D-term uplifting to the 3-Parameter K3 fibration it
is natural to raise the question whether we can embed fibre inflation [20] into this uplifting
scenario. In order to realise the proposal of fibre inflation we need to wrap branes around
the two large cycles 71 and 79. These additional branes do not intersect with the blow-up
cycle and do not create additional matter field content at the intersections. To obtain the
potential of fibre inflation, one has to study the loop corrections (gs) to the scalar potential.
As shown in section 3.1.2 of [20] the leading order string-loop corrections are then given

by the following contributions:

e From the branes wrapping the 4-cycle 7y :

27172 ( (VKK 2
kK _ 9sWs ()
6‘/(95)77—1 - : 7_12]/2 (712)
e From the branes wrapping the 4-cycle 7 :
2g2W2(CKK)2
KK _ 29s"Wo (Lo
5‘/(95)77'2 —_— T (7-13)
e From the intersections of the two stacks of branes around 7 and 7 :
201 W
KK _ 12 "o
Wgnn =~/ s (7.14)
e From the branes wrapping the blow-up cycle:
(9s),73 — Nz :

This contribution does not depend on the ”flat”-direction 74 and can be hence un-

derstood as a subleading correction in the o/-corrections.
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With those results, we can establish our additional inflationary potential on top of the
leading order scalar potential of the previous section:

1/2-2m _our A4y 5/3-2
o Ar? e Bersmair o i (7.16)
V5/3 V%""% V3 m
AT§/272me_2“T3 BefgaTSTg)/?’fzm c  W? D E Fn
B V5/3 V%—"% V3 V2

7_12 - V—\/T—l + W) (7.17)
We see that as in the discussion of Kéahler moduli inflation both parts of the potential
simply decouple. Exactly as in the original discussion of fibre inflation it is possible to
stabilise the volume in a first step and then look at the 71 direction as the inflationary
direction. We can therefore say that it is straight forward to embed fibre inflation into the
uplifted scenario and under the assumption of a constant volume the analysis of inflationary
parameters will give exactly the same results. Although a multi-field analysis (i.e. taking
the volume to be non-constant) is out of the scope of this article, we can still comment
on the stability of our uplifted scenario with regard to variations of the volume. It was
observed in the analysis of the fibre inflation model that it is necessary to avoid a runaway
in the volume to introduce an uplifting term proportional to 1/ V43 In our scenario, we
exactly have such an uplifting term before integrating out p, since, as previously discussed,
the uplifting is caused by
Lot 1o
V22/9 T Y4/3

We therefore expect that the multi-field analysis would give exactly the same results as in

Vip (7.18)

the original analysis.

8 Constraints for metastable dS vacua in supergravity setups

In recent years it was studied under which general constraints it is possible to obtain

metastable dS vacua and/or inflation in a general supergravity framework [21, 41-43].

Since our construction from previous sections is presented in a fully A/ = 1 supergravity

framework we would like to comment on why our approach satisfies these constraints.
These studies fall into the following two categories:

1. The first type of constraints was developed by Gomez-Reino and Scrucca [41, 43].
Subject to a vanishing cosmological constant, they developed necessary but not suffi-
cient constraints for the existence of vacua in a general supergravity setup consisting
of D-term and F-term potential.

2. In more recent papers Covi et al. [21, 42] studied explicitly the possibilities for various
string compactifications to obtain metastable dS minima and inflation. However, the
constraints used here do not assume a vanishing cosmological constant but do not
include a D-term potential.

In order to avoid a long calculation and introduction of terminology to the reader we simply
would like to argue why our approach falls into the category of string models discussed
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in [21, 42] and why this also allows us to satisfy the modified constraints after the inclusion
of D-term potentials:

First of all, our model heavily relies on both components of the scalar potential, D-
term and F-term. Since we are in principle able to tune the minimum of our potential to
zero cosmological constant, we assume that we can use the constraints developed in the
first series of papers by Gomez-Reino and Scrucca. The constraints we have to satisfy are:

ffi+dids =1, (8.1)
i £ fp £q 2 2 2 2 a b cd ipj 30 3b
Ripaf 1719 < 3 + g(Mab/m:s/Q = 2hgp)d*d” + 20 hacihyg; f* f dd
) a 3b 3¢ 3d 3 Qabc a b jc
— (2haphed — Bipheg)d®dPded® + | =22 gogbde (8.2)
mg/2

where f; and d, are the F-term or respectively D-term rescaled by 1/mg 2 and R;5,- denotes
the Riemann tensor with respect to the Kéahler metric. hyp is the gauge kinetic function
and Qgpe is the variation of the gauge kinetic function with respect to the generators of the

gauge symmetries.®

Neglecting the D-term for the moment, the second constraint simplifies to

(8.3)

[SSRIR )

Ripaf P fPF1 <

ﬁquifjfpf‘j— % > 0. For various

types of string compactifications, the value of o was determined in the work by Covi et

which was renamed in the second series of papers to o = R,

al. In particular it was shown that for no-scale models with included o/ —corrections, it is
always possible to satisfy this constraint for a vanishing cosmological constant (cf. equation
(4.33) in [42]).

Including D-terms can even alleviate this problem, as shown in [41, 43] since one can
rescale the F-terms and the curvature in such a way that the dependence on the D-terms
seems to disappear:

—~
oo
IS

S~—

672027 =

RIJPQzIszPzQ <

wlin —

where 2/ = f1/,/1 -3 A d?A. The change in the curvature can be evaluated in particular
limits of the relation between gaugino and gravitino mass. In the terminology of those
papers, we are working in the regime of the “light vector limit” since gy 1)Muy1)/2ms/ <
guqy < 1. In this case it was shown in [43] that the curvature is lowered due to the D-terms.

Hence we can conclude that in our class of models we are easily able to satisfy the con-
straints for general supergravity setups and the possibility of generating stable dS minima.

8A more detailed explanation of the quantities in those constraints and a derivation of those can be
found in the original papers.
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8.1 Constraints on anomalous U(1) gauge symmetries as uplifting potential

Our explicit construction for dS moduli stabilisation with the help of an anomalous U(1)
gauge symmetries contrasts with the findings of Choi and Jeong in [6]. In this article they
consider the possibility of using the D-term potential of an anomalous U(1) symmetry
as the uplifting mechanism and find that no uplifting is possible if the gravitino mass is
smaller than the Planck scale by many orders of magnitude, assuming the Ké&hler moduli
of order unity. This assumption is clearly violated in the context of the LARGE volume
scenario discussed here which then allows to have D-term uplifting. Recall also that, unlike
the KKLT scenario for which the original F-term vanishes, the LARGE volume scenario
has non-vanishing F-terms and therefore non-vanishing D-terms are also possible.

9 Conclusions

In this article we have found a probably unexpected application of the ISS scenario. Em-
bedding it within low-energy effective actions from type IIB string compactifications, the
original metastable minimum of the ISS scenario tends to be destabilised towards runaway
in the direction of the Kahler modulus determining the gauge coupling constants. This
happens even after introducing a constant flux induced superpotential Wy in the simplest
one-modulus case.

Things change dramatically in Swiss-cheese compactifications with several Kahler mod-
uli. We have found that in these cases, the effective potential for the Kahler moduli, ob-
tained after matter field stabilisation has a similar form to the original LARGE volume
scenario. Contrary to that case, in which the non-perturbative superpotential is assumed
not to depend on chiral matter fields, the scalar potential cannot be minimised analyti-
cally. But the similarity allows for a numerical treatment that detects an exponentially
large volume, with several differences. The main difference is that the necessary presence
of D-terms, induced by anomalous U(1)’s gives a positive definite contribution to the scalar
potential in such a way that well inside the Kéahler cone (71 > 79) the potential goes to
zero from above. Therefore this allows naturally to de Sitter compactifications with expo-
nentially large volume. Using the fluxes, the minimum of the potential can be tuned to
essentially zero value.

This allows for interesting applications: First, for the computation of soft supersymme-
try breaking terms in a realistic context in which the ISS scenario plays the role of hidden
sector and the Standard Model brane wraps a cycle without non-perturbatively induced
superpotential. The soft terms are universal as in the standard LARGE volume scenario
since the fields that break supersymmetry are the Kéhler moduli which unlike the complex
structure moduli, are insensitive to flavour. Generically the soft terms will be all of order
the gravitino mass, but cancelations are possible depending on the modular weights of the
matter fields.

Secondly, our scenario allows also the possibility of realising Kahler moduli inflation
and Fibre Inflation in a fully supersymmetric set-up, the previous realisations were obtained
using an ad-hoc uplifting term. KEssentially we used the fact that we can obtain de Sitter
space to provide the positive contribution to the scalar potential and then use a different
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Kahler modulus as the inflaton, just as in the original formulations of both scenarios. A
full analysis of the multi-field system for inflation is out of the scope of this article.

This scenario appears to be quite general. The main fact we used is the existence of
an anomalous U(1) with its D-term potential and a nonperurbative contribution to the
superpotential of the form e~ %7 ®p. Therefore we expect the lifted large volume minimum
to appear in a large class of chiral models for which the non-perturbatively induced su-
perpotential includes matter fields. An interesting open question is to embed this scenario
within a realistic compact Calabi-Yau construction.
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A On stabilising the F-term potential with a constraint

In the process of stabilising the D-term and F-term potential separately, we claimed that
it is not possible to stabilise all fields in a suitable regime (e.g. at large volume). We now
would like to prove this result. The starting point is the schematic potential

V = Alp®[2 + 2B Re (p®) + C(€ + |ol? + |9]2), (A1)

where the coefficients depend on all other variables and constants. In addition we have the
constraint from the minimisation of the D-term potential.

o = |9 +0, (A.2)

where b is determined by the Fl-contribution to the D-term potential and = denotes the
arbitrariness in the charge assignment. Differentiating with respect to p and ® leads to the
following two equations:

0 = Ap*|®> + B® + Cp*, (A.3)
0 = A®*|p|> + Bp+ C*. (A.4)

Multiplying the first equation by p and the second by ® and subtracting, this gives |®| = |p|,
which cannot be satisfied since the D-term implies explicitly that they cannot be equal in
order to cancel the FI term.

B Next to leading order corrections to ®

So far we stabilised p and ® to leading order. Since the stabilisation with respect to p
depends crucially on the cancellation of the FI term, one can ask what happens if we want
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to stabilise ® up to next to leading order. Does this destabilise the whole stabilisation

procedure? In order to answer this question, let us repeat the ansatz for ® :

1
o — <<1>+

S (B.1)

v3)

and the next to leading order contribution to 8&>V at the leading order value:

2 (3\/55 w7 (18ame — n)) % (B.2)

06V o—d10pv0 = 5710

2aV 18a7’21_"

2 20 (18aty — 1) (]5]2 (36aty + n)> (B.3)
211/ 18ar, " 18ar, " '
2‘%@26720”—2
77_;])5 73 (B.4)

In our scenario ¢ is taking negative or small values which can be seen as follows: At the
LARGE volume minimum, we expect

ERNAYA (B.5)

This implies that the contribution proportional to p is suppressed with an additional factor
1/ V?2/3 which makes it subleading compared to the next to leading order corrections coming
from the FI bit. Hence, 6 = 1 and the next to leading order corrections to ® at our
minimum will be negative. Suppose €™ is not suppressed with respect to the volume, the
contribution from the leading order F-term will be dominating and drives ¢ to negative
values again. In an intermediate range the contribution from the cross-term between p and
® might be leading. However, we were never able to assign ¢ a value to cancel our D-term
contribution completely and hence we always keep the uplifting contribution.

C Minimizing quark masses

1-modulus. In principle there is a flat direction in the leading order D-term potential
which allows non-vanishing ¢ and p. So we can minimize the D-term potential for non-
vanishing p, ¢ and then we have to try to minimize the F-term potential. Looking at the
only non-trivial case of no implicit suppression with respect to the large Kéahler modulus,
the leading order F-term contribution is given by

‘—+ o (C.1)

where A contains constants and the dependence on the Kahler modulus. The first derivative
with respect to p gives

A@q(% + p<1>> : (C.2)

which is only zero for non-vanishing ® and p if ¢ = 0, since pq/pu + p # 0 due to the
rank condition. The case of an implicit suppression with respect to the Kéhler moduli is
discussed below.

,30,



2-moduli. A priori it is clear that the potential is extremized at p = ¢ = 0 since the dom-
inating D-term potential is extremized. Suppose this extremum corresponds to a maximum
and we could find a minimum closeby. At that minimum p has an implicit dependence on
the large Kéhler modulus. This dependence has to be at least of the suppression of ® (i.e.
1/ 7'11 / %). Schematically the D-term potential looks like

Vp ~ (|2]* — |p|* = [pl* — FI). (C.3)

Neglecting p for the moment, we can see that there is a flat direction in the D-term potential
corresponding to |®|? — FI = |p|?. Looking at next to leading order effects, i.e. the F-term
potential in this case we can “lift” this flat direction. Since we are perturbing around our
solution presented in the main part |®|?> — FI ~ 0 and in particular it should be suppressed
with respect to the volume at least as much as |®|. Then the leading order contribution
from the F-term potential still is given by

|(I)|26—2a7'2
— s (C.4)

Uil
Hence we do not want |®| to become larger at next to leading order, which implies that
Ip| = 0 is a minimum.

D Estimating scales

The masses associated with our fields are given as the square root of the eigenvalues of the

matrix
1 %V
U 9gioxd

(D.1)

To understand the results it is very helpful to estimate the leading order contributions to
the Kéhler metric which we find to be

3M2 _27M;Tg/6+2g;2/3\ci>\2 I G A
7/467—12 2/3, & ?L/lgfﬂﬁr;gjs = 2T129/12 27—?/4
_2TMRry 4295 VU B2 2TME T, —dgs 77 B 5% %%
5/2_2/3 3/2_5/3 17/12_2/3 5/4_2/3
24717 7T, 21, T, 67 T 67 .
Ki3(7'177'27pa ) = Dol s _12/3?* Lo s L2
_9s P Ty Js P Js Ty 0
27_129/12 67’117/127'22/3 -
1/354 . —2/3 1/3
o 7'2/ b o* 0 Js / 7'2/
293/37'?/4 6g§/37'15/47'22/3 Tl

(D.2)
This leading order behaviour in the Kéhler metric is with respect to the the Kéhler mod-
uli almost the same as in the LARGE volume case. The only change is given by the
contribution proportional to ® in the relevant components but this change is negligibly
small.
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We find the leading order volume suppression in the Hessian of the potential evaluated
at the minimum for the brane moduli to be:

1 1 1 1
7.15 Tf+l/3 Tf+5/12 Tf+3/4
1 1 1 1
3+1/3 3 3+5/12 _2+3/4
2 _ Ty 1 Ty 1
av = 1 1 1 1 (D.3)
7_;1«#5/12 Tf+5/12 Tf+5/6 T12+2/3

1 1 1 1
Tf+3/4 Tf+3/4 T12+2/3 T12+1/2

where we assumed that at €™ ~ Tf /% and we neglected the exact coefficients for simplicity.

Numerically this leads to the following masses for the dS example from the previous section:

m2 = 6.7x 107" M3 (D.4)
m2, = 2.5 x 107°M3 (D.5)
m = 2.7 x 107" Mp (D.6)
m% = 3.9 x 107° M} (D.7)

In order to interpret these results we would like to compare the masses with the masses in
the LARGE volume scenario, which are given by

9 1/2
QSWO m3/2
o~ Mp ~ , D.8
T g TR < Mp> o
ags W,
My, ~ gVO OMP ~ 2’[’)’1,3/2 IDMP/’I’I’L3/2 . (Dg)

Taking now the same parameters as for the dS example, we obtain

m2 = 4.1 x 1078M3, (D.10)
m2 = 1.2x 107°M2. (D.11)

Compared with the original LARGE volume scenario, we can conclude that we obtain
roughly the same masses for the Kahler moduli. One of the brane moduli becomes very
massive me and the other mass m, is relatively the lightest particle but it is roughly
of the same order as the large Kéhler modulus 7. The difference in the Kéahler moduli
masses is due to different numerical prefactors in the volume of the Calabi-Yau. In order
to compare these results completely reliably, we would have to go to a realistic value of the
volume which goes beyond our simple dS example. Before such an analysis is possible we
should estimate further crucial properties of this modified model such as the structure of
supersymmetry breaking.

We can however expect due to moduli being lighter than the gravitino that in general
we would face the cosmological moduli problem. As discussed in [44], an additional phase
of thermal inflation might alleviate this problem.
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E An approximative analytic stabilisation of the large Kahler modulus

After integrating out the matter field degrees of freedom we ended up with the following

potential

Y _dgry, 14/9
tetn st o) -

V =g Mp — +
s Tf/27_21/6 7_111/3 Tf/Q

Changing the suppression with respect to the large Kéahler modulus 71 in the term pro-
portional to B from 11/3 by 1/6 to 7/2 should not affect the structure qualitatively. The
change in the minimal value is negligibly small but allows us to minimise the potential

analytically.
The modified potential takes the classical form of the volume suppression looking like:
gs M3 [ Ae—20m272 4y 14/9
V= 89/2P < 1/6 L— Bemamp o 4 C (E.2)
1 Ty
Demanding the vanishing of the first derivative of the potential with respect to 71 leads to
M4 A —2a12 -2
0= a—v = — 9811/P2 b 76 L 7B67§“727'214/97'1 +9C (E.3)
omn 27, Ty
247, 31/18 2ar 1/6
TBe3?™, 9Ce*""2 .
= 0 = 2 — 2 2 . E.4
m 54 T 54 (E4)

Solutions to this equation are given by

1/6
(min, max) _ B % Fam 4 \/ e 31/9 3am _ w

1 “ 1042 ¢ 10042 2 5A (E.5)

Looking at the leading order behaviour of the overall potential, it is clear that the negative
solution will correspond to the minimum and the positive solution to the maximum. In
order to keep to real solutions we have to satisfy the following condition for the discriminant:

59
9B% 7% a2,
Zar; E.6
1R0ac ¢ (E-6)

The value of the discriminant is also crucial for the value we can stabilise the small Kahler
modulus 7 at:

Demanding the vanishing of the first derivative with respect to the small Kahler mod-
ulus leads to the following condition:

0 = 4Bes 758 (=7 4 6ary) — 3AT (1 + 12a7,) . (E.7)

In the large a7 limit this condition simplifies at the minimum to the following equation

B 3 » 4932 31/9 4 9062‘”27'21/6
0= 1547 e‘”’m”\/moAm ey e O
59 59
L 2B 2\ 20 P W e, (.9
81 AC 3 9¢
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This is consistent with the constraint from above as expected and we obtain the same
behaviour in an exact calculation.

Unfortunately, we cannot solve the remaining equations for 7o analytically. However,
we can be sure that a solution exists if the constraint is satisfied. Furthermore these
approximations should help in constructing solutions numerically.

F Calculating F-terms

Using DgW = 0, the F-term associated with the dilaton field S is found to be given by at
leading order:

K

P % (0, 4 K, )
- 981V <K5”6ﬂ,W i MKI%KST@EK + K0, W + MKI%KS@(%,'K)
= Ay (K§T287—2W+MPg§/2WOK§TlaT1K+ K505 + Kgp@,,W)
"% <18\/§Mpg§/2wos5/2§ + 36\/§emgl/2+ms5/2aa§ﬁ(§>
sV Tf/Q 7_113/6
_ 18VAMpg: " Wos™E | < ) > -
1% 122/9

which is the same as in the LVS. The F-terms associated with the Kahler moduli are at
leading order given by:

_K_
P — 5VE (K7D, W 4 K™D, W)
ral
Js <V + §/2>
gs

1 ) ]
= (~2WoMpg¥ Py + K0, W 4 K790, W)

Js <V + §/Q>
gs

1
= — <—2W0Mpg§’/27'1—

gs <V+%>
s

where unlike in the LVS the third term is dominating over the second one at the minimum.

) W, - W e
KrlriaTiW+_2K7'1Tia7_iK+KT1¢ia¢iW—|——2K71¢i8¢iK>
My Mp

6V2WoMp daagt/*™
NG Mp

[3(137.11/37.26—ar2> , (F.2)

In the LVS as discussed in [35] there is a sub-leading cancellation, which is not present
due to a different leading order structure of the potential and the inclusion of the D-term
uplifting contribution: Here the second term plus the D-term uplifting contribution (with
opposite sign) are of the order of the second one, cf. equation (4.18):

V>

2" Mt WEM3g  Woav/6rs/ " 2e=am Re 5 3MAWZ [ ¢ nym
g;/3v22/9 V22/9 2V27/9 92/2 a .
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With an absent D-term uplifting contribution the third term becomes dominant. However,
it is out of the scope of this article to determine the precise volume suppression of the
F-term when the second and third term cancel themselves partially.

_K_ B B
F2 — o2M3 <KTQT¢D”W +KTQ¢iD¢iW)

1 . W . W
= —— (KP0, W+ —5K™"0, K + K™% 05, W + — K™%0, K
g Mp, Mp
gs | V+ e
1/24n ~5 5/6 —ar
1 8 P 2
T (va <) <_2MPW093/27'2 - L p?)]\;—l = ) ’ (F3)
£ P
Js <V + 3/2)
s
K
F o MR <Kf3ﬂ'DT.W n K*3¢iD¢.W)
1 . W . W
= [ KPT0, W+ —5 K®T0, K + K®% 05 W + — K™%0, K
£ MP ' MP '
gs V+ QST
1/24m ~x _
1 4 ) ar2
S <—2Mpwog§/273 _ 2a%9s pQ/T;T?’e > . (F.4)

Although it is not of importance in the analysis of the soft-term structure, we would like
to mention the fact that there is no cancellation in the F-term associated with 75 as in the
LVS. This is due to the fact that the leading order contributions in the F-term potential
come from various F-terms and not only from the small modulus 7o.
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