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1 Introduction

Supersymmetry has been a key ingredient of string theory model building and a leading
candidate for a solution to the long-standing gauge hierarchy problem [1, 2]. However,
the present-day absence of supersymmetric partners at the LHC [3], together with the
failure of supersymmetry to explain the even bigger cosmological problem, suggests that
the nature of supersymmetry breaking has not yet been understood. Recently, the fact
that anti-D-branes in type II Calabi-Yau orientifold compactifications [4, 5] spontaneously
break supersymmetry has received a great deal of attention [6-35] (for earlier analyses,
see refs. [36-42]). Together with fluxes, non-perturbative, and perturbative effects, whose
interplay can address the moduli stabilisation problem, the positive-definite energy den-
sity of anti-D-branes may help to obtain a (quasi-)de Sitter vacuum corresponding to the
observed Universe [43, 44]. Whilst the consistency of these de Sitter constructions is still
under debate (for an incomplete list, see refs. [45-86]), the spontaneous breaking of super-
symmetry by anti-D-branes means that these objects can be used in string model building
whilst maintaining the powerful machinery of supersymmetry.

In more detail, there is a precise identification between the anti-D3-brane action in flat
space placed on an orientifold plane and the Volkov-Akulov theory of non-linearly realised
supersymmetry (8, 87]. Moreover, all the degrees of freedom on an anti-D3-brane can be



described using the tools familiar from linear supergravity by placing the low-energy fields
in constrained supermultiplets [16, 17, 35], where the constraints ensure that either only
the bosonic or only the fermionic component is an independent degree of freedom [88, 89].
In particular, the anti-D3-brane gaugino plays the role of the goldstino, and falls in a
nilpotent superfield, X, where the constraint, X2 = 0, fixes the scalar component in terms
of the fermion component and auxiliary field as X = XX /FX and FX is non-zero
by assumption. The standard non-linear supersymmetry transformation for the goldstino,
V23 ~ €/12, can be seen after the field redefinition A ~ ¢ /(212FX), where [ is the scale
where the massive string states come into play.

This progress has made it possible to describe how the anti-D3-brane couples to bulk
fields in type IIB Calabi-Yau orientifold flux compactifications, including the closed-string
moduli, and to determine the mutual interplay between the closed- and open-string sec-
tors [6, 9, 10, 13, 14, 21, 26, 29, 34]. The low-energy effective field theory corresponds
to a non-linear supergravity theory, including standard and constrained superfields, with
the anti-D3-brane uplift corresponding to an FX-term contribution to the scalar potential.
In particular, ref. [29] has derived the complete action for an anti-D3-brane in the KKLT-
scenario by means of constrained superfields, and ref. [34] has considered the coupling of the
anti-D3-brane goldstino to the complex structure modulus controlling the warp factor in a
Klebanov-Strassler throat [90]. Non-linear supersymmetry strongly constrains the theory;
for example, the well-known non-renormalisation theorems fulfilled by low-energy effec-
tive linearly realised supergravities descending from string theory extend to the non-linear
supergravity theories [21].

Given the null results thus far in sparticle searches, the recent insights into anti-D-
brane supersymmetry breaking, and the potential importance of the latter in cosmological
model building, this paper develops the idea that quasi-realistic particle physics models,
with non-standard realisations of supersymmetry, may be obtained using anti-D3-branes.
Anti-D3-/D7-brane systems placed at orbifold singularities are known to lead to interesting
low-energy particle spectra, comprising non-Abelian gauge groups, adjoint fermions, bifun-
damental scalar and bifundamental fermions [91-98] (for reviews, see e.g. refs. [99, 100]).
Intriguingly, as a consequence of the orbifold projection, the 37- and 73-sector intersecting
fermions and scalars fall into distinct bifundamental representations of the gauge groups,
and so the low-energy spectrum does not fulfil the usual superpartner pairing. It is natural
to consider such systems at the tip of a strongly warped throat, which may be dynamically
obtained since anti-D3-branes minimize their energy there. Depending on the warping,
volume and mass-sourcing fluxes, both closed- and open-string sectors may localise either
in the highly-redshifted region or in the bulk, and hierarchical mass scales are explained
via geometrical warping [4, 101-104]. This article focuses on strongly-warped scenarios in
which most of the degrees of freedom, from both the closed- and the open-string sectors,
tend to localise in the highly-redshifted region of the internal space [104], but the results
could easily be extended to any model with intersecting anti-D3-/D7-branes. Interesting
bottom-up particle physics models may thus plausibly be embedded into complete string
compactifications, with in principle all closed- and open-string moduli stabilised via fluxes,
perturbative and non-perturbative effects.



Towards this objective, this article computes the low-energy effective field theory de-
scribing an anti-D3-/D7-brane system at an orbifold singularity at the tip of a strongly
warped throat, within a supersymmetric type IIB Calabi-Yau orientifold flux compacti-
fication [4, 102-105]. Whilst the closed-string and 77-sector degrees of freedom fulfil a
linear supersymmetry, and fall into standard supermultiplets [4, 106-114], the 33- and
37-/73-sector degrees of freedom have non-linear supersymmetry transformations, and fall
into constrained supermultiplets [16, 17, 21, 29, 35, 112]. By a dimensional reduction of
the ten-dimensional and worldvolume actions, and by exploiting how the internal space-
time symmetries transform the intersecting states (for which no action is known), one can
infer the non-linear supergravity action, encapsulated as usual in a Kéahler potential, a
superpotential, the gauge kinetic functions and the Fayet-Iliopoulos terms. This non-linear
supergravity theory allows one to infer the interactions related by supersymmetry, both
linear and non-linear, and to work out the consequences of closed string moduli stabil-
isation, including perturbative and non-perturbative effects, on the open-string sectors.
Previous studies on the supersymmetry-breaking effects of anti-D3-branes in the KKLT
setup considered the possibility in which the matter sector originates from D3- and D7-
branes [13, 115-118], while in this work the anti-D3-brane sectors provide both the uplift
energy and matter.

It is interesting to compare the effective field theory description of anti-D3-brane su-
persymmetry breaking with the standard hidden-sector supersymmetry breaking via some
non-zero closed-string field F-term. For this purpose, pure anti-D3-brane breaking may
be assumed, though in the main text setups with both open- and closed-string break-
ing active will also be considered. Similarly to the standard procedure, one considers a
vacuum that spontaneously breaks supersymmetry via a non-zero FX-term and expands
the action around this F-term, to obtain a set of soft-breaking terms in the Lagrangian.
The anti-D3-/D7-brane systems give rise to several further low-energy fields — beyond
the goldstino — which also lie in constrained superfields without physical superpartners
and which can acquire soft-breaking terms (some of the constraints used not only fix the
would-be superpartner, but also the auxiliarly field in terms of the goldstino; in this case,
the supergravity expansions are different to the standard case and have been computed in
appendix B.3). As in standard gravity-mediated hidden-sector supersymmetry breaking
scenarios, the scale of the soft-breaking masses is mgof ~ fx/mp, where fx sets the uplift
energy of the anti-D3-brane provided by the FX-term. Whereas, in a standard supersym-
metry breaking scenario, the light fields would fall in constrained superfields below the
scale mgot, for the anti-D3-brane, constrained superfields are necessary even above mggg,
and there is no scale at which superpartners appear. Instead, the structure that gives the
remarkable finiteness properties of string theory is expected to involve the entire spectrum
of string states, which appear at the warped string scale m{ for anti-D3-branes at the tip
of strongly warped throats. The article discusses the scales that emerge for anti-D3-/D7-
brane systems embedded in KKLT-like moduli stabilisation, after the interplay between
open- and closed-string F-terms.

The article is organised as follows. Section 2 reviews strongly warped scenarios in type
IIB string theory, highlighting the hierarchies among the string, Kaluza-Klein and flux-



induced energy scales as well as the conditions for a low-energy supergravity formulation to
be valid, with focus on the role of anti-D3-branes. As a helpful example, section 3 discusses
the supergravity description of models with intersecting D3-/D7-branes in strongly warped
regimes, including possible supersymmetry breaking by fluxes. Then, section 4 extends
to intersecting anti-D3-/D7-branes models, making use of the tools of constrained super-
fields, and embeds them into scenarios where the closed-string sector moduli are stabilised.
Section 5 discusses the supergravity description of quasi-realistic standard-like models on
anti-D3-/D7-brane models at orbifold singularities. Finally, a summary of possible mass
scales in these setups is provided in section 6 and section 7 outlines the main conclusions.
The appendices provide useful elements for the dimensional reduction of type IIB theories,
a review of hidden-sector supersymmetry breaking and supergravity soft-breaking terms,
and an extension of the latter in the presence of constrained superfields.

2 Warped IIB closed-string sector

Focussing on strongly warped type IIB compactifications, this section introduces the appro-

priate 10-dimensional metric, shows the hierarchies between the mass scales and discusses

the conditions for well-defined 4-dimensional supergravity formulations.

2.1 Warped metric and closed-string sector supergravity

In warped type IIB compactifications, the 10-dimensional metric takes the form [103, 105]
312 200
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where the coordinates z# and y™ describe the non-compact 4-dimensional spacetime X; 3

ds?y = (g dada” + 20, Omb datdy™] + [e7*A + ]2 gy dy™dy™, (2.1)

and the compact 6-dimensional space Yg, respectively, e2*[c(x)] is a Weyl rescaling factor
to the 4-dimensional Einstein frame, defined as

RN
/Y dﬁy\/_%[e_4A+C]
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v is an extra arbitrary constant, and b = b(y) is a compensator field needed to solve

62Q[c]

(2.2)

the Einstein equations [105] but ignored in the following as it is sources only derivative
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couplings with the open-string excitations. The warp factor e~ and the volume-

controlling real Kahler modulus ¢ = ¢(x) combine together into the generalised warp factor
e~ Hc@y) — o ~4AW) 4 o(g). (2.3)
From the metric above, the physical internal volume in the Einstein frame is

volg = / dSy V96 [6_4A + 0}3/2,
Ys

whilst the dimensionless unwarped and warped internal volumes are defined respectively as

e 1 = [ %y et
Y5 Y6



Moreover, the dimensionless physical internal volume is defined as V = volg/ Vo) 19, in units
of the unwarped volume. Given the 10-dimensional gravitational coupling 2&%, = ¢218 /2,
with the string coupling ¢gs and the string length [s, the 4-dimensional reduced Planck
length k4 turns out to be

942 Q212
2k% = 0__ ___Sss (2.4)
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with the reduced Planck mass mp being defined as the inverse mp = 1/k4. In the large vol-
ume limit, where warping becomes negligible, one can identify the field ¢ as ¢ = e = Y2/3
and the Weyl factor as e2? = 1/c = ™%, and fixing the constant v = (c) ensures that the
string and Planck scales are related by the physical internal volume [4, 44].

In a Calabi-Yau orientifold compactification with Hodge number hi’l =1, one can re-
produce the 4-dimensional effective action corresponding to the axio-dilaton 7 = Cy +ie~?,
the complex structure moduli u®, with a =1,... ,h%l, and the Kéhler modulus p = x +ic
by means of the Kéhler and superpotential [102, 105, 119]
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Note that e™2? = Imp + ¢, with ¢g = V,/ V(0), gives a Kahler potential for the volume
modulus of the usual no-scale form.'

Some more details of these results are reviewed in appendix A. The focus in the current
work is on local configurations of intersecting anti-D3-/D7-branes within such warped ge-
ometries, and it will be assumed throughout that the global configuration of fluxes, branes
and O-planes within the Calabi-Yau orientifold compactifications considered satisfy the

RR-tadpole cancellation conditions necessary for an overall consistency.

2.2 Field localisation and 4-dimensional supergravity conditions

In the presence of a highly warped throat, there can be non-trivial localisation effects for
the closed-string sector fields; further, there are interesting hierarchies between mass scales
in the bulk and in the redshifted region. These scenarios are studied in detail by ref. [104]
and, because they are relevant in the model-building setups considered in this article, a
review of their main features is provided below. For brevity, the normalisation Vi) =1 is
assumed in the rest of the subsection.

'For future reference, it is immediate to show the identity 8pem = i¢*?/2; then one finds the derivatives
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2 ’

2 A
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Notice that the no-scale structure is preserved as a consequence of the identity x> KPPK oKz =3.



2.2.1 Closed-string sector field localisation

As a guiding example for the closed-string sector fields with a flux-induced mass, one can
study the behaviour of the axio-dilaton 7. The linearised field equation for the axio-dilaton
wavefunction, labelled as 7 = 7(y), takes the form [103, 120]

2 m? 1 e

ey g 2 TWF S TW) = i e g
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where m? is the 4-dimensional axio-dilaton mass, with the Laplacian Ag and the 3-form
terms sourcing the Kaluza-Klein tower and the flux-induced mass, respectively. By esti-
mating these terms, one can qualitatively understand the non-trivial localisation effects.

e In the bulk, the unwarped metric g, is order one and the 3-form flux is of the order
of its quantisation integer ny, that is Gpnp ~ ny/ls. The background warp factor is
negligible compared to the volume modulus, that is

e~ « o V2B,

Following these estimates, and assuming without loss of generality that integrals are
dominated by the bulk, the order of magnitude of the flux-induced moduli masses in

the bulk is
2 2,02
m2 = g e G GmIP i iﬂ o Iy 1 (2.6)
e = 719 et g2 TP V22 V2o k3 '

Also, given the characteristic length scale of the bulk A\ as measured in terms of the
unwarped metric g, (with A6 ~ V(o) in general), the bulk Kaluza-Klein scale is

20 3/2 1 3/2

m2 ~ © 7 ~ b ~ g‘z i
KE T lemtA o \22 7 22048 20 7 \2)4/8 437

(2.7)

From the dimensional reduction of the Einstein-Hilbert action one can observe that

the string mass is m2 = g2M3/ 4773/2, so the bulk string scale must be defined as

2
2 9s 1
= —. 2.8
s 47V K3 (28)

e At the tip of a highly warped throat, where e=#4 >> ¢, the scenario changes drastically.
Let n? be the order of the 3-form flux units therein. For example, for a Klebanov-
Strassler throat threaded by M units of F3-flux on the 3-sphere and K units of
Hj3-flux on the dual 3-cycle of the deformed conifold, n? ~ M, K. In the vicinity of
the would-be conifold singularity, the 10-dimensional Einstein-frame metric takes the
form [4, 90]

1 1
ds?y = 240 g, daida” + rd 5 dr? + d032 + i 2 dQ2|,

where 7 is the radial coordinate of the deformed conifold, the tip being located at
7 = 0, while the other line elements describe the 3- and 2-sphere of the conifold base,



and rq is the radius of the 3-sphere at the tip of the throat, such that 7“(2] ~ n(}. This
indicates that the internal metric at the tip of the throat has the behaviour

g'l(?)’LTL ~ n? 62A0’ (2.9)

where Ag is the warp factor at the tip of the throat, with the 3-form flux scaling

as G%mp ~ ng)c /ls. In this way, the characteristic scale of the closed-string sector

flux-induced mass evaluated at the tip of the throat is

i 2= L2 persango gm0 0 L s )
ux 12 mnp~"0 n(}v2/3 lg n(}v2/3 K;i

On the other hand, according to the definition of the metric, the generic throat
Kaluza-Klein scale is

20+440 ,3/2 24, 3/2 2 1
€ fy € ’7 gS 7€2A0, (211)

A3 12 ~ n(}x2v2/3 12 ~ ng)cXQVQ/?’ K3
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where the length scale of a cycle at the tip of the throat, measured by g9, has been
written as A3 ~ ng)c €240 42 with y a parameter independent of the warp factor. By
observing the dimensionally-reduced Einstein-Hilbert term, one may also infer that

the warped string scale can be defined as

2 g5 1 o4
wy2 _ s - 0
(my) V2 e (2.12)
Notice that the factor controlling the size of the throat is preferably taken to be
X > 1, so that the warped Kaluza-Klein scale is smaller than the warped string scale.

In particular, if the warped mass of eq. (2.10) is smaller than the bulk mass of eq. (2.6),
then it is energetically favourable for the closed-string sector fields to be mostly localised
at the tip of the throat. Roughly, the condition for this to happen is therefore

V2/3 N
———= S e 0. 2.13
nf<n90)1/2 ~ € ( )

Noticeably, the warped flux-induced and warped Kaluza-Klein scales mg, . and myy are
comparable. Because the cutoff for the 4-dimensional effective theory has to be at most the
warped Kaluza-Klein scale, most of the degrees of freedom from the closed-string sector fall
above the 4-dimensional threshold. Fields surviving the cutoff include the Kéhler volume
modulus, which does not have a flux-induced mass, and potentially some complex structure
moduli associated to the geometry at the infrared end of the throat.

The flux integers ny and n(} will be dropped in most of the remaining sections as they
are irrelevant in fixing the order of magnitude of the energy scales.



2.2.2 Conditions for a 4-dimensional supergravity formulation

Whilst below the warped Kaluza-Klein scale the effective theory is 4-dimensional, an Ny = 1
supergravity formulation is not always possible. In particular, in the presence of super-
symmetry breaking, the gravitino gauging the broken supersymmetry becomes massive and
may happen to be localised by warping in the infrared end of the throat. In this case, it
would have stronger couplings than those expected from a supergravity description, since
they would be suppressed by the warped Planck scale rather than by the actual Planck
scale [104]. This will now be discussed in more detail, beginning with supersymmetry break-
ing by fluxes, and followed by comments on supersymmetry breaking with an anti-D3-brane.

The 4-dimensional gravitino corresponding to the least broken supersymmetry (i.e.
broken at the smallest scale) is identified with the lightest Kaluza-Klein mode, which be-
comes massless as the supersymmetry breaking parameter is taken to zero. Taking this
4-dimensional gravitino v, to be embedded in the 10-dimensional gravitino as ¥, (z,y) =
Yu(x) ®@n(y), the qualitative behaviour of the gravitino wavefunction 7 in the extra dimen-
sions can be determined from the 10-dimensional gravitino field equation, which implies a
flux-induced mass for v, that is of order

msz/2 et

~3/4 ~ [e44 1 (]

mn
GrmnpY™"F,

where 4™ are the Dirac matrices representing the Clifford algebra {7™,7"} = 2¢™" and
Grnp is the supersymmetry-breaking 3-from flux. Similarly to the case of the axio-dilaton
described above, this mass gives rise to two possible scales across the internal manifold:

(i) a 3-form flux of order G,y ~ ns0/ls in the bulk generates a gravitino mass

St/

3/4
e G 9t 1
[e=44 + (]

Grmnpy Y V ok

(2.14)

(ii) a 3-form flux of order Gy ~ n?@o /ls in the throat generates a gravitino mass

fpeto A3/ 0 1

mgjy ~ M G e T (n(})ol/QVl/?’ 758 ~ (n?c)%s/z(;ﬂ/g o, e, (2.15)
These are also the expected orders of magnitude of the mass splittings among the fields
of any supermultiplet, depending on where the fields are localised. For supersymmetry-
breaking flux parameters such that mé"/Z < mg/, which is expected from condition (2.13),
it is energetically favourable for the lightest gravitino to localise at the infrared end of the
throat. Its interactions are then suppressed by the warped Kaluza-Klein scale, in contrast
to the Planck-suppressed graviton interactions, making a standard supergravity description
difficult. However, when the flux parameters satisfy

0 6A0V2/3

< 0T (2.16)

which is fulfilled in particular as § — 0, the gravitino mass scales in egs. (2.14) and (2.15)
are such that mg/,, < mg;)”/2. In this case, the 4-dimensional gravitino does not localise



in the throat, allowing it to have standard mp-suppressed interactions. Nevertheless,
the gravitino mass is still warped-down, that is mg"/Q = efomyg /2, as the supersymmetry-
breaking scale is set at the tip of the throat where the super-Higgs mechanism is triggered.

This is the framework considered in the article and it is thus sensible to formulate
an Ny = 1 supergravity theory below a cutoff scale set as the warped Kaluza-Klein scale
myy if the supergravity condition in eq. (2.16) holds, in the regime set by the localisation
condition in eq. (2.13). In particular, one can reproduce the supergravity description of a
highly warped theory by means of a Kahler potential with the structure

KAK = 240 + k1K, (2.17)

where K is the Kéhler potential that one would define in the absence of the extremely
strong warping effects discussed above and Ag is the warp factor at the tip of the throat,
with the superpotential W (and the gauge kinetic functions fap) unchanged.? Indeed,
such a formulation manifestly provides redshifted energy scales and, in particular, all the
masses are warped down. This includes the warped-down gravitino mass, m;,f/z = efomyg /2
where the redshift is induced by the 2A¢-shift and the unwarped mass is mg/, = erik/ 2w,
as given by eq. (2.14). From now on, 7 and Vr also denote the F-terms and the F-term
potentials associated to a highly warped scenario.

To summarise, some fields are localised in the bulk region, like the graviton and the
gravitino, while others are localised at the tip of the warped throat, like the Kéhler modulus
and possible open-string states, which provide the degrees of freedom for the standard-like
models of interest in this article. In particular:

e fields that are localised at the tip of the throat have redshifted mass scales and are
part of the low-energy effective theory, including the Kéhler modulus and the local
open-string states;

e fields localised in the bulk typically have masses above the cutoff scale (like bulk com-
plex structure moduli) and/or highly suppressed couplings with the throat degrees
of freedom (like bulk branes, which could provide massless degrees of freedom), and
therefore they can be neglected.

In ref. [104], this discussion is applied to the spontaneous supersymmetry breaking by
fluxes. In this article, supersymmetry breaking by anti-D3-branes at the tip of a throat is
also considered. Although the way anti-D3-branes break supersymmetry is conceptually
different to flux supersymmetry breaking, the arguments on the localisation of the gravitino
in the bulk, for small bulk supersymmetry-breaking fluxes, follow through in the same way.
Hence, the following sections show how to incorporate open-string degrees of freedom in a
description with the 2A¢-shift in the Kéhler potential as in eq. (2.17).

2In general, purely closed-string contributions to K, W and fap are then independent of Ao, but note
that the open-string terms (or local geometric closed-string moduli terms) may have a dependence on Ag
if they are located in a region of strong warping.



2.2.2.1 Kaiahler modulus localisation. In KKLT-like constructions, in which the
Ké&hler modulus is stabilised by non-perturbative effects such as D7-brane gaugino con-
densates [121-124] or Euclidean D3-brane instantons [125], the Kéhler potential shift in
eq. (2.17) implies that the scalar potential sourced by non-perturbative effects is redshifted
by the warp factor, even though the non-perturbative effects are not necessarily localised
near the throat.

To understand this redshifting, one should consider the localisation of the Ké&hler
modulus p. The field p is massless before the compactification, so naively one expects it to
be not localised. However, an explicit analysis is performed in ref. [105] and reveals that:

(i) the wavefunction of the 4-dimensional graviton g, is strongly peaked in the bulk
region, both in the presence and in the absence of strong warping;

(ii) the wavefunction of the Kéhler modulus p tends to be more and more peaked in the
throat as the warping becomes stronger.

Notice that even with non-perturbative effects, the Kéhler modulus is very light and
well below the warped KK-scale cutoff, suggesting that its wavefunction is perturbed only
slightly and in particular that it is still peaked in the throat. Then, p should feel any
non-perturbative effects localised in the bulk via a redshifted mediation to the tip of the
throat. Consistently with this picture, one can observe that with a warped-down non-
perturbative contribution to the scalar potential, the stronger the warping is — i.e. the
longer the throat is — the less efficient the stabilisation becomes. Another challenge is that
any supersymmetry-breaking (0, 3)-flux localises around the gaugino condensate usually in
the bulk [126, 127], which could result in the gravitino localising at the throat tip, making
a supergravity description difficult.

3 Warped D3- and D7-branes

This section considers D3- and D7-branes in strongly warped Calabi-Yau orientifold com-
pactifications, as a warm up before the anti-D3-/D7-brane constructions. As D3-/D7-brane
systems preserve the same Ny = 1 supersymmetry as the closed-string sector, the only
sources of supersymmetry breaking considered here are (0, 3)-fluxes. An ANy = 1 super-
gravity description can be derived by matching with the operators that are obtained from
the dimensional reduction. Appendix A.2 reviews the field content and the generic form
of the worldvolume actions. In terms of Ny = 1 supersymmetry, the low-energy degrees of
freedom from the D-branes, composing the matter sector, are the following.

e Da3-branes contain three complex scalars ¢ parametrising the position of the brane in
the internal space and three spinors 1® in an SU(3)-triplet with respect to the internal
tangent space group, which form three chiral multiplets, as well as one Abelian gauge

vector A, and a spinor A in an SU(3)-singlet, which form a vector multiplet.
e D7-branes wrapping a 4-cycle in the internal space contain one complex scalar o

parametrising the position of the brane in the internal space and a spinor 7, which
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together form a chiral multiplet, as well as one Abelian gauge vector B, and a spinor
¢, which form a vector multiplet. Extra degrees of freedom associated to the Wilson
lines are absent if the wrapped cycle has no non-contractible 1-cycles.

e When D3 and D7-branes overlap, the intersecting 37- and 73-states correspond to two
complex scalars ¢ and ¢ and two spinors ¢ and 15, which form two chiral multiplets
in conjugate representations of the gauge groups. Specifically, the chiral multiplets
¢ and ¢ have charges qps = +1,—1 and ¢gp7 = —1, 41, respectively, under the D3-
and D7-brane U(1) gauge groups.

A summary of the supergravity expansions for models with matter and supersymmetry-
breaking hidden sectors, the latter including bulk moduli, is given in appendix B.2. In the
following subsections, the specific form of these interactions from the dimensional reduction
of D3-/D7-branes in warped flux compactifications will be derived and intersecting states
will also be discussed. The total Kédhler potential and the total superpotential will be found
to take the form

240 4 1
K= —20 + K+ ZU353O'353 + = [HU3U3U30'3 + C.C.}
54 2 (31&)
+ Zpagp 0" + ZoppP + Z 5500,
|
W =W + Sfigsge0°0® +5(80° — ) o, (3.1b)

where K and W are the pure closed-string potentials of egs. (2.5a), (2.5b) and all the other
terms represent the open-string couplings. The gauge kinetic functions, D-term potentials
and — in the case of supersymmetry-breaking fluxes — soft terms will also be worked out.
The 2Ay-shift will be inserted if working under the conditions (2.13) and (2.16), that is all
masses redshifted by the warp factor.

The details of the open-string sector terms depend on the brane configuration, with two
main constructions considered. The D3-brane will be placed at the tip of a highly warped
throat, whereas the D7-brane will wrap a 4-cycle either located at the tip of the throat or
extending from the tip into the bulk. Detailed global constructions are deferred for future
work and, when explicit, the wrapped 4-cycle will be assumed to be a torus orbifold for
simplicity; throats with such cycles have been constructed e.g. in [95]. Unless otherwise
stated, only a pure (2, 1)-flux is assumed to exist at the tip of the throat. The dimensional
reduction will not capture the complex structure moduli couplings, but the supergravity
formulation will correctly account for them. Stabilisation of the volume modulus p will be
considered in subsection 4.3 focussing on the main case of interest, which is the presence
of KKLT-like non-perturbative corrections and uplifting anti-D3-branes. Further, notice
that worldvolume fluxes will not be considered in this work.

3.1 Pure D3- and D7-brane states

This subsection overviews the analysis of D3- and D7-branes in type IIB Calabi-Yau orien-
tifold compactifications, adapting it to the strongly warped metric of eq. (2.1). In the fol-
lowing, superscripts and subscripts ‘0’ denote quantities evaluated at the tip of the throat.
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3.1.1 Warped D3-branes

As discussed in appendix A.2, it is possible to express the action of the D3-brane degrees of
freedom by adapting the results of the dimensional reductions from refs. [9, 107, 108, 128].

3.1.1.1 D3-brane chiral superfields. The pure kinetic action for the D3-brane scalars
takes the form (see also refs. [104, 129, 130], which work directly in the regime of strong
warping)

1

SD3—sca1ars _
s

/X d*z \/—det g4 > 925 g VugoaV,,@b.
1,3

Therefore, one can include this term within the Kéahler potential of the Kahler modulus as

2
2 —2Q Ky 0 a-b
K =—3In|2 — 440 :

K n{ ‘ 3mgs Jab ¥ ¥

This logarithmic no-scale structure, with K of the form K = —3log [fuia(p, p) + fvis(v, 9)],
is a common feature of D-brane supergravity and suggests the possibility of sequester-
ing [102, 131] (see also ref. [108]). Indeed, it implies that the brane scalars do not feel
hidden-sector supersymmetry breaking at tree-level, and it turns out that brane fermions
also stay massless at tree-level. From the expression above, it follows that the Kéahler

matter metric reads

Z oz 277193 e 925' (3.2)
Due to supersymmetry, the D3-brane modulini are also captured by these couplings. Since,
the chiral multiplet ¢® is massless in an imaginary self-dual flux background, this Kéhler
potential is enough to account for the D3-brane chiral field couplings.

As discussed in subsection 2.2, for a low-energy effective field theory describing fields
at the tip of a highly warped throat, the Kdhler potential is shifted by the constant 2A4j.
This clearly does not change the Kéhler matter metric for the D3-brane fields.

3.1.1.2 D3-brane gauge sector. The Weyl scaling from the 10- to the 4-dimensional
Einstein frame does not affect the D3-brane gauge kinetic terms in the action, so one has

1
S}I{)i?l—vector — _ A €7¢ F2 A *F2 + CO F2 A F2
1,3

4mgs Amgs Jx, 5
and the gauge kinetic function is as usual

T

Jpz = — (3.3)

21gs

This does not depend on the warp factor due to the cancellation happening in the metric-
dependent factors. The dimensional reduction of the gaugino is not performed as the action
can be reproduced by supersymmetry arguments.
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(anti-)D3-brane
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Figure 1. A sketch of the toy configuration under consideration, with the D7-brane wrapping the
4-space at # = 0 and some throat being glued to the bulk at » = ryy. The D3- or anti-D3-brane
provides extra open-string states, as discussed in sections 3 and 4, respectively.

3.1.2 D7-branes extending from the tip of a warped throat into the bulk

This subsubsection describes a D7-brane wrapping a 4-cycle ¥4 which extends from the tip
of a warped throat up into the bulk region. Details of the dimensional reduction of the D7-
brane worldvolume action can be found in refs. [112, 113, 132] (see also refs. [110, 111, 114])
and are briefly overviewed in subsection A.2. A toy model is described below, including
the geometric configuration and the corresponding dimensional reduction. In particular,
the warp factor is assumed to be only a function of the directions parallel to the 4-cycle.

3.1.2.1 D7-brane configuration and field localisation conditions. It is assumed
that the internal space, locally in the neighbourhood of the wrapped D7-brane, takes the
form X4 x Xo. Let the coordinates ym/ span the 4-space X4, for m’ = 4,...,7, with
2%, 22 the corresponding complexified directions, and let the coordinates 3™, for m = 8,9,
parametrise the transverse 2-space Yo, with 23 the associated complex coordinate. Given

some convenient coordinates 7™ = ™ (y ) and 8™ = §"(y™), the metric is of the form

dsg — 6_2A gmndymdyn = 6_2A(T) (gm’n’ (’r‘) dymldyn/ + 933 (’f‘, 0) dZ3d§3) .

At some 72

= rpr™ = 'r%v, the bulk is glued to a warped throat, which ends at its tip
with a tiny warp factor e?4(r = 0) = ¢240. The D7-brane wraps the slice corresponding to
the coordinates 6; = 0. See figure 1.

In order to be able to perform explicit calculations, the warp factor is assumed to be a
function of only the 4-space coordinates. Further, the 4-cycle is assumed to be the orbifold

¥4 = T*/Zs and locally the orthogonal directions are the 2-torus T2, i.e. the metric is such
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that 4 2
/7 T
gm/n/(T € 24) = gfn/n{ 2)7 ggg(r € 247 0) = gég )

Finally, in analogy with the Klebanov-Strassler throat, it is assumed that at the throat tip
the metric scales with the constant e?4°, as in eq. (2.9), that is

2A0

G (7 < 1iy) "R €240 gs3(r < ruy, ) 'R0 €20,

Localisation scenarios. In analogy with what happens for the closed-string sector, one
might guess that the open-string moduli of the wrapped D7-brane can become localised at
the tip of the throat too. The conditions under which this occurs will now be worked out.

One can analyse the internal wavefunction of the D7-brane scalar fields by dimension-
ally reducing the real fields 0™ = ¢™(x, %), with 77 = 8,9, in a similar way to refs. [132, 133].
The D7-brane 8-dimensional scalar action can be written in terms of the 4-dimensional Ein-
stein frame metric as

S]S)C?lar = —Tp02 / d*z /—det g4/ d*y /det g5, X1t [67414 + ¢ grs g" VMO'T'VVO'S.
X1,3 g

o , 1 A3/2 40420 .
R L P VLt —a o GuniG™"
2 e +c

oo,

/

S

where it is understood that only some of the 3-form fluxes contribute, determined by the
interference of the DBI- and CS-actions [112]. For constant K&hler modulus and axio-
dilaton backgrounds, one finds the field equation

€2Q 1 e?Q-l—d)

g ine’ g g O Cnes 0* =0

“3/2 A o7
L 2[4+

Then, defining the Kaluza-Klein decomposition of the field as
o' (z,y) =Y ol (2) (S (y)

and imposing the Klein-Gordon equations Ayo?, = m20”, one eventually obtains the in-

ternal wavefunction field equation

629

[e=44 + (]

.oomZ .1 e2te e = -
T w T __ mnrTr S
As, G, + 372 Cw = 2 A+ P G Gmin's G-
This is the same equation as the one defining the axio-dilaton wavefunction, with the only
difference that the wavefunction is 4- rather than 6-dimensional.

Following subsection 2.2, the compactification volume can be sufficiently large so that
warped-down masses are still greater than bulk masses (cf. eq. (2.13)), and fields tend to
localise in the bulk. However, the D7-brane chiral superfield is localised near the tip of
the throat whenever the warped-down mass mpj, is smaller than the unwarped bulk mass
mp7, that is if (in analogy with eq. (2.13))

eAo V2/3 9

L < 4
n T S &)
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where the fluxes sourcing the D7-brane field masses have been taken to be Gy ~ 0'ny/ls
in the bulk and Gy ~ 0671? /ls near the tip. For generic flux parameters, ¢’ and 6y, the
warped mass is of the same order as the warped flux-induced axio-dilaton mass mg, of
eq. (2.10) and the warped Kaluza-Klein scale mj{k of eq. (2.11), i.e.

2
-~ 920 1 o4,
Q2 w3

(mis7)?

so that these fields are too heavy to stay in the low-energy theory. However, if 6} is small
enough, it may be that fluxes sourcing the D7-brane masses allow both mf. < mp7, so
fields are localised, and also m{,; < mygy, so fields stay in the low-energy theory. It may
also happen that 6’ is small enough that the hierarchy is m{}; 2 mpz, so it is energetically
favourable for the D7-brane fields to be localised in the bulk, and yet fluxes at the tip of
a highly warped throat source a warped-down mass, analogously to what happens to the
gravitino mass in eq. (2.16). These three scenarios will now be discussed in detail.

3.1.2.2 D7-brane chiral superfield in the bulk. For large enough internal volumes
that do not satisfy the localisation condition of eq. (3.4), mpr < mf; and D7-brane fields
generally extend along the throat from the tip into the bulk. Before the compactification

over the wrapped 4-cycle, the kinetic term for the D7-brane transverse complexified scalar

o3 reads

1
Sgg—scalar - - dx \/ngl/ d4y\/g?4 [6_4A + C] 62Q+¢ 933 g,uu VHU3V,,5'3.
2779313 X1,3 34

Since the warp factor varies only longitudinally with respect to the brane, one can define
the dimensionless unwarped and warped 4-dimensional volumes

Vo =:/Q4d4y\/detgz4, lé»ﬁ%=:/;4d4y\/detgz4e4A-

In particular, the internal metric, being that of a torus, is independent of the 4-cycle coor-
dinates and, following the definition of the Weyl factor in eq. (2.2), it is apparent that the
kinetic term becomes

Vo

SDT-scalar _ __© d*z /—gs €? g3 9" V,.0°V,5°.

27gs X1,3
One can reproduce this within a supergravity action by modifying the axio-dilaton K&hler
potential as

2
2 . - Ky \,m 3-3
kiK=—In|—i(t—7)— — V. {gsz0°0° |,
4 [ ( ) 705 (0) 9gs3
or equivalently by defining the Kéhler matter metric
Vo .
Zysgs = O 933 (3.5)

7gs [—i(t —7)]
As far as the mass term is concerned, from the dimensional reduction, in real notation
one finds an action of the form

g 1
STz = d'zv=g1 [ d'yya;
4

271'951;1 X1,3

1 g2 et+2

L,
== Gy Gm™ . 00,
87TV(0) Hi P m/n'7 5
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D7-branes have a supersymmetric mass sourced by a (2,1)-flux. In the toy model under

consideration, in the vicinity of the brane it is possible to decompose forms in the 6-

dimensional space into products of forms in the 4- and 2-dimensional spaces, ¥4 = T*/Zs

and T? (see appendix C). In particular, the specific mass-sourcing (2, 1)-flux can be written
s [112] (the hat denotes the specific component)

Gs(r,0 =0) = f(r,0 = 0) xg,

where the (2, 1)-form xy = n A dw? is defined in terms of the (2,0)-form of the 4-cycle as
n = dz! Adz? and dw?, with w® = 23/l a dimensionless coordinate, and f = f(r,) is
a function representing the near-brane dependences. For definiteness, let the integrals be
dominated by the throat region, where e=*4 > (¢). As e*4G is a harmonic form, one can
express the 2-form component go = f(r,0 = 0)n in terms of the harmonic (2, 0)-form 7 as

1 /

4A _

e gy = 2 A1,
92 = TS [ 92 AT

with w4t = f24 e *4nAn. Now, starting from the general action above, the supersymmetric
mass term can be expressed as

1
STzl = — aley=g | &2d% G,

27Tgsl§ X1,3

95 pAO+H4A+2¢ p 3
. (oo
87TV( 0~ (92 92)

where, because go is automatically self-dual, i.e. x4go = g2, the 4-cycle integral is

1
A2z d*2,/gx, e g2 - 5o :/ Mgy N go = / e Ay A _/ 92N7/ g2 A\ 1.
* Y4 (w24)2 >4 g Y4 Y4 g

Y4 w

The first integral factor can be written as

1A ST
Az4=/ TN AN =Wyt~ wyt §462 :
= Vo)
where an approximate unit factor has been introduced in the final relation for convenience
in the comparison of the dimensionally reduced action with the supergravity. In the end

the scalar mass term becomes

GDT-scalar _ _ / N a g 0020 PXa / 92/\77/ g2 A1) 0353
mass 2mgs Jxs 87TV(0) mowd g "

The opposite approximation to that used above, where integrals are dominated by the bulk
region, can be obtained easily by taking formally e*4 = 1 everywhere, and ¢*? = 1/c.

In view of ref. [114], to generate the (2, 1)-flux-induced mass one introduces the holo-
morphic superpotential bilinear coupling

V(o) 1
™ H412
y i .
= O / (Gs — G3) A (Z (D0 w) L — Xu19> 5<2>(9)}
Ys Wy

7[—i(T — T)]Kkal?

Ho3g3 =

—— 0,0, | |G3AQ| 5P (0)
/YJ ’ } (3.6)
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where use has been made of the identity 9,0 = [Oyalnw,,] Q+ixs. Indeed, in the specific
case in which the background is pure (2, 1)-flux, this is

_ B Vo) _ 5
ey e = | TS = Pl Js, g2 A | 033.
nif(/2[

As required, the effective coupling pi 3,3 =€ ﬂ0-30-3](271), reproduces a supersymmetric

mass m(27353 = z0°" Ug3gsilasszs that corresponds preciseb; to the one inferred from the di-
mensional reduction. The identification takes place if efife),, =V>4 /w>4 | otherwise the

_ 1/2
bilinear coupling ji,3,3 should be rescaled by an order one factor (V,, /wy) 1/2 (V54/ w%‘) ,
in which the apparent non-holomorphicity is expected to cancel. For the canonically nor-
malised field, one recognises the mass

2
2 9s 1
mD7N7272.
Ve ki

As will be seen from all the dimensional reductions, all the couplings of the theory have 4-
dimensional scales which are defined in terms of the reduced Planck length with, depending
on the interactions, various suppressions from the string coupling, the volume and/or the
warp factor, while the string length factor precisely accounts for the integrations over the
compact space. Notice that mpy7 is below the cutoff mgy.

Comment on generic flux backgrounds. For a generic flux background, one can again
take advantage of the results of refs. [112, 114] and a similar dimensional reduction follows
as above: one obtains the same supersymmetric mass just found, plus some soft-breaking
scalar mass terms.

In particular, ref. [114] considered unwarped toroidal orbifold compactifications, and
showed that all these terms can be generated by the holomorphic bilinear coupling ji,s,3
of eq. (3.6) and a non-vanishing Kéhler potential H-term, which, together with the axio-
dilaton and complex structure moduli F-terms, give the same effective p-coupling as above
(see eq. (B.4a)), along with the soft-breaking terms (see egs. (B.7a), (B.7b)).

For less isotropic scenarios, where for instance only the wrapped cycle is a toroidal
orbifold Oy = T*/Zs, some difficulties may arise. The complex structure moduli Kihler
potential includes £3 K (u, @) = —In w,, with w,, = ivg“]}(g; 3 [—i(u® — a®)], where u? =
u” is the modulus associated to the (2,1)-form x”, and the H-coupling should be

3y
1 V
© 5 s (3.7)

oot = = e it — Dl =i —

The interplay between the various terms in eq. (B.4a) can take place here only if the closed-
string sector factors are also defined by integrations over the 4-cycle. This is true only if
the 3-form flux is constant over the whole transverse space. Similar considerations hold for
the soft-breaking masses of eq. (B.7a). The B-term also follows from eq. (B.7b).

3.1.2.3 Strongly warped throats with D7-brane chiral superfield at tip. If the
internal volume is sufficiently small as to satisfy the condition of eq. (2.13) and in particular
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< mpr and the D7-brane chiral

~

the D7-brane mass flux parameters satisfy eq. (3.4), m{,
superfield field localises at the tip of the throat.

One can impose the localisation of the D7-brane scalar at the level of the dimensional
reduction by means of a delta-function that accompanies the superfield o2, meaning the
substitution o353 — 146 (y — yo) 033, Adapting the previous results (in particular, the
integration over the 4-cycle gives a factor 249 originating from the metric terms, which at

2A0)

the tip depend on ¢,/ ~ € , one finds the action

1
/ d*z \/—det g4 e¥¥H2A0+0 guv V#U?)VV&?)
X1,3

2mgs

1 2

B / dig /“det g; %649+8A0+2¢ (00 - 30) 035",
27gs JX1 3 87TV(0) K

SD?—scalar = -

The 2-form g3 is the component of the mass-sourcing flux precisely at the tip of the throat,

with G§ = g9 Adw3. It is convenient to absorb the warp factors into the scalar 63 = eAogs,

for which the kinetic action becomes

1 e 3 -
SD?—scalar = _/ d4fL‘ V —det g4 | —— T —3 g“” VMO'SVVO'?)
X1,3 Tgs [ (T - 7—)]
oA2+64¢
s 0o -0y !l .3:3
+ (92 - 92) 0670
A2V [—i(r —7)2 7 7k}

The action can be reproduced by means of the Kéhler matter metric

1 24

Z

353 —

nge [i(r 7)) (38)

and, in the presence of only (2,1)-flux at the tip, the superpotential bilinear coupling
T2 [y,%471/2
Vo) Moy |

0
r[ir — 7)a 12 (3.9)

[s253] (5,0 =

Notice that the bilinear coupling is holomorphic since it can be seen to arise from the
GVW—superpotential deformation

SW = [V(E;]l/ 20:0,0 / (G 1 0] 6D (r) 6@ (9) 6%6° = %%Sosa%?’
Ys

This reproduces the mass term when the total Kéhler potential contains the 2Ag-shift,
namely when the theory is formulated as in eq. (2.17). In particular, as expected, the
canonically normalised mass reads
2
w \2 9s L 94
(mp7)” ~ W 2 ’

The structure in the Kéhler and superpotential couplings for the D7-brane chiral su-
perfields here is identical to the case in which the D7-brane wraps a 4-cycle localised at
the tip of the throat, as discussed in subsubsection 3.1.3, after replacing the flux evaluated

at the warped end of the 4-cycle with the integral of the flux in the 4-cycle at the tip.
Therefore, the case discussed above will not be treated separately in the following.
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3.1.2.4 Strongly warped scenarios with D7-brane fields in the bulk. An in-
teresting scenario arises in the presence fluxes at the tip of the throat that would give
a warped-down mass for the D7-brane fields, mfj,, that is still heavier than flux-induced
masses in the bulk, mp7. In this case, the D7-brane fields minimise their energy by localising
in the bulk, so the D7-brane couplings are those in egs. (3.5), (3.6). However, as discussed
above, strongly warped scenarios fulfilling eq. (2.13), which allow a supergravity description
thanks to eq. (2.16), have a Kéhler potential with the structure in eq. (2.17). So, simi-
larly to what happens with the gravitino when eq. (2.16) is satisfied, in the 4-dimensional
effective field theory the canonically normalised D7-brane scalar mass then scales as

/
Ao 6gs iez‘\o'

e mpry ~
K4

3.1.2.5 D7-brane gauge sector. From the DBI-action of a stack of D7-branes one
can observe the kinetic action for the 4-dimensional gauge field to be

2
Sﬁgwecmr = o9 d*z /—det g4 /Z d*y /det g5, [67414 + ] 9" 9" FuFpo.
4

4 X133

It is thus possible to recognise the inverse of the Weyl factor and write

s
s = -0 [ gy g 0 g BBy,
Tgs JX1,3

so that from the Yang-Mills coupling condition

4 1 ogvm, 1| i IR 7 N S
—— =Imryy = —e 22V = | ——(p—p)+ & | VI,
9m s © g | 2 ( ) V(gf ©)

together with holomorphicity, one concludes that the gauge kinetic function has to be
.
Mo
2mgs

for = — [p+ico], (3.10)

with the constant ¢y = VE‘*/ V(g)“. So, for strong warping, it preserves the usual structure,
provided the inclusion of the shift suggested by ref. [105]. In the limit where integrals are
dominated by the bulk region, the gauge-kinetic function becomes fp7 = —z‘v(§)4 p/2mys.

It would be interesting to study localisation effects such as those that can take place
in the chiral sector. The gaugino soft-breaking mass is provided by (0, 3)-fluxes, following
eq. (B.9). Meanwhile, similar mechanisms seem to be prevented for the gauge field, since
the vectors do not have flux-induced masses.

3.1.3 D7-branes at the tip of warped throats

This subsubsection describes the dimensional reduction and the supergravity formulation
of a D7-brane wrapping a 4-cycle 34 at the tip of a warped throat, assuming that the warp
factor varies only transversally with respect to the brane. A toy model is described below,
including the geometric configuration and the corresponding dimensional reduction.
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Figure 2. A sketch of the toy configuration under consideration, with the D7-brane wrapping
the 4-space at r = 0. The D3- or anti-D3-brane provides extra open-string states, as discussed in
sections 3 and 4, respectively.

3.1.3.1 D7-brane configuration. Let the internal 6-dimensional space in the vicinity
of the D7-brane wrapped at the tip of the warped throat take the form >4 x Xs. Let the
coordinates ym' span a 4-space, for m/ = 4,...,7, with 2!, 2% their complex version, and
let 4™ parametrise the transverse 2-space, for 7 = 8,9, with 23 the corresponding complex
direction. Given some convenient coordinates ¥™ = ™ (y™) and r'™ = /(™) for the 4-
and 2-dimensional spaces, respectively, the internal metric near the throat tip is

dsg = 6_2A gmndymdyn = €—2A(r) (gm/n/(@[), ’r’) dymldyn/ + 933(7“) d23d23) .

The D7-brane is assumed to wrap the 4-dimensional slice corresponding to the position
r = 0 at the tip and this 4-space is assumed to see a warp factor which ends up at the
tiny value e?4(r = 0) = €249, The warped throat is glued to some conformal Calabi-Yau
orientifold representing the bulk at 72 = r;r™ = ’I“%V, for some ryy. See figure 2.

To make calculations explicit, it will be assumed that the metric at the tip of the throat
corresponds to the geometry (T*/Zs) x T2. Moreover, in analogy with the KS-metric at
the throat tip in eq. (2.9), an overall scaling with the constant e?4 is assumed, giving

r~0 (T4/Z2) 2AO
€ )

~0 (T2
G (Y7 < 1Uv) R g R0 g 240 (3.11)

gs3(r <ruv) ~ gy3 e

3.1.3.2 D7-brane chiral superfield. If the D7-brane wraps a 4-cycle which is entirely
localised at the tip of the warped throat, then the metric of the 4-cycle needs to be evaluated
at that point in the transverse space. Observing the strong warping condition e~%40 > ¢,
the kinetic term for the D7-brane scalar field takes the form

1
Sll{)iz-scalar - _ / d4$ /7_94 /d4y /9%4 e2Q*4AQ+¢) Qgg g,uz/ V,uo_i’,vya_:s'
Xi1,3 P

27Tg5l§
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Because in the current setup neither the warp factor nor the internal metric depend on the
4-cycle coordinates, one can easily observe that such an action reads

0
D7-scal V4 4 ZQ 4A 0 3 -3
Skin scalar __ _27Tg i dir /= o+¢ 93 g/w V'uU VVO' 7
s 1,3

where the 4-cycle dimensionless unwarped volume at the tip of the throat is defined as

1
V)= lq/ dly /g8, ~ et
s /24

In the end, the Ké&hler matter metric has to be

1 QQ 4A9
Z

o353 —

e e

7gs |[—i(T —T)] g33

Interestingly, the D7-brane scalar Kéhler matter metric shows two distinct features now
that the D7-brane lies at the strongly warped throat-tip rather than extending along the
throat:

— a dependence on the warp factor, which is reasonable because the whole D7-brane is
localised at strong warping;

— a dependence on the Kéhler modulus, which means the D7-brane fields are se-
questered and effectively very similar to a D3-brane localised at the tip of the throat.

Also notice that the matter metric has the effective volume and warp factor scaling Z 353 ~
X240 in accord with the result of ref. [104], following the scaling of the metric ggg and,
correspondingly, of the volume of the 4-cycle at the tip of the throat V.

Again, the total mass term emerges from the interference of the DBI- and CS-actions,
but for the purposes of determining the suppression factors one can simply focus on e.g.
the DBI-action, which, in real notation, is of the form

2 LAQ+4A0+26
SD7 scalar Js 0

mass = - / d Ty 94/d4 924

27rgS

m’p’ nq S

0 0
G qusgo 90

81V o)k K312 m'n

As the theory at the tip of the throat sees a constant warp factor, one can expand the
harmonic mass-sourcing (2, 1)-flux easily. The supersymmetric mass-sourcing (2, 1)-flux is
still proportional to the harmonic form xy = n A dw3, with 5 the holomorphic (2,0)-form
of the space T*/Zs, and can be written as [112]

GY = f(r=0)xy,

where f = f(r) is a function of the transverse direction (again, the hat denotes the com-
ponent of the flux that sources a mass term). In terms of the 2-form component, which
can be identified as go = f 1, the expansion thus reads

0 __
2 —

1 0 _
92= 5y n/ g2 A\ 1,
Wy 4
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where w(z(ﬁ = f24 n A 1. The mass term can thus be expressed as

R e P e

SD7 scalar _
87TV

mass

27rgsl4

It turns out that the 4-cycle integral can be performed straightforwardly and reads

1
d'y,/det g9 90@0:/ G2 N G2 = /90/\_/ g5 A,
/24 v. 92 " 92 o 24242 7724277

“(0)

so the scalar mass term is simply

D7-scalar 1 4 1 2 4Q+4A0+2¢
N ERCIE Ry QTS =y NI
mass 27798 Xis T g4 87TV(0) 92 77 g2 n U U

With a pure (2,1)-flux background at the tip, such a mass can be generated by means of
the superpotential bilinear coupling

1/2

[aTauﬁ /Y (G5 A Q) (5(2)(r)]

/ g3 A .

Similarly to the case of eq. (3. 12) the identification is made assuming the validity of the

Vo)

Thgl?

0o Vi
33 5,8
(O]

[/7’0303] (2,1) = -

2,1)
(3.12)
_ V(o) o V4

7 [—i(r — 7')]/<64l2

relationship e“4K°SV = VZ4 /w 4. This is not necessarily true in every compactification,
34

in which case an addltlonal factor [(V(g)‘*w(o)) / (w(O)V(O)))]I/ 2 can be inserted in fiys,s.
Comment on generic flux backgrounds. For generic flux-backgrounds, similar chal-
lenges arise as in paragraph 3.1.2.2. However, for ISD-fluxes, if the Kdhler modulus is sta-
bilised by non-perturbative effects, the (0, 3)-flux is localised away from the tip [126, 127].
Therefore, the (0,3)-flux does not actually contribute to the integral in fis,s,, and the
Ké&hler potential coupling H,s,3 can also be set to zero.

Notice that, following eqs. (B.7a), (B.7b), even if (0, 3)-flux is present in the bulk, and
therefore there is a non-zero F-term for the volume modulus, cancellations hold such that
if H,3,3 =0 then it follows that B, 3,3 = 0 and mo,3a,3 Soft
that the tip of the throat only sees (2, 1)-fluxes [112, 114]

= 0, consistently with the fact

Warp factors and field redefinitions. The superpotential bilinear coupling ji 3,3 in
eq. (3.12) depends on the warp factor through ggg and VJ. It is convenient to make the
warp factor dependences explicit. Two possible approaches are now discussed.

One can focus on a highly warped compactification described by means of a Kéhler
potential of the form in eq. (2.17). In order to match the D7-brane chiral multiplet kinetic

¥Notice, however, the discrepancy between eqgs. (3.25, [112]) and (6.24, [114]).
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and mass terms with such a structure, first of all one has to redefine the D7-brane scalar

field (and consequently its superpartner too) as
5365 — o010 0 5359, (3.13)

In this way, the kinetic and mass terms read

1 c v
SD7—Scalar — / d4 — 2Q4-¢ AV dv/ B
2795 Jx. 4 T/ —gge g uo'Vyo
1 / 4 92 64Q+2A0+2¢ €6A0 0 B 0 3x3
- — d*xy/—gy —22 — g/\n/g/\n&a.
2mgs Jx1 5 87TV(O) W(O)’iil;1 Vz(l] ggg b} 2 b} 2
By relabelling the fields as 3 — o2 for simplicity, one obtains the final action via the
Ké&hler matter metric
1 eQQ
ZU35.3 - ., (314)
7gs [—i(T — T)]
and the superpotential bilinear coupling
1/2 2
A 34 T
[igsos] o 1 = e Vo) Yo) / @A Anl. (3.15)
wolen T 1@V | |l - Plal2 s,

Thanks to the field redefinition and the Kéhler potential shift, the bilinear potential is
actually independent of the warp factor.

A second possibility is to replace the original e°-dependence in the bilinear coupling
[ly353 With a trilinear term coupling 213 to the product o303 [26, 34], where z is the

1/3

complex structure modulus fixing the warp factor at the tip as (z)'/° ~ e assuming for

concreteness a Klebanov-Strassler throat. This will be discussed further below.

3.1.3.3 D7-brane gauge sector. From the D7-brane DBI-action one can observe the
kinetic action for the 4-dimensional gauge field to be

1
Sl]{)izl—vector — _7/ d4{L’ /7_94 [674A0 + C] Vg g,upgz/a F,uqua
87gs X1,3

and therefore the Yang-Mills coupling is

4 Yo ] Yo %
e = Tmy = [0 4 ] = |0 D) [ Dm0 2L
VM gs 2 s gs

following the condition e~44° > ¢. One can thus conclude that the gauge kinetic function
has to be

f N S (3.16)
D7 2705 . .

Notice that, as the volume of the wrapped 4-cycle depends on the warp factor due to the
behaviour of the metric eq. (3.11), the term V) e=440 is actually independent of the warp
factor. The subleading term in fp7 instead depends on the warp factor, and, as for the
ji-term above, it can be written as a holomorphic contribution in the complex structure
modulus z*/3 [26, 34]. Also, although the subleading term in fp7 contributes a soft gaugino
mass, due to the e*40 redshift factor it is always suppressed with respect to the anomaly-
mediated mass contributions discussed below.
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3.2 D3-/D7-brane intersecting states

Interactions in the low-energy effective action involving D3-/D7-brane intersecting states
will now be worked out. Tools other than dimensional reduction need to be used since a
higher dimensional effective theory for such states is unknown.

3.2.1 D3-brane and D7-brane extending from the throat tip into the bulk

For intersecting D3-/D7-branes, where the D3-brane is at the tip of a warped throat and
the D7-brane wraps a 4-cycle extending from the tip into the bulk with the configuration
described in paragraph 3.1.2.4, the couplings for the intersecting states in the Kéhler and
superpotential of egs. (3.1a), (3.1b) are as follows.

e Following the studies of scattering amplitudes in refs. [106, 110, 111], suggests one to
define the Kéhler matter metrics for the intersecting D3-/D7-brane states as

1 2Q

The references [106, 110, 111] find the structure Z,; = 1/[—i(p — p)] in an unwarped
compactification, and eq. (3.17) is its natural generalisation. Further, symmetry
arguments reveal that the fields ¢ and ¢ do not have flux-induced masses [112].
The resulting no-scale structure implies they can be included within the logarithmic
Kaéhler potential (together with the other chiral superfields) by defining the p-term as

2
KAK = —3In l2 e 20 M wpl .
3mgs

e As they need to be massless, the intersecting states do not have any bilinear H- or
fi-coupling. However, one needs to account for a would-be mass term in the case in
which the D3- and D7-brane are separated, as explained by ref. [112]. As will also
be argued in subsubsection 3.2.3, the superpotential term which accounts for this is
generated by the Yukawa couplings

1/2

Ya3(p(ﬁ = — ~<p 0P = i [Z[V(O)]g} =1q. (3.18)

gs LT

It will be shown below that such terms are fundamental in order to generate the lead-

ing order flux-mediated couplings between the D7-brane and the intersecting states.

Notice that the canonically normalised physical Yukawa couplings involving o2 are

suppressed by the warp factor, while those involving (> are not, consistently with

their different localisations with respect to ¢ and @.

The corresponding action has the D-term potential, the F-term potential, and some soft
supersymmetry-breaking couplings.

e The D-term potential emerges because the intersecting states are charged under the
D3- and the D7-brane gauge fields, with couplings

i 1 V(%:)“ V(%)A‘
) — —2 _ , —20
= (- _— o 2icg) = O 22
D3 4mgs (r=7), Ip7 4mgs (p = p+2ico) 27 (s
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It is now easy to infer that the D-term potential for the field ¢ is

u 1 ) 1 p
Vs = 5 953 (Zop0?)? + 5 gbr (Zop)?
- 2 60 , (3.19)
— : — (pP)" + ——— (v9)”,
o i ps (¢9) T, V(§§ (¢9)

and similarly for the field ¢. It is interesting to observe that the specific value of the
redshift factor at the tip of the throat does not appear.

On the other hand, in an ISD-background the F-term potential comes from the
effective superpotential

1 -
Wsusy = 5“03030303 +y (03 - 903) PP,

where for the sake of simplicity the trilinear term

has been defined, and reads V"™ = A [0; Wusy | [&stusy]- This potential gives the
redshifted D7-brane supersymmetric mass, but also the couplings between the pure
and the intersecting brane states. First of all, one has the cubic interaction
303 353 _ 3 _ =~
Vrc(lfbif%) = [ZU 7 MU3J3yO'3§0Q0+C‘C~}
1 66Q+2A0 9 1/2 VE4 { 1
0)

— - GoAn| o2 @o+c.c.
drra —i(r-Dlwt [ Vo] VLB /2492 77} o

(3.20)

Additionally, one can observe two distinct quartic interactions which involve only the
intersecting states. First of all, there is the standard quartic potential

%) 3=3 _ U 353 _ U
V) = 27y 0506 + 29°7 y 03 d
4
1 669+2A0 VZ4 . VO €4Q+2A0 VE4 s~ (3.21)
Y o35H + L 682 0p PP,

N 2mgs U.)E/l VZ4

0 mgs [—i(T —T)] Wit V(%;*

in which the warp factor redshifts the D7-brane term, but not the D3-brane one due to

o—240

the cancellation induced by the inverse metric gg’g ~ . This does not happen for

the D7-brane because its matter metric is determined by the bulk metric gs5. Second,
there are the quartic interactions that represent the would-be mass terms, namely
3og S PP (3 3\(=3 _ =3\ =
Vi) =y5 2% (6° — o)) (5° - @°) g
1 e4Q+2A0 VZ4 B _ B (322)
e (00 =) (3 - &%)

Tgs [—i(T — 7)] wa (

and the equivalent term for the field ¢, which are redshifted by the warp factor as
must be due to the location of the intersection at the tip of the throat.
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e In order to determine the supersymmetry-breaking terms for the states ¢ and ¢,
instead, it is necessary to determine the Riemann tensor associated to the K&hler
matter metrics. In order to show the general structure of the couplings, in this dis-
cussion the possibility of having both (2, 1)- and (0, 3)-fluxes is considered.* One finds
the Levi-Civita connection I'f, = ie*?/2, which implies that the only non-vanishing
component of the Riemann tensor is

L 1 60
Rpﬁsos5:27rgsze :

So, as a manifestation of sequestering, in an ISD-background the identity still holds
2 N A A Jagy
Mg, soft = 39379 Zop — FPFP Rppps = 0,

and the fields ¢ and @ stay massless even when supersymmetry is broken by p. Due
to the lack of an H- or a ji-term for these fields there is no B-coupling either.
Finally, one has to consider the supersymmetry-breaking scalar trilinear couplings,
which must be studied with some care. For the couplings to the D7-brane scalar o3,
one finds

1 5. 3i
VpYoips = 0pYosp5 + 9 ”ZKPYU%@ =3 Fixﬁ Yigp = ) 62QY03¢¢

as a consequence of the fact that, because of the special form of the D7-brane matter
metric, its associated Levi-Civita connection vanishes, i.e. I‘Z;g, = 0. One also finds

1 > l
VoYos0 = 0pY 50 + 5 k3K, Y503 — 3T, Yiges =0,

1,
VpYgarp = 0pYg00, + 5 KiKp Y5, — 3T, Yips, =0,

because in this case the connection is exactly such as to cancel the first two terms. For
the couplings with the D3-brane scalar ¢, one finds that all the covariant derivatives
vanish too as a consequence of the form of the Kahler matter metric. Therefore, the
only supersymmetry-breaking trilinear coupling is 4,33, see eq. (B.7c). If one writes
the (0,3)-flux as G§ = gh(w?,w3) A dw?, with a suitable (0,2)-form gh = gb (w3, w?)

on the 4-cycle, then this becomes®
3 2o YR o9 )2y
A = — = —/ o A 1. 3.23
39080 A [_2(7_ _ 7—_)] (.4.134 K V(gf TFV(O) lg oh 92 n ( )

4Notice that a (0, 3)-flux does not necessarily affect the supersymmetric couplings: the D3-brane does
not have supersymmetric couplings depending on ISD-fluxes, while the D7-brane effective p-term is correct
so long as the conditions around eq. (3.7) are fulfilled.

®In this calculation the coupling involving the intersecting states is present only if there is a (0, 3)-flux
at the tip of the throat. This is not necessarily what happens in a fully stabilised model, where the non-
perturbative corrections that stabilise the volume modulus localise the (0, 3)-flux in the bulk. Consistently
with this, the F-term of the field p is small, so effectively one finds a small A-term.
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Evidently, in the presence of supersymmetry-breaking imaginary anti-self-dual fluxes,
one would obtain mass corrections for the scalars ¢ and ¢ sourced by both the axio-
dilaton and the complex structure modulus. Also, one would obtain new trilinear
terms coupling these fields to the D3-brane scalar (> too.

Notice that in an ISD-background the intersecting D3-/D7-brane states couple to the
background fluxes only via the mediation of the D7-brane fields as the interactions with
the D3-brane fields are protected by the no-scale structure of the latter.

3.2.2 D3-brane and D7-brane at the tip of the throat

For a system of intersecting D3-/D7-branes where the D7-brane wraps a 4-cycle that
is localised at the tip of a warped throat, as in subsubsection 3.1.3, or where the D7-
brane wraps a 4-cycle extending through the throat with fields localised at the tip, as in
paragraph 3.1.2.3, the intersecting state parameters of the Kéhler and superpotentials of
egs. (3.1a), (3.1b) are as follows:

e the Kihler matter metric is

1
Zpp=Zz5 = e, (3.24)

e setting = e, as discussed in subsubsection 3.2.3, the Yukawa couplings are

_ V 92 1/2 3
gs LT
Ypsps =~ (3.25b)

In this case the canonically normalised physical Yukawa couplings are not redshifted.

These account for the sequestered nature of the fields as well as for the presence of the
would-be mass term due to any brane separation.

For the intersecting state contributions to the D-term potential, F-term potential and
soft supersymmetry-breaking terms, the fact that the D7-brane is localised and therefore
has a no-scale-like matter metric (cfr. egs. (3.5), (3.14)) gives rise to particular features.

e The D3- and the D7-brane gauge couplings are (neglecting the p-dependent term for
the D7-brane)

; 0
-2 4 - -2 Vi a4,
= ——\T — T = e
( ), 9p7 27 gs

I

so the D-term potential for the field ¢ reads

(susy) 1
vV —
D 2rgs [—i(r — T

1
40 1 =\2 AQ+440 (,5)2. 3.96

The volume dependence is now different for the D7-brane-induced potential. How-
ever, the warp factor at the tip of the throat is still effectively missing.
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e As usual, the F-term potential comes from the effective superpotential and, in ad-
dition to the D7-brane supersymmetric mass, there are couplings between the pure
and the intersecting brane states. One finds the cubic interaction

303 1 e2+4o 2 b4o 1z 1 _ =
V;:(lfbifso) = > [P/z gg/\n} o3gp+c.c.
S 4

Amra [—i(r=7)]wg) [ ™o 933V

. (3.27)

Compared to the potential of eq. (3.20), this potential is less warped down due to
the term 8 = e~ 49, The pure intersecting states’ quartic interactions are

1 1 64Q+2A0

V(‘P@) — 649 ~*:+ 33 ~*:’ 328
W PR e Citr = 7) o 9o~ PP (3.28)

where for the D3-brane induced term, the redshift effect is again cancelled by the
metric, while for the D7-brane the cancellation arises due to the specific setup with
the wrapped 4-cycle at the tip of the throat and the field redefinition of eq. (3.13) (see
subsubsection 3.2.3). There is also the quartic would-be separation mass interaction

. 410+2A
(3ep) _ 1 e ’

WA g [—i(r — 7)]w

(0Pe= 0 — *) (@ — &%) pip. (3.29)
(0)

e For the supersymmetry-breaking terms, it is obvious that in a pure (2, 1)-flux there
cannot be any. In particular, one finds no flux-dependent A-coupling for the inter-
secting D3-/D7-brane states. In fact, even if there were a (0,3)-flux, the trilinear
scalar coupling A,s,; would vanish due to the no-scale structure of the modulus p.

3.2.3 A 6-dimensional description of the intersecting states

One can further motivate the form of the Kahler and superpotential for the D3-/D7-brane
intersecting states by a qualitative analysis of their would-be effective field theory.

One can consider the setup in which the branes are separated due to a non-zero differ-
ence 622 = (13) — (¢?), where m3 and ¢ are the string frame D7- and D3-brane positions
in the D7-brane transverse direction, respectively (recall 0% = 73/ Apd ? = 73/ 193, as in
appendix A.2). A displacement of the D3-brane in the D7-brane longitudinal directions
does not induce mass terms, so the intersecting states can be assumed to be 6-dimensional
fields living in the non-compact 4-dimensional spacetime as well as in the 2-dimensional
compact space which separates the D3- and D7-branes along the transverse complex direc-
tion of the latter. In the string frame, the supersymmetric mass term for the 6-dimensional
intersecting states 6 and 0 is

2. _ 2. _ _S73 573
My = M2 = Gugd 26 77,

with G sy the string frame metric, and 6, 6 will soon be related to the 4-dimensional fields
©, . The kinetic action must be of the form

1 6 —nd v n 3¢~73 )
Sps/pr = “onp? /)<1,ng2 d%z/—Gg e G"9,00,0 + (G3302°52°) 00
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with n a constant representing the fact that usually actions in the string frame are nor-
malised with overall dilaton factors. Then, in the 4-dimensional Einstein frame one obtains

2

)Y _
Sps/pr= -0 [ dte /=gy MO 19, 00,6420 (913636 0|, (3.30)
2”92 X1.3

where the brane position moduli have been rescaled as explained in appendix A.2, leading to
8¢ = ~3/4623 = B(o3) — (¢?), and the same scaling has been performed on the intersecting
states, i.e. ¢ = 73/49. The factor S is

—Ap

5 {1, D7-brane extended from tip to bulk,
e

, DT7-brane localised at tip,

where the warp factor emerges only for the case in which the D7-brane multiplet is localised
at the tip, following the extra field redefinition (3.13). Noticeably, such a construction is
compatible with a supersymmetric description, i.e. by means of a ji-tilde coupling, only if
the dilaton power takes the value n = 1 as a different choice cannot reproduce in super-
gravity the action of eq. (3.30).

So far, this action applies to any intersecting D3-/D7-brane setup, but it is convenient
to specialise to the case in which the D3-brane is located at the tip of a warped throat. As
the intersection takes place at the tip of the throat, the action has the form

1 —
[ dto =detgr |20 90,00, + 1M (56358
X1,3

2mgs

Spa/pr = —
where advantage has been taken of the fact that the internal metric scales as gg3 ~ e240
and the 2-torus volume factor has been absorbed by the fields. Below, the two distinct
scenarios which are of interest are discussed separately, assuming the formulation with the
Kahler potential 2A¢-shift.

e If the warp factor is a function of only the longitudinal coordinate along the 4-
cycle which is wrapped by the D7-brane, the action above can be reproduced in a
supersymmetric way by means of the Kéhler and superpotential terms

1
Zpp = 37g e*?, (3.31a)
B 172 1/2

Hop = ; [77 [V(O)]s} 5<3- (3-31b)

e [f the warp factor is only a function of the transverse direction to the 4-cycle, the
Kéhler potential (2.5a) is cancelled and it implies that the Kéhler and superpotential
couplings are

1
- 20 39
= 3mg, e, (3.32a)
B Vi) [2 2 12
Hep = f p V(g) 5C37 (3.32b)
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For definiteness, the calculations have been referred to the case where the whole internal
space is factorised as ¥4 x T2. The complex structure moduli dependence in the complete
mass terms m?p@ — Mk Z‘P‘ﬁﬂwwﬁ‘;@ has not been captured by the dimensional reduc-
tion above.

In a theory in which the D3- and D7-brane scalars are dynamical, the bilinear terms
fipe can be used to fix the trilinear couplings as Yosw, = ﬂ¢¢|<¢3>:0/<0>3, Y{P%@ =
fiopl (0)3=0/ ()3, This is a simplified example since it contains only one intersecting field,
while in reality there are both the 37- and the 73-states. However, provided a diago-
nalisation of the states, the structure of the Yukawa couplings is correct. In this way,
from the bilinear couplings in eqs. (3.31b), (3.32b) one obtains the trilinear couplings in
egs. (3.18), (3.25), respectively.

As commented on in subsubsection 3.1.3, if a complex structure modulus z associated
to the tip of the throat controls the warp factor, then one might choose to not use the
redefinition eq. (3.13) of the D7-brane scalars at the tip of the warped throat, instead

obtaining couplings to 2P, with p > 0.

4 Warped anti-D3- and D7-branes

First, this section overviews the supergravity description of anti-D3-branes in terms of con-
strained superfields, following the results that have recently been derived in ref. [29], which
are for a different metric Ansatz to eq. (2.1) and outside the regimes of field localisation
at the tip, egs. (2.13), (2.16) (see also ref. [21]). Second, this section shows how to extend
these results to anti-D3-/D7-brane constructions, including in particular the intersecting
states, building on results of the previous section for D3-/D7-brane constructions. Finally,
considering how these local models may eventually be embedded in global compactifica-
tions, the effects of moduli stabilisation and anomaly mediation on the open-string degrees
of freedom will be worked out referring to the KKLT scenario for definiteness. Along
with the dimensional reductions in appendix A.2, use is made of appendix B.3, which de-
rives the supergravity expansions that are suitable in the presence of non-linearly realised
supersymmetry.

4.1 Pure anti-D3-brane

The particle content of D3- and anti-D3-branes is the same, but the couplings with the
bulk and other sources are different due to the opposite RR-charges, with implications on
the supersymmetry transformations. This subsection begins with a brief general discus-
sion on anti-D3-brane supersymmetry breaking and their low-energy effective field theory
descriptions, then the field content and action are described in detail.

4.1.1 Anti-D3-brane supersymmetry breaking

In type IIB Calabi-Yau orientifolds, anti-D3-branes do not preserve the same supersymme-
try as the closed-string sector since the orientifold-invariant supersymmetry charge realises
supersymmetry only non-linearly on their worldvolume, whereas the supersymmetry charge
that would be linearly realised on the brane is projected out. In particular, the gaugino
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transformation under the surviving supersymmetry takes the form v/25.\ ~ ¢/12, where

/4

the factor | ~ 7*];31 is set by the effective anti-D3-brane tension 7p3 (i.e. after taking into
account any warping effects).

Because the scale 1/1 never vanishes, there is no scale at which supersymmetry becomes
linearly realised, and there is not the usual F- or D-term whose vacuum expectation value
may become zero to restore linear supersymmetry. Nevertheless, because the worldvolume
action remains supersymmetric, whilst there is no vacuum in which the anti-D3-brane
goldstino has a non-zero supersymmetry transformation, it is effectively a spontaneously
broken symmetry. As a consequence of non-linearity, the anti-D3-brane degrees of freedom
cannot be encoded in standard Ny = 1 multiplets; instead, all the massless degrees of
freedom of the anti-D3-brane must be packaged into constrained superfields. Once the tool
of constrained supermultiplets is introduced, there is no technical difference with respect to
the low energy effective theory describing “standard” F-term spontaneous supersymmetry
breaking below the supersymmetry breaking scale.

Constrained superfields in global supersymmetry are thoroughly discussed in ref. [88]
as a tool to describe effective theories with broken supersymmetry when the superpartners
that become heavy due to the mass-splitting are integrated out. The simplest example
is the nilpotent chiral superfield, whose only physical degree of freedom is its fermion
playing the role of Volkov-Akulov goldstino for broken supersymmetry [87]. A generic
treatment of constrained superfields in both global and local supersymmetry can be found
in ref. [89]. As recently discussed in ref. [35], it should be noted that, although the massless
degrees of freedom realise non-linear supersymmetry as if their superpartners had been
integrated out, above the supersymmetry-breaking scale the full infinite tower of string
states is necessary for a consistent supersymmetric theory, and there is no energy scale
above which supersymmetry in the usual sense is restored (see ref. [134] for more discussion
on this).

4.1.2 Anti-D3-brane constrained multiplets

To place the anti-D3-brane fields in constrained supermultiplets, one matches the non-linear
supersymmetry transformations for the brane fields with those of a specific constrained
superfield, as done in great detail by refs. [16, 17, 135].

e The gaugino A, which plays the role of the goldstino, is described via the fermion com-
ponent )X of a chiral superfield X which satisfies the nilpotency condition [136-139]

X?=0. (4.1)

This effectively removes its scalar ¢~ in favour of the spinor ¢, indeed implying
the identification ¢~ = XX /FX with the auxiliary field FX being non-vanishing
by assumption. At leading order in [, i.e. the scale at which the tower of string states
enters into play, the gaugino A and the goldstino ¥X are then related as

1 X

A~
2012 X’
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with the non-linear supersymmetry variation v/26 A ~ ¢/I2. If the anti-D3-brane sits
at the tip of a warped throat, then this supersymmetry-breaking scale is essentially
the warped string scale [ ~ 1/mY. In fact, comparing with the anti-D3-brane energy
density uplift below, one can see that the effective anti-D3-brane tension at the tip

_1/4 ~1/4
of the throat scales as TDé ~ gs / mY.

As the goldstino is contained in a chiral multiplet, the would-be gaugino D-term
breaking is actually described as an F-term breaking. Eventually the gaugino is fixed
as A = 0 in the unitary gauge. Refs. [140-144] discuss the supergravity generalisation
of this construction.

The Abelian gauge field A, is contained in the vector degrees of freedom of a field-
strength chiral multiplet W, satisfying the constraint [88, 145]

XW, =0, (4.2)
which removes the gaugino ¢ by making it proportional to the goldstino ~.

The so-called modulini ¥* are described by the fermionic degrees of freedom of three
chiral superfields Y satisfying the constraints [146, 147]

XY*=0, (4.3)
which remove the scalars ¢¥* by making them proportional to the goldstino 9.

The scalars ¢® describing position fluctuations are encoded in the scalar degrees of
freedom of three chiral superfields H® satisfying the constraints [88, 89]

XD, H" =0, (4.4)

with D, the supersymmetry-covariant derivative, which makes both the spinors 1"
and the auxiliary fields F#* proportional to the goldstino ¥X. As it is constrained,
the solution to the F-term field equation is not the usual FH* = e“iKﬂKH”_VjW,
but rather a goldstino-dependent expression which vanishes in the unitary gauge.

4.1.3 Anti-D3-brane supergravity

The supergravity formulation of a single anti-D3-brane at the tip of a warped throat in an

orientifold compactification with Hodge number h}r’l = 1 is reported below. One can follow
the dimensional reductions of refs. [9, 29, 107, 108, 128] and adapt them to the metric of

eq. (2.1).

4.1.3.1 Anti-D3-brane uplift energy. Anti-D3-branes provide a positive energy up-

lift to the vacuum energy. Given the warp factor Ay at the anti-D3-brane location, in the

4-dimensional Einstein frame it reads

40

— 1 3
SD3 = 1 /d433 Vv —det g4 L ¢
4

Am[V()]? e=4o + ¢
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In the setup with the anti-D3-brane at the tip of the throat, the warp factor dominates
over the volume modulus, so that the effective form of the term above is

__ 1 g3
SD3 - /d4 /*d t S 4Q+4A0‘
A K4 v b 94 4m[V(py]? ¢

Such a vacuum energy can be reproduced in supergravity in a very easy way as the F-term
potential contribution of the goldstino X by defining the Kéhler and superpotential

. 2V,
KAK = —1In[—i(1 — 7)] — In[—iwy,] +In | = 14 3]
™Mo (4.5)
a1y 9622 453 Vi e 240 XX
39s V(o) [—i(T — 7)][—iww]
KaW = % Gz A Q4+ V2 geks X, (4.5b)
s /Y

with the actual total Kéhler potential being k3K = 2A4q + /@%f(. In the unitary gauge, the
only change to the closed-string sector effective theory induced by the nilpotent superfield
is the anti-D3-brane uplift contribution to the F-term potential (as long as the goldstino
is aligned completely with the spinor in X [6]).°

Notice that ref. [29] does not work with the 2A4-shift in the K&hler potential, as is
appropriate in regimes not fulfilling eq. (2.13).7

Complex structure moduli in warped throats. In type IIB Ny = 1 compactifications
the axio-dilaton and the complex structure moduli are typically stabilised at high energy
scales; however, in a KS-throat, the complex structure modulus z, which controls the size of
3-sphere at the throat tip, stays in the low-energy effective theory [26]. For a dimensionless
field z, its vacuum expectation value fixes the warp factor at the tip of the throat as [4]

(13 o _ gter g (46)

where M and K are the quantised F3- and Hs-fluxes through the conifold 3-sphere and its
dual 3-cycle, respectively.

Ref. [148] computes the Kahler metric for the complex structure modulus z. Moreover,
ref. [34] shows the way to include such a field within the supergravity formulation together
with an uplifting anti-D3-brane. Together with the Kdhler modulus shift used here, one
can postulate the Kéhler and superpotential

4K3 Vi XX
39s V(o) [=i(T = T)][—iwu]

k2K = —3In [2 e 2 + Z.:(22) 2z,

niW = %/Ya Gs ANQ+W(z)+ \@gsmzl/gX,

SExplicitly, the correction to the F-term potential is AVp = 2AotriK R’XXVXWV;( W, with the terms
R 2 62972140 Vw 3 R
Kyg=—r————— 5, K3V W = V2gsk4.
XX ge [l = Dlliwa] Voo ’
"Also, in ref. [29] the warp factor depends on the brane scalars, i.e. A9 = Ao(H®, H*), which would
imply a kinetic term correction for the scalars whenever there is the 2Ao-shift in the Kéhler potential. In
the formulation presented here, the term Ag is independent of the brane scalars.
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where the Kéhler metric Z.z and the superpotential W (z) determine the vacuum expec-
tation value of the field z to be that in equation (4.6); for brevity, the constant term and
the axio-dilaton and other complex structure moduli have been dropped. Also, one may
include the Kéhler potential shift as the extra Kéhler potential coupling

L1
KIOK = 3 In 2z ~ 2A,.

Such a term does not participate in the Kédhler metric but only in the overall scaling of the
energy scales, as it needs to do, and to some scalar and fermionic couplings.

In the KS-throat, the unwarped metric at the tip of the throat scales as g2, ~ e24o,
which is crucial as it sets the Kéhler matter metric of the open-string degrees of freedom
sitting at the tip of the throat. Therefore, writing the warp factor at the tip in terms of
the complex structure modulus leads, for example, to a coupling from the would-be kinetic

term of the form

_ 1 _
2Q _0_ryag7b \1/3 ,2Q a 17b
0K = G € Gt H ~ - (22) /3e*%5 s HOH

It would be interesting to incorporate all such interactions between z and the open-string
fields in a complete supergravity description.

Obviously, if the throat is not of the Klebanov-Strassler type, the details of the poten-
tials are different, but by analogy one should expect qualitatively similar results.

4.1.3.2 Anti-D3-brane modulini. For the modulini of an anti-D3-brane, the pure
kinetic term reads

= . 1 -
Sl]?ii-mOdUhHI — / d4.%' \/m eQQ QOI; wb5uv‘uwa'
27gs X1,3 “

This can be matched with a supergravity formulation by encoding the spinors ¥ in the
constrained multiplets Y¢, with XY = 0, and using the Kéhler potential

4r2 e~ 240 Vw

~ 3gs [Hi(r = P)][iwa] Vi)

2 - —
k2K = —31n [2 e — g0 yayh xXx|,
3mgs ~¢

or alternatively, after an easy logarithmic expansion, with the K&hler matter metric

L 20 o
Zyrayy = 370, e g5 (4.7)

For the mass term, from the dimensional reduction one finds

D3-modulini i 1 b
Smasglo = _ng /lesd x+/—det g4 [mwa¢bwa¢ + C.C.],
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with the mass®

1 9s ~—\cde
T T 4wy AR R AL P (i
0

Following the method of ref. [29], this mass term can be generated via a Kéhler potential
bilinear coupling
; 1/2

Amg? [—i(r — 7)][—iwyw]| /2

Hyayb = A1 g0 0 My (G3)5% ka X (4.8)

Indeed, as required, in an imaginary self-dual background one obtains the effective u-term
= i
a - _.FX 8 Y H a = — M,ja .
Hyayd XAlyey? orgs ¥ Pb

The scale of the canonically normalised mass is [104]

2
w7)2 _ gS i 2A0
- 2
D3 V2/3 K3

(m

4.1.3.3 Anti-D3-brane scalars. The pure kinetic action for the anti-D3-brane scalars
takes the form

1

S}]?3-scalars _
in
2mgs

/X d*z /—det g4 > 925 gt Vutpavu@b-
1,3

In order to correctly account for the expected no-scale structure (see paragraph 3.1.1.1),
one needs to generalise the full Kéhler potential for the Kahler modulus as

/-@ZIA(:—ISIH 26_29—% - 67_2140 - Vaw X — K?L OEYa?b—H—igOBHaHb ,
3gs [—i(T—7)][~iww] V(o) 3mgs ~ @ 3mgs ~ @

where H® are the constrained chiral multiplets containing the scalars ¢®. Indeed, in this
way the Kéhler matter metric is
2 40240 Vs

- 2Q 0 Ky
HeH® 2mgs € Yab 3mg? [—i(T — T)][—iwy] Vo)

XX g% (4.9)

For the scalar masses, from the combination of the relevant parts of the DBI- and CS-
actions one finds the term

1 40

2mgs

D3-scalars __
Smass -

2
9s 172 4A a =b
= 5V, Vi .

/ diz \/—det g4
X1,3

8In ref. [128] the holomorphic 3-form is defined in terms of the gamma-matrices that are suitable for
the geometry at the tip of the throat. Given the internal Dirac matrices 7,, and the internal spinor 74 of
positive chirality and norm 773_77+ = 1 which defines the SU(3)-structure of the space, with 77— its conjugate,
the holomorphic 3-form and the Kéhler form are defined as

ngmnp = 77T—'Ymnp77+7 Wmn = i7717mn77+-

To make estimates in terms of the warp factor scaling, then one needs to consider the qualitative behaviour
130 ~ 340 (n?c)3/2, consistently with the metric behaviour. This observation is important for section 6.
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If only (2,1)-flux is present at the tip of the throat, the anti-D3-brane scalar mass-squared
trace can be evaluated at leading order thanks to the GKP-equations, which, at a position
in the internal space with pure (2, 1)-flux background, imply the relation [4, 107, 149]°

gV, Vet = 11—2 e3Ate Gy - C_T‘Q_J.
In accord with ref. [107], in a pure (2,1)-flux background the anti-D3-brane supertrace
vanishes, and the scalar masses are provided by a p-term equivalent that of the modulini.
It is then natural to try to generate the p-term by using an equivalent H-coupling to
the modulini, that is Hyegs = Hyays given in eq. (4.8). Some care is needed, as the
constrained superfield H* does not have an independent F-term, and so its couplings in
the supergravity expansions are different to the standard case, as shown in appendix B.3.

It turns out that the coupling H s = Hyaye, is still able to generate a mass
2 Heqd #M =N 7
mgpa@b — 2Z .F F HHQHC,NHI:IbHd,M7

but it will be seen around the derivaton of eq. (4.13) that this choice also originates un-
wanted bilinear couplings. An alternative way to describe the mass term is to use a coupling
Hyapp, with Hyaps = Hyays.'? From the F-term of the multiplet Y% one now obtains
the scalar mass
cyd 2 —
Mo =27 FMFN Hyaye 5 Hpoya o

and it also turns out that the unwanted bilinear interactions are avoided. Such an H-term
2
Yay?b
in the unitary gauge. In conclusion, one reproduces the scalar mass by means of the Kahler

also contributes a coupling m YY" but this is actually a fermionic term that vanishes

potential bilinear coupling

. 1/2
_ ¢ w 20+40 74 0 0 ~—\ede . ¥
Hpeyr = A g2 [—i(r — )| [—iwn] /2 © * L5 Ge(a Wby (G3 )0 KX, (4.10)
with the supersymmetric scalar mass being mi%b = ZYv? LHaY e[ fbyd-

°In the GKP-setup [4], by rearranging the 4-dimensional components of the Einstein equations and the
field equation of the 4-form potential, one can show the condition (for the conventions, see appendix A)

24 —mnp “\ap
V"V (€ + @) = 55 (G + (6@ [ =G + (1G]
# e [T (M +0)] [F7 (6 0]
1 source
—2i%, e [Z (9" T — 3" Tonn) (souree) — 13 S >]
4A

In a background with ISD-fluxes G3 = —i *¢ G'3 and the condition e** = «, one can observe that:

e the source term vanishes for an anti-D3-brane and is subleading in the string length for a D7-brane;
e all the flux contributions are expected to have the same functional dependence as the 3-form term.

Therefore, in a pure (2, 1)-flux, one finds the equation in the main text. Obviously a similar result holds
for a generic imaginary self-dual (2, 1)- and (0, 3)-flux background.

0For a coupling Hy a s, expanding the F-term scalar potential, one finds that the scalar mass term for
the multiplet H* (without independent F-term) is given by eq. (B.5) (it is generated by the F-term of V%),
while the scalar mass term for the multiplet Y¢ is given by eq. (B.10).
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The analysis of subsection B.3 shows that in general there is also a would-be soft
supersymmetry-breaking coupling mass

2 27 _ ~M N _ _ He¢ _ A
mw@b’SO& —K]4VFZHaHb —]: ,F |:ZHaHb7MN_2FMHa ZHCHd FNHb:| .

In a (2, 1)-flux background, the only contribution is from the X-field F-term, which gives

2 2
bosoft = 5 KaVEg ZHamn: (4.11)

2

Mpag
This term can be seen to emerge in the dimensional reduction as follows. In the presence of
the anti-D3-brane scalars, the volume is shifted and the total Weyl-factor should be such
that [103, 150]

2
—20 —20 K4 0 rragbd
e =e ———9qg;H"H”, 4.12
6mgs Job (4.12)

with the actual uplift energy V]S—3 = 473 e +440 /gslE. If one expands this energy in H?,
then what is obtained is exactly the sought-after factor, being

VE(e*Y) = Vigg(eX?) |1 + gnizm aHOH"|.

If a non-zero (0,3)-flux were present at the tip of the throat too, the scalar masses
would receive extra contributions in the dimensional reduction. This cannot be added as
a would-be supersymmetric u-term, since an F¥-induced extra contribution gives cross-
terms between (2, 1)- and (0, 3)-fluxes in the scalar mass-squared trace, which are not seen
from the dimensional reduction [107], and an F’-induced p-coupling cannot work either
because it is impossible to find a scaling Hgp, oc €™? giving a mass ng x e*?, even after
including a ji-coupling. Instead, the matching can be achieved via a would-be soft-breaking
term, by adding an extra X X-term in the Kéahler metric in eq. (4.9). Notice that, even in
the presence of a non-vanishing F*-term, the scalar masses are still protected by a no-scale
cancellation

Zyait, py — 2T500 Zyge o fggb —0.
This is a specific feature of the constrained-superfield would-be supersymmetry-breaking
mass expression, since the usual soft supersymmetry-breaking mass vanishes in the presence
of a logarithmic structure but due to a different cancellation involving the gravitino mass.
In any case, in the main scenario considered, only a (2,1)-flux is present at the tip of the
throat, so the (0, 3)-flux induced mass vanishes.

From the dimensional reduction one also obtains bilinear and trilinear couplings. For

an Abelian anti-D3-brane, the bilinear coupling is

1 40

Sm—scalars - _
27mgs

bilinear

/ diz \/—det ga
X1,3

2

9s 2 4A a,b

= |14V, V + +c.c. ),
87TV(0) "@21 ([s b(e a)lo pp CC>

whilst there are no trilinear couplings. The description within supergravity follows from
the discussions in subsections B.2 and B.3. As there are no bilinear ji-couplings, for a term
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H oz the generic B-coupling would be
Bcp“gob = ﬁivFHHaHb - TATLEU/Z.}:MaMHHaHb + méu/zj'\-M@MHHaHb
- ﬁMﬁN (HHaHb,MN - 4Fle'HHaHb,N)'

One can now observe that if a term H s oc X 22740 were used to generate the mass

term magzp, it would also give a B-term scaling as B a,p X e8+540  which is not present

in the dfnfensional reduction. Although this could be cancelled by a suitable counter-term
H }{a o XX X 240 it is simpler to instead obtain the mass term via the coupling H zays,
as chosen in eq. (4.10); this only generates a bilinear term B ays, which is not a scalar
coupling and vanishes in the unitary gauge. Finally, the required coupling Ba » above
can be obtained by defining an extra H-term

1 et gg
2mgs 87V(0) K]

XX
0 FX7x’
which only affects the B-term because this is the only term scaling as a second X-derivative
of the H-term.

/
HH“Hb -

[lgvavb(e“ + a)} (4.13)

4.1.3.4 Anti-D3-brane gauge field. Compared to the D3-brane gauge field, the anti-
D3-brane gauge field is described by the same DBI-action but by an opposite CS-action,
which results in the 4-dimensional action

53 1 1
SD_S-vector — / e*¢ Fo A xFo —
kin 47 gs X1,3 ? 2 4mgs X1,3

Co I N Fy.

Of course, the gauge kinetic function cannot be fgz = i7/27g, as it is not holomorphic in
the axio-dilaton. A solution to this issue is given in ref. [29], which finds
S X fps(7)
5 = (0 - sR) (027,
fD3 ( ) D2X
with D, the supergravity fermionic derivative and R the gravity multiplet. This function

is holomorphic thanks to the projectors but at the same time has a superspace expansion
for =~ L O(X) (4.14)
D3 — 27rgs : '

Because X is the nilpotent superfield, all the extra terms are proportional to the goldstino
and therefore vanish in the unitary gauge.

4.2 Anti-D3-/D7-brane intersecting states

For intersecting anti-D3-/D7-branes systems, the pure anti-D3- and pure D7-states have
been described in the previous subsections. It is also possible to provide a supergravity
formulation of anti-D3-/D7-brane intersecting states:

e on the one hand, one can infer the scaling factors for the kinetic and interaction terms
of anti-D3-/D7-brane intersecting states using the D3-/D7-brane system discussed in
subsection 3.2;

e on the other hand, the tools of constrained superfields allow one to formulate the
low-energy theory in the language of supergravity.
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4.2.1 Anti-D3-/D7-brane constrained superfields and couplings

The strings stretching between the anti-D3- and the D7-brane give two scalar fields ¢ and
@ as well as two Weyl spinors 9 and 1); in particular, the fields (p,1) and (@, 1)) are in
conjugate representations of the gauge groups.

Similarly to the pure anti-D3-brane states, as the anti-D3-/D7-brane intersecting states
do not respect the supersymmetry of Calabi-Yau orientifold compactification, the natural
tool to describe them is constrained superfields. It is impossible to identify the constrained
superfields for the intersecting states by comparing supersymmetry variations because the
latter are unknown as they cannot be inferred from a dimensional reduction. However, one

can postulate the following ones:

(i) the scalar fields ¢ and ¢ belong to the chiral superfields H and H satisfying the

spinor-removing constraints

XX DyH =0, XX D,H = 0; (4.15)

(ii) the Weyl spinors ¢ and ¥ belong to the chiral superfields Y and Y satisfying the

scalar-removing constraints

XY =0, XY =0. (4.16)

These constraints have been chosen because they are the easiest way [89] to remove
the undesired degrees of freedom from the effective theory below the anti-D3-brane
supersymmetry-breaking scale. In particular, notice that the constraint for the scalar
fields is such as to leave an independent F-term [151].

In the strongly-warped regimes set by egs. (2.13), (2.16), the Kéhler potential contains
the 2Ap-shift as in eq. (2.17). Given the closed-string and anti-D3-brane goldstino poten-
tials K and W of eqgs. (4.5a), (4.5b), one can argue that the total Kihler potential and
superpotential are

K=K+ Zyags YOV + %[HHQ YV 4 cc]
+ Zyragp H*H + %[Hya Y H° +c.c.] (4172)
+ 203530'35'3 + %[HU3U3O’3U3 + C.C.]

W=W+ %;103030303 + (B — Y3 — H3YY (417b)
+ (0% = Y3 — H3HY + j(Bo® — Y3 — H3)YH,

The pure anti-D3- and D7-brane terms follow from those discussed in subsubsections 3.1.2,
3.1.3, 4.1.3, and their theory is the same except for the anti-D3-brane uplift effect on the
D7-brane to be discussed. The other terms represent the intersecting states and will be
discussed below.

The field H,Y, and H,Y have charges ¢p3 = 1,—1 and gp7 = —1,1, respectively,
under the anti-D3- and D7 gauge groups.
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4.2.2 Anti-D3-brane with D7-brane from the throat tip into the bulk

In the setup in which the anti-D3-brane sits at the tip of the warped throat and the D7-
brane wraps a 4-cycle extending from the throat tip into the bulk, the couplings for the
intersecting states in eqs. (4.17a), (4.17b) are as follows.

e Because the kinetic terms are not affected by the flux-induced supersymmetry break-
ing, for anti-D3-/D7-brane intersecting states one can make use of the same Kéhler
matter metric terms as for the D3-/D7-brane case. The logarithmic structure that is
equivalent to eq. (3.17) for D3-/D7-branes is generaralised to

4 2 —2Ap XX 2
KK = —3In |2¢722 — 21 Vu e R
39s Vo) [—i(T — T)][—iww]  37gs
so the matter metrics for anti-D3-/D7-branes are defined to be
1 2 cA0—240 ) -
Zyn=—~2e 4 : E— Y XX, 4.18a
HH ™ 9rq, 3rg? [—i(T — T)][—iwn] Vo) ( )
1
- 20 4.18b
YY T ong € ( )

This is consistent with the intersecting states not acquiring flux-induced masses [112]
due to similar cancellations to those discussed for the anti-D3-brane scalars.

e For the trilinear couplings in the superpotential, further explanations are required, as
two related but distinct features from the higher dimensional setup need considering.

(i) Using the internal space symmetries of the flux-dependent couplings, ref. [112]
shows that the anti-D3-/D7-brane intersecting states couple only to the pure
anti-D3-brane states and not to the pure D7-brane states. The coupling 3-form
flux can be written as G4 = g§ A dw?, where g = g4 (w3, w?) is a combination
of (1,1)-forms on the 4-cycle, and the scalar trilinear couplings are of the kind

1 20 240)

tagy = — ule

C,
Koa By

where (see appendix C for the explicit expressions of the (1, 1)-forms, (;)

]' "
Cpsii @/2492 AYSE
o 1 "
CHsHA = ﬁ/z: g2 N Ca, (4.19)
S 4

1
Csph = 2 /24 92 N G+ Ga) = epapgr

with the overall factor

1/2
u(e*?, e?40) = : gl [ 1 ] L

A [—i(r — 7)]Y2? [—iw,] v,

ﬂ'V(O) (
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A (2,1)-flux sources the coupling, but it is not the same flux that sources the
D7-brane mass. Ref. [112] identifies the flux components that the couplings
depend on, while the overall scaling u has been inferred from the D3-/D7-brane
case (see egs. (3.20), (3.23), and note that the matching is done in terms of
canonically normalised fields).

(ii) Also, one needs to account for the mass due to the brane separation in a super-
symmetric way since both the scalars and the spinors acquire the same separa-
tion mass. A way to do that is via a trilinear coupling in the superpotential.

A natural guess to implement both these facts in the 4-dimensional effective theory
is a generalisation of the trilinear coupling in eq. (3.18), with all the permutations ac-
counting for the fact that now scalars and spinors are in different multiplets. Because
for ISD-fluxes both the anti-D3- and the D7-brane have an effective superpotential bi-
linear coupling, though, such a term would again generate a coupling of the D7-brane
state 0% with the intersecting states. A way to avoid it is to exclude the coupling'!

AW = (o3 — H3 — Y3)HH.

As a matter of fact the trilinear couplings of the proposed superpotential in eq. (4.17b),

namely
Yoyy = Yoopy = Vv =7, (4.20a)
Yysyy = Yyspy = Yysyg = =0, (4.20b)
myy = Yuwspy = Ymsya = =Y (4.20¢)

are enough to generate the desired couplings apart from a couple, which however will
be dealt with in paragraph 4.2.2.2.

4.2.2.1 Standard supergravity terms. One now needs to determine the effective
D- and F-term potentials as well as the soft would-be supersymmetry-breaking couplings.
Most of the terms have already been worked out in the earlier discussions on anti-D3- and
D7-brane states, so one can focus on the interplay between the branes and on the new
terms from intersecting states.

e For the D7-brane, most of the calculations hold as in the analysis of the pure D7-brane
in subsubsection 3.1.2, as now summarised.

For the supersymmetric terms, the effective p-coupling and the corresponding su-
persymmetric mass is exactly the same as discussed in subsubsection 3.1.2. On the

The removal of the term A1W = §o®HH prevents the couplings with the D7-brane, the absence of
the term AW = —jH®HH prevents the repetition of quartic couplings of the anti-D3-brane with the
intersecting states already generated by the other terms — which however also generate the would-be
separation mass terms in an elegant way including the D7-brane scalar too — and the absence of the term

AsW = —gY3HH prevents the coupling Juss H> HH, which is also forbidden by the symmetry arguments
of ref. [112].
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other hand, the effective superpotential couplings follow straightforwardly from the
superpotential and are

[ g g

Notice that the superpotential gives exactly the same (and no extra) Yukawa cou-
plings as the D3-/D7-brane construction, since only the terms with one scalar and
two spinors generate proper Yukawa terms.

For the supersymmetry-breaking terms, assuming that the Kéhler metric and the
H-term do not depend on X since they come from a deformation of the axio-dilaton

Kahler potential, from the general expression one can observe the soft-breaking mass

flux

o5x3 oop Tepresents the flux-induced soft-breaking terms)

(where m

2 (AW Aw 2 M =M _
Me353 soft = (m3/2m3/2 + H4VF) 20353 —-FUF RMNU363

o flux 2 2
= (mo363,soft) + 5m03o_'3,soft7

which clearly has an uplifting contribution due to the supersymmetry breaking by
the anti-D3-brane, with

2 2 g 1 ettrido V(%f
51255 ot = 13Visg Zoss = [W(O)} T (4.22)
The effective B-term follows a similar destiny since it can be seen to read
Bysgs = B, + k3VigH s 5. (4.23)

Finally, the trilinear A-terms do not really generate any scalar trilinear coupling as the
trilinear terms of eq. (4.21) never involve three scalars due to the constraints, which
means that the would-be scalar trilinear coupling is actually a fermionic interaction.

For the anti-D3-brane, there is no substantial difference with respect to the analysis of
subsubsection 4.1.3 since there are no new bilinear couplings in the Kéahler potential
or in the superpotential. One also has the superpotential trilinear couplings

Yysyy = Yyspy = Yysyg = — ¥, (4.24a)
Yisyy =Yyspy = Yy = =Y (4.24D)
Evidently, these terms just add couplings between the anti-D3-brane and the inter-
secting states, but do not cause any particular modification to the pure anti-D3-brane

action. Again, the superpotential also gives exactly the same Yukawa couplings as
in the D3-/D7-brane construction.

For the anti-D3-/D7-brane intersecting states, because their Kahler potential and
superpotential expansion terms do not involve bilinear terms apart from the Kéhler
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matter metric, one simply has the trilinear superpotential couplings discussed above
and the soft-breaking masses
2 soft = (M3)9ms)y Zyg — FPFP R ysug) + (53Vez Zyg — FXF* Rxxui)
Mg, soft M3/2M3/0 L ppHH KkaVp3s“un XXHH)»

and similarly for the counterpart ¢. The first contribution vanishes in an ISD-
background before non-perturbative corrections kick in, but the second one does
not and reads

2 2 _6Q+4A0
Js } ¢ (4.25)

om? T\ :{

P, soft 3 4VD3“HH 27rV(0) 3,@21
Because these fields have no pure bilinear and trilinear couplings in the Kéhler and
superpotential, they do not have soft-breaking bilinear and trilinear terms either.

e To conclude, one must consider the complete effective D- and F-term potentials.

First of all, for the D-term potential, one has again the positive semi-definite quartic
self-interaction terms (and similarly for the corresponding field @)

sus ]' ) 1 D
vy = B 9bs (Zppe?)® + B 9b7 (Zee)’
1 A0, =\2 1 62 (r5)2 (4.26)
_ —___. +——xc :
o i e KD g (¥p)

Second, for the F-term potential, most of the terms that are generated are actually
fermionic interactions and not scalar couplings. Taking into account the effective
bilinear terms from the pure D7- and anti-D3-branes as well as the Yukawa couplings
in egs. (4.21), (4.24), one obtains the effective superpotential

1 1 .
Wousy = 5 [y330°0° + 3 fyaysY Y 4 piya n YOH? 4y (03 — Y3 — H3)YY

+y (o =Y3 -~ HHY +y (o> - Y3 -~ H3YH.

Therefore, the effective F-term potential takes the form'?

3 = 3-3 yey® = —d
Ho3o3fg3530°0° + 20 7 piyapefiys gap @

V}gsus}’) — 2036
+ 27 [y(0" - )@l (0" - )9 (4.27)
+ 27 [y(0" = )] 50" - )¢l
One immediately recognises the D7-brane supersymmetric mass, the anti-D3-brane
scalar mass and the would-be separation mass for the anti-D3-/D7-brane intersecting
states, with the same volume scaling as for the D3-/D7-brane case.

12For ease of notation, only the non-fermionic terms have been reported. Denoting the fermionic terms
that one would have as O(X), the actual expression one finds is

VE) = 277 (43,30 + O(X)) (igsgs5” + OX)) + 277" (wyames® + O(X)) (Bgogad” + O(X))
+ 27 [y(0" - ¢*) e+ 0(X0)] [3(5° - ¢°) & + O(X))]
+ 27 [y(0" - &)+ 0(X)] [5(5° - &°) o+ O(X)].
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The constrained multiplets H® have constrained F-terms, but they always appear
in mixed H*Y?-, H*H- and H®H-couplings. Therefore they both contribute the
non-standard couplings discussed in appendix B.3, which turn out be fermionic and
vanishing in the unitary gauge, and standard couplings via the effect of Y, H, H,
which have unconstrained F-terms and end up providing bosonic terms in the action
(see footnote 10).

4.2.2.2 X X-dependent interaction terms. The supergravity formulation described
so far incorporates all expected couplings, except the trilinear flux couplings in eq. (4.19)
and an anti-D3-/D7-brane version of the D3-/D7-brane quartic potential (3.21).

These couplings can be obtained by considering a specific class of supersymmetric
terms, introduced in refs. [22, 29]. This involves the nilpotent goldstino field in such a way
as to only contribute bosonic terms to the component action, with the fermionic terms
vanishing in the unitary gauge. Indeed, the coupling in eq. (4.19) can be described by
adding to the Kéhler potential in eq. (4.17a) the deformation

oK

o[YTai2 11 1/2 2 Y X o592-340
~2(Vy] { (0)} [ K € [mcamHO‘HBHVJrC.c.}. (4.28)

A% i(r = PP i

T
The only modification that this induces in the bosonic action comes from the second deriva-
tive with respect to X and X, namely §Vp = 0K xxF XFX as all the other terms contain
the scalar component of X, which is proportional to the goldstino. One can similarly

include the coupling of eq. (3.21).

4.2.3 Anti-D3-brane and D7-brane at the tip of the throat

If the anti-D3-brane and the D7-brane are localised at the tip of the warped throat, the
supergravity couplings for the intersecting states in eqs. (4.17a), (4.17b) are given explicitly
as follows.

e As in subsubsection 4.2.2, the matter metric terms for the anti-D3-/D7-brane case

read
1 K2 e2—240 V B
Zyng=——2e™ 4 Y XX, 4.29
HH ™ 97q, c 3mg? [—i(T — 7)][~iww] V(o) (4.29)
1
Zye = 28 4.29b
YY < 9ng, € (4.29D)

e For the cubic superpotential term, one can again follow subsubsection 4.2.2. For a
localised D7-brane there is no (0, 3)-flux mediated coupling for the intersecting D3-
/DT7-brane states, so, following the tangent space symmetry arguments [112] and the
scaling factors determined therein, the trilinear scalar couplings are still of the form

1
629, 62A0)

tapy = — uf

C
) afys
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where the flux and index structure is

1

i =, BN
S 4
; (4.30)

o = [ BN Gt G) = e
S 4

but with an overall factor

1/2
20 249y _ L
u(e””, e*?) In [—i(r )12 [—iw(%

1 €4Q+2A0 |: 1 €6A0
]

™) 955V4

The matching with the scaling for the D3-/D7-brane coupling in eq. (3.27) is done
in terms of the canonically normalised fields. Anyway, as in subsubsection 4.2.2, the
Yukawa couplings are still simply

YO'BYY/ = I3y — Ig3yvg — gﬁa (431&)
Yysyy = Yyspy = Yysyg = =0, (4.31Db)
Yisyy = Yuspy = Ypsyag = =¥, (4.31c¢)

with 8 = e~ from the discussion of subsubsection 3.2.3.

4.2.3.1 Standard supergravity terms. Again, one can study the interactions term
by term.

e For the D7-brane, the results of subsubsection 3.1.3 still hold with the further anti-

D3-brane contribution to the soft-breaking mass'?

Js 6GQ+4AO

2
QTFV(OJ Rz[—i(T — %)]

2 _ 2y o
5m03&3,soft - R4VD3 Zy3zs = [

and the B-term

Bysgs = ﬁiVmHasa3. (4.32)

Further, now one has the effective superpotential couplings
—A
YU3Y}7 = Y03H1~/ = YUSYI:I =ye % (433)

Finally, the trilinear A-terms do not generate any scalar trilinear coupling since in
fact they correspond to fermionic interactions.

e For the anti-D3-brane, the same results as in subsubsection 4.1.3 hold identically.
Further, there are the superpotential trilinear couplings

Yysyy = Yyspy = Yysyg = —9, (4.34a)
Yisyy = Yuspy = Yusya = —v- (4.34b)

13Since the Kahler metric now contains a factor e*?/Im, it is now ambiguous whether it comes from

a shift in the axio-dilaton Ké&hler potential or the K&hler modulus one. In the latter case, the D7-brane
Kéhler metric acquires an Xf(—dependence7 and there is an additional contribution to 5m§353750ft, which

results in an overall factor f = 2/3 in the total expression.
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e For the anti-D3-/D7-brane intersecting states, once again the only thing to add is
the soft-breaking mass

(4.35)

gs 2 69+440
P, soft — 3

2
2 2
L7 - =
om K4VD3 HH [2WV(O) 3/@21

e To conclude, one must discuss the effective D- and F-term potentials. For the D-term
potential, one has again
40 , el
— (pp)" + —5
RS

©2mgs [—i(T — T
For the F-term potential, from the effective superpotential

yGusy) _ e

D (0p)*. (4.36)

1 1 . oo~
Wsusy = 5 MU3030'3(73 + 5 MyaybYaYb + ,LLyaHbYaHb +y (056_‘40 — Y3 — Hd)YY

+y(cPe ™ — Y3 - H3HY 4+ y(cPe ™ - Y3 - H3YH,

so that the effective F-term potential reads as usual

3 - 323 yey? - >d
o3o353530°0° + Z Wy o e flgb PP

V}susy) _ go's
+ ZYY [y(O,SefAO o 803)95] [§(5367A0 o @3)5]
4.2.3.2 X X-dependent interaction terms. For completeness, one has to include
in the theory the flux-dependent trilinear couplings between the anti-D3-brane and the
intersecting states in eq. (4.19). Again, one can do so by means of the Kéhler potential

oK

CWE BxE e [y o
g3 [—i(r = )P/ [—iwg)]?

One can do the same for the quartic coupling in eq. (3.28).

1/2
oy HYHPHY +cc.|. (4.37
- gg3V2‘| [Ii4c By +CCj| ( )

4.3 Moduli stabilisation and anomaly mediation

The scenario presented so far provides a toy model towards quasi-realistic constructions
with non-linear supersymmetry in which most scalars are massive. However, the volume
modulus is a runaway direction due to the anti-D3-brane uplift and its stabilisation affects
the other fields of the theory. Moreover, as will also be discussed, some fields receive

non-negligible mass contributions from anomaly mediation effects.

4.3.1 Moduli stabilisation via perturbative and non-perturbative corrections

Due to the no-scale structure of the theory, tree-level type IIB flux compactifications lack
the stabilisation of the Kéihler modulus; nevertheless, this can be fixed once o/- and non-
perturbative corrections are included.

For concreteness, the KKLT scenario [43] for the Kéhler modulus stabilisation will be
considered here, but analogous computations could be performed for the Large Volume
Scenario [44]. Two important modifications to the closed string K and W for the present
analysis are the following.
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(i) In the KKLT approach, the Kdhler modulus potential receives non-perturbative cor-
rections from effects such as D7-brane gaugino condensation'® or Euclidean D3-brane
instantons. Both effects can be described in the low-energy supergravity theory by
means of a superpotential of the form

o 1 B
Whp = — Ae™”,
kg
where A and a are parameters whose details depend on the origin of the non-
perturbative effects. This correction against a non-vanishing flux superpotential sta-
bilises the volume modulus and, together with the anti-D3-brane uplift, it may give

a 4-dimensional non-supersymmetric de Sitter vacuum.

(ii) The o'-corrections modify the Kéhler potential for the volume modulus as [152]

. 3/2 14
20 —20 1
KK = 2111{(26 ) +2§},
where, given the parameter & = —((3)x/1673, with ¢ = ((s) the Riemann ¢-function
and the Euler number y = 2 (h! — h?1) taken to be positive, the deformation is

£=E(r,7) = [—i(r - PP

Although o/-corrections to a KKLT-setup with anti-D3-brane uplift do not qualita-
tively modify the stabilisation of p, as they are subleading in the volume suppression,
they turn out to provide leading order contributions to some open-string masses,
specifically the intersecting scalars.

Note that, as discussed in subsubsection 2.2.2, in strongly warped scenarios, the effects of
supergravity corrections are warped down in the scalar potential due to localisation effects,
leading to a modification of the usual scales. This stems from the 2Ag-shift in the Kéahler
potential (see eq. (2.17)).

Typically the axio-dilaton and complex structure moduli are fixed at higher energy
scales than the Kéhler modulus and the open-string degrees of freedom, determining the
flux background to be imaginary self-dual. This happens also in highly warped compact-
ifications, as discussed in subsection 2.2, so in the low-energy effective field theory they
can be regarded as constant terms. An exception may be the complex structure moduli
associated to the throat base at the strongly warped end [26, 34].

For the open-string sector, the anti-D3-brane scalars receive leading-order flux-induced
mass contributions, so non-perturbative and o/-corrections would give at most subleading
corrections. A similar reasoning applies to the D7-brane scalars. Spinors are less affected
than the scalars since they do not get soft-breaking contributions. On the other hand, the
intersecting states do not have flux-induced masses, so such corrections play a relevant role.

14 This mechanism and its stability after the anti-D3-brane uplift have been scrutinised carefully in the
literature and, despite the criticisms, there is no clear proof for it to be inconsistent. For the most recent
discussions, see for instance refs. [80-82, 85, 86].
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Including the perturbative and non-perturbative corrections, the relevant terms in the
supergravity theory for the volume modulus p and the anti-D3-/D7-brane intersecting state
scalars @ are (the additional constant terms, including the 2A(-shift in the Kéhler potential,
as in eq. (2.17), will be included later)

o\ E
PP +2

KAK = —2In 3

, (4.38a)

2
. _ R >
([—l(p = P) +200] = S gx g XX -
KAW = Wy + Ae® + kysX, (4.38b)
where, recall, e = Imp + ¢ with ¢g = Vy/ V(o). The function g,z can be read off from
egs. (4.18), (4.29), while the definitions of the constant GVW-term and of the anti-D3-

brane parameters Wy, gy ¢ and s, respectively, can be extracted from eqgs. (4.5a), (4.5b)
and read

Js 4 YV, e—240
Wo = = G/\Q>, v = — - - - , s:\/§3.
’ l? < Yo ’ Ixx Js V(O) (—i(7 — 7)) (—iww) g

The contributions from the vacuum expectation values of the axio-dilaton and the complex
structure moduli as well as the constant terms have not been reported in the Kahler
potential for brevity, but they will be reinserted when discussing physical scales.

Although the underlying string construction is different, as far as the scalar fields are
concerned the supergravity theory of eqs. (4.38a), (4.38b) is formally equivalent to the one
studied in detail in ref. [13],!° so this subsubsection mostly summarises the main results.
After a standard calculation, the F-term potential of this model can be written as

Vi = Vi(p, p) + AVir(p, @),

where Vp is the Kihler modulus potential, as a consequence of the breaking of the no-scale
structure by the corrections and uplift term, while AV is the scalar potential for the scalar
field ¢, generating a mass term among other interactions.

4.3.1.1 Kahler modulus stabilisation and Minkowski vacuum. On the one hand,
one can show that the leading order hidden-sector supersymmetry-breaking F-term poten-
tial reads

Vi = VKUl pDste’, (4.39)

where the o/-corrected KKLT-potential and uplift energy respectively read

VKKLT+CM/ _ i a2AA eia(piﬁ) + a(WOA eiiaﬁ + WOA eiap) + 6 , }];(KLT

F ki |3[=i(p— p) + 2co] [—i(p — p) + 2¢o]? “ ’
_ 2 _
v+ — ° O VP,

 gxxl—i(p — p) + 2c0)?k]

5Tn ref. [13], the matter sector is modelled using a D3-brane in the bulk, with supersymmetry broken by
a distant anti-D3-brane. For the scalar fields, this turns out to have an analogous supergravity formulation,
the only differences being the 2Ap-shift to the Kahler potential and the co-shift to the Kahler modulus.
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with the o'-corrections being

5. VKKLT _ i 1 a2 AAelap=p) B (I[W()A €_ia'6—|-V_V0A em"’] n 3WOW0
“or 267 |6 [=i(p—p)+2co]>/2  2[=i(p—p)+2co]T/2 2[=i(p—p)+2¢o)%/2 |
S VI3 = ¢ s

2k gx x| —i(p—p)+2c0]"/?

By parametrising the superpotential constants as Wy = |[Wy| e and A = |A| e, given the
definition of the Kéhler modulus

p=x+ttc,
one finds that at leading order the axion y is minimised as a(x) = 6 — o + nw. Then, the
leading order c-dependent scalar potential is

Vie) = 1 alA| |1 alA] e~ 2ac _ [Wolem* 1 s (4.40)
ki 2 (3 [etc]  fetel? | KL dgyxletcol? ‘

Defining the shifted variables ¢ = ¢+ ¢y and |B| = |A| e®® [105], one obtains results which
are formally equivalent to those of ref. [13]. In the large volume regime, in which ¢ > 1,
the stationary condition 0V/0c = 0 gives the solution

1 82 <ac>
(&
agxx <(1[C+C[)]>’A‘

(Wl = = (ale + co))| Ale™ @ + (4.41)

wl N

Further, a Minkowski vacuum (Vz) = 0 can be obtained if the parameter s fulfils the
leading order equality
2 2 2 —2(ac)
87 =30a9xx (alec+ co])|Al%e . (4.42)

Of course one might want to impose a de Sitter vacuum, but anyway the vacuum energy
has to be small. The o/-corrections would modify the vacuum conditions only at subleading
order in the volume.

One can write the vacuum expectation value (4.41) in view of the Minkowksi vacuum
condition (4.42) as |[Wy| = (2/3) ((a[c + co]) + 1)|A| e={%, or, more conveniently and at
leading order in the volume, as
2 252

= SQXX <[C + C(]]>.

By taking this into account, the gravitino mass, namely nimg /2= <e”ik WW), at leading

order in the volume is
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Similarly, one can see that the not-yet canonically normalised Kéhler modulus mass is
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Finally, the combination of fluxes, non-perturbative corrections and anti-D3-brane
uplift induces a non-zero F-term for the field p, along with the one for X. In the Minkowski
vacuum of eqs. (4.41), (4.42), at leading order in the volume one finds'®

X = [6(<C>+CO)} : wa Fp:zﬁly,/z-
9xx K4 a
This means that the goldstino v is now a linear combination of the anti-D3-brane gaugino
and of the Kéahler modulino (see e.g. refs. [143, 153] for progress in the couplings between the
gravitino and 1X). The unitary gauge does not exactly set to zero the spinor component
X of the nilpotent superfield, but rather the goldstino. This means that the anti-D3-
brane models in this section have a plethora of interactions between the fields coupled to
X and/or p and the linear combination of X and 1 that is orthogonal to the goldstino.
This spinor z/;fg is massive, with a mass of at least the same order as the Kéahler modulus
mass. However, from the scalar potential, one can see that the scales at which each F-term
comes into play have a different volume suppression, being [34]
m3 /2

X 7X71/2 = 11/2 1 g
fx = [KxxF*F7] N s fo = [KppFPFP] NV Ty

(4.43)

This suggests that, due to the hierarchically smaller volume suppression, the anti-D3-brane
still provides the dominant contribution to the goldstino g, thus not changing drastically
the scenario compared to the case where the goldstino is provided by the anti-D3-brane
alone.

4.3.1.2 Open-string mass terms. In order to write the open-string scalar potential
in a convenient way it is helpful to consider the complete canonical normalisation of the
scalar field, including the o/-corrections. At the end of the day, one finds the (-field scalar

potential
2475 /D (1+02,;) 9pppP
AVp = | 224 (YEKIT+a’ | /D3+a’y | T 0Zs) 900¥F 444
R PO D5+ 2 ay
where the correction to the field normalisation is 6z, = —£/2[—i(p — p) + 2¢0]/2. In this
form, it is easy to impose the vacuum solutions. The ©p-term reads
GF — @?KLT—O—O/ + @?—l—a”
with the KKLT- and uplift-like terms
@KKLT-‘,—O/ o 55 (IQAA eai(p_ﬁ) + 3Q(AW06_aiﬁ+AWO€aip) + 9WOWO
r 7267 | [=i(p—p)+2c0)?? [—i(p—p)+2¢co] /2 [—i(p—p)+2c]?/? ]’
— ¢ 2
D3+a/ £ S
@F +a’ _

1267 gx g[—i(p—p)+2¢0) /2

18Tn the presence of perturbative and non-perturbative corrections (and an anti-D3-brane), the axio-
dilaton F-term becomes non-zero too. However, it is small compared to the F-terms for X and p [13].
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In the Minkowski vacuum of egs. (4.41), (4.42), only ©F contributes to the scalar masses.
At leading order, its KKLT-like term happens to vanish, so the potential is fixed by its
uplift-like term and it is positive definite. In particular, one finds the mass term

) A
5" 9pp

AVp = 27
129y x[—i(p — p) + 2c0]

lo=(p) (4.45)

9/2 ;121 9095
4.3.1.3 Complete scalar potential and mass terms. For a fully-fledged calculation,
one must insert the axio-dilaton and complex structure modulus Kéhler potentials and the
constant term, as in eqgs. (4.5a), (4.5b). Further, the 2Ap-shift in K also needs to be
included, as in eq. (2.17), and the consequent redshift will be indicated by the superscript
‘w’, in line with the notation in the rest of the article. Finally, recall that hatted quantities
mean they are purely determined by the supersymmetry-breaking hidden-sector potentials.

Developing the observations made at the end of subsubsection 2.2.2 on the redshifting of
non-perturbative contributions to the scalar potential in strongly warped scenarios, notice
that the 2A¢-shift in the Kéhler potential does not change qualitatively the shape of the
scalar potential in the presence of KKLT-like non-perturbative corrections and anti-D3-
brane uplift, but it affects it quantitatively. Indeed, the uplift term from the anti-D3-brane
is scaled by the usual factor e*40, but the pure closed-string sector term, which is usually

240 The moduli stabilisation is thus

unwarped, is now also scaled down by a factor e
somewhat more delicate, as the uplift from the anti-D3-brane should not be too large with
respect to the close string stabilisation so as to cause a runaway. Also, all the masses are
now redshifted by an extra factor e240.

In detail, in the closed-string sector, the gravitino mass and the non-canonically nor-

malised Kédhler modulus mass read, respectively,

(mw )2 _ i g? 64Q+4A0 ~ gg i 4Ao (4 46)
3/2 K3 127[V(g)]? VA/3 k2 ’ '
3a? g 1
~ 2 ~ 2 4A
(mg)c) T?L(mgu/Q) ~ V48/3 KEG o (447)

Notice that two factors contribute to make the gravitino mass highly suppressed, i.e.
the e?40-redshift and the small bulk (0,3)-flux, which in the tuning towards a de Sit-
ter/Minkowski vacuum ends up providing a lower volume- but enhanced warp factor-
suppression.

Moreover, if the open-string scalars are the intersecting state fields ¢ and ¢, then in
terms of the gravitino mass their non-canonically normalised mass is

3 2 ’
V> ki

2
o & s0-36/2,w 2 95 1 4a
“0”_787@56 /(mg’/Q) ~ 222 et (4.48)

and similarly for the field ¢. Such a mass is quite small due to a large volume suppression
and the effect of warping, but it is necessarily positive definite. Notice that it vanishes in
the absence of the o'-corrections, namely if one sets £ = 0.

Further, for D7-branes extending from the bulk to the throat the gauge kinetic function
is determined by the volume modulus (see eq. (3.10)) and one finds the F’-induced gaugino
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D7 629 AW gg 1 €4A0' (449)

Mg = —— M3y ~
127 g 827 2 .2

For D7-branes at the tip of the throat, there is a dependence on the volume modulus but
it is highly redshifted (see eq. (3.16)).

4.3.1.4 Corrections to pure anti-D3- and D7-brane couplings. The effect of the
Ké&hler modulus stabilisation on the masses and couplings of the pure anti-D3- and D7-
brane states can also be worked out using supergravity, as will now be summarised. It is
useful to note that the F-term for the volume modulus p has an extra volume-suppression
in the presence of non-perturbative corrections, while the F-term for X is unchanged (see
eq. (4.43)). The key point is that the non-perturbative corrections induce scales that are
never bigger than the flux-induced ones discussed before, so in the end the orders of mag-
nitude for masses and couplings are unchanged. In fact, these fields typically have masses
above the warped KK-scale unless localised in the bulk due to a small mass-sourcing flux.

For the pure D7- and anti-D3-brane chiral multiplets, the (would-be) canonically nor-
malised supersymmetric masses are eAompz or myy; for the D7-brane fields localised in the
bulk or at the tip, respectively (see sections 3.1.2, 3.1.3), and m% for the anti-D3-brane
(see sections 4.1.3). For such fields, the p-field F-term does not participate in the effective
p-terms, leaving these (would-be) supersymmetric masses unchanged. The (would-be) soft-
breaking masses turn out to be never bigger than these flux-induced terms, being at most of

the order of the gravitino mass, namely m; gof; ~ mg,f/z after canonically normalising, where
w_
D3

however eA0mp; ~ Mg (assuming 6 ~ ¢') and mpz, m
affected for the anti-D3-branes, coming from an X X-term, while they receive normalised

> mg,f/Q. The B-terms are un-
contributions for the D7-branes of order B; ~ (eAOmm + mgfﬂ)mg’ﬂ or B; ~ mg7m§v/2, for
bulk or tip localisation, respectively. In the former case, the soft-breaking corrections
compete with the flux-induced ones, but do not dominate, while in the latter the correc-
tions are irrelevant for the mass eigenvalues. The trilinear soft-breaking couplings with the
intersecting states are inserted via the X X-coupling and are thus unaffected.

As has been mentioned, the non-perturbative effects do not directly affect the open-
string sector X X-couplings. However, one may expect corrections for all the couplings,
with a scale set by m;f/Q. For the pure anti-D3-brane, such corrections would be irrelevant,
as mg—:)) > mgf/z. On the other hand, considering the counter-part D3-/D7-branes, the soft-
breaking trilinear coupling depends on the p-field F-term and is thus suppressed in the
presence of non-perturbative corrections. All these changes must be implemented by hand,
modifying the scalings in the X X-terms.

In all these couplings, the o/-corrections may only contribute at most with volume-
suppressed terms and are thus irrelevant for fixing the orders of magnitude. An intuitive
explanation for this can be seen in the fact that they do not participate in the stabilisation
of the Kéhler modulus and they are subleading in the F-terms.
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4.3.2 Anomaly mediation

In supersymmetric theories with a hidden sector, anomaly mediation provides a one-loop

contribution to gaugino masses and trilinear scalar couplings, and a two-loop contribution

to charged scalar masses [131, 154]. Again, this is discussed in a setup similar to the current

one in ref. [13], so only an essential review is reported below.

In the case of a diagonalisable Kdhler matter metric, one can show that the anomaly-

mediated gaugino masses, the scalar masses and the trilinear couplings read [131, 154-158]

a
my /9

<SONo

Aiji

IBg [A 1 e :|

= g K 450

anom Ya "3/2 3 M ( a)
1o w 1owe 1Tew 1 =ye
T o,

anom - 5 €AO Y;’jk (FYZ + PYJ + ’Yk) |:m3/2 - § IMKM] ) (450C)

where h represents any running coupling and f;, the corresponding beta-function, with ~*

the i-field anomalous dimension. These expressions refer to the canonically normalised

fields, with indices lowered and raised by Kronecker deltas d;; and 54,

e Given the quadratic Casimir invariant in the adjoint representation Cy(G) and the

generator normalisation C(rg) for the representation rg, respectively, the beta-

functions for the gauge couplings g read

where b is the coefficient

3
_ 9
& 1672
11 2 1
b= Oa(G) = 3y Clrty) — 31s C 1),

with ny and ng being the spinors and scalars in the representations ré and r¢, of the

gauge group G, respectively. For the special unitary group SU(n), with n > 1, one

has the set of values

particle representation C (s
1 n?2-1

" 2 2n

(n,n) n n

and, for a group U(1), C(y) = y? and Cs(y) = 0, where y is the particle charge.

e Omne can write schematically the beta-functions for the Yukawa couplings Y;; as

By =6 7Y
]

where 'yij are functions which happen to be irrelevant in the following calculations.
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e Finally, the anomalous dimension 4* can be written as

) 1 1 _ .
Y= 1o |5 22 Y Vi — 222 0.C0G,)
— -

)

The relevant mass scales are worked out below for intersecting anti-D3-/D7-branes. For
single branes, the only non-neutral fields of the model are in the intersecting sector, which
is thus the only one receiving corrections. More realistic non-Abelian models with multiple
branes have a larger non-neutral spectrum, but the mass scales, being fixed by the gauge
couplings, are analogous. In particular, the b-coefficients are typically negative due to the

large number of degrees of freedom.

e For a D7-brane wrapping a 4-cycle extending along the throat, the anomaly-mediated
gaugino mass is slightly more suppressed than the volume modulus F-term contribu-
tion, being

2

D7 _ 9b7 w 9ot eq
my /o o = T 16n2 bpr m}f/g = _87712(2)4 e mé"/Q. (4.51)
0

Instead, if the D7-brane wraps a 4-cycle that is localised at the infrared end of the
throat, the anomaly-mediated mass is

2
D7 9Ib7 . gsbpr
m1/2 anom = _7]_6772 bD7 méu/2 = _78871' méU/Q (452)

In the presence of non-Abelian anti-D3-branes, there are extra would-be gaugini apart

from the goldstino and their anomaly-mediated mass is'”

2
D3 993 gsbi
D3 _ D3 AW D3 AW
"2 o — T 1652 D32 T g i(r — 7)) |2 (4.33)

e For the intersecting state scalars, which classically are vanishing, in principle the full
anomaly-mediated mass term is

2
My

o 2
_ 1 4 ® 4 © méu/Z
anom N 5 |:gD7bD7C(TD7) + gﬁbﬁc(rm)} 82 ’

where the Yukawa term contribution has been ignored, in the anomalous dimension,
due to a smaller volume and the warp factor suppression, i.e. g2 > y. So, for a
D7-brane wrapping a 4-cycle extending along the throat, the leading order anomaly-
mediated scalar mass is dominated by the anti-D3-brane contribution and reads

) 92b3C (rE5)

® anom - 87T2[—i(T — 7_')]2

m (5)9)*. (4.54)

Y71f one considers the effects of a non-zero axio-dilaton F-term, the gaugino mass contribution is at most
of order m]f/32 ~ (3m3/2/2av2/3) [13], so it is usually subleading with respect to the anomaly-mediated one.
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On the other hand, for a D7-brane wrapping a 4-cycle localised at the tip of the
throat, the leading order term is

2p—C'(rf- 2 © 440\ 2
2 9sbp3C(rpg) | g2bprC(rfy) (e U

- : 4.55
M nom 8m2[—i(T — 7)]2 T 3972 WO (m3)5) (4.55)

Such masses are negative definite as long as the b-coefficients are negative. These
contributions are in close competition with the o’-induced terms and the tachyonic
terms might dominate, leading to an instability.

e The contributions to the trilinear couplings are again dominated by the gauge cou-
pling terms and read

1 : a
—l——C(rJGa)TrLI/2

anom ba

—|——C(r’f;a) mi o

anom ba

- 1 .
A
Aljk! =e 0}/;]]6 Z L)QC(TZG‘I) m(f/2
a
which means an approximate scaling of at least
AW\ Ao
Aijk ~ gsmg/g}/;jk e .

For D7-branes extending along the throat, these terms tend to be leading due to the
smaller volume suppression, while for D7-branes wrapping 4-cycles at the tip of the
throat they are subleading corrections to the flux-dependent couplings between the
intersecting states and the anti-D3-brane scalars, as can be verified by comparing
with subsubsections 4.2.2 and 4.2.3.

5 Overview on the extension to non-Abelian theories

So far, the focus has been only on single anti-D3- and D7-branes. This section outlines a
way to extend the previous results to multiple coincident branes at orbifold singularities,
which provide quasi-realistic models with non-Abelian gauge groups and matter fields in
bifundamental representations. The identification of the non-Abelian sectors with appropri-
ate constrained superfields is worked out, and the new supergravity interactions are found,
first for anti-D3-brane stacks, then for anti-D3-/D7-brane systems. Finally, the low-energy
effective field theory corresponding to anomaly-free combinations of anti-D3-/D7-branes
on orbifold singularities within flux compactifications is spelled out in some detail.
Although an explicit realisation of a Calabi-Yau orientifold with orbifold-like singu-
larities is beyond the scope of this paper, the results in sections 3 and 4 hold in any
such construction. In particular, the consequences of the orbifolding are in the richer
array of gauge group representations particles may fall into, as reviewed below, but the
gauge couplings and masses computed in earlier sections continue to hold in general. At
the same time, there is a very interesting interplay between the orbifolding and super-
symmetry breaking by anti-D3-branes, whereby, after the orbifolding, the bifundamental
matter stretching between anti-D3-branes and D7-branes will have scalars and fermions
in different gauge representations. Other minor differences, due for instance to orbifold
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symmetries projecting out certain background fluxes, are commented on explicitly. In a
complete construction, local and global RR-tadpole cancellation would restrict the combi-
nations of fluxes, anti-D3-branes and wrapped D7-branes appearing at each fixed point of
the geometry.

5.1 Non-Abelian anti-D3-branes

First of all it is necessary to describe a stack of coincident anti-D3-branes in the language of
Ny = 1 supergravity by extending its constrained superfields to the non-Abelian framework
and adding a few new couplings which are non-zero only in the non-Abelian case.

5.1.1 Particle content

The gauge group of a stack of n coincident anti-D3-branes at a smooth point in the internal
space is the non-Abelian group U(n). The group U(n) fulfils the isomorphism

U(n) ~ SU(n) x U(1)/Zy,

so its generators t;, with I = 0,4, consist of the n-dimensional identity ¢ty = 1, and of the
n-dimensional Hermitean generators t; of the group SU(n), with i = 1,...,n% — 1.
The particle content contains the following degrees of freedom:

e a non-Abelian gauge vector, i.e.

A

Ay =Altr = A1, + Alty;
e a gaugino in the adjoint representation, i.e.
A =Mt =21, + Nty
e three complex scalars in the adjoint representation, i.e.
P = ¢tr = "1 + "ti;
e three modulini in the adjoint representation, i.e.
Pt =Mt = P01, + P

The field A, gauges the U(1)-component and the fields AZ gauge the non-Abelian SU(n)-
component. Also, the fields A, ¢® and ® are netural under the Abelian group and singlets
of the SU(n)-component, whereas the fields \‘, ¢ and 1)* are neutral under the Abelian
group and in the adjoint representation of the SU(n)-component.

As it is a singlet under all the gauge groups, the spinor A is the goldstino of the theory.
Therefore, it can be placed in a nilpotent chiral superfield X just as in eq. (4.1), with

X%2=0. (5.1)

Being a singlet, the nilpotent superfield is sufficient to define the other constraints in a
similar fashion as for a single anti-D3-brane, thanks to the linearity of their solutions [88].
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e The non-Abelian gaugini A\! can be packaged in the chiral superfield
X = X',

which is neutral under the U(1)- and in the adjoint of the SU(n)-component of the
gauge group, with the scalars removed by a constraint like the one in eq. (4.3), i.e.

XX =0. (5.2)

e Similarly, the full gauge vector can be described by the field-strength chiral superfield
Wa =Wa + Wou

with W, = W,1,, and Wa = WOZC t;, where the spinor components are removed by the
constraints'® (generalising that of eq. (4.2))

XW, =0, (5.3a)
XW, =0. (5.3b)

As the nilpotent superfield X is a singlet, these constraints are gauge invariant.'”
Also notice that the condition X W, = 0 is equivalent to the two constraints written
above.

e For the modulini, one can define the chiral superfields
}A/a =Y+ ?a,

with Y = Y?1,, and Y = Y%¢;, and remove the scalar components by means of the
constraints (generalising the ones in eq. (4.3))

XY® =0, (5.4a)

XY*=0. (5.4b)
Again, gauge invariance is preserved and an equivalent condition is X ye = 0.
e Finally, the scalars can again be encoded in the chiral superfields
H® = H* + H,

with H* = H%1,, and H* = H%¢;, with the spinor and auxilary field components
removed by constraints (generalising those of eq. (4.4))

XD, H" = 0; (5.5a)
XD, H® = 0. (5.5b)

Again, these are gauge invariant and one can simply write the condition X Do H® = 0.

8In addition to the constraint, there may be a modified Wess-Zumino gauge condition, as discussed in
the Abelian case by ref. [88], which easily extends to the non-Abelian case.

9Notice that, if the constraint reads XW = 0, then, given the gauge transformation induced by the
chiral superfield A, the constraint X[e"*We™ "] = ¢* XWe™* = 0 holds too.
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5.1.2 Supergravity formulation

Given the superfield spectrum above, one needs to extend the Ny = 1 description of
subsubsection 4.1.3 to a non-Abelian theory. Adapting the existing Abelian couplings
to their non-Abelian version is straightforward. Moreover, to match the dimensionally-
reduced effective action of refs. [108, 128] one needs to generate a further cubic and quartic
scalar interaction as well as some Yukawa couplings.

Quite remarkably, one can verify that the only extra terms which need to be included
in the supergravity theory are those in the trilinear superpotential

v v

13O0, trYeylae +
mgs ° dmgs

oW = 1 13O0 tr YeH A, (5.6)
where the normalisation constant is v? = 47 e~240 [V(O)]S. One could account for the warp
factor by considering the throat complex structure modulus [26, 34].

e Since it contains two spinors and one scalar, the first term in the superpotential only

represents a Yukawa coupling between the modulini 1&“ and the scalars ¢ of the form
30 1/2

Ygagege = Ygagnge = . Yol
wepbee T IYYPHE T 9 [ i(r — 7)]1/2 [—iw, /2 S

which corresponds to the couplings in refs. [108, 128], provided the insertion of
the complex structure moduli in w, (not captured explicitly in the dimensional
reduction).

e In a similar way as for D3-branes, the Yukawa terms also generate the quartic scalar
potential and part of the cubic potential [108]. Indeed, now one has the effective
anti-D3-brane superpotential

B3 1 ISIIN 1 NN
Wsll)lgy = 5 Mf/af/btr YaYb + 5 ,sz/alflbtr YaHb

1 ISP 1 ISP
+ 5 Ypayoyett VoY H® + 3 Yy tt VoA ae,
which in the unitary gauge generates the F-term scalar potential

Cravb ~ AC A hyl 2 1/ 0,
V;SUSY) = 7YY ¢ (,uf/chgDC + yyagcngOCSOd) (:uf/bf{e(pe + y?bﬁeﬁf@ew )

Further, the D-term potential now reads

1 ~a 2b ~Ac 2d
Vb = 5 05500 (23, 9" 0N (Z g ra 07

Obviously, the quadratic term in the F-term potential is the usual anti-D3-brane mass
term. Then, consistently with the results of refs. [108, 128], the cubic term reads*

€4Q+4A0

53 1 vV 12
D3 w ~—+0 ~a 2b 2c
ybs 1,(GF0) - tecl,
cubic 167T[—i(7’ _7—_)]’@1 [27‘('0.) V(O)] ( 3 )achO (s C.C

20Tn the presence of (0, 3)-flux at the tip of the throat, there would be a further soft-breaking contribution
to the trilinear scalar potential.
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while the D-term potential and the quartic term of the F-term potential combine to
give the usual would-be N = 4 scalar potential

D3 64Q Vw 0 0 ~a ~c1r2b 2d ~a Zdirsb ac
BgCJtr [SO 780][90 , @ ]+[SO , P ][90 7QO] )

quartic — 87Tg5[—7;(7' _ 7—_)] U 9,

which concludes the discussion of the consistency with the dimensional reductions in
refs. [108, 128].

5.2 Non-Abelian anti-D3-/D7-brane systems

As a further step toward quasi-realistic constructions, one can add a stack of w intersecting
D7-branes to the system with n anti-D3-branes. The new states are as follows.

e The D7-brane worldvolume is enhanced to a non-Abelian U(w)-theory, where the
gauge group is factorisable as U(w) ~ SU(w) x U(1)/Z,, with K = 0,k, for k =
1,...,w? — 1. The degrees of freedom are then:

— a non-Abelian gauge vector and a spinor in the adjoint representation, i.e.
A k 2 k
B,u:B,u,lw"i_Butka C:Qw‘i‘C tk;
— a scalar and another spinor in the adjoint representation, i.e.
6% = 31, + 3P ty, B =021y + 3% by

As D7-branes do not break supersymmetry, these fields make up standard multiplets.
In particular, there are an Abelian vector superfield Y,,, containing B,, and (, a non-
Abelian SU(w) vector superfield Y,,, containing Bﬁ and ¢*, a neutral chiral multiplet
o3, containing 0% and 73, and a chiral multiplet 53, containing ¢3* and 7**.

e For the anti-D3-/D7-brane intersecting states, the situation does not differ too much
from the setup with single branes. The degrees of freedom are:

— two scalar fields ¢ and ¢ from the 37- and 73-sectors, respectively, with the
former in the fundamental representation of the group U(n) and in the antifun-
damental of U(w), and the latter in the conjugate representation;

— two spinor fields ¢ and 1; from the 37- and 73-sectors, respectively, with the
former in the fundamental representation of the group U(n) and in the antifun-
damental of U(w), and the latter in the conjugate representation.

As usual, these fields cannot be packaged in standard supermultiplets with respect
to the closed-string sector supersymmetry, but rather in constrained superfields.

— The scalars can be encoded in the chiral superfields H and H such as to remove
their spinor components, generalising egs. (4.15), i.e.

XXDoH =0, (5.7a)
XXD,H =0. (5.7b)
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— The spinors can be encoded in the chiral superfields Y and Y such as to remove
their scalar components, generalising eqs. (4.16), i.e.

XY =0, (5.8a)
XY =0. (5.8b)

Again, thanks to the linearity of the constraints, their solutions are simple generalisa-
tions of the Abelian ones. Notice that a superfield in the fundamental representation
of a group U(p) has a charge ¢ = +1 under the corresponding Abelian subgroup and
is in the fundamental representation of the SU(p)-subgroup, and correspondingly for
the antifundamental representation.

5.3 Anti-D3-/D7-branes at orbifold singularities

An interesting class of model-building setups is the one with anti-D3-branes and D7-branes
at orbifold singularities, as introduced by ref. [92] and implemented by ref. [95] in a more
complete quasi-realistic flux setup (see also ref. [96]).

The fact that the branes sit at an orbifold singularity breaks each gauge group U(m)
into several subgroups U(m;). Interestingly, the anti-D3-/D7-intersecting scalars and
spinors now transform in different representations of the unbroken gauge groups, and so
have no semblance to being superpartners.

5.3.1 Outline of the gauge group breaking and massless spectrum

One considers a 10-dimensional spacetime of the kind X9 = R3 x Yy, where Yy is the
6-dimensional orbifold O% = T /Zn. The action 6 of the Zy-twist on the complex internal
coordinates is

a N, la

Z a
24— aezf,

2mi/N and the bulk supersymmetry condition 22:1 le = 0 mod N;

with the definition a = e
for simplicity, only the case where I3 is even is discussed. The action of the Zy-twist on

the massless degrees of freedom of a stack of n anti-D3-branes is then as follows.

e Because they are orthogonal to the orbifolded directions, the action of the Zy-twist
on the anti-D3-brane gauge vector fields is simply
A, B 1,04, T ]
po—7 Le3dulygs
where, given N arbitrary integers n;, with¢=0,1,..., N —1, such that Zi]i_ol n; =n,
the representation of the orbifold matrix is chosen to be

N_ll

Ty 3 = diag (1ng, lpy,. ..« nN 1)

Therefore, it is not difficult to infer that the invariant generators generate the sub-

group
N-1

Gzy = ® U(ny).
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e The three complex scalars ¢ transform under the orbifold twist 6 as
~a Zn, a _ ~ap—1
P — « F973 %) Fe 3

which implies that the orbifold-invariant scalar fields fall into the representations
3 N—
2 > (i)
a=1 i=0

e The four Weyl spinors are associated to the states |{s,,})2 _;, where the half-integers
Sm = =£1/2 define their chirality [159], and compatibly with the GSO-projection
can be labelled as &’”, with r = 0 corresponding to the would-be gaugino A and
r=a =1,2,3 corresponding to the would-be modulini Qﬁa. The orbifold twist takes
the form

A mkm
wr s F03wr 037

where k,, are integers defining the orbifold action on the fermions, with anzl ky =
0 mod N and Iy = ks + kg, lo = ko + k4 and I3 = ko + k3, and the calculations show
that the orbifold-invariant subset of the spinor \ transform in the representation

N-1

Z (nivﬁi)7

i=0
while from the would-be modulini 7,2“ one obtains the representations

N—

3
Z Z nz; nz+l

a=1 i=0

H

In the presence of D7-branes, the reasoning is analogous. Just as for the action of the
orbifold twist on the anti-D3-brane degrees of freedom, one defines the matrix

N—ll

Lpr7 = diag (Lugy, alyy, ..., « wy_1)s

and essentially follows the same reasoning as above. The description of the orbifold action
on the anti-D3-/D7-brane intersecting states can also be worked out in a similar way.
The full spectrum is summarised below.

e The 33-sector provides a simple would-be supersymmetric massless spectrum.

(i) The vector fields and adjoint Weyl spinors transform in identical representations
of the group @' U(n;), i.e. in particular:

__ N-1
33-sector vectors: 7(33) — (n, 1;);
=0
5.9
) - (59)
33-sector Weyl spinors: ré‘?;g) = (n;,m;).
=0
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(ii) The 3N complex scalar fields and the remaining 3N Weyl spinors transform in
identical bi-fundamental representations of the group ®Z]-\L_01 U(n;), namely:

. N-1
33-sector scalars: 7‘§33) = Z Z (ni, miq1,);
a=1 =0
5.10
- __ 3 N-1 (5.10)
33-sector Weyl spinors: T‘(,V ) Z (ni, Tiq1,).
a=1 i=0

e The 73- and 37-sectors provide the following non-supersymmetric massless spectrum,
transforming in distinct bifundamental representations:

(i) two sets of N scalar fields:

_ N-1
73-sector scalars: 7“273) = (T, w;), (5.11a)
=0
B _ N-1
37-sector scalars: r£37) = (n;,w;); (5.11b)
i=0
(ii) two sets of N Weyl spinors:
3 S (75) N~
3-sector Weyl spinors: Tw o = (M, wi_gy)2), (5.12a)
i=0
5 . 37 = _
37-sector Weyl spinors: Ty = (Mg, /2, W) (5.12b)
i=0

e Finally, in the 77-sector, one has a supersymmetric spectrum, as follows:

(i) the vector fields and a class of Weyl spinors form a number N of Ny = 1 vector
multiplets:

TT7-sector vector multiplets: 7“97) = Z (w;, w;); (5.13)
=0

(i) the scalars fields and the Weyl spinors form a number N of Ny = 1 chiral
multiplets:

7T7-sector chiral multiplets: rg7) = Z (Wi, Wiqy,)- (5.14)
i=0

Such representations factorise according to the factorisation of the groups U(p;), for in-

stance if a field is in the representation p; with respect to the group U(p;), it has charge

g = 1 under its U(1)-component and is in the representation p; of the SU(p;)-component.

As models with anti-D3- and D7-branes at orbifold singularities contain chiral fermions

in fundamental representations of the gauge groups, the theory is anomalous unless special
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cancellations occur, which is usually guaranteed by RR-tadpole cancellation [94]. The spe-
cific configurations which make the theory anomaly-free are spelled out below and amount
to the combinations of the sets of integers {n;} ;! and {w;}Y ;' that happen to give a
theory in which all the anomalous Feynman diagrams add up to zero.

(i) The condition that cancels out all the non-Abelian anomalies that arise from the
SU(n;)- and SU(w;)-subgroups is [92, 94, 95]

4 [ﬁ sin (ﬂ-kla)] tr T’ sin (Wkl?’) tr T 0 (5.15)
AT gk:; - T ok.7 = U. .
] N N

(ii) Under the condition above, the mixed Abelian/non-Abelian diagrams are pseudo-
anomalous, which implies that the Abelian factors actually acquire a mass via the
Green-Schwarz mechanism, apart from the linear combination®! [92, 95, 160]

N-—1
Q=>_ Q—” (5.16)
i=0 'Y

Depending on the model, there may be additional non-anomalous combinations.

In principle, the gauge ﬁelds in the multiplets from the spectrum reported in eq. (5.9) are
the vectors?? Aff) = A,(f) + fl,(f), one for each different U(n;)-subgroup, and similarly for
the U(w;)-subgroups. However:

(i) the non-Abelian gauge fields fl,(f) of the SU(n;)-components are non-anomalous if the
condition in eq. (5.15) is satisfied, and similarly for the SU(w;)-components;

(4)

(ii) all the Abelian gauge vectors A, are anomalous and hence disappear from the low-
energy effective theory, apart from the linear combination given in eq. (5.16), i.e.

Additional anti-D3-branes at other fixed points are also included in order to cancel the
D7-brane anomaly induced there. Even though the corresponding new U(1)-factors are
anomaly-free, they still acquire a mass via the Stiickelberg coupling [95, 160].

5.3.2 Outlook on a supergravity formulation

Given the massless spectrum of anti-D3-/D7-branes at orbifold singularities, one can now
describe the effective theory in the language of Ay = 1 supergravity. In particular, one
needs to identify the goldstino and understand how to encode the remaining degrees of
freedom in supermultiplets.

21 Actually, this combination exists as long as all the integers n; are non-zero. Moreover, some Z y-orbifolds
might have further anomaly-free linear combinations. An explanation to this is in ref. [92], section 2.3.

*2The notation should not be misleading: for instance, Aff) denotes the gauge field for the SU(n;)-
component, and it can be expanded as A,(f) = A,(P kt,(;), with t,(;) the Hermitean generators of SU(n;).
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and

If the anti-D3-brane sits at an orbifold singularity, the goldstino survives (see eq. (5.9))
the same supersymmetry breaking takes place as if it is at a smooth point (a similar

breaking also happens for anti-D3-branes sitting at an orientifold singularity, as in ref. [8]).

With multiple anti-D3-branes, the following reasoning holds.

(i)

(i)

The

At a smooth point, the anti-D3-brane goldstino would be the neutral singlet contained
in the U(n)-gaugino \. At an orbifold singularity, the original U(n)-gaugino ) suffers
the orbifold projection

A % Tyg AT,
which singles out several diagonal components as several gaugini A for each of the
subgroups U(n;). For each of these, one extracts a neutral singlet A(?) under the U(1);
and SU(n;) subgroups.

Only one linear combination of the gaugini and their would-be vector superpartners
is actually massless, with orthogonal combinations acquiring a mass via the Green-
Schwarz mechanism [95]. In accordance with eq. (5.16), the goldstino of the theory
is thus the linear combination

N—1 (i
A ()

(O Z n
i=0

since it is the only massless gauge-neutral spinor on the anti-D3-brane worldvolume.

goldstino can be encoded as usual in a nilpotent superfield X. After the identification

of the goldstino, one can easily infer the main characteristics of the supergravity effective

field

theory of the remaining fields in the massless spectrum. Details are below.

e In the 33-sector, the situation is as follows.

(i) The vectors and the neutral Weyl spinors that transform in the adjoint repre-
sentations rggg) = 7’%[3}3) are the orbifold-invariant blocks of the fields jlu and \,
plus the non-anomalous Abelian component V,, and the goldstino 5. Therefore,
they belong to the orbifold-invariant blocks from the constrained superfields Wi,
X, W, and X, respectively.

The vectors are massless and provide the standard-like model gauge fields, with
the goldstino being set to zero in the unitary gauge. On the other hand, the
would-be non-Abelian gaugini are extra massless degrees of freedom which can
be made massive via non-trivial effects such as anomaly mediation.
(ii) The complex scalars and Weyl spinors transforming in the bifundamental rep-
resentations rg‘a’g) = 7"‘(,33) are the orbifold-invariant blocks of the fields ¢%, ¢%,
¥ and ¢°, and therefore belong to the orbifold-invariant blocks from the con-

strained superfields H®, H*, Y% and Y, respectively.

All these fields are massive in the presence of (2,1)-flux at the anti-D3-brane
location. Scalars receive further subleading contributions originating from per-
turbative and non-perturbative corrections to the theory. Notice that not all the
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orbifold singularities allow for (2, 1)-fluxes, in which case the corrections become
leading.?

e In the 73- and 37-sectors, the situation is as follows.

(i) The scalars transforming in the bifundamental representations r§§7) and r§73)
are the orbifold-invariant blocks of the fields ¢ and @, and therefore belong to the
corresponding blocks from the constrained superfields H and H, respectively.
Such fields are massive after supersymmetry breaking and receive contributions
from anomaly mediation. Anomaly-mediated mass contributions can be neg-
ative and lead to tachyonic instabilities, but they may be balanced by other

effects such as the a/-corrected uplift contribution.

(ii) The spinors belonging to the bifundamental representations ré[?}n and r‘(,‘7,3) are

the orbifold-invariant blocks of the fields 1) and v, and therefore belong to the
corresponding blocks from the constrained superfields Y and Y, respectively.

Such fields are always massless and represent the matter content of the standard-
like model extension built at the orbifold singularity.

e In the 77-sector, the situation is the following.

(77)

(i) The fields in the vector multiplets in the adjoint representations ry, ’ are the
invariant blocks from the fields B,, (if anomaly-free), B#, ¢ and ¢, and therefore
belong to the corresponding blocks of the vector multiplets Y, and Y.

Such gauge fields are chosen to correspond to interactions in a hidden sector. In a
pure-flux background, the gaugini are massive only in the presence of (0, 3)-flux,
which is not present at the tip of the throat. However, for bulk-extended D7-
branes they acquire masses from a non-zero volume modulus F-term and even
for throat-localised D7-branes they acquire a mass from the anomaly mediation

mechanism.

(ii) The fields in the chiral multiplets in the bifundamental representations rg ) are

the invariant blocks of the fields o3, 33, 73 and 73, and therefore belong to the
corresponding blocks of the chiral superfields o® and &3.

All these fields are massive in the presence of (2,1)-flux, with further contribu-
tions from perturbative and non-perturbative corrections to the theory.

Now that the supermultiplets have been identified, given the N = 1 supergravity formula-
tion of a system with intersecting anti-D3- and D7-branes at a smooth point in the internal
space, in order to describe the theory of intersecting anti-D3- and D7-branes at an orbifold

#3For a supersymmetric Zy-twist, a necessary condition for the (2, 1)-flux to survive the orbifold projec-
tion is that at least one of the l,-coefficients be I, = N/2, which is not satisfied e.g. by a C*/Zs-singularity,
but it is for instance by C*/Z4; the flux can also be preserved for singularities of the form (C?/Zy) x C,
C?/[Zm x Zn] and C*/[Zas x Zn % Zix] [92, 107, 112].

Moreover, depending on the orbifold action, the specific flux components that render the modulini mas-
sive [107] might be projected out. The trace condition allows this situation while keeping the scalars

massive.
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singularity one can simply reduce the original superfields to the subset that is invariant
under the orbifold twist.

Notice that there exist singularities with further massless would-be vector superfields.
In particular, this is a feature of orbifolds which leave invariant at least one of the complex
directions [92]. In this case this gives rise to extra massless Abelian gauge fields and neutral
spinor fields.

6 Analysis of the mass hierarchies

Together, sections 3, 4 and 5 provide the tools to formulate the supergravity theory for
chiral gauge theories from intersecting anti-D3-/D7-branes on warped orbifold singulari-
ties in type IIB Calabi-Yau orientifold flux compactifications. The physical mass scales
that emerge in such constructions are now discussed, with a view towards quasi-realistic
standard-like models. In the scenario considered:

e the localisation condition of eq. (2.13) is assumed, implying that closed-string sector
fields, apart from the gravitino, tend to localise near the redshifted end of the throat;

e the hierarchy of eq. (2.16) between the gravitino mass-sourcing fluxes is assumed,
implying that the gravitino is localised in the bulk and a low-energy supergravity
description is consistent.

It is also assumed that only (2,1)-fluxes are present at the tip of the throat. For ease of
notation, the normalisation V) = 1 is considered in the rest of this section.

6.1 Pure D7- and anti-D3-brane states

Pure D7- and anti-D3-brane states are discussed first, as their masses are essentially de-
termined by the dimensional reduction of the worldvolume actions. In particular, except
for some of the gaugini, the 77- and 33-states are not critically dependent on the interplay
between each other, neither on the way in which the Kéhler modulus is stabilised nor on

anomaly mediation effects.

e For D7-branes that wrap 4-cycles extending from the tip of a warped throat into the
bulk, the fate of the hidden matter chiral multiplets can be one of two possibilities,
in accord with subsubsection 3.1.2.

— If the mass-sourcing fluxes do not have specific hierarchies, then the D7-brane
chiral superfield is localised near the tip of the throat with a mass of the order of
the flux-induced axio-dilaton one, that is, from the normalisation induced by the
matter metric and the p-coupling in egs. (3.8), (3.9), a canonical supersymmetric
mass 2 1

oo — e (6.1)

2 2
Meg ~ (m%7) ~ V2/3 ,{74 € )

which is of the same order of magnitude as the warped Kaluza-Klein scale my
of eq. (2.11), above the cutoff scale of the theory.
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— If the fluxes are such that the D7-brane chiral multiplet does not localise near
the tip, then, from the matter metric and the p-coupling in egs. (3.5), (3.6), the
canonically normalised supersymmetric mass is

2 2
o’ 1
m2; ~ e*om? . ~ s~ 240 (6.2)

Ve
where 6’ is a small number representing the small bulk flux. In this case, the
chiral multiplet survives the warped Kaluza-Klein cutoff.

Again following subsubsection 3.1.2, given the gauge kinetic function of eq. (3.10),
the hidden-sector gauge couplings are of order

Js
912)7 ~ m- (6'3)

In the absence of (0,3)-flux, if there are no supersymmetry-breaking or anomaly-
mediation effects, the D7-brane gaugino is massless.

For D7-branes that wrap 4-cycles localised at the tip of a warped throat, from

the discussion in subsubsection 3.1.3 with the matter metric and the p-coupling

of egs. (3.14), (3.15), the hidden chiral matter multiplets acquire the canonical

mass [104]

2 B Lo, (6.4)
V2/3 ,@21 ’ ’

This means that the fields do not survive the cutoff unless the mass-sourcing (2, 1)-

m%? ~ (mpy7)

flux is parametrically smaller than other fluxes in the throat that generate the warped
Kaluza-Klein scale. Also, subsubsection 3.1.3, thanks to the gauge kinetic function
of eq. (3.16), indicates that the hidden gauge couplings scale as

9]2)7 ~ Gs- (6.5)
Again, the gaugino is massless in the absence of supersymmetry-breaking or anomaly-

mediation effects.

For anti-D3-branes, the modulini and scalar exotics have masses of the same or-
der of magnitude, as discussed in subsubsection 4.1.3. From the matter metrics of
egs. (4.7), (4.9) and the H-couplings of egs. (4.8), (4.10), one finds once again that a
(2,1)-flux sources a canonical mass [104]

2
1
w )2 ~ Js 2A0' (66)

2
miz ~ (m 5= 5 €
33 D3 2/3 ;2

V2/ Ky

Further, given the gauge kinetic function in eq. (4.14), the gauge coupling scales as
912373 ~ Gs- (67)

As the anti-D3-brane gaugino is the goldstino of the theory, it is always massless. For
non-Abelian branes, there can be anomaly-mediation effects, otherwise the gaugini
are always massless in the models under consideration.
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6.2 Anti-D3-/D7-brane intersecting states and stable Kéhler modulus

In the presence of intersecting anti-D3- and D7-branes, following subsection 4.2, both the
scalars and the spinors from the 37- and 73-sectors are massless if one ignores perturbative
and non-perturbative corrections. However, the string perturbative and non-perturbative
effects are crucial for both stabilising the Kéhler modulus and for making the intersecting
scalars massive, as discussed in subsection 4.3. In contrast, for the pure anti-D3- and D7-
brane states, these only induce suppressed extra contributions which are only significant
for some of the gaugini. A relevant role can also be played by anomaly mediation.

As discussed in subsection 4.3, following eq. (4.46), the interplay between perturbative
and non-perturbative corrections imply that the gravitino acquires a mass of order

(1ing)5)° ~ 95312 o (6.8)
VA5 kg

Roughly, this can be written in terms of the warped Kaluza-Klein scale and the condition
of eq. (2.13) shows that this mass is bounded above as

AW gS w
(7”:1,/2)2 S V2 (mix)*.

This means that the gravitino is well within the cutoff of the theory. Also, the Kahler
modulus is stabilised and, from eq. (4.47), its canonically normalised?* mass is of order

()2 ~ VY3 (1)), (6.9)

with the upper bound
A g
(5?5 S5 (miic ),
leaving it well within the warped Kaluza-Klein cutoff too. Finally, from the matter metrics
in eqs. (4.18)/(4.29) and the mass of eq. (4.48), the canonical masses for the 37-/73-states
visible scalar are of order

£ w
m§7 ~ m% ~ Y (m3/2)2. (6.10)

Again, one can easily verify that these fields survive the 4-dimensional cutoff, being

2 2 gs§ 2
ms; ~miz S V3 (mKK)

As discussed in subsection 4.3, moduli stabilisation has effects on the gaugini, and

anomaly mediation affects both the gaugini and the intersecting states.

e For D7-branes wrapping a 4-cycle extended from the throat tip into the bulk, from
eq. (4.49), the non-zero volume F-term induces D7-brane hidden gaugini masses of

order .

% For ease of notation, although this is the mass of the canonically normalised modulus (which requires
taking into account both the Ké&hler metric and inserting the appropriate dimension for a 4-dimensional
field), the symbol V is maintained from now on since the volume is what is controlled by the canonically
normalised field c.
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An anomaly-mediated contribution is also there but it has an extra string coupling
suppression, as can be seen in eq. (4.51). Further, from eq. (4.54), the anti-D3-/D7-
brane visible sector intersecting scalars anomaly-mediated mass contribution is

2 2 2.4 2
omzgy ~ dmaz ~ =g (1Mg),)7, (6.12)
which competes with the o/-induced contribution.

e If the D7-brane wraps a 4-cycle which is localised at the tip of the warped throat, then
eq. (4.52) indicates that the D7-brane hidden gaugino acquires an anomaly mediated
mass of order

My ~ gs ). (6.13)
Further, from eq. (4.55), the anti-D3-/D7-brane visible sector intersecting scalars’
anomaly-mediated contribution is

6m§7 ~ 5m% ~ —g? (mg”/z)? (6.14)

This dominates the term induced by the o/-induced contribution, generating an in-
stability, unless the volume and the string coupling are properly tuned.

e Anomaly mediation also generates masses for the anti-D3-brane visible sector would-
be gaugini apart from the goldstino, which are present for non-Abelian anti-D3-
branes. In this case, thanks to eq. (4.53), the order of magnitude is

m11)/32 ~ gs 3. (6.15)

An interesting scenario is the one in which the mass-sourcing (2, 1)-flux is such that
the pure anti-D3- and D7-brane chiral multiplets are heavier than the cutoff scale. Since
their positions are stabilised at the expectation values (p?) = 0 and (¢3) = 0, the trilinear
couplings disappear. One is left with an effective theory in which the 4-dimensional degrees
of freedom are:

e the non-anomalous visible and hidden gauge vectors, which are massless, and the
gaugini, which are massless if Abelian and with masses of the order of magnitude in
egs. (6.11)/(6.13) and (6.15) otherwise;

e the intersecting states, namely some standard-like model spinors and exotic scalars
in fundamental representations of the gauge groups, where the spinors are massless
and the scalars have masses of the order of magnitude in eq. (6.10);

e the graviton, which is obviously massless, and a gravitino with a mass of the order
of magnitude in eq. (6.8);

e the Kéhler modulus and its superpartner, with masses of the order in eq. (6.9), which
constitute the lightest closed-string hidden-sector particles after the gravitino.

In models at orbifold singularities, the intersecting states are generally such that the scalars
and the spinors are in different representations of the gauge groups, meaning that they do
not even have would-be superpartners, but rather represent just a bunch of different charged
spin-0 and spin-1/2 particles.
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6.3 Sample mass scales

A qualitative spectrum that summarises the typical mass scales in models with intersecting
anti-D3- and D7-branes for strongly warped compactifications, i.e. satisfying the condition
in eq. (2.13), and in the limit where the bulk (0,3)-flux is sufficiently small that a 4-
dimensional supergravity formulation is allowed, i.e. satisfying eq. (2.16), is reported below.

In detail, figure 3 reports a qualitative sample spectrum, in units of the reduced Planck
mass mp, in the case where the anti-D3-brane sits at the tip of the warped throat and
the D7-brane wraps a 4-cycle extending from the throat tip into the bulk, with its chiral
multiplet localised at the tip (see sections 3.1.2.3, 4.1.3, 4.2.3). A similar spectrum emerges
if the D7-brane wraps a 4-cycle localised at the throat tip (see sections 3.1.3, 4.1.3, 4.2.3),
with only minor changes in the gauge sector. Instead, if the D7-brane wraps a 4-cycle
extending from the bulk into the tip, with the chiral multiplet localised in the bulk, the
only difference is in the smaller mass of the latter (see sections 3.1.2.4, 4.1.3, 4.2.2).

The volume modulus is stabilised by KKLT-like non-perturbative corrections and o’'-
corrections are inserted too (see sections 4.3). The sample values are g, = 5- 1072 and
e?40 = 1078 as well as a = 0.1, |A| = 1 and |Wp| = 107°, with (Im7) = 1, (—iw,) = 1,
Vw/ Vo) = 1 and ¢g = 1, which, for the scalar potential in eq. (4.40), give a volume vacuum
expectation value (V) = 1.6-10% and a minimum energy A ~ 1072m% (which can as usual
be adjusted with further fine-tuning). As usual, these parameters have been tuned to ensure
the volume modulus stabilisation (for recent progress towards a top-down understanding of
the KKLT parameter space see e.g. refs. [26, 83, 85, 161]). In particular, the values chosen
here are close to the original ref. [43] and satisfy the assumptions of the current setup,
but are only one example in a vast parameter space. Along with the Minkowski vacuum
condition of eqs. (4.41), (4.42), the most stringent bounds are:

e the localisation condition in eq. (2.13), which requires a small enough volume, com-
pared to the warp factor, such that (V)%/3 < e~4o;

e a small GVW-superpotential |Wy|, which is necessary for the KKLT-vacuum but also
to accomplish the supergravity condition in eq. (2.16);

e a string coupling that is large enough to be a reasonable gauge coupling in the visible
sector, being g%, ~ 2mgs, but also sufficiently small, compared to the volume (V), as
to satisfy the inequality &/(g2(V)) 2> 1, which prevents tachyons in the intersecting
sector.

Roughly, in order to have reasonable gauge couplings and to avoid open-string tachyons,
the string coupling has to be of order g5 ~ 1072 and the volume is thus forced to be roughly
at most of the order of magnitude (V) ~ 103. Therefore, the gravitino mass in eq. (6.8)
— to which all the other 4-dimensional effective masses are proportional — indicates that
what really suppresses the masses is the redshift factor e4. In particular, the parameters
chosen here place the gravitino mass and scalar exotics just above the current observational
bounds. However, by stretching the parameters of the non-perturbative superpotential
correction, one may achieve scenarios where the redshift e”° is small enough to make the
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Figure 3. A qualitative sample of the mass scales in models with intersecting anti-D3- and D7-
branes in highly warped compactifications, i.e. such that (V)?/% < e~40 with KKLT-like non-
perturbative corrections and «’-corrections, and a small bulk (0,3)-flux such that the gravitino
localises in the bulk. Where the spin is not indicated, the masses refer to the supermultiplet as
the soft-breaking corrections do not dominate. The observed standard model energy range and the
relevant scales above the cutoff are shown explicitly. The graph refers to an anti-D3-brane sitting
at the throat tip and a D7-brane wrapping a 4-cycle extending from the tip into the bulk, with
the D7-brane chiral multiplet localised at the tip, where the gauge couplings are 9%73 ~ 0.3 and
9%7 ~ 2-1073. A similar spectrum emerges if the D7-brane wraps a 4-cycle localised at the tip,
with then the D7-brane scales similar to the anti-D3-brane scales, so 9%7 ~ 91273 and m]f/72 ~ m]f/?’z.
If the D7-brane wraps a 4-cycle extending into the bulk and the mass-sourcing (2, 1)-fluxes are such
that the D7-brane chiral multiplet localises in the bulk, then the latter approaches the gravitino
mass scale, mzy ~ ﬁzgj/Q.

gravitino — and consequently all the other low-energy fields — arbitrarily light. On the
other hand, bigger values of the redshift e% are also possible and provide masses that can
be a few orders of magnitude larger.
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Although a detailed exploration of the phenomenological implications of such scenarios
is not the main aim of this article, a few comments are due. Notice that in the mass scales
all the numerical factors have been dropped and only the parametric dependences on e?0,

gs and (V) have been taken into account.

e From the cosmological perspective, the models do not present the cosmological moduli
problem [162-165] since all the hidden moduli are heavier than the visible scalars.
Whether or not there is a gravitino problem depends on the decay channels and
abundances, but, in any case, the gravitino, with mass of order mj:;/Q ~ 810 Bmp,
is sufficiently heavy to decay soon enough as not to spoil the BBN-physics, with a
lower bound at roughly mg%l ~ 107Bmp [165-167]. The models also contain some
massless hidden U( )-gaugini and some heavy non-Abelian gaugini from the 77-sector,
with masses m1 /2 ~6-10"Ymp for a Wrapped 4-cycle extendmg into the bulk, with

0~ "mp for a

a very small gauge coupling of order ghid ~ 2-1073, or m1 /2 ~4-1
wrapped 4-cycle at the throat tip, with coupling g2, ~ 0.3. If the D7-brane chiral
multiplet localises near the tip, its mass scale is above the cutoff, while if its mass-
sourcing bulk flux is small enough and it stays in the bulk, then its mass is comparable

. . . w
to the gravitino one, i.e. myy ~ 1)

e From the particle physics point of view, the visible sector consists of one Abelian and
a few non-Abelian gauge groups plus some charged massless spinors in bifundamental
representations as well as some heavy charged bifundamental scalars and a few slightly
heavier non-Abelian gaugini. All the gauge couplings are of order g2, ~ 0.3. For a
gravitino with a mass of order my’ o ™~ 8- 10~ mp, these scalar masses are of order
mEcAlar m?calar ~2-10""mp, while for the gaugini they are m]f/32 ~4-10"4mp.

37
These values are consistent with the observational bounds [3].

It is important to discuss the scale at which the supersymmetry-breaking mass split-
tings come into play. Indeed, whilst there is no scale at which superpartners emerge for
the 33- and 37-/73-states, closed-string and 77-multiplets do have supersymmetry-breaking
mass splittings, and 33-states and 37-/73-scalars also acquire soft mass contributions from
supersymmetry breaking effects. The breaking of supersymmetry by the anti-D3-branes
takes place at the warped-string scale my’, where the full tower of string states comes into
play [35]. However, the relevant mass scale for supersymmetry breaking in the low-energy
theory is instead controlled by the gravitino mass scale mg,f/Q, as will now be explained.
In a near-Minkowski vacuum, the orders of magnitude of the contributions to the F-term
scalar potential are fixed by the scales [13, 34]

T AW T 1 AW
Ix = [Kx g FYFX]2 Mg /9Mmp, fp = (KPP FP)M2 V273 M3 2mp;

although the anti-D3-brane uplift energy and the KKLT-like Kéhler modulus potentials
combine non-trivially with the gravitino mass-dependent contribution to give a near-zero
cosmological constant. One may then define a supersymmetry-breaking scale in the low-
energy theory as mgysy ~ f )1(/ 2, Nevertheless, for both the Kahler modulus and the open-
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string sector, the orders of magnitude of the mass splittings read
A 2/3 A open A
’I’)’L$ ~V / méu/27 Moty ™ méu/2

So, even though there is no order parameter able to restore supersymmetry for the anti-
D3-brane, the mass-splittings are not at the scale m¥ or mgygy, but rather they are fixed
by the gravitino mass mgv/2 in the stabilised model: as usual, the canonical normalisation
in physical units sets the volume modulus mass at a slightly volume-enhanced gravitino
scale, whereas for the open-string contributions the scale is immediately set at the scale
Msoft, ~ MEysy/Mp ~ Th”é“ﬂ by the mediation of gravity. Moreover, for the low-energy
bifundamental scalars, this scale is further reduced by cancellations at leading order and
they are the lightest (exotic) visible particles.

To end, it is worthwhile to stress that the particle spectra discussed here represent the
generic low-energy effective theory corresponding to intersecting anti-D3-/D7-branes at an
orbifold-like singularity, located at the tip of a strongly warped throat in a Calabi-Yau orien-
tifold flux compactification, with the Kéhler modulus stabilised in a KKLT-like framework.
An explicit and globally consistent realisation of such constructions is left for future work.

7 Conclusions

This article has developed the supergravity description for the low-energy effective field the-
ory of intersecting anti-D3-/D7-brane systems on orbifold singularities at the tip of warped
throats, in stabilised type IIB Calabi-Yau orientifold flux compactifications. Such string
configurations could plausibly provide a realisation of the gauge and matter sectors of the
Standard Model of Particle Physics, along with a rich hidden sector, with a geometric origin
for large hierarchies of scales and a non-standard realisation of supersymmetry breaking.
The anti-D3-brane degrees of freedom realise the bulk Ny = 1 supersymmetry only non-
linearly, and thus break supersymmetry spontaneously, with the goldstino corresponding to
the neutral massless gaugino that is always present. When the branes are placed on orbifold
singularities, moreover, the anti-D3-/D7-brane intersecting fermions and bosons transform
in different bifundamental representations of the gauge groups; thus they in no way resemble
superpartners. New descriptions are therefore necessary, namely non-linear supergravity
using constrained superfields. The focus of the article has been on the main distinctive
features of these novel non-supersymmetric scenarios and their low energy descriptions,
while the realisation of globally consistent concrete models is left for future studies.

The paper began by reviewing the properties of warped flux compactifications in sec-
tion 2. In particular, for strongly warped throats and bulk volumes that are not too large,
i.e. satisfying eq. (2.13), bulk fields tend to dynamically localise near the tip of the throat,
where energy scales are suppressed due to a gravitational redshift. In order to have a
4-dimensional gravitino localised in the bulk, with Planck-suppressed couplings to match
those of the graviton, as expected in supergravity, special fluxes satisfying condition (2.16)
have also been assumed. The strong warping can eventually be captured in the low-energy
supergravity theory describing degrees of freedom at the bottom of the throat via a constant
shift the Kéhler potential by the redshift logarithm In e?40 = 24 [104].
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Taking this highly warped flux background, the low-energy effective theory for a su-
persymmetric D3-/D7-brane system was reviewed in section 3. Two qualitatively different
scenarios were considered: first with the D7-brane wrapping a 4-cycle extending from the
tip along the throat into the bulk, second with the wrapped 4-cycle localised at the tip.
Moreover, in the first case, the D7-brane chiral supermultiplet may be localised in the bulk
or at the tip, depending on its mass-sourcing fluxes. The possibility of six-dimensional
integrals being dominated by the warped throat or the bulk were also both considered.
For the 33- and 77-states, the effective field theory for the light degrees of freedom can be
found by simply matching the 4-dimensional interactions found via dimensional reduction
with those obtained in linear supergravity (including soft-breaking terms in the presence
of supersymmetry-breaking fluxes). For the 37- and 73-states, further tools are necessary,
in particular the allowed interactions can be inferred using the internal space symme-
tries [112]. The power of linear supergravity is that, having identified the Kéhler potential,
superpotential, gauge kinetic functions and Fayet-Iliopoulos terms by matching with a few
dimensionally reduced interactions, the complete action necessary for supersymmetry can
be inferred, including couplings to bulk moduli.

With these preparations, the low-energy description of anti-D3-/D7-branes at the bot-
tom of warped throats in supersymmetric warped flux compactifications was worked out,
first for Abelian setups in section 4 and then for non-Abelian stacks of branes on orbifold
singularities in section 5. Despite supersymmetry breaking, the non-linear supergravity
construction provides a useful framework for the low-energy theory, including the cou-
plings with bulk fields. After identifying the appropriate constrained superfields to en-
capsulate the low-energy fields, their interactions were worked out, building on both the
single anti-D3-brane case [29] and the supersymmetric D3-/D7-brane cases above. Most
of the interactions can be described within standard supergravity expansions with hidden-
sector supersymmetry breaking and soft-breaking terms. However, in the presence of con-
strained superfields where the constraint also fixes the auxiliary field in the multiplet in
terms of the goldstino, the supergravity expansions are non-standard, and are computed
in appendix B.3. Another consequence of the anti-D3-brane supersymmetry breaking is
a few couplings involving intersecting states, which would follow from analogy with the
supersymmetric D3-/D7-brane case, but do not appear to fit in to the non-linear super-
gravity expansions. These can instead be realised via a new interaction proportional to
the nilpotent goldstino superfield, i.e. an X X-term [22], which provides each coupling term
by term, plus further interactions proportional to the goldstino and vanishing in the uni-
tary gauge. Although this somewhat weakens the power of the supergravity formulation,
at least in the current understanding, the latter allows an embedding of bottom-up open
string scenarios with brane supersymmetry breaking into fully stabilised compactifications,
including perturbative and non-perturbative effects. This is essential to understand their
phenomenology and cosmology.

To this end, the D-brane setups were embedded in the KKLT-scenario, with the anti-
D3-branes providing both gauge and matter sectors as well as the anti-D3-brane uplift to
Minkowski/de Sitter vacuum energy. Attractively, the small bulk (0, 3)-flux backgrounds,
necessary to balance against non-perturbative effects and stabilise the Kahler modulus,
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also help satisfy condition (2.16) allowing a supergravity description [104]. The technology
developed can easily be applied to other moduli stabilisation scenarios, and less warped
scenarios, outside the validity of egs. (2.13), (2.16).

The low-energy effective actions thus found have several interesting features. The com-
plex structure, axio-dilaton, 77-, and 33-sector chiral multiplets acquire would-be super-
symmetric mass terms from (2, 1)-fluxes, at a scale above the cut-off (as well as subleading
soft-breaking masses from the anti-D3-brane supersymmetry breaking). Physically, this
means that the open-string moduli corresponding to brane positions are stabilised at the
tip of the throat. Instead, fermionic 37- and 73-states remain massless and could provide
the standard-like model visible sector, whilst scalar visible sector exotic 37- and 73-states —
in distinct bifundamental representations — always have (would-be) soft-breaking masses,
due to the anti-D3-brane and volume modulus supersymmetry breaking. Because the lat-
ter is suppressed by no-scale-like cancellations, o/-corrections (positive-definite masses) and
anomaly mediation (tachyonic masses) can set the scale of the exotic scalar masses [13],
and which contribution wins depends on the parameter choices. Moduli stabilisation and
anomaly mediation also provide mass terms for the 77- and 33-sector gaugini. As well as
the mass scales, the leading supersymmetric and soft-breaking bilinear and trilinear cou-
plings have all been computed. The visible 33- and hidden 77-sector gauge couplings are
fixed by the string coupling. All this is spelled out in section 6.

As well as the light visible sector (standard-like model gauge fields and fermions,
and scalar exotics), and a light hidden gauge sector plus matter, when embedding in
KKLT-like scenarios for Kéhler modulus stabilisation, the volume modulus and gravitino
remain in the effective field theory, whereby cosmological bounds on the gravitino con-
strain the parameter space. Notice that the KKLT small parameter |[Wp| implies a small
gravitino mass, which is then further reduced by warping. Although the precise mass
scales are model-dependent, the pattern of masses and their parametric dependence on the
warp factor, volume and string-coupling are fairly universal within the KKLT scenario.
Whilst a thorough phenomenological study, including renormalisation-group flows of the
scales, is beyond the scope of this paper, if the warping is too strong, the gravitino mass
mg)/Q ~ (gg’/ ZeAo /V2/3) mp e40 may be so suppressed as to be ruled out by the observational
bounds that confirm the BBN-physics, while the exotic scalar masses mz, ~ mgu/z / V12 may
be ruled out by observation in accelerators. Conversely, weaker warping allows scales to
be pushed far beyond current experimental bounds.

This work leads to several interesting and important open questions. First and foremost
is a rigorous understanding of the extent to which non-linearly realised supersymmetry and
strong warping can help resolve hierarchy problems like the gauge hierarchy. The presence
of spontaneous supersymmetry breaking, and yet no scale at which the usual superpartners
appear, is an intriguing feature of these scenarios. Recently there has been a great deal of
interest towards non-supersymmetric constructions in string theory (see e.g. refs. [168-179])
and it is very compelling to understand the relation between the D-brane supersymmetry
breaking considered here and other approaches in the literature. See ref. [134] for an
upcoming work in this direction.
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From a model building point of view, it would be essential to build warped throats that
allow viable singularities at their tip, and the presence of simple 4-cycles (like for instance
the K3-surface or the 4-torus T#) at their tip or along their length would then allow easy
explicit dimensional reductions. Geometric constructions with warped throats hosting a
4-torus T? at the tip and Zs-singularities are built in ref. [95]. It would be fruitful to extend
the present work to anti-D3/D7-brane systems on more general toric singularities, such as
in refs. [97, 180-183], at the tip of warped throats. Related work on the construction of
throats with branes at singularities can already be found e.g. in refs. [10, 14, 97, 182-186]
and on throats with wrapped D7-branes in refs. [187-189]. Ultimately, globally consistent
compactifications, with appropriate singularities, cycles and sources that fulfil RR-tadpole
cancellation, should be constructed, to which the results presented here would apply.

Various possible instabilities arising from anti-D3-branes in flux backgrounds should
also be explored, since this work has completely neglected the brane backreaction and the
details of the complex structure modulus that governs the warp factor at the throat tip. In
particular, as shown by ref. [45], p anti-D3-branes in the flux background of the KS-throat
with M units of RR-flux are metastable and long-lived for sufficiently small ratio p/M, with
brane-flux decay occurring non-perturbatively via brane polarisation a la Myers [190] (for
an overview of past debates on this picture, see ref. [84]). Also, ref. [26] has shown that for a
KS-throat the anti-D3-branes may induce a complex structure instability, depending on the
amount of flux relative to the branes. It would be interesting to investigate these dynamics
in other relevant throats and in the presence of orbifold singularities. Additionally, so far,
world-volume fluxes on the D7-branes have been neglected for simplicity, though they can
contribute interesting D-terms and F-terms.

Once globally consistent, realistic constructions, approaching the standard model of
particle physics have been identified, detailed phenomenological and cosmological studies
would be possible.
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A Dimensional reduction in warped compactifications

This section reviews the dimensional reduction of closed- and open-string sectors in warped
compactifications.?® It is meant to set the notation for the main text and to provide a review
of how the scaling factors are obtained in warped dimensional reductions.

A.1 Warped closed-string sector in type IIB string theory

In type IIB compactifications, in principle the theory is formulated in terms of the string-
frame metric ds?, = Gy dzMdzN. Given the gravitational coupling 2&2, = I8 /27, where

#53ee also ref. [191] for a recent discussion of the scaling properties of the closed- and open-string effective
theories in string compactifications.
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the string length is I, = 2mv/o/, the 10-dimensional massless bosonic action reads [192]

1 1
S}Ol%son:vig/ |:62(I)<R10*1+4d‘13/\*d‘1)—Hg/\*H3>:|
2R1 X1,9 2
+1/ [—1F8/\*F5—1FSA*FS—1FSA*FS]
2’%%0 X9l 2 ! 1273 3470 5
1 -
—— [ csaHzA ES
45%0 X1,9 4 ’ 3

where the NS/NS- and R/R-sector field-strength tensors are respectively defined as H3 =
dBy and F* = dC* — H3 AC*. Also, the string coupling is gs = e{®), where ® is the dilaton.
Then, the 10-dimensional Einstein frame metric is defined as

gun = e @2,y

which can be expressed more easily in terms of the shifted dilaton ¢ = ® — (®). In this
way, in a more compact notation, the low-energy effective action can eventually be written
as [193]

1 L drARdT G3ARGs 1 - -
Sﬁ(})gson_ / [Rlo*l— TAX T— 3K 3—*175/\*}75
X1,9

T 9n2 2
2&101 2(ImT) 2Im 7 4 (A1)
- Cy N Hs A Fg,
4”10 X179

where the physical 10-dimensional gravitational coupling is 243, = ¢2I5/2m and the RR-
fields have been rescaled as C' = ¢g;C®. Further, the axio-dilaton and the complexified
3-form flux have been defined as 7 = Cy +ie ® and G = F5 —ie ?Hj, respectively.

In a Calabi-Yau orientifold compactification with non-zero background fluxes, the field
equations imply a non-trivial warp factor [4, 102]. Following refs. [103, 105], the volume-
controlling real Kéhler modulus ¢ = ¢(z) appears as a shift in the warp factor e = eAW),
leading to the definition of the generalised warp factor

e~ He@y) — ¢=4AW) 4 ¢(g),
with the 10-dimensional Einstein-frame metric taking the form

1
[e=44 + (]1/2

As discussed by ref. [105], one can Weyl rescale this to the 4-dimensional Einstein frame,

ds%o = Guv dat'da” + [6_4‘4 + 0]1/2 Gmn dy™dy".

while also introducing a compensator field b = b(y) that is necessary to solve the Einstein
equations, with the full metric reading
22 3/2

A (g datda” +20,c Ozl dy™) + e A+ )V 2 g dy™dy™.  (A.2)

dS%o =
In particular, in the Weyl rescaling one has the Kéhler modulus-dependent factor
| v
/Y d%y /g6 [e ™ + (]
6

629
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3/2

and for generality also an arbitrary constant +°/< has been introduced, which in this case

will be chosen as vy ~ (c) [44].26 The warp factor has the following behaviours:

e in the infrared region of the throat 74, the background warp factor is much larger
than the volume modulus, that is e *4(y € 75) > (c) > 1 so that

—(4A.) _ —4A

e ~e for y € 7¢;

e in the bulk region of the compact space, the background warp factor is negligible,
that is e 4 (y € Y5\76) < ¢, s0

e~ e (), for y € Y5\ 6.

The dimensional reduction of the closed-string sector action, to find the 4-dimensional
low-energy effective theory corresponding to the flux compactification, is now reviewed for
the most relevant degrees of freedom. Following the very definition of the 4-dimensional
Einstein frame, the type IIB Einstein-Hilbert action becomes

1 ) )
SER = 570 / A%z \/=det 10 Ri0 = =— / d4z /—det ga R4 + 6SHB,
2k10 X1 23 Jx1 5

with the 4-dimensional gravitational coupling defined as

2/%2 g2l2
2K3 = 0 o (A.3)
TR 21932V

and the term §SLE standing for the internal curvature and other derivative terms, emerging
from the remainder of the Ricci scalar, which provide contributions to the kinetic terms and
the scalar potential for the geometric moduli. In particular, the Kahler modulus kinetic
term is reproduced by means of the Kahler potential [105]

k3K (p,p) = —3In [—i(p — p) + 2co],
with co = Vi /V(0), where the complexified Kéhler modulus p is defined as
plx) = x(x) +ic(x),

with x being the 4-form axion. The description of the other closed-string sector fields
follows with specific features determined by warping effects [102, 148].

e For the axio-dilaton 7, it is immediate to check that the kinetic term is

1 - 1 N _
Saxio-dilaton = 575~ A"z \/=det g1 [—2 gMNaMTaNT]
243y Jx10 2 (ImT)
1 1
= — diz\/—det g4 | ————= ¢" D 8},
263 x5 v ¢ 94{ 2 (Im 7)2 g ouTo0T

which is reproduced by the usual Kéhler potential k3K (7,7) = —In [—i(r — 7)].

26Notice that the canonically normalised masses in Planck units are independent of constant Weyl rescal-
ings and most references work with v = 1.
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e For the complex structure moduli u®, with o =1, ... ,h2_’1, the dimensional reduction
is more involved. In particular, one needs the quantities

_ . 1
—4A —4A c
Wy = e QAQ K z=—— e N X3,
w /6 s af . Xa N XpB

which provide the warped version of the complex structure moduli Kéhler potential,
k3K (u, ) = —In [—iwy], and the explicit Kihler metric [102, 194], where Q and x4
are the unwarped harmonic 3-form and (2, 1)-form basis, respectively.

To have a complete supergravity formulation, one must also match the scalar potential
that arises from the dimensional reduction. The following calculation only captures the
axio-dilaton and complex structure moduli potential as it neglects the details of the coupling
with the warp factor, the volume modulus and the compensator field. It is just meant to
argue the emergence of the GVW-superpotential [195] and to fix the overall constants. The
functional dependence of the scalar potential is set by the 3-form term as the remaining
terms from the Einstein-Hilbert and 5-form actions can be combined with the 3-form action,
cancelling the contribution from imaginary self-dual fluxes G5 and leaving pure imaginary
anti-self-dual fluxes G5 [4, 102], with

GF = 2 (1 +ix6)Gs.

l\.')\r—l

Refs. [103, 105] show that if the warp factor e=*4 solves the field equations, so does the
shifted warp factor e *4 + ¢. Assuming then for simplicity the background value for the
volume (c), one can express this 10-dimensional potential in terms of the 4-dimensional
Einstein-frame metric, i.e.

1 1 _
S5 form = ——5— d% \/—det § [— Gi:Gf
Slorm = 522 /Xl,g TV T oy, 8 TS
~3 (4 +(4AC) _
:A—2/ d4x\/—detg4/ d% /det gs | —————G7 - GF | .
2R X1,3 Ys 12Im 7

The most interesting case to consider is the one where integrations are dominated by the

(4Ac)

throat region 74, in which e~ ~ e %4, Because the GKP field equations require the

imaginary anti-self-dual 3-forms e*4G3 to be harmonic [4, 102], without loss of generality
one can focus on the (3,0)-component and expand it as

1 _
et G(S,O) = — Q/ Gs A€,
ww T6
so that the action can be written as

3 —4A B B B
S3—form:77/ d4 V_detg4 l Q/\Q|:/ GJAQ}[\/ G3/\Q]
X13 76 T6

) 2
2R70 2 Im 7 w3,

The integral over the internal space is now easily seen to be

A [ eONQ = wy ~ wy ;—w el (A.4)

Ye (0)
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where an approximate unit factor has been introduced in the final relation, for convenience
in the comparison with the supergravity action below. At the end of the day, the 3-form
action is (the numerical factor can be determined by properly taking into account the
axio-dilaton and 5-form contributions to the scalar potential [102])

Ss-form:T/ d*zy/—detgs | ———— — { GgAQ}{ Gg/\Q}
2k1g JX13 Im 7wy Vi) L/vs Ya

1 2 - (692) 1 3 B
:7975/ d4m\/—detg4[ fem Y [ Gg/\QH Gg/\Q]
X1,3 Y6 Ys

25 4m S Im 7wy, Vo it

The last step takes into account the definition of the 4-dimensional Planck units while
keeping the bulk integrals scaled with the appropriate string length factors (recalling the
scalings Gg ~ [2 and Q ~ 1). This result gives a way to understand how to insert the
volume and warped-volume factors in the effective supergravity formulation whereby the
Kéhler and superpotential of egs. (2.5a), (2.5b) reproduce it exactly.

A similar analysis can be done with the opposite approximation that bulk integrals
dominate over throat integrals, which leads to the unwarped limit. The calculation follows
analogously but it is easier since the warping in the integrations is irrelevant, i.e. V,, ~ V(q)
and wy, ~ w(gy = fY6 QAQ. In more detail, one may start from the 10-dimensional potential
written above noticing the identities e*4c = 1/c = e™** and ¢*? = 1/c = e™**, and reduce
it along the same lines, with the 3-form flux G4 being harmonic. Alternatively, formally
this limit can be found by setting e*4 = 1 in all the final integrated expressions, so that
Vw = V() and wy = w(y). One obtains the famous results of refs. [4, 113]. The warped
expressions are always kept in the main text for the sake of generality.

A.2 General D-brane action

As is well-known, the uncompactified (p+ 1)-dimensional worldvolume theory of a stack of
n coincident Dp- or anti-Dp-branes consists of the following massless degrees of freedom:

e from the NS-sector, a vector A, which gauges the non-Abelian gauge group U(n) and
9—p scalars ¢ in the adjoint representation of the group U(n), with the indices o and
m respectively running over the worldvolume longitudinal and transverse directions,
meaning « =0,...,pand m=p+1,...,9;

e from the R-sector, some spinors 1) in the adjoint representation of the group U(n),
where the family index A counts the number of (p+1)-dimensional spinors descending
from a single 10-dimensional Majorana-Weyl spinor.

The difference between branes and anti-branes is their charge under the RR-fields, which
is ¢ = 1, —1, respectively.
The effective action describing the massless degrees of freedom of coincident D-branes

is a non-Abelian generalisation of the effective action describing a single D-brane [190]. In
detail, it is the summation of a Dirac-Born-Infeld and a Chern-Simons action, i.e.

SPP = SOP 4+ SQE. (A.5)

— 80 —



The string frame description will be reviewed first as this is what is usually suitable for de-
riving effective actions, and then everything will be re-expressed in the Einstein frame. The
embedding function of the Dp-brane worldvolume W, ,, into the 10-dimensional spacetime
X1,9 will be represented by

p: Wip = X,

where the pull-back of a 10-dimensional vector v = vy dz™ is defined as vy = (Ps)q =
var Opx™, and similarly for tensors of arbitrary rank.

For brevity, only the bosonic action is discussed below. An analysis of the general
Dp-brane fermionic action can be found in refs. [196-198] (see also ref. [199]).

A.2.1 Dirac-Born-Infeld action

In the string frame, the Dirac-Born-Infeld term for a stack of Dp-branes at a generic smooth

point in the internal manifold takes the form?’

P /W e str[ e~ \/—det [[og] - det [Q7,]]
Lp
where T, = 27 /IP*1 is the Dp-brane tension. Also, one has the rank-2 tensor
Tap = Eap + Bam (Q71 = 1)™ E™ Eng + 210/ Fog,

along with the combination of the string frame metric tensor and the 2-form NS-field,
Evyn = Gun + By, with E,g being its pull-back on the worldvolume, as well as the
purely non-Abelian rank-(1, 1) tensor

Q" = &% + 2mia [¢", ¢F B, .

The determinant ‘det’ is with respect to spacetime indices, while the trace ‘str’ is the
symmetrised trace over the gauge group indices such that the Lie matrix-valued terms Fi,g,
Do¢™ and [¢™, ¢"] are treated as commuting (no other terms are treated as commuting).

One can write the action in the Einstein frame by redefining the metric and NS-field
combination as éyy = e Y2 Eyn = JuMN + e~ ?2 Byn. Elementary operations then
reveal the action to take the form

Sggl = —Tpp /W dPFLe¢ str [e (p=3)¢/4 \/—det [Jap] - det [Q@™,:] ], (A.6)
Lp

where the physical Dp-brane tension turns out to be m, = 27/ gslPTt. Also, one redefines
the rank-2 tensor as

AaB = ap + am (@1 — 1) 8 &5 + 21’ e /2 Fpp,
whilst the rank-(1,1) tensor is still

Q" = 0" + 2mial e?/ (", %] &,
*"Notice that one can define the brane tension as p, = T},/gs as a direct consequence of writing the
dilaton factor in the action in terms of the shifted dilaton field ¢ = ® — (D).
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A.2.2 Chern-Simons action

The Chern-Simons action is the same both in the string and the 10-dimensional Einstein
frame up to the rescaling of the RR-fields and it takes the form

4
Sgg = qTpp / str { lcp* (e%w‘/léié (Z Co N 6B2>>
1=0

Wip

A eQﬂo/Fz} 7 (A7)

where i; denotes the interior product with the vector field @™, i.e. for a general n-form
B 7'¢m Ali...Mnfl dll?Ml VAR dan—l'
D !

A.2.3 Further remarks

One typically chooses to work in the so-called static gauge, in which, given the expansion

parameter o3 = l? /2 for ease of notation, the brane position is parametrised as
XP(g) = dh e, Y™ =y + 0s™ (6).

In detail, 3" are the background brane positions in the Dirichlet directions while the terms
Y™ = g,¢™ represent fluctuations thereof. Moreover, the notation is such that:

e indices £ span both the 4-dimensional spacetime and the p — 3 internal directions
wrapped by the Dp-brane, i.e. 1 = p,m', with m’ =4,...,p;

e indices 1 span the internal directions which are not wrapped, i.e. m=p+1,...,9.
Under these premises, one has to take care of the following facts.

e The DBI- and CS-actions involve pull-backs of 10-dimensional fields onto the brane
worldvolume: these are a generalised version of the standard pull-back as they involve
non-Abelian fields. For instance the non-Abelian pull-back on the worldvolume of a
1-form v = vy daM is

v = vy, 61 dEY + 05 Vo™ vy, dE°,

where V, is the standard gauge covariant derivative, as a generalisation of the stan-
dard pull-back expression involving d,y"™. Generalisations to n-forms are immediate.

e Fields on the brane worldvolume must be expressed as functions of the coordinates
€%, of course. A generic 10-dimensional function f = f(z) can be written as a
non-Abelian Taylor expansion on the worldvolume, i.e.

. . +OO k . . . . .
Flah y™) = 3 T @™ 6 Dy Oy - Oy, (),

which accounts for the fluctuations of the Dp-brane in terms of the non-Abelian
displacements from the original position yi*.
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A.2.4 D3, anti-D3- and D7-brane kinetic and mass terms

In the probe approximation, an explicit dimensional reduction of the D3- and anti-D3-brane
action has been performed in refs. [9, 29, 107, 108, 128], while the study of the D7-brane
action can be found in refs. [112, 113, 132]. Most references work with the metric form

ds%o = 24e G dat'dx” 4 e 24 Gn dy™dy™.

In this subsubsection the results are taken directly from such references. For a 4-dimensional
theory, the worldvolume degrees of freedom must be reduced, and they are sensitive to the
details of the wrapped (p — 3)-cycle. It is also convenient to combine pairs of real scalars
into single complex scalars as ¢® = ¢™=20+2 1 j ¢»™=2a+3 and similarly for the modulini.

e For D3- and anti-D3-branes, the dimensional reduction proceeds in the same way
except for the different interference between the DBI- and CS-actions due to the
different RR-charge. All the terms evaluated at the brane location carry a symbol ‘0’

First of all one finds the cosmological constant contribution

SDSqZ I—QTDg/dx\/i 4AO

which explains the anti-D3-brane uplift energy.

Further, the pure scalar kinetic and mass terms turn out to be (there are also bilinear
$*¢-couplings with the same scaling as the mass terms)

Shotins = —TDSUE/X d*z /—gs {ggbﬁ‘” Vud* Vi@’ + [VaVi(e*t — ga)lo ¢“<5b}-
1,3

Following the GKP-equations [4, 102, 103], the anti-D3-brane scalars are massive for
imaginary self-dual (2, 1)- and (0, 3)-fluxes, whereas for D3-branes they are massless.

For the modulini, one finds the kinetic and mass action?®

D3 . — [0 Zre,e o
Smoqdulini = _ZTD?)O—E/ dz —94 |:92b wbo_,uv#wa + ( (“ , 77/) 1/}17 +c.c. )]
X1,3 1/’ Pb
For anti-D3-branes, the modulini masses are purely sourced by (2, 1)-fluxes and read

m(qf—l) 1 4A0+¢/2 uo lsgo) (@ )cde

Paqhb 4 9e(a's
while, the for D3-branes they are sourced by imaginary anti-self-dual (1, 2)-fluxes.

One also finds the gauge vector action

7'1)30’2

T U
sg'éiqgez——S/ e Fy NRFy + 1237
X13

Co Fy N\ Fy.

2 X113

The gaugino mass is sourced by (0, 3)- and (3, 0)-fluxes for anti-D3- and D3-branes,
respectively.

28The dimensional reduction of the 10-dimensional Majorana-Weyl spinor to the 4-dimensional Weyl

4A9

spinors is the same as in ref. [128] since e *4c ~ ¢~440 for branes at the tip of the throat.
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e For D7-branes, the reduction to a 4-dimensional action depends on the wrapped in-
ternal 4-cycle, so only the general features of bosons will be discussed. Let the 4-cycle
be spanned by the coordinates (z!, 22) and let 22 be transverse direction.

For the transverse scalar 7 = ¢3, the pure kinetic action is
D7-scal 2 4 = 4, s —4A o vy 3% =3
Siin = —Tp70] /X d*z v —94/Z d*y\/gs, [e +cJe? 933 9" VNV,
1,3 4

The total mass term emerges from the interference of the DBI- and CS-actions, with
the terms adding up or cancelling out. The full expression is complicated, but the
scalings can be read from the DBI-term and the mass action has the form

2 2¢ .
sz = T |t [t o, e G @
in real notation. As D7-branes preserve the same supersymmetry as the orien-
tifold, the supersymmetric mass is sourced by a (2,1)-flux (but TASD-fluxes source
supersymmetry-breaking masses as well). For the theory to have no Freed-Witten
anomalies [200], the 2-form By must be constant over the 4-cycle and in this case the
supersymmetric mass is sourced specifially by the flux G,3.

One also finds the gauge vector kinetic action

2
§D7-vector _ _ TD7%s /X d4a /—det gq /E dty \/det gs, [e ™4 + ¢] 303" FlFoy,
1,3 4

4
with gaugino masses sourced by (0, 3)-fluxes.

In order to switch to the 4-dimensional Einstein frame defined in eq. (2.1), which is
necessary to single out the leading order Kéhler modulus couplings, one can make the
identifications

— 2243/2

.é,uu 9uv, Imn = Ymn-

Q@ =3/4 o1 and

Notice that one also needs to transform the Pauli matrix 4-vector as 6 = e~
to rescale the spinors as ¢ = e~%/2y=3/8¢) (for similar calculations, see e.g. refs. [108, 201]).

It is also convenient to renormalise the fields in such a way as to remove the ~-factors,
which turns out to be very helpful in order to obtain 4-dimensional quantities expressed in
the appropriate (string coupling, volume and/or warp factor suppressed) Planck units. So

for the D3- and anti-D3-branes one has
o =34, P = ¥ 4e,

while for D7-branes one has

o3 = 73/47r3'
Further couplings that arise from the redefinition of the volume modulus are given in
the main text (see eq. (4.12)). A complete analysis including the compensator field (see
eq. (A.2) is beyond the scope of this paper but for progresses in that direction see ref. [130],
where it is shown that cancellations occur such that the D3-brane kinetic term is unaffected.

Worldvolume fluxes are also not considered.
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B Soft terms for linear and non-linear supersymmetry

This section overviews the structure of the ANy = 1 low-energy effective theories of type IIB
compactifications with hidden-sector supersymmetry breaking: first it reviews the well-
known results for standard multiplets, then it discusses the modifications that occur in the
presence of constrained superfields.

B.1 Classification of superfields in IIB low-energy supergravity

A convenient way to study the low-energy effective Ny = 1 theory of type IIB Calabi-Yau
orientifold compactifications starts from observing that the degrees of freedom of the model
are divided in three groups.

e Chiral superfields ¢ that are gauge-neutral and may acquire a non-zero expectation
value and/or a non-zero F-term. These constitute the hidden sector responsible for
the breaking of supersymmetry and typically correspond to the closed-string moduli
but may also include open-string fields.

e Chiral superfields ¢’ that, in order to preserve the gauge symmetries, necessarily
have vanishing vacuum expectation values and F-terms, meaning they do not directly
break supersymmetry either. These are typically open-string degrees of freedom and
constitute the matter sector.

e Vector multiplets W# which come from both the closed- and the open-string sectors
and provide both hidden and observable gauge sectors.

In the main text, the breaking of supersymmetry is described as an F-term breaking, so the
vector superfields play quite a marginal role. Also, the terms in the action with a number n
of i-fields correspond to order-n couplings as these have zero vacuum expectation values,
which motivates the expansion of their theory around the vacuum defined by the fields ¢M.

From the expansion of the F-term potential, one can compute the couplings of the
theory for all the chiral multiplets in the theory. To start, it is convenient to express the
total Kéhler potential K and the total superpotential W of the theory in the form

K = R(6,0) + Z5(6,0) 490 + ¢ (Hyi(6, )¢ +cc.), (B.12)
W =W(e) + %ﬂij(@b) o'’ + %Yuk(@ ool ok, (B.1b)

along with the gauge kinetic functions

fag = faB(9), (B.2)

where the Kéhler potential K and the superpotential W describe the pure supersymmetry-
breaking hidden sector, while the gauge kinetic functions f4p and the expansion parameters
Z;5, Hij, ij and f’ijk describe their couplings to the fluctuations ¢’. The gauge kinetic
functions are always assumed to be block-diagonal.
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Then, from an analysis of the general Ny = 1 supergravity action [202] for the the-
ory (B.1a), (B.1b) and (B.2), one finds the standard low-energy effective component action
for the supersymmetry-breaking hidden sector ¢™ and just a few relevant couplings in-
volving the matter sector . In detail, denoting all the chiral multiplets of the theory with
the indices I = M, i, one can simply insert the potentials in eqgs. (B.1a), (B.1b) into the
F-term scalar potential

Vi = K;7FTF7 — 353 1K Wv,

where the F-terms are fixed by their algebraic field equations to be F! = erik/2 KIjVjV_V,
with ViW = o;W + (/@2181]( )W'. Fermionic interactions can be discussed in a similar way,
and a similar analysis applies for the gauge sectors in eq. (B.2). A spontaneous breaking of
supersymmetry taking place in the hidden sector is also transmitted to the matter sector
with the emergence of mass splittings and certain softly non-supersymmetric couplings.

B.2 Theories with linearly realised supersymmetry

If all the fields realise supersymmetry linearly, then all the degrees of freedom are en-
coded within standard chiral and vector superfields and the expansions are lengthy but
straightforward. This subsection summarises the results of refs. [108, 203, 204].

e All the hatted quantities represent the pure ¢ -field terms generated by the Kéhler
and superpotential K and W, namely the F-term scalar potential

Vp = 4K (KM WY W — 363 WIV),
with the Kahler-covariant derivative VW = 9y W + (k203 K)W, the auxilary fields
M _ RIK/2 frMN @Nﬁ/—

and the gravitino mass )

mg/z = QHZK/zﬁiW.
As explained above, the pure supersymmetry-breaking hidden-sector effective theory
is the same independently of the matter sector. In particular, in the absence of

cancellations, the F-term scalar potential Vi sets the supersymmetry-breaking scale
at the order of magnitude mgysy ~ [KMNFMFN]1/4 ~ [mg/zmp}l/z.

e As far as the bosonic interactions are concerned, one can see that the theory generates
a low-energy theory described by the Lagrangian

ACgo—bosons = _Zij a,ugpiau@j - ‘/susy - Vsofta

where Viusy and Ve, are the api—sector supersymmetric and soft supersymmetry-
breaking potentials, respectively, given by

1 - _
‘/susy = 5 D2 + zZY 6iVVsusyajVVsusya (B3a)
.= 1 . 1 .
Viott = M55 o @'@ + (2 Bij ¢'¢’ + 3 Aiji '’ oF + c.C-)- (B.3b)
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In detail, one can conveniently define the effective superpotential as

1

1 o o
Wsusy = 5 Hij szSOJ + 3 Y;jk sz@]@k7

2

where the effective supersymmetric couplings read
iy = €K1 i g o Hyy — FNOg Hy, (B.4a)
Y = K2V, (B.4b)
In particular this generates the supersymmetric masses
m?s = Zkl_uikﬁ;z (B.5)

as well as supersymmetric trilinear and supersymmetric quartic couplings. Another
supersymmetric term is the D-term potential determined by

with the gauge coupling being

o= D). (B.6)

Second, one finds the soft supersymmetry-breaking terms

M o = (Majaigss + Kk3Vr) Z; — FMFN Ry s, (B.7a)
Bij = (21h)9m3)3 + K3Vi) Hij — mgjo FM Oy Hij + gy FMV oy Hyy  (B.7D)
—EMEN Va0 Hiyg — € iy iingy + FM V(e85 ),

Agie = FMN Y, (B.7c)

where, given the Levi-Civita connection of the Kahler metric Z, le. I‘gm = Zj’_“BMZi,;,

the Riemann tensor reads

k =l
RMNij = 8M6NZz‘j — ZkiFN3>

while the Kéhler-covariant derivatives are
. . . 1 ., . .
~ 1 ~
VY = OmYijr + 3 kIR Yigr — 3T Yijk,

as well as @MHI']' = 8MHij — 211%/” ij and @MHU}N = aMHmN — QFﬁM ij,N'
Unless there are further suppressions due to a cancellation, the order of magni-

tude of the canonically normalised matter soft-breaking terms is set by the scale

2 A
Mgoft ™~ mSUSY/mP ~ msz/a.
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e As far as fermionic interactions are concerned, the relevant terms are the v'-field

fermionic masses mfj and Yukawa couplings y;;;, from the supersymmetric Lagrangian

—= . 1 . 1 .
£1/1—fermi0ns = _Z@j WU“C{%W - (2 mgj ka + g Yijk SOlWl/Jk + C'C')a

which turn out to be

mgj = Mij; (B.8a)
Yijk = Yijk- (B.8b)

Also, the supersymmetry-breaking gaugino masses read

B.3 Theories with linearly and non-linearly realised supersymmetry

If the theory also contains fields that realise supersymmetry non-linearly, then it is nec-
essary to describe such degrees of freedom using constrained supermultiplets. This is the
case for instance of type IIB orientifold models with anti-D3-branes.

Non-linearly realised supersymmetry comes in by means of a nilpotent chiral super-
field X, whose scalar is constrained to be ¢X = ¢XX /2FX by the nilpotency condi-
tion X2 = 0: such a multiplet has a non-zero F-term and therefore must be included in
the supersymmetry-breaking hidden sector. Other fields may realise supersymmetry non-
linearly due to similar constraints with similar solutions, but usually they do not have
non-zero F-terms and thus are not in this sector. Anyway, for all such constrained multi-
plets, there are two distinct scenarios.

e If the constraint does not fix the F-term of the multiplet, the usual supergravity
expansions of subsection B.2 still hold and the constraint only fixes either its bosonic
or fermionic dynamical degrees of freedom in the final action. In the unitary gauge
the fixed components vanish.

e If the constraint also fixes the F-term, then the expansions of subsection B.2 do not
hold anymore since they are derived by expanding the F-term too. If the fields '
correspond to chiral multiplets without independent spinor and auxiliary fields, then
the calculation proceeds as follows:

- in principle, the full F-term potential is Vp = KIjFIFJ — 3K erik WW, with
the auxiliary fields given by the well-known solutions to their algebraic field
equations, F’/ = HZeK/QK”DIW;

- however, the constraints on the ¢’ auxiliary fields can be implemented as extra
Lagrange multipliers which make them purely fermionic terms, so that the actual
F-term potential is just Vp = KMNFMFN — 3K? eF KWW
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By performing an expansion as in equations (B.la), (B.1b), one can show that the
scalar potential for the fields ¢’ is of the form

. __. . - . __. 1 . . 1 . .
V= m?j‘Pl‘P] + (a@-jw’W’“rc-c-) +m%750fttplcp] + (2Bij<p’<p] +3Aijkangojg0k+c.c.>.

Obviously there is no distinction between supersymmetric and supersymmetry-
breaking terms, but the notation is meant to emphasise the differences with respect
to the standard case. In particular, the two mass contributions read

m = = Z% g M Hp o\ — 2N Hy iz, (B.10a)
= WVpZs — FMEN (25 i = 2Th Zg T (B.10b)

2
mij, soft 7

Instead the bilinear B-coupling reads

A A a 2 A ~ Z N 7 2 y
Bij = 53V Hij + FMN ("85 2 fiig) — ing o N Hj g + g o MV 3 Hy (B.11)

2

—FMEN (Hyj yn — AT Hyj ) — 31 afiij.

As for the trilinear terms, one has both the would-be supersymmetric and the would-
be supersymmetry-breaking terms, namely

Q= 2"V M Hyg (B.12a)
Aiji = FMN Yo — 310 (B.12b)

The effective couplings p;; and Y;j;, and the covariant derivatives are defined as
above. Noticeably, although the structure of all the coupling terms is different, one
can observe that the theory is still invariant under the usual Kéhler transformations
as all the terms are individually covariant. The case where the scalar and the F-term
components of a multiplet are constrained may be discussed in a similar fashion. It
is not encountered in the main text and thus left for future study.

C Geometry of warped 4-cycles

This appendix contains a few observations about the geometry of a 4-cycle wrapped by a
D7-brane in the two setups discussed in the main text.

C.1 Products of 2- and 4-cycles

In the main text, whenever it is necessary to consider the cycles wrapped by the D7-branes
explicitly, as in e.g. subsubsections 3.1.2 and 3.1.3, they are assumed to be (conformally) a
4-dimensional orbifold Oy = T*/Zs, and the 6-dimensional space is locally assumed to be
(conformally) the product of the orbifold O4 and the 2-torus T2.

To be concrete, following refs. [111, 111, 114], one considers the 4-dimensional orbifold
O, spanned by the coordinates (z!, 2?) and the 2-torus T? spanned by 23, with w® = 2%/I,

the dimensionless coordinates. Then:
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e on the 4-cycle Oy = T*/Zs, the untwisted (2,0)- and (1,1)-forms are
n = dw! A dw?,

and
¢ =dwt Adw?, G = dwt A dw?,

G =dwt Adw!, ¢ = dw?Adw?;

e the untwisted harmonic 3-forms on the 6-dimensional space (T4/Zs) x T? are then
the holomorphic 3-form

Q =nAdw? =dw' Adw? A dw?,
and the (2, 1)-forms

_ dw! A dw? A dw? _ dw! A dw? A dw? _ dw! A dw? A dw?
A e | e I T

as well as (ignoring the off-diagonal complex structure moduli)
x3 = dw! A dw! A dw?, x4 = dw? A dw? A dw?,

where the complex structure moduli ©v® have been introduced into the relevant ele-
ments of the basis, with the definition dz® = dy® + u®dy®*+3, for a = 1,2, 3.

Also, there are extra moduli corresponding to blown-up singularities which are ignored.
Moreover, one can show that the unwarped complex structure Kéhler potential reads

RO = - =i [ 00 = —in ([ifu! ~ @)[i(u — )i — 7)) ~ n Vo,

In warped scenarios, if the identification of the bulk complex structure moduli still holds,
one finds analogus results with the substitution of the unwarped volume with V.

C.2 Complex structure Kihler metrics

It is convenient to collectively label the basis of the harmonic (1,1)-forms on the orbifold
04 =¥y as(, withi =1,...,4, and the basis of harmonic (2, 1)-forms on the 6-dimensional
product Oy x T? as xa, with a = 1,...,4,9. Further there are the harmonic (2, 0)-form 7
and the harmonic (3, 0)-form Q. The explicit complex structure moduli factors [—i(u®—u®)]
will be ignored for brevity. It is then possible to observe the following equivalences.

e If the wrapped 4-cycle is extended in the bulk and the warp factor does not vary over
the transverse space, then one can observe the identities

Wy = / e HMONQ = V(g)z/ 6_4An/\ﬁ
YG Z4
and

/Y e o A X3 = V(%ﬂ; [5;5%/2 e G A G — 5252/2 e 4n A 77} .
6 4 4
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This implies that the complex structure moduli metric can be written as

- 1 —4A - i sip 0 50
Kap == f. ¢ Xa A Xs = 005 i + 0205,
with the definitions
. 1 _ - _ _
Kﬁ:— 24/ e 4AC,-/\CJ-, w% = e 4A77/\17.
Ww Y4 4

e In a setup with the wrapped 4-cycle being localised at the tip of a warped throat,
i.e. with the warp factor varying only along the 2-torus, the analysis of the complex
structure moduli is also easy. Then, one can observe the identities

ww:/ 674AQ/\Q:V52/ nAn
Y(; P

and

/ e Mxa AXg =V 53%/ GG — 5252/ nA 77}
Ys A P71

so that the warped version of the complex structure moduli metric is the same as the

unwarped one, i.e.

1

> —4A - sisi£(0) NI
l(aﬂ——ﬁ Y6€ Xa/\XIB—(Sé(S/BKli +6a6g,
with the definitions
o _ 1 AT Sy _ -
Z‘; N W(X(DS /24 CZ/\CJ’ w(()) - /2477/\,,7

The explicit complex structure moduli factors may be inserted by following straightfor-
wardly the definitions above. In particular, one finds

wo= | eMANQ=[—i(u® - ﬂ?’)]V(g)Q / e *n A,
Yg E4
. 1 1
Ko:=—— BT WD S —
99 ww Jy € X0 N\ X9 i(w® — D)2

as follows directly from the definition yy = n A dw?/[—i(u3 — u?)], with the identification

Jpz dw3 A dw?® = —i[—i(u® — u)3]V(g)2 As an example, given the expansion

1 95 _
"Gy = —*me/ G3 A X,

Ww Ys
defining the 2-form gs via the identification G35 = go A dw?, one finds the same expansion
that is used in the main text, i.e.

1

4A _

e g2 = 7)/ g2 A 1.
wat s,

w
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