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We study a simple framework for gauge-mediated supersymmetry breaking in local grand unified

theory (GUT) models based on F-theory 7-branes and demonstrate that a mechanism for solving both the

� and �=B� problems emerges in a natural way. In particular, a straightforward coupling of the

messengers to the Higgs sector leads to a geometry which not only provides us with an approximate

Uð1ÞPQ symmetry that forbids the generation of � at the GUT scale, it also forces the SUSY-breaking

spurion field to carry a nontrivial Peccei-Quinn (PQ) charge. This connects the breaking of supersymmetry

(SUSY) to the generation of � so that the same scale enters both. Moreover, the messenger sector

naturally realizes the D3-instanton triggered SUSY-breaking model of [J. Heckman, J. Marsano, N.

Saulina, S. Schafer-Nameki, and C. Vafa, arXiv:0808.1286.] so this scale is exponentially suppressed

relative to MGUT. The effective action at low scales is in fact precisely of the form of the ‘‘sweet spot

supersymmetry’’ scenario studied by Ibe and Kitano in [M. Ibe and R. Kitano, J. High Energy Phys. 08

(2007) 016.].
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I. INTRODUCTION

Because of the large separation between the Planck and
electroweak scales, producing realistic models of particle
physics from string compactifications has proven to be a
daunting challenge. This task can be somewhat simplified,
however, by noting that if one introduces gauge degrees of
freedom using D-branes, the particles that are observed at
accelerators are inextricably bound to the branes and
hence, at sufficiently low energies, do not probe the full
compactified geometry. This has led several groups to
advocate a bottom-up approach to model building in string
theory, where one studies local geometries which capture
only the structure relevant for particle physics [1–6].

A particularly optimistic scenario for the success of
bottom-up model building in string theory is that of
gauge-mediated supersymmetry (SUSY) breaking be-
cause, in this case, both the visible and hidden sectors as
well as their mediation can be captured within a single
effective field theory decoupled from gravity. This would
allow for the possibility that a single local construction in
string theory could describe all of the essential physics of
supersymmetry breaking. Models of this type are also well-
motivated from a phenomenological point of view as the
flavor-blindness of gauge mediation alleviates potential
conflicts with the current bounds on flavor-changing neu-
tral currents.

In this paper, we seek to study supersymmetry breaking
and its mediation to the visible sector within a framework
that holds great promise for realistic model building in
string theory, namely, that of intersecting 7-branes de-
scribed by local F-theory ‘‘compactifications’’ [4–6]. See

also [7–9] for related work in this direction. As described
by Beasley, Heckman, and Vafa (BHV) in [5,6], one can
successfully engineer a wide variety of supersymmetric
GUTs using collections of intersecting 7-branes that are
described in F-theory by a certain class of local Calabi-Yau
4-folds. In their setup, the visible sector gauge group is
housed on a single stack of 7-branes which wraps a com-
pact 4-cycle and matter is introduced either by breaking the
gauge group with fluxes or intersecting the stack with
additional ‘‘matter branes.’’ As emphasized in [6], world-
volume fluxes also provide a natural way to break the grand
unified theory (GUT) gauge group to that of the minimal
supersymmetric standard model (MSSM).
A simple way to incorporate gauge-mediated

supersymmetry-breaking into this framework has in fact
already been suggested by BHV in [6]. In this approach,
one engineers a pair of messenger fields, f and �f, in the 5
and �5 of SUð5Þ which couple to an additional GUT singlet
field X. By assuming that X obtains an F-component
expectation value from new physics away from the GUT
brane, one then has a simple model of gauge mediation.
Quite nicely, the construction by which one obtains these
messenger fields is precisely what was used in [10] to build
a Polonyi model in which supersymmetry breaking is
triggered by a D3-instanton. Thus, it seems that we can
get SUSY breaking quite naturally in this framework.1 The
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1It is important to note, however, that a nonstandard mecha-
nism for lifting problematic 3-3 zero modes is invoked in [10].
This mechanism was introduced in part because it can be
implemented with a limited knowledge of the full compactifica-
tion. If a more standard mechanism is ultimately required, such
as the incorporation of bulk fluxes, it will have to be done in the
context of a consistent global model. As the present work is
primarily concerned with the mediation of supersymmetry
breaking, we will always assume that unwanted 3-3 zero modes
are lifted.
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use of stringy instantons to generate small parameters
needed for particle physics has been considered before
by a number of groups [11–18]. Previous studies of gauge
mediation in string theory include [19–26].

Any discussion of gauge-mediated models, however,
must also come to grips with the � and �=B� problems

(see e.g. [27] for a review). A common mechanism for
explaining the relatively small size of� is to build a model
with an approximate Uð1ÞPQ symmetry that forbids it and

then add some dynamics into the model which breaks this
symmetry at a lower scale. Alternatively, however, one can
try to instead arrange for the SUSY-breaking field X to
carry a Uð1ÞPQ charge, where PQ is Peccei-Quinn symme-

try. In that case, the same instanton which breaks super-
symmetry also triggers the breaking of Uð1ÞPQ and

consequently � is naturally generated at a scale compa-
rable to the soft mass parameters. By contrast, B� remains

forbidden so it is identically zero until renormalization
group (RG) running of the MSSM kicks in below the
messenger scale and generates it. This approach has been
studied in great detail in the so-called ‘‘sweet spot super-
symmetry’’ scenario of Ibe and Kitano [28–30] who dem-
onstrated that models of this type can have very favorable
phenomenology when the Higgs and SUSY-breaking sec-
tors are coupled at the GUT scale and the gravitino mass
sits at the 1 GeV ‘‘sweet spot.’’ This idea has also been
incorporated into a GUTmodel [31] in which SUSY break-
ing is triggered by a strongly coupled sector along the lines
of [32].

Quite nicely, the most simple possible couplings of the
Higgs and SUSY-breaking sectors in F-theory GUTs can
realize precisely this scenario. In particular, a Uð1ÞPQ
symmetry under which the field X is charged naturally
emerges from the geometry! Moreover, as we shall see
the effective action below the messenger scale is essen-
tially of the sweet spot form [28], meaning that we natu-
rally land on a model which can be phenomenologically
viable for suitable choices of parameters.

We also provide an example of how this scenario for
gauge-mediated SUSY breaking can be implemented in
actual F-theory GUTs by using our approach to combine
the Polonyi model of [10] with one of the SUð5Þ GUT
models of BHV II [6]. The result is a complete local model
of an SUð5Þ GUT with both MSSM matter and gauge-
mediated supersymmetry breaking which realizes a simple
mechanism for solving the �, �=B�, and supersymmetric

CP problems. We also review what is needed to reproduce
the successful phenomenology of [28]. Though detailed
numerics are not our aim, we find it amusing that these
conditions seem quite plausible.

During the course of this work we benefited from dis-
cussions with J. Heckman and C. Vafa, who were simulta-
neously interested in similar issues. We learned from them
about the success of their F-theory construction [33] in
providing a realization of the sweet-spot supersymmetry-

breaking scenario. This motivated us to reinvestigate our
own earlier attempts at realizing it, leading to constructions
that we understand to be very different from those of [33].
The organization of this paper is as follows. In Sec. II,

we give a very brief review of some essential features of the
BHV F-theory constructions [5,6]. In Sec. III, we discuss a
basic framework for implementing gauge mediation in
F-theory GUT models. In Sec. IV, we turn to the issue of
coupling the SUSY-breaking and Higgs sectors and de-
scribe the natural way in which the Uð1ÞPQ symmetry

appears. In Sec. V we review the basic features of a simple
D3-instanton triggered Polonyi model studied in [10]. We
then combine this with one of the SUð5Þ GUT models of
[6] in Sec. VI to form a ‘‘complete’’ local model of gauge-
mediated supersymmetry breaking that can address the �,
�=B�, and supersymmetricCP problems. We comment on

the ability of models of this type to realize the phenom-
enologically successful framework of [28] in Sec. VII
before concluding in Sec. VIII.

II. A BRIEF REVIEW OF F-THEORY GUT
MODELS

A. Bulk theory

Here we give a very brief review of the essential ingre-
dients used by BHV [5,6] to build local GUT models in
F-theory. Start with F-theory [34–36] on an elliptically
fibered Calabi-Yau 4-fold X with Calabi-Yau 3-fold base
B. Generically the elliptic fibration degenerates on a codi-
mension one locus within B, which we denote by S and in
this section assume to be irreducible and compact. When
the degeneration along S is locally of A or D type, such
configurations can be described in IIB language as a col-
lection of D7-branes wrapped on S with possibly some O7
planes included as well [37]. A novel feature of working
directly in F-theory is the ability to describe E-type 7-
branes as well, making it possible to engineer gauge theo-
ries based on exceptional groups. From the point of view of
type IIB such compactifications are intrinsically
nonperturbative.
In [6], it was argued that the spirit of bottom-up model

building leads one to consider surfaces S that are del Pezzo
(dP). The general philosophy is that one should study local
models for which one could in principle take a strict
decoupling limit MPl ! 1, which separates GUT-scale
physics from Planck-scale physics. We shall adhere to
this philosophy as well and hence will always assume
that our surfaces are of dP type.
The spectrum of the ‘‘bulk’’ theory on S transforms in

the adjoint of GS. Switching on a gauge bundle E with
structure group HS breaks the Lie algebra gS ! hS � g,
and thereby the adjoint representation into

g S ¼
M
i

�i � �i; (2.1)

where �i (�i) are hS (g) representations. The chiral spec-
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trum transforming in a representation �i of g is determined
by the bundle-valued Euler characteristic

N�i
¼ ��SðRiÞ; N��

i
¼ ��SðR�

i Þ; (2.2)

where Ri denotes the bundle transforming in �i. On a
del Pezzo surface this is easily computed by

�SðRÞ ¼ 1� 1

2
c1ðRÞ �KS þ 1

2
ðc21ðRÞ � 2c2ðRÞÞ;

(2.3)

whereKS denotes the canonical class of S. On a del Pezzo
surface, various vanishing theorems preclude the existence
of Yukawa couplings among bulk fields [5] which requires
that another source of matter fields be introduced.

B. Matter curves and brane-intersections

Consider now two del Pezzo surfaces S1 and S2 inter-
secting along a complex curve �, so that the 7-branes
wrapping the respective surfaces intersect in a six-
dimensional space. Along �, the singularity type is en-
hanced to G� and, correspondingly, new bifundamental
matter is localized there [38,39]. To determine the specific
matter content on the curve, we first decompose the adjoint
of the enhanced G� gauge group with respect to the bulk
gauge symmetries GS1 �GS2

g � ¼ M
i

ð�1
i ; �

2
i Þ: (2.4)

Representations other than the adjoints of gS1 and gS2
which appear in this decomposition determine the ‘‘bifun-
damentals’’ under which matter on � will transform. Each
GS1;2 may then be broken by Uð1Þ-bundles L1;2 on S1;2 to

GS1;2 ! Uð1Þ1;2 �G1;2, leading to a further decomposition

ð�1; �2Þ ¼ M
j

ðr1j ; r2j Þ�j;�j
; (2.5)

where the Uð1Þ charges are denoted by �, � and r1;2 are
representations of G1;2.

So far these were merely group-theoretic considerations
for determining the representation content of the matter
localized on �. The actual matter spectrum, on the other
hand, is determined by counting zero modes and this in
turn is obtained by studying bundle-valued cohomologies.
In particular, the number Nðr1j ;r2j Þ�j;�j of zero modes in the

representation ðr1j ; r2j Þ�j;�j
is given by [5]

Nðr1j ;r2j Þ�j;�j ¼ h0ð�; K1=2
�

�L
�j

1 j� �L2
�j j�Þ; (2.6)

where the restriction of bulk bundles to � is denoted by
L1;2j�. The net chirality on � is also given by the simple

relation [6]

Nðr1j ;r2j Þ�j;�j � Nðr1j ;r2j Þ�j;�j
¼ degðL�j

1 j� �L2
�j j�Þ; (2.7)

where deg is the degree of the bundle. These results can all

be derived, for instance, by studying the six-dimensional
defect theory living on the intersection of the 7-branes [5].

C. Yukawa couplings

Of crucial importance for any model-building endeavor
are the superpotential couplings between these various
fields. As discussed in [5], vanishing theorems on
del Pezzo surfaces preclude the existence of superpotential
couplings among bulk fields only. Nontrivial couplings can
arise, however, when matter curves �i intersect at isolated
points where the singularity in the fiber is further en-
hanced. This includes couplings between matter curve
fields and bulk fields as well as couplings between matter
curve fields only. We shall focus on the latter type of
coupling in this paper because none of our models will
engineer charged matter in the bulk of any 7-branes.
At first glance, it might seem that Yukawa couplings

among fields localized on matter curves are very hard to
engineer. This is because each such field is a bifundamental
with respect to the gauge group of the bulk 7-branes on S
and the Uð1Þ on the additional 7-brane which intersects S
along�. Even though the gauge boson on this additional 7-
brane can easily be lifted,2 the corresponding Uð1Þ still
arises as a global symmetry of the action. As such, each
matter field seems to come with its own independent Uð1Þ
charge which must be respected in the superpotential.
However, in many cases not all of the Uð1Þ’s on matter

branes which meet at enhanced singular points are inde-
pendent. Rather various combinations are often identified,
making nontrivial Yukawa couplings possible in cases
where one might have naively thought otherwise.
Situations in which this happens typically do not have a
simple perturbative description and hence must correspond
to couplings that are generated nonperturbatively in
type IIB. Nevertheless, their presence is easy to see within
F-theory from the direct analysis of [5,6]. Because this will
play a crucial role throughout this paper, we now describe
it in more detail in the context of a simple example.

D. A simple example

1. Matter from SUð2Þ enhancement

As an example. we consider now a single del Pezzo S
with an I1 ‘‘singularity’’ corresponding, in the perturbative
regime, to a single D7-brane. We can engineer charged
matter by enhancing the singularity to SUð2Þ (A1) along a
curve�. The geometry near� can then be described by the
unfolded A1 singularity

y2 ¼ x2 þ zðzþ tÞ: (2.8)

As described in [5], the coordinates x, y, and z of the fiber
as well as the parameter t are all sections of the canonical

2Indeed, such Uð1Þ’s are typically anomalous so are neces-
sarily lifted by the Green-Schwarz mechanism.

GAUGE MEDIATION IN F-THEORY GUT MODELS PHYSICAL REVIEW D 80, 046006 (2009)

046006-3



bundle KS over S. For notational simplicity, though, we
shall suppress any explicit dependence of these quantities
on the coordinates of S. Our original 7-brane sits at z ¼ 0
and another now sits at zþ t ¼ 0. They intersect along �,
which lies along the locus ðz ¼ 0Þ \ ðz ¼ �tÞ. Let us recall
also that t can be thought of as the expectation value of an
SUð2Þ adjoint field � along S whose nonzero value away
from � is responsible for breaking the gauge group
SUð2Þ ! Uð1Þ� [5,39]. This breaking leads to bifunda-
mental matter from the decomposition of the adjoint 3 of
SUð2Þ under

SUð2Þ ! Uð1Þ� 3 ! 10 � 1þ2 � 1�2: (2.9)

The factor 10 above simply reflects the adjoint of Uð1Þ� so
we identify 1þ2 as the bifundamental representation that is
engineered. The matter in this representation is localized
along that part of z ¼ 0 where t ¼ 0. In other words, it is
localized on �.

We can visualize this configuration also in terms of
type IIB objects as, in the perturbative limit, it reduces to
a pair of D7 branes which intersect along �. Locally, one
can obtain such a configuration by starting with parallel
D7-branes and then rotating one of them. This rotation can
be achieved by giving a varying expectation value to the
adjoint scalar field which increases as one moves away
from �. This is the perturbative analog of deforming the
geometry (2.8) by letting t be nonzero away from � on S.
After this rotation, the total gauge group on the D7-branes
is Uð1ÞS �Uð1Þa and the bifundamentals carry charge
ðþ;�Þ. Comparing with (2.9), we see that Uð1Þ� should
be identified with the specific linear combination of
Uð1ÞS �Uð1Þa with respect to which the bifundamentals
are charged

Q� ¼ QS �Qa: (2.10)

The overall diagonal Uð1Þ, with respect to which the
bifundamental matter is uncharged, is absent from the
F-theory description.3

2. Yukawa couplings from an SUð3Þ point
We turn now to isolated singularities where matter

curves can meet. Distinct SUð2Þ curves, for instance, can
intersect at points where the singularity is further enhanced
by one rank to SUð3Þ. The local geometry near such a point
takes the form

y2 ¼ x2 þ zðzþ t1Þðzþ t2Þ; (2.11)

with t1 ¼ t2 ¼ 0 defining the SUð3Þ enhanced point. This
corresponds to threeD7-branes, namely, our original one at
z ¼ 0 and two additional ‘‘matter branes’’ along zþ t1 ¼
0, and zþ t2 ¼ 0. Note that there are generically three

curves of SUð2Þ enhancement, namely t1 ¼ 0, t2 ¼ 0, and
t3 � t1 � t2 ¼ 0. The first two correspond to curves where
the matter branes intersect the z ¼ 0 7-brane and we
denote them by �1 and �2, respectively. The third, t3 ¼
0, is simply the intersection of the matter branes with one
another and is denoted by �3 in what follows. Following
any given matter curve toward the SUð3Þ singularity speci-
fies an embedding of its gauge group, Uð1Þi, into SUð2Þi
and then further into SUð3Þ. Because SUð3Þ has rank 2,
there are only two independent such embeddings. This
means that the Uð1Þi’s under which matter on the �i is
charged must satisfy a nontrivial relation. This is captured
by the fact that the deformation parameters ti are not
independent but instead satisfy t3 ¼ t1 � t2. In fact, if we
recall that the ti correspond to elements of the Cartan
subalgebra of SUð3Þ which are in turn identified with
expectation values of an SUð3Þ adjoint field � [5,39], it
is not hard to see that Uð1Þi is simply the Uð1Þ subgroup of
SUð3Þ that is generated by ti.
Given this, we turn now to the charges of various fields

with respect to a fixed choice of two independent Uð1Þ’s,
which we take to be Uð1Þ1 and Uð1Þ2. Following (2.9), we
see that fields localized on �1 have charge ð�2; 0Þ under
Uð1Þ1 �Uð1Þ2 while fields localized on �2 carry instead
charge ð0;�2Þ. Fields localized on �3 have charges �2
with respect to Uð1Þ3 but, as we saw before, the generator
of this Uð1Þ is not independent of t1 and t2 but rather is
given simply by the difference t1 � t2. As such, fields on
�3 carry charges ð2;�2Þ and ð�2; 2Þ underUð1Þ1 �Uð1Þ2.
This means that nonzero Yukawa couplings which are
invariant under both Uð1Þ1 and Uð1Þ2 can be obtained by
combining fields from all three of the matter curves that
meet at the SUð3Þ point.
Note that we could see this directly by simply decom-

posing the adjoint 8 of SUð3Þ
SUð3Þ ! Uð1Þ1 �Uð1Þ2

8 ! 10;0 � 10;0 � ð12;0 � 1�2;0Þ � ð10;2 � 10;�2Þ
� ð1�2;2 � 12;�2Þ: (2.12)

We identify the two factors of 10;0 as the adjoint ofUð1Þ1 �
Uð1Þ2. Each quantity in parentheses then represents bifun-
damental matter associated to a matter curve that can
emanate from the SUð3Þ enhancement point. There are
three such collections and hence an SUð3Þ point generi-
cally describes the intersection of three matter curves. This
decomposition also gives theUð1Þ charges for all three sets
of fields expressed in a single basis so that it is clear what
gauge invariant Yukawa couplings can originate at the
SUð3Þ point. In this case, we can have either 12;0 � 10;�2 �
1�2;2 or its conjugate.

Note that such couplings are precisely what we expect
from triple intersections of D7-branes in the perturbative
type IIB description. In particular, the matter fields 12;0 and
10;�2 simply correspond to bifundamentals connecting the

3In the SUð5Þ GUTs of [5,6], it is this lack of overall Uð1Þ
which allows one to engineer the 10� 10� 5 couplings that are
perturbatively forbidden [40] in intersecting brane models.
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z ¼ 0 brane to the matter branes while 1�2;2 is the bifun-

damental which connects the matter branes to one another.
That 1�2;2 is a singlet under the Uð1Þ3 gauge group on the

z ¼ 0 brane follows from its relation to Uð1Þ1 and Uð1Þ2,
namely t3 ¼ t1 � t2.

While we might have expected the presence of three
D7-branes to lead to 3 independent Uð1Þ’s which restrict
the form of the Yukawa couplings, we see that only two
make an appearance in the F-theory description. In this
simple example, the Uð1Þ that is not present is the overall
diagonal Uð1Þ with respect to which none of the bifunda-
mental fields carry a net charge. Its absence is easily
understood because this Uð1Þ is expected to decouple
even from the perturbative point of view. As described in
[5], however, this nontrivial identification of Uð1Þ’s per-
sists also for D and E type enhancements where the inter-
pretation is not as trivial. As such one finds allowed
couplings which, in the case of E-type enhancements, are
perturbatively forbidden in type IIB.4

This simple example serves to demonstrate the well-
known connection between group theory and geometry in
this class of local Calabi-Yau which allows the above
procedure for determining Yukawa couplings to be applied
quite generally. Given an isolated point with singularity G,
a simple decomposition of the adjoint indicates both the
kind of matter curves which can meet there and the nature
of the Yukawa couplings that can be generated. We shall
make extensive use of this fact in all that follows.

III. THE MESSENGER SECTOR

In this section, we discuss a simple way to incorporate
gauge-mediated supersymmetry breaking into F-theory
GUTs. While the basic idea of this approach has already
appeared in BHV II [6], we review it here and emphasize
that it naturally incorporates one of the D3-instanton trig-
gered SUSY-breaking models of [10]. We shall defer a
detailed review of this model to Sec. V and its incorpora-
tion in a sample gauge-mediated model to Sec. VIA.

Let us suppose that we want to communicate SUSY
breaking to an F-theory GUT model with charged mes-
senger fields, f and �f, transforming in the 5 and �5, respec-
tively, of SUð5Þ. One way to introduce such fields is to add
a new pair of matter curves, �f and ��f, to the GUT brane.

These curves correspond to local SUð6Þ enhancements of
the SUð5Þ singularity on the GUT brane. To obtain a non-
trivial interaction between f and �f these two matter curves
must intersect at an isolated SUð7Þ singularity.

This setup, depicted in Fig. 1(b), is now very similar to
the mechanism proposed in [6] for generating a � term. In
particular, the SUð7Þ singularity describes the standard

triple intersection of three D7-brane stacks that we are
accustomed to in the perturbative type IIB language. The
fields f and �f are bifundamentals connecting the matter
branes to the GUT brane. In addition, however, we get one
more field which is a bifundamental connecting the matter
branes to one another. One can also see this more directly
from the decomposition of the SUð7Þ adjoint under

SUð7Þ ! SUð5Þ �Uð1Þ �Uð1Þ
48 ! ð240;0 � 10;0 � 10;0Þ � ð50;6 � �50;�6Þ

� ð5�7;1 � �57;�1Þ � ð17;5 � 1�7;�5Þ; (3.1)

where we use theUð1Þ charge conventions of Slansky [42].
The chiral multiplet X is a GUT singlet as its matter curve
intersects the GUT brane only at the SUð7Þ point. The
interaction that we obtain from this point is quite familiar
as it is the standard one from ordinary gauge mediation
(OGM)

WOGM 	 Xf �f; (3.2)

provided X picks up a SUSY-breaking expectation value in
its F-component. In the spirit of [5,6], we could now
simply assume that some physics associated with the f
and �f branes imposes this condition and thereby take it as
input in our F-theory GUT.
Quite remarkably, however, this inclusion of messengers

and spurion field X is identical to what was needed to
engineer a very simple Polonyi model of supersymmetry
breaking in [10]. In particular, it was shown that with
suitable choices of flux on the f and �f matter branes,
D3-instantons will automatically trigger SUSY breaking
at an exponentially small scale!
We will review the construction of the Polonyi model of

[10] later in Sec. V and discuss its coupling to F-theory
GUTs in more detail when building a complete model in
Sec. VI. For the general discussion of gauge mediation that
follows, however, we will simply presume that some dy-
namics on the matter branes causes the field X to pick up
both scalar and F-component expectation values

hXi ¼ Mþ �2FX; (3.3)

which, through the coupling (3.2), gives a mass to the
messengers f and �f and breaks supersymmetry.

IV. HIGGS SECTOR AND GENERATION OF �

Any model of gauge-mediated supersymmetry breaking
must address the � and �=B� problems. In the first part of

this section, we will briefly review these issues as well as
an elegant solution due to Ibe and Kitano which utilizes
Uð1ÞPQ symmetry [28]. We will then demonstrate that this

solution arises completely naturally when gauge mediation
is incorporated into F-theory GUT models.

4The most notable example of this is the 5� 10� 10 Yukawa
coupling of SUð5Þ GUTs which is perturbatively forbidden in
intersecting brane models [40] but can be generated there by
instanton effects [41].
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A. The � and �=B� problems and Uð1ÞPQ
A crucial issue faced by any model in which gauge

mediation dominates is an explanation for why � sits
naturally near the electroweak scale rather than at the
Planck scale. A common approach to this issue is to
assume that the � parameter vanishes at high scales and
is generated at low scales by the same physics that breaks
supersymmetry. This can be implemented, for example, by
coupling the Higgs directly to the messenger fields in the
superpotential or some other suitably heavy fields which
also couple to X. Integrating out these massive fields then
generates the effective operators

1

M

Z
d4�H �HXy and

1

M2

Z
d4�H �HXXy: (4.1)

When the F-component of X picks up a nonzero expecta-
tion value, the first of these gives rise to a � term and the
second to a B� term.

Naturalness of electroweak symmetry breaking requires
� and B� to be at roughly the same scale

B� 	�2: (4.2)

Given (4.1) it seems as though this is easily achieved.
However, in (4.1) we have neglected to write the loop
suppression factor 1=16	2 that arises when generating
these operators by integrating out heavy fields. In general,
both operators are generated at the same loop order so both
� and B� pick up one factor of 1=16	2. This means that

B� is in fact larger than �2 by a factor of about 102,

introducing an extra fine-tuning that has been dubbed the
�=B� problem [43].

One nice way to address the � problem is to introduce a
Uð1ÞPQ symmetry under which H and �H both have charge

þ1. Such a symmetry forbids the appearance of a bare �
term in the superpotential and is often invoked in an
approximate form to explain why � is naturally small. If
we also suppose that X carries nonzero PQ charge [28],
then the F-component expectation value which breaks
supersymmetry will also break Uð1ÞPQ at the same scale.

In fact, the first operator of (4.1) becomes allowed provided
we specify the PQ charge of X to beþ2. In this scenario,�

is thus naturally generated with the same exponential
suppression factor that arises in the breaking of supersym-
metry. Furthermore, the Uð1ÞPQ symmetry continues to

forbid the second operator of (4.1) so that B� ¼ 0 at the

messenger scale. This is a highly predictive scenario which
has received a great deal of attention in the literature [44–
49]. For our purposes, it suffices to note that, in this case, a
B� parameter of the right size is generated by MSSM RG

running below the messenger scale (see, for instance, [44]).
Quite happily, the CP phase argðm1=2�ðB�Þ�Þ also van-

ishes at the messenger scale in this scenario, leading to a
successful resolution to the supersymmetric CP problem
[28].
In what follows, we shall mainly be interested in dem-

onstrating that the Uð1ÞPQ symmetry that played such a

crucial role in the above story arises naturally when gauge
mediation is incorporated into F-theory GUT models. We
shall also make some comments about numerics and the
ability to reproduce the specific framework of [28] in
Sec. VII but we will not make any sharp statements about
the values of � or any other soft parameters because they
will depend on dimensionless coefficients that we cannot
compute.

B. SUSY breaking and the Higgs sector in F-theory
GUTs

We now turn to the generation of � in the gauge media-
tion framework of Sec. III. As discussed above, this neces-
sitates a direct coupling between the Higgs and messenger
sectors. Because approximate Uð1Þ symmetries are quite
plentiful in the BHV formalism it seems reasonable to
expect that a Uð1ÞPQ symmetry of the sort described above

can be obtained in this context. One potential pitfall, how-
ever, is that each multiplet typically has its own matter
brane and hence its ownUð1Þ charge. What saves us is that,
as mentioned in Sec. II D 2, not all of these Uð1Þ’s remain
independent when matter curves participate in triple inter-
sections at enhanced singular points. Because of this, a
Uð1ÞPQ under which all of H, �H, and X are charged can in

principle arise. In fact, we will see that such a symmetry
arises completely naturally.

(a) (b)

FIG. 1. Basic setup for coupling Polonyi to F-theory GUTs: (a) GUT brane with f and f matter curves and the singlet X, and
(b) depiction of the triple intersection at the SUð7Þ enhancement point.
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The simplest way to engineer a coupling between the
Higgs and messenger sectors is to require the Higgs and
messenger matter curves to intersect one another. Because
the Higgs and messenger fields all transform in the 5 or �5 of
SUð5Þ, these matter curves all correspond to local SUð6Þ
enhancements. It is easy to see that two such curves can
intersect at isolated points where the singularity enhances
to either SOð12Þ or SUð7Þ.5 We will now consider each of
these possibilities in turn.

C. SOð12Þ enhancement

We first consider the possibility that the Higgs and
messenger curves meet at points of SOð12Þ enhancement.
To see what type of couplings can be generated there,
consider the decomposition of the SOð12Þ adjoint under
SOð12Þ ! SUð5Þ �Uð1Þ1 �Uð1Þ2

66 ! ð240;0 � 10;0 � 10;0Þ � ð52;2 � �5�2;�2Þ
� ð5�2;2 � �52;�2Þ � ð100;4 � 100;�4Þ: (4.3)

We see from this that isolated SOð12Þ singularities generi-
cally occur at the intersection of two 5 matter curves and a
10 matter curve. Couplings that originate at such a triple
intersection must respect theUð1Þ1 �Uð1Þ2 symmetry and

hence take the form 5� 5� 10 or its conjugate. This
means that if we want a nontrivial interaction between
two fields localized on 5 matter curves which meet at an
SOð12Þ point, it is necessary to introduce an additional 10
matter curve.

Of course, in the minimal setup where each of our two
messenger matter curves meets one of the Higgs matter
curves, we will have two singular points. If both are
SOð12Þ enhancements then the simplest possibility which
yields a nontrivial interaction at each is to have a single 10
matter curve connecting the two.6

These considerations motivate us to consider the general
setup of Fig. 2. Because we ultimately want to integrate out
the extra fields on the 10 matter curve, it is important that
they become massive. There is a simple mechanism for this
at our disposal, though, namely, to choose a bundle on the

matter brane that eliminates all 10 and 10 zero modes. In
that case, the lightest fields localized there are Kaluza-
Klein (KK) modes with GUT scale masses and the only
nontrivial tree-level interaction among zero modes in
Fig. 2 is simply that of ordinary gauge mediation (3.2).
The SUSY-breaking sector is indeed directly coupled to the
Higgs sector but only by physics at the GUT scale.

The effect of integrating out the various KK modes in
this scenario is to generate higher dimension operators in
the effective theory for the spurion field, X, the messen-
gers, f and �f, and the Higgs fields, H and �H. As usual, the
specific operators that can be generated are determined by
the relevant set of global symmetries. To determine these,
we turn our attention to the form of the full tree-level
superpotential that arises from Fig. 2 including couplings
involving KK modes. After that, we will explicitly show
how these symmetries arise from the geometry.
Using�, �� to denote KK modes on the 10matter curve,

we can write the superpotential associated to Fig. 2 as

W 	 Xf �fþHf ��þ �H �f�þMGUT� ��þ � � � (4.4)

Included in the � � � are couplings similar to the above but
with some or all of H, �H, f, �f replaced by KK modes on
the corresponding matter curve. To see what kind of terms
can be generated by integrating out the KK modes we note
that, quite nicely, the superpotential (4.4) is invariant under
a Uð1ÞPQ symmetry under which the various fields carry

charges

X f �f � �� H �H
Uð1ÞPQ 2 �1 �1 0 0 1 1:

(4.5)

This is precisely what we needed for the mechanism of
Sec. IVA to work! Indeed, we see that the operator

1

MGUT

Z
d4�XyH �H (4.6)

is allowed and leads to the generation of a �-term

�	 FX

MGUT

: (4.7)

Moreover, it is easy to verify directly from the form of (4.4)
that loops of KK modes can generate the operator (4.6).
Because there are numerous modes in the KK tower with a
variety of different Yukawa couplings, though, we are not
currently able to reliably compute the coefficient which

FIG. 2. Model of gauge mediation with coupling to Higgs
sector at points of SOð12Þ enhancement that leads to small �
and B� ¼ 0.

5The other possible rank one enhancement is to E6. However,
such points describe the intersection of 2 10 matter curves with
one 5 matter curve so are not relevant here.

6As shall become more clear later, having a single 10 matter
curve intersecting both is actually crucial for generating �. If we
introduced two separate 10matter curves there would be an extra
Uð1Þ which in fact prevents � from being generated at all.
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appears here. What is important for our purposes, instead,
is the appearance of FX which makes manifest that the
instanton-generated scale enters, leading to the desired
exponential suppression.

In fact, we can go one step further and write down all of
the operators which are generated up to and including
dimension 6


L	
Z

d4�

�
1

MGUT

XyH �H þ 1

M2
GUT

XyXðHHy þ �H �HyÞ

þ � � �
�
þ

Z
d2�

�
1

MGUT

H �Hf �fþ � � �
�
: (4.8)

Further integrating out the messengers, f and �f, simply
gives an additional contribution to the coefficient of the
operator (4.6) which is proportional to lnðMGUT=MMessÞ.
As such, we land on an effective action of precisely the
same form as that of Ibe and Kitano’s sweet spot super-
symmetry [28]. Among the benefits of this model is the fact
the operator

Z
d4�XyXH �H (4.9)

is forbidden so that B� is not generated. As discussed in

[28], this can provide a natural solution to both the �=B�

and supersymmetric CP problems.
Before we move on, it is important to note that Fig. 2

represents in fact one of two possible choices we could
have made to couple the messenger and Higgs sectors at a
pair of SOð12Þ enhancements with only one extra matter
curve. Alternatively, we could have interchanged the f and
�f matter curves. In this case, gauge invariance would
preclude any direct couplings between the messenger
fields, f, �f, and the Higgs fields, H, �H. Though the
Higgs fields are still coupled to the SUSY-breaking field
X through loops of KK modes, it is not difficult to see that
the PQ charge of X in this case is flipped so that the
operator

R
d4�XyH �H is forbidden and hence � is not

generated.

1. Uð1ÞPQ from geometry

As we have repeatedly emphasized, the Uð1ÞPQ symme-

try of (4.4) plays a crucial role in connecting the generation
of � to SUSY breaking while simultaneously forbidding
the generation of B�. Typically, imposingUð1Þ symmetries

such as this fixes the form of the superpotential that one
writes down. In these F-theory constructions, however, it is
the geometry which unequivocally determines the form of
the superpotential (4.4). As such, it must be possible to see
directly how theUð1Þ symmetries which constrain the form
of the superpotential can arise from the geometry. In this
subsection, we demonstrate this simple idea for the gauge-
mediated model of Fig. 2 in order to see the emergence of
Uð1ÞPQ.

We start by recalling that each matter brane which
engineers a field � has its own gauge group, Uð1Þ�. In
the conventions of Slansky [42], the charges of various
SUð5Þ fields that we can engineer under their correspond-
ing matter branes are given by

Field Uð1ÞH Uð1Þf Uð1Þ ��
H 6 0 0

f 0 6 0
�� 0 0 �4

As we see from the decomposition (4.3), when three
matter branes meet at an SOð12Þ point there are only two
independent Uð1Þ’s under which the fields are charged. In
particular, we read off from (4.3) that the three bifunda-
mentals which can interact at such a singularity are either

5 2;2 � 5�2;2 � 100;�4; (4.10)

or the conjugates, where we have listed the Uð1Þ1 �Uð1Þ2
charges. Let us denote these fields by

H 	 52;2 f	 5�2;2
��	 100;�4: (4.11)

The charges under Uð1Þ1 and Uð1Þ2 are now easily identi-
fied as the following combinations of the matter brane
Uð1Þ’s

Q1 ¼ 1

3
ðQH �QfÞ Q2 ¼ 1

3
ðQH þQfÞ þQ ��:

(4.12)

We see something similar at the �H �f� intersection
point. There, if we denote the two Uð1Þ’s at the SOð12Þ
singularity by Uð1Þ3 and Uð1Þ4 we find that

Q3 ¼ 1

3
ðQ �H �Q �fÞ Q4 ¼ 1

3
ðQ �H þQ �fÞ þQ�:

(4.13)

Because we started with fiveUð1Þ’s, namelyUð1ÞH,Uð1Þ �H,
Uð1Þf, Uð1Þ �f, and Uð1Þ� the loss of a Uð1Þ at each SOð12Þ
singularity should leave us with only three. It appears at the
moment that we have four but this is because we have not
properly ‘‘glued’’ the two singularities together by identi-
fying Uð1Þ �� with Uð1Þ� (with the appropriate sign of

course). This is also easily done and leaves us with three
Uð1Þ’s corresponding to Uð1Þ1, Uð1Þ3, and a third Uð1Þ,
which we refer to as Uð1ÞC

QC ¼ 1

3
ðQH þQ �H þQf þQ �fÞ �Q�: (4.14)

Defining also

QA ¼ Q1 �Q3

2
and QB ¼ Q1 þQ3

2
; (4.15)

we can now list the charges of our fields under a choice of
three independent Uð1Þ’s as
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Field Uð1ÞA Uð1ÞB Uð1ÞC
H 1 1 2
�H 1 �1 �2
f �1 �1 2
�f �1 1 �2
� 0 0 �4
�� 0 0 4

X 2 0 0

We immediately recognize Uð1ÞA as our Peccei-Quinn
symmetry, Uð1ÞPQ, from (4.5). Moreover, it is easy to

verify that the superpotential (4.4) is indeed the most
general one that can be written down which preserves the
full Uð1ÞA �Uð1ÞB �Uð1ÞC symmetry. Although it was
expected at the outset, we find it gratifying to see, in the
context of a simple example, the connection between
geometry and global symmetries of the effective action.

D. SUð7Þ enhancement

An alternative choice for the Higgs and messenger curve
intersections is a local SUð7Þ enhancement. We have al-
ready discussed the properties of these points in detail
when constructing the messenger sector in Sec. III. As
we saw there, the decomposition of the SUð7Þ adjoint
under

SUð7Þ ! SUð5Þ �Uð1Þ �Uð1Þ
48 ! ð240;0 � 10;0 � 10;0Þ � ð50;6 � �50;�6Þ

� ð5�7;1 � �57;�1Þ � ð17;5 � 1�7;�5Þ (4.16)

suggests that we can get nonzero interactions of the form
5� �5� 1 with the 1 being a GUT singlet which is a
bifundamental with respect to the two matter branes.
Because we do not need to introduce any new matter
curves on the GUT brane to get nontrivial interactions at
the SUð7Þ points, we thus consider the minimal setup in
Fig. 3.7

It is now a simple matter to write the superpotential
associated to Fig. 3. Denoting the new singlet fields at
the SUð7Þ intersections by a and b we have

W 	 Xf �fþ aH �fþ b �Hf: (4.17)

Once again, this superpotential is invariant under a Uð1ÞPQ
symmetry with charges

X f �f a b H �H
Uð1ÞPQ 2 �1 �1 0 0 1 1:

(4.18)

Unfortunately, it possesses other Uð1Þ symmetries which
will give us some trouble. In particular, the superpotential
(4.17) is specified by Uð1ÞPQ and three additional symme-

tries, Uð1Þa, Uð1Þb, and Uð1Þc with charges

X f �f a b H �H
Uð1Þa 0 0 0 1 0 �1 0
Uð1Þb 0 0 0 0 1 0 �1
Uð1Þc 0 1 �1 0 0 1 �1:

(4.19)

We will see later how these emerge from the geometry. For
now, however, we note that Uð1Þa and Uð1Þb both prevent
the generation of the operator

R
d4�XyH �H which we use to

obtain�. To get around this, we must adopt the philosophy
of [6] and assume that some dynamics on the a and b
matter branes cause these fields to pick up nonzero expec-
tation values. In that case, both Uð1Þa and Uð1Þb are
Higgsed and the � term can be generated.
The success of the setup in Fig. 3 depends largely on

one’s point of view. On the one hand, it is disadvantageous
relative to the case of SOð12Þ intersections because we are
forced to introduce new arbitrariness into the model re-
garding the dynamics of these new gauge singlets. On the
other hand, one could view this instead as an advantage
because, from the bottom-up perspective, we can think of a
and b as a pair of coupling constants which give us greater
tunability.
In this paper, we would prefer to have models that are as

complete as possible without introducing extra dynamics
so in what follows we will devote most of our attention to
the case of SOð12Þ intersections. Nevertheless, we find it
very encouraging that the general scenario of Sec. IVA, in
which X picks up a nonzero Uð1ÞPQ charge, can emerge

naturally regardless of how the Higgs and messenger
curves intersect. One possibility for the extra dynamics
needed to give nonzero expectation values to the fields a
and b is currently under investigation and will appear soon
[50].
Finally, we note that as in the case of SOð12Þ enhance-

ments, the setup of Fig. 3 is in fact only one of two
possibilities of this type. The other, in which the f and �f
curves are interchanged, still contains a coupling of H and

FIG. 3. Model of gauge mediation with coupling to Higgs
sector at points of SUð7Þ enhancement that leads to small �
and B� ¼ 0 provided a and b pick up nonzero expectation

values.

7A setup with one SOð12Þ point and one SUð7Þ point is also
straightforward but contains no essential new ingredients.
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�H to the SUSY-breaking sector via KK modes on the
messenger curves. The PQ charge of X is flipped in this
setup, though, preventing generation of the operatorR
d4�XyH �H and hence forbidding � entirely.

1. Uð1ÞPQ from geometry

Finally, let us comment briefly on how the Uð1Þ charges
(4.18) and (4.19) emerge from the geometry. Again, we get
a Uð1Þ from each matter brane. The charges of the various
fields under their matter brane Uð1Þ’s are

X f �f a b H �H
Uð1Þf �6 6 0 0 �6 0 0
Uð1Þ �f 6 0 �6 6 0 0 0
Uð1ÞH 0 0 0 �6 0 6 0
Uð1Þ �H 0 0 0 0 6 0 �6:

(4.20)

Now, it is easy to see that theUð1Þ’s in (4.18) and (4.19) are
given by

QPQ ¼ 1

6
ðQ �f �Qf þQH �Q �HÞ Qa ¼ �QH

6

Qb ¼ Q �H

6
Qc ¼ 1

6
ðQf þQ �f þQH þQ �HÞ:

(4.21)

V. SUPERSYMMETRY BREAKING AND
D3-INSTANTONS

We would now like to incorporate these ideas into
complete models of gauge-mediated supersymmetry
breaking in full F-theory GUTs. To do this, however, we
first need to specify the dynamics which causes the spurion
field X to acquire an F-component expectation value. As
mentioned in Sec. III, our implementation of gauge me-
diation naturally realizes a setup of [10] in which
D3-instantons trigger supersymmetry breaking via a
Polonyi model. We now proceed to review the construction
of [10] but caution that generation of the Polonyi super-
potential relies on the assumption that a suitable mecha-
nism exists to lift extra problematic 3-3 zero modes. One
mechanism that may be able to do the job and which does
not depend strongly on details of the full compactification

has been proposed in [10]. If this mechanism is ultimately
problematic, it will be necessary to turn to something along
the lines of bulk fluxes or orientifolds which require a
consistent global description to study properly.

A. Setup

The basic setup of the Polonyi model of [10] consists of
a pair D7-branes wrapping 4-cycles S1 and S2, which we
choose to be del Pezzo surfaces, which intersect over a
curve �, as depicted in Fig. 4. In the following, we denote
S1 ¼ dPM and S2 ¼ dPN and require agreement of the
canonical classes restricted to �

KS1 j� ¼ KS2 j�
in order to avoid working with twisted gauge bundles on
del Pezzos. To engineer chiral matter localized on �, we
turn on nontrivial supersymmetric line bundles Va for the
Uð1Þa gauge fields along Sa. Recall that a supersymmetric
bundle Va on Sa must satisfy

Z
S
c1ðVaÞ ^ JðaÞ ¼ 0: (5.1)

In our local model, we will assume that the Kähler forms

JðaÞ on Sa are given by

Jð1Þ ¼ Að1ÞH �XM
i¼1

Bð1Þ
i Ei Jð2Þ ¼ Að2ÞH0 � XN

j¼1

Bð2Þ
j E0

j;

(5.2)

where

AðaÞ 
 1; Bð1Þ
i ; Bð2Þ

j 	Oð1Þ; for all i; j; (5.3)

and H, Ei and H
0, E0

j are bases of H2ðS1;ZÞ and H2ðS2;ZÞ,
respectively. Further, as explained in [10], we choose � ¼
P1 and bundles on Si such that the spectrum consists of
only one chiral multiplet X with charges ðþ;�Þ. For
example, this is ensured for

V2j� ¼ V1j� �Oð�1Þ; (5.4)

since then

nþ�0 ¼ h0ð�; K1=2
�

� V1j� � V�1
2 j�Þ ¼ 1

n�þ0 ¼ h0ð�; K1=2
�

� V�1
1 j� � V2j�Þ ¼ 0;

(5.5)

where npq0 denotes the number of multiplets of charges

ðp; qÞ under Uð1Þ1 �Uð1Þ2.

B. D3-instantons

As argued in [10], D3-instanton effects in this setup can
generate a Polonyi model. To see how the requisite super-
potential term W 	 X is generated, consider a
D3-instanton wrapped on S1 with gauge group Uð1Þinst
and associated supersymmetric bundle Vinst. The number
of zero modes, npqr, from the D3-instanton to the D7’s on

FIG. 4. Basic setup for engineering Polonyi.
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S1 and S2, respectively, with charges (pqr) under Uð1Þ1 �
Uð1Þ2 �Uð1Þinst are then counted by

nþ0� ¼ h1ðS1; V1 � V�1
instÞ ¼ ��ðS1; V1 � V�1

instÞ
n�0þ ¼ h1ðS1; V�1

1 � VinstÞ ¼ ��ðS1; V�1
1 � VinstÞ

n0þ� ¼ h0ð�; K1=2
�

� V2j� � V�1
instj�Þ

n0�þ ¼ h0ð�; K1=2
�

� V2j�1
� � Vinstj�Þ:

(5.6)

In order to generate a linear term in the superpotential we
require

n�0þ ¼ n0þ� ¼ 1 and nþ0� ¼ n0�þ ¼ 0; (5.7)

which will yield a coupling of the form X�0þ���0þ in the
instanton action. This in turn generates the required linear
term in the superpotential [10]

Winst ¼ FXX: (5.8)

Here, FX is exponentially suppressed by the instanton
action e�t as

FX 	M2
Pole

�t; (5.9)

and 1=MPol is size of the 4-cycle S1 that is wrapped by the
instanton.

Similarly, a D3-instanton wrapped on S2 with a line
bundle Vinst0 on its world-volume generates a linear term if

n00þ� ¼ n0�0þ ¼ 1 and n00�þ ¼ n0þ0� ¼ 0; (5.10)

where n0pqr counts modes with charges (pqr) under

Uð1Þ1 �Uð1Þ2 �Uð1Þinst0 . These, in turn, are determined
by

n00þ� ¼ ��ðS2; V2 � V�1
inst0 Þ

n00�þ ¼ ��ðS1; V�1
2 � Vinst0 Þ

n0�0þ ¼ h0ð�; K1=2
�

� V�1
1 j� � Vinst0 j�Þ

n0þ0� ¼ h0ð�; K1=2
�

� V1j� � V�1
inst0 j�Þ:

(5.11)

C. Sum over instantons

As described in version 2 of [10], the complete super-
potential is obtained by summing over all possible instan-
ton bundles Vinst that are ‘‘trivializable’’ in the sense that
their corresponding field strengths are dual in S1 to 2-
cycles that are trivial in the full compactification. Vital
for supersymmetry breaking is that no higher order terms
in X are generated in this way. Fortunately, this has been
addressed in [10]. Denote by fH;Eig the basis ofH2ðS1;ZÞ.
For the ansatz

L ¼ Vinst � V�1
1 ¼ b0H þXM

i¼1

biEi; bj 2 Z;

(5.12)

it was found that a superpotential term of the form

Winst 	 Xm; m 2 Nþ (5.13)

is generated only for L satisfying

�ðS1;LÞ¼�m; �ðS1;L�1Þ¼ 0; Lj� ¼Oð�m�1Þ:
(5.14)

For fixed intersection curve � (of genus 0 in the present
case), we need to make an explicit choice for V1 and then
sum over all supersymmetric L that differ from V1 by a
trivializable bundle. A simple approach is to choose V1 so
that L is a solution to the constraints (5.14) for a fixed m
and the incorporate any corrections from trivializable bun-
dles Vinst. For S1 ¼ dPM with M ¼ 3; . . . ; 8 and the class
of � in H2ðS1;ZÞ chosen as

½�� ¼ H� E1 � E2; (5.15)

it was demonstrated in [10] that there are no supersym-
metric solutions of (5.14) for m> 1. Meanwhile, all super-
symmetric solutions with m ¼ 1 have the form

L p ¼ OðEp � E1 � E2Þ; p ¼ 3; . . . ;M; (5.16)

Each nontrivial solution contributes to a Polonyi linear
superpotential for the chiral superfield X.8 Simply choos-
ing V1 ¼ Lp for some p then ensures that a Polonyi model

is generated and additional contributions from trivializable
bundles Vinst can yield nothing new.
Similarly, to generate Xm with m � 1 from a

D3-instanton wrapped on S2 one has to require

�ðS2;L0�1Þ¼�m; �ðS2;L0Þ ¼ 0; L0j� ¼Oðmþ1Þ;
(5.17)

where L0 ¼ V�1
2 � Vinst0 . These equations can be obtained

from (5.14) if we replace S1 with S2 and L with L0�1.
It is easy to ensure that there is no contribution to the

superpotential arising from D3-instantons on S2. For ex-
ample, one may consider S2 ¼ dP2 and choose the class of
� in H2ðS2;ZÞ as ½��0 ¼ H0 � E0

1 � E0
2. Then there are no

solutions of (5.17) for any m � 1.
Alternatively, we may choose S2 ¼ dPN with N ¼

3; . . . ; 8 and ½��0 ¼ H0 � E0
1 � E0

2. Then, no higher terms
W 	 Xm withm> 1 are generated from aD3-instanton on
S2. Meanwhile, one has to sum over suitable instanton
bundles giving rise to linear terms W 	 X, i.e.

Vinst0 ¼ V2 �L0
p; (5.18)

with

L 0
p ¼ OðE0

1 þ E0
2 � E0

pÞ; p � 1; p � 2:

(5.19)

8As discussed in [10], we must also sum over multi-instanton
contributions. In general, an m-instanton configuration can gen-
erate a superpotential coupling Xm which is suppressed by a
factor e�mSinst . Such terms do not destabilize the SUSY-breaking
vacuum, however, and are in fact completely negligible there.
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VI. A COMPLETE LOCAL MODEL

We now turn our attention to the construction of com-
plete models in which an explicit SUSY-breaking sector,
such as the one discussed in Sec. V, is coupled to an SUð5Þ
GUT model within the gauge mediation framework of
Secs. III and IV. We shall proceed in two steps. First, we
shall discuss in more detail the natural emergence of the
Polonyi model of [10] in the setup of Sec. III and how it
couples to the messenger sector. After that, we shall couple
this system to one of the SUð5Þ GUTs of BHV II [6]. The
result will be a local GUT model with realistic matter
content and an implementation of gauge-mediated super-
symmetry breaking which addresses both the � and �=B�

problems in a natural way.

A. Coupling Polonyi to an F-theory GUT

The first step in building a complete model is to provide
a specific SUSY-breaking sector and describe how it cou-
ples to the messenger fields. For us, this is easily achieved
because the intersecting 7-branes used to introduce mes-
senger fields in Sec. III are precisely what we needed to
realize the D3-instanton triggered Polonyi superpotential
described in [10] and reviewed in Sec. V. As such, our
combined SUSY-breaking and messenger sectors have
superpotential of the following simple form:

W ¼ FXX þ �XXf �f; (6.1)

where FX is exponentially suppressed by a factor of the
D3-instanton action.9

1. Lifting the flat direction of Polonyi

To study SUSY breaking in more detail, let us consider
first the model without messengers, �X ¼ 0. Because this
is a simple Polonyi model with a flat potential, an impor-
tant role is played by nonrenormalizable operators gener-
ated by UV physics that have thus far been ignored. For
instance, we have an anomalousUð1Þ in the problem which
becomes massive via the Green-Schwarz mechanism.
Integrating out the massive vector multiplet yields a quartic
correction to the Kähler potential of the form [51]


K 	� cðXyXÞ2
M2

GB

; (6.2)

with c > 0, and where MGB is the gauge-boson mass. This
correction favors a stable vacuum at hXi ¼ 0. Because the
gauge boson mass arises from coupling to a closed string
axion, though, the scale MGB is sensitive to details of

moduli stabilization. While the string scale seems like
one natural estimate for MGB in perturbative string com-
pactifications, it is known that much smaller values can
also be obtained [52]. In the present F-theory framework,
this scale can be estimated, as in [5], by that of the flux
responsible for inducing chirality into the spectrum leading
to

MGB ¼ �; � ¼ minðMKK
1 ;MKK

2 Þ:
Recall that X lives at the intersection of S1 and S2 and we
let MKK

a be the KK scale for Sa. (M
KK
1 was previously

called MPol.)
A second source of corrections arises from integrating

out Kaluza-Klein modes on S1 and S2 and their intersec-
tion. In order to systematically compute such corrections,
one in principle needs to know detailed information about
the spectrum of KK modes as well as their coupling to X.
However, we can learn something about the general struc-
ture by studying a truncated toy model. Along these lines,
one can easily demonstrate [50] that including only the
lightest KK modes, which directly couple to X in the
superpotential, yields precisely the simple O’Raifeartaigh
model studied in [53]. Integrating out the KK modes in this
model generates a Coleman-Weinberg potential that lifts
the flat direction and produces a stable SUSY-breaking
vacuum in the parameter regime of interest for us, �2 

FX.
We assume that � is comparable10 with KK scale of

SGUT

MGUT ¼ ��; �	 1:

Therefore the physics at the GUT scale stabilizes the flat
potential of our Polonyi model which can be encapsulated
by GUT-suppressed contributions to the Kähler potential


K 	� ajXj4
M2

GUT

þ bjXj6
M4

GUT

þ � � � ; (6.3)

with coefficients a; b; . . . leading to a stable vacuum at

hXi ¼ Mþ �2FX: (6.4)

As in the truncated model of [53], we expect that for a wide
range of KK masses the quartic correction is generated
with a > 0, leading to a stable vacuum at M ¼ 0.

2. Shifting M with gravitational effects

Let us now bring the messengers back into the game by
setting �X � 0. It may seem that we run into trouble when
M ¼ 0 because this expectation value is responsible for
providing a mass to the messenger fields, f an �f. In fact,
coupling a model with SUSY-breaking vacuum at M ¼ 0
to messenger fields as in (3.2) renders this vacuum unstable

9As discussed in [10], m-instantons will also generate Xm

interactions. These corrections will be parametrically small in
all situations considered in this paper so we shall simply ignore
them. Note that one cannot simply scale away the instanton-
generated prefactors by a field redefinition because they will
reappear in the Kähler potential.

10We will see later that this is consistent with what follows from
imposing m3=2 	 1 GeV.
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to a supersymmetric one with nonzero expectation values
for f and �f.11

Fortunately, it has been noted in [54] that the vacuum at
M ¼ 0 can be shifted to a nonzero value when the Polonyi
model with Kähler corrections (6.3) is coupled to gravity.12

It might sound surprising at first that gravitational effects
could have such an impact since we typically expect them
to be Planck-suppressed and hence completely negligible
at the energy scales under consideration. However, because
FXX is gauge invariant in the fundamental theory before
we fix any of the moduli, we nevertheless expect on general
grounds that the full potential (including gravity) will
contain a linear term capable of inducing precisely such
a shift, namely

V 	 � � � þ ~MðFXXþ F�
XX

yÞ þ � � � : (6.5)

Because this term is absent in our field theoretic descrip-
tion, the dimensionful parameter ~M will be Planck-
suppressed. Nevertheless, we must be careful before using
this fact to simply throw it away because the Planck-
suppressed contribution to this term, though small, is the
leading one.

It is in fact easy to see how such a term can arise in our
setup. In general, the superpotential will contain contribu-
tions from sources away from the GUT stack, such as
fluxes or additional 7-branes. At sufficiently low energies,
we can model this by adding a constant W0 to the super-
potential

W 	 FXX þW0: (6.6)

While this has no effect on the MPl ¼ 1 potential, it can
play a role whenMPl is large but finite. At energies smaller
thanMGUT where four-dimensional supergravity (SUGRA)
is reliable, for instance, one can see directly that W0

modifies the SUGRA potential by adding precisely a linear
term of the sort (6.5)

VSUGRA 	 1

M2
Pl

ðW�
0FXX þW0F

�
XX

yÞ

þ ajFXj2jXj2
M2

GUT

þ � � � : (6.7)

In the presence ofW0, then, the vacuum atM ¼ 0 is shifted
to

M	 jW0jM2
GUT

jFXjM2
Pl

: (6.8)

Though we do not know the value of W0 from first prin-
ciples, we can obtain a reasonable estimate by following
the suggestion of [54] and imposing the constraint that V 	

0 at the vacuum. This leads to jW0j 	 jFXjMPl and hence to
the estimate

M	M2
GUT

MPl

; (6.9)

which we will use throughout the rest of this paper. If we
take a strict limit MPl ! 1 with MGUT fixed then we
recover M ¼ 0 as expected. However, M2

GUT=MPl is in

reality around 1014 GeV, a scale which is small in Planck
units but nevertheless gives a sizeable mass to the messen-
ger fields and is sufficiently far from the origin that this
vacuum can remain metastable and long-lived when the
messengers are included [54].

B. Coupling to a BHV SUð5Þ GUT

To construct a complete model, we consider a slight
modification of the SUð5Þ model II of BHV II which we

will call model II0. We take the hypercharge bundle LY ¼
OðE3 � E4Þ1=5 as in BHV II and consider matter branes
intersecting the GUT brane along the curves indicated in
the table below, where all the entries are taken from
equation (17.9) of [6] except the second row.

Model II0Curve Class g�L� L0n
�

1� 5H �ðuÞ
H H � E1 � E3 0 O

�ðuÞ
H
ð1Þ1=5 O

�ðuÞ
H
ð1Þ2=5

1� �5H �ðdÞ
H H � E4 � E5 0 O

�ðdÞ
H
ð�1Þ1=5O

�ðdÞ
H
ð1Þ2=5

3� 10M �ð1Þ
M (pinched)2H � E1 � E50 O

�ð1Þ
M

O
�ð1Þ

M
ð3Þ

3� �5M �ð2Þ
M H 0 O

�ð2Þ
M

O
�ð2Þ

M
ð3Þ

Here, g� is the genus of a given matter curve, �, and L�

is the restriction of the hypercharge bundle to �. In addi-
tion, L0

� is the restriction of the bundle on the correspond-

ing matter brane to its matter curve� and n is the charge of
the field in question with respect to the Uð1Þ on the matter
brane. For example, n ¼ 6 for 5H and n ¼ �6 for �5H. Note
that the bundles L�

HðuÞ and L0
�

HðuÞ
are chosen in such a way

that only the Higgs doubletHðuÞ remains massless on�HðuÞ .

Similarly, only the Higgs doubletHðdÞ is massless on�HðdÞ .
Nevertheless, we keep the notations of BHV II in the left-
most column of the table in order to simplify the presenta-
tion of superpotential couplings by emphasizing the origin
of these fields as coming from 5H and �5H respectively.
In the above table, we have made only one modification

to the SUð5Þ model II of BHV II [6] and that is to change
the class of the �5H matter curve fromH � E1 � E3 toH �
E4 � E5. Indeed with the choice as in BHV II L�

HðdÞ ¼
Oð1Þ1=5 and leads to a doublet on this curve which comes
from 5H rather than 5 �H.
Note that with our choice, the intersection number of

�HðuÞ with �HðdÞ is still nonzero so these matter curves will
intersect one another in general. This could pose a problem
for the general program of Sec. IV because � could be
generated even before the messenger sector is added. We

11We thank C. Vafa for emphasizing to us the importance of this
point.
12We are very grateful to R. Kitano for a number of enlighten-
ing discussions on this point.
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therefore digress for a moment to discuss the nature of
these intersections in a bit more detail.

1. � from intersection of Higgs matter curves?

As with intersections of Higgs and messenger curves in
Sec. IV, the H and �H curves are regions of SUð6Þ enhance-
ment and can meet at points with either an SUð7Þ or an
SOð12Þ enhancement. In the case of SOð12Þ enhancement,
a third matter curve which engineers a 10 must emanate
from the singular point. We would prefer to avoid adding
extra matter curves or including extra intersections with the
10 matter curves already present so we suppose that if the
H and �H matter curves meet then the singularity at the
intersection point is SUð7Þ.

The case of SUð7Þ enhancement has been discussed in
[6] and leads to couplings �c i

c iH �H for some GUT singlet

fields c i. If any c i picks up a nonzero expectation value
then this generates a � term which can be small if the
corresponding �c i

is suppressed due to repulsion of the c i

wave function from the GUT brane [6]. In order to connect
the generation of � to SUSY breaking as in Sec. IV, we
would like to avoid this scenario so if the H and �H curves
intersect at an SUð7Þ enhanced point we prefer all of the c i

to have vanishing expectation values. One easy way to
achieve this is to choose bundles on the H and �H matter
branes so that none of the c i are zero modes. In that case,
we expect the large KK scale masses to drive their expec-
tation values to zero.13

2. Adding the SUSY-breaking sector

We now add in our SUSY-breaking sector. To do this, we
need only specify the f, �f, and � matter curves. This is
summarized in the following table:

Curve Class g� L� L0n
�

1� 5f �f E1 0 O�f
O�f

ð1Þ
1� �5 �f � �f H � E1 � E6 0 O� �f

O��f
ð1Þ

KK � ð10� þ 10 ��Þ �� 2H � E1 � E2 � E5 0 O��
O��

Note that intersection numbers of �f, ��f, and �� with

each other and with �HðuÞ and �HðdÞ are consistent with the
intersections that we drew in Fig. 2. These triple intersec-
tions satisfy the consistency conditions spelled out in [6] so
this choice of curves effectively implements our gauge-
mediated supersymmetry-breaking scenario in this particu-
lar F-theory GUT.

Note that this situation is not completely optimal be-
cause our messenger curves �f, ��f, �� will also intersect

the matter curves �ð1Þ
M and �ð2Þ

M . It is easy to arrange these
intersections so that the only new superpotential interac-
tions involve KKmodes.14 Nevertheless, they will give rise
to KK-suppressed superpotential couplings and also pos-
sibly D-term couplings which could in principle be prob-
lematic for phenomenology.

3. Polonyi in model II0

While we have specified cycles and bundles on the GUT
brane, it remains to discuss analagous details of the Polonyi
model specific to this construction. As emphasized in
Sec. V, we are implicitly assuming the existence of a
suitable mechanism, such as the candidate proposed in
[10], for lifting problematic 3-3 Fermi zero modes.
Recall that, in the model of [10] and Sec. V, the inter-

secting 7-branes of Sec. V are the matter branes Sf and S �f

which intersect the GUT brane stack along the curves �f

and ��f, respectively. As in Sec. V, we require Sf and S �f to

intersect along a curve �Pol. The curve �Pol, in turn, meets
the GUT brane at a single point of SUð7Þ enhancement.
Before describing specific conditions for the bundles Vf,

V �f on Sf, S �f, we must first note that the normalization of

the Uð1Þ’s on Sf and S �f in [6] and hence the tables which

define our current model are derived from Slansky’s con-
ventions [42] for the decomposition SUð7Þ ! SUð5Þ �
Uð1Þ �Uð1Þ and hence differ from those in Sec. V. To
make a connection with the results of Sec. V, then, we note
that the bundles V1 and V2 contained therein are related to
Vf and V �f by

V1 ¼ V6
f; V2 ¼ V6

�f
: (6.10)

We now describe the conditions for obtaining a Polonyi
superpotential from a D3-instanton wrapping Sf. As dis-

cussed in Sec. V we take Sf ¼ dPM for 3 
 M 
 8 and

S �f ¼ dP2. We must also specify the class of �Pol in Sf and

S �f. Denoting the former by ~� and the latter by �̂, we take15

~� Pol ¼ ~H � ~E1 � ~E2; �̂Pol ¼ Ĥ� Ê1 � Ê2;

(6.11)

13One might worry that a superpotential term of the form W 	
c could lead to a nonzero expectation value. We are only aware
of one way such a term could be generated without adding
anything further to this construction and that is via a
D3-instanton. As discussed in [50], though, D3-instantons wrap-
ping Higgs matter branes cannot generate such couplings due to
the presence of extra 3-7 and 7-3 zero modes connecting the
instanton to the GUT brane.

14One way to accomplish this is as follows. First let �f be a
pinched curve which meets �ð1Þ

M at an SOð12Þ point. Then let ��f
meet �ð2Þ

M at an SUð7Þ point with bundles chosen so that there are
no GUT singlet zero modes there. Further, let ��f meet �ð1Þ

M ,
which we require to have a second pinching, at an E6 point.
Finally, let �� meet �ð1Þ

M and �ð2Þ
M at an E6 point. These

intersections yield four new types of interaction but each one
necessarily involves KK modes.
15Note that the classes of �Pol are chosen in such a way that
KSf j�Pol

¼ KS �f
j�Pol

which allows us to avoid having to work with

twisted gauge bundles on del Pezzos.
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where ~H, ~Ei is the standard basis of H2ðSf;ZÞ and Ĥ, Êj

the standard basis of H2ðS �f;ZÞ.
In order to have a single chiral field X localized on �Pol

which can couple to the combination f �f we need

V6
�f
j�Pol

¼ V6
f j�Pol

�Oð�1Þ: (6.12)

Given this, we know from Sec. V that, for a suitable choice
of Kähler form, the only Bogomol’nyi-Prasad-
Sommerfield (BPS) D3-instantons on Sf ¼ dPM which

generate superpotential couplings in the 1-instanton sector
are those for which

V6
inst � V�6

f ¼ LðkÞ; (6.13)

where

L ðkÞ ¼ Oð ~Ek � ~E1 � ~E2Þ; k ¼ 3; . . . ;M: (6.14)

To ensure that we get a nontrivial contribution to the

superpotential, then, it is easiest to set V6
f ¼ LðkÞ for

some k. For this choice, a D3-instanton with trivial Vinst

will generate a Polonyi superpotential for X provided there
are no extra fermion zero modes between theD3-instanton
and the GUT stack. This is because the presence of such
fermi zero modes will in general cause the superpotential

contributions from the LðkÞ to vanish. Since the restriction
of the hypercharge bundle on the GUT stack to �f, L�f

, is

trivial the D3-GUT fermion zero modes are counted as

5þ6: h
0ðP1;Oð�1Þ � Vinstj6�f

Þ
�5�6: h

0ðP1;Oð�1Þ � Vinstj�6
�f
Þ: (6.15)

For trivial Vinst, we see that there are no fermion zero
modes between the D3-instanton and the GUT D7-branes.

Finally, looking at our table we recall that V6
f j�f

¼
Oð1Þ. In order for this to be consistent with our choice

V6
f ¼ LðkÞ we must have that some LðkÞ satisfies

L ðkÞj�f
¼ Oð�1Þ: (6.16)

This can be accomplished for one choice of k, for example,
if we take M ¼ 7 and

�f ¼ 2 ~H � ~E1 � ~E4 � ~E5 � ~E6 � ~E7: (6.17)

In this case, we get a Polonyi superpotential from the

D3-instanton with Vinst ¼ O if we choose V6
f ¼ Lð3Þ. As

described in Sec. VC, we cannot get anything new from
instantons with trivializable Vinst.

Finally, we note that Sf may in general intersect other

matter branes besides the GUT brane and S �f. We therefore

require that these intersections occur only over P1’s and
the restriction of the gauge bundles on Sf and other matter

branes to any of these intersections is trivial so that we do
not get any new charged matter that would participate in
instanton-induced interactions. We also require that the

instanton bundle Vinst restricts trivially to these P1’s so
that there are no extra fermion zero modes between the
instanton and the other matter branes.

VII. SWEET SPOT SUPERSYMMETRY FROM
F-THEORY

In this section, we turn our attention to the effective
action of models of the type considered in Sec. VI in which
the gauge mediation setup of Sec. IV is combined with the
D3-instanton triggered Polonyi model of [10], which was
reviewed in Sec. V. In particular, we demonstrate that this
setup provides a natural realization of Ibe and Kitano’s
sweet spot supersymmetry [28]. The effective action of this
model contains a number of dimensionless parameters as
well as two dimensionful ones, which we can think of as
the gravitino mass and the scale of new physics couplings
the Higgs and messenger sectors. For us, the latter dimen-
sionful parameter is fixed to be the GUT scale but the
remaining parameters remain unspecified and, because
we are only discussing local models, a direct calculation
of them is beyond the scope of this paper. Nevertheless, we
now review the values required to reproduce the successful
phenomenology of [28] and the degree to which they may
be plausible in such constructions. Building compact toy
models of the gauge mediation scenario in this paper where
such claims could be directly tested would of course be of
much interest.
Let us begin by recalling the form of the effective action

for the messenger and Higgs sectors. Combining the
Polonyi superpotential (6.1) with the quartic corrected
Kähler potential (6.3) and the higher dimension operators
(4.8) which are generated by integrating out KKmodes, we
obtain

L	
Z

d4�

�
XyX� aðXyXÞ2

M2
GUT

þ c�X
yH �H

MGUT

þ cHX
yXðHHy þHHyÞ

M2
GUT

þ � � �
�

þ
Z

d2�

�
FXXþ �XXf �fþ

~�

MGUT

H �Hf �fþ � � �
�
:

(7.1)

As discussed in Sec. IVC, the effect of the ~� coupling in
(7.1) is to yield an additional contribution to c� upon

integrating out the massive messenger fields. In the end,
this leaves us with an effective action of precisely the sort
studied in [28], where this scenario was given the name
sweet spot supersymmetry. The precise effective action of
[28], however, does not specify the suppression of higher
dimension operators linking the Higgs and messenger sec-
tors but rather replaces all appearances of MGUT in (7.1)
with an arbitrary scale �. As such, they studied a model
which depends on two dimensionful parameters, the arbi-
trary scale of new physics,�, and the gravitino mass,m3=2.
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It is quite remarkable that, when various phenomenological
constraints were imposed on this effective action, Ibe and
Kitano were led to conclude that � had to be around
1016 GeV	MGUT. To be clear, the emergence of the
GUT scale was a consequence of their analysis, not an
input. For us, on the other hand, there was never a choice
for this scale. Rather, we were forced to land on a model
with a specific value of � which fortunately seems to
coincide with the phenomenologically preferred one. In
order for the effective action of (7.1) to be truly successful,
though, we need a few additional conditions to hold,
namely

(i) The OGM coupling �X must be of Oð10�2Þ or
smaller.

(ii) All dimensionless couplings which arise from inte-
grating out KK modes must be of Oð1Þ.

(iii) m3=2 	 1 GeV:
The condition on �X is necessary to ensure that the

SUSY-breaking vacuum atM	M2
GUT=MPl remains stable

when coupled to the messenger fields f and �f [54]. As
discussed at length in BHV II [6], Yukawa couplings
involving fields whose matter curves have size set by the

GUT scale include a factor of �3=4
GUT 	 10�1 which then

multiplies a wave function overlap integral. This means
that, to the extent that Yukawa couplings can have ‘‘natu-
ral’’ values, a rough estimate for �X should be around 10�1

or so. Note, however, that �X can be further suppressed if
the wave function of the GUT singlet field X is repelled
from the GUT brane [6].

As for the dimensionless couplings cH and c�, they

encapsulate the effects of the full spectrum of KK modes
so values of Oð1Þ seem quite natural. As stressed in [28],
this is the same idea behind the Giudice-Masiero mecha-
nism in gravity mediated models [55]. The only difference
here is that the new physics comes in at the slightly lower
scale MGUT. Note, however, that if cH and c� are obtained

by perturbative loop integrals involving a small number of
four-dimensional massive fields then each will typically
contain loop suppression factors involving the product of
1=16	2 and some number of Yukawa couplings.16 To
achieveOð1Þ coefficients, then, the Yukawas must be large
enough to effectively cancel the 1=16	2. This led [28] to
suggest strongly coupled UV completions of the sort de-
scribed in [31]. In our situation, the theory is in fact eight-
dimensional at the GUT scale with matter fields localized
on codimension 2 defects so estimates based on integrating
out a few massive four-dimensional fields do not obviously
apply. An honest computation of cH and c� in this context

would be interesting but requires a more detailed knowl-

edge of the various couplings in this eight-dimensional
theory which is beyond the scope of this paper.
We finally turn to the gravitino mass m3=2, which is

determined by the instanton-generated scale FX

m3=2 	 FX

MPl

: (7.2)

In order to land on the m3=2 	 1 GeV sweet spot, we need

the instanton-generated scale FX to be of order 1019 GeV2

or so. The value of FX depends crucially on the size of the
4-cycle that the instanton wraps, though. A natural choice
for this size is M�1

GUT but let us include a possible Oð1Þ
deviation from this and write instead

MGUT 	 �MPol; (7.3)

where M�1
Pol is the size of the cycle wrapped by the

D3-instanton which generates our Polonyi model. We
also make an assumption regarding the tension of the
instanton, namely, that the relevant scale, M�, is the same
one which determines the tension of the GUT branes. This
object, in turn, is related to the coupling constant at the
GUT scale by [6]

M4�
M4

GUT

	 2	��1
GUT: (7.4)

With all of these considerations, we can estimate FX as17

FX 	M2
Pol exp

�
� M4�

M4
Pol

�
	M2

GUT

�2
expð�2	��1

GUT�
4Þ:
(7.5)

Note that this result exhibits a very strong dependence on
the Oð1Þ number � that we cannot compute from first
principles without a compact model in hand. What we
can do, however, is demonstrate that an Oð1Þ choice for
� can yield FX 	 1019 GeV2. Indeed, this can be accom-
plished for

�	 0:68; (7.6)

which is not too far from unity.18 Small deviations of �
from this value, though, allow for a wide range of soft
parameters so we can by no means ‘‘predict’’ the gravitino
mass in this setup. What we can say, however, is that this
type of model is not obviously inconsistent with a 1 GeV
gravitino.

16Apart from detailed phenomenology, such loop factors can
already cause a problem for naturalness of electroweak symme-
try breaking, which requires �2 	m2

H and hence c2� 	 cH. This
is reminiscent of the �=B� problem [43].

17One subtlety that we overlook here is the effect of the
anomalous Uð1Þ on this estimate. In general, the coupling of
its vector multiplet to closed string axions generates both an
explicit mass m as well as a Fayet-Iliopolous (FI) parameter 
.
Treating them as fixed quantities, the FI parameter can be
absorbed by a field redefinition but the ratio 
=m2 then appears
in terms which violate this Uð1Þ, such as the superpotential
coupling FXX. Unless 
=m2 is unusually large, this effect is
not important.
18Because our naive estimate for the anomalous Uð1ÞPQ gauge
boson mass is �	MPol, this is consistent with our earlier
assumption that �>MGUT.
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VIII. CONCLUDING REMARKS

In this paper, we have argued that gauge mediation can
be easily incorporated into the F-theory GUTs of BHV
[5,6] and, in so doing, simple models of SUSY breaking
triggered by D3-instantons naturally appear. Moreover,
very naive couplings between the messenger and Higgs
sectors lead to the emergence of a Uð1ÞPQ symmetry with

respect to which the SUSY-breaking spurion field X is
charged. This connects the breaking of Uð1ÞPQ to the

breaking of SUSY and provides natural solutions to the
�, �=B�, and supersymmetric CP problems. Moreover, it

leads to an effective theory below the GUT scale of the sort
that appears in phenomenologically viable models of sweet
spot supersymmetry [28].

While this gives us hope for realizing a successful model
in the F-theory framework, much work remains to be done.
Of paramount importance is the successful embedding of
local models of this type into full compactifications
wherein various input parameters could, at least in theory,
be determined from first principles. Of course, this is quite
an ambitious task for the fairly intricate collections of
intersecting 7-branes that have so far been used to realize
exotic-free GUT models in [6] but even embeddings of
simpler toy models of gauge-mediated models in this
framework would be desirable.

It is also important to develop a better understanding of
the various superpotential couplings as it could allow for a

more quantitative description of the flavor structure of
F-theory GUTs. In principle, one should be able to address
this issue even in the local context, though certain assump-
tions about physics along noncompact directions may have
to be made. Early signs of progress along these lines have
already appeared in [6], where the existence of a heavy
generation was translated into a geometric condition.
Explicit computation of Yukawa couplings has also been
achieved in some specific examples in different but related
contexts [56–61]
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