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1 Introduction

Since the early days of the AdS/CFT correspondence [1–3] and its non-conformal exten-
sions the possibility of describing, holographically, supersymmetric gauge theories enjoying
different IR behaviors has been thoroughly investigated. This has been a rich and lively
arena in the field and remarkable results have been obtained in the last two decades.

While conformal phases, confinement, generation of a mass gap, Coulomb and Higgs-
like branches and more generally any supersymmetry preserving dynamics were reproduced
in a plethora of examples, not surprisingly (dynamical) supersymmetry breaking has proven
to be much harder to achieve. Known examples describe supersymmetry breaking into
metastable vacua (see [4–7] and many other constructions thereafter) or runaway behavior,
where the theory breaks supersymmetry dynamically but it does not enjoy a vacuum at
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finite distance in the space of field VEVs [8–11], very much like massless SQCD with a
small number of flavors. No models were known, until recently, that enjoy dynamical
supersymmetry breaking (DSB) into stable vacua.

The difficulty in finding such models can suggest that DSB into stable vacua might not
be a possibility in D-brane constructions and, more generally, in string theory as well. On
the other hand, finding models of this kind could be of great relevance both in the context
of the gauge/gravity duality and, even more interestingly, in string compactifications. In
this latter setup they could be used for model building in GKP-like constructions [12].
Eventually, they might also have an impact on the swampland program [13–15] and recent
related conjectures such as [16].

Recently, a series of papers renewed the interest in models of D-branes at Calabi-Yau
(CY) singularities leading to dynamical supersymmetry breaking. This originated from [17]
where an existence proof for a possibly stable DSB model obtained by considering fractional
branes at orientifold singularities was given. These results were generalized in [18], where it
was shown that a large class of orientifolds admit fractional D-brane configurations realizing
some of the most popular and simple DSB models, namely the incalculable SU(5) [19]
and/or 3-2 [20] models.

In this same work [18], however, by generalizing previous results of [16], it was shown
that in the decoupling limit [1], in which the DSB fractional D-brane bound state becomes
part of a UV complete large N D-brane model and gravity is decoupled, all models display
an instability. This instability turned out to have a common, model-independent geometric
origin in terms of N = 2 fractional branes probing the singularity.1 More drastically, a no-
go theorem was proven in [18] which implies that whenever N = 2 classical flat directions
exist at a singularity which admits such DSB models, the quantum behavior of the latter
is such that the flat directions are tilted and supersymmetry preserving vacua exist.

An obvious way to circumvent this no-go theorem and avoid the unwanted slide towards
supersymmetric vacua is to look at singularities free of N = 2 fractional branes to start
with, and see whether stable DSB models of the type above can be engineered there.
Or, alternatively, a stronger no-go theorem should exist which excludes such a possibility
altogether.

This is what we will be concerned with in this paper.2 More precisely, our main goal
will be to answer the following question:

• Is it possible to get a DSB model, more specifically the SU(5) or the 3-2 models,
from D-branes at a Calabi-Yau singularity which is free of any (known) instability?

Quite surprisingly, the answer will be affirmative! We will first carry out a compre-
hensive investigation that shows that in the minimal realizations of the SU(5) and 3-2
models at orientifolds of singularities, the instability associated to N = 2 fractional branes

1N = 2 fractional branes arise whenever a Calabi-Yau singularity can be partially resolved to display,
locally, a non-isolated C2/Zn singularity and a Coulomb-like branch associated to it.

2In the same vein as in [16–18], we will not consider configurations where non-compact flavor branes are
added. We note that metastable DSB can be engineered in this way [5], and further investigating if stable
DSB is possible in these constructions is an interesting problem that we do not address here.
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is unavoidable. Remarkably, this result ties the ability to engineer these models to basic
geometric features of the underlying singularity: the presence of non-isolated C2/Zn singu-
larities. This is yet another example of the connection between geometry and features or
dynamics of the corresponding quantum field theories, such as e.g. confinement and com-
plex deformations [21] or runaway DSB and the absence of complex deformations [8, 9].
These general results will then guide our search of models without instabilities. We will
show that a simple variant of the SU(5) model, that we dub twin SU(5), can be realized
by D-branes at an orientifold of a toric CY, the Octagon, which lacks non-isolated C2/Zn
singularities and, as such, is free of the aforementioned decay channel, and stable. Our
analysis, which is done exploiting dimers techniques [22, 23], relies also on results obtained
in [24], where a thorough investigation of consistent, anomaly free, D-brane models at
orientifold singularities has been performed.

While we do not prove nor exclude the existence of other, more involved models sharing
the same properties, the example we provide shows that stable DSB can be engineered by
brane configurations at CY singularities. Given the implications that this might have in
different contexts, including improvements in our understanding of the string landscape
and the swampland, it is worth investigating these D-brane constructions further. On a
more technical side, the results presented here as well as in [24] show, once again, the power
of dimer techniques in understanding the properties of D-branes and more generally string
theory at CY singularities.

The rest of the paper is organized as follows. In section 2 we review the basic elements
of the SU(5) and 3-2 DSB models and the decay mechanism that afflicts all known D-
brane constructions which were found to realize these models in string theory, so far. In
the two subsequent sections, section 3 and section 4, we discuss the possibility to embed
the SU(5) and the 3-2 models, or any simple variant, into D-brane models at orientifolds
singularities which, locally, do not display any non-isolated C2/Zn singularity. This will
single out the twin SU(5) as a candidate for a fully stable DSB model. In section 5 we
show that such local construction can be embedded in a fully consistent (orientifolded)
dimer, the Octagon, and present the UV complete D-brane gauge theory associated to it.
A thorough analysis of the Octagon, including a discussion of its stability properties, can
be found in the companion paper [25]. Appendix A contains a review of dimer models and
some technical details which for the sake of the presentation are not included in the main
body of the paper. Finally, in appendix B some details are given on anomaly cancellation
conditions for the models discussed in section 4.

2 Review of background material

In this section we go over some known results which will be needed in the following. We will
first review the basic structure of the two dynamical supersymmetry breaking models we
will be concerned with, the so-called SU(5) [19] and 3-2 models [20]. Then, we review the
mechanism responsible for the instability which afflicts all D-brane configurations realizing
the aforementioned DSB models in any of the string theory constructions presented in [16,
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18]. Finally, we review the characterization of N = 2 fractional branes according to the
general classification of [9] and discuss their description in terms of dimers.

2.1 DSB models

The SU(5) model is the prototype of a class of models which are believed to break su-
persymmetry dynamically [19]. This is a supersymmetric gauge theory with gauge group
SU(5) and one GUT-like chiral family (10⊕ 5̄), namely one chiral superfield transforming
in the antisymmetric representation and one chiral superfield transforming in the antifun-
damental representation of SU(5). The theory does not admit any classical flat direction
since no gauge invariants can be written and enjoys a GF = U(1)×U(1)R non-anomalous
global symmetry. An argument based on the impossibility to satisfy ’t Hooft anomaly
matching conditions for GF suggests that supersymmetry is broken due to strong coupling
effects.

The SU(5) model admits several generalizations. The only one which will be realized
in our setups is a rather trivial one, where a possibly complicated supersymmetric gauge
theory reduces, at low energy, to several decoupled SU(5) models which independently
break supersymmetry.

The 3-2 model [20] is the simplest representative of the so-called calculable models,
which have the property to break supersymmetry dynamically while allowing a region in
the parameter space in which the low energy effective theory is completely calculable, in
the sense that both the effective superpotential and the Kähler potential are under control.
The 3-2 model consists of a supersymmetric gauge theory with gauge group SU(3) ×
SU(2) and one Standard Model-like family described by chiral superfields transforming as
(3,2) ⊕ (3̄,1) ⊕ (3̄,1) ⊕ (1,2), respectively, and a cubic superpotential. Classically, the
theory admits an isolated supersymmetric vacuum. However, quantum mechanically a non-
perturbative superpotential is generated which makes it impossible to satisfy both the F -
and D-term conditions and no supersymmetric vacuum can be found. The minimum of the
scalar potential breaks supersymmetry, the vacuum energy being related to the dynamical
scales of the strongly coupled gauge groups.

As the SU(5) model, the 3-2 model admits several generalizations, of which we will
realize only the possibility of multiple, decoupled supersymmetry breaking sectors at low
energy.3

2.2 N = 2 fractional brane decay

In [18], generalizing previous results of [16], several D-brane models at orientifold Calabi-
Yau singularities realizing either the SU(5) or 3-2 models at low energy were found. They
can be engineered by bound states of fractional D3-branes which can arise at the end of
complicated RG-flows (often described by a duality cascade [21]) or on the N = 4 Coulomb
branch of regular D3-branes, depending on the singularity structure.

3Both the SU(5) and the 3-2 models have higher rank generalizations. As for other existing field theoretic
models of stable DSB, they seem more difficult to realize through brane constructions, though they certainly
deserve a closer look.
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A common feature of all Calabi-Yau singularities in which the above DSB models
were found is that they admit N = 2 fractional branes. The latter are related to a partial
resolution of the singularity displaying a non-isolated C2/Zn singularity and an N = 2
Coulomb branch associated to it (further details on this class of fractional branes are
provided in the coming section). In [18] it was proven in full generality that whenever such
N = 2 classical flat directions exist at a singularity which admits the aforementioned DSB
models, the quantum behavior of the latter tilts the flat directions towards a supersymmetry
preserving vacuum. Hence, the supersymmetry breaking vacuum is destabilized and ceases
to exist. This novel decay mechanism, which remarkably has an elegant geometric origin,
was originally uncovered in [16].

The basic dynamical mechanism describing such instability goes as follows. In the
decoupling limit [1], the DSB model emerges as a vacuum configuration of a (possibly
intricate) system of regular and fractional D-branes, with the vacuum energy depending
on the VEVs of the scalar fields. The N = 4 Coulomb branch is parametrized by regular
branes. If an N = 2 fractional brane direction exists, there is in addition an N = 2
Coulomb branch. By scale matching, one can show that the energy of the supersymmetry
breaking vacuum is related to the strong coupling scale Λ of the SU(5) or SU(3)× SU(2)
gauge groups as follows4

Evac =
(
v′

v

)α
Λ , α ∈ R , (2.1)

where the exponent α is given by a ratio of beta functions and v and v′ are the VEVs
on the Coulomb branches associated to the N = 2 fractional brane and its complement,
respectively. Fractional branes are defined modulo regular branes, so that a fractional
brane and its complement combine into a regular brane. The case v = v′ then corresponds
to the N = 4 Coulomb branch.

From (2.1), it follows that on the N = 4 Coulomb branch the vacuum energy equals
Λ and the supersymmetry breaking vacuum is hence preserved. On the N = 2 Coulomb
branch, instead, where v 6= v′, the vacuum energy relaxes to 0, with a moduli space
parametrized by v at v′ = 0 or vice-versa, depending on the sign of α. Geometrically,
this corresponds to a supersymmetric configuration described by the N = 2 fractional
branes associated to v located at a finite distance along the non-isolated C2/Zn singularity
describing its Coulomb branch, and their complement sitting at the origin.

The only possibility for evading this decay mechanism of the supersymmetry breaking
vacuum is that α = 0. Using some basic properties of Calabi-Yau’s and the fact that
fractional branes are described by a non-conformal field theory at low energy, one can
easily show that α 6= 0 [18]. The upshot is that all DSB D-brane models constructed
in [16, 18] are actually unstable since, as anticipated, all of them admit N = 2 fractional
branes. At most they can be metastable.

Let us schematically discuss what occurs to the gauge theory in this process. We
denote G���SUSY the SUSY breaking model, namely its gauge group (and possibly flavor

4In the 3-2 model, Λ refers to the scale of the gauge group factor, either SU(3) or SU(2), that dominates
the dynamics.
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group), matter fields and interactions. When N regular D3-branes are added, the SUSY
breaking sector extends to

G���SUSY
+ N regular−−−−−−−−−→

branes
G���SUSY+N ×G′

N , (2.2)

where G���SUSY+N indicates that the ranks of the gauge and flavor groups are increased by
N . G′

N denotes the theory associated to the complement. The subindex indicates that
all gauge groups in this sector have rank N . In addition, there is matter connecting the
G���SUSY+N and G′

N sectors. Along the N = 2 Coulomb branch, the theory is higgsed down
to

G���SUSY+N ×G′
N

v 6= v′

−−−−−→ G���SUSY ×G′
N , (2.3)

We are left precisely with the original SUSY breaking theory of interest, but now coupled
to G′

N . This extension of the theory spoils supersymmetry breaking.
The only way to avoid this decay mechanism is to look for singularities that admit

supersymmetry breaking D-brane configurations and are free of local C2/Zn singularities.
Whether such geometries exist or not was until now an open question. Answering this
question has been one of the main motivations for the present work.

2.3 N = 2 fractional branes and dimers

In order to be self-contained, we now present a quick review of N = 2 fractional branes,
which play a central role in this paper. A classification of fractional branes based on the
IR dynamics of the gauge theories living on them was introduced in [9]. According to it,
fractional branes fall into three classes: deformation, N = 2 and DSB fractional branes
(we refer to [9] for a thorough discussion).

These fractional branes support a gauge invariant operator that does not appear in the
superpotential. In dimer language, they correspond to a collection of faces forming a stripe,
which gives rise to the closed path in the quiver associated to this gauge invariant operator.
The VEV of such operator parameterizes a flat direction along which the dynamics reduces
to an N = 2 theory. Geometrically, N = 2 fractional branes arise in the case of non-isolated
singularities, which have complex curves of singularities passing through the origin. Such
fractional branes wrap a 2-cycle collapsed at the singularity, which exists at every point
along the curve. In the case of toric geometries, the singularity on the curve is always
C2/Zn, n ≥ 2. Such a singularity translates into edges on the boundary of the toric
diagram with n− 1 internal points. Equivalently, they correspond to n parallel legs in the
dual (p, q)-web diagram [26–28]. Legs of the (p, q)-web are in one to on correspondence
with zig-zag paths (ZZP) in the dimer (see appendix A for more details). Indeed, the stripe
of faces in the dimer describing an N = 2 stretches between a pair of ZZP with the same
holonomy. Finally, let us emphasize that the previous discussion implies that the gauge
theories/dimers associated to toric diagrams without internal points on external edges,
i.e. without non-isolated singularities, do not support N = 2 fractional branes.

Figure 1 shows an example, based on the PdP3 geometry [18, 29], illustrating the ideas
presented above. The collection of phases shaded in blue defines an N = 2 fractional brane
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Figure 1. (a) Dimer model for phase b of PdP3. (b) Toric diagram for PdP3 showing the two
parallel legs of the (p, q)-web associated to the ZZP under consideration.

(its complement is obviously also an N = 2 fractional brane). These faces stretch between
the parallel red and green ZZP.

3 SU(5) models

Let us first consider the SU(5) model. This theory has an SU(5) gauge group and one
GUT-like chiral family ⊕ . The presence of the antisymmetric representation implies
that if one wants to engineer such a model by D-branes at a CY singularity, an orientifold
projection is necessary. Moreover, one has to consider two gauge groups in order to get
the antifundamental representation , which can be generated by either an SU(1) or an
SO(1) flavor group [18].

Using the dimer formalism, there are two classes of orientifolds, depending on whether
they have fixed points or fixed lines [17] (see appendix A for a short review).5 We will
analyze them in turn.

3.1 Fixed point orientifolds

Let us remind that fixed point orientifolds are associated to dimers which enjoy a point
reflection. It is always possible to choose the unit cell of the dimer in such a way that its
corners coincide with a fixed point. Additionally, due to the dimer’s toroidal periodicity,
there will also be fixed points at the center of the boundaries of the unit cell, and in the
center of the unit cell itself, see figure 2.

As we now review, we not only need a fixed point on one edge of the SU(5) face, but a
second fixed point is needed to avoid anomalies in the face providing the (anti)fundamental
matter field.

5In this paper we will restrict to the class of orientifolds considered in [17], with either fixed points or
fixed lines. In principle, Z2 involutions of the dimer without fixed loci are possible, but they have not been
investigated in the literature.
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Figure 2. A schematic representation of a dimer unit cell with orientifold fixed points. The shaded
points are the periodic images of the four basic ones.

× × × 
1 1’ 2 2 

+ + - 

Figure 3. Fixed point orientifold realizing the SU(5) model with SO(1) flavor group. The dotted
part of the graph indicates the rest of the dimer, which is completely general and not necessarily
hexagonal as shown.

The first possibility is to directly avoid the anomaly in the flavor group by having it SO
or USp. USp is ruled out since it would give always an even number of antifundamentals,
hence more than one. We are then left with SO(1).

• SO flavor group
Figure 3 shows the generic structure of a local configuration of a dimer leading to
the SU(5) model, including the signs for the two relevant fixed points. The dotted
lines and nodes represent a completely general configuration for the rest of the dimer,
only constrained by its compatibility with the point reflections. The blue dotted line
indicates that it is possible to choose the unit cell such that the two fixed points live
on one of the four segments that form its boundary. This comment will be relevant
later.
Assigning arbitrary ranks to the gauge groups, Ni for face i in the dimer, the anomaly
cancellation conditions (ACC) have a solution in which N1 = N1′ = 5, N2 = 1 and
the rest of the faces are empty.6 This choice leads exactly to the SU(5) model. Face
1 becomes the SU(5)1 gauge group. Since face 2 has a fixed point with a positive
sign on top of it, becomes the SO(1)2 flavor group.

A second possibility is that the flavor group is of SU type, with its anomaly (when
regular branes are added) being canceled by the presence of symmetric matter on a different
edge of the face.

6Of course whether the ACC of the empty nodes are also satisfied depends on the details of the boundary
of the cluster of faces under consideration. This observation also applies to the examples that follow.
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× × × 
1 1’ 2 2’ 

+ + - 

Figure 4. Fixed point orientifold realizing the SU(5) model with SU(1) flavor group.

× 
3 

+ 
× 

1 1’ 2 2’ 

- 
× 
3 

+ 

Figure 5. Fixed point orientifold realizing the SU(5)1 model with SU(1)2 flavor group and an
additional SO(5)3 factor. SO(5)3 develops an ADS superpotential and leads to a runaway behavior.

• SU flavor group with symmetric

Figure 4 shows the local configuration of a dimer leading to another realization of
the SU(5) model in a fixed point orientifold. Once again, the ACC have a solution in
which N1 = N1′ = 5, N2 = N2′ = 1 and the rest of the faces are empty. The resulting
theory is the SU(5) model, plus a decoupled singlet corresponding to the symmetric
associated to the edge between face 2 and its image.

Note that the SU(1) group has no anomaly, but the symmetric is necessary to cancel
the anomaly when all the ranks are increased by N (corresponding to the addition of
N regular D3-branes which populate the dimer democratically). By construction, the
additional (white) faces with rank N will not contribute to the anomaly. In order to
cancel the N + 5 antifundamentals coming from face 1, we need to have a symmetric
of SU(N + 1) at face 2. It reduces to a decoupled singlet when N = 0.

A third possibility is that the flavor group is of SU type, and its anomaly (when
regular branes are added) is canceled by 5 fundamentals attached to an SO(5) group. This
configuration is shown in figure 5. The low-energy theory of this configuration is an SU(5)
model together with a decoupled SO(5) SQCD with one flavor. The latter theory develops
an ADS superpotential [20], so that we have a runaway behavior (on top of the DSB of
the SU(5) model), and hence no true vacuum. We thus discard this possibility since it is
already unstable at this low-energy field theory level.
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- 
× 

1 1’ 2 2’ 

- 
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3 

- 

Figure 6. Fixed point orientifold realizing the twin SU(5) model.

A fourth possibility is that the flavor group is again of SU type, but now its anomaly
is canceled by the presence of a replica of the SU(5) group with its own antisymmetric.
We will call this possibility twin SU(5) model.

• SU flavor group with twin SU(5)

Figure 6 shows the local configuration of a dimer leading to yet another realization
of the SU(5) model in a fixed point orientifold. The ACC have a solution in which
N1 = N1′ = 5, N2 = N2′ = 1, N3 = N3′ = 5 and the rest of the faces are empty. The
resulting theory corresponds to two SU(5) models sharing one and the same SU(1)
flavor group which provides their (anti)fundamentals. Since SU(1) is actually empty,
and in any case no chiral gauge invariants can be written for each SU(5) model,
the twins are effectively decoupled and thus their low-energy dynamics is completely
independent.

In principle, we could go on with further possibilities. Indeed, the anomaly of the
second SU(5) gauge group at face 3 can be canceled with a fundamental, instead of an
antisymmetric. The simplest possibility is that the fundamental is attached to an SO(1)
face, however it could also be an SU(1) with a symmetric, or further an SU(1) with 5
antifundamentals given by an SO(5), or another SU(5). The possibilities already discussed
above repeat themselves. What is important to notice is that the gauge theory on face 3
would always be an SU(5) with one flavor, hence developing an ADS superpotential and
leading to runaway behavior.

We thus conclude that the only possibilities to engineer an SU(5) model, which is
stable at low-energies, in a dimer with fixed points are the three bullets above: SO flavor
group, SU flavor group with a symmetric and SU flavor group with twin SU(5).

An important remark is that in all the examples above the following holds: there can
be a long chain of gauge groups to eventually cancel the anomaly of the initial SU(5) gauge
group, but it always ends with an orientifold fixed point.7 As a consequence, we do not have
to look far in order to identify an N = 2 fractional brane in these dimers. Remarkably, in

7We are ignoring more ramified possibilities. For instance, for an SU(1) flavor at face 2, we could imagine
providing the 5 fundamentals from more than one SO gauge group. That would lead to the need of more
than one extra fixed point. The other cases can be treated similarly. Thus a more precise statement is that
we always need at least another fixed point to cancel the anomaly of the SU(5) at face 1.
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all cases the SU(5) model is fully supported on a set of faces that corresponds to an N = 2
fractional brane in the parent (i.e., non-orientifolded) theory. From figure 3, figure 4 and
figure 6 we see that in all cases the SU(5) model indeed lives on a stripe that gives rise
to a gauge invariant not contained in the superpotential. The expectation value of such
operator parametrizes the corresponding Coulomb branch.

We conclude that an SU(5) model cannot be obtained for this class of orientifolds if
the parent theory does not contain line singularities, i.e. N = 2 fractional branes.8 The
previous discussion implies that the no-go theorem in [18] cannot be avoided for this class
of orientifolds.

Let us discuss how the instability explained in section 2.2 is realized in these models
in more detail. We start with the model with SO flavor, figure 3. After adding N regular
D3-branes, the relevant gauge group becomes

SU(N + 5)1 × SO(N + 1)2 . (3.1)

Let us denote
A = 1 , Q = ( 1, 2) (3.2)

where A corresponds to the edge in the dimer between face 1 and its orientifold image and
Q corresponds to the edge between faces 1 and 2. The Coulomb branch is parametrized by
the expectation value of the gauge invariant going around the stripe. In principle we can
build an SU(N + 5)1 gauge invariant as

φSOab = Q
i
aQ

j
bAij , (3.3)

where i, j are fundamental indices of SU(N + 5)1 and a, b are fundamental indices of
SO(N + 1)2. Note that it is in the antisymmetric representation of SO(N + 1)2, hence it
does not exist for N = 0, and it has vanishing trace for N ≥ 1.

As discussed in [18], we actually need to go twice around the stripe in order to have a
non-vanishing gauge invariant given by

〈δacδbdφSOab φSOcd 〉 , (3.4)

parametrizing the Coulomb branch. That the gauge invariant still vanishes automatically
for N = 0, is consistent with the fact that the SU(5) model does not have a moduli space
and that the additional regular branes are necessary for the instability.

We now consider the case with SU flavor and a symmetric, figure 4. After adding N
regular D3-branes, the gauge group becomes

SU(N + 5)1 × SU(N + 1)2 . (3.5)

We denote
A = 1 , Q = ( 1, 2) , S = 2 (3.6)

8This result is consistent with an observation made in [30], namely that singularities with deformation
branes are incompatible with point projections.
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where now S corresponds to the edge between face 2 and its image under the second fixed
point. The SU(N + 5)1 gauge invariant is

φSUab = Q
i
aQ

j
bAij , (3.7)

where now a, b are fundamental indices of SU(N + 1)2. It is in the antisymmetric repre-
sentation of SU(N + 1)2, hence again it does not exist for N = 0, and for N ≥ 1 it cannot
be contracted with Sab which is symmetric. A non-vanishing gauge invariant is given by

〈SacSbdφSUab φSUcd 〉 , (3.8)

which now parametrizes the Coulomb branch. The same remarks as in the previous case
apply.

Finally, let us discuss the last case of the twin SU(5), where the gauge group becomes

SU(N + 5)1 × SU(N + 1)2 × SU(N + 5)3 . (3.9)

We denote
A = 1 , Q = ( 1, 2) , P = ( 2, 3) , A = 3 (3.10)

where now P corresponds to the edge between faces 2 and 3, and A to the edge between
face 3 and its image under the second fixed point. The SU(N + 5)1 and SU(N + 5)3 gauge
invariants are

φab = Q
i
aQ

j
bAij , φ

ab = P
a
αP

b
βA

αβ
, (3.11)

where α, β are fundamental indices of SU(N + 5)3. They are in the antisymmetric and
conjugate antisymmetric representation of SU(N + 1)2, respectively. They do not exist for
N = 0, but for N ≥ 1 the simplest gauge invariant is given by

〈φabφ
ab〉 , (3.12)

which parametrizes the Coulomb branch in this case. The same remarks as in the pre-
vious cases apply. Further, note that this last case allows for a simpler gauge invariant
parametrization of the Coulomb branch because it is the only one where the two fixed
points (giving rise to A and A) have the same sign, see figure 6. In the two previous cases
the fixed points have opposite signs, and we have to take the loop twice.

Double SU(5) models. In some cases, the structure of the dimer is such that it could
be possible to use all four fixed points to generate a pair of SU(5) models. Figure 7 shows
the general structure for a dimer giving rise to two SU(5) models with SO(1) flavor nodes.
Other possibilities, for instance two models with SU(1) flavor nodes, an SU(1)/SO(1)
combination or two twin SU(5) models, are also feasible. The same logic of previous
examples applies to each of the two stripes of blue faces, so we conclude that each of these
models contain N = 2 fractional branes and hence are not stable.

The different cases considered so far illustrate the general strategy that we will apply to
most of the other models we will be considering. While the DSB models under consideration
are relatively simple, we are considering here their embedding into arbitrarily complicated
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Figure 7. General structure of a fixed point orientifold realizing a double SU(5) with SO(1) flavor
group model.

Figure 8. A schematic representation of orientifold fixed lines going through the dimer unit cell:
two fixed lines on the left, a single fixed line on the right.

toric singularities. Therefore, establishing the existence of N = 2 fractional branes (which
implies the instability of the DSB model) might naively seem an intractable problem since,
generically, the majority of the dimer model will be unknown. However, as it occurred in
the previous examples, the necessary interplay between the region of the dimer that makes
up the DSB model and the orientifold fixed points (or fixed lines, as we will see shortly),
implies that we fully know the dimer model along a “short direction” of the unit cell. This
is sufficient to identify an N = 2 fractional brane. In even simpler terms, in these cases the
DSB models are actually supported on faces of the dimer that define an N = 2 fractional
brane. We will see that there is only one specific way to circumvent this argument.

3.2 Fixed line orientifolds

A second possibility is that dimers admit line reflection. As explained in appendix A, we
can have orientifolds with either two independent fixed lines or a single diagonal fixed line.

An orientifold with two fixed lines is such that the unit cell of the dimer can be taken
to be rectangular, and the dimer is further invariant under a reflection leaving fixed the
lines going along one of the boundaries of the unit cell. By the periodicity of the dimer,
there must be a second fixed line parallel to the first one, and going through the middle
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Figure 9. Two fixed lines orientifold realizing the SU(5) model with SO(1) flavor group.

of the unit cell. Vertical and horizontal fixed lines will be considered on the same footing
here.

Orientifolds with a single fixed line are such that the unit cell can be taken to have
the shape of a rhombus, and the dimer is invariant under reflections about a fixed line
which goes along one of the diagonals of the rhombus. The periodicity of the dimer does
not imply the presence of other fixed lines in the unit cell. Again, we will not make the
distinction between the two diagonals. Both situations are depicted in figure 8. In the
following, we will use the two nomenclatures “double and single” or “horizontal/vertical
and diagonal fixed lines” interchangeably.

3.2.1 DSB models between two fixed lines

The cases with two fixed lines are basically identical to the orientifolds considered in the
previous section, with the exchange of fixed points for fixed lines. We therefore present
them succinctly.

• SO flavor group

Figure 9 shows the local configuration realizing the SU(5) model with SO(1) flavor
group, including the signs of the fixed lines. This is achieved by setting N1 = N1′ = 5,
N2 = 1 and vanishing ranks for all other faces. Since the two lines have opposite
signs, this configuration is only possible in orientifolds with two independent fixed
lines.

• SU flavor group with symmetric

Figure 10 shows the local configuration realizing the SU(5) model with SU(1) flavor
group and a symmetric. This corresponds to N1 = N1′ = 5, N2 = N2′ = 1 and
vanishing ranks for all other faces. Since the two lines have opposite signs, this
configuration is only possible in orientifolds with two independent fixed lines.

• SU flavor group with twin SU(5)

Figure 11 shows the local configuration realizing the SU(5) model with SU(1) flavor
group and a twin SU(5) model. This corresponds to N1 = N1′ = 5, N2 = N2′ = 1,
N3 = N3′ = 5 and vanishing ranks for all other faces. In this case the two lines have
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Figure 10. Two fixed lines orientifold realizing the SU(5) model with SU(1) flavor group.

3’
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1 1’2 2’

-

3

-

Figure 11. Two fixed lines orientifold realizing the twin SU(5) model.

the same sign, hence it is possible to find this configuration both in orientifolds with
two independent fixed lines or with a single diagonal fixed line. Note that in the
latter case, we have to consider the situation in which the strip goes from one line to
a second one, in a contiguous unit cell.

Using the same arguments as for the fixed point orientifolds in section 3.1, we conclude
that in all these cases the models are supported on a stripe of faces of the dimer that define
an N = 2 fractional brane.

Multiple SU(5) models. We previously saw that fixed point orientifolds can give rise to
double SU(5) models. Similarly, orientifolds with fixed lines can produce multiple SU(5)
models, as shown in figure 12. In this case, the number of models is not restricted to two.
It is important to note that, unlike in the example shown in the figure, it is possible for
different stripes to use the two fixed lines in different ways, for instance simultaneously
leading to models with both SO(1) and SU(1) flavor groups, when the two lines have
opposite signs. Once again, our general discussion applies to each individual stripe of blue
faces, so we conclude that N = 2 fractional branes exist for each individual stripe and
hence the models are not stable.

3.2.2 DSB models on a single fixed line: the twin SU(5)

There is one additional way in which an SU(5) model could be engineered. This is when
both the projection needed for the antisymmetric of SU(5) and the one for canceling the
anomaly due to the antifundamental, are provided by the same fixed line. This could be
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Figure 12. An example of the general structure of a portion of a dimer with two fixed lines giving
rise to multiple SU(5) models.

1 1’

2

3 3’

2’

Figure 13. The hexagonal cluster with six faces on an orientifold line. All faces are here depicted
with four edges, but some of them could have more.

realized both in orientifolds with a diagonal fixed line, and in orientifolds with two fixed
lines. What is important is that only one line is needed to define the relevant cluster of
faces.

Importantly, since the orientifold line cannot change sign along the dimer, this possi-
bility is effective only when the two projections have the same sign. Then the only case
that fits the bill is the twin SU(5) model, as the one in figure 11.

Basically, the chain of gauge groups represented by faces 1, 2 and 3 has to bend and
end on the same line. There are now two possibilities. Either all the black nodes at the
bottom of the edges between faces 1, 2 and 3 are one and the same, or the chain 1-2-3 and
their images enclose some (unoccupied) faces of the dimer. The latter case is inconsistent
from the dimer point of view, as shown in appendix A: such a chain cannot be a fractional
brane in the parent theory. We are thus left with the former case, which in the dimer
corresponds to a hexagonal cluster of faces around a node, as depicted in figure 13.

Interestingly, such a collection of faces surrounding a node corresponds to a deformation
fractional brane in the classification of [9]. It is reassuring that unlike in the cases with
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fixed points, deformation branes are compatible with line orientifolds [30].
The analysis of this case is similar to what we carried out for the twin SU(5) model

previously, leading to a gauge group

SU(N + 5)1 × SU(N + 1)2 × SU(N + 5)3 . (3.13)

The difference is that now the node at the center of the hexagonal cluster corresponds to
a sextic superpotential term. Using the same notation as in (3.10), we have

W = trAQPAP tQt = trφφ . (3.14)

For N = 0, the superpotential vanishes and we are left with two SU(5) models sharing an
SU(1) flavor node, in which both surviving SU(5) factors break supersymmetry dynami-
cally into a stable vacuum. Unlike the other realizations of the twin SU(5) model, in the
present one there is no indication that the dimer must contain an N = 2 fractional brane.

Combining the analysis in section 3.1 and section 3.2, we conclude that engineering
a single SU(5) DSB model without instabilities at an orientifold of a toric singularity
is impossible. Conversely, our analysis implies that engineering a minimal SU(5) model
requires non-isolated singularities with curves of C2/Zn singularities passing through the
origin, which in turn result in the instability. This means that, as explained in section 2.3,
the toric diagram must contain internal points on its boundary edges. On the other hand,
our analysis shows that an instance of a DSB model, the twin SU(5) model, actually
exists which is compatible with an orientifold projection with fixed line(s). We should now
understand whether such sub-dimer can actually be embedded into a consistent dimer and,
if so, whether such dimer can be free of N = 2 fractional branes. We investigate these
questions in section 5.

4 3-2 models

Let us now turn to the 3-2 model, another prominent example of DSB that was recovered
within brane setups at orientifold singularities in [18]. The model has gauge group SU(3)×
SU(2). Its matter content is reminiscent of one SM generation

Q = ( 3, 2) , U = 3 , D = 3 , L = 2 , (4.1)

where the subindices indicate the corresponding gauge group in an obvious way. In addition,
the theory has the following superpotential

W = DQL . (4.2)

In principle, the above field content (SU gauge groups, (bi)fundamental matter, to-
gether with a cubic superpotential) does not seem to require an orientifold projection. As
it will become clear in the following, such a projection is nevertheless necessary in order to
allow for a fractional brane (i.e. an anomaly free configuration) with the desired ranks for
the gauge groups.
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Figure 14. Four quivers giving rise to the 3-2 model when all Ni = 0. All these models use three
orientifold fixed loci.

4.1 General features

Let us think more carefully about the basic features of the D-brane realization of this model.
In this subsection we enumerate all different ways to recover the 3-2 model from fractional
branes at an orientifold singularity. The structure of these models is more intricate than
that of the SU(5) model, so it is convenient to draw the corresponding quivers.

The candidate models are presented in figure 14. In the figure, we have kept the ranks
of the gauge group general by introducing Ni, i = 1, . . . , 4. These additional integers
account for more general configurations of D-branes at the singularity, e.g. the addition of
regular or fractional D3-branes, and we posit that anomaly cancellation must hold even in
those cases. The 3-2 model arises when all Ni and the ranks of additional gauge groups,
which depend on the specific singularity and are not shown in these quivers, vanish.

For similar reasons as in the case of the SU(5) model, we need at least an additional
gauge group factor, which we will call node 1, to serve as a flavor group providing the D
and L fields. Both D and L should be connected to the same node for the superpotential
(4.2) to be possible. In dimer terminology, we identify the smallest building block of a 3-2
model as three faces connected by a trivalent vertex. In this sense 3-2 model realizations
are necessarily more involved than SU(5) model realizations, since the latter only required
a building block of two faces.

The quivers in figure 14 should be interpreted as follows. For each of the two endpoints
of the quiver, we have presented two possibilities. The two options on the left correspond
to realizing U as an antisymmetric of node SU(3) or via a fourth gauge group acting as
a flavor node. The two options on the right correspond to the fact that node 2 can be
either USp(2) or SU(2). All possible combinations of these endpoints realize the desired
3-2 model, therefore figure 14 accounts for four models.

In principle, the flavor nodes 1 and 4 in figure 14 could be SU or SO. However, if these
nodes were of SU type, their ACC in the case of general ranks would require additional
nodes, that come to life when regular D-branes are added. Generically, these gauge groups
will give rise to new matter fields charged under the nodes of the original quiver. Such
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fields would contribute to and potentially help in the cancellation of anomalies. However,
for N regular D3-branes, it is easy to show that for neither node the anomaly would cancel,
as there would still be an imbalance of one or three units for nodes 1 and 4, respectively.
In order to cancel the anomalies there are then only two options. The first is to introduce
an orientifold projection. It turns out that setting both nodes to be SO is the simplest
such option, and without loss of generality we will stick to it in the following. The second
option is to compensate the anomaly by a mirror construction. We defer the treatment of
the latter possibility to the last subsection.

It is worth noting that in two of the four models described by figure 14, those for which
the second gauge group is SU(N2 + 2), we have also introduced an antisymmetric tensor
Ā2. This field is necessary for satisfying the ACC for the more general ranks that arise
when regular D3-branes are added (see appendix B). It becomes a singlet when N2 = 0, so
it decouples and does not affect the IR physics.

A final option is to get the two antifundamentals of the SU(3), U and D from the
same flavor SO(1) group. However, in order to realize the 3-2 model, the structure of the
dimer model should be such that a UQL term is not present in the superpotential. This
possibility is then obtained by simply identifying nodes 1 and 4 in figure 14.

We thus reach the conclusion that we need no less than three orientifold projections
to realize a 3-2 model: one for the SO(1) flavor group (thus with a + sign), one for node
2 which is either USp(2) or SU(2) with an antisymmetric (in both cases, with a − sign),
and one for node 3, either with an antisymmetric (− sign) or with the SO(1) flavor node 4
(+ sign). Of course some of these projections can be given by the same object, in the case
of an orientifold line, provided they require the same sign.9

All quivers described by figure 14 are viable as stand-alone gauge theories. However,
as for the SU(5) model, we need to verify whether the theories remain anomaly free upon
the addition of regular and/or fractional D3-branes. It turns out that the SO(N1 + 1) ×
SU(N2 + 2) × SU(N3 + 3) × SO(N4 + 1) model does not pass this test, as shown in
appendix B.

Below we investigate the realization of these models in terms of fixed point and fixed
line orientifolds.

4.2 Fixed point orientifolds

Interestingly, for the purpose of establishing the existence of an N = 2 fractional brane,
and hence the instability of the supersymmetry breaking vacuum, it is sufficient to focus
on a very small part of all these theories. In particular, all of them contain one of the
following two subsectors:

• SO(N1 + 1)× USp(N2 + 2).

• SO(N1 + 1)× SU(N2 + 2) with the tensor A2.
9It is worth noting that in all the realizations of the 3-2 model found in [18], node 3 has an antisym-

metric, node 1 is of SO type, while node 2 is USp(2) in the Z′
6 orbifold and in P dP4, and SU(2) with an

antisymmetric in P dP3c, P dP4b and the Z3 × Z3 orbifold.
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Figure 15. A piece of the dimer for a fixed point orientifold realizing the 3-2 model with an
SO(N1 + 1)× USp(N2 + 2) subsector.
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Figure 16. A piece of the dimer for a fixed point orientifold realizing the 3-2 model with an
SO(N1 + 1)× SU(N2 + 2) with A2 subsector.

Knowledge of the dimer around gauge groups 1 and 2 will be enough for our purposes. Let
us consider the general structure of the dimers associated to these two possibilities.

• SO(N1 + 1)× USp(N2 + 2) ⊂ 3-2 model

Figure 15 shows the general structure of the relevant part of the dimer model. The
edge between faces 1 and 2 represents the L field. Clearly, faces 1 and 2 define a
stripe that winds around the unit cell of the parent dimer, giving rise to a gauge
invariant that is not in the superpotential. Therefore, they correspond to an N = 2
fractional brane.

• SO(N1 + 1)× SU(N2 + 2) with A2 ⊂ 3-2 model

Figure 16 shows the part of the dimer that we are interested in. The edge between
faces 1 and 2 corresponds to L, while the one between face 2 and its image gives rise
to A2. Once again, we see that faces 1, 2 and 2’ define an N = 2 fractional brane in
the parent dimer. It is interesting to note that this picture is identical to figure 3 for
the SU(5) model.

From the previous discussion, we conclude that all realizations of the 3-2 model at
fixed point orientifolds suffer from an N = 2 fractional brane instability.

Models with more than one type of N = 2 fractional branes. Before moving
on, let us consider the models in figures 15 and 16 in further detail. As we have already
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Figure 17. General structure of the dimer model for one of the models in figure 14. This model
contains two different N = 2 fractional branes. They are shown in blue and pink, with the striped
face belonging to both of them.

mentioned, in all these cases the portion of the dimer realizing the 3-2 model involves three
fixed points. For concreteness, let us focus on the case in which U is an antisymmetric of
node 3 and node 2 if of USp type. All other combinations are analogous and lead to the
same conclusions. Figure 17 shows the general structure of the dimer model. Interestingly,
in this case we can identify yet another N = 2 fractional brane, in addition to the one
covered by our previous analysis. This new fractional brane corresponds to faces 1, 3 and
3’ in the parent dimer and is shown in pink in figure 17. We conclude that when sub-dimers
as in figures 15 and 16 are embedded in a complete dimer model, the corresponding toric
singularity has at least two different types of N = 2 fractional branes. Explicit models
illustrating this phenomenon were constructed in [18].

Another interesting fact we would like to notice has to do with the intertwining between
SU(5) and 3-2 models realizations. Figure 17 shows that in any such configuration realizing
a 3-2 model, an SU(5) model can also be realized, by simply turning off the rank of node
2, while pumping up the rank of node 3 to SU(5). Even more, 3-2 model realizations like
the one of figure 16 allow for two alternative SU(5) model realizations, the other one being
by turning off node 3 and setting node 2 to SU(5), as already noticed when commenting
the figure. Multiple explicit examples of this connection can be found in [18]. The only
realization of a 3-2 model that does not lead directly to a realization of the SU(5) model
would be one with USp(2) at node 2 and a node 4 to compensate the anomaly of node 3.
Unfortunately, no examples of this exist in the literature, and it is beyond our scope to find
one here, as we have in any case shown that it would be afflicted by an N = 2 fractional
brane instability.

Double 3-2 models. It is natural to ask whether fixed point orientifolds can lead to
a pair of 3-2 models. In this case, each of the models should use two of the four fixed
points. However, all the models of figure 14 need three different projections, and thus
three different fixed points. One could still think about the case where nodes 1 and 4 are
identified, where only two identifications are actually required. However in order for node
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Figure 18. A piece of the dimer for an orientifold with two fixed lines realizing the 3-2 model with
an SO(N1 + 1)× USp(N2 + 2) subsector.
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1 12 2’

Figure 19. A piece of the dimer for an orientifold with two fixed lines realizing the 3-2 model with
an SO(N1 + 1)× SU(N2 + 2) with A2 subsector.

3 to have two different connections with node 1, the faces corresponding to this 3-2 model
realization end up being spread across all the unit cell, so that again two such models
cannot coexist.10

4.3 Fixed line orientifolds

We now consider the realization of the 3-2 models in orientifolds with fixed lines.
The analysis in the case in which the 3-2 model uses two different orientifold fixed lines

is identical to the one for fixed points. In particular, it is sufficient to focus on faces 1 and
2. We simply need to replace fixed points by fixed lines in the previous discussion.

• SO(N1 + 1)× USp(N2 + 2) ⊂ 3-2 model

Figure 18 shows the relevant part of the dimer. We immediately identify an N = 2
fractional brane in the parent dimer consisting of faces 1 and 2.

• SO(N1 + 1)× SU(N2 + 2) with A2 ⊂ 3-2 model

Figure 19 shows the part of the dimer that we focus on. Faces 1, 2 and 2’ form an
N = 2 fractional brane in the parent dimer.

10It would be interesting to investigate whether such model can actually be engineered in terms of dimers.
Again, since we have already proven that all realizations of the 3-2 models at fixed point orientifolds are
unstable, we do not pursue this challenging question any further.
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Multiple 3-2 models. Orientifolds with fixed lines can in principle give rise to multiple
3-2 models, stacking them as we did in figure 12 for SU(5). In this case, the projection
needed for node 3 can be provided either by the line with a − sign, in case of an antisym-
metric, or by the line with a + sign, in case of a flavor node 4. Our previous arguments
show that each of these models contain (at least) an N = 2 fractional brane and are hence
unstable.

SU(5) - 3-2 mixed models. At this point it is interesting to point out that our argu-
ments for multiple models, in the case of fixed lines, indicate that we can also have models
that realize a combination of SU(5) and 3-2 models. Once again, our arguments from
section 3 and this section show that each DSB sector would be independently unstable.

4.4 Twin 3-2 models?

We are now left to investigate the possibility that the anomalies of the 3-2 model are
cancelled in a twin realization, along the lines of what was done for the SU(5) model in
figures 6 and 11. Further, we would like to know if there is a realization similar to the one
of figure 13, i.e. on a single fixed line, which would not automatically imply the presence
of N = 2 fractional branes.

As already alluded to, we can cancel the anomalies of a node 1 of SU nature, and/or
node 4, if in the configuration there is a twin copy of the 3-2 model sharing the SU(1) node.
Note that in compensating the anomaly with a twin, it is important that the two models are
decoupled. If we were to use the same mechanism to compensate the anomaly of node 2, the
non-zero coupling of node 2 itself would couple the twins and alter the low-energy physics
of the models (typically destroying the stable supersymmetry breaking dynamics). Hence
whatever we do, node 2 will always require a projection. As a consequence, if such twin
model is realized in a way that it extends between two different fixed points or fixed lines,
by the same arguments used around figures 6 and 11, there will be N = 2 fractional branes
that render the DSB model eventually unstable. We will thus refrain from investigating
further the feasibility of such a configuration.

Finally, we would like to see if it is possible to realize a twin 3-2 model on a single fixed
line. Given that node 2 and its twin require a − sign, in principle we have two options.
Either both node 3 and its twin have an antisymmetric by ending-up on the same fixed
line, or they compensate the anomaly by sharing an SU(1) node 4. It is easy to draw the
minimal requirements for the portion of the dimer that would translate these properties,
see respectively figures 20 and 21.

Naively, these configurations look consistent and one can find a choice of ranks satis-
fying the ACC. These are the following. For figure 20, N3 = N3′ = N3̄ = N3̄′ = M3 + 3,
N2 = N2′ = N2̄ = N2̄′ = M2 + 2 and N1 = N1′ = M2 + M3 + 1. For figure 21,
N3 = N3′ = N3̄ = N3̄′ = M3 + 3, N1 = N1′ = M1 + 1, N4 = N4′ = M ′

1 + 1 and
N2 = N2̄ = M1 +M ′

1 + 2.
Assuming that in the parent theory every rank parameterizing the solutions above can

be taken independently large, we observe that both situations would imply the existence
of a fractional brane described by a ring of faces with equal ranks (up to the usual O(1)
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Figure 20. A tentative sub-dimer for a twin 3-2 model where the SU(3) faces have an antisym-
metric flavor.

Figure 21. A tentative sub-dimer for a twin 3-2 model where the SU(3) faces share a flavor
SU(1)4.

corrections) surrounding a hole. These are obtained by setting M2 = 0 in figure 20, and
M1 = 0, M ′

1 = M3 in figure 21. The ring-shaped would-be fractional brane is depicted in
both figures by the yellow-shaded faces. As shown in appendix A, this is an inconsistent
dimer. We conclude that unlike the SU(5) model, there is no way to build a stable twin
version of the 3-2 model on a single orientifold line.

5 The rise of the octagon

In section 3 and section 4 we have shown that the only alternative for an a priori consistent
realization of a DSB model which does not automatically imply the presence of an N = 2
fractional brane, and hence is potentially stable in the decoupling limit, is the twin SU(5)
living on a single fixed line of an orientifold. The twin SU(5) model is described by the
hexagonal cluster depicted in figure 13. Now we want to understand if such cluster can be
embedded in a fully consistent dimer and if such dimer can be free of N = 2 fractional
branes.

Let us first argue that in the full theory the hexagonal cluster is associated to a
fractional brane. From figure 13 we see that the ACC are satisfied for N1 = N3 = N + 4
and N2 = N . Namely, we are free to choose any value of N while all other faces of the
dimer sharing an edge with the faces of the hexagonal cluster have vanishing rank. This
freedom is associated to the presence of a fractional brane. The twin SU(5) is obtained for
N = 1, i.e. a single fractional brane.

Now we can ask whether this fractional brane is of deformation or runaway DSB type,
in the parent theory (we already know we do not want it to be of N = 2 type). If it
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were a runaway DSB brane some other regions of the dimer, besides the hexagon, would
be populated and the corresponding faces would have ranks with different multiples of
N [9, 10]. This is the key ingredient to generate an ADS superpotential and hence a
runaway behavior, and this will still be true after orientifolding. Thus a runaway DSB
brane in the parent theory, if it survives the orientifold, will still be of runaway type.
Populating the dimer with regular branes, the runaway sector will communicate with the
twin SU(5) sector, destabilizing the vacuum. The other possibility is that the hexagonal
cluster corresponds to a deformation brane in the parent theory and that it survives the
orientifold projection. This has no instability in the parent theory, and thus we expect it
to remain stable also upon orientifolding.

It is known [9, 31] that deformation fractional branes are related to ZZP, see ap-
pendix A. We are looking for a dimer containing a six-valent node inside a cluster of faces.
The corresponding toric diagram must contain at least 6 edges whose associated ZZP are
ordered around the relevant node [32, 33]. Those edges need to be in equilibrium, and once
removed the rest of the (p, q)-web must be in equilibrium, too. This implies that we need
at least two extra ZZP in equilibrium, for a total of eight. Absence of N = 2 fractional
branes in the dimer further requires that there cannot be more than one ZZP with a given
winding (p, q) of the unit cell. This corresponds to toric diagrams with no more than two
consecutive points which are aligned on an external edge.

Since we are looking for a singularity admitting line orientifolds, we consider toric
diagrams with line symmetry, either vertical/horizontal or diagonal.

• Diagonal line

From figure 13 we see that we need two antisymmetric fields, in 1 and 3 represen-
tations, respectively. Even if dimer models containing the required deformation can
be engineered, it turns out that there is no solution to the ACC of the full dimer, as it
happens for all the theories (but a very special family, which however contains N = 2
fractional branes) obtained as orientifolds of dimers with a diagonal fixed line (this
is discussed in [24], where arguments connecting general features of the geometry to
the solvability of the ACC are presented). Thus, such cases are excluded.

• Vertical/horizontal lines
As discussed in section 3, the freedom in choosing different charges for the two fixed
lines is a crucial difference with respect to diagonal line orientifolds. In fact, it guar-
antees the existence of solutions to the ACC after orientifolding, exactly balancing
the contribution from the different tensor fields. As discussed in [24], this is ensured
by noticing that tensor fields come in pairs in the dimer, one in each of the two lines.
Assigning opposite signs to the two lines grants that the two contributions cancel,
yielding an anomaly free theory. If the two signs are chosen the same, the situation
is the same as with diagonal lines.

The upshot is that having vertical/horizontal lines, with opposite signs for the two
orientifold lines, is the only option which can lead to viable twin SU(5) models and it is
what we are going to focus on in the following.
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Figure 22. The toric diagram of the Octagon singularity.

+ -

Figure 23. The (unit cell of the) dimer describing the symmetric phase of the Octagon. Orientifold
lines are in red. Each orientifold line has a sign associated to it, which in this case needs to be
opposite one another.

The need for two tensor fields is a stringent constraint on the ZZP, and therefore on
the toric diagram. In particular, it implies that two couples of ZZP must have the correct
intersection number among themselves and with the fixed lines, as computed from the toric
diagram, see appendix A and [24].

Remarkably, the aforementioned necessary conditions provide substantial guidance for
where to look for a model that works, as we now explain. The simplest example of a toric
diagram with the required eight ZZP, with the correct intersection numbers, no N = 2
fractional branes and the necessary horizontal symmetry is the toric diagram depicted in
figure 22, that we dub the Octagon.

Using standard techniques one can associate a dimer to a toric diagram, one for each
different toric phase [22, 23]. A generic toric phase does not display the symmetry required
to perform the orientifold projection. In the present case, however, one can find a symmetric
toric phase where the vertical fixed lines are manifest and which realizes the twin SU(5)
model as described above. The corresponding dimer is depicted in figure 23, where the
hexagonal cluster is described by the white dot in the center of the unit cell. A quick and
direct way to check that the dimer in figure 23 does correspond to the toric diagram in
figure 22 is by the Fast Forward Algorithm [22], as detailed in appendix A.
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Let us look at the orientifold gauge theory more closely. The orientifold projection
identifies faces (1, . . . , 6) with faces (14, . . . , 9) while faces 7 and 8 are self-identified. Hence,
D-branes at such orientifold singularity are described by a matter coupled supersymmetric
gauge theory with six SU factors, one SO and one USp factors. The twin SU(5) model is
given by the rank assignment SU(5)1 × SU(1)2 × SU(5)3 with all other faces being empty
but face 7 which is a decoupled pure SYM with gauge group SO(5) and hence confines on
its own. ACC and self-consistency of such rank assignment follow the general discussion
in section 3.

More details on the Octagon and its physical properties can be found in [25]. Here it
suffices to say that this model represents a concrete example of an orientifold singularity
which allows DSB by a D-brane bound state which is free of any known instability, in
particular the N = 2 fractional brane decay channel or the runaway behavior typical of
DSB branes. The absence of N = 2 fractional branes is clear from the toric diagram in
figure 22, which does not have internal points on boundary edges. This model therefore
provides a realization (the first, to our knowledge) of stable DSB with D-branes at CY
singularities and suggests for an extension of the string theory landscape as it is currently
known.

The Octagon emerges as the simplest possible dimer having all required properties to
admit, upon orientifolding, stable DSB D-brane configurations. One might ask whether
less minimal models exist which share the same properties. We do not have an answer to
this question, yet. Still, dimer techniques have (once again) proven to be a very powerful
tool to provide a direct link between geometry and gauge theories dynamics, both in finding
no-go theorems, like the one presented in [18] or the connection between minimal SU(5)
and 3-2 models and the presence of N = 2 fractional branes established in this paper,
as well as in unveiling concrete ways to evade them. Therefore, we cannot exclude that
further surprises are possible and generalizations of the Octagon model will eventually be
found.
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(1,-1)(0,-1)

(0,1)(-1,1)

(b) (c)

Figure 24. (a) Quiver diagram of the conifold with superpotential. (b) Dimer diagram of the coni-
fold with ZZP and their holonomies. (c) Toric diagram with schematic web diagram corresponding
to ZZP up to an SL(2,Z) transformation.

A Dimers and orientifolds

Dimer diagrams [22, 23] are exceptional tools in describing the gauge theories on D3-branes
probing toric CY singularities. In this appendix we review them, along with some of their
combinatorial tools and their relation to the toric diagram of the underlying geometry. We
also review how orientifolds are added to the game.

A set of D3-branes probing a toric CY singularity hosts an N = 1 gauge theory given
by a bunch of SU(N) gauge groups and bifundamental chiral fields appearing exactly in two
monomials with opposite sign in the superpotential. This constrained structure allows their
embedding on a bipartite tiling of T2 called Dimer diagram. Faces in the tiling correspond
to SU(N) gauge groups, edges are bifundamental fields and nodes are superpotential terms.
The orientation of fields is set by going clockwise around black nodes and counter-clockwise
around white nodes. Furthermore, we adopt a convention in which the tail and head of an
arrow correspond to the fundamental and antifundamental representations, respectively.
Superpotential terms are read concatenating fields around nodes, their signs given by the
color of the node, + for white nodes and − for black nodes. A prototypical example is the
conifold, shown in figure 24.

Several algorithms allow to find the toric diagram of the underlying geometry given
a dimer diagram. The simplest one uses the Kasteleyn matrix K [22, 34–36], whose de-
terminant is the Newton polynomial of the toric diagram. A related, more indirect but
more graphical method uses zig-zag paths (ZZP), oriented paths in the graph that go along
edges and turn maximally right at white nodes and maximally left at black nodes. These
paths have an holonomy around T2 precisely corresponding to the (p, q) labels of the web
diagram dual to the toric diagram. One can then use them to find the toric diagram, see
figure 24.

Whenever one is probing these geometries with D3-branes, one may add orientifold
planes. The resulting projection on the gauge theory is described as a geometric projection
on the dimer [17] with either 4 fixed points or (1 or 2) fixed lines, see figure 25. The
different fixed loci are assigned different signs giving rise to different theories.

Fixed points. The unit cell may always be chosen such that the fixed points lie at
the origin, middle of two sides and center of the cell, as in figure 25a. Their signs obey
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Figure 25. (a) Orientifold of C3/Z3 with fixed points. (b) Orientifold of the conifold with fixed
lines. Note that the unit cell has been transformed with respect to figure 24b.

the following rule: their product must be + or − if the number of nodes is a multiple
of 4 or 2. Self-identified faces represent SO(N) or USp(N) groups for + and − sign,
respectively. Otherwise, they combine with their images and represent an SU(N) group.
Likewise, self-identified matter fields represent symmetric or antisymmetric fields for +
and − sign. Otherwise they are bifundamental matter. An example is shown in figure 25a.
Taking (+,+,−,+) signs running counter-clockwise and starting at the origin, one gets an
USp(N1)1 × SU(N2)2 theory with matter fields

3 2 + 3(�1,�2) , (A.1)

which lead to a non-anomalous theory for N1 = N2 + 4.

Fixed lines. Depending on the symmetry of the unit cell there may be one diagonal line
or two horizontal lines. Their signs are not restricted. The relevant Z2 symmetry shows
up on the toric diagram [30]. An example is shown in figure 25b with two horizontal lines,
which describes a gauge theory with two gauge groups, SO(N) or USp(N) depending on
the chosen signs, with two bifundamentals.

A.1 Holes in the dimer and zig-zag paths

In the following we present an argument forbidding the presence of holes of reduced rank
inside a specific sub-dimer which appears in different twin models. We rely on ZZP tech-
niques for anomaly cancellation developed in [24, 31]. One associates a value vi to every
ZZP in the dimer and then assigns an arbitrary rank to a given face in the dimer. The
remaining ranks are set by requiring that the rank differences between two adjacent faces
m,n obey Nm −Nn = vi − vj where i, j are the ZZP separating them.

Consider a ring-shaped sub-dimer of rank N +O(1). We assume that as we go along
it, from one of its faces to another, we only cross edges with identical orientation, see
figure 26a. We now show that the region inside the ring, the “hole”, is inconsistent if of
reduced rank.

Consider a face of the ring, as face 2 in figure 26b. The intersections between the ZZP
1, 2, 3 and 4 yield

N1 −N2 = v1 − v2 ∼ 0 , N2 −N3 = v4 − v3 ∼ 0 , (A.2)
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(a) (b)

Figure 26. (a) Generic ring of rank N + O(1) surrounded by faces of rank O(1) with a hole of
rank O(1). (b) Face 2 edges with zig-zag paths.

where ∼ means “equal up to O(1)”. Since the hole is supposed to be of rank O(1), the
intersections with Zig-Zags that separate it from the ring give

N ∼ v2 − vd, −N ∼ vd − v4, ⇒ v2 ∼ v4 . (A.3)

Changing the number of edges between face 2 and the hole can only be done by adding/
removing pairs of edges and will not change the fact that

v1 ∼ v2 ∼ v3 ∼ v4 and vd ∼ v1 −N , (A.4)

where vd is understood as any ZZP that comes with the pair of edges added between the
hole and face 2. One can repeat the reasoning for every face of the ring and find that its
internal edges will be always produced by ZZP ∼ v1. This is in contradiction with the
presence of ZZP vd ∼ v1 − N since there are only ZZP ∼ v1 entering the hole. It implies
that vd is circular or not present. The first option is forbidden in dimer models and the
second spoils the presence of the hole itself. Hence the presence of an anomaly-free hole
inside such a ring is inconsistent.

As a comment, let us notice that to reach this conclusion we did not assume anything
about the exterior of the ring. If one does not look at the hole but asks that the exterior
has a reduced rank, it implies that ZZP va on its border, see figure 26b, will satisfy

va ∼ v1 +N ∼ v3 +N , (A.5)

and thus we recover the result of eq. (A.3) using eq. (A.2). Again, it can be shown that
this result does not depend on the number of edges in contact with the exterior of the ring.
The cluster (hexagonal or otherwise) is now viable only with ranks N + O(1), because it
is made only of ZZP ∼ v1.

A.2 The octagon and its symmetric phase

As discussed in [34–36], to any dimer model one can associate a weighted, signed adjacency
matrix, known as the Kasteleyn matrix, whose determinant is the characteristic polynomial
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Figure 27. Dimer diagram of the Octagon with weights (in red) for building the Kasteleyn matrix.
White and black nodes have been numbered. Two fundamental paths are shown in blue.

of the dimer model from which one can extract the toric data. This procedure is known as
the Fast Forward Algorithm and is reviewed in [22].

To obtain the Kasteleyn matrix one assigns a sign to every edge such that for every face
in the dimer the product of signs is +1 if its number of edges is 2mod 4 and −1 if its number
of edges is 0mod 4. One then constructs two closed oriented (gauge invariant) paths γw, γz
with holonomy (0, 1) and (1, 0). Every edge crossed by these paths is multiplied by w or
1/w, depending on the relative orientation (respectively by z or 1/z). The resulting graph
for the Octagon is shown in figure 27.

The adjacency matrix of the graph with such weights is the Kasteleyn Matrix and, for
the Octagon, it reads

K =



1 2 3 4 5 6 7 8 9
1 w 1 0 w 1 −1

z 0 0 0
2 1 0 1 −1 0 0 0 0 0
3 0 1 1 0 −1 0 0 0 0
4 0 0 0 −w 1 1 0 0 0
5 0 0 0 w 0 1 wz 0 0
6 0 0 1 1 1 0 −z −z z

7 0 0 0 0 1 −1 0 z 0
8 −1 0 0 0 0 0 1 0 1
9 0 1 0 0 0 0 0 1 1



(A.6)

where rows and columns correspond to white and black nodes in the dimer, respectively.
Its determinant is

det(K) = w3z2+w3z+w2z3−24w2z2+26w2z−w2+wz3+24wz2+26wz+w−z2+z . (A.7)
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One may compute the Newton Polygon of the above expression and it should correspond
to the toric diagram of the dimer one is dealing with [36]. For every monomial a wbzc one
draws a point in a 2d lattice with coordinates (b, c). As expected, one obtains the toric
diagram depicted in figure 22. Nicely, there is a single perfect matching for each of its
external points, thus ensuring that the dimer meets a necessary condition of minimality.

B ACC for 3-2 quivers

Not all of the quivers presented in figure 14 are free of anomalies when Ni 6= 0. In
this appendix we check this explicitly. Our calculations also motivate the choice of the
antisymmetric tensor A2 to satisfy the ACC. Below we summarize the ACC for each of
these models. For completeness, we added here as different cases also the two models where
node 1 and 4 are identified.

• SO(N1 + 1)× USp(N2 + 2)× SU(N3 + 3) with 3:

Node 3: (N3 + 3− 4)− (N1 + 1) + (N2 + 2) = 0 . (B.1)

• SO(N1 + 1)× SU(N2 + 2)× SU(N3 + 3) with 3:

Node 2: −(N2 + 2− 4) + (N1 + 1)− (N3 + 3) = 0 ,
Node 3: (N3 + 3− 4)− (N1 + 1) + (N2 + 2) = 0 .

(B.2)

Note that the choice of conjugate representation for the antisymmetric tensor of
SU(N2 + 2) is fixed by the first equation, in order to satisfy it when all Ni = 0.

For these two first models, the ACC reduce to

N1 = N2 +N3 . (B.3)

• SO(N1 + 1)× USp(N2 + 2)× SU(N3 + 3)× SO(N4 + 1):

Node 3: − (N1 + 1) + (N2 + 2)− (N4 + 1) = 0 . (B.4)

In this case, N3 is not constrained by the ACC, which can be rewritten as

N2 = N1 +N4 . (B.5)

• SO(N1 + 1)× SU(N2 + 2)× SU(N3 + 3)× SO(N4 + 1):

Node 2: −(N2 + 2− 4) + (N1 + 1)− (N3 + 3) = 0 ,
Node 3: −(N1 + 1) + (N2 + 2)− (N4 + 1) = 0 .

(B.6)

This translates to the two conditions

N1 = N2 +N3 ,

N2 = N1 +N4 ,
(B.7)
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Gauge groups ACC

SO(N1 + 1)× USp(N2 + 2)× SU(N3 + 3) with 3 3

SO(N1 + 1)× SU(N2 + 2)× SU(N3 + 3) with 3 3

SO(N1 + 1)× USp(N2 + 2)× SU(N3 + 3)× SO(N4 + 4) 3

SO(N1 + 1)× SU(N2 + 2)× SU(N3 + 3)× SO(N4 + 4) 7

SO(N1 + 1)× USp(N2 + 2)× SU(N3 + 3) with 2( 3, 1) 3

SO(N1 + 1)× SU(N2 + 2)× SU(N3 + 3) with 2( 3, 1) 7

Table 1. List of 3-2 model realizations and their ACC.

implying N3 = −N4. This in turn sets N3 = N4 = 0, since all Ni must be positive
and potentially large. In principle this issue does not rule out the possible engineering
of these models, since the corresponding dimers might give rise to additional gauge
groups and fields when regular D3-branes are added, in a way that anomalies are
cancelled. Assuming that at least some fractional branes are needed in order to turn
on all the ranks of the 3-2 model (i.e. even for Ni = 0), then such models are excluded.

• SO(N1 + 1)× USp(N2 + 2)× SU(N3 + 3) with 2( 3, 1):

− 2(N1 + 1) + (N2 + 2) = 0 , (B.8)

which is simply
N2 = 2N1 . (B.9)

• SO(N1 + 1)× SU(N2 + 2)× SU(N3 + 3) with 2( 3, 1):

Node 2: −(N2 + 2− 4) + (N1 + 1)− (N3 + 3) = 0 ,
Node 3: −2(N1 + 1) + (N2 + 2) = 0 .

(B.10)

This can be simplified into
N2 = 2N1 ,

N3 = −N1 ,
(B.11)

which has no solution beyond Ni = 0 in the absence of additional ingredients coming
from the full dimer.

The results of this appendix are summarized in table 1.
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