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ABSTRACT: Models with anomalous U(1) gauge symmetry contain various superfields
which can have nonzero supersymmetry breaking auxiliary components providing the origin
of soft terms in the visible sector, e.g. the U(1) vector superfield, the modulus or dilaton su-
perfield implementing the Green-Schwarz anomaly cancellation mechanism, U(1)-charged
but standard model singlet matter superfield required to cancel the Fayet-Iliopoulos term,
and finally the supergravity multiplet. We examine the relative strength between these su-
persymmetry breaking components in a simple class of models, and find that various differ-
ent mixed mediations of supersymmetry breaking, involving the modulus, gauge, anomaly
and D-term mediations, can be realized depending upon the characteristics of D-flat direc-
tions and how those D-flat directions are stabilized with a vanishing cosmological constant.
We identify two parameters which represent such properties and thus characterize how the
various mediations are mixed. We also discuss the moduli stabilization and soft terms in a
variant of KKLT scenario, in which the visible sector Kéhler modulus is stabilized by the
D-term potential of anomalous U (1) gauge symmetry.
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1. Introduction

Anomalous U(1) gauge symmetry, which will be referred to as U(1)4 in the following,
appears often in 4-dimensional (4D) effective theory of string compactification. It accom-
panies a modulus 7" which transforms nonlinearly under U(1) 4, and the holomorphic gauge
kinetic function of the model depends on T" as f, 2 k.1, where k, is a real constant. Then
the variation of f, under U(1)4 cancels the anomaly due to the loops of light fermions,
realizing the Green-Schwarz (GS) anomaly cancellation mechanism [f[. The U(1)4 gauge
boson receives a mass through the Stiickelberg mechanism associated with the nonlinear
transformation of 7, which is typically not far below the string or Planck scale. The non-
linear transformation of T" also induces a moduli-dependent Fayet-Tliopoulos (FI) term [g].
It has been noticed that anomalous U(1) gauge symmetry can have a variety of interesting
phenomenological implications. It can be used to forbid dangerous interactions such as the
ones which lead to a too rapid proton decay, or to explain the smallness of some couplings
in the low energy theory. In some cases, it can be identified as a flavor symmetry that
explains the observed hierarchical fermion masses [B, [, fl, -

Due to the existence of the GS modulus T" and the associated FI term, anomalous U(1)
gauge symmetry can play an important role in supersymmetry (SUSY) breaking and its
transmission to the supersymmetric standard model [[d, B, B, [L0, [0, (2, [3, [[4, [3, [d]. In
most cases, the FI term has a vacuum expectation value (VEV) far above the weak scale,
even close to the Planck scale in some cases. Then, to avoid a too large D-term SUSY
breaking, the FI term should be cancelled by other contribution to the U(1)4 D-term due



to U(1)4 charged but standard model (SM) singlet matter field X. This SM singlet X
can play another important role. In many cases, string models with U(1)4 contain exotic
matter fields @, ®¢ which are vector-like under the SM gauge group, and these exotic matter
fields get a mass far above the weak scale through the Yukawa coupling to X. Then they
can be identified as the messenger for gauge-mediated SUSY breaking if the F-component
of X develops a nonzero VEV.

Therefore, models with anomalous U(1) gauge symmetry contain various sources of
SUSY breaking, including (i) the U(1) 4 D-term, (ii) the F-component of the GS modulus
T, (i) the F-component of the chiral matter superfield X whose lowest component cancels
the FI term and provides a large mass to exotic matter fields, and finally (iv) the auxiliary
component of the supergravity (SUGRA) multiplet which is generically of the order of

the gravitino mass mg/;. Then the visible sector soft terms receive modulus-mediated
9> FX
) 8m2 X
as well as the anomaly-mediated contribution of the order of Sg?mg /2. Furthermore, there

contribution of the order of F7 and gauge-mediated contribution of the order of

can be D-term contribution to scalar masses for U(1)4 charged matter fields. This means
that the four well-known mediation schemes of SUSY breaking, i.e. moduli mediation
[L7], gauge mediation [L§, [, anomaly mediation [RJ] and D-term mediation, generically
appear together in models with U(1) 4.

In this paper we wish to examine the possible pattern of the mediation of SUSY
breaking in models with anomalous U(1) gauge symmetry. As we will see, the relative
strength between different mediations crucially depends on the characteristics of the D-
flat directions, and also on how the D-flat directions are stabilized. Depending upon the
detailed form of the Kéahler potential and superpotential, various different mixed mediations
involving some or all of the moduli, gauge, anomaly and D-term mediations can be realized
within a relatively simple class of models.

This paper is organized as follows. In section 2, we discuss generic features of super-
symmetry breaking and the resulting pattern of soft terms in models with anomalous U(1)
gauge symmetry. In section 3, we consider a set of specific models to examine the stabi-
lization of D-flat directions under the constraint of nearly vanishing cosmological constant,
and evaluate the relative strength between different mediations in each model. Section 4
is the conclusion.

2. SUSY breaking in models with anomalous U(1)

In this section, we discuss generic aspects of supersymmetry breaking in models with
anomalous U (1) symmetry. We first examine the relations between different SUSY breaking
auxiliary components in models with U(1) 4, and then discuss the resulting pattern of soft
terms.

2.1 SUSY breaking auxiliary components

In the presence of anomalous U(1) gauge symmetry, the quantum consistency of the theory
is ensured by the GS anomaly cancellation mechanism [fl[]. This mechanism is implemented



by a non-linear variation of the GS modulus

T—>T—5GTSAA (2.1)

under the gauge transformation
1
Va— Va— §(AA + A%), (2.2)

where V4 is the vector superfield containing the U(1)4 gauge field. For the anomaly
cancellation to work, the holomorphic gauge kinetic function of the model should contain
a T-dependent piece,

o=k -+, (2.3)

where k, is a real constant and the ellipsis stands for the T-independent part. In the
normalization convention of T" for which k, = O(1), the anomaly cancellation implies

5%3 0 <8—7112> . (2.4)

Since the U(1) 4 invariance forces the modulus Kéhler potential K to be a function of the
gauge-invariant combination t4 = T +T* —dgsVa4, the GS mechanism dynamically induces
a modulus-dependent FI term®

1)
Err = %8TK07 (2.5)
while rendering the vector superfield V4 massive through the Stiickelberg mechanism:
g2 52
AME = %%OTKO, (2.6)
where g4 is the U(1)4 gauge coupling.

To proceed, let us consider 4D effective SUGRA model with chiral superfields ®; =
{Tw, ¢}, where Ty = {T, T, } stand for generic moduli including the GS modulus 7" and
¢; are chiral matter superfields with U(1) 4 charge ¢;. Under U(1) 4, these chiral superfields
transform as

5@[ = 77]AA7 (27)
where the holomorphic Killing vectors n! are given by
T 1 To i
n = _§5GS7 n =0, n”=qd.

Since the moduli stabilization is relatively insensitive to the form of the matter Kéhler
metric, we assume for simplicity that the Kéahler metric of ¢; is independent of moduli.

Unless specified, we will use the convention Mp; = 1 throughout this paper, where Mp; = 2.4 X 1018
GeV is the reduced Planck scale.



(In fact, most of our results apply well at least qualitatively to the case when the matter
Kéhler metrics are moduli-dependent.) Then the Kéhler potential of the model takes the
form:

K = Kot — 6asVa, Ta, T2) + Y _ ¢7e* V¢, (2.8)
7

where t = T +T* and we have ignored the terms of higher order in ¢; which are presumed
to be suppressed by 1/Mp;. The associated U(1)4 gauge boson mass and D-term are given
by

My = 2g5n"n7 005K = 2g% (Més + Zq?\@ﬁ) )

Da = —n'01K = &pr =Y aileil, (2.9)
where
_ das s %5y o
SFI - TaTKm MGS = TaTaTKo.

From this, one easily finds
[ o (F'\" 1 v
mzpDa =n"F1010;K = qi|¢i| o) - 55GSZF drd i Ko, (2.10)
i ! M
where mg/p = eX/2W for the superpotential W, and the auxiliary F-component of &; =
{Tn, ¢i} is defined as
Fl = KR (9,W + W, K)*.

Combining (2.1() with the stationary condition 9;(VF + Vp) = 0, one can derive [1§, P1]
(VF +2|mgo|* + %M{i) Dy =—F'F10;0;(n"0LK) + Von' o143, (2.11)
where the F' and D term scalar potentials are given by
Vi =K ;FTF7 - 35 |W 2, Vp = %Di. (2.12)

This relation can be generalized to the case including an uplifting potential Vj;s which
might be necessary to achieve a vacuum with nearly vanishing cosmological constant. As
long as Vi < M‘Q/ (in the unit with Mp; = 1), which is always the case in models with low
energy SUSY, the effect of Vi in the generalized version of (R.I1]) can be safely ignored,
and we can apply (R.11)) to the case with Vi as well. We then find

FIF9,0;(1" 9. K) m3
2D, = — 17 1+0 (-4
gara 907K M}

15 FM PN ordy oy Ko — 5, 6l F1J2 m3
2 GSZMINQ LOMEN 0 zzm o)), (2.13)
10650107 Ko + ;4794




In models with low energy SUSY, my/3 and v/D4 have a VEV in TeV or multi-TeV
range (or lower than TeV). On the other hand, although it depends on the stabilization of
D-flat directions, typically there exist some U(1)4 charged (but SM singlet) matter fields
having a VEV far above TeV. Also, with the Stiickelberg contribution (R.g), the U(1)4
gauge boson mass My is rather close to the Planck scale or the string scale, thus is much

higher than TeV. Then the relations (R.9), (B.10) and [R.13) give rise to

1 2
§5G55TK0 o~ Ei:qz'|¢i| ,

1 M o [(F?

5&:5%:17 OmOp Ko ~ Z:Qi|¢i| <E>’

30Gs Xy FMPNron oy Ko — > aileil? ‘(72
10850707 Ko + 3, ¢21¢il? ’

which in fact correspond to the lowest component, the F'-component, and the D-component

2

g4Da =~

(2.14)

of the equation of motion for the U(1)4 vector superfield V4 in the limit that V4 receives
a large supersymmetric mass.

Eq. (R:I4) includes relations between the moduli F-components F'*, the matter F-
components F*, and the U(1)4 D-term. To see the implication of those relations more
clearly, let X denote the U(1)4 charged (but SM singlet) matter field with the largest
VEV, and consider the case that the FI term in D, is cancelled dominantly by ¢x|X|?, so

X[ ~ |¢p1] > Da. (2.15)

We further assume that F7 and FX /X are at least comparable to other moduli and matter
F-components, respectively. Then, in the convention with ¢x = —1, we find

ﬁw_élFT
X \K] ’

2
()%
KO KO

2 T2
Dy ~
galla B Sas Ké’ ’F ’ )
2 K(’)
FX . IxW\™

where the prime denotes the derivative with respect to ¢ = 1"+ T, and the last relation is
derived from FX = —eX/2KXI(D;W)*. These relations suggest that the relative ratios be-
tween the four SUSY breaking auxiliary components F7, FX mg /2 and Dy are determined

mostly by
das K DxW\* oxW\"
=-——"— = =1 2.1
Ry > K.’ Ry X 57 ) (2.17)
where R; > 0 in our convention with gy = —1. More specifically, in the basis where FT is
real, we obtain
T Y YRVl I TS SRS S (2.18)



where the first three relations are precise, while the relative size of v/D4 is approximately
estimated under the assumption that K{'/K{ is comparable to (or smaller than) K{//K{,
which holds true in most cases. In the subsections B.3 and B.3, we will discuss explicit
examples in which the D-flatness is achieved as (R.1§), and therefore the ratios between
the SUSY breaking auxiliary components are given by (R.1§).

Let us now discuss the possible ranges of Ry and Rs. The first possibility is that
Kl ~ K|}, which would result in

82

1
Ry =0 (bgs)=0 < > . (2.19)
An example for such case is provided by the modulus Kéahler potential
Ko~ -—noln(T+ T — dgsVa) (2.20)

for T stabilized at a value of order unity.
Another even more interesting possibility is that T is stabilized at near a point with
§rr = %5@5[(6 = 0, which would give

R =0(1) or >1 (2.21)

This would be a plausible scenario if the Kéahler potential admits a limit with (g = 0,
or more generally a limit with £g; far below Ml%l, since £pr = ¢; = 0 is a point of
enhanced (approximate) symmetry? and satisfies the equation of motion in the limit to
ignore SUSY breaking effects. Then a (local) minimum of the scalar potential with nonzero
but small VEV of | X |/Mp; can be developed by small SUSY breaking effects, which results
in a tiny VEV of ép/M3%, ~ —|X|?/M%,. It has been known that many brane models
constructed within type ITA or IIB string theory admit supersymmetric brane configuration
with smooth background spacetime geometry, which gives rise to an anomalous U(1) gauge
symmetry with £g7 = 0 [RZ). In addition, it has recently been noticed that heterotic string
compactification also can give rise to such a solution with £r; = 0 [BJ], which is at the
boundary of the Kéahler moduli space in which the Hermitian Yang-Mills equations are
satisfied. There are also examples that £y = 0 correspond to a singular limit of collapsing
cycle (or orbifold) [P4]. So an anomalous U(1) symmetry with gy = 0 somewhere in
moduli space is not unusual, but appears quite often in phenomenologically interesting set
of string compactifications.

The value of R, is determined mostly by the mechanism to stabilize the D-flat direc-
tions involving X. In case that X is the dominant matter field which cancels the FI term,

—2T/6cs . However, if there exists

there is only one relevant D-flat direction described by Xe
additional matter field Y having an opposite U(1)4 charge and comparable VEV, there
will be additional D-flat direction described by a U(1)4 invariant holomorphic monomial
of X and Y. If the superpotential of the model is independent of these X-dependent D-flat
directions, so OxW = 0, by definition Ry has a value close to the unity. In this case, the

D-flat directions should be stabilized by nontrivial structure of the Kéhler potential which

?Note that D4 = 0 and the global part of U(1)4 is restored at this point.



might be induced by radiative corrections. Another possibility is that the superpotential
contains a higher dimensional term depending on X, e.g. AW ~ X3Y for qy = —3qyx,
and then X is stabilized by the competition between the supersymmetric potential |9x W |?
and the SUSY breaking terms controlled by mg/ ~ W/Ml%l, e.g. an A-term of the form
mg3 /o X0xW or a scalar mass term of the form —m?,’ /2|X |2. Such setup stabilizes the D-flat
direction at a (local) minimum satisfying

|OxW|?* ~ mz, XOxW or m§/2\X]2, (2.22)
for which
OxW\"*
Ry=1+ <X*W> —0(1). (2.23)

It is also possible that | Ra| has a value much smaller or much larger than the unity. For
instance, if the D-flat direction Xe=27/%cs ig stabilized by a nonperturbative superpotential
AW ~ X"e=2nT/0cs af near the supersymmetric solution with DxW = 0, we have

|Rs| < 1. (2.24)

In other case that the superpotential provides spontaneous SUSY breaking in the global
SUSY limit, e.g. through the Polonyi term of the form AW ~ e~27/%cs X _it is also possible
that

|Ro| > 1. (2.25)

In this case, the condition for vanishing cosmological constant provides an upper limit

\Rz\N‘axw §0< M ) (2.26)

XW VI€FI|

where we have used | X |? ~ |¢r/| together with the observation that [Ox W|? < O(|W|?/M2,)
in order for the cosmological constant to be nearly vanishing.

The above discussion implies that even within a relatively simple class models a variety
of different patterns of SUSY breaking can be realized, depending on the characteristics of
D-flat directions and how those D-flat directions are stabilized. In more complicate situa-
tion in which there exist multiple number of moduli and/or of U(1) 4-charged matter fields
providing non-negligible amount of SUSY breaking, there can be more model-dependent
variation in the pattern of SUSY breaking. In the next section, we will examine a set of
simple models realizing the scenarios considered above, and evaluate the values of R; and
Rs in those models.

2.2 Soft terms

The SUSY-breaking auxiliary components F7, FX mg 2 and Dy can generate soft SUSY-
breaking masses in the visible sector through various mediation mechanisms as described
below.



A) Modulus mediation: Since the gauge kinetic function f, 3 k7', the F-term of the
GS modulus generates the gaugino masses as
kag2 (A
M, (MM) = FTor InRe(f,) = %()FT, (2.27)
at a scale A close to the Planck or string scale [[q]. Similarly the T-dependence of matter
wave functions gives rise to soft scalar masses which are generically of O(|FT|?):

m2(MM) = —|FT 28707 In(e~K0/3 7,), (2.28)

where Z; is the Kahler metric of the matter superfield ¢;.

B) Gauge mediation: Soft masses can receive a gauge-mediated contribution if there
exist gauge-charged messenger fields which couple to X [[I§, [[J]. Indeed, in most of the
known potentially (semi)realistic string models with U(1) 4, there exist exotic matter fields
&, ¢ which are vector-like under the SM gauge group and become massive through the
Yukawa coupling

AW = yeg X PP, (2.29)
Then, gaugino masses are generated at the messenger scale Ag = Ag(X) according to

_ Nagz(Ae) F*

Mq(GM) = 602 X

(2.30)
where Ng is the number of ® + ¢ which are assumed to form 5 + 5 of SU(5). Gauge
mediation induces soft scalar masses also, giving

X\ 2
m2(GM) = O <<8%F7> ) : (2.31)

An interesting feature of the gauge mediation in models with U(1)4 is the contribution
to scalar masses originating from D 4. Because ®®¢ carries a U(1)4 charge go + qpe = 1
(note that we use the convention gx = —1), the supertrace of the messenger mass matrix
is non-vanishing due to the D-term contribution. As a result, gauge-mediated soft scalar
masses contain the piece [R5

NoIn(A/Ag)
2(aM) ~ E a4 '® AR/ A0)
omz (GM) Cig, (572)2

a

9aDa, (2.32)

where Cf is the quadratic Casimir of ¢;. This piece can be important for matter fields
with ¢; = 0 when g3 D4 2> |FX/X|2.

C) Anomaly mediation: Supergravity always mediates SUSY breaking through the
conformal anomaly [R(]. This effect can be described by introducing the supergravity
conformal compensator C with an F-component:

1
FC=mj,+ gFI K, (2.33)
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Figure 1: Relative strength of each mediation. Either modulus, gauge, or anomaly mediation
dominates over the other two in the blue region, while mixed mediations are realized in the red
and green regions. The dashed blue line is the contour for a given value of Mg (D) /sors, Where
Msofs 18 the biggest of mgoe (MM, GM, AM).

which is generically of the order® of mg s2- In this formulation, due to the super-Weyl
invariance, the C-dependence of physical gauge couplings and wavefunction coefficients is
determined by the renormalization group running, which results in

M, (AM) = %Fc ~0 (n;;/f) ,

1 dv 2 mg/o\ 2
2 v (&
2(AM) = — =i po2 <_> , 2.34
mi (AM) 4dlnu| | O< 82 (2:34)
where 8, = dg,/dInp and v; = dln Z; /dIn p are the gauge beta-function and the matter
anomalous dimension, respectively.

D) D-term contribution: In the presence of anomalous U(1) 4, there can be a D-term
contribution to the soft scalar mass for U(1)4 charged matter fields:

mi(D) = —qigiDa, (2.35)

(3

where ¢; denotes the U(1)4 charge of the corresponding matter field.
Let us now examine the relative importance of these mediations in the case that

1 X|? ~ |ép1] > Da (2.36)

and FT and FX /X are at least comparable to other moduli and matter F-components,
respectively. In such case, the ratios between auxiliary components are estimated as (2.1§),
and then we find the following order of magnitude relation between different mediations:
1 1 8
msoft(MM) : msoft(GM) . msoft(AM) . msoft(D) ~ R_l :1: R_2 . \/ﬁ (237)

31n some case such as the no-scale model, there can be a cancellation between m3/2 and %F181K7 which

would result in |FC| < [ms)s|.



Note that the ratios between the modulus, gauge and D-term mediations are determined
essentially by a single parameter Rp, while the relative importance of anomaly mediation
is determined by Rj. Fig. [l shows the relative strength of modulus, gauge, and anomaly
mediation as a function of R; and Ry. Also shown in the figure is the contour of the ratio
between mgog (D) and the biggest of mgop(MM), mgor(GM) and mgog(AM). As we have
noticed, both Ry and Ry are quite model-dependent and can have a wide range of values.
In the subsections B.9 and B-J, we will discuss a set of simple models in which the SUSY
breaking auxiliary components are given by (R.1§), and therefore the soft masses obey the
relation () In the subsequent subsections, we will consider other type of models which
require a separate discussion as the relation () does not apply.

3. Stabilization of the D-flat direction

In this section, we explore with explicit examples how the D-flat directions in models with
U(1)4 can be stabilized at a phenomenologically viable (meta-stable) vacuum with nearly
vanishing cosmological constant. We will consider two different types of models, one in
which the D-flatness is achieved mostly by the cancellation between {r; and the matter
field with the largest VEV, and the other in which the D-flatness is achieved mostly by
the cancellation between two matter fields with opposite U(1)4 charges. For the first type
of models discussed in the subsections B.3 and B.3, the simple relations (R.1§) and (R.37)
are satisfied, so the structure of mixed mediation is determined by R; and Rs. On the
other hand, (P.1§) and (£.37) do not apply to the second type of models discussed in the
subsections B.4 and B.H. Our results show that various different mixed mediations can be
realized within a relatively simple class of models.

3.1 Uplifting potential

Quite often, SUSY breaking by U(1)4 charged fields alone cannot give a nearly vanishing
cosmological constant, and then one needs to introduce additional SUSY breaking providing
an uplifting potential for de-Sitter or Minkowski vacuum solution. If U(1)4 charged fields
all get a mass > mg/9, the stabilization would not be affected significantly by the uplifting
potential. However, in case that some D-flat direction has a mass < ms/y, the uplifting
potential can play an important role for the stabilization. This means that one needs
to include the uplifting potential explicitly in the analysis in order to draw a reliable
conclusion on the stabilization. To be specific, here we will consider a particular form
of uplifting potential which originates from a sequestered SUSY breaking sector in which
SUSY is non-linearly realized.

Then the full scalar potential of the model can be derived from the following 4D
SUGRA action:

/ d9cC (—3e—K/3 + CCM4A2A2) + ( / 420 C3W + h.c.) , (3.1)

where C' is the chiral compensator superfield introduced to encode the SUSY breaking
effects due to the auxiliary component of the SUGRA multiplet, K and W are the conven-
tional Kihler potential and superpotential of the model, and A?A? is the Volkov-Akulov

— 10 —



(VA) action of the Goldstino superfield A* = 9a+ﬁ)\a, where A is the Goldstino fermion.
Here the C-dependence of the action is determined by the super-Weyl invariance. The VA
action might be a low energy consequence of spontaneous SUSY breaking at some high
energy scale, e.g. a low energy realization of the action

T *_2222 20 372
d'0CC (22~ S | + | | *6C°MEZ the. ), (3.2)

i

where Z is a Polonyi field, and M; ~ My > mgy/, are constant mass parameters. Alterna-
tively it might represent the effect of anti-brane stabilized at the tip of warped throat in
KKLT-type compactification [2§]. In the former case, the Goldstino scale M is determined
as M ~ Mj ~ Ms, while in the latter case M is determined by the red-shifted tension of
anti-brane. After integrating out all auxiliary components and choosing the Einstein frame

condition for the lowest component of the compensator superfield Cy = /6, one finds
that the full scalar potential is given by
Vror = Vsuera + Vi, (33)
where
Veuara = Vi + Vi = (K, SFTFT* — 3K |W|2) + %Di (3.4)
is the conventional SUGRA potential and
Viig = M43 (3.5)

is the uplifting potential from the VA action.

3.2 Models with non-perturbative superpotential

A natural source of moduli potential in string theory is non-perturbative effect such as
stringy instanton or hidden sector gaugino condensation. So let us discuss first the stabi-
lization of D-flat direction by non-perturbative superpotential. For simplicity, we consider
the case that the GS modulus does not have a Kahler mixing with other SUSY breaking
moduli, and the FI term is cancelled mostly by the U(1)4 charged matter field X with the
largest VEV. Since the moduli-dependence of the matter Kahler metric does not change the
essential feature of stabilization, it is sufficient to consider the case of moduli-independent
matter Kahler metric. Then the Kéhler potential relevant for our discussion is given by

K = Ko(t — 0gsVa) + X e 2Va X, (3.6)

where K can take an arbitrary form. The non-perturbative superpotential generically
takes the form

Wap o< e~ 21T 06s xn (3.7)

with an integer n > 0 and dgg > 0. Since we need to stabilize X at a scale far above
TeV, it is desirable that X has a flat potential in the global SUSY limit when the D-flat
direction is mostly X. This is achieved when n = 1, so we consider

W =wy + Ae~2T/%as X (3.8)

— 11 —



where A is a constant of order unity? and wyp is a small constant of O(msg /2M]23l).
For the Kéhler potential (B.) and the superpotential (B.§), it is straightforward to see
that the VEV of arg(e=27/%¢s X)) is fixed by the F-term potential at

arg (£2) 47 for Ry < =8£L,
arg(e—zT/éasX) = & (Uﬁ)) ! 21—_|é\12 (3.9)
arg (7) for Ry > o IX2

where Ry = —0gsK{//2K]) as defined in (R.17) and {p; = dgsK()/2. Meanwhile, one
combination of Im(7") and arg(X) remains unfixed, and is absorbed into the U(1)4 gauge
boson. After replacing arg(e=27/%¢s X) with its VEV, the remaining t = T + T* and |X|
can be fixed by the stationary condition

O x| (Vsugra + Vi) = 0 (3.10)
under the constraint
(Vsugra + Viigg) = 0. (3.11)
To proceed, let us first consider the case with
Ry < 1. (3.12)

We find that in this case the uplifting potential can be treated as a small perturbation, so
one can start with a solution of

at")qVSUGRA =0. (3.13)

Then the stationary conditions for Vsugra give rise to

1
gaDa = " es o (V& + (0 Ing3)Vp) .
2 0
' 21X?
Vi = s 1y (Vi + (9 Ing3)Vp) , (3.14)

where the prime and dot denote the derivatives with respect to ¢ and In | X|, respectively.
The second relation above determines how the D-flat direction is fixed by the F-term
potential. Neglecting small corrections of O(mj /2 /M), the condition for the solution of
(B-14) to be a (local) minimum of Vgugra reads

‘"/ 4 |)(|4 V// (,]” V/ 4 |X|2 V/ 1
1 o 2 70

Note that a supersymmetric solution of (B:14) leads to V@ = Vi =0and Dy = 0.

4Note that A can always be made to be of order unity through a constant shift of T. We have also
chosen the normalization convention of T for which égs = O(1/87%). Whenever we use an explicit form of
the modulus Kéhler potential, it is defined in such field basis.
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It turns out that, in the limit Ry < 1, the equations (B.14)) have a unique solution which
is supersymmetric and automatically fulfills the (meta)stability condition (B.15) regardless
of the form of Ky. The minimum of Vgugra is given by

X = ==K,

é e~ t/das

= —— ~ |X 3.16
- X1, (3.16)

1—[X]2

and the vacuum solution of Vo can be obtained by taking into account the small shift
from this solution induced by Vjir. It is then easy to find that the vacuum solution of Vipgr

gives
dgs 30¢ In Vy m
T ., 0GS 90t lift o . 3/2
F—3“7TWW—%WM—W§ﬂ=
FX (/)/ -

where we have used the sequestered uplifting potential Vi, = M*e25/3. The above result
also leads to Ry ~ 2R;. The D-flat direction, which is mostly T in this case, acquires a
mass of ~ mg/y In(Mp;/ms/3) > mg/9, and this is the reason why FT « ms /.

Another limit for which the analysis is straightforward is the case with

Ry > 1. (3.18)

Since the non-perturbative superpotential stabilizes the GS modulus at t/dgs > 1 in the
field basis with A = O(1), it is plausible to assume that the modulus Kahler potential
satisfies

6GS b2 8tkl<0 6GS b2
== < | == > .19

at the stationary point of Vsgugra. We then find that Vgugra can have a SUSY breaking
minimum at

2 2
) mz ., M
2 Gs 3/2t Pl
A M?
‘_ o—t/das — <R1 +0 (M—2V>> |X|, (3.20)
Pl

wo

for Mp; > My > (m3/2M pl)l/ 2. It is straightforward to show that the above field
configuration satisfies the stability condition (B.1§) and leads to

(Vi =X lwo)?* [ -3+R Més O Més 3.21
SUGRA) = € |wo + Ri—2> + 5 ; (3.21)
Mp, Mp,

where the second term in the brackets is the contribution from F¥X, and thus Ry ~ R; at
the minimum of Vgugra. The above form of the vacuum energy density suggests that one
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can get a de-Sitter or Minkowski minimum without introducing an uplifting potential, if

M2 1
R1:O< Pl):(’)(—). (3.22)
Mz 05

In this case, X (approximately) corresponds to the D-flat direction, and its scalar compo-

nent acquires a mass of O(mg 12Mpy /Mgs), while its fermionic component corresponds to
the Goldstino absorbed into the gravitino.

Unlike the case with Ry < 1 or Ry > 1, the analysis of the vacuum solution of
Vror for Ry = O(1) is quite nontrivial. In such case, we need more model-dependent and
detailed analysis to make sure that there exists a (local) minimum of Vror with vanishing
cosmological constant.

In the following, to examine explicitly the stabilization of T" and X, we consider two
different forms of the modulus Kéhler potential

K(gl) = —nyg ln(t — (5@5VA),

(3.23)
K™ = LK (t0)(t — to — SasVa)?,
with the superpotential and the uplifting potential given by
W = wy+ AXe_2T/5GS,
Vige = M*eK/3, (3.24)

In Kél), T might correspond to a dilaton in the weak coupling limit or a volume modulus
in the large volume limit. On the other hand, KSH) assumes that there exists a point in
the moduli space where the FI term vanishes 23, 3, 4],

Eri(to) = %5GSK6(75 =tg) =0, (3.25)

and then the modulus Kéahler potential is expanded around ¢ = t3. Using the field redefi-
nition T — o1 + B for real a and 3, we can choose the convention

Al =1, dgs = (3.26)

272

Generically K{/(to) is expected to be of order unity, however wy is required to be exponen-
tially small to realize low energy SUSY. To be specific, we choose

K"(tg) =1, |wo| =e™%, (3.27)

and examine the following four examples:

Model I : Kop=K{" withng=1,
Model T : Ko=K\""  with t = 2.6,

3.28
Model TII : Ko =K with to = 2.1, (3.28)

Model IV : Ky= K(SH) with g = 1.9.
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Model | : ng=1 Model Il : tp=2.6

Log;,(IX1/Mer)
Log;,(IX1/Mp)

Model Il : tp=2.1 Model IV : tp=1.9
P o L S LT A e o e e o ———— =
[ R=1/2' Ry=1/2! ]

Log;,(IX1/Mer)
Log;,(IX1/Mer)

Figure 2: Stabilization of the GS modulus t = T'+ T* and the chiral matter In | X | in each model.
In each figure, the blue curve corresponds to the D-flat condition, while the red curve represents
the stationary condition, (0;D4)9\x|Vror — (9)x/Da)0:VroT = 0. We also plot the dashed green
curve along which F7 vanishes. For Model II, III and IV, R; = 1/2 on the vertical dashed line.

Fig. B shows how a minimum of Vror = Vsuara + Vig with vanishing cosmological
constant is developed in these examples. In each figure, the blue curve corresponds to the D-
flat condition, while the red curve represents the stationary condition®, (; D A)(‘)‘ x|Vror —
(8‘ X|DA)8tVTOT = 0. Hence the point where the two curves intersect corresponds to a
stationary solution of Vror. In Model I and II, we have two intersecting points, and the
point with smaller ¢ is a (local) minimum, while the other point is a saddle point. The
vacuum solution can be considered as a small deviation from the supersymmetric solution
which is the intersecting point of the blue and dashed green curves in the figure, and this
small deviation is due to Vjj. On the other hand, for Model III and IV, the blue and red
curves have a unique intersecting point which is a local minimum of the potential. Here

5This stationary condition corresponds to the second relation of () for Model IV. On the other hand,
for other models, one needs to replace Vp with Vi + Vi in () since the uplifting potential is needed to
cancel the cosmological constant.
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we have tuned the size of Vi to make the vacuum solution have a vanishing cosmological
constant. We then find that the VEVs of

| X|? §FI das K DxW
= - , Ry =————, |R2| = (329)
M2, M2, 2 K} XW
are given by
Model T 1.6 x 1072, 1.6 x 1072, 3.1 x1072
Model 11 1.5 x 1072, 4.2x1072, 84 x 1072 (3.30)

Model IIT 1.6 x 1074, 4, 3.8
Model IV 14 x 1077, 4.7x10%, 4.7 x 103

and therefore the ratios

FX das 1 1
FT.— . mk,. . vVDy ~ —: —-1: — : ——— 3.31
x a2 94 2R, Ry VR +1 (3:31)

are determined as

Model I 1.6 =1 32 : 1
Model I1 . =1 12 : 1
ode 0.6 B (3.32)
Model III 6 x 10 S 0.26 : 0.45
Model IV 5x107% : —1 : 2x107* : 1.5x 1072

With the above results, the ratios between the modulus, gauge, anomaly and D-term
mediated soft masses in each model can be read off from the following order of magnitude
relation

1 1 82
msoft(MM) : msoft(GM) : msoft(AM) : msoft(D) ~ R_l i R_2 : \/Rj—l-l’
1

where we have assumed that there exist gauge-charged messengers ® + ®¢ which become

(3.33)

massive through the coupling to X:
AW = yp X dPC. (3.34)

Our results indicate that the relative importance of each mediation is quite model-
dependent, particularly on the form of the modulus Kéhler potential. Models I and II realize
mixed modulus-anomaly-D-term mediation, which corresponds to the mirage mediation
B3, B8, B9 with additional D-term contribution [I]. On the other hand, in Model III,
gaugino masses are determined by mixed modulus-gauge-anomaly mediation, while scalar
masses are dominated by the D-term contribution which is one or two orders of magnitudes
heavier than gaugino masses. Finally, soft masses in Model IV are determined by mixed
gauge- D-term mediation. So various different mixed mediations can be realized even within
the simple class of models discussed in this subsection.

Since the U(1) 4 vector superfield acquires a large supersymmetric mass, while leaving
the D-flat combination of 7" and In X light, we can study the low energy dynamics of model
with an effective supergravity in which the massive U(1)4 vector superfield is integrated
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out. In the limit Ry < 1 or Ry > 1, the massive and light degrees of freedom can be easily
identified, and therefore it is straightforward to derive the effective theory of light fields in
this limit. For instance, the relations

My
2qu24

Os K3
1 XP?

1
~ J0usKG + X[ Ry~ (3.35)

suggest that the Goldstone superfield absorbed into the massive U(1)4 vector superfield is
mostly In X in the limit Ry < 1, while it is mostly T in the opposite limit R; > 1.

Since it provides an efficient way to understand our results, let us derive the effective
theory explicitly in the limit Ry < 1 or Ry > 1. When R; < 1, the massive vector
superfield and the light D-flat direction are identified as

1X| . 1 X
Vie=Va—In(2L) T=T- Zgesn .
H=Va—In < M) lasn\ 77— (3.36)

both of which are invariant under U(1)4. Then it is convenient to introduce the U(1)4-
invariant combination of matter fields

~ X qi
¢i = <M—Pl> bi, (3.37)

and rewrite the Kihler potential and superpotential in terms of Vi, T and <;~5,

K = Ko(t — dgsVa) + X e ?VAX + ¢fe’@iVa g,
= Ko(t — 6asVi) + e 2V + ¢V g,
W = wo + AX6—2T/5GS + )‘iijqH_qj—i_qkﬁbi@j(ﬁk
= w + Ae~?T/%6s 4 Xijk®i®i Pk (3.38)

where t = T+T* and t = T+ T*. Now the massive vector superfield Vi can be integrated
out by solving the equation of motion

Ovy K =0, (3.39)

whose solution is given by

2 -

Vi = K/() + O(6gs). (3.40)
das

Inserting this solution into the Kéahler potential, we find the effective Kahler potential of

T and ¢; (# X) is given by

i#£X

from which all the low energy consequences of (B.3§), including the SUSY breaking auxiliary
components of light fields and the soft terms of visible sector fields, can be derived in the
approximation in which the subleading corrections suppressed by dgg are ignored.
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On the other hand, in the other limit Ry > 1, the massive vector superfield and the
light matter fields (including the D-flat direction X) are given by

Vig =Va — %(i —to), ¢ = gie?nT o) 0as, (3.42)
where tg is the modulus value for which the FI term vanishes:
Kj(t =1t9) =0. (3.43)
We then have

K = Ko(t —dasVa) + Y ¢7™ " ¢y
1=X,i

= Kolto — dasVu) + Y _ 67>V,
I=X,i

W = Wo +AX6—2T/5GS +)\iijqi+qj+qk¢i¢j¢k
= wo + Ae?To/des X 4 /\iijqi+Qj+qk<l~5i¢;j¢;ka (3.44)

for which the solution of the equation of motion (B.39) is given by

S adiér |9]*
Vy ==L 4 o , (3.45)
2MZg Mg

where MZq = 62, ¢K{/(t = t9)/4. The resulting effective Kéhler potential and superpotential

are given by

~ - - 716
Kot = Kolto) + Y 1a = 3 2% I¢z|2|<zu|2+o<‘¢’ )

2
I=X,i 1J=X,i =~ GS
Weg = wo + A€_2TO/5GSX + )\iijqi+qj+qk &Zggjqzk (346)

One is thus led to the low energy theory where X acts as a Polonyi field and is stabilized
by the same way as in sweet-spot SUSY [B(]. In that scenario, the Higgs sector feels SUSY
breaking also through direct interactions with the Polonyi field, in addition to gauge-
mediated one. But, the higher dimensional operator ;| X |?|¢;|>/M2 in the above effective
Kahler potential can transmit SUSY breaking not only to the Higgs fields but also to the
sfermions if they are charged under U(1)4.

3.3 Models with radiative stabilization

In some case, non-perturbative superpotential of the GS modulus might not be available
because either dgg < 0, so it is forbidden by U(1) 4, or the corresponding instanton ampli-
tude is vanishing due to the zero mode structure. Even in such case, if the Kéhler potential
admits a limit with gy = 0 or more generally a limit with £p; far below M]%l, for which
the D-flat direction is described by X, the scalar potential of D-flat direction can receive
a field-theoretic radiative correction which can fix the VEV of X at a proper value.
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As an example of such model, let us consider
K = Ko(t —6gsVa) + Z ¢fe2quA¢,’,
W = wo + ya X DO, (3.47)

where ¢; = {X, ®, ¢} for the exotic matter fields ® + ®¢ which form 5 + 5 of SU(5) with
the U(1) 4 charges satisfying g + goc = 1, and Kj is assumed to satisfy

K{(t=1ty) =0. (3.48)

It is straightforward to analyze this model if one uses the effective theory in which the
massive U(1)4 vector superfield Vi = V4 — (t — t9)/dgs is integrated out. Using the
procedure described in the previous section (see Eqs. (B-49) and (B.46)), one easily finds

_XP

Vo =
T oM,

T (3.49)

and the resulting effective Kéahler potential takes the form

‘X’2 1 |)Z|4

K.qg = J—
eff 2M62;S )

(3.50)

where the ellipses denote the terms involving ®, ®°. Then the scalar potential of |X| at
tree level includes a quartic term originating from the quartic term in Kg:

(VSUGRA + Viift)’tree = 3 ’X‘4 + .- (351)
There are also radiative corrections to the scalar potential for | X|, in particular the anomaly

mediated soft scalar mass associated with the Yukawa coupling ye X ®P®¢, which is given
by

_ 2 2 2 2 2\ (M3/2\? | &2
AV = Noyh (5(5No + 2y — 163 — 663 — 24 ) (7555 ) 1K1 (3.52)

where Ng is the number of ® + ®¢, and g, are the SM gauge couplings at the scale yg|X|.
In order for X to develop nonzero VEV, we need

5(5Ng + 2)y3 < 16g3 + 693 + 247 (3.53)

at the scale y3|X|. Then, the VEV of |X| is determined as

1/2 Mgas

(1X1) = (Noy3 (1693 + 63 + 267 — 5(5N0 + 2)13 ) )

for which

Mg (1672)

R, = —GS — )
TR 12 T NayZ (1692 + 62 + 267 — 5(5Ng + 2)y2)

(3.55)
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In fact, this model possesses an anomalous global Peccei-Quinn (PQ) symmetry
Ulpq: ¢ — et (3.56)

which can solve the strong CP problem through the axion mechanism [BI], B3]. Then the
phase degree of freedom of X can be identified as the QCD axion with a decay constant
vpg = (|X|) which is constrained as 10°GeV < vpg < 10'2GeV. The axion scale of the
model can be in this range if

107° < ygp <1072, (3.57)

On the other hand, for this range of ygp, we have

IxW\*
Ry > (8732, Ry=1+ <X)iW> ~ 1. (3.58)

Applying this result to

FX das 1 1
FTi—i * . D 2—:—1:—:7 359
x M2t IAVEA = op Ry VR +1 (3:59)

we find the modulus, gauge, anomaly and D-term mediated soft masses are estimated as
msoft(GM) ~ msoft(AM) > msoft(D) > msoft(MM)v (360)

and therefore soft masses in this model are determined by mixed gauge-anomaly mediation
B3, Bd]. The radial scalar and fermion components of X correspond to the saxion s and
the axino a, respectively. Their masses are given by

ms/2 ms/2
Mg ~ —F==, Mgz ~ R
1

VR’

which suggest that the axino is the LSP in this model.

(3.61)

3.4 Models with non-renormalizable superpotential

In this subsection, we consider a model with additional U(1) 4-charged matter Y with ¢y >
0, which can cancel the D-term contribution from X. Then there are two D-flat directions
in the model, parameterized by X e~2T/oes and X9vY. The superpotential is allowed to
contain these two U(1)4-invariant holomorphic operators. Here we discuss only the case
when ¢y = —3¢x = 3, and the superpotential contains XY, but no nonperturbative term
involving Xe—2T/%cs

Then the Kéahler potential and superpotential of the model are given by

K = Kot —6asVa) + X*e™2VaX 4 y*efVay,
3

X°Y
W = wg+ A + yp X DD, (3.62)
Mpy

where the last term in the superpotential is not crucial for the stabilization of D-flat
directions, but is introduced for the gauge mediation of SUSY breaking by FX. A key
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assumption on the model is that the Kahler potential of the GS modulus admits a point
with vanishing FI term:

K{(t =t9) = 0. (3.63)

We also assume for simplicity that the matter Kahler metric of X and Y are independent
of the GS modulus, however our results equally apply to the case with moduli-dependent
matter Kahler metric.

Now the U(1)4 D-term is given by

gaDA = Epr + | X2 = 3|V %, (3.64)

where £y = dgsK()/2. In section 2 and also in the previous subsections, we were focusing
on the case that D-flatness is achieved through the cancellation between {r; and |X|?,
yvielding [€pr| ~ | X|? > g4 Da. Note that X was defined as the U(1) 4-charged matter field
with the largest VEV. In fact, this model realizes a different scenario with

IXI* ~ Y>> €pr, (3.65)

and as a consequence does not obey the relations in (R.16) except for the last one.
For the above Kéhler potential and superpotential, one of the stationary conditions
for scalar potential takes the form

2 K/K///
Ot (Vsugra + Vi) = <VF + =Viige + <2 " ) eK’W’2> K

3 K/
L 0GS gen 2 b4 (9,10 o gf%‘DQ—o 3.66
TN 094 A+(tH9A)7 4 =0, (3.66)

which is satisfied by the D-flat direction given by
t=to, |X|>=3Y% (3.67)

In the region with | X|? < Mg = 02¢K(/ /4, the scalar potential along this D-flat direction

is written as

2
Vror = e [ 4221 X]% — —=|Awo| X |* — 3|w 2), 3.68
o 2 ¢ (4IPS — Tl K]~ 3 (3.68)
for Arg(X3Y) fixed at Arg(A\*wg) + 7 by the minimization condition. Here we have set
Mp; = 1, and neglected small corrections suppressed by |X|? /Ml%l. This determines the
VEVs of X and Y as

V3

X2 = 3|Y)? ~ mmg/ng. (3.69)

The resulting SUSY breaking auxiliary components are given by

FX FY 2
X =y =g F=Da=0 (3.70)
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so soft masses are determined by mixed gauge-anomaly mediation:
msoft(GM) ~ msoft(AM) > msoft(MM), msoft(D). (371)

For X stabilized at |X| < Mgg, the longitudinal component of the massive U(1)4 vector
superfield comes mostly from 7. The non-renormalizable superpotential term provides
masses to X and Y, which include two radial scalars s o, the massive angular scalar ay,
and two fermions ay o:

1 V3 V6

ms, = §m3/27 Mgy, = ?m3/27 Mq) = ?m3/2,

ma, =~ 0.1mg/e, ma, =~ 0.8ms)s. (3.72)

One combination of Arg(X) and Arg(Y’) remains unfixed.
We note that the above model possesses a PQ symmetry:

Ul)pg: ¢ — el (3.73)

which is spontaneously broken by the VEVs of X and Y. The corresponding axion scale
vpq can take naturally an intermediate scale value

vpg ~ y/mzpMp; ~ 10" GeV, (3.74)

. 2 .
when mg /o ~ 10*GeV for which mgog, ~ 89?7713 /2 has a weak scale size.

3.5 KKLT with D-term stabilization

In this subsection, we discuss a class of models in which multiple number of moduli, includ-
ing the GS modulus, participate in SUSY breaking. As a concrete example, we consider
a variant of KKLT scenario with multiple number of Kéhler moduli, in which the visible
sector Kéhler modulus 7' is stabilized by the D-term potential of U(1)4, while the other
Kahler moduli are stabilized by nonperturbative superpotential as in the original KKLT
scenario [26)].

The motivation for this variant is the observation that instantons wrapping the visible
sector 4-cycle in KKLT setup have SM-charged zero modes of chiral fermions, and as
a result the corresponding nonperturbative superpotential of 1" should involve a gauge
invariant product of SM-charged chiral matter superfields [BF]. This would effectively
make the nonperturbative superpotential of T" vanish, and then one needs other mechanism
to stabilize the visible sector K&hler modulus. As we will see, if the model contains an
anomalous U(1)4 with T being the GS modulus, and the moduli Kéhler potential admits
a limit in which the FI term has a value far below Ml%l, all Kahler moduli can be stabilized
even in the absence of nonperturbative superpotential of T.

Since the generalization to the case with more moduli is straightforward, here we
consider a simple case with two Kahler moduli 7' and T’, where t = T + T* corresponds
to the volume of 4-cycle supporting the visible sector, while t = T’ + T'* stands for
hidden sector 4-cycle. We assume that there exists a nonperturbative superpotential of 7"
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generated by stringy instanton wrapping the hidden cycle, while no nonperturbative term
of T' due to the fermion zero modes on the visible sector cycle. In Type IIB string theory
for KKLT compactification, the Kahler potential of T, = {T,7"} takes the no-scale form
at the leading order in the o and string loop expansion, so we consider a no-scale Kéhler
potential obeying

KO(fytA7fyt/) = KO(tAu t,) - 3111’7 (375)

for arbitrary real constant v, where t4 =t — dgsVa. We further assume that there exists
a solution in the moduli space with vanishing FI term:

O Ko =0, (3.76)

and explore the (local) minimum of the scalar potential near this solution®.
In the absence of nonperturbative effects breaking the axionic shift symmetry T —
T + i (8 = real constant), the U(1)4 symmetry leads to an anomalous global symmetry

Ul)pg: ¢i— €, (3.77)

which can be identified as a PQ symmetry solving the strong CP problem. Then, this PQ
symmetry should be broken spontaneously by the VEV of SM singlet but U(1)4 charged
matter fields at a scale between 10°GeV and 10'2GeV. As for those matter fields, we con-
sider the example of the previous subsection. Then the Kéhler potential and superpotential
of the model are given by

K = Ko(ta,t') + X*e 2VAX 4 Y*eVay,
X3y
Mpy

W = wo+ Ae™ T 4+ ) + Yo X DD, (3.78)

Here we assume for simplicity that the matter Kahler metric of X and Y are independent
of moduli, however our results equally apply to the case with moduli-dependent matter
Ké&hler metric. For a no-scale moduli Kéhler potential, we have

K§P05K) = —(T* + T%),  K§*(0aK0)95Ko = 3, (3.79)
and
200, K0) 0 KIT + (0y K)o, KI'T =0, (3.80)

where K p is the inverse of the moduli Kéhler metric Koos = aaaBKo. With these rela-
tions, one can find

2 OKG" Ky 2
9 (Vsuara + Vi) = | Vr + 3 Viig — 2 e [Wr|* | 9. Ko
3 Oy Ko
OGS (A2 7\ 2 2194 2
+ (0 Ko)gaDa + (9 Ingi) =" D3, (3.81)
A simple example of such Kihler potential is the one discussed in [@] Ko = —In((t1 — dasVa)(t2 +

6G5VA)2 + %(tz —&—(5GSVA)3)7 where t = t1 —to, t' = t1 +t2, and the Kéhler cone is defined by #1,2 > 0. Note
that £rr = das(01 Ko — 02K0)/2 = 0 on the wall in the Kahler cone defined by t2 = 4¢;.
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where
5
Dy = _;’5 8 Ko + | X2 - 3]V (3.82)

The stationary condition 9;(Vsugra + Vig) = 0 is thus satisfied by the field configuration
satisfying

Ky =0, |X|?=3|Y)? (3.83)

for which D4 = 0. On the other hand, as in the original KKLT scenario, the stationary
condition 8t’(VSUGRA + Viift) = 0 leads to

(KW 1
priV = In(Mp;/m3)2) (1 o <1H(MPl/m3/2)>> ' (3.84)

We then find ¢t and t’ are fixed by the conditions

aAe= T ( < 1 >>
0Ky =0, opKo="2" ([1+0(— ), 3.85
t420 t 0 wo ln(MPl/mg/Q) ( )

and X and Y are fixed at

3
X2 =3|Y|? ~ W\/)?’mg/QMpl, Arg(X3Y) = Arg(\wp) + . (3.86)

At this minimum, the SUSY breaking auxiliary components have VEVs as

FX FY 2
X~y = 3y Pa=o
FT F ms/o

~

T+T* T +T%  Wn(Mp/mgp)

(3.87)

where the relation between FT and FT' is derived from the no-scale relation Kg‘ Z 8BK0 -
—(T* 4 T%*). Therefore, this variant of KKLT setup gives rise to a mixed modulus-gauge-
anomaly mediation”:

Misoft (MM) ~ Mo (GM) ~ Mmgoge (AM) >> mgog (D), (3.88)

which was dubbed as deflected (or axionic) mirage mediation [B7, B§]. As in the model dis-
cussed in the previous subsection, the Goldstone boson from spontaneously broken U(1)pg
can play the role of the QCD axion with the axion scale given by vpg ~ y/m3/2Mp;.

"It is worth noting that, if it is not charged under U(1)a, T can alternatively be stabilized by the
uplifting potential [E] This gives a similar pattern of SUSY breaking, while the axion scale is around the
GUT or string scale.
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4. Conclusion

There can be various sources of SUSY breaking in models with anomalous U(1) gauge
symmetry: the U(1) D-term, the F-components of the Green-Schwarz modulus 7 and
the chiral matter X introduced to cancel the Fayet-Iliopoulos term, and also the SUGRA
auxiliary component of the order of m3/,. Then the visible sector soft masses generically
receive a modulus-mediated contribution of the order of FT and a D-term contribution of
the order of /D4 as well as the anomaly-mediated contribution of the order of %my, /2-
Most of the known (semi) realistic string models with U(1) 4 include also exotic SM gauge
charged matter fields @, ®¢ which become massive through the Yukawa coupling to X, and
therefore play the role of messenger for the gauge mediation of SUSY breaking by FX. In
such case, soft masses also receive a gauge-mediated contribution of the order of 89%%.

In this paper, we have examined the relative strength of these modulus, gauge, anomaly
and D-term mediations in a simple class of models, and find that various different mixed
mediation scenarios can be realized depending upon the characteristics of the D-flat direc-
tions and how those D-flat directions are stabilized. A key quantity which would determine
the characteristics of the D-flat directions is the ratio between the Stiickelberg contribution
to the U(1) 4 gauge boson mass-square and the Fayet-Iliopoulos term. Our results suggest
that although its accurate structure is quite model-dependent, it is quite common that soft
terms in models with U(1)4 are not dominated by a single mediation, but determined by
a proper mixture of the moduli, gauge, anomaly and D-term mediations.
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