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We discuss the phenomenology of a toy intersecting brane model where supersymmetry is dynamically

broken in an open-string hidden sector and gauge-mediated to the visible sector. Scalar masses �TeV are

easily realizable, and R-symmetry is broken. These ideas are easily generalizable to other intersecting

brane models.
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I. INTRODUCTION

To utilize supersymmetry to understand the electroweak
scale, there are two broad questions which one must an-
swer. Although supersymmetry (SUSY) stabilizes the scale
of electroweak symmetry breaking against quantum cor-
rections, it does not itself explain why that scale is small in
relation to an a priori more natural scale such as the grand
unified theory (GUT) (or Planck) scale. Thus, there has
been much study of models where dynamics generates
supersymmetry-breaking at a scale exponentially smaller
than the natural scale of the theory [1]. In addition, it has
long been known that supersymmetry cannot be broken
within the minimal supersymmetric standard model
(MSSM) sector itself. Instead, it must be broken in some
auxiliary sector, with its effects communicated to the
MSSM sector via interactions. There are several different
models for this type of mediation of supersymmetry-
breaking (for example, through gravitational interactions
or through gauge interactions), but each such mechanism
has its advantages and difficulties.

There have been recent attempts to tackle both of these
problems [2–4]. String theory has a natural role to play in
understanding these questions. In a low-energy effective
field theory, the parameters of the theory are simply given
at the energy-scale where the theory is defined; a real
understanding of the scale of those parameters depends
on the microscopic physics which has been integrated out.
If one has specific models of a high-energy theory, then one
can potentially find that certain parameters are necessarily
small, leading to small SUSY-breaking scales [5]. String
theoretic realizations of the standard model (SM) are a
natural starting point.

These classes of microscopic theories connect the ques-
tion of how SUSY is broken to the question of how SUSY-
breaking is mediated to the MSSM sector. For example, the
two most natural ways of embedding the MSSM within
Type II string theory are by branes at singularities or by
intersecting branes. In the former class gravity mediation
occurs rather generically, whereas in the latter class,
gauge-mediated supersymmetry-breaking (GMSB) can be

more natural. So a model of dynamical supersymmetry-
breaking (DSB) which appears in one of these broad
classes is naturally tied to a complementary mediation
mechanism. Moreover, these mediation mechanisms have
very important phenomenological consequences; for ex-
ample, GMSB can provide an elegant explanation for small
flavor-changing neutral currents. There is thus great inter-
est in how this whole picture can be tied together in detail.
For example, Aharony, Kachru and Silverstein exhibited
models of ‘‘retrofitted’’ DSB which naturally appear in the
context of branes at singularities [6].
On the other side, in [7] it was shown that intersecting

brane models with nontrivial Fayet-Iliopoulos (FI) terms
naturally generate SUSY-breaking in the open-string sector
at a scale exponentially smaller than the FI-term scale. In
this note, we consider an extension of the specific example
of this class studied in [7], and examine the GMSB phe-
nomenology (note, Cvetic and Weigand recently consid-
ered GMSB in a different intersecting brane model, which
did not utilize nonvanishing FI-terms [8]; gauge-mediation
in string models was also considered in [9]). In particular,
we find that scalar vacuum expectation values (vevs) break
gauge symmetries at a relatively high ‘‘natural’’ scale

ffiffiffi
�

p
set by the Fayet-Iliopoulos terms. But the SUSY-breaking
F-terms are further suppressed by exponentially small
couplings in the superpotential, hFi � ��. The gauge mes-
sengers then get masses��

ffiffiffi
�

p
, yielding soft masses which

are suppressed from the natural scale by msoft � g2

16�2 �
ffiffiffi
�

p
.

In Sec. II we will describe the specific intersecting brane
model and the details of dynamical supersymmetry-
breaking. In Sec. III we will study the phenomenology of
gauge-mediation in this model, and we will conclude with
a discussion of further issues in Sec. IV.

II. MODEL

For any string model to have realistic low-energy phe-
nomenology, it must somehow generate the chiral matter
content of the standard model. In intersecting brane mod-
els, the light chiral matter lies at the intersection of
D-branes which fill spacetime and wrap cycles of the six

PHYSICAL REVIEW D 79, 066007 (2009)

1550-7998=2009=79(6)=066007(6) 066007-1 � 2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevD.79.066007


compact extra dimensions which are inherent to string
theory. In Type IIA string theory constructions, these are
D6-branes which fill spacetime and wrap a 3-cycle of an
orientifolded Calabi-Yau 3-fold.

Essentially, the gauge-theory degrees of freedom arise
from strings which begin and end on the same stack of
D-branes, while chiral matter transforming in the bifunda-
mental representation of two gauge groups arises from
strings stretching between two brane stacks at their point
of intersection. In particular, the number of chiral multip-
lets transforming in the bifundamental of groups Ga and
Gb living on D-brane stacks a and b is counted by Iab, the
topological intersection number of the two brane stacks.1

In [7], it was pointed out that intersecting brane models
can naturally exhibit dynamical supersymmetry-breaking.
The key features here are that the Fayet-Iliopoulos terms
are nonzero and the Yukawa couplings �i are exponentially
small (because they are generated by worldsheet instan-
tons). As a result, the configuration space is constrained to
live onD-flat directions where the fields have vevs of order
of the FI-terms. The F-terms are then generically nonzero,
and yield an F-term potential VF � �2�2 which is expo-
nentially small compared to the natural scale of the gauge
theory set by the FI-terms.

The particular example described in [7] had three U(1)
gauge groups, and three chiral multiplets which were each
charged under two of the three gauge groups. The three
U(1) FI-terms were taken to be nonzero, and the three
multiplets were coupled by a superpotential term with an
exponentially suppressed Yukawa coupling.
Here, we generalize the above model to include the

fields which mediate supersymmetry-breaking to a stan-
dard model sector via gauge interactions. The brane con-
struction is depicted in Fig. 1, and it is assumed (for
simplicity) that all brane stacks generate U(1) gauge
groups. The intersection numbers of the various brane
stacks are given by Iba ¼ Iac ¼ Icb ¼ Iad ¼ Idb ¼ Iaf ¼
Igb ¼ Ife ¼ Ieg ¼ 1; Iea ¼ Ibe ¼ 2 (all others are zero).

The field content and associated charges are summarized in
Table I.
In this setup, brane stacks a, b and c are the dynamical

SUSY-breaking sector described in [7]. The brane stack d
is a standard model brane stack. In an SU(5) GUTmodel, it
could be a brane stack where Uð5ÞGUT lives. Otherwise, it
could be a stack where SUð2ÞL lives. The chiral multiplets
M1;2 are the gauge messengers; although they are non-

vectorlike under hidden sector gauge groups, they are
vectorlike under the standard model. The remaining branes
are included to ensure that the superpotential couplings are
sufficiently generic and that cubic anomalies are canceled
(equivalently, that there are no RR-tadpoles).2

Without loss of generality, we may assume j�aj2 ¼
j�1

aj2 þ j�2
aj2. Given the charges of the various scalar

fields, the general D-term potential is given by

φ 1

φ2 φ3

M1 M2

η1 η2

d
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FIG. 1 (color online). This figure depicts the various brane
stacks of this model intersecting in the extra dimensions. The
brane stack d is a visible sector MSSM brane. The brane stacks
a, b and c are responsible for the relevant dynamical
supersymmetry-breaking. The remaining stacks e, f and g are
added to ensure that cubic anomalies are canceled. The multip-
lets shown in the figure arise from strings living at the indicated
topological intersections.

TABLE I. Field Content.

Uð1Þa Uð1Þb Uð1Þc Uð1Þd Uð1Þe Uð1Þf Uð1Þg
�1 �1 þ1 0 0 0 0 0

�2 0 �1 þ1 0 0 0 0

�3 þ1 0 �1 0 0 0 0

M1 0 �1 0 þ1 0 0 0

M2 þ1 0 0 �1 0 0 0

�1;2
1 0 þ1 0 0 �1 0 0

�1;2
2 �1 0 0 0 þ1 0 0

�1 þ1 0 0 0 0 �1 0

�2 0 0 0 0 �1 þ1 0

�3 0 �1 0 0 0 0 þ1
�4 0 0 0 0 þ1 0 �1

1Chiral multiplets transforming in symmetric and antisymmet-
ric representations will also arise from strings stretching between
a brane and its orientifold image, but we will not need to deal
with these multiplets here.

2In general, more than one brane stack would be required to
construct a visible sector. In this toy model the additional branes
are not relevant to the SUSY-breaking phenomenology. If the
additional SM branes intersect the branes of the DSB sector, then
the superpotential will be more complicated. For the reasons
described above and in [7], we still expect supersymmetry to be
dynamically broken, but obtaining reasonable phenomenology
might be more complicated. We will assume no such intersec-
tions here.
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VD¼g2a
2
ðj�3j2�j�1j2þjM2j2�j�2j2þj�1j2��aÞ2

þg2b
2
ðj�1j2�j�2j2�jM1j2þj�1j2�j�3j2��bÞ2

þg2c
2
ðj�2j2�j�3j2��cÞ2þg2d

2
ðjM1j2�jM2j2��dÞ2

þg2e
2
ðj�2j2�j�1j2þj�4j2�j�2j2��eÞ2

þg2f
2
ðj�2j2�j�1j2��fÞ2þ

g2g
2
ðj�3j2�j�4j2��gÞ2:

(1)

The Fayet-Iliopoulos terms �a;...;g can be nonzero, and

control the mass of the lightest scalar excitations of the
strings stretching between different brane stacks (in the
Type IIA picture, they are set by the angles between the
D6-brane stacks and the orientifold planes [10]). The �a...g

need not be identical, but in the interests of simplicity of
notation and of the model, we will assume the nonzero FI-
terms are all at about the same approximate scale �. The
FI-terms are naturally set by the string scale; however, if
they are in fact at the string scale, the effective field theory
is not in a controlled regime (since the excited string
excitations will be at the same scale as light chiral modes).
To ensure that the effective field theory approximation is
valid, we will assume that the scale of the FI-terms � is
slightly suppressed from the string scale; the suppression
need not be large. Indeed, it would be quite reasonable to
set the � at the GUT scale, if the string scale is somewhere
between the GUT and Planck scales.3

For the superpotential, we take

W ¼ �1�1M1M2 þ �2�1�2�3 þ �i
3�

i
1�3�4

þ �i
4�

i
2�1�2 þ �t�t�1; (2)

where i¼1, 2. We will assume for simplicity that �1
3¼�2

3,

�1
4¼�2

4. The first four terms constitute the most general
renormalizable superpotential which is classically gauge-
invariant. These Yukawa couplings are generated by
Euclidean worldsheet instantons which stretch between
the three brane stacks that the coupled fields begin and
end on [12]. Importantly, the Yukawa couplings are expo-

nentially suppressed by the area of the instanton, �/
e�A=l2s . In particular, in the limit where the extra dimen-
sions are larger than the string scale (which is where most
mechanisms for moduli stabilization are effective), these
Yukawa couplings are expected to be exponentially small.4

In addition to these cubic terms, there may be terms in
the superpotential which naively are not gauge-invariant.
These terms can arise because the U(1) symmetries suffer
from mixed anomalies, due to the presence of matter trans-
forming in nonvectorlike representations. In string theory,
these mixed anomalies are fixed by the Green-Schwarz
mechanism; a closed-string axion field shifts under the
anomalous U(1) and causes a classical transformation of
the action which cancels the anomalous loop contribution.
But if this axion field appears in the exponent of a super-
potential coupling, then it generates a phase which can
cancel the naively gauge-non-invariant phase arising from
the open-string scalars. This field is absorbed into the
coupling in the low-energy limit, below the scale where
closed-string moduli are stabilized. The last term in the
superpotential is such a term, where �t is an energy scale
which is chosen to be of the same order as the FI-terms (we
may do this without loss of generality by rescaling the
coupling; note that the hierarchy between the scale � and
the string scale is assumed to be relatively small). Because
this coupling is generated by an E2-instanton, it is also
nonperturbatively small [8,13]. The essential point about
the superpotential we have written is that, in terms of the
natural scale �, all terms in the superpotential have dimen-
sionless coefficients which are exponentially small (and, in
particular, much smaller than the gauge couplings ga;...;g).

We will take all of the �’s to be real and positive.
For simplicity, we assume �d ¼ 0. Otherwise, we would

be forced to give a vev to the messengers and break SM or
GUT symmetry at this stage. Although this might be
desirable in certain GUT models, we will avoid this com-
plication.5 We have

P
i¼a;...;g�i ¼ 0, and we will assume

that �e;g < 0 and �a;b;c > 0 (this particular choice will

yield interesting realistic phenomenology; there may be
other choices which also work).
Because the superpotential couplings are all exponen-

tially suppressed, the field configuration will sit close to a
D-flat direction, but will be shifted away from the D-flat
direction by corrections which are suppressed by Oð�2

i Þ.
One solution to the D-term equations is given by

j�1j2 ¼ �b þ �c j�2j2 ¼ �c

j�1j2 ¼ �a þ �b þ �c j�2j2 ¼ ��e � �g

j�4j2 ¼ ��g �3 ¼ �i
1 ¼ �i

2 ¼ M1 ¼ M2 ¼ �3 ¼ 0:

(3)

There are 5 D-flat directions away from this solution:

3In string theory, these FI-terms in fact depend on closed-
string moduli. They may be treated as constants only if (as we
assume) those moduli are stabilized at a scale higher than the
gauge-theory scale [11].

4Note that in any intersecting brane model, it is necessary for
the top Yukawa coupling to be Oð1Þ. This can arise from a
worldsheet instanton which is of string-scale size, which would
require a modest tuning if the compact dimensions are only
moderately large.

5In a realistic model, Uð1ÞY should be FI-free. This can arise if
Uð1ÞY is a subgroup of a GUT group (like SU(5)), or if Uð1ÞY
arises as the FI-free linear combination of various U(1)’s living
on various D-branes.
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�j�2
1j ¼ �j�2j2 ¼ �j�3j2 ¼ r1;

�j�2
1j ¼ �jM1j2 ¼ �jM2j2 ¼ r2;

��j�2
1j ¼ �j�1j2 ¼ �j�2j2 ¼ r3;

�j�2
1j ¼ �j�2j2 ¼ �j�2j2 ¼ r4;

�j�2
3j ¼ �j�4j2 ¼ �j�1j2 ¼ r5; (4)

where we are constrained to r1;...;5 � 0. The �3 terms in VF

force the field configuration to r5 ¼ 0. Similarly, the �4

terms force us to r4 ¼ 0. However, r1;2;3 are not yet con-

strained. Plugging in the expansion above and keeping
terms linear in r1;2;3 gives

VF ¼ j�1M1M2 þ �2�2�3 þ �t�tj2 þ �2
2j�1j2j�2j2 þ �2

2j�1j2j�3j2 þ �2
1j�1j2jM1j2 þ �2

1j�1j2jM2j2 þ �2
3j�1j2j�4j2

þ �2
3j�1j2j�3j2 þ �2

3j�3j2j�4j2 þ �2
4j�2j2j�1j2 þ �2

4j�2j2j�2j2 þ �2
4j�1j2j�2j2

� �2
4jð�a þ �b þ �cÞð�e þ �gÞj þ j�t�tj2 þ �2

2j�cð�b þ �cÞj þ ½�2
2ð2�b þ 4�cÞr1 � 2�2�tj�tj

ffiffiffiffiffi
�c

p ffiffiffiffiffi
r1

p �
þ ½�2

2�c þ 2�2
1ð�b þ �cÞ � 2�1�tj�tj�r2 þ ½�2

3j�gj þ �2
4ð�a þ �b þ �c � �e � �gÞ � �2

2�c�r3: (5)

The potential will force r2;3 ¼ 0 if the following two
constraints are satisfied:

(i) �2
2�c þ 2�2

1ð�b þ �cÞ> 2�1�tj�tj
(ii) �2

3j�gj þ �2
4ð�a þ �b þ �c � �e � �gÞ> �2

2�c:
Miminizing the potential with respect to

ffiffiffiffiffi
r1

p
gives

ffiffiffiffiffi
r1

p ¼ �t

�2

�t

ffiffiffiffiffi
�c

p
2ð�b þ 2�cÞ : (6)

If
ffiffiffiffiffi
r1

p
is small, then the linear approximation used above is

valid. Clearly, one can satisfy all three constraints (for
example, if all � are of the same order and �t � �2 �
�3). Supersymmetry is then broken, and the nonzero
F-terms are

F�i
2
¼ �i

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�a þ �b þ �c

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�e þ �gj

q

F�1
¼ �t�t

�
1� �c

2ð�b þ 2�cÞ
�

F�2
¼ �t

�t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�cð�b þ �cÞ

p
2ð�b þ 2�cÞ

F�3
¼ �2

ffiffiffiffiffi
�c

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�b þ �c

p þOð�t�Þ:

(7)

Nonzero D-terms arise because the field configuration is
shifted away from a D-flat direction by corrections due to
the F-term potential. But the D-terms scale as

VD �O
�
�4

g2
�2

�
(8)

and are much smaller than the F-terms in the limit where
the Yukawa couplings are exponentially suppressed [7].

III. PHENOMENOLOGY

In the model we have described, the multiplets M1;2

naturally act as gauge messengers, which are charged
under both the MSSM sector and the SUSY-breaking sec-
tor. The mass-splitting between the bosonic and fermionic
components of the messenger multiplets is generated by

the superpotential term

W ¼ �1�1M1M2 þ . . . : (9)

As such, the F-term relevant for GMSB phenomenology in
this model is F�1

.

We can compute the soft scalar masses and find

mscalar � g2

16�2

�1F�1

�1h�1i �
g2�t

16�2

�tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�b þ �c

p

�
�
1� �c

2ð�b þ 2�cÞ
�
: (10)

So if all � are of the same natural scale, then the soft
scalars are at m2 � g4�2

t �, and are exponentially sup-
pressed with respect to the scale �. Furthermore, we have
W ¼ �t�t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�b þ �c

p
, so R-symmetry is broken and the

gauginos get a mass at the same scale as the scalars (for
this purpose, it was important that in our solution h�1i,
hF�1

i � 0). The gravitino mass is given bym3=2 � F
Mpl

, but

in the limit we took earlier, the dominant F-term is F�3
�

�2�. We would thus find

m3=2 �
F�3

MPl

� �2

�

MPl

:
m2

3=2

m2
0

� 256�4�2
2

g4�2
t

�

M2
Pl

: (11)

To get a feel for the phenomenology of a somewhat
natural example, let us assume that the scale of the FI-
terms is �� ð1015 GeVÞ2, while the squark and slepton
masses are�TeV. Then from the above formula we would
find that �t � 10�10. This is not unreasonable if the extra
dimensions are (as is typical) stabilized at scales which are
somewhat larger than the string scale [14], as the coupling
is generated by an E2-instanton [13] which is suppressed
by exp½� 2�

l3sgs
VolE2�. Larger Yukawa couplings could be

accommodated by having a smaller scale �. Note that the
messenger mass scale is mmess: � �1�; since we have not
yet constrained the �1 coupling, messenger masses from
TeV to just below GUT scale are possible.
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Assuming the point in parameter-space we described
above, we then find

m3=2 � �2 � 1011 GeV: (12)

Given our assumption �2 > �t, we would find in this model
a relatively heavy gravitino with m3=2 > 10 GeV. In par-

ticular, the gravitinos here are typically heavier than those
found in [8]. This seems quite reasonable; since the natural
scale of the theory is well above the intermediate scale,
even with suppressions of the F-terms from Yukawa cou-
plings, one would expect gravitational interactions to be
relatively large. It might be even more natural to have a
slightly higher scale for �, say at 1016 GeV. However, in
that case the gravity-mediated contributions become sig-
nificant enough that they can potentially violate flavor-
changing neutral current constraints. Since, absent an
model-dependent explanation, there is no reason for grav-
ity contributions to respect flavor, it is safest to allow a
small hierarchy between � and the GUT scale.

In GMSB, gravitinos have a very interesting effect on
cosmology. If R-symmetry is preserved, gravitinos are
stable and one must be sure that they do not overclose
the universe. For gravitinos in the mass-range discussed
here, the dominant production mechanism is through spar-
ticle scattering [15], and one finds that the gravitino density
would be phenomenologically acceptable for reheat tem-
peratures TR < 108�9 GeV (or, alternatively, if there were
some mechanism of late entropy production).

It is worth noting also that in this model we have
introduced only one pair of messenger multiplets.
Although vectorlike matter transforming in complete
GUT group representations will not prevent gauge-
coupling unification, they will change the scale at which
it occurs. If enough matter multiplets are added, the cou-
plings may become strong before unification, making the
gauge-coupling unification unreliable. One of the advan-
tages of SUSY-breaking sectors with Abelian dynamics
(such as the one described here) is that they typically arise
with small numbers of messengers, avoiding this problem.

IV. DISCUSSION

We have exhibited a toy example of an intersecting
brane model in which supersymmetry is dynamically bro-
ken in an open-string hidden sector, and transmitted to the
visible SM sector via gauge interactions. The natural scale
of the theory is set by the scale of the Fayet-Iliopoulos
terms, but the SUSY-breaking F-terms are at an exponen-
tially smaller scale. The soft masses in the visible sector
receive additional suppression from a loop factor, and with
reasonable choices of parameters the gravitino is moder-
ately lighter than scalars. This hierarchy of scales is sum-
marized in Table II.

It is interesting to note that this work illustrates a point
made in [7]; if FI-terms are turned on, one generically
expects F-term SUSY-breaking at exponentially small
scales in intersecting brane models. Although the model
presented here extends the model in [7] by adding more
fields and couplings, the DSB result is robust. Moreover, it
was quite easy to obtain realistic GMSB phenomenology.
There are a number of open questions worth studying.

From a formal standpoint, perhaps the most interesting
questions are related to moduli-stabilization. In the frame-
work described above, we have essentially treated the FI-
terms as constants. But in string theory, the FI-terms de-
pend on closed-string moduli (for example, in the Type IIA
picture, the FI-terms are set by the relative angles between
the D6-branes, and thus depend on the complex structure
moduli). For these parameters to be approximately con-
stant, they must be stabilized at a scale which is much
larger than the scale of the gauge theory. It has been argued
that this can be done in a controlled manner [16], but we
have not utilized any particular moduli-stabilization
scheme. It would be very interesting to actually construct
a phenomenologically viable model of gauge-mediated
dynamical supersymmetry-breaking where these issues of
moduli-stabilization are concretely addressed.
In is interesting to note that the relative hierarchies at

phenomenological scales (say, between m3=2 and m0) are

controlled by different Yukawa couplings. As a result,
large mass hierarchies are obtainable from relatively small
hierarchies in areas in the extra dimensions. This implies
that detailed phenomenology in these types of models can
depend crucially on how moduli and brane positions are
stabilized in the extra dimensions. It would be very inter-
esting to understand how these issues can be addressed
concretely in orientifolded Calabi-Yau 3-folds
compactifications.
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TABLE II. Scales.

ffiffiffi
�

p
FI-terms and hidden gauge symmetry breaking

�1

ffiffiffi
�

p
Messenger mass scaleffiffiffiffiffiffiffiffiffiffi

�1�t

p ffiffiffi
�

p
Messenger mass-splitting

g2

16�2 �t

ffiffiffi
�

p
Soft scalar masses

�2
�
Mpl

Gravitino mass
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