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ABSTRACT: In the framework of type IIB string compactifications on Calabi-Yau orien-
tifolds we describe how to construct consistent global embeddings of models with fractional
D3-branes and connected ‘flavour’ D7-branes at del Pezzo singularities with moduli sta-
bilisation. Our results are applied to build an explicit compact example with a left-right
symmetric model at a dPg singularity which features three families of chiral matter and
gauge coupling unification at the intermediate scale. We show how to stabilise the mod-
uli obtaining a controlled de Sitter minimum and spontaneous supersymmetry breaking.
We find an interesting non-trivial dynamical relation between the requirement of TeV-
scale soft terms and the correct phenomenological values of the unified gauge coupling and

unification scale.
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1 Introduction and summary

D-branes at singularities in non-compact spaces have been much studied over the years since
they lead to promising Standard Model-like constructions with chiral matter, see [1, 2] for
a review. Given that most properties of these ultra-local models, in particular their matter
content, are claimed to decouple from the gravitational physics of the bulk, their properties
can be studied purely locally. There are infinite classes of toric and non-toric singularities
providing a rich spectrum of local models of particle physics but it is not clear yet which of
these models allow for a consistent global embedding in a proper string compactification.

We recently studied how to perform a consistent global embedding of local models in
explicit compact Calabi-Yau (CY) orientifolds [3, 4]. In [3] we addressed previously raised
issues [5-7] describing how to combine moduli stabilisation with chirality focusing on cases
where the Standard Model-like sector is built with D7-branes wrapping divisors in the
geometric regime. On the other hand, in [4] we discussed the case of fractional D3-branes
at CY singularities without the inclusion of ‘flavour’ D7-branes. The main aim of this
paper is to complete the case of D-branes at singularities, providing a consistent global
embedding of generic local models with both D3- and flavour D7-branes."

'Flavour-D7 branes together with D3-branes at singularities were discussed in compact models but
without moduli stabilisation in [8, 9].



In [4] we succeeded in constructing type IIB string compactifications with the follow-
ing properties:

e Explicit description of the compact CY orientifold by means of toric geometry;

e Chiral matter living on fractional D3-branes located at the singularities obtained by
collapsing two non-intersecting del Pezzo divisors mapped into each other by the
orientifold action;

e A CY with at least one additional del Pezzo divisor which is invariant under the
orientifold involution such that it can support a gauge theory that generates a non-
perturbative superpotential for moduli stabilisation;

e On top of these three local four-cycles, there is at least one additional divisor con-
trolling the size of the CY volume, giving a total number of Kihler moduli h%! > 4;

e Full classification of all models of this type from the Kreuzer-Skarke list [10] of CY
hypersurfaces in toric ambient spaces with A2 > 5 > pbl > 4:

e A visible sector gauge group including the Standard Model gauge symmetry;

e Check of all consistency conditions including the cancellation of D5- and D7-charges,
Freed-Witten (FW) anomalies and K-theory torsion charges;?

e Dynamical stabilisation of the Kahler moduli by considering both D- and F-term
contributions to the scalar potential in a way compatible with chirality;

e Minkowski (or slightly de Sitter) vacuum for the closed string sector® with supersym-
metry spontaneously broken by the F-terms of the Kéhler moduli;

e Generation of (sequestered) soft terms of order the TeV-scale for realistic matter on
the D3-branes at del Pezzo singularities.

In this paper we extend this construction by providing consistent global embeddings of
generic local models with fractional D3-branes at singularities, ‘lavour’ D7-branes wrap-
ping divisors which intersect the singularity, and bulk D7-branes which do not touch the sin-
gularity. This gives rise to more generic models and allows us to obtain models with spectra
and couplings closer to the Standard Model than the cases with only fractional D3-branes.

The flavour D7-branes have to wrap a holomorphic large cycle which intersects the
blow-up divisor resolving the singularity. Moreover, the restriction of the charges of these
D7-branes to the blow-up divisor has to yield the correct local charges of these flavour
branes. In the resolved picture the flavour D7-branes can look like branes wrapping con-
nected or disconnected divisors. We study under which conditions the quiver system has
only flavour branes that are connected in the resolved picture. This restriction allows us

2The non-vanishing D3-tadpole leaves enough space for background three-form fluxes to be turned on
to stabilise the dilaton and complex structure moduli.

3 Another type ITB compact model with stabilised de Sitter vacuum was found in [11] in the absence of
chiral matter.



to deal with the flavour branes at large volume, study their effective field theory and hence
analyse moduli stabilisation in this setup. We find that the restriction to this class of
models that allow for an analysis of moduli stabilisation sets severe constraints on local
model building.

We illustrate our general results by the particular case of a dP singularity embedded in
an explicit CY three-fold. We choose a brane set-up such that the fractional branes at the
singularity support a left-right symmetric model with many interesting phenomenological
features.? In fact, besides having three families of chiral matter, the gauge couplings unify
at the intermediate scale.

We show how to fix all the closed string moduli and some of the open string scalars by
a combination of D- and F-term contributions to the scalar potential. Moduli stabilisation
is performed systematically by classifying terms in the scalar potential in an expansion of
inverse powers of the CY volume V [9, 12]. The dilaton and complex structure moduli are
as usual fixed by the leading O(V~2) terms generated by three-form fluxes and giving rise to
the landscape of solutions which provide the two relevant parameters: the VEV of the tree-
level flux superpotential Wy and the string coupling gs. Higher orders in the V! expansion
fix the Kéhler moduli with exponentially large volume. This potential has a structure which
is rich enough to give rise to Minkowski (or slightly de Sitter) vacua for a range of values of
the underlying parameters Wy and g;. These minima break supersymmetry spontaneously
due to the presence of non-trivial background fluxes which induce non-zero F-terms for
some of the Kahler moduli. In turn, soft terms are generated by gravity mediation.

Five important relations that characterise the phenomenological properties of our
model are the equations determining the minimum in the CY volume direction, the value

of the cosmological constant A, the energy scale of the soft terms M., the value of the
string scale My and of the unified gauge coupling a;nlif. These five equations depend just
on the two parameters Wy, gs, and the value of the CY volume V' at the minimum, giving
rise to an over-determined system. However, solving the first three equations, we find that
the last two yield the desired phenomenological values, providing a dynamical explanation
of gauge coupling unification. In more detail, we fix Wy ~ 0.01, V ~ 5-10'! and g, ~ 1/65
(within the perturbative regime) by demanding the existence of a minimum of the scalar
potential, A = 0 and M. ~ 1 TeV. In turn, we obtain M, ~ 10'2 GeV which is the right

Jr}if ~ 20 which is the exact value of

energy scale where the gauge couplings unify, and «
the unified gauge coupling. Both of these physical quantities are determined independently
from the low-energy spectrum and the RG running of the experimentally measured gauge
couplings to higher energies in the left-right model at hand.

This paper is organised as follows. In section 2, we first give a brief review of local
brane models in non-compact CY backgrounds. Then we describe how to embed them in
a compact CY manifold with flavour D7-branes. The consistency of the global embedding
sets severe constraints on the local charges of flavour branes, as a consequence many local

models cannot be realised with connected flavour branes. Section 3 illustrates these general

4Notice that precisely this local left-right symmetric model was embedded globally in terms of an F-
theory construction, albeit without moduli stabilisation, in [8]. It would be interesting to study any con-
nection of that embedding with the one presented in this paper.



Figure 1. The dP( quiver encoding the SU(ng) x SU(ny) x SU(nz) gauge theory with flavour
branes. Potential D7-D7 states are not shown.

results in an explicit example of a dPy quiver where we realise a left-right symmetric
chiral model with three families of leptons and quarks, unification at an intermediate scale,
Minkowski (or slightly de Sitter) moduli stabilisation and TeV-scale soft terms. Finally we
conclude in section 4.

2 Models with D3/D7 branes at a dP, singularity

2.1 Non-compact models: a brief review

The gauge theories associated to D-branes at non-compact singularities can be obtained for
a vast set of geometric backgrounds, including toric singularities with and without flavour
D7-branes [13-15] and non-toric singularities [16]. This class of supersymmetric gauge
theories has proven to lead to phenomenologically viable and very interesting models,
see for instance [8, 17-20] and [2] for a recent review. Within the local construction,
in particular del Pezzo singularities have offered an interesting phenomenology which for
example can account for hierarchical quark and lepton masses, Yukawa couplings leading to
a realistic hierarchical flavour structure in the CKM and PMNS matrices. In addition, this
class of models allows for gauge and matter extensions beyond the MSSM with potentially
interesting phenomenology, but still consistent with gauge coupling unification, which could
be observable at the LHC.

Here we focus on the simplest models based on the zeroth del Pezzo singularity dPg
or in other words the C3/Z3 orbifold singularity, as they already capture most of the char-
acteristic features arising for D3/D7 branes at singularities. The extended quiver diagram
including flavour D7-branes is shown in figure 1. Each node with label n; corresponds to
a U(n;) gauge theory, arrows correspond to bi-fundamental fields (n;, 7j). For each node,
a distinct fractional brane exists. The n; denote the multiplicity of each fractional brane
leading to the associated gauge group U(n;). Given a choice of D3 brane gauge groups n;,



the flavour D7 brane gauge groups mg, mi, mg are constrained by anomaly cancellation:
mo =m+ 3(n; —ng), my=m, ma =m + 3(n; — na) . (2.1)

Therefore, fixing the number of D3 branes ng, n1 and ne, in order to look for a realistic
model, determines the number of D7 branes up to a free integer m.’

For example, choosing all D3-brane gauge groups to equal three, ng = n1 = ny = 3,
leads to the trinification model, and the choice ng = ny = 2, n1 = 3 leads to a left-right
extension of the Standard Model gauge group. Regarding flavour branes, the trinification
model allows for additional D7 branes with universal m; = m, whereas in the left-right
model D7-branes are required for anomaly cancellation. The quiver diagram of the minimal
choice for D7-branes in the left-right model is shown in figure 2.

Note that this arbitrariness with respect to the choice of flavour branes provides more
flexibility for model building, i.e. it opens a previously un-accessible but very interesting
class for model building. In addition, we note that, as for instance in the trinification model,
generically the flavour D7 branes provide alternative options to break the symmetry group
to the Standard Model one. As discussed in [4], the trinification model with no flavour
branes (m = 0) requires an involved two-step breaking procedure where the right-handed
sneutrino does the breaking to the Standard Model gauge group. One could avoid this
complication by introducing flavour D7-branes in the local model.

Notice also that models with different values of ng, ni, no are in principle disconnected
gauge theories. In other words, one single singularity, like dPg, gives rise to an infinite
number of possibly unconnected local chiral models by changing values of n; and m. We
show in [21] that a consistent global embedding of these models allows for transitions from
one set of values for n;, m to a different one.

2.2 Compact models with flavour branes: constraints from global embedding

We now want to embed the local models on the dPg singularity with D3 and flavour D7-
branes described above in a compact CY manifold.

If there are distinct numbers of fractional D3-branes® n; # n;, we have m; # 0 for
some i, cf. (2.1), and hence some flavour brane exists. This is a D7-brane that wraps a
large four-cycle in the compact geometry and passes through the dPg singularity, i.e. it
intersects the dPy in the blown-up picture.

To have a consistent global embedding, one needs to check that the local D-brane
charges of the flavour D7-branes come from the restriction of the charges of globally well-
defined D7-branes wrapping a holomorphic divisor of the compact CY X to the dPy.

5The numbers m; do not necessarily imply U(m;) gauge symmetries but can be, for instance, products
of U(1) gauge symmetries and instead of one single arrow connecting the D3 and D7 branes there may
be multiple arrows with reduced gauge symmetry, all this is encoded in the choice of m; determined by
anomaly cancellation.

A D3-brane at a C*/Z? singularity can be roughly seen as a collection of fluxed D7-branes wrapping the
shrinking divisor. More precisely, a D3-brane at a singularity splits into a collection of fractional branes.
The fractional branes are described by coherent sheaves € on the (shrinking) dP¢ divisor.



The RR charges of both D7-branes and fractional D3-branes are formally expressed by
the ‘Mukai’ charge vectors of D-branes. The D-brane charges of a configuration of D-branes
are given by the sum of their Mukai vectors which are defined by

Td(TD)

FSZD/\Ch(g)/\ W,

with Spbr = / CAeBATe.  (2.2)
RL3x X

Here D is the Poincaré dual of cycle wrapped by the D-brane.” B is the NS B-field, C' is the
formal sum of the RR p-form potentials, Td(V) = 1+ 3c1(V) + &5 (c1 (V)2 + c2(V)) +.. . is
the Todd class of the vector bundle V', T'D is the tangent bundle of D and N D the normal
bundle of D in X while ch(£) is the Chern character of the vector bundle £, more precisely
a sheaf, living on the brane.® Looking at Sp., in (2.2), one finds that the D7-charge is
encoded in the two-form component of e PI'g, the D5-charge in the four-form and the
D3-charge in the six-form.”

Using (2.2) and the fact that X is a CY, we obtain for a D7-brane which wraps the
divisor class D and has abelian gauge flux F

1 D
rm(D,f)zeBrg—D<1 +J—"+2}"/\]—"+622(4)>, (2.3)

where F = F — B and F = ¢ (&) + CI(Q—D). From this we can read off the RR charges of the
D7-brane. The charge vector of the image D7-brane D7/, wrapping the image divisor D’ is
given by I'p7 (D', —F').

We start by considering fractional branes at the dP( singularity. A fractional brane
corresponds to a bound state described by a coherent sheaf F, on the dPg surface; it is
characterised by the charge vector of a D-brane wrapping the shrinking cycle. For a dPg
singularity, one has three types of mutually stable branes, referred to as fractional branes.
The geometric part of the vector — the square root part of I' in (2.2) — is the same for
all of them, as they wrap the same divisor. The vector bundle (sheaf) part is different for

the three fractional branes and is given by [13, 23]'°
ch(Fp)=—-1+H—-L*HANH, ch(F\)=2—-H—-1HANH, ch(Fy)=-1. (24)

Since bo(dPg) = 1, all the divisors on a dPy are proportional to the hyperplane class H
that generates H'!(dPg). Its Poincaré dual two-form will be the pullback of a two-form

"In this article, we will use the same symbol for the cycles and their Poincaré dual forms.

8The charge vector can also be written in terms of the A-roof genus A, by shifting the sheaf £ to the
sheaf W =E® Kém whose first Chern class is identified with the gauge flux.

9These p-forms are actually the push-forward to the CY manifold X of forms on the D-brane, for a
review see [22]. For this reason, a two-form flux on a D7-brane, Poincaré dual to a curve C that is trivial
on X but non-trivial on the D7-brane, will appear in the D3-charge (six-form) but not in the D5-charge
(four-form).

10Note that we use the opposite sign convention with respect to the literature on D-branes at dP,
singularities. This is because in our convention a D7(anti-D7)-brane has charge +1(—1)D, where D is the
holomorphic wrapped divisor. Note that in this convention, the D3-charge is minus the integral of the
six-form component of I'p7.



of the CY X; we call Dy this two-form and its Poincaré dual divisor in X. Note there is
an ambiguity in choosing Dy, as we can add to it any two-form of X whose pullback onto
the dPy is trivial.

We can now compute the global charge vectors (2.2) for the three fractional branes
wrapping the shrinking divisor Dgp,:

I'r, = Dap, A {—1 — %DH — %DH A DH} ,
FFl = deo A {2 + 2Dy + %DH A DH} , (25)
I'p, = DdPo N {—1 — %DH — %DH VAN DH} .

From the charge vector, one can also compute the number of chiral states in the bi-
fundamental representation between the different nodes of the quiver. It is given by the

following product of the two Mukai vectors:!!
<F1,F2> E/ (_Fg2—f0rm) /\Fgl—form) + Fg2—form) /\Fgél—form)) (26)
X
where T(—form) ig the n-form component of the charge vector I'. Applying this formula to

the charge vectors in (2.5) we obtain the known result about the dPy quiver, i.e. that the
number of chiral states between each pair of nodes is equal to three:

<FF17FF0> = <FF27FF1> = <FF07FF2> =3. (27)

Let us move to the flavour D7-branes. Each of them will have an associated charge
vector
Td(TDﬂav)

T = Daav N ch(& ANy =
Diav flav /\ C ( ﬂav) Td(NDﬂav> ’

(2.8)

where Dg,y is the divisor wrapped by the globally defined flavour brane and &g, is the
vector bundle living on it. Differently to the fractional branes, the global flavour brane
charge vectors are not fully determined by the local model we want to embed. The reason
is that the flavour D7-brane extends in the non-compact directions. The only information
that the local model gives is the number of chiral intersections between the flavour and
the fractional branes which depend on the flavour brane D7- and D5-charges restricted to
the dPy. These are encoded in the local charge vector of the flavour brane defined by the
pullback of the global charge vector to dPy:

I8, =Tpi o a;H+bHANH  with i=0,1,2, (2.9)
where i runs over the three type of flavour branes associated to the nodes m; of the quiver
diagram in figure 1. In (2.9) we have used the fact that any divisor class restricted to the
dPg is a multiple of the hyperplane class H.

The coefficients a; and b; in (2.9) are determined by requiring the right amount of
chiral states to make the full quiver system anomaly free. As we see in figure 1, in the

" Given two branes D7, and D72, n = (I'p7,,T'p7,) > 0 means that we have n states which are in the
anti-fundamental representation of the D7; gauge group and in the fundamental representation of the D75.



used conventions the i-th flavour brane does not have any chiral intersection with the i-th
fractional brane, leading to the following constraints on a; and b; :

mo = (L85, Tr,) = 3a0 — bo mo
= ap =my b():f, 2.10
0 = (I'g5,.Tr) = 5a0 — bo 2 (2.10)
= (8%, Tr) = 301 — by
= a1 =—2m by = —2mq, 2.11
0 = (T D) — 20+ 20 e b= 2
= ('8¢, TRy ) = —2a + 2by 3my
= ar=m by = —=. 2.12
= (I 15$27FF2>=%G2—132 ? 2 D) (2.12)
By using (2.1), the local flavour brane charge vectors are
loc 1
I3, = G+ 30m —na)) (14511
I'gs = —2mH 1+ H) , (2.13)

3

We now require these local vectors to come from the restriction of the Mukai vec-
tors (2.8) of consistent D7-branes. The flavour D7-brane wraps a divisor Dg,, that passes
through the singularity where the fractional D3-brane sits. To preserve supersymmetry this
divisor must be holomorphic. In the resolved picture, i.e. when the singularity is blown
up and replaced by an exceptional divisor Dy, which in the case of C3/Z3 is a dPy, the
homology class of the divisor wrapped by the flavour brane has to satisfy the condition

Dﬂav ‘deo = aiHa

where a; is given by the local model we want to embed. We now see that depending on the
sign of a;, the flavour brane is either a connected or disconnected object in the resolved
picture. In the latter case, some quantities, such as the Fl-terms, are more involved to
determine by using large volume techniques. For this reason, we will stick in our analysis
to the first case where all the flavour branes are irreducible divisors in the resolved picture.

When the homology class of Dg,, has a connected (i.e. non-factorised) element, the
intersection of the divisor Dg,, with the blow-up divisor Dy, must be some effective curve
(Dfay N Dyy # 0). This curve, therefore, lies in the Mori cone of the resolution divisor Dy,
— correspondingly the Poincaré dual two-form lies in its Kahler cone. Since we want chiral
modes between the flavour D7-brane and the fractional branes, the intersection curve must
be in a homology class whose push-forward is in a non-trivial homology class of X. As
we have seen, the D7-brane charge is given by the two-form Poincaré dual to the divisor
wrapped by the D7-brane, cf. (2.3). The locally induced D7-charge is the pullback of this
two-form to the blown-up divisor Dy,. However, this is just the two-form Poincaré dual
to the (effective) intersection curve Dgay N Dyy. Hence, the two-form encoding the locally
nduced D7-brane charge of a ‘connected’ flavour brane must lie in the Kdhler cone of the
blow-up divisor. For the case at hand, the class of the intersection curve is a positive



multiple of the hyperplane class of P2.'2 Therefore the local D7-brane charge has to be
a positive multiple of H. If it were not positive, then the divisor Dg,, would be forced
to split into two components, one of which would be (a multiple of) Dgp, (Dpy) itself.
Therefore, a flavour brane with a negative local D7-charge looks, in the resolved picture,
like a disconnected object: one piece is a connected large volume four-cycle, while the other
component is a multiple of Dyy. As suggested in [9], when the divisor Dy, is shrunk to zero
size, o/ effects should be responsible for the formation of one bound state, i.e. the flavour
brane, out of the two components. In appendix A, we show that this fact is already present
in the non-compact C3/Z3 case.

This reasoning gives strong constraints on the numbers n; and m; for the local model
with only ‘connected’ flavour branes:

—2m >0, 3(n1 —ng)+m >0, 3(ng —n2)+m=>0, (2.14)

which is equivalent to
0 < —m < 3(n; — max{ng, na}). (2.15)

In particular, we see that these conditions imply n; > ng and n; > ng. We also note that
when n; = ne = n3 we obtain m = 0 and consequently also mg = m; = mgy = 0.

These constraints are not manifestly invariant under the Zs symmetry of the quiver.
If we apply a Zs rotation to a quiver system satisfying the constraints (2.15), we can end
up with a system that violates them. For our phenomenological constructions we will only
use quiver theories satisfying (2.15) up to a Zs rotation and we will fix the Zs symmetry
such that all the flavour branes are connected in the resolved picture. However, models
that do not satisfy (2.15) up to a Zs rotation, will always have disconnected flavour branes
in the resolved picture.

Again, for model building we restrict ourselves to setups with ‘connected’ flavour branes
as they allow for a straightforward description in terms of effective field theory which is
necessary for addressing moduli stabilisation.

3 Explicit example of a APy quiver

We now present an explicit example of a globally embedded quiver gauge theory with flavour
branes, that satisfies the constraints (2.15). We consider the same CY three-fold X that we
have used in [4]. This was chosen from a list of hypersurfaces in toric ambient varieties that
satisfy certain requirements: the CY must have h!' > 4, two independent dP,, divisors
and one further rigid divisor; moreover, there must be an (orientifold) involution which
exchanges the two dP,, divisors such that they do not include fixed points. When the
two dP,, are shrunk to zero size we obtain two singularities exchanged by the orientifold
involution and an orientifold plane that does not pass through the singular point. If we

12The effective curve is the intersection of two holomorphic divisors in a three-fold. An effective curve
on a dPg is given by the vanishing locus of a homogeneous polynomial of degree n > 0. The class of this
curve is then n H and therefore it is a positive multiple of H. The Mori cones for dP,, surfaces with n > 0
can, for instance, be found in appendix A of [24].



put a suitable set of fractional branes on top of the two singularities we can realise the
desired quiver gauge theory in the compact CY manifold. Note that in the physical space
(after the orientifold quotient) we have only one quiver model.

3.1 Geometric setup

In this section we summarise the details of the chosen CY manifold X, see [4] for more
details. X is a hypersurface in the toric ambient variety defined by the following weight
matrix and Stanley-Reisner ideal

1[1]1]o[3]3 oo 9
olofolt]o[1]olo] 2 (3.1)
olofolof[t]{1]ol1] 3
olofolof1]o[1]o] 2

SR = {24 26, 24 27, 25 27, 25 28, %6 28, 21 22 23} .

In (3.1) the last column refers to the degrees of the hypersurface equation eqy = 0. The
Hodge numbers of the CY are h™! = 4 and h'? = 112, such that y = —216. Furthermore,
each of the three toric divisors Dy, D7 and Dg corresponds to a P2 = dPg, on X. They do
not mutually intersect.

For HY'(X) we choose the basis!?

Dy =D4s+ D5 = Dg + Dr, Dtn = Dy, Dq2 = Dy, Dy = Dy, (3.2)

where ‘b’ refers to ‘big’ since it controls the overall size of the CY, ‘¢;’ « = 1,2 for ‘quiver’
since these will shrink to dPg-singularities exchanged by the orientifold action, and ‘s’ for
‘small’ since this divisor will support non-perturbative effects with size much smaller than
the large four-cycle. The intersections between the basis elements take a simple form

I3 =27D; +9D; +9D; +9D3 . (3.3)

Expanding the Kéhler form in the basis (3.2) as J = t,Dy + t4, Dy, + tg, Dy, + tsDs, the
volumes of the four divisors become (7; := Vol(D;) = & fDi JNJ)

27 , 9 , 9
Tb:?tba quzitqw Tq2—§ q2

The diagonal structure is also reflected in the ‘Swiss-cheese’ form of the CY volume

3 . 1 /2 )
V= Vol(X) = 3 (365 + £, + 13, +13) = 54/3 [75/2 —\V3 (751/2 + 732 4 73/2)} . (3.5)

where Vol(X) =% [ JAJ A

'*Note that this basis of integral cycles is not an ‘integral basis’; in particular D1 = % (Dy—Dg;, —Dg, —Ds).

,10,



Orientifold involution. The orientifold involution that exchanges two of the three dP
divisors is
24 & 27 and 25 & 26 - (3.6)

The CY hypersurface X must be symmetric under this holomorphic involution: its complex
structure must be then such that the defining equation eqy = 0 is symmetric under the
involution. From (3.6) we see that the two del Pezzo surfaces at z4 = 0 (Dy,) and 27 =0
(Dy,) are interchanged by this involution. Furthermore, in [4] we showed that the fixed
locus of (3.6) is given by the following two orientifold planes:

OT7-planes Locus in ambient space Homology class
0712 y6:Z4Z5—ZGZ7:0 D6+D7:Db,
0723 y5:ZSZO DgZDS.

Kahler cone and relevant volumes. In the smooth case, the integral of J over all
effective curves of X has to be positive definite, i.e. fcj J > 0 for all curves C; in the Mori
cone of X. This defines the Kéhler cone of X. After a subtle analysis performed in [4],
one finds the following Kéhler cone conditions on the coefficients ¢;

ty+14 >0, ly+1g, >0, ty +ts >0, tg, <0, lgy, <0, ts < 0.

Under the orientifold involution, the Kahler form is even and must therefore belong to
H}F’I(X ). This is obtained by taking ¢, = t,,. Moreover, we want the two dPgy divisors
at z4 = 0 and z7 = 0 to shrink to zero size in order to generate the two (exchanged) dP
singularities. This is realised on the boundary of the Kahler cone given by ¢,, = t4, = 0.
The remaining Kahler cone conditions are

ty+ts >0 and ts <O0.

3.2 Global embedding with flavour branes

We consider the case when the two dPq divisors, D, and D,, are collapsed to zero size,
generating two C3/Z3 singularities, while the other dPq divisor Dy is of finite size. As we
have seen in [4], the vanishing of the two Kéhler moduli 7, = 7, is enforced by D-terms
and we discuss this detail further in section 3.2.2.

3.2.1 Brane set-up, fluxes and chiral spectrum

We have the following set of O-planes and D-branes:

e There are two orientifold O7-planes, one at z425 — 2627 = 0, lying in the class Dy,
and the other at zg = 0, in the class Ds. The two fixed loci are disconnected and do
not intersect each other.

e We put the system of fractional branes, shown in figure 2, on the singularity at z4 =0
and their images on the singularity at z; = 0 to have an invariant configuration,

— 11 —



Figure 2. The dP, quiver encoding the SU(3) x SU(2)? gauge theory with flavour branes. Again

only D3-D3 and D3-D7 states are shown.
D7flav'
i / D7¢™

flav
D75

v av

D7SU(2)

D7SU(2)'

Figure 3. Brane setup: the red points represent the fractional branes. There are two branes (plus
their images) on top of the O-plane (dotted line) and two flavour branes (plus their images). The
fields @4, x4, o4, ™ are the chiral modes that are generated in this construction by the chosen
fluxes. The non-perturbative cycle is neglected (it does not intersect the other cycles).

cf. figure 3. The visible sector is given by the fractional D3-branes with gauge theory
SU(3). x SU(2); x SU(2)r x U(1)p.r.1

e We will need some D7-branes playing the role of the flavour D7-branes in the quiver
diagram, and further stacks of D7-branes that saturate the D7-tadpole but do not
intersect the shrinking dPg surfaces, cf. figure 3.

The visible sector is given by the gauge group on the fractional branes and its chiral
matter. The D7-branes wrapping the fixed locus at zg = 0 gives a pure SO(8) Yang-Mills
theory which undergoes gaugino condensation. In fact, no zero modes are generated due
to the fact that the four-cycle D; is rigid and does not intersect the cycles wrapped by the
other D7-branes in the configuration.

" There are two anomalous U(1) symmetries which become massive by eating up the local axions given
by the reduction of the RR forms C4 and C> on the dP¢ divisor and its dual two-cycle (the hyperplane
class of H*(dPy)). The remaining U(1)p.1, factor is an anomaly-free and massless U(1) symmetry.
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D-brane charges of the quiver gauge theory. We start by considering the fractional
branes at the two dPy singularities at z4 = 0 and z7 = 0. From the intersection number
DyNDyN Dy =1, we see that Di|p, = H. Hence, the Dy divisor is given by D; modulo
a linear combination of D,, Dy and D,,. The global charge vectors (2.2) for the three
fractional branes wrapping the locus at z4 = 0 are then

Tp =Dy AN{-1=3iDy— D1 ADy}
Lp =Dy A{2+42Dy +iDi AD:} (3.7)
Ipo=Dg AN{-1=3D1—5D1 ADy} .

The quiver diagram in figure 2 corresponds to taking the following multiplicities
7’L0=2, n1:3, n2:2. (3.8)

We see that they satisfy condition (2.14) with —3 < m < 0. In the following we will choose
m = 0. The case m = —3 corresponds to having only flavour branes of type D7§lav and can
be obtained by recombining the two flavour branes D752V and D752V in figure 3.

The total charge vector of the fractional branes at z4 = 0 is
Ly ops® = 20 4+ 3Tk + 20k, =Dy, A{2+42Dy — 3D1 A Dy} . (3.9)

The same happens for the fractional branes at z; = 0. Since we want an orientifold
invariant configuration, we need to take the same multiplicities for the fractional branes.
Notice that we have a net non-zero D7-brane charge: roughly, it is the charge of two
D7-branes wrapping the shrinking divisor.

From (2.13) and (3.8), one can compute the local charges of the flavour D7-branes in
figure 3. We obtain

1 3
rise —3H (1 + 2H> : I, = 3H (1 + 2H> : (3.10)

Note that these charges realise local D7- and D5-charge cancellation, as expected from
anomaly cancellation. To check this we need to know that the pullback of D4 to the
shrinking dPg is given by —3H because Dy is a P2.

The relations (3.10) mean that both flavour branes must wrap a divisor class in X
whose Poincaré dual two-form gives 3H once pulled back to dPy. We have some ambiguity
in choosing this class. In fact, any combination 3Dy + oDy, + o*D, + a®?Dy, restricts to
3H on Dy,, since Dy, Dy and Dy, are trivial when pulled-back to D,,. We fix o® to one
by requiring zero intersection with the cycle Dy supporting non-perturbative effects. We
fix a? to one by demanding that the flavour branes of the quiver system at z4 = 0 do not
intersect the image (shrinking) dPy D,, (in fact (3D; + Dy,) - Dy, = 0).15 The classes of

15This second condition is not necessary for phenomenology. We might also choose a, = 0: in this case,
the brane wrapping 3D1 + Ds + a®Dy, would be a flavour brane for both the quiver system at z; = 0 and
its image at zy = 0. In particular, being an invariant brane, its flux must be odd under the orientifold
involution and the FI-term would then vanish.
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the flavour branes are then

[D78Y] = 3Dy + Dy + Dy, + oDy = (1 + 4Dy — Dy,
[D75™] = 3D + Dy + Dy, + a5Dy = (1 + 05)Dy — Dy, -

We will choose in the following ag = ozg = 0. In this case, the two branes wrap two different
representatives of the same homology class D, — Dy, . These divisors are connected surfaces
inside the CY X, whose equations are generically of the form z5+ Pf(zl, 29, 23) 27 28, where
P3(z1,22,23) (i = 1,2) are two polynomials of degree three in the coordinates z1, 22, z3.

The gauge flux living on the flavour branes is encoded in the four-form of the charge
vector. As can be seen from the expansion of (2.8), this four-form is Dgay A Fray (we will
consider flavour branes with abelian flux). From (3.10) we see that the fluxes are different
on the two flavour branes. In particular, we have fo’pql = %H and Fg\pql = %H . This
means that Fo = $D1 + B5Ds + B8 Dy, + BDy and Fo = 3Dy + 35D, + B8 Dy, + 5Dy
Again we have an ambiguity in the choice of the coefficients along D, Dy, and D. On
the other hand when we pullback D, and Dy, to the divisor 3D; + Ds + Dy, + abDy we
obtain a trivial class. Then we can neglect these terms in F;. Making the simple choice
68 = B% = 0, the fluxes on the flavour branes become

1 3

Fo= 5D, Fr=3D1. (3.11)

The D3-charge of the flavour branes can be determined from (2.3) after we know the
class they wrap (D7-charge) and the flux living on them (D5-charge). Note however that
the actual D3-charge is given by minus the integral of the six-form. For the two flavour
branes, we have

D7ﬂav D7ﬂav D7ﬂav D7ﬂav
p3’ =9, p3y =7 = p3’ TQp3 =-12. (3.12)

Summarising, the charge vectors of the fractional and flavour branes are
Tacns = 20k, + 30k + 20, = 2D, + 2Dy, A Dy — 3dVol%
L pgaee = (Dp = Dgy) + (Dy — Dgy) A 3 D1 + 5dVoly (3.13)
L prgev = (Dy = Dy ) + (Dy = Dy; ) A § D1 + TdVol

where dVol is the normalised volume form of the CY three-fold, i.e. Ix dvol% = 1
Summing the three vectors gives the charge vector of the quiver

Titse, = 2Dy + 2Dy A Dy + (5 — 3) dVol; . (3.14)

quiver
From the above we observe that:

e The total D7-charge of the quiver system is the same as two D7-branes wrapping
a divisor of the class of O7;. Therefore, we see that we need more D7-branes to
cancel the D7-charge arising from this O7-plane. In particular, we can simply add
two branes plus their images on top of this O7-plane, realising an SO(4) gauge group.
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e From (3.14) one would naively expect a globally non-vanishing D5-charge. However
by a careful analysis considering the image quiver system at z; = 0, one realises that
the total D5-charge is cancelled.

e The flavour branes do not introduce FW anomalies [25, 26]: the flux has the proper
(half-integral) quantisation and the wrapped cycles have no non-trivial three-cycles
(bg = 0), so that Hglfpﬂav =0.

Everything we did for the fractional D3-brane at z4 = 0 can be done for the image at
z7 = 0. The results are exactly what one obtains by applying the orientifold involution to
the charges localised at z4 = 0.

The other D7-stacks. As pointed out above, we need more branes than just the flavour
ones to saturate the D7-tadpole. The charge vector of an O7-plane wrapping the divisor
D is

L(iTD 1
—Q—J::%D+7DA@an, (3.15)

T'o7(D)=—-8DA

where L(V) = 1+ £(c1(V)? = 2¢2(V)) + ... is the Hirzebruch L-genus.

Hence, we can cancel the D7-charge of the O7-planes by having two branes plus their
images on top of O7; and four branes plus their images on top of O75. We choose the
B-field to be equal to B = %, such that /3 = Fs — B = 0. This allows us to have a
non-perturbative contribution to the superpotential coming from the stack of branes on
top of O7,.1% In fact, [OTs] = Dy is rigid and if Fs = 0, it supports a pure SO(8) gauge
theory which undergoes gaugino condensation. On the other hand, the SO(4) gauge group
on [O7;1] = Dy is broken to SU(2) x U(1) by the FW flux on the corresponding D7-branes.
For FW anomaly cancellation we need Fj, + % € H?*(D,Z), where we make the minimal
choice Fp, = %Dl. The U(1) factor decouples from the effective field theory because it
becomes massive by eating up the axion given by the reduction of Cy on Dy,.

The D7-brane stacks on O7; and O792 have vanishing D5-charge due to the fact that
the D7-branes and their images wrap the same homology class. Regarding the D3-charge,
the contribution from the two stacks is

QSD%(Q) _ (_X(Db) B 1/ J__.bQ> _ X(Db) _ _g
Dy

24 2 6 27
SO(8) _ ] _X(Ds) B X(Ds) _ _§
D3 24 6 2’

where the —x/6 contribution comes from the O-plane with x (D) = 117 and x(Ds) = 3.
We can now give the total D3-charge of the studied configuration:

tot _ za=0 z27=0 SU(2) SO(8)
D3 — QDS,quiver + CQD?)7 quiver + QDS + QDS

21 21 81 3
=% = —63. (3.16)

'5This condition can be relaxed when the non-perturbative effect is given by a rank-two E3-instanton [27].
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This negative number leaves the possibility to turn on background three-form fluxes for
stabilising the dilaton and the complex structure moduli. To have a large (negative) D3-
charge, one could recombine the four D7-branes on top of the O-plane wrapping Dy, to
obtain a so-called Whitney-type brane [7, 28].

In order for the whole setup to be consistent, we also need to check that the torsional
K-theory charges are cancelled [29, 30]. By using the probe argument given in [31], we

have checked that this is the case for the chosen B-field and brane configuration.!”

Chiral spectrum in the bulk. Since the two flavour branes intersect each other, the
image branes and the SU(2) stack, the flux on the flavour branes may generate chiral
matter also away from the quiver locus. Moreover, there is chiral matter on the bulk of the
SU(2) stack due to the flux F,. Let us compute the number of chiral states (see figure 3)

#(_a +, 10) = #90* = <FD7gaV7FD7gaV> =6 y

#(+7 +7 10) = #(p"‘ = <F/D7gaquD7ga"> = 127

#(_707 2+1) = #X— = (FD7gaV7FD7SU(2)> = 07

#(+>072+1) = #X-i- = <F/D7gaV7FD7SU(2)> = 9’ (317)
#(07 +, 2—1) = #J— = <FD7SU(2)7FD7§"JW> =9 5

#(07+72+1) = #oy = <F/D7SU(2)5FD7§13V> =18,

#(0,0,149) = #7 = 5 ((I)s0 > Lprsva) — $(Tom, Dprsua) =9,

where T'yzsu2) = 2(Dyp + Dy A %Dl + %dVolg(). The charges #(+, &, z,) are with respect
to the flavour brane D782V D788 and the SU(2) x U(1) stack. The other intersections are
the images of the ones listed above. We did not list the chiral fields at the intersection of
the flavour D7-brane with its own image: in fact, their number is zero due to a cancellation
occurring for the chosen wrapped divisors. There are also chiral fields @égj in the adjoint
representation of SU(2) whose number is counted by h%?(D,) = 11. These scalars can be
lifted by a particular class of gauge fluxes [32, 33] and /or background three-form fluxes [34].

3.2.2 Moduli stabilisation

Let us now outline how to fix both the closed and the open string moduli following the
general strategy we already described in [3, 4]. The type IIB closed string moduli are:

e One axio-dilaton S = e~? +iCj;

1,218

—

o hH? complex structure moduli U, with aa=1,...,h

'"One considers the set of invariant divisors in the three-fold X. The probe system consists of two D7-
branes wrapping an invariant divisor and having zero gauge invariant flux F. Hence, the invariant divisors
that do not allow a F = 0 are discarded. Thereby, it can happen that the chosen B-field does not allow to
cancel the possible non-zero gauge flux induced by FW anomaly cancellation. For each probe brane which
wraps the remaining divisors, one needs to compute the chiral intersection with all the branes in the chosen
configuration. The torsional K-theory charge is cancelled if and only if the number of SU(2)-fundamental
is even.

8Notice that hi’Q counts the number of closed string U(1)s.
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e 3 orientifold even Kéhler moduli: Ty, = 7, +icap, Ts = 7s +icys and Ty = 74 +icayq
where 7, = 74, + 74y, D4 = Dy, + Dy, cap = be Cy, c4 5 = st Cyand cyq = fD+ Cy;

e One orientifold odd Kéahler modulus G = by + ico with By = by D_ and Cy = co D_
where D_ = Dy, — Dy, .

In addition, there are open string scalars living at the quiver locus and behaving as visible
sector matter fields, and scalars living in the bulk D7 branes which support hidden sectors.
These open string moduli can develop a potential either by D-term contributions if they are
charged under anomalous U(1) symmetries or by F-term effects induced by supersymmetry
breaking. On the other hand, the scalar potential of the closed string moduli receives several
contributions which can be classified by taking the following expansion in inverse powers
of the overall volume:
V =Vp+ Ve £ VRS L VP

e Vp ~ O(1/V?): the D-term potential includes closed string modes since fluxes on
D7-branes generate Fayet-Iliopoulos terms which depend on the Kahler moduli.

o Ve ~ O(1/V?): atree-level F-term potential for the S and U-moduli is generated by
non-trivial background fluxes G3 = F3+iS Hs which induce a tree-level superpotential
Wiree(S,U) = fX G3 A Q. Given that S and U are fixed by imposing DgyW = 0,
the VEV of V¢ is zero [35] due to the no-scale structure at tree-level. One needs,
therefore, to study subdominant perturbative and non-perturbative corrections to
Wo = (Wiree) and Kiree = —21InV in order to freeze the Kahler moduli.

o VR < O(1/V?): a perturbative potential can be generated by either pure o/ [36] or
gs corrections to K (which appear also at different powers in ') [37-43].

e VP < O(1/V3): non-perturbative F-term contributions can be induced by correc-
tions to W originating from E3-instantons or gaugino condensation on a D7-stack [44].
Notice that non-perturbative corrections to K are negligible since we already took
into account perturbative corrections to the Kéahler potential.

Our strategy will be to stabilise the moduli order by order in a large volume expansion.
Let us therefore start by considering the D-term potential.

D-terms. There are two anomalous U(1) symmetries at the dP( singularity and three
living in the bulk: one on each of the two flavour branes and one on the stack of D7-branes
on top of the O7;. Therefore the total D-term potential is the sum of two contributions:
one coming from the quiver and the other from the bulk

Vp = VA 4yl (3.18)

The part from the quiver reads

2 2
uiver ; N2 1 2
VB - Re(fl) (; q11|CZ‘ gl) + Re(fQ) (; q21|C7,| 62) R (319)
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where fi = S+ qiT, and fo = S + ¢2G while ¢1, ¢2, q1; and go; are the U(1) charges
of Ty, G and the canonically normalised matter fields C;, respectively. The two Fayet-
Iliopoulos terms &; and & are given by & = —4q; 7,/V and & = —4qa ba/V showing that
Vp ~ O(1/V?).

The potential (3.19) admits a supersymmetric minimum at & = Y, ¢1;|C;|? and & =
> q1i]Ci|?. These relations fix only two moduli in terms of all the others. In particular,
there are as many flat directions as the number of open string fields charged under the
anomalous U(1)s. However, these flat directions can be lifted by including sub-leading
F-term contributions from supersymmetry breaking of the form Vp O >°. m?|C;|> where
mi ~ Mg Vi.'” As we shall see later on, supersymmetry is broken by the bulk Kahler
moduli which develop non-zero F-terms beyond tree-level. This F-term potential gives a
minimum at |C;| = 0 Vi, implying & = & = 0 or, in other words, 7, = by = 0, showing that
the dPg blow-up mode collapses to the singular locus. The two anomalous U(1)s acquire
an O(Mj) Stiickelberg mass by eating up both the local axions, ¢4 4 and ¢z, which therefore
disappear from the low-energy theory.

The contribution to the D-term potential from the bulk looks like

1 2

phulk _ D2+
b Re(faav0) ™0 " Re(faav.2)

1
D3 Dy (3.20)

where, at Tqg — 0, fﬂavﬂ =T, + k15, fﬂa\,,Q =Ty + koS and fD7o71 =T, + k38 with k1, ko
and ks parameters which depend on the gauge fluxes on each stack of branes. The three
different D-terms are given by (focusing on canonically normalised matter fields)

12 9 6

Ditavo = Y 164 P+ XA =D 1" 1? = Lhavo s
=1 i=1 =1
12 6 18 9

Dgava = D 4P+ D 10 P+ ) 10h P+ > 10" P = Gavs2
i=1 i=1 i=1 =1
9 ‘ 18 ‘ 9 ' 9 ‘

Dpros, = D _IXGP+ D) o P+2) 7P =D 1o P = prn, »

=1 =1 =1 =1

where the Fayet-Tliopoulos terms & = % i) prJ A F take the form

9t, (9\® 1 7.
£D7o71 = 5 v = <2> W ) gﬂaV,O = £D7O71 + \2/3 ) éﬁaV,Z = 35ﬂav,0 . (321)

We have seen that the D-terms from the quiver fix 7, = 0. Hence, the FI-terms of the
flavour branes reduce to {gav,2 = 3 &fav,0 = 35D7071 =:3¢&.

9We are assuming that m? > 0. In fact, if the matter fields were tachyonic, they would develop (Cs) #0,
breaking the gauge symmetry.
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The supersymmetric minimum of the bulk D-term potential (3.20) is located at:

9 9 12
12 _ i2 P2 i2, 3¢ 399
L =D 1P =D It P =D e P+ (3.22)
=1 i=1 =2
9 9 9 6
|1|2_Z|i2 i2 P2 i, & 3.93
D I RS D A S EA (3.23)
i=1 1=1 i=1 =2
9 9 9 18
|O_1|2_Z|O_i|2_Z| i|2_22| 12 12 3.24
DS LA I RS jolP e (3.21)
i=1 1=1 i=1 =2

This stabilisation procedure leaves several flat directions which will be lifted at sub-leading
order by the F-term potential. Notice that the three anomalous U(1)s become massive by
eating up three axions given by different combinations of c4; and the phases of the charged
open string scalars.

F-terms. The F-term potential receives several contributions beyond the leading order
approximation:

e Gaugino condensation on the del Pezzo divisor Dy supporting a pure SO(8) gauge
theory generates a non-perturbative superpotential of the form

Wap = Ase™ T with a, =7/3. (3.25)

Notice that the rigidity of the dP divisor guarantees the generation of non-
perturbative effects. Moreover, as explained in [3, 45], a ‘diagonal’ dP divisor de-
couples from all the other divisors, so avoiding any possible problem associated with
the cancellation of FW anomalies or with chiral intersections with visible sector fields.

e The first pure o’ correction to the action, i.e. corrections of order g¥ in the string
coupling, arises at order O(a’?), causing the following modification of the tree-level

Kéhler potential

K =—2In <V + ?52> : (3.26)
gs

where ¢ = —x(X)((3)/[2(27)3] ~ 0.522 [36].

e Corrections to the action proportional to the string coupling appear at order O(a'?gs)
in the open string sector [43] and O(a/?¢?) in the closed string sector [37, 38, 41, 42].
However, at the level of the scalar potential these corrections turn out to be neg-
ligible due to a subtle cancellation which has been called ‘extended no-scale struc-

10/3

ture’ [39, 40]. These contributions scale as V™~ whereas the pure o/ correction

behaves as V3, and consequently the g, effects are volume suppressed.

e The background fluxes breaking supersymmetry generate a gravitino mass of the
order mg/y = eK/2|W| ~ Wy /V and non-vanishing F-terms for the Kéhler moduli in
the geometric regime which look like [46]

FTo 1 FTs m3/2
Tb = m3/2 |:1 =+ O (V>:| and p = ln (V/WO) . (327)

,19,



In turn, due to these non-zero F-terms, the open string scalars living in the bulk
develop soft-terms which scale as the gravitino mass suppressed by a factor of or-
der In(Mp/m3/5) [46]. This F-term contribution for the fields charged under the
anomalous U(1) symmetries reads (showing only the leading order expression)

e

V2 [In (V/Wo)] <Z|80+|2+Z|80 |2> +CXZ\X+|2
teo (Z o | + Z |012> + cﬂz |7ri|2] , (3.28)
=1 i=1 i=1

where the ¢’s are O(1) coefficients which give the dependence of the Kahler metric

Vmatter ~

of a generic unnormalised matter field p on the blow-up mode 7,: K D 75 |p|?/V?/3.
The expression (3.28) is generated by F'7s and it vanishes if the ¢’s are zero. In this
case, VEer would be generated by the sub-leading correction to F7 in (3.27) and
it would be much more volume suppressed: Vatter ~ =4 [47] 20

Substituting the stabilisation obtained by imposing VBUH‘ =0, we end up with

(cp +ox — Z‘X+|2+2 o~ Cp Z|0 |2

matter . WO2
F - 2
V2 [In (V/Wy)]

9
+ (2¢c4 + ¢ — 2¢4) Z 1%+ (2, +co) €
i=1

(3.29)

If ¢y, > co —cp >0 and ¢ > 2(co — ¢p) > 0, the potential (3.29) has a minimum at
XZ- =o' =7’ =0 Vi, simplifying the previous expression to

Wi

Vmatter ~
VE/3 [In (v Wo))?

9\ 2/3
. with  p:=(2¢c, +¢,) <2> , (3.30)

whereas the minimisation equations (3.22) to (3.24) become

12
L3

P S (331)
1=2
6

oL = =D el + g (3.32)
1=2
18

ol P == o P+ €. (3.33)
=2

We will now show how to stabilise the overall volume of the CY, fixing the value
of £&. However, several open string directions are still flat. Their total number is:
11 from (3.31) + 5 from (3.32) + 17 from (3.33) = 33 on top of all the phases of
the open string fields. In order to lift these flat directions, one has to include more
F-term contributions for matter scalars beyond the naive supersymmetry breaking
effects that we took into account.

20The leading piece in FTo cancels off with the contribution from the gravitino mass.
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Figure 4. Vacuum energy as a function of = log;, V for different values of Wy: Wy = 1 (blue line),
Wo = 10~* (yellow line), Wy = 10~7 (purple line), Wy = 10714 (green line).

Summing up all these different effects, the total F-term potential takes the form

8 6—2(137'5 e~ @sTs 3 Cw2 W2
Vi =~ —(asAs)*\/Ts —4dasAsWoTs +o=20 4 0 . (3.34
F = g d) VT VR T a3y Vs I (v (3.34)
In the regime a,7s > 1, the minimisation with respect to 75 gives
Caure 3T Wo
e = AV = asts ~ In (V/Wy) . (3.35)
Plugging this result into (3.34), we find
we [ 3¢ 3 [m(V/Wy)]*? 1/3
V=13 3</2 5 [n L) 0)] p—r S0 (3.36)
V7o 4gs® 2 as [In (V/Wo)]

Minimising with respect to ¥V we obtain

3¢ _3[1n(V/Wo)r/2(1_21(1> s Y

P Vi)~ 5P T v w2 (- o) @97

which substituted in (3.36) yields the following expression for the vacuum energy

o o We (N8 e ) 6
A:<V>_<V>3 1(%){ 4a§/2+9[ln(V/Wo)]5/2 (1 ln(V/Wo)>}' (3.38)

Setting as = m/3 and writing V = 107, figure 4 shows how the vacuum energy changes as a

function of x for different values of Wy at constant p (shown here for ¢, =1 and ¢y = 1/2).

The preferred values of V and Wy are chosen in such a way to obtain a Minkowski
vacuum and TeV-scale supersymmetry at the same time. In the presence of flavour branes,
loop corrections to the visible sector gauge kinetic function might induce moduli redefini-
tions of the form 7, — 7, + acInV which can de-sequester the visible sector [48, 49]. Thus,
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the soft terms generated by gravity mediation scale as?!

mg /2 . WoMp
In (MP/’I?’Lg/Q) o Vin (V/WO) )

Mgy ~ (3.39)

Requiring these soft terms to be around the TeV-scale, the ratio V/Wj is constrained to
be of order V/Wy ~ 5 - 10'3. From (3.38) one can find numerically that this is satisfied
with also a Minkowski solution for Wy ~ 0.01 and V ~ 5 - 10''. Plugging these numbers
in (3.37), we find that for ¢ ~ 0.522, the string coupling has to be gs; ~ 0.015 ~ 1/65, i.e. in
the weak coupling regime.?? The string scale turns out to be intermediate My ~ Mp/ VYV ~
102 GeV and corresponds to the unification scale for the left-right symmetric model under
examination, as obtained in [8, 51, 52]. Notice that if we substitute the requirement of a
vanishing cosmological constant with the one of getting the right unification scale, then
this last phenomenological constraint would imply A ~ 0.

3.3 Phenomenology of the left-right model

The left-right model has several interesting phenomenological features. It contains an
observable sector with gauge symmetry SU(3). x SU(2)r, x SU(2)gr x U(1)p., with three
families of quarks, leptons and Higgses. As shown in figure 2, there are additional SU(3),
exotics, denoted by A and A which however do allow for the interesting coupling with the
D7-D7 state ¢_

WD Ap_A. (3.40)

As shown in (3.32), ¢_ can obtain a non-vanishing VEV and this VEV can generate a
mass as high as the string scale for the SU(3). exotics. One may also directly recombine
the two flavour D7-branes D7f3ij and D7§laV into a flavour brane of type D??a", i.e. relative
to the node m; in figure 1; this would wrap one connected representative of the homology
class 2D}, — 2D, and have the flux F2 = Dj such that the local flavour branes is the
right one.?3 Once we have realised the decoupling of the Standard Model exotics, we are
only left with the Standard Model matter content with three families of Higgses and right
handed neutrinos, which we shall assume in the rest of this section.

Given this matter content, the superpotential of the D3-D3 and D3-D7 states is
given by

Winatter = Yijr @ H Q% = (Nocat€iji + M|eijk| + Aadijn) Q4 HI QF, (3.41)

The Yukawa coupling proportional to Ajgcal€;jk is the coupling appearing in a non-compact
dPo model without any geometric deformations. The terms proportional to Az 3 capture

ZINote that the presence of these field redefinitions is still under active discussion, see for example [50].
If they are absent, the visible sector is completely sequestered, resulting in soft masses of the order Mos, ~
Mp/V3/? or even smaller [47].

22Notice that these results slightly depend on the value of the parameter p which is however expected to
be of order unity. In fact, the results quoted in the main text are obtained for p ~ 5.45. If we change this
value to p ~ 1 by considering different values for ¢, and cg, we would obtain Wy ~ 1 and V ~ 5- 10" but
the same value of gs.

23 This different configuration would not change drastically the scales obtained after moduli stabilisation.
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the possible deformations that can arise from non-commutative deformations of the back-
ground [53] or by taking into account compactification effects [54, 55]. As pointed out
in [18], the local Yukawa coupling leads to the phenomenologically undesirable mass hier-
archy of type (0, M, M) with two degenerate mass eigenvalues. By including corrections
proportional to A2 this mass structure can be changed. For example, taking the limit
Alocal & A1 < Ao, the Yukawa couplings become diagonal to leading order, resulting in three
distinct mass eigenvalues proportional to mguark ~ \3(|Hy|?, |Hs|?, |H3|?).?* The inclusion
of corrections proportional to Aq 2, in principle, opens the possibility to generate hierarchi-
cal masses even in dPy. However, the Yukawa couplings for up- and down-quarks in this
left-right model are equal at tree-level and hence a desired flavour mixing to reproduce the
hierarchical structure in the CKM matrix as discussed in [19, 20] is not possible. To evade
this constraint, one can for example consider realisations of this model on singularities com-
ing from higher del Pezzo surfaces. In addition, note that the above superpotential (3.41)
does not contain any Yukawa couplings for the leptons and no p-term.

Due to a non-standard normalisation of U(1)p.1, of k = 32/3, the tree-level Weinberg
angle is given by sin fy, = 0.214 which is close to the experimentally observed value. This
Weinberg-angle and the presence of three generations of Higgses lead to gauge coupling
unification at a similar level as the standard GUT scale MSSM, but at a unification scale
of order My ~ 10'2 GeV [8, 51, 52]. To achieve unification, one assumes a breakdown of
SU2)gr x U(1)p. — U(1)y near the weak scale which represents the natural scale for
this breakdown as it needs to occur radiatively and, hence, is tied to the breakdown of
supersymmetry. The unified coupling is given by (see [1])

O‘;nlif = 0‘61 = C“l_1 = 042_1 = Re(9)| Ztrac| = 95_1/3 ) (3.42)

where Zp,. = 1/3 is the central charge of the fractional branes (when the dPy is shrunk to
zero size) [57]. It is interesting to notice that the value g; ' ~ 65, necessary for TeV-scale
soft terms, gives exactly the correct phenomenological value a;nlif ~ 20. The evolution of
gauge couplings is shown in figure 5.

As mentioned in the introduction, this ‘coincidence’ is highly non-trivial since two
‘parameters’,?® gs and Wy (determined by the fluxes via dilaton and complex structure
moduli stabilisation as in [35]), together with the value of the volume at the minimum of
the scalar potential (which is also determined as a function of Wy and gs) are enough to

24This diagonal structure of the Yukawa coupling might be very advantageous to prevent large flavour
changing neutral currents as it allows no ‘off-diagonal’ couplings for the Higgses ‘orthogonal’ to the Standard
Model Higgs. For a detailed recent discussion on how to evade flavour changing neutral currents and a
discussion of experimental limits see [56].

25We are using the fact that fluxes provide a discretuum of values of Wy and gs and use these quantities
as parameters. Notice that the number of flux vacua depends exponentially on the value of h*'? which is
large enough in this case h''? = 112. Also at this stage the cosmological constant value needs only to be
cancelled up to the supersymmetry breaking scale since as usual there will be quantum contributions to
the vacuum energy at lower energies for which we are assuming the landscape approach to the cosmological
constant problem [58]. In order for the tuning to be efficient just a small (positive) value is needed at this
stage. Quantum corrections to the cosmological constant below the supersymmetry breaking scale can be
cancelled by a further tuning of Wj.
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Figure 5. Gauge coupling unification in the left-right symmetric model for a unified coupling
at 19, a string scale M, = 9 - 10*'GeV, and a breaking scale of SU(2)g x U(1)p., — U(1)y

unif
at 10 TeV after which we assume only one pair of Higgses to be massless. The running of the
various couplings is colour-coded as follows: az' (red), 33—204]5_1L (purple), as, L1)2 r (dark-blue), and
a;l (green). The experimentally observed values of the gauge couplings at Mz are indicated with
the respective disks.

—1

mif» the cosmological

determine four physical quantities: the string or unification scale, «
constant and the scale of soft terms. The values of these physical quantities agree with the
experimental data with in addition the prediction of soft terms around the TeV scale. This
addresses the hierarchy problem and leads to a possible contact with the LHC experiment.
The fact that both a;}if and the unification energy scale obtained in this way precisely
agree with the low energy calculations based on the low-energy spectrum and RG running
of the couplings to high energies is remarkable. It may turn out to be only a happy
coincidence in this case but at the very least illustrates the challenge that general string
models will have to face when they reach the level of addressing gauge coupling unification

after moduli stabilisation.

4 Conclusions and outlook

In this article we successfully extended our previous construction of global models with
D3-branes at singularities and moduli stabilisation [4], to the class of models including
both D7 flavour and D3-branes at singularities with moduli stabilisation.

We restricted our attention to local models with D3/D7-branes where all the flavour
branes are connected objects also in the resolved picture. Although this class of models
does not allow for a realisation of many local models, it still provides a very rich structure.

In this paper we concentrated on models arising from the dPg singularity just for
simplicity and to be as explicit as possible. Within this context we managed to provide
a global embedding to the left-right symmetric model at dPg. This model is such that
the low energy spectrum together with the U(1) normalisation gives rise to gauge coupling
unification at an intermediate scale. We found that after embedding the model in a compact
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CY orientifold with de Sitter moduli stabilisation and TeV-scale soft masses, both the scale
of unification and the value of the unified coupling can be dynamically determined to agree
with the low-energy calculations running backwards the RG equations to high energies
from the low-energy spectrum. It would be interesting to better understand the general
conditions required for this coincidence to happen for more generic models.

Even though this model has very promising features, there are challenges regarding the
structure of Yukawa couplings. Although the inclusion of non-commutative deformations
of the geometry or bulk effects can lift the degenerate mass eigenvalues (0, M, M) and lead
to hierarchical quark masses, the hierarchical flavour mixing parametrised in the CKM
matrix cannot be obtained due to the unification of up- and down-type Yukawa couplings.
Furthermore, the absence of lepton Yukawa couplings and the u-term represent additional
phenomenological challenges. To avoid these problems a promising avenue is to extend this
construction to higher del Pezzo singularities that have been shown to lead to a more realis-
tic Yukawa structure, allowing for hierarchical masses and mixing as in the CKM and PMNS
mixing matrices without relying on bulk effects. We will leave the construction of a global
completion of such models for a future publication. Phenomenologically there are additional
important constraints that have to be considered. Probably the most serious are to give
masses to the extra Higgs fields to keep consistency with FCNC constraints, to explicitly
realise the radiative breakdown to the Standard Model gauge group, and to solve the cosmo-
logical moduli problem associated with the light volume mode with mass of the order 1 MeV.

In summary, in this paper we have made substantial progress towards fully controlled
globally embedded local models with stabilised moduli. However, there are many remaining
open questions to be explored in order to achieve a full understanding of this general class of
models and extract truly realistic properties regarding phenomenological and cosmological
questions. We hope to return to these remaining open questions in the near future.

We finally point out an interesting observation. From the study of the charge vectors
of D3- and D7-branes performed in section 3.2.1, we observe that the total charge of the
quiver system under consideration might be realised by another configuration, i.e. three
D3-branes at the singularity realising an SU(3)? gauge group, plus two D7-branes wrapping
the divisor Dy with fluxes respectively equal to zero and F = %Dl, %Dl. This suggests
a possible smooth transition between the two systems. In this sense, the local quiver
theories which can be consistently embedded globally, might be continuously connected to
each other by supersymmetric transitions involving D7-branes coming from the bulk. We
leave the detailed study of these transitions for a forthcoming publication [21].
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A Disconnected flavour branes on the resolution of C?/Zs

Consider the non-compact space C3/Z3. A flavour D7-brane brane is a brane which passes
through the orbifold singularity [14]. From string theory, we know that for any four-cycle in
the quotient space there are three different discrete choices that define a D7-brane passing
through the singularity. These three different choices are the three kinds of flavour branes
(associated with the nodes mq, m1, mg in the quiver diagram in figure 1). In C3/Z3 all
the three consistent flavour branes are holomorphic objects.

Now, let us go to the resolution of this space, i.e. the total space of Op2(—3), that is
the canonical bundle of P2. This space X is a non-compact toric Calabi-Yau, whose weight

-
'

The locus y = 0 is the exceptional divisor, i.e. the P? parametrised by the homogeneous

matrix is

coordinates z;. We have the following linear relations between the four divisors: D,, =
D., = D., = Dy and Dy = —3Dp. The restriction of Dy on the blown up dPq is equal
to the hyperplane class H.

As we have seen, the local charges of the flavour branes are determined by the number
of chiral states they have at the intersection with the fractional branes. Hence, given a
consistent set of flavour branes described by a quiver, we know what are the local charge
vectors of these flavour branes in the resolved picture. We have seen that some flavour
branes can have negative local D7-charge. These branes are consistent supersymmetric
branes in C3/Z3.

Let us consider the example my = m; = mg = 1. From equation (2.13), we see that
the mg- and the ms-flavour branes have local charge +H. They have to wrap a four-cycle
in the homology class Dg. This class has connected components given by the vanishing of
a polynomial of degree 1 in the z;. The mi-flavour brane has local charge —2H and should
then wrap the class —2Dpr; the most generic equation describing a four-cycle in this class is

y-Pi(zi) =0 (A.2)

where Pj is a polynomial of degree 1 in the z;. We see that this brane is actually reducible
in two pieces: one of which is at {y = 0}, i.e. the exceptional P2

Hence, the flavour branes with negative local D7-charge are described by disconnected
pieces in the large volume limit of the moduli space. At the orbifold point they should
however form a bound state due to some o’ effect.
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