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Chapter 1

Introduction and outline

Supersymmetry is one of the best motivated options for physics beyond the Standard

Model. The possibility that it is realized in a natural way and is responsible for the

stabilization of the electro-weak scale, thus solving the Hierarchy Problem, is still

open, even if this requires to go beyond the simplest realizations. Additional well-

known motivations include gauge-coupling unification and the existence of Dark

Matter candidates. Supersymmetry is also a prediction of top-down constructions

coming from string theory, and is a compelling idea from a theoretical viewpoint in

that it realizes the maximal possible space-time symmetry in a field theory.

In realistic models, supersymmetry must be broken spontaneously, and this is

most easily obtained by relegating the dynamics responsible for supersymmetry

breaking in a so-called hidden sector. The interactions with the supersymmetric

extension of the Standard Model give rise to an effective theory with the desired

supersymmetry breaking soft terms.

In particular, gravitational interactions between the hidden and the visible sector

are unavoidable, because of their universality, and it is conceivable that they consti-

tute the main effect responsible for the communication of supersymmetry breaking.

In the resulting models, going under the name of Gravity Mediation models, su-

persymmetry must be broken at very high energies, due to the weakness of the

interactions. The soft terms are generated by higher-dimensional operators sup-

pressed by the Planck scale. Despite its conceptual elegance, this setting suffers

from both a theoretical and a phenomenological drawback. The theoretical one is

that the precise coefficients of the higher dimensional operators depend on the un-

derlying fundamental theory at the Planck scale, and are not under control. The

related phenomenological problem is that such coefficients, in general, would give

rise to flavor and CP violating processes which have severe experimental constraints,

avoided only via additional ad-hoc assumptions.

Alternatively, one can consider setups in which the hidden sector communicates

with the visible one also via the SM gauge interactions, and this effect dominates
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over gravity. This class of models, which are called Gauge Mediation models and

will be the main topic of this thesis, solve both the issues we have just mentioned.

On one hand, since gauge interactions are flavor blind, the resulting soft terms will

not introduce additional sources of flavor violation (as for CP, one has to assume

the reality of some parameters to reach the same conclusion). On the other hand,

gauge interactions are treatable by standard perturbative techniques, so that, once

the hidden sector is known, the precise form of the soft terms can be actually cal-

culated in this case. Moreover, one can allow a much lower scale of supersymmetry

breaking, which, at least in principle, can be nicely accommodated within models of

Dynamical Supersymmetry Breaking (DSB). In this context, therefore, one foresees

the possibility of constructing a model which is satisfactory from a phenomenolog-

ical point of view, and in which both the dynamics of the hidden sector and of the

mediation mechanism are under theoretical control. This motivates the interest in

studying Gauge Mediation.

The fundamental model-building input, in any theory of this kind, is a choice for

the hidden sector responsible for supersymmetry breaking. Ideally, one would like to

scan the space of possible hidden sectors, so to explore the most general predictions of

this setting. To make this program more precise, one can rely on a characterization

of Gauge Mediation models, called General Gauge Mediation (GGM), which has

the virtue of being general and conceptually economic, and which we will review in

chapter 2 of the thesis. Basically, in GGM one parametrizes the information about

the hidden sector in terms of few form factors appearing in the two-point functions

of operators in the supermultiplet of a conserved current. Then, the scanning of

hidden sectors can be rephrased in terms of a study of the possible behaviors of

these form factors.

An important requirement on the hidden sector is that supersymmetry is broken

dynamically, which implies that the relevant dynamics occurs at strong coupling.

This fact, in principle, poses a problem of calculability, which could spoil the good

theoretical control that we referred to. There are mainly two handles on strongly

coupled theories which we will discuss, corresponding to different types of theories

in the hidden sector, and accordingly our dissertation is organized in two parts.

The fist possibility is in fact supersymmetry itself: one can use its powerful

constraints to derive the form of the low energy effective theory in the supersymmetry

breaking vacuum. Often, such effective theories turn out to be weakly coupled

theories of chiral superfields, motivating the general study of hidden sectors of this

sort, which we will be the topic of chapter 3. This setting allows a good degree of

calculability and flexibility, which indeed constitutes an additional motivation, and

allows a classification of the models. An important theme will be the role played by

the R-symmetry, and the related issue of generating a large enough Majorana mass

of the gauginos. We will see that, in this respect, a particular sub-class of the weakly
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coupled models is more promising as candidate hidden sector. Interestingly, most

known examples of DSB theories do not reduce to this sub-class at low energies. In

chapter 4 we will explicitly construct examples of asymptotically-free gauge theories

which reduces at low energies to models falling in all possible classes, thus giving

a map between dynamical theories and weakly coupled models. This will allow,

in particular, to get a dynamical embedding of the more promising class of weakly

coupled hidden sectors.

The second approach, which will be the topic of the second part of the thesis,

consists in considering hidden sectors which admit a holographic dual description.

In this case, one can replace the strongly coupled theory with a weakly-curved,

asymptotically-AdS 5D geometry, where the relevant two-point functions can be

calculated by exploiting the holographic prescription, which we review in chapter

5. The details of the hidden sector, and the supersymmetry breaking dynamics,

are encoded in the gravitational background, which is a supersymmetry breaking

solution in a certain supergravity theory. The introduction given in chapter 5 also

includes a review of the relevant supergravity theories in 5D, and an overview on the

topic of holographic renormalization, which is a fundamental technical ingredient to

perform the calculation of the form factors. In particular, it will be shown how

to apply the holographic renormalization procedure to the whole supersymmetric

multiplet of a massless vector, which is the field one has to consider in order to

calculate the GGM two-point functions.

In the remaining part of the thesis we will construct concrete models of holo-

graphic hidden sectors. To achieve this goal, one can either follow a top-down

approach, deriving the theory from consistent truncations of type IIB supergravity

in 10D compactified on some internal manifold, or a complementary bottom-up ap-

proach, by constructing by hand the simplest possible background which captures

the desired dynamics. The first method is pursued in chapter 6, where we con-

sider a 5D supergravity theory with the minimal field content necessary to describe,

holographically, a strongly coupled hidden sector, and such that, at least for some

choices of parameters, it can in fact be derived as a truncation from 10D. As we will

see, this theory contains supersymmetry breaking solutions, both with and without

an R-symmetry. Somewhat surprisingly, it will turn out that gauginos can get a

mass even when the background does not break R-symmetry, thanks to massless

fermionic excitations in the holographic hidden sector which can mix with gauginos,

and provide a Dirac-like mass. Even if the holographic correspondence is on a firmer

ground in such top-down constructions, they are often too constrained to allow a

significant scan of the parameter space, and few concrete solutions are known which

can be used for our scopes. Therefore, in chapter 7, we will turn to the alternative,

bottom-up approach, and consider a hard wall model. This is defined by a simple

AdS5 throat truncated at some point in the extra dimension, where the geometry
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has an additional boundary, the so-called IR wall. In this case the background does

not solve the supergravity equations of motion, and therefore is not dynamical. The

properties of such hidden sectors are determined by the parameters entering the

boundary conditions for the fields at the IR wall. Varying these parameters, one can

explore which portion of the GGM parameter space can be covered. The outcome

of this analysis is that one can indeed cover the whole GGM parameter space at

strong coupling, using holography. However, we will see that some regions of the

parameter space are actually favored, like higgsed mediation scenarios, while some

others require a certain amount of tuning between the parameters to be met. An-

other virtue of this simple model is that many results can be derived in an analytic

fashion, contrarily to the top-down examples mentioned before, which require to

resort to numerics.

We conclude in chapter 8 with an overview of the possible future directions.



Chapter 2

A general formulation of Gauge

Mediation models

In the Gauge Mediation scenario, the hidden sector responsible for the breaking

of supersymmetry is coupled only via gauge interactions to the visible sector, thus

solving the Flavor Problem and permitting a perturbative analysis of the mediation

mechanism. This idea can be made concrete in a variety of models, which differ

by the choice of the hidden sector and can give rise to distinct phenomenological

outcomes. In this chapter we will start by discussing some realizations, then we

will show how to formulate in a general and compact way all possible models of

Gauge Mediation. The result will be instrumental to discuss the model-independent

consequences of Gauge Mediation.

2.1 An effective approach: Minimal Gauge Mediation

As a first simple and calculable example, one can consider a toy model dubbed

Minimal Gauge Mediation (MGM) in the literature, in which the supersymmetry

breaking is effectively encoded by the existence of a singlet chiral field with a non-

zero F -component1

〈X〉 = M + θ2F, (2.1)

which is generated by some yet unspecified dynamics of the hidden sector [2–5].

Since X is taken to be a singlet, we need additional messenger fields charged under

the Standard Model gauge group. These fields get a non-supersymmetric mass

splitting due to direct interactions with the spurion X, which is then communicated

radiatively to the visible sector. Denoting the messenger as the couple (φ, φ̃) of chiral

superfields in a vector-like representation ρ⊕ ρ̄ of the gauge group2, the interaction

1Here and in what follows we will use the conventions of [1] for spinors and supersymmetry.
2In order to preserve gauge coupling unification, ρ must fill a complete representation of the

unified gauge group.
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Figure 2.1: Diagrams generating the soft masses in a minimal gauge mediation
model. Double lines represent messenger fields. Dashed lines are associated to
scalars, while solid lines are fermionic. The gaugino mass is generated at 1 loop by
the diagram at the top-left. The scalar masses arise at two loops by the diagrams
displayed below.
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is

W = Xφφ̃, (2.2)

so that the fermions get a supersymmetric mass M while the scalars are splitted by

the F -term, with mass eigenvalues M2 ± F , where we are assuming M and F to

be real (which is always the case up to a phase shift of the fields). Notice that we

need F < M2 to avoid tachyons, and in the following we will consider for simplicity

the case F � M2. One can easily compute the leading radiative contributions

to soft masses for the visible gauginos and scalars (sleptons and squarks), which

arise respectively at one loop and at two loops, via the diagrams in Fig 2.1. The

calculation of the whole set of diagrams can be significantly simplified in the limit

F/M2 � 1 by the technique of analytic continuation into superspace [6, 7], which

determines all the two-loops diagrams in terms of the 1-loop result for the wave-

function renormalization of the quark/lepton superfields. At the leading order in

the ratio F/M2 the results for the gaugino soft masses Mg̃,r and for the scalar soft

masses m2
f̃

are

Mg̃,r =
g2
r

16π2
ΛG , m2

f̃
= 2

∑
r

Cr
f̃

(
g2
r

16π2

)2

Λ2
S , ΛG =

√
NΛS = N

F

M
, (2.3)

where N is twice the Dynkin index of the representation ρ, the index r runs over

U(1)Y , SU(2) and SU(3), and Cr
f̃

is the quadratic Casimir of the representation

which f̃ belongs to.

Notice that for N ∼ O(1) the resulting spectrum have soft masses of the same

order for the gauginos and the squarks/sleptons. Therefore, in natural models MGM

would predict all those masses to be close to the electro-weak scale.

2.2 Overview of Gauge Mediation models

In order to build a satisfactory model, one must go beyond the previous toy-example

and provide an explanation of the supersymmetry-breaking expectation value in

terms of a fully-fledged hidden sector. In addition, the scale of supersymmetry

breaking is usually assumed to be dynamically generated [8], so that the hierarchy

between the electro-weak scale and the UV scale (for instance Mpl, MGUT or what-

ever is the high-energy cutoff of the effective theory) is not only stabilized, but also

explained as an exponential suppression

Mweak ∼MSB = e
− 8π2

g2 MUV . (2.4)

It turns out that the embedding of the minimal example in a Dynamical Supersym-

metry Breaking (DSB) model runs into a number of difficulties, such as possible
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large tadpoles for the singlet X destabilizing the vacuum. Those problems can be

overcome [9–11], but the solution necessitate a rather baroque structure for the

hidden sector.

This observation led several authors to the exploration of dynamical models

which avoid the somewhat artificial splitting of the hidden sector in messenger

sector/supersymmetry-breaking sector. In these class of theories, going under the

name of Direct Gauge Mediation models, the hidden sector is a gauge theory whose

strong-coupling dynamics is responsible for supersymmetry breaking, and the gauge

group of the Standard Model is embedded in the flavor symmetry group of the gauge

theory [12,13]. The role of the messengers is played by (part of) the same fields in-

volved in the supersymmetry breaking dynamics. A typical problem of such models

(which is indeed one of the reasons why a separate messenger sector was introduced

in the first place) is that the rank of the hidden-sector gauge group may be required

to be large, resulting in a large multiplicity for the flavor fields which are in turn

charged under the SM gauge group, and possibly leading to Landau poles at un-

acceptably low energies. Viable realizations include some field which takes a large

supersymmetric VEV, which results in a comparably large mass for the charged

fields, in such a way that the drastic changes to the β functions kick in only at high

energies.

A third possibility which lies somewhat in between the Minimal and Direct case is

the approach of Semi-Direct Gauge Mediation [14]. In this setting one re-introduces

messenger fields which are not necessary for the supersymmetry breaking dynamics

as in MGM, but in contrast to MGM the only allowed interactions between the

messengers and the source of supersymmetry breaking are (hidden sector) gauge

interactions. Assigning a mass mm to the messengers via a superpotential term,

and calling Λ the dynamical scale of the (hidden sector) gauge theory, one can

interpolate in a controllable way between the two regimes

• mm � Λ: in this case the messengers are weakly coupled to the rest of the

hidden sector, and they get the non-supersymmetric mass splitting in a cal-

culable way which is then radiatively communicated to the visible sector, in a

MGM-like fashion,

• mm � Λ: in this case the messengers take part in the strong-coupling dynam-

ics of the gauge theory, and the hidden sector can only be studied as a whole

like in direct gauge mediation.

Even the more sophisticated constructions of Direct/Semi-Direct Gauge Mediation

are not free of model-building issues. An interesting one, in light of what will follow,

is that in many examples the soft gaugino masses turn out to be suppressed with

respect to the squarks/sleptons ones [7,14–17]. This gap in the spectrum is in tension

with the requirement that supersymmetry solves the naturalness problem, because
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fixing the squark masses to be close to the electro-weak scale would result in too

light gauginos (but still it can be compatible with gauge-coupling unification and the

existence of a Dark Matter candidate [18–20]). The problem is ultimately related to

the fact that gaugino masses (of Majorana type) are protected by an R-symmetry.

We will return on the problem of the suppression of gaugino masses and the related

issue of R-symmetry breaking in the next chapter.

2.3 General Gauge Mediation

In this section, following [21] (see also subsequent work [22–26]), we focus on the

model-independent property of Gauge Mediation, namely the existence of a super-

symmetry breaking theory which is coupled to the visible sector via the SM gauge

group. This will led to a formulation, called General Gauge Mediation (GGM),

which does not depend on the particular theory which is used as hidden sector. The

idea of GGM is to consider the limit in which the gauge couplings are turned off, and

extract all the relevant data from the decoupled sector which breaks supersymmetry.

In this limit, the SM gauge group becomes a global symmetry of the hidden

sector, and there always exists an associated conserved current operator jµ, together

with its supersymmetric partner operators3, a fermionic operator jα, where α = 1, 2

is a Weyl index, and a real scalar operator J . They can be nicely organized in terms

of a real superfield with a linear constraint, often called linear superfield

J (x, θ, θ̄) = J(x) + iθ j(x)− iθ̄ j̄(x)− θσµθ̄ jµ(x) + . . . , (2.5)

where the dots indicate higher components which can be expressed in terms of the

lower ones, and the linear constraint, which implies current conservation, is

D2J = 0 = D̄2J ⇒ ∂µj
µ = 0. (2.6)

All the data necessary to compute the soft masses can be extracted from correlators

of these operators, which can be parametrized in (Euclidean) momentum space as

〈jµ(k)jν(−k)〉 = −(k2ηµν − kµkν)C1

(
k2/M2

)
(2.7)

〈jα(k)j̄α̇〉 = −σµα α̇kµC1/2

(
k2/M2

)
(2.8)

〈J(k)J(−k)〉 = C0

(
k2/M2

)
(2.9)

〈jα(k)jβ(−k)〉 = MB1/2(k2/M2), (2.10)

where C1, C1/2 and C0 are three real form factors, while B1/2 is complex, and

they are all dimensionless functions of the Lorentz-invariant combination k2/M2,

3When supersymmetry is broken spontaneously the supercharge is not well-defined, but the
(anti-)commutators with local operators are defined and operators are still organized in multiplets.
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M indicating a typical scale. These functions parametrize our ignorance of the

details of the hidden sector, and their definition is sensible regardless of whether it is

weakly or strongly coupled. The parametrization is the most general one compatible

with Lorentz and current conservation. Notice that in presence of a conserved R-

symmetry B1/2 = 0.

One may also want to consider the following additional one and two-point func-

tions, which are not forbidden by Lorentz-invariance

〈J〉 = ζ (2.11)

〈jµ(k)J(−k)〉 = kµH0(k2/M2). (2.12)

If we do not allow the global symmetry to be broken spontaneously, ζ can only

be non-zero if the symmetry is abelian (i.e. for U(1)Y ). This term, like a Fayet-

Iliopoulos term, can lead to tachyonic contributions to the scalar soft masses. There-

fore, it is usually assumed to vanish, and in many models this condition can be

enforced by the existence of a messenger parity discrete symmetry acting on the

current superfield as J → −J . As for the H0 form factor, contracting the defining

equation with kµ and using the Ward identity for the conserved current, one finds

k2H0(k2/M2) = 〈δJ〉 = 0, (2.13)

where in the last equality we use that the symmetry is unbroken (and δJ is also

vanishing as an operator, in the abelian case). Therefore H0 = 0 in general.

If supersymmetry is unbroken, the following relations hold

〈{Q̄α̇, (jα(k)J(−k))}〉 = 0 (2.14)

〈{Q̄α̇, (jα(k)jµ(−k))}〉 = 0 (2.15)

〈{Qα, (jβ(k)J(−k))}〉 = 0 (2.16)

which imply the following conditions on the form factors

C0 = C1/2 = C1 , B1/2 = 0. (2.17)

The gauging can be described by coupling the linear superfield to the vector super-

field V containing the SM gauge bosons and its superpartners. We consider the case

of an abelian symmetry for simplicity, the generalization being straightforward. At

the linearized level the interaction is

2

∫
d4θ gJ V = g(DJ − λ j − λ̄ j̄ −Aµ jµ). (2.18)

Integrating out the hidden sector, the interactions with the vector multiplet can
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B1/2

C1

C1

C1/2 C0

Figure 2.2: Diagrams generating the soft masses via insertion of the two-point func-
tions of the hidden sector operators. The solid double line represents the auxiliary
field D in the vector multiplet.

be encoded in an effective action, whose form at the quadratic level is completely

determined in terms of the previous form factors in the following way

1

g2

[
− 1

4

(
1 + g2C1(k2/M2)

)
Fµν(k)Fµν(−k) +

(
1 + g2C1/2(k2/M2)

)
λ(k)σµkµλ̄(−k)

+

(
1 + g2C0(k2/M2)

)
D(k)D(−k) +

1

2

(
g2MB1/2(k2/M2)λ(k)λ(−k) + c.c.

)]
.

(2.19)

In the absence of charged massless particles in the hidden sector, all the form factors

have smooth limits for k2 → 0, and we will assume this is the case for the rest of

this section. We can use (2.19) to obtain the modified propagator of the gaugino

〈λα(k)λ̄α̇(−k)〉 = −
(
1 + g2C1/2(k2/M2)

)
σµαα̇kµ(

1 + g2C1/2(k2/M2)
)2
k2 + g4M2|B1/2(k2/M2)|2

(2.20)

〈λα(k)λβ(−k)〉 = −
g2MB1/2(k2/M2) εαβ(

1 + g2C1/2(k2/M2)
)2
k2 + g4M2|B1/2(k2/M2)|2

. (2.21)

From this formulas we see that the gaugino has a Majorana mass Mg̃ defined im-



20 A general formulation of Gauge Mediation models

plicitily by the solution to the equation[(
1 + g2C1/2(k2/M2)

)2
k2 + g4M2|B1/2(k2/M2)|2

]
k2=|Mg̃ |2

= 0. (2.22)

To leading order in the coupling g we get

Mg̃,r = g2
rM B

(r)
1/2(0), (2.23)

where we inserted back the r-index running over SU(3), SU(2) and U(1)Y . Con-

sistently, this formula gives a vanishing result whenever supersymmetry, or any

R-symmetry, is unbroken.

As for the squark/slepton masses, we can again use (2.19) to compute the loop

correction to the two-point functions of the scalars (see Fig 2.2) and we get

m2
f̃

= g2Cf

∫
d4 k

(2π)4

1

k2

(
1

1 + g2C0(k2/M2)
− 4

1 + g2C1/2(k2/M2)
+

3

1 + g2C1(k2/M2)

)
,

(2.24)

which to leading order in g, and keeping track of the various gauge group factors,

reduces to

m2
f̃

=
∑
r

g4
rC

r
fAr

Ar =

∫
d4 k

(2π)4

1

k2

(
C

(r)
0 (k2/M2)− 4C

(r)
1/2(k2/M2) + 3C

(r)
1 (k2/M2)

)
. (2.25)

Once again, as expected, we find a vanishing result if the supersymmetric relations

between the form factors are satisfied.

As an example of the power of this general formulation, let us show that in all

possible Gauge Mediation models a sum rule between the soft terms holds. This

is easy to realize based on a counting of parameters: the soft masses in the MSSM

Lagrangian are

Mg̃,1, Mg̃,2, Mg̃,3, m
2
Q̃
, m2

ũ, m
2
d̃
, m2

L̃
, m2

ẽ, (2.26)

which sum up to a total of 3 complex and 5 real parameters (assuming flavor univer-

sality), while the parameters in the hidden sector in terms of which the soft masses

are expressed are

B
(1)
1/2(0), B

(2)
1/2(0), B

(3)
1/2(0), A1, A2, A3, (2.27)

that is 3 complex and 3 real parameters. Since there is a clear one-to-one correspon-

dence between the complex parameters, this means that two sum-rules hold between

the scalar soft masses. To derive it explicitly, recall that for each sparticle f̃ we have

the corresponding SM particle f that is a chiral fermion. Therefore, if we consider

a U(1) symmetry which is flavor-blind (i.e. it acts in the same way on each of the
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three generations), the condition for it to be free of U(1)−G2
SM anomalies is∑

f

QfC
r
f = 0, (2.28)

where Qf is the fermion charge under the U(1). From formula (2.25), any such

non-anomalous U(1) gives rise to a sum-rule∑
f

Qfm
2
f̃

= 0. (2.29)

There are indeed two non-anomalous U(1) symmetries of the MSSM, U(1)Y and

U(1)B−L, and they give the two expected sum rules. Explicitly they read

0 = m2
Q̃
− 2m2

ũ +m2
d̃
−m2

L̃
+m2

ẽ (2.30)

0 = 2m2
Q̃
−m2

ũ −m2
d̃
− 2m2

L̃
+m2

ẽ . (2.31)

Notice that, strictly speaking, these sum rules hold only at the mediation scale, and

then one needs an RG analysis to see to what extent they are corrected at energies

relevant for experiments.

2.3.1 Massless particles in the Hidden Sector

In this section we consider a generalization of the previous setting to hidden sectors

containing massless particles, along the lines of [27, 28]. This case has applications

to model building, as we will discuss, and it is also useful for future reference.

In particular we want to study the case in which the presence of such particles

is reflected in the appearance of 1/k2 poles in the form factors. This implies there

are IR singularities in the effective action (2.19), which arise because the effective

theory is ill-defined when we integrate over massless states. Still, one can fruitfully

use equations (2.20-2.21-2.24) to calculate the contributions to the soft masses.

Before showing how the calculation goes, let us clarify what is the physics of

these massless states. In the limit when the gauging is turned off, the hidden sector

is a theory which dynamically generates the scale of supersymmetry breaking, and

tipically this happens via the strongly coupled dynamics of a gauge theory which

also has a mass gap. If massless particles are present, there is a symmetry protecting

their masses. For massless scalars, the zero mass is protected if they are Goldstone

bosons of a spontaneously broken global symmetry. As for massless fermions, their

presence can be enforced by the matching of UV ’t Hooft anomalies for an unbroken

global symmetry, and in this case we will call these particles ’t Hooft fermions. Let us

analyze the two possibilities in turn, concentrating on the case of a U(1) symmetry

for definiteness.



22 A general formulation of Gauge Mediation models

The pole associated to a Goldstone boson arise in the two-point function of the

conserved current

〈jµ(k)jν(−k)〉 = −(ηµνk
2 − kµkν)

v2

k2
+ regular, (2.32)

so that we have

C1 =
v2

k2
+ regular. (2.33)

Upon weakly gauging, the Goldstone boson gets eaten by the vector to form a

massive vector, and the corresponding gauge symmetry is higgsed. Therefore this

case applies to models with an extended gauge group at the mediation scale (possibly

in a grand unification scenario), and some of the gauge symmetries get broken by the

hidden sector (settings with some some higgsed extra U(1)′ are extensively studied

in the literature, see for instance [29] and references therein). The massive vector

still communicates supersymmetry breaking to the charged visible fields, and the

resulting soft mass is understood as an additional contribution due to the higgsed

part of the gauge group4. From equation (2.24), and concentrating on the singular

part of C1, we get

δm2
f̃

= g2Cf
∫

d4k

(2π)4

3

k2 + g2v2
, (2.34)

which has indeed the form of a loop with a massive gauge boson. Retaining only

the pole is a valid approximation for C1 only at low momenta (up to energies of the

order of the vector mass), and therefore we can extract a sensible answer by putting

a cutoff to the integral at some energy Λ� gv. Performing the integration we have∫
d4k

(2π)4

1

k2 + g2v2
=

1

16π2
g2v2 log

(
g2v2

Λ2

)
. (2.35)

The dependence on Λ will then disappear by taking into account the complete form

of C1 at large momenta. However, what is significant of the previous formula is

the logarithmic dependence on the gauge coupling, which will not get corrected by

the contributions of the regular part of C1, because they are always analytic in g.

Therefore, we can isolate the part due to the massive vector in the form

δm2
f̃

=
3Cfv2

16π2
g4log(g2). (2.36)

Notice that due to the smallness of the gauge coupling, this contribution is negative

and it is enhanced with respect to a usual GGM contribution both by the logarithm

and by the presence of a 1-loop factor 1/16π2 as opposed to the common two-loops

one (1/16π2)2 (reflecting the fact that indeed we have a single loop of a massive

4The case outlined here has to be contrasted with other similar scenarios of mediation through
massive gauge bosons in which a visible field is responsible for the higgsing, because here the
symmetry breaking is inherent to the hidden sector.
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vector). Therefore this scenario is highly constrained.

The other possibility is a massless ’t Hooft fermion, whose pole will arise in the

two-point function of the fermionic operator

〈jα(k)j̄α̇(−k)〉 = −σµαα̇kµ
v2

k2
+ regular, (2.37)

implying the appearance of poles in the corresponding form factor

C1/2 =
v2

k2
+ regular. (2.38)

Notice that, for a U(1)-current multiplet, the operator jα is charged only under

R-symmetries. Consequently, the symmetry with non-trivial ’t Hooft anomaly can

only be an unbroken U(1)R, so that the ’t Hooft fermion carries the same quantum

numbers as the current operator. What we said above on the contribution to the

scalar soft masses applies also in this case, with the crucial difference that now it

has a positive sign. In addition to that, now we also have a different result for

the gaugino mass, as can be seen from the corrected propagator in equation (2.20).

Recall that the unbroken R-symmetry implies B1/2 = 0. Then the contribution of

the pole to (2.20) takes the form

〈λα(k)λ̄α̇(−k)〉 = −
σµαα̇kµ

k2 + g2v2
. (2.39)

Together with 〈λα(k)λβ(−k)〉 = 0, this equation is telling that the gaugino has

gained a Dirac mass gv. Since the gaugino on its own has not enough degrees of

freedom to form a Dirac fermion, the interpretation of this result is that the massless

’t Hooft fermion of the hidden sector mixes with the gaugino as a consequence of the

gauging, so that they can form a Dirac fermion. It is easy to get convinced that it

is indeed the case because equation (2.37) implies that the fermionic operator acts

as an interpolating operator for the massless particle (call ψα the ’t Hooft fermion

field)

jα = v ψα + regular, (2.40)

so that the coupling due to gauging takes exactly the form of a Dirac mass

gv(ψλ+ c.c.). (2.41)

The possibility of having a Dirac mass for gauginos is a widely studied subject in the

literature (see [30] and references therein), also because it alleviates the difficulties

with Majorana masses related to R-symmetries. Here we have seen a way to ac-

commodate this scenario in the general formulation, the only input being equation

(2.37).
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As a little deviation from this scenario, one can consider adding a small source

of R-symmetry breaking in the hidden sector, parametrized by |B1/2| � 1. The

previously massless ’t Hooft fermion is expected to get a comparably small mass,

and C1/2 will be regular but with a large peak for k = 0, still giving the dominant

(positive) contribution to the scalar masses. In this case the gaugino and the would-

be t’ Hooft fermion will be coupled in the mass matrix, which will be roughly of the

form
1

2
MB1/2 ψψ + gvλψ +

1

2
g2B1/2M λλ+ c.c. , (2.42)

so that the mass eigenstates are a mixing between the two fermions. The mass

eigenvalues are given by the complete propagator as in equation (2.22).

As a conclusive remark, let us address the possibility that the massless Goldstino

generates a pole in the two-point function of jα. This would imply that jα is a valid

interpolating operator for the Goldstino field, so that at low energies

jα = vχα + regular, (2.43)

where χ is the Goldstino field. Recalling that for the supercurrent operator Sµα one

has

Sµα = f(σµχ̄)α + regular, (2.44)

where f is the scale of supersymmetry breaking, one would obtain a non-transverse

part in the correlator 〈Sµα(k)jβ(−k)〉 mediated by the exchange of one Goldstino.

On the other hand, by the Ward identities of supersymmetry

kµ〈Sµα(k)jβ(−k)〉 = 〈{Qα, jβ}〉 = 0, (2.45)

where in the last equality we assumed that the one-point function of J is vanishing.

Therefore we find an inconsistency, and we conclude that the Goldstino does not

mix with the operator jα.

2.3.2 The Higgs sector in Gauge Mediation

Our presentation until now has focused on the soft supersymmetry breaking masses

for gauginos and sfermions, because their generation, as we have seen, is a direct

consequence of the Gauge Mediation mechanism. However, in a supersymmetric

extension of the SM, additional soft terms which involve the Higgs sector must

be present. In this section, for completeness, we briefly describe how they can be

generated in the context of Gauge Mediation, and we discuss the associated model-

building issues that are raised.

Denoting by Hu and Hd the chiral superfields of the two Higgs doublets, and
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also their lowest scalar components, the soft terms take the form5

V higgs
soft = m2

u |Hu|2 +m2
d |Hd|2 + (BµHuHd + c.c.) + (AuHu F

†
u +AdHd F

†
d + c.c.).

(2.46)

Besides these supersymmetry breaking terms, a supersymmetric mass term can be

added to the superpotential

Wµ =

∫
d2θ µHuHd (2.47)

which both gives a (Dirac) mass to the higgsinos and contributes to the scalar masses.

A fundamental constraint on these masses comes from imposing that the scalar

higgses are responsible for electro-weak symmetry breaking, which requires that µ2,

Bµ and m2
u,d are roughly of the same order, and close to the electro-weak scale. This

requirement raises two problems, one which is general to supersymmetric extensions

of the SM, and another one which is particularly severe in the context of Gauge

Mediation.

The first one is the so-called µ-problem [31], and it is basically the question of

why the µ parameter is small with respect to the UV cutoff. Indeed, since the µ

coupling is supersymmetric, it is in principle unrelated to the dynamics responsible

for breaking supersymmetry, and its natural value is very large compared to the

electro-weak scale. This problem can be solved by invoking some symmetry of the

visible sector that is broken by µ, so that its natural value is actually 0, and it can

only be generated by the interaction with the hidden sector, just like the soft terms.

The second problem, which is specific to models of gauge-mediated supersym-

metry breaking, is the question of why Bµ is of the same order of µ2, and it is

therefore called µ/Bµ problem [3]. Indeed, in a simple spurion model like the one

we treated in section 2.1, assuming that both µ and Bµ are generated radiatively by

the interaction of the higgs with the messengers, the typical values will be

µ ∼ λu λd
16π2

F

M
, Bµ ∼

λu λd
16π2

F 2

M2
(2.48)

where λu,d are the couplings of Hu,d to the messenger fields, and F and M are

respectively the scale of supersymmetry breaking and the scale of the messenger

masses. Since λu,d are small couplings, we see that we get the unacceptable relation

Bµ � µ2. Even if we displayed the phenomenon in a simple toy-model, it has a

much more general validity, being ultimately related to the fact that µ and Bµ are

both generated perturbatively and at the same order.

5Notice that we are not taking the most general form for the A-terms, which would involve
all possible gauge-invariant trilinear couplings with sfermions. In this more general case, the A
coefficients would be matrices in flavor space, thus introducing a flavor problem. In our case,
instead, integrating out the F terms, one sees that the flavor mixing is proportional to the Yukawa
couplings, and dangerous additional sources of flavor breaking are avoided.
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To make this statement precise, one can formulate also the mediation of the soft

terms in the higgs sector in a more general fashion [32], similar in spirit to the GGM

formalism we reviewed. This amounts to enlarging the definition of GGM, to allow

for direct couplings of the higgs to the hidden sector, for instance in the form∫
d2θ (λuHuOu + λdHdOd) + c.c. . (2.49)

Just like in GGM the correlators of the current superfield dictate the form of the

soft masses for gauginos and sfermions, here one can parametrize the correlators of

the operators Ou,d in terms of form factors, and derive the soft terms of the higgs

sector as functions of these form factors. The upshot of the analysis in [32] is that

generically a too large Bµ is generated, but the problem can be solved if the µ term

receives an additional contribution which does not vanish in the supersymmetric

limit.

To conclude, let us mention that usually, in Gauge Mediation models, the A-

terms are strictly 0 at the messenger scale, and are only generated radiatively. In

the enlarged scenario with direct couplings between the Higgs and the hidden sector

those terms can instead be non-vanishing. In this situation, one faces a Au,d/m
2
u,d

problem, very similar in nature to the µ/Bµ problem we have just described. Re-

cently there has been a lot of interest in models which can generate such terms,

because supersymmetry generically predicts a too light higgs boson, and having

sizable A-terms can help in raising the mass to the observed value [33–36].



Chapter 3

Weakly Coupled Hidden Sectors

In this chapter we are going to consider a particular class of hidden sectors, namely

supersymmetry breaking theories with a bunch of chiral superfields and superpoten-

tial interactions, the prototypical example being the O’Raifeartaigh (O’R) model.

Their simplicity allows to determine, via perturbation theory, the location of the

supersymmetry breaking vacuum and the spectrum of fluctuations. We are not

necessarily giving up with the requirement of dynamical breaking, because many

examples of DSB are captured at low energies precisely by effective theories of this

form [37–40]. Being tractable, O’R-like models are useful to explore to what extent

one can cover the parameter space General Gauge Mediation in concrete models.

In particular, we will address the problem of breaking the R-symmetry and the

related issue of the suppression of gaugino mass with respect to scalar soft masses.

We will obtain conditions on O’R-like models so to avoid this suppression, paving

the way for the next chapter, in which we will construct example of DSB theories

reducing to these models at low energies.

3.1 O’Raifeartaigh model and its generalizations

The simplest model of F -term supersymmetry breaking is the Polonyi model [41],

which is defined in term of a single chiral superfield with superpotential

W = fX. (3.1)

The auxiliary component of X gets a VEV and the vacuum energy density receives

a positive contribution |f |2. If the Kähler potential is canonical, this theory is

free and the spectrum is composed by a massless Goldstino and two massless real

scalars which we can take to be the modulus |X| and the phase α of X (we use

the same letter for the chiral superfield and its lowest component). There is a flat

direction of degenerate supersymmetry breaking vacua parametrized by |X|. The

superpotential has an R-symmetry with R(X) = 2, which is broken spontaneously
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in any vacuum with |X| 6= 0, α being the associated Goldstone boson, usually called

R-axion. While α is massless for a symmetry reason, |X| is not protected by any

symmetry. Therefore, the vacuum degeneracy, contrarily to what happens when

supersymmetry is exactly realized, is not expected to survive quantum corrections.

As a consequences, X is referred to as a pseudomodulus, to contrast it with the case

of a supersymmetric moduli space. One can add self-interactions of X by modifying

the Kähler potential to the non-canonical form

K = |X|2
(

1− |X|
2

4M2

)
, (3.2)

so that the pseudomodulus is stabilized at the origin with mass

m2
X =

|f |2

M2
, (3.3)

and the R-symmetry is unbroken.

This particular form of the non-canonical Kähler potential can arise as a loop

correction, if one embeds the Polonyi model in an interacting theory with additional

fields. This is realized in the simplest way in the O’Raifeartaigh model (O’R) [42],

which includes two additional chiral superfields φ1 and φ2 with canonical Kähler

potential and superpotential

W = fX +mφ1φ2 +
λ

2
Xφ2

1. (3.4)

The previous R-symmetry is still present if one assigns R(φ1) = 0, R(φ2) = 2. As

long as m2 < λf (all parameters can be taken real and positive by appropriately

shifting the fase of the fields) the classical potential has degenerate minima in

φ1 = φ2 = 0, X arbitrary. (3.5)

We see that even in this interacting model one has a pseudomodulus at the classical

level, and only the vacuum with X = 0 preserves the R-symmetry. Quantum cor-

rections lift the classical degeneracy: integrating out the massive fluctuations of φ1,2

around a vacuum with a certain VEV X, one can calculate the effective potential

at 1-loop via the formula

V
(1−loop)
eff =

1

64π2
STr

[
M4log

(
M2

M2
UV

)]
, (3.6)

whereM is the X-dependent mass matrix of the fluctuations, MUV is the UV cutoff

(whose dependence can be reabsorbed in the renormalization of the couplings), and

STr indicates the weighted sum over bosons and fermions. For small values of X the
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result is

V
(1−loop)
eff (X) = V0 +m2

X |X|2 +O(|X|4) (3.7)

V0 = f2

[
1 +

λ2

32π2

(
log

m2

M2
UV

+
3

2
+O

(
λ2f2/m4

))
+O(λ4)

]
(3.8)

m2
X =

1

32π2

λ4f2

m2

(
2

3
+O(λ2f2/m4)

)
+O(λ4). (3.9)

Since m2
X > 0, X is stabilized at the origin at 1-loop, and the R-symmetry is

unbroken. This result is analogue to the one we obtained in the Polonyi model

with non-trivial Kähler potential. In fact, in the limit of small supersymmetry

breaking (as in the λf/m2 expansion), the 1-loop effective action is encoded in the

supersymmetric correction to the Kähler potential due to the massive fields φ1,2,

which gives the same result as equation (3.2) (see the discussion in the appendix of

[43]). The effective potential for large X grows like a (positive) logarithm, reflecting

the running of the vacuum energy with the scale of the masses. Since it can be shown

to be monotonic, there are no additional local minima of the potential outside the

origin.

Some of the features of the O’R model are generic consequences of F -term break-

ing, while some others are not. For instance, the existence of a pseudomodulus (at

least one) which is a flat direction of the potential at the classical level, is completely

general and holds in every model of chiral superfields with supersymmetry break-

ing [44]. This can be seen by considering the masses of the bosonic fields at tree

level

(
φ† φT

)
M2

B

(
φ

φ∗

)
=
(
φ† φT

)( M2
F F†

F M2
F

)(
φ

φ∗

)
, (3.10)

where MF is the fermion mass matrix and the complex matrix F is generated by

supersymmetry breaking. Whenever the fermionic mass matrix has some massless

eigenvector v, the formula just displayed gives

(
v† vT

)
M2

bos

(
v

v∗

)
= vTFv + c.c. . (3.11)

The left-hand side of this equation is a non-negatively defined function of v, while

the right-hand side is not, unless it is zero. For consistency, we conclude that

vTFv = 0. Therefore, at tree level, the existence of a massless fermion implies the

existence of a complex massless boson. Since there is always a massless Goldstino in

a supersymmetry breaking theory, there must also always be a classically massless

scalar, namely the pseudomodulus.

Calling X the pseudomodulus, the superpotential of the theory can always be
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put in the form

W = fX +
1

2
(mij +Xλij)φiφj +

1

6
hijkφiφjφk, (3.12)

where all the other fields have been collected in φi. We will refer to these theories

as generalized O’Raifeartaigh models [15]. The superpotential may admit an R-

symmetry depending on the precise form of the couplings1. As in the O’R model, any

R-symmetry satisfies R(X) = 2, so that it is spontaneously broken in a generic point

of the pseudomoduli space, and a question arises about the fate of the R-symmetry

after loop corrections are considered. The answer found in the O’R model is not the

most generic one, as we will explain in the next section: there exist generalized O’R

models in which the radiative spontaneous R-breaking does occur.

3.2 R-symmetry and its breaking

Let us review the special role played by the R-symmetry in models of supersymmetry

breaking. It is a consequence of the tension between the following two basic facts

• Nelson-Seiberg criterion [45]: if a theory with a generic superpotential (i.e.

containing all terms compatible with global symmetries) breaks supersymme-

try spontaneously in a stable vacuum, then the theroy must posses an R-

symmetry. The argument for this criterion is a simple counting of the num-

ber of equations for the supersymmetric vacua compared to the number of

variables. Since the F -term equations take the form ∂iW = 0, there are as

many equations as variables, and generically a solution always exists. Nev-

ertheless, in presence of an R-symmetry, there is the additional constraint

2W =
∑

i φi ∂iW R(φi) which implies W = 0. Therefore, in this case (and

only in this case) the equations are one more than the number of variables,

and there is room for supersymmetry breaking.

• Majorana Gaugino masses: any unbroken R-symmetry forbids a Majorana

mass for the gauginos.

In order to avoid the existence of an R-symmetry one has to allow the existence of

supersymmetric vacua, so that the supersymmetry breaking happens in a metastable

but sufficiently long-lived vacuum [43]. The prototypical example of a dynamical

meta-stable supersymmetry breaking is given by the ISS model [37]. Still, in concrete

models one typically finds that even in this case the theory enjoys an approximate

R-symmetry [37–39]. This can be heuristically understood as follows: from the point

of view of the effective theory in the supersymmetry breaking vacuum, the absence

1According to the Nelson-Seiberg criterion it always admits at least one if it is generic (i.e. all
couplings which are allowed by simmetries are present), see below.



3.2 R-symmetry and its breaking 31

of the R-symmetry can be parametrized by adding a deformation term which gives

an explicit breaking. By the Nelson-Seiberg criterion, this deformation will re-

introduce supersymmetric vacuum solutions, whose distance in field space will be

parametrically large when the deformation is small. As a consequence, the amount

of explicit breaking of the R-symmetry is proportional to the small parameter that

controls the lifetime of the vacuum. The Majorana mass of the gaugino in that

vacuum will be suppressed by the same small parameter, unless additional sources

of breaking are present.

Therefore, a natural question to ask is whether it is possible to break sponta-

neously R-symmetry, and how generic such breaking can be.2 A suitable arena to

address this question are the weakly coupled theories of chiral superfields discussed

above, both for their simplicity and because they may capture the IR of a dynami-

cal theory. In this class of models the question can be specified as follows: can the

pseudomodulus direction, which is flat at the classical level, be stabilized at the loop

level in |X| 6= 0? The analysis of [47] revealed that in order to achieve spontaneous

breaking, it is necessary to have some of the fields with R-charge different from 0 or

2. We will refer to this result as Shih’s theorem.

Let us briefly review how the argument of [47] goes. Concentrating on the flat

direction parametrized by X with all other fields vanishing φi = 0, one can integrate

out the massive fluctuations contained in φi around one of the classical vacua with

generic value for X, thus obtaining the Coleman-Weinberg potential as a function

of X. This potential can be recast in the form of a matrix integral

V
(1−loop)
eff = − 1

32π2
Tr

∫ Λ

0
dv v5

(
1

v2 +M2
B

− 1

v2 +M2
F

)
, (3.13)

where the mass matrices of fermionic and bosonic fluctuations depend on the ma-

trices mij and λij entering the superpotential as follows

MF =

(
0 m† + λ†X

m+ λX 0

)
, (3.14)

M2
B =M2

F +

(
0 λ†f

λf 0

)
. (3.15)

2Notice that if the breaking is spontaneous there is an R-axion in the spectrum, which would
only get a tiny mass when the theory is embedded in supergravity. Such light scalars are severely
constrained phenomenologically [46], and this is an additional motivation to introduce a source of
explicit R-symmetry breaking in the theory.
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Figure 3.1: The effective potential normalized in units of m4y2, and y = 10−2 (dotted line),
10−3 (dashed line) and 10−4 (solid line). Each plot ends on the left at the corresponding
zmin = zmin(y). For y & 10−3 the would-be minimum would falls into the unstable region
of the classical pseudomoduli space and the theory does not have a metastable vacuum.
For smaller values of y the minumum exists, and a potential barrier develops against decay
toward the supersymmetric runaway vacua at S0 → 0.

Expanding the integral around X = 0, one finds a closed formula for the squared-

mass of the pseudomodulus

m2
X = M2

1 −M2
2 , (3.16)

M2
1 =

1

16π2f2

∫ Λ

0
dv v5 Tr

[
F4

1−F2

]
, (3.17)

M2
2 =

1

8π2f2

∫ Λ

0
dv v3 Tr

[(
F2

1−F2
MF |X=0

)2
]
, (3.18)

F = (v2 +M2
F )−1/2(M2

B −M2
F )(v2 +M2

F )−1/2|X=0. (3.19)

The sign of the mass is what determines whether the R-preserving vacuum is desta-

bilized, and consequently the R-symmetry is spontaneously broken. The argument

goes on by showing that in a theory with R-charges only 0 or 2, the particular form

of the superpotential couplings m and λ is such that M2
2 = 0 and M2

1 is positively

defined. Therefore in any such theory the R-symmetry is unbroken. Curiously, the

typical assignement of charge arising from dynamical model is exactly such that all

fields have charge 0 or 2, and this is why the possibility of breaking spontaneously

R-symmetry in generalized O’R models is a relatively recent discovery.

We will now give an example [48,49] that indeed realizes the spontaneous break-

ing. Possibly the simplest generalized O’R with charges other than 0 or 2 is defined
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by the superpotential

W = fX +
m

2
φ2

1 + λXφ1φ2, (3.20)

whose unique R-symmetry has R(X) = 2, R(φ1) = −R(φ2) = 1. Notice that having

fields with charges other than 0 or 2 that enter the superpotential interactions, one is

also forced to assign negative R-charges to some of the fields. Requiring the potential

to be stationary one finds a pseudomoduli space of supersymmetry breaking vacua

parametrized by

φ1 = φ2 = 0, X arbitrary, (3.21)

whose vacuum-energy density is |f |2. However these are not absolute minima, be-

cause there is a runaway direction

φ1 = ±
√
fm

λ
X−

1
2 , φ2 = ∓

√
f

m
X

1
2 , |X| → 0, (3.22)

signaling the existence of supersymmetric vacua at infinity in field space. One can

easily compute the masses of the fluctuations δφ1 and δφ2 around the pseudomodulus

direction in terms of the convenient parameters y = λf
m2 and z = λX

m . The result is

M2
B = m2


z2 z 0 y

z 1 + z2 y 0

0 y z2 z

y 0 z 1 + z2

 ,M2
F = m2


z2 z 0 0

z 1 + z2 0 0

0 0 z2 z

0 0 z 1 + z2

 .

(3.23)

Two of the eigenvalues of the bosonic mass matrix are always positive, while the

other two get negative when z becomes smaller than a critical value z±∗ , which is a

function of y. In a small y expansion one has

z+
∗ '

y

2
(1 +O(y2)) , z−∗ ' (2y)

1
3 (1 +O(y

2
3 )). (3.24)

As a consequence, the pseudomoduli space is a local minimum of the potential only

away from the origin, precisely for z > zmin = maz{z+
∗ , z

−
∗ }. If a local minimum

exists at all at 1- loop, R-symmetry is spontaneously broken there. The Coleman-

Weinberg potential in a small y expansion is given by

V
(1−loop)
eff =

m4y2

32π2

[
2log

(
Λ2

m2

)
+ g(z)

]
+O(y4) (3.25)

g(z) =
1 + 12z2

1 + 4z2
+ 4 log z +

1 + 2z2

(1 + 4z2)
3
2

log
1 + 2z2 +

√
1 + 4z2

1 + 2z2 −
√

1 + 4z2
(3.26)

and has a local minimum, which can be found numerically, at

z̄ ' 0.249 +O(y2). (3.27)
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In order for the vacuum to exist, the parameter y has to be small enough to ensure

z̄ > zmin.

A rough estimate of the parametric dependence of the lifetime can be given by

noticing that, keeping fixed the vacuum energy density f2, the barrier width scales

like

z̄ − zf ∼
√
λf

m
(0.249− y

1
3 )y−

1
2 ∼ y−

1
2 , (3.28)

where zf is the point where the potential along the runaway direction becomes equal

to f2, the energy density of the metastable vacuum. This indicates that the lifetime

is parametrically long in the limit of small y.

We have shown this example as an “existence proof”, and for future reference. In

what follows (next section and next chapter) we will address the natural questions

that follow: what is the result if we use one of this simple models as hidden sectors in

a gauge mediation model? Is there a dynamical theory which reduces at low energy

to an O’R model which breaks R-symmetry?

Before going on, some remarks are in in order on possible loopholes to Shih’s

theorem. First, in an O’R model there could be more than one supersymmetry

breaking flat direction at tree level, each of them parametrized by some pseudomolus

Ya, a = 1 . . . , n with R(Ya) = 2. Therefore, as noticed in [50,51], even if all R-charges

are 0 or 2 and 〈X〉 = 0 at 1 loop, one could envision the possibility that some Ya

is instead radiatively stabilized in an R-breaking vacuum. This loophole was closed

in [52], where the theorem was extended to an arbitrary number n of pseudomoduli.

In this work, it also shown that some such pseudomoduli can remain massless at the

1-loop level, leaving open the possibility for R-breaking triggered by higher order

perturbative corrections (see also [53]). Secondly, even if the origin is stable at loop

level, one could ask whether additional metastable vacua exist away from the origin.

Since the Coleman-Weinberg potential grows logarithmically for large VEVs, this

vacuum could only exist in a narrow region between the origin and the scale of the

largest mass parameter, and it is arguably difficult to get a sufficiently long lifetime.

Still, this possibility remains open.

3.3 Direct Mediation and Suppression of Gaugino Mass

In this section we consider the gross features of a gauge mediation model in which

the hidden sectors is a generalized O’R model. For definiteness we take the fields

in a vector-like representation (φi, φ̃i) ∈ ρ ⊕ ρ̄ of SU(5), with i = 1, . . . , Nm, the

pseudomolus being a singlet, with a superpotential of the form

W = FX + (mij + λijX)φiφ̃j . (3.29)
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Models of this type where studied systematically in [48], and dubbed Extraordinary

Gauge Mediation (EOGM). Since (φi, φ̃i) play the role of the messenger fields, and

they also take part in the breaking of supersymmetry, this is a model of direct gauge

mediation. The leading perturbative contributions to the soft masses of sfermions

and gauginos can be calculated in a fashion similar to the Minimal model discussed

in the previous chapter, and the result is almost identical in form

Mg̃,r =
g2
r

16π2
ΛG , m2

f̃
= 2

∑
r

Cr
f̃

(
g2
r

16π2

)2

Λ2
S , (3.30)

ΛG = F
∂

∂X
log det(m+ λX) , Λ2

S =
1

2
|F |2 ∂2

∂X∂X∗
tr
[
(log|m+ λX|2)2

]
, (3.31)

Neff (λ, m, X) =
Λ2
G

Λ2
S

(3.32)

the difference being that the dimensionless parameter Neff (λ, m, X) in this case

need not to coincide with the number N = nρNm, where nρ is twice the Dynkin

index of the representation ρ. Instead, it is a function of the couplings λ, m and of

the VEV X, bounded by N from above.

Much more can be said on the scale ΛG if one assumes that the superpotential

enjoys an R-symmetry, because this requirement constrains the matrices λ and m

and a more explicit expression for the determinant can be found. One can then

classify the model according to the behavior of the matrices, and the following

results hold

• type I: taking detm 6= 0, then

det(m+ λX) = detm. (3.33)

Therefore,

ΛG = 0, (3.34)

and the leading contribution to gaugino masses vanishes,

• type II: in this case detm = 0 and detλ 6= 0, which implies

det(m+ λX) = XNdetλ. (3.35)

Therefore, in this case

ΛG = N
F

M
, (3.36)

in analogy with the minimal model of the previous chapter,

• type III: the remaining case is detλ = 0 = detm, giving

det(m+ λX) = XnG(λ,m) , 0 < n < N. (3.37)



36 Weakly Coupled Hidden Sectors

The striking consequence is that even if the R-symmetry is spontaneously broken,

the Majorana mass of the gauginos can turn out to be suppressed with respect to the

scalar soft masses. This is the case in all models of type I, where the Majorana mass

is not generated at the leading order in the small-F expansion. This phenomenon

is a generic feature of direct mediation models, and was first noticed in [7] where

it was dubbed gaugino screening. Examples of models in which this phenomenon

occurrs are [14, 16, 54–57]. In the context of semi-direct mediation, in [16, 17] the

suppression was shown to persist beyond the small F approximation, but only at

leading order in the hidden-sector gauge coupling. The problem is circumvented by

O’R hidden sectors of type II or III. However, the typical O’R which arises at low

energies in a dynamical theory is of type I, besides having usually only R-charges 0

or 2.

In building models of Direct Mediation based on such dynamical theories one

therefore faces two difficulties in order to get a sizable Majorana mass for the gaug-

ino: the first is introducing some interacting field with R-charge other than 0 or 2,

to make R-symmetry breaking possible; the second is to modify the interactions in

order to get type II or III. The next chapter will be devoted to show a method to

achieve this goal, which was developed in [49].

As a conclusive observation, let us notice that the problem of gaugino screening

in O’R models can also be related to the classical stability of the pseudomodulus.

Indeed, in [15] it was shown that whenever the mass-squared matrix of fluctuations

is positive definite for any value of the VEV X, then

∂

∂X
det(m+ λX) = 0. (3.38)

This observation fits with the classification of O’R models described above, because

the models with a pseudomodulus which is everywhere stable can only be of type I.

Models of type II always develop an instability near to the origin of the pseudomoduli

space, typically driving the scalars to a runaway direction, so that the only sensible

vacua are for X > Xmin. Notice that the example we gave in the previous section

falls in this category and has in fact this kind of instability. Also models of type I can

develop an instability, but only for large X, so that in general one has to restrict to

X < Xmax. The situation in type III is intermediate between the previous two, and

an instability typically arises both for large and small values of the pseudomodulus,

so that the interesting vacua are limited in a region Xmin < X < Xmax. The location

of the runaway in the different cases can be heuristically understood by considering

the F -term equation for φ

(m+ λX)φ = 0, (3.39)

which, regarded as a linear equation for the vector φ, must have some non-zero

solution in order for supersymmetry to be unbroken. At finite value of the fields this
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is impossible because det (m+λX) 6= 0, but approaching X → 0 or X →∞ one can

use that m or λ are not invertible to find a solution. The behavior of the φ fields

along the runaway direction is dictated by the R-charge assignment: for instance,

when X → 0, there will be some φ field of negative R-charge which approaches

infinity as the appropriate negative power of X.

The classification of generalized O’R models is summarized in figure 3.2.

3.4 Covering GGM parameters space at Weak Coupling

In the previous chapter, we reviewed how to give a model-independent definition of

Gauge Mediation, which led us to the elegant formulation of GGM. In this frame-

work, we saw that the soft masses are expressed in terms of few parameters, three

real numbers Ar and and three complex numbers B
(r)
1/2(0), which are univocally

determined by the hidden sector.

While the nice feature of this point of view is exactly that it does not need a

specification of the theory we use as hidden sector, it leaves open an interesting, con-

structive question, namely whether all possible values of Ar and B
(r)
1/2(0) are indeed

produced by some concrete theory. This is a relevant problem to study, because if

the parameters are found to obey relations which restrict the allowed space, then

such relations would constitute additional predictions of Gauge Mediation models.

The first thing to do to try and answer this question is to consider a class of simple

and flexible examples, and see if they cover the whole parameter space. The weakly

coupled model of chiral superfields that we studied in this chapter are promising

candidate in this respect. Indeed, once extended to allow for non-zero D-terms,

they were used to show that the whole parameter space of GGM can be covered

in [25], completing a study initiated in [22]. While in [22] it is shown that all the

different parameters are indeed generated by just considering F -term supersymmetry

breaking, resulting in a splitting in the messenger mass as in equation 3.15, the

analysis of [25] revealed that an additional splitting generated by some non-zero

D-term is necessary in order to cover the whole parameter space, resulting in a

messenger mass of the form

M2
B =M2

F +

(
ξ F

F † ξ̃

)
(3.40)

where ξ and ξ̃ are hermitian mass splittings originated by some D-term. Their pres-

ence is necessary because the F splitting alone gives a positive definite contribution

to the sfermion soft masses, which cannot be rendered arbitrarily small with respect

to gaugino soft masses, thus precluding a region of parameter space.

In these papers, it is also argued that some restriction on the parameters is neces-
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type I : detm 6= 0, detλ = 0

X

V

φi

Xmax

type II : detm = 0, detλ 6= 0

X

V

φi

Xmin

type III : detm = 0, detλ = 0

X

V

φi

Xmin Xmax

Figure 3.2: The classification of generalized O’R with an R-symmetry. In red, the
shape of the tree-level potential is shown. There are regions in which the pseudo-
moduli space is stable (solid red line), and others in which the φ fluctuations become
tachyonic (dashed red line). In blue the possible form of the Coleman-Weinberg po-
tential along the X direction is shown. While in type I it can be stabilized at the
origin (thus preserving the R-symmetry), in type II or III the stable vacuum (if any)
breaks R-symmetry spontaneously.
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sary in order to satisfy phenomenological constraints. For instance, the parameters

B
(r)
1/2(0) should be taken real to avoid too large CP violation effects. Moreover, as

we already mentioned, a discrete symmetry acting on the messenger fields must be

imposed in order not to generate a large D-term for U(1)Y .
3 These requirements

amount to some constaints on the form of the messenger mass matrix, namely one

has to take F , ξ and ξ̃ to be real, and also F T = F , ξ = ξ̃.

Keeping this important result in mind, we will come back to the problem of

covering the GGM parameter space in chapter 7, where we will show an additional

example of a flexible and calculable class of hidden sectors that can be used to

reach the same conclusion. Differently to the case we have just treated, they will be

strongly coupled theories, and calculability will be provided by holography.

3Alternatively, in [58], viable models with an enlarged parameter space are obtained by invoking
some mechanism which avoids the generation of the D-term at leading order.
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Chapter 4

Dynamical Completions of

Generalized O’Raifeartaigh

Models

As discussed in the previous chapter, O’R-like models of type II or III are the most

interesting ones from a phenomenological view point, since, when used in the context

of Direct Mediation, they avoid the suppression of the gaugino mass. It would be

desiderable to find realizations for such theories as effective DSB models (as well

as a guiding principle towards their construction). This is the topic of the present

chapter, which closely follows the work [49].

The models proposed in [49] are simple deformations of DSB theories with quan-

tum deformed moduli space, the prototype example being the ITIY model [38, 39],

a supersymmetric SU(2) gauge theory with 2 flavors plus singlets. The strategy is

similar to the one pursued in [59] (see also [60, 61]), where a completion of a type I

model is proposed. As we will see, suitable deformations of ITIY models with gauge

group USp(2N) can provide completions of a large class of models of type I, II or

III. Hence, once embedded into direct gauge mediation, these models can give a soft

spectrum with either suppressed or unsuppressed gaugino mass.

In fact, the problem of getting R-symmetry breaking vacua has been addressed

by many authors in the context of ISS-like models (see e.g. [53, 62–72]). One basic

difference with the models we are presenting that we would like to emphasize, is

that in those constructions the R-symmetry of the UV theory is explicitly broken

by mass terms, and an approximate R-symmetry emerges in the low energy effective

theory. The latter is then spontaneously or explicitly broken thanks to suitable

modifications of the original ISS Lagrangian. Instead, in [49] the starting point is a

gauge theory admitting a non anomalous R-symmetry, and this is hence the same

R-symmetry enjoyed in the IR, which then happens to be spontaneously broken in

the full theory.
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The remainder of this chapter is organized as follows. In section 4.1 we briefly

review ITIY models with symplectic gauge groups and the mechanism by which

supersymmetry gets dynamically broken. At low energy, these models reduce to

O’R models with all fields having R-charges either 0 or 2, and hence unbroken

R-symmetry. In section 4.2 we outline the general strategy one should follow in

order to get at low energy O’R models with negative R-charges and type II or III.

Basically, this amounts to add tree level superpotential deformations which partially

break the global symmetry of the original ITIY model (keeping, still, the UV theory

generic and renormalizable). To make our discussion concrete, in section 4.3 we

focus on a specific class of deformations and analyze the corresponding theory in

full detail, showing explicitly how our strategy works. As DSB models, our models

are uncalculable, in the sense that there does not exist a region of the parameter

space where Kähler corrections can be computed exactly, as much as the original

ITIY model. However, following [73], we will see that there exists a region of the

parameter space where uncalculable Kähler corrections are suppressed with respect

to those coming from the one loop effective potential. Remarkably, this region

coincides with that for which the lifetime of the supersymmetry breaking vacua is

parametrically large, hence making the full construction self-consistent. Section 4.4

contains a summary and discusses possible future directions.

4.1 Review of generalized ITIY models

In this section we briefly review the structure of ITIY models with symplectic gauge

group, following [73]. Let us consider a supersymmetric gauge theory with gauge

group USp(2N), F = N + 1 fundamental flavors Qi, i = 1, . . . , 2F , and an antisym-

metric singlet Sij with tree level superpotential

Wtree = hSijQiQj , (4.1)

which respects the SU(2F ) flavor symmetry. When h = 0 the classical moduli space

is parametrized by gauge invariant operators Vij = QiQj subject to the constraint

PfV = 0. For h 6= 0 the mesonic flat directions are lifted, and one is left with

a moduli space spanned by Sij with V = 0. The modified constraint due to non

perturbative gauge dynamics,

PfV = Λ2F , (4.2)

is therefore incompatible with h 6= 0 and supersymmetry is broken.

If h〈S〉 � Λ, quarks are light at tree level and the low energy theory is rewritten

in terms of the meson matrix V . The independent degrees of freedom are deter-

mined by solving the quantum constraint (4.2), and they can be identified with the

fluctuations around a point of the quantum moduli space. At a generic point, up to
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gauge transformations and global SU(2F ) symmetry

V =


v1 ε

. . .

vF ε

 , ε =

(
0 −1

1 0

)
, (4.3)

so that SU(2F ) is broken to SU(2)F , but there are submanifolds of enhanced sym-

metry when some of the vi’s coincide. Since the superpotential deformation does not

break the global symmetry, the point (if any) where the theory is (meta)stabilized,

once the susy breaking mechanism is taken into account, must be a special one in

this moduli space. Therefore, we consider a point belonging to the compact subman-

ifold of maximal symmetry USp(2F ), which corresponds to taking v1 = · · · = vF ,

and solve the constraint in an expansion around it

V = Λ(V0J + V ′) , S =
1√
2F

S0J + S′ , (4.4)

where J = 1F×F ⊗ ε is the USp(2F ) invariant tensor and V ′, S′ satisfy tr [JV ′] =

0 = tr [JS′]. The factor of Λ in the definition above is to make the dimension of V0

and V ′ fields equal to one. The solution of the quantum constraint for V0 in a small

V ′ expansion is

V0 = Λ

(
1− 1

4FΛ2
tr
[
JV ′JV ′

]
+O

(
V ′3

Λ3

))
. (4.5)

giving us the following low energy superpotential to quadratic order in V ′

Weff = fS0 + h̃ S0Tr
[
JV ′JV ′

]
+M Tr

[
S′V ′

]
, (4.6)

where

f =
√

2FhΛ2 , h̃ = − 1

2
√

2F
h and M = −hΛ. (4.7)

Upon the identification S0 ≡ X, (V ′, S′) ≡ φi we see that we get an O’R model of the

form (3.12), with detm 6= 0, USp(2F )× U(1)R global symmetry and all R-charges

equal 0 or 2. The pseudomoduli space is hence stabilized at the origin of field space

by the one loop potential. As discussed in [73], these perturbative corrections are

dominant with respect to uncalculable Kähler contributions at least near the origin

of the pseudomoduli space, making the existence of the supersymmetry breaking

minimum (which is a global one, in this case) reliable.
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4.2 Modified ITIY models

In what follows we want to discuss which modifications one could make on the

model described above to obtain more general O’R models at low energy. From the

arguments discussed in the previous chapter, we expect the supersymmetry breaking

minimum to be at most metastable, as lower energy vacua are expected to emerge

in more general models. We will find indeed runaway vacua in the effective theories,

which, as we will see, may or may not be real runaways in the full theory.

In this section we outline the general strategy one should follow in order to

accomplish this task. In section 4.3 we will put the general recipe at work, focusing

on some (classes of) models and discussing in an explicit example the full dynamics

in detail.

As discussed in [59], a simple way to obtain fields with R-charge different from

0 and 2 is to break the global symmetry and mix the original R-symmetry with

some broken U(1) generator of the flavor symmetry group. To this end, one can

add explicit symmetry breaking terms in the superpotential and/or reduce the field

content of the theory. Suppose that the global symmetry is broken according to the

pattern

SU(2F )× U(1)R → G× U(1)R′ , (4.8)

where G is a subgroup of the residual USp(2F ) around the enhanced symmetry point

of the moduli space. Recall that V ′ is in an irreducible representation of USp(2F )

which we denote by r and S′ is in the conjugate representation r̄ = (rT )−1. Such

representations split in G representations as

r = r1 ⊕ · · · ⊕ rk , V ′ = (V1, . . . , Vk)

r̄ = r̄1 ⊕ · · · ⊕ r̄k , S′ = (S1, . . . , Sk) . (4.9)

The two representations are also equivalent, hence each block in r decomposition

is equivalent to a certain one in r̄ decomposition. Since JV ′J is in the same r̄

representation of S′, the upshot is that the USp(2F ) invariant quadratic terms in

the V ′ and S′ fields are rewritten as

tr
[
S′V ′

]
=

k∑
I=1

SIVI ,

h̃ tr
[
JV ′JV ′

]
=

k∑
I,J=1

CIJVIVJ , (4.10)

where contractions of the representations are understood, and the matrix C acts by
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swapping some couples of indices, i.e. it takes the form

C =

(
C1 0

0 C2

)
, (4.11)

with

C1 = diag(c
(1)
1 , . . . , c

(p)
1 ) , C2 = diag(c

(1)
2 , . . . , c

(q)
2 )⊗

(
0 1

1 0

)
. (4.12)

By genericity, also the coupling h must be split into k + 1 different couplings

h0, . . . , hk. This introduces a first (trivial) source of explicit breaking and, naively,

one could think this is enough to our purposes. So, as a first step, let us suppose

that this is the only explicit breaking source. If we collect the fields S′ and V ′ in a

vector

φT ≡ (S1, . . . , Sk, V1, . . . , Vk) , (4.13)

and repeat the same analysis of the previous section, we end up at low energy with

the following O’R model

Weff = fS0 + S0

k∑
I,J=1

CIJVIVJ −
k∑
I=1

hIΛSIVI (4.14)

whose mass and Yukawa matrices are

m = −Λ diag(h1, . . . , hk)⊗

(
0 1

1 0

)
, λ = C ⊗

(
0 0

0 1

)
. (4.15)

This corresponds, again, to a theory with detm 6= 0, detλ = 0 and R-charges equal

to 0 or 2 only. Hence, less trivial deformations are needed, to reach our goal.

Let us first notice that since R′(S0) = R(S0) = 2, whenever a field VI enters

the C1 block, hence appearing quadratically in the Yukawa coupling, then R′(VI) =

R(VI) = 0 and R′(SI) = R(SI) = 2. For such fields, once G and hence C are

fixed, there is no possible definition of U(1)R′ allowing R′ charges other than 0 or

2, independently of possible deformations of the superpotential. As a consequence

our deformations will focus on the C2 block, only.

Let us suppose there exists an rI in the C2 block with 1 ⊂ rI ⊗ rI and let rJ

be the representation coupled to rI by C2. We consider two possible modifications

of the ITIY theory:

(a) Give a (large) mass to the singlet SI by adding a superpotential term

∆Wtree =
mI

2
SI

2 , mI & Λ . (4.16)
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The effect of this term is to make R′(SI) = R′(VI) = 1, R′(SJ) = 3 and

R′(VJ) = −1. At low energy SI can be integrated out and a quadratic term

for VI is generated

∆Weff = −
h2
IΛ

2

2mI
V 2
I (4.17)

(notice that the mass of VI is smaller than Λ). This way, we get at low energy

a O’R model having some field with R-charge different from 0 and 2. On the

other hand, since the invertibility of the m matrix is not affected by the above

deformation, we still have detm 6= 0 (and detλ = 0). Hence, deformations of

this type give models of type I.

(b) Perform deformation (4.16) for the index I and eliminate altogether the singlet

SJ from the field theory content. One can easily see that this modification gives

a different theory with detm = 0, hence models of type II or III.

Notice that the same effect can obtained by setting hJ = 0. This way, the field

SJ would remain as a free field, and hence it would not enter the dynamics.

However, the theory would loose genericity, since there would be no symmetry

reasons for the coupling SJVJ to be absent. Dropping the field from the

theory, instead, while giving rise to the same low energy efferctive dynamics,

keeps the UV theory generic.

The correspondence between the above deformations of the UV theory and the type

of resulting generalized O’R models one gets at low energy, can be further clarified

if one considers a configuration of parameters such that all couples (SK , VK) which

do not undergo any deformation are integrated out. This can be achieved taking

the corresponding hK couplings sufficiently large. The resulting theory in terms of

the light fields is

• type I, if we perform only modifications (a),

• type II (i.e. detλ 6= 0), if we perform only modifications (b),

• type III (i.e. detλ = 0), if we perform both (on different, independent indices).

The first question one should worry about is whether these deformations preserve

the supersymmetry breaking mechanism and/or they give rise to supersymmetric

vacua. Both deformations may allow, in principle, for a non zero VEV for the

corresponding mesonic fields, and supersymmetric vacua are restored whenever these

VEVs can be arranged to solve the quantum constraint (4.2). Indeed, an analysis

of the full set of the F -term equations reveals that

• Any (a)-modification introduces a runaway at S0 →∞,

• any (b)-modification introduces a runaway at S0 → 0.
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This result matches the type of the resulting O’R. In fact, the runaway directions are

exactly those expected in an O’R of type I (for (a) modifications), type II (for (b)

modifications) or type III (for both), which where discussed in the previous chapter.

Notice that the runaways are found using the superpotential obtained in the small

V ′ approximation. Hence, one has to check in the full theory, by solving the D-

term equations along the putative runaway mesonic directions, whether these are

real runaways or they lie at finite distance in field space.

In concrete examples, one has first to determine which region of the pseudomoduli

space is classically stable. Then, one should see where (and if) supersymmetry

breaking vacua are stabilized by quantum corrections, and finally check whether

their lifetime is sufficiently long, as well as to what extent Kähler corrections coming

from gauge dynamics may influence the whole analysis.

4.3 Breaking the flavor symmetry

In this section we would like to put the outlined strategy at work, and consider some

concrete examples in detail. We will consider a specific global symmetry breaking

pattern (a group G), implement an (a) or (b)-modification, and look at the low

energy effective theory, once the confining gauge dynamics has taken place. We

start by analyzing the case where the surviving global symmetry group G is the

SO(F ) subgroup of USp(2F ) specified by the embedding

SO(F ) 3 O →

(
O 0

0 O

)
∈ USp(2F ) . (4.18)

This is possibly the simplest non-trivial choice one can make, but it is rich enough

to let us address many of the issues outlined in the previous section. Moreover, it

is a convenient first step for possible phenomenological applications, since one could

easily embed a GUT group into SO(F ). In the second part of this section we will

discuss other possibilities for G.

4.3.1 SO(F) flavor symmetry

Under the SO(F ) defined by the embedding (4.18) the S′ and V ′ fields defined in

eq.s (4.9) decompose according to

S′ =

(
S1 S3

−S3
T S2

)
, V ′ =

(
V1 V3

−V T
3 V2

)
, (4.19)
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where S1, S2, V1 and V2 are antisymmetric tensors of SO(F ), S3, V3 are traceless

tensors, and we have chosen a basis in which

J =

(
0 −1F

1F 0

)
. (4.20)

The USp(2F ) quadratic invariant is rewritten as

tr
[
JV ′JV ′

]
= 2

(
V 2

3 − V1V2

)
(4.21)

where traces on SO(F ) indices are understood, so that in the basis (V1, V2, V3) we

have

C = h̃

 0 −1 0

−1 0 0

0 0 2

 . (4.22)

There are now two paths we can follow. This form of the C matrix allows one to

consider either modification (a) or (b) on the index 1 (equivalently the index 2; being

C33 6= 0 instead, no deformations can be introduced for the index 3). In the former

case we obtain the tree level superpotential

Wtree = h0ΛS0V0 + h1ΛS1V1 + h2ΛS2V2 + h3ΛS3V3 +
m1

2
S1

2 , (4.23)

which is generic under the SO(F )×U(1)R′ global symmetry, with R′ charge assign-

ment

S0 S1 S2 S3 V0 V1 V2 V3

R′ 2 1 3 2 0 1 -1 0

As specified in the previous section, we consider m1 & Λ. Moreover, since V3 is

forced to have 0 R-charge and cannot undergo any deformation, for simplicity we

will take h3 � h1,2. This way, we can integrate out S1, S3, V3.

Solving the quantum constraint, at energies below the scale Λ one gets the ef-

fective superpotential

Weff = fS0 − 2h̃ S0V1V2 + h2ΛS2V2 −
h2

1Λ2

2m1
V 2

1 . (4.24)

This is an O’R-like superpotential of the general form (3.12), with S0 playing the

role of the pseudomodulus. Collecting the other low energy fields in the vector

φT ≡ (S2, V1, V2) we get

m =

 0 0 1
2h2Λ

0 −h21Λ2

2m1
0

1
2h2Λ 0 0

 , λ = −h̃

 0 0 0

0 0 1

0 1 0

 . (4.25)
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Hence, we end up with detm 6= 0, detλ = 0 and R-charges other than 0 or 2, that is

a type I model. At the classical level the pseudomodulus is locally stable in a finite

region around the origin and there is a runaway for S0 → ∞. A simple version of

this superpotential with no flavor symmetry was studied in [47].

It is perhaps more interesting to choose the other option. If we perform a type

(b) deformation on the index 1, we obtain the following superpotential

Wtree = h0ΛS0V0 + h1ΛS1V1 + λ3ΛS3V3 +
m1

2
S1

2. (4.26)

Under the same assumptions as before, we are now led to the effective superpotential

Weff = fS0 − 2h̃ S0V1V2 −
h2

1Λ2

2m1
V 2

1 , (4.27)

which is again of the form (3.12), but now we are left with one field less and the

matrices m and λ take the form

m =

(
−h21Λ2

2m1
0

0 0

)
, λ = −h̃

(
0 1

1 0

)
. (4.28)

This is a model with detm = 0 and detλ 6= 0, hence a type II model, with S0

the pseudomodulus. This modified superpotential leads to runaway supersymmetric

vacua at V2 → ∞, S0 → 0 and the pseudomoduli space is classically stable every-

where but in a neighborhood of the origin. An analysis of D-terms equations in

terms of the original electric variables reveals that, along the D-flat direction V2,

an ADS superpotential is generated by the dynamics of the unbroken gauge group.

Therefore, in this case the approximation of small V ′ gives a result which is reliable

even in the complete theory.

In summary, choosing G = SO(F ), we see one can construct models of both

type I and II (the symmetry breaking pattern is too simple to allow for independent

deformations of type (a) and (b) so, in order to get type III models one should look for

less simple global symmetry breaking patterns). The question of the actual existence

of the local supersymmetry breaking vacua and their lifetime can be addressed with

a calculation of the Coleman-Weinberg potential, and by evaluating, possibly, the

magnitude of uncalculable Kähler corrections around such minima. In the following

we address these two issues in turn.

Loop corrections and the metastable vacuum

In order to show that the model (4.27) developes a parametrically long lived, R-

symmetry breaking metastable vacuum at one loop, we can simply refer to the

example of an R-breaking O’R model that we discussed in section 3.2. Indeed the

superpotential (4.27) is analogous to the superpotential (3.20) encountered in that
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case, the only difference being the promotion of φ1 and φ2 to multiplets of the

flavor symmetry. Up to an overall normalization and to the obvious mapping of

parameters, the Coleman-Weinberg potential for the pseudomodulus is the same.

Therefore, the discussion about the existence of metastable vacua and their lifetime

can be directly read from there, and we repeat here the conclusions: in the limit

of small y = h̃f
m̃2 . 10−3, where m̃ =

h21Λ2

m1
is the mass of the V1 field, there exists

a parametrically long-lived metastable and R-symmetry breaking vacuum at S0 '
m̃
2h̃

(0.249 +O(y2)).

Kähler corrections and calculability

The ITIY model, as well as any of the deformations we presented in section 4.2,

is an instance of uncalculable DSB model. Therefore, Kähler potential corrections

coming from gauge theory dynamics at scale & Λ could in principle affect the low

energy effective theory, and spoil the quantum analysis performed above. Following

the discussion of [73], we want to estimate such corrections and compare them to

the one loop effective potential contributions. If the latter are dominant, at least

in some region of parameter space, then the calculation performed in terms of the

low energy degrees of freedom is reliable and the metastable vacuum survives the

embedding in the UV theory.

For definiteness, we keep on focusing on the example (4.27), but most of the

present considerations have wider applicability. Since we are interested in the quan-

tum lifting of the tree-level pseudo-flat direction, we can restrict the Kähler potential

to the pseudomoduli space, after the massive fields S1, S3 and V3 have been inte-

grated out. First, notice that the holomorphic decoupling of such fields is expected to

produce non-canonicity of the effective Kähler potential. However, these corrections

are largely suppressed in the hierarchical regime

h3 � h1 , m1 � h1Λ , (4.29)

in which those fields can be integrated out. The Kähler potential for the remaining

fields is constrained by the global symmetry to have the form (recall that we have

chosen a point of maximal symmetry on the moduli space, which constrains the

Kähler potential to be diagonal in the effective fields)

K = S0
†S0 + V †1 V1 + V †2 V2 + Λ2 G(h̃S0/Λ, h̃S0

†/Λ) , (4.30)

where

• the real function G is parametrizing our ignorance of the gauge loop corrections,

and depends only on S0 since we are restricting to the pseudomoduli space;

• the prefactor Λ2 gives vanishing corrections in the classical limit Λ→ 0;
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• the combination h̃S0/Λ appears because the only way gauge interactions know

of the singlet is through the tree level quark masses ∼ h̃〈S0〉.

This shows that the first corrections are of the form

G ∼ h4(S0S0
†)2

Λ4
+O

(
h̃6(S0S0

†)3

Λ6

)
, (4.31)

giving a term in the effective potential of order

∆V = −Λ2
(
∂S0∂S0

†G
)
|∂S0Weff |2 ∼ Λ2h̃6|S0|2 . (4.32)

On the other hand, the CW contribution is of order ∼ m4 where m is the typical

mass of the light IR degrees of freedom entering the loops. In the present case, these

masses are given by m̃ = h2
1Λ2/m1 and h〈S0〉. Therefore, suppression of uncalculable

corrections requires

h̃Λ� 〈S0〉 �
m̃2

h̃3Λ
=

h4
1Λ3

4h̃3m2
1

(4.33)

which, in terms of dimensionless parameters y = h̃f
m̃2 and z = h̃S0/m̃, recalling the

definitions (4.7), reads

h̃
√
y � z � 1

h̃
√
y
. (4.34)

Since the local minimum seats at z̄ ' 0.249 +O(y2) these inequalities are trivially

satisfied in the limit of small y and h. It is amusing to notice that the limit of small

y provides both a long lifetime and small Kähler corrections.

Let us recap the discussion above and take a closer look to the hierarchies we

need, in order to have a safe local minimum. First, when giving a mass to the singlet

S1, we have chosen m1 & Λ. This ensures that at low energy S1 can be integrated

out and the corresponding mesonic field V1 gets a small mass m̃1 = h1Λ2/2m1 (we

will always consider hI < 1 so that all dynamically generated masses hIΛ are below

the dynamical scale). Then, for simplicity, we have chosen the field pair which

is not modified, (S3, V3), to be much heavier than the other pairs, and this can

be accomplished by a larger value for the corresponding coupling, h3 � h1,2. As

we have seen, the existence of a local minimum with a long lifetime and suppressed

uncalculable corrections are both controlled by the smallness of one single parameter,

y =
fh̃

m̃2
= 2

(
h0

h2
1

)2 (m1

Λ

)2
. (4.35)

The requirement of small y forces a small value for
√
h0 : for instance, if m1/Λ ∼ 10

then y . 10−3 implies
√
h0 . 10−1.25h1. Notice that as for any dynamical model, in

this model both the supersymmetry breaking scale f =
√

2Fh0Λ2 and the masses
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of the low energy O’R model hIΛ are related to one and the same dynamical scale

Λ. Therefore, it is not surprising that a (modest) tuning between dimensionless

parameters is necessary to obtain metastable supersymmetry breaking. The limit

of small y can indeed be simply reinterpreted as the limit of small vacuum energy

with respect to the scale set by the masses, and, from the expressions of f itself, it

is clear that this requires
√
h0 to be small compared to all other h’s.

4.3.2 Other breaking patterns

While the class of models we discussed above is general enough to make the strategy

manifest, it is clearly not the most general option one can think of. For instance,

as we have already noticed, the possibility of making independent (a) and (b) de-

formations requires a more involved symmetry breaking pattern. Moreover, in view

of phenomenological applications, having SU global symmetry groups, besides SO

groups, might also be interesting. In what follows, we want to make a few comments

on both these options. We will not discuss the vacuum structure in any detail, nor

the dynamics around the supersymmetry breaking minima, but just limit ourselves

to display the basic structure of the emerging low energy effective theories.

• SO(n)× SO(F − n)

The simplest step we can take beyond the SO(F ) models we analyzed before, is to

consider the group G to be G = SO(n)× SO(F − n), with 1 < n < F . Under such

G, the SO(F ) components of V and S defined in eqs.(4.9) decompose as follows

VI =

(
V

(n)
I WI

−W T
I V

(F−n)
I

)
, SI =

(
SI

(n) TI

−T TI SI
(F−n)

)
, I = 1, 2, 3 , (4.36)

where WI and TI are n× (F − n) “bi-vectors” of the two SO factors. In the basis

(V
(n)

1 , V
(n)

2 , V
(F−n)

1 , V
(F−n)

2 , W1, W2), (4.37)

the matrix C2 takes the form

C2 = h̃



0 −1

−1 0

0 −1

−1 0

0 1

1 0


. (4.38)

Clearly, there are now much more options for the modified theory: each off-diagonal

two-by-two block can undergo deformations (a) or (b). Let us consider a possibility
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which was not available in the simpler case G = SO(F ), and make a deformation

(a) for the first two blocks together with a deformation (b) for the last one. The

starting point is therefore a generic tree level superpotential of the form

Wtree = h0ΛS0V0 + Λ
3∑
I=1

[
h

(n)
I V

(n)
I SI

(n) + h
(F−n)
I V

(F−n)
I SI

(F−n)
]

+h′1ΛT1W1 + h′3ΛT3W3 +
m

(n)
1

2
S1

(n)2
+
m

(F−n)
1

2
S1

(F−n)2
+
m′1
2
T 2

1 . (4.39)

Just like in the simpler SO(F ) case, no deformations can be made for the I = 3 fields

and, for simplicity, we choose the parameters so that these fields can be integrated

out. Solving the quantum constraint and integrating out all other heavy fields, one

finally gets the effective superpotential

Weff = fS0 + 2h̃S0

[
W1W2 − V (n)

1 V
(n)

2 − V (F−n)
1 V

(F−n)
2

]
+h

(n)
2 ΛS2

(n)V
(n)

2 + h
(F−n)
2 ΛS2

(F−n)V
(F−n)

2

−h
(n)
1

2
Λ2

2m
(n)
1

V
(n)

1

2
− h

(F−n)
1

2
Λ2

2m
(F−n)
1

V
(F−n)

1

2
− h′2Λ2

2m′
W 2

1 , (4.40)

which describes a model with detm,detλ = 0, i.e. a type III model. Notice, in

passing, that the number of light fields typically diminishes, the more deformations

(a) and/or (b) one does. This might be a welcome feature for phenomenological

applications.

• SU(F − 1)

Here we consider a particular breaking pattern leading to theories with an SU(F−1)

flavor symmetry. First we introduce the embedding in USp(2F )

SU(F − 1) 3 U →

 12 0 0

0 U 0

0 0 U∗

 . (4.41)

The field content can be arranged in self-conjugate (reducible) representations in

the following way

SU(F − 1)

V1, S1 •
V2, V2

(
F− 1 ⊕ F− 1

)
⊗A

(
F− 1 ⊕ F− 1

)
V3, S3 F− 1 ⊕ F− 1

V4, S4 F− 1 ⊕ F− 1.

(4.42)
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The quadratic invariant is

tr2F

[
J2FV

′J2FV
′] = 2V 2

1 + V 2
2 + 2V4V3 − 2V3V4 = 2V 2

1 + V 2
2 + 4V4V3 , (4.43)

and from it one can see the form of the matrix C.

The only possible deformation involves the fields 3, 4 and it can be of type (a)

or (b). This deformation breaks USp(2F − 2)×SU(2)→ SU(F − 1) and forces the

R-charge of V3(4) to be 1(−1), whereas the other V fields remain uncharged.

In order to implement the deformation, we write in this case a quadratic term for

S3 which breaks USp(2F − 2) while preserving a SU(F − 1). The choice is unique

(up to a multiplicative factor) and reads

S2
3 ≡ S3

T

(
0 1F−1

1F−1 0

)
S3 . (4.44)

Adding a large mass term of this form to the superpotential we obtain

Wtree = h0 S0V0 + hI SIVI +
m

2
S2

3 . (4.45)

After integrating out S3, S1, S2, V1, V2 we end up with a type I O’R superpotential

Weff = f S0 + 4hS0V4V3 + Λh4 S4V4 +
Λ2h2

3

m
V 2

3 , (4.46)

or a type II superpotential

Weff = f S0 + 4h̃ S0V4V3 +
Λ2h2

3

m
V 2

3 , (4.47)

if we perform a (b) deformation, instead. In terms of fields transforming in irre-

ducible representations, the last equation reads

Weff = f S0 + 4h̃ S0

(
Ṽ4V3 − Ṽ3V4

)
+ 2

Λ2h2
3

m
Ṽ3V3 , (4.48)

where tilded fields transform in the anti-fundamental and untilded in the fundamen-

tal of SU(F − 1).

4.4 Discussion

In this chapter we have constructed DSB models which at low energy reduce to O’R-

like models admitting supersymmetry breaking vacua where also the R-symmetry

is spontaneously broken. Starting from well known generalizations of the ITIY

model, we have explained a precise pattern to modify the microscopic theory so

to get at low energy models falling in all three classes of EOGM [48], which was
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proposed in [49]. In the second part of the chapter we focused on a concrete (class

of) example(s) and discussed in some detail the low energy effective theory both

at classical and quantum level. Interestingly, the same window which allows for a

long-lived metastable vacuum, makes the perturbative analysis of the effective theory

reliable against corrections coming from Λ-dependent Kähler potential contributions.

These models are interesting in that they are SQCD-like theories which realize

dynamical supersymmetry breaking in a metastable vacuum, similarly to the ISS

model but in a different phase. Namely, ISS vacuum is in the free-magnetic phase of

the theory, while the vacua we have discussed arise in the case of quantum-modified

moduli space (the analogue of Nf = Nc for SU(Nc) gauge group) and they are

enforced by the presence of additional singlet fields in the theory. To our knowledge,

this is the first example of DSB in a metastable vacuum occurring in this phase.

On a more phenomenological side, these models are promising as direct gauge

mediation models. Of course, when it comes to construct fully fledged phenomeno-

logical models, one should take care of many issues. For instance, in models of direct

mediation one thing to worry about are Landau poles. A possible direction could be

to consider a breaking pattern with e.g. G = SO(F −n)×SO(n), weakly gauge the

SO(n) GUT group (take for definiteness n = 10) and implement enough deforma-

tions of type (a) and/or (b) so not to have too many messengers around. Seemingly,

one could consider to break the original global symmetry group to several unitary

groups, e.g. G = SU(F − 1 − n) × SU(n) (take now n = 5). Notice that since the

UV theory is non-chiral, all messengers would come into real representations so one

should not worry about SU(5) gauge anomalies.

The construction described here seems flexible enough to let one cover a siz-

able region of the parameter space of supersymmetry breaking models admitting a

weakly coupled low energy description of the type discussed in the previous chapter.

The basic phenomenological potential outcome is to provide models of direct gauge

mediation with spontaneous R-symmetry breaking and unsuppressed gaugino mass.
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Chapter 5

Strongly Coupled Hidden

Sectors via Holography

In the first part of this thesis we discussed the General formulation of Gauge Medi-

ation models, and we explored their basic properties by means of calculable, weakly

coupled hidden sectors, which can eventually be promoted to dynamical theories,

along the lines that we described. In what follows, we will address the possibility

that the hidden sector is an inherently strongly coupled field theory and assume that

it can be described by a dual gravitational theory. Via holography, we will be able

to explore the main features of the spectrum in this setup, and to answer important

questions such as to what extent the parameter space of GGM is covered by the set

of strongly coupled hidden sectors.

We will rely on the fact that, in GGM, all information needed about the hidden

sector is encoded in two-point functions of the multiplet of a conserved current.

Holography gives indeed a precise and practical prescription to compute correlators

of gauge-invariant operators in a strongly coupled field theory, and can therefore

be used to obtain the GGM current correlators even when the hidden sector is not

treatable with standard field theory techniques. In this approach, which goes under

the name of Holographic General Gauge Mediation (HGGM) [74], the details of the

theory, and the mechanism which breaks supersymmetry, are rephrased in terms of

the geometry in the gravity dual.

Constructing fully viable models of this sort, at the phenomenological level, is

beyond the scope of the present treatment. The main obstacle, in that respect, is

that theories that are described by a gravity dual must have some sort of large N

limit, and this large number of degrees of freedom is problematic when the hidden

sector is coupled to the visible one. On the other hand, since N enters the inter-

esting correlators only as an overall normalization, one can still extract physically

meaningful information by considering their ratios, and the qualitative features are

expected to be trustable beyond the large N limit. Moreover, the analysis that we
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will perform has a validity and a theoretical interest that goes beyond the applica-

tion to Gauge Mediation. In fact, it rests on the general question of studying the

behavior of operators related by supersymmetry, and in particular how supersymme-

try breaking enters their correlators. In this approach, one can see such correlators

as simple and calculable probes of the supersymmetry breaking dynamics, whose

nature is not always transparent in the geometry.

This chapter is organized as follows: we will start with a quick review of the

idea of holography, and of the prescription to compute correlators of gauge invariant

operators via the gravity dual; then, we will explain why the particular gravity theory

of interest for our analysis is an N = 2 gauged supergravity in 5D, whose building

blocks and gross features we will review; finally, we will deepen about the calculation

of correlators, outline the procedure of holographic renormalization, and apply it to

the case of interest, namely to a massless vector multiplet of the supergravity theory.

The application of this machinery to concrete supersymmetry breaking solutions,

and the analysis of the outcome, is postponed to the next chapters.

5.1 The holographic correspondence

The statement of holography [75, 76] is that a certain quantum gravity theory in a

D + 1 dimensional space-time with a boundary, is equivalent to a quantum theory

without gravity living on the D dimensional boundary, and it originated from the

investigation of a microscopic explanation to the area-law for the entropy of black

holes. A precise formulation can be given if the gravity theory lives on a space-time

that asymptotically has the geometry of AdSD+1. In this case, the space-time has a

time-like conformal boudary which is conformally equivalent to a Minkowski (flat)

space-time. In order for the dynamical problem to be well-defined in such space, the

fields in the gravity theory must be assigned a fixed value on the boundary, for all

times. This may sound strange compared to more usual evolution problems in flat

space, that require initial values to be specified on a fixed time space-like surface, and

then determine the behavior at subsequent times. However, the dependence of the

gravity theory on these boundary values is actually at the core of the correspondence.

Indeed, for the reason just explained, the observables in the quantum gravity

theory, and in particular the partition function, will be functional of these fields

defined on the boundary Minkowski space-time. The field content may vary de-

pending on the theory, but one field in particular must be present, namely the D+1

dimensional metric giving the graviton, whose boundary value is a metric in D di-

mensions. On the other hand, a quantum field theory in a D dimensional space also

naturally defines functionals of D-dimensional fields. For instance, the generator

of correlation functions is a functional of the external sources of the operators. An

operator which is universally defined in QFT is the energy-momentum tensor, hence
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the generator will always depend on its source, which is a metric in D dimensions.

The holographic correspondence in this case can be formulated as an identification

between the two functionals defined in the two quantum theories [77,78]1

Zgrav[gij , Ja] =
〈
e−

∫
dDx
√
g(gijT ij+

∑
a JaOa)

〉
QFT

, (5.1)

where i, j = 1, . . . , D and we have schematically indicated by Oa the sets of operators

in the QFT and with Ja the corresponding source. Already from this general formula

we can derive some properties of the way the correspondence works: QFT correlators

reflect the response of the gravity partition function to a change of the boundary

conditions. For any gauge-invariant local operator Oa in the quantum field theory,

there is a corresponding field on the gravity side whose boundary value is the source

Ja. For instance, a global symmetry of the quantum field theory entails a conserved-

current operator, whose source is a gauge field, and there must exist a gauge boson

in the D+ 1 theory whose boundary value is the source of the current. Therefore, a

global symmetry on the field theory side gets mapped to a gauge symmetry on the

gravity side. In the same spirit, a space-time symmetry of the QFT corresponds to

an isometry on the gravity side.

What explained so far is still rather abstract, both because neither of the sides of

the correspondence has been specified, and also because neither of the two function-

als is calculable without resorting to some approximation scheme (i.e. perturbation

theory in some small parameter or semiclassical limit). The first and well-known

example in which the correspondence is at work, is that between type IIB string

theory on AdS5 × S5, with N units of F5 flux on S5, and N = 4, SU(N) Super

Yang-Mills (SYM) theory. In this case the correspondence can be motivated starting

from type IIB string theory in flat 10D space-time, with a stack of N parallel D3

branes [79]. The low-energy theory living on the stack of branes is N = 4, U(N)

SYM theory. The additional U(1) in the gauge group is related to the overall po-

sition of the branes, and it decouples from the rest of the dynamics (moreover it

can be disregarded in the large N limit that we are going to consider soon). On

the other hand, one can see the stack of branes as a black-brane solution in type

IIB supergravity. Hence, in the low energy limit, taking into account the redshift

caused by the localized objects, one is just left with the string modes which live in

the near-horizon geometry of the black-brane solution, this geometry being exactly

AdS5 × S5. In this specific example, both sides of the correspondence come with

parameters which make the theory under control in some regime.

On the field theory side, we have the gauge coupling gYM , associated to the

1Here, for simplicity, we consider just the formulation in Euclidean signature, so that the natural
observables in the QFT side are correlation functions of operators, and there is no global issue in
the choice of coordinates for AdS.
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usual perturbative expansion,2 and the number of colors N , associated to the large

N expansion. All fields live in the adjoint representation of the gauge group SU(N),

i.e. they are N ×N matrices, and every gauge-invariant operator built out of such

fields will have the form of a trace of products of matrices, or of products of such

traces

Tr[Φ1 . . .Φn] , Tr[Φ1 . . .Φk] Tr[Φk+1 . . .Φm], . . . (5.2)

Therefore, gauge-invariant operators can be classified as single-trace, double-trace,

and so on. In the large N limit with the ’t Hooft coupling λ = g2
YMN finite,

correlators of single-trace operators factorize as products of one-point functions,

so that the limit can be interpreted as a classical one (different from the usual,

free-theory limit gYM → 0). Moreover, insertions of multiple-trace operators are

suppressed in this limit. The diagrammatic expansion can be organized as a sum

over surfaces of different topologies, weighted by a factor of N2−2g, where g is the

genus of the surface, so that the leading contribution comes from planar diagrams,

and increasingly complex topologies give more and more negligible contribution.

The surface is defined by the fact that the diagram can be drawn on it without

self-intersections.

On the string theory side, the parameters are given by the string coupling con-

stant gs and by two dimensionful parameters, the string length ls and the curvature

radius of the background R. The coupling gs controls the loop expansion, which

closely resembles the one we have just described for the field theory diagrams in

the large N limit: higher loops corrections in the string amplitude imply higher

genus of the corresponding world-sheet, and each diagram comes with a factor g−χs .

This fact suggests that a sensible correspondence between parameters should map

the small gs expansion on one side with the large N expansion on the other side.

Since the Yang-Mills interactions on the world-volume of the D3 branes is due to

the zero-modes of open strings ending on them, one has the identification

g2
YM = 4πgs. (5.3)

Recalling that in the large N limit one keeps the ’t Hooft coupling fixed, we can

write
λ

4π

1

N
= gs, (5.4)

so that large N corresponds to small gs, and indeed the two expansions are mapped

into each other.

In the black-brane solution, the curvature radius R (i.e. the common radius

of the five-sphere and of AdS5) is fixed in terms of the string length and of the

2Notice that the theory we are considering is exactly conformal even at the quantum level, so
that the gauge coupling is really a parameter that we can choose, and is not traded with a scale at
the quantum level, as would be the case for an asymptotically free theory.
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Ramond-Ramond flux by the relation

R4 = 4πgsNl
4
s , (5.5)

which implies

λ = Ng2
YM =

(
R

ls

)4

. (5.6)

Here we see that when the gauge theory is in the perturbative regime, λ � 1, the

geometry where strings propagate is highly curved, and it is not known how to

calculate the complete spectrum of string excitations, much less how to quantize

the theory. On the other hand, when the field theory is strongly coupled, λ � 1,

the string length is negligible with respect to the typical scale of the geometry on

which strings are propagating. In this regime, string theory should be captured by

a field theory approximation, meaning that we can just keep the zero-modes and

neglect higher excitations, whose mass-squared will be of order l−2
s (1 + O(l2s/R

2)).

The resulting theory is type IIB supergravity on AdS5×S5. In this case, to leading

order in gs, the partition function on the gravity side can be evaluated by a saddle-

point approximation, in terms of the on-shell action for the supergravity fields with

the appropriate boundary conditions

Zgrav[gij , Ja] ≈ e−S
o.s.
sugra|Gµν→gij ,Ja→Ja , (5.7)

where Gµν is the D + 1-dimensional metric and Ja indicates the supergravity field

corresponding to a certain operator Oa. Notice that, in the gravity theory, the

answer will depend on which solution of the equations of motion we choose. In the

dual field theory this ambiguity reflects the choice of the vacuum in which correlators

are calculated.

To summarize, we first take the limit gs → 0, N →∞ with λ fixed. This leaves

us with a free theory of strings propagating on AdS5 × S5 on the gravity side, and

with a free theory (due to factorization) of matrices of infinite-size on the field theory

side. Notice that the correspondence is telling us something very non-trivial at first

glance, namely that the classical configuration which dominates the path integral of

the field theory at large N is a theory of ten-dimensional strings. However, neither

of the two theories, despite being free at leading order, is tractable for generic values

of λ. In the field theory, we know how to characterize the operators, their anomalous

dimensions and OPE coefficients only when λ is small. In the string theory, we know

the spectrum of excitations and their interactions only when λ is large. Therefore,

the correspondence takes the form of a weak/strong duality between the two theories.

The direction of the correspondence which is of interest for our applications is to

consider λ� 1, and use a supergravity action to calculate field-theory correlators.

Let us just mention that in the last decade a great advancement has been achieved
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in extending the test of the correspondence to finite values of λ, by using integrability

techniques (see the review [80] and reference therein).

5.1.1 Generalizations

A natural question at this point is whether other examples of the holographic cor-

respondence exist, and which of the features we described can have more general

validity. The previous example was motivated by considering a stack of parallel D3

branes in flat 10D space-time: in this case, before considering backreaction, the 6

dimensions transverse to the world-volume of the branes are flat and homogeneous.

It turns out that a first extension arises if one allows the existence of singularities at

some point in the 6 transverse dimensions. If the branes are located at this special

point, both the low-energy gauge theory living on their world-volume and their near

horizon geometry get modified. Therefore, following the same logic we outlined in

the previous section, one can derive a holographic correspondence between different

pairs of theories [81–85]. For instance, if the geometry of the transverse dimensions

is a Calabi-Yau cone over a compact 5D Sasaki-Einstein manifold X5, the near hori-

zon geometry of the branes located at the tip of the cone is AdS5 × X5, and the

number of conserved supercharges in both the dual theories is reduced in general

from 32 to 8.

One can also consider a simplified version of the correspondence involving a 5D

gravity theory on AdS5. This can be justified starting from type IIB supergravity

on AdS5×X5, by truncating in a consistent way the gravity theory so to keep only a

finite number of Kaluza-Klein modes of the 10D fields. When the compact manifold

is S5, if one just keeps the lowest modes, the resulting theory is the maximally super-

symmetric gravity theory on AdS5, namely N = 8 gauged supergravity [86,87]. This

theory, in turn, can be further consistently truncated to less supersymmetric theo-

ries with reduced field content. In the dual field theory, a truncation corresponds to

restricting to a certain subset of operators. Another way to get less supersymmetric

theories in 5D is to start with a more general Sasaki-Einstein manifold X5 replacing

the five-sphere, giving rise to an N = 2 gauged supergravity in 5D.

What we have briefly described until now are examples motivated by brane

dynamics in string theory. However, it is believed that a holographic correspondence

exists in a broader class of theories. Indeed, nowadays it is often applied in this more

general context, possibly in cases where only one of the two dual theories is known

in detail. Therefore, let us mention, even more generally, what requirements are

believed to be necessary in order for a field theory to admit a gravity dual [88], on

the basis of the known examples. First, a large N limit is necessary in order to get a

weakly-coupled gravitational theory, and suppress quantum effects. The possibility

to distinguish single-particle and multi-particle states in the weakly-coupled gravity

theory is reflected in the classification of operators as single-trace or multiple-trace.
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Secondly, in order to be described in terms of a finite and possibly small number of

fields with a local Lagrangian in the gravity dual, the field theory should have a large

gap in the operator dimensions, with a finite set of operator with small dimension

which dominate the dynamics. In the case we discussed, the parameter λ provides

such gap, by giving large anomalous dimension ∼ λ1/4 to operators which are not

protected by supersymmetry. Indeed, exactly the limit of large λ permits to neglect

the tower of string excitations, keeping only the supergravity modes.

When the 5D background is AdS5, whose isometry group SO(4, 2) is the con-

formal group in 4D, the dual field theory enjoys conformal symmetry, the dilations

being mapped to translations in the extra-dimension of the gravity theory. Since we

want to describe theories which dynamically break supersymmetry, and in partic-

ular are not conformal, it will be necessary to relax the homogeneity in the extra-

dimension by adding scalar profiles to the geometry [89, 90]. From the field theory

point of view, this amounts to turning on relevant perturbations of the interact-

ing fixed point, by adding operators to the Lagrangian which are dual to the given

non-trivial scalars in the geometry. Alternatively, the translational symmetry in the

bulk coordinate z ∈ R+ can be broken by truncating the geometry at some value z∗.

The gravity fields must be assigned additional boundary conditions on the “wall”

z = z∗. This class of models, going under the name of hard wall models, have the

advantage of being easily calculable, but their interpretation in terms of the field

theory is often less transparent.

For our scope, instead of deriving the correspondence in a systematic way by

starting with a brane construction and reducing consistently the resulting gravity

theory, it will suffice to follow a more effective approach, by focussing on symmetry

requirements. The 4D field theory we would like to describe has N = 1 supersym-

metry (which is then spontaneously broken, but this does not affect the counting

of supercharges) and therefore has 4 conserved supercharges, which are enhanced

to 8 supercharges in the deep UV due to superconformal symmetry. Therefore, the

5D gravity theory must also have 8 supercharges, making it an N = 2 supergravity

theory. Only half of them will be preserved by the the breaking of the conformal

symmetry. We are going to consider both options to break conformality, namely

hard wall models and non-trivial backgrounds of some scalar fields. In addition,

since we want to model a hidden sector in a Gauge Mediation scenario, the field

theory should have a global symmetry, which is then gauged to couple the theory to

the visible sector. Consequently, the gravity dual should have a corresponding gauge

symmetry. The multiplet of the global current, whose correlators we are going to

calculate, will be mapped to a vector multiplet of the supergravity theory (see the

next section). Finally, in order to pick a supersymmetry breaking vacuum in the

field theory, in equation (5.7) we have to evaluate the on-shell supergravity action

on a supersymmetry breaking solution.
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5.2 N = 2, 5D gauged supergravity

Since the gravity theory we will use to construct holographic hidden sectors is an

N = 2 gauged supergravity theory in 5D, we will now recall the basic structure

of this theory, referring to the literature for a more detailed account [91, 92]. The

superalgebra in 5D with eight supercharges has an SU(2)R automorphism related

to the symplectic-Majorana nature of irreducible spinors in 5D, which acts as an

R-symmetry on the theory and helps organizing the representations, similarly to

what happens in the perhaps more familiar case of N = 2 theory in 4D. The

representations of interest for constructing a gauged supergravity theory coupled

to matter will be obviously that containing the metric, the one containing a vector

boson, and the one with only scalars and their fermionic partners. Therefore, the

supersymmetric multiplets we will use to build the theory consist of3

• one graviton multiplet

{eaµ, ψiµ, Aµ} (5.8)

containing the graviton (5 real d.o.f.), one SU(2)R symplectic Majorana grav-

itino (8 real d.o.f.) and one vector (called the graviphoton, 3 real d.o.f.), a is

a flat spacetime index, and i = 1, 2 is an SU(2)R index.

• nV vector multiplets

{Aµ, λi, φ} (5.9)

each containing a vector (3 real d.o.f.), an SU(2)R symplectic Majorana fermion

(4 real d.o.f.) and one real scalar field.

• nH hypermultiplets

{ζA, qX} (5.10)

containing an SU(2) symplectic Majorana fermion (4 real d.o.f.) and four real

scalars, A = 1, 2 being an SU(2) index and X = 1, . . . , 4. Notice that in this

case the SU(2) used to implement the symplectic-Majorana condition is not

the SU(2)R but a different one, inherent to the hypermultiplet representation.

When there are nH such multiplets together, this SU(2)nH can get enhanced

up to a USp(2nH).

Taking into account all the multiplets together and organizing the fields according

to the spin, the theory we are considering contains, besides the graviton and the

gravitinos

• nV + 1 vector fields collectively denoted AIµ, I = 0, . . . , nv,

• nV real scalars φx, x = 1, . . . , nV ,

3We consider here only the on-shell degrees of freedom.
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• 4nH real scalars qX , X = 1, . . . , 4nH ,

• nV doublets of fermions λix, i = 1, 2,

• and 2nH fermions ζA, A = 1, . . . , 2nH .

The interactions are governed by a σ-model with target scalar manifold

M = S(nV )⊗Q(nH), (5.11)

with dimRS = nV , and it is parametrized by the coordinate φx, and dimRQ = 4nH ,

parametrized by the coordinate qX .

The scalar target manifold of vector multiplets S is a very special manifold, it is

usually described in term of a cubic hypersurface

CIJKh
IhJhK = 1 (5.12)

of an ambient space parametrized by coordinates hI = hI(φ), where C is a com-

pletely symmetric constant tensor. The metric on the ambient space is given in

terms of the constant symmetric tensor as

aIJ ≡ −2CIJKh
K + 3hIhJ , hI ≡ CIJKhJhK . (5.13)

The tensor aIJ and its inverse aIJ are used to lower and raise indices. The induced

metric on S is then given by

gxy ≡ hIxhJyaIJ , hIx ≡ −
√

3

2
∂xh

I . (5.14)

The hyperscalars span a quaternionic manifold Q, the holonomy group of such

manifold is a direct product of SU(2)R and some subgroup of USp(2nH). Thus one

can introduce the vielbeins f iAX to pass to flat indices transforming under SU(2)R×
USp(2nH). The metric on this manifold is then given by

gXY ≡ f iAX f jBY εijCAB, (5.15)

where ε and C are the symplectic metrics of SU(2)R and USp(2nH), respectively, and

are also used to raise and lower indices. One can introduce an SU(2)R connection

ω j
Xi whose curvature is given by

Rr = dωr − εrstωsωt , ω j
i ≡ iωr(σr)

j
i . (5.16)

The introduction of gauge interactions is achieved by identifying the gauge group

with a subgroup of the isometries of the manifoldM. Let us consider, for simplicity,

the case of an abelian symmetry. Since the fields in the vector multiplets cannot
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be charged under an abelian symmetry, we will discuss the gauging of an U(1)nV +1

acting on the hyperscalars manifold only. Of course, for this to be done, the Q
manifold should have at least a U(1)nV +1 isometry group.

The gauging now proceeds by introducing nV + 1 Killing vectors acting on Q as

qX → qX + εIKX
I (q) (5.17)

for infinitesimal parameters εI . Due to the quaternionic structure, these Killing

vectors can be obtained from an SU(2) triplet of real prepotentials P rI (q) defined

by the relation

RrXYKY
I = DXP

r
I , DXP

r
I ≡ ∂XP rI + 2εrstωsXP

t
I . (5.18)

These prepotentials also satisfy the constraint

1

2
RrXYKX

I K
Y
J = εrstP sI P

t
J . (5.19)

Note that equation (5.19) is valid just for abelian isometries. In the generic case it

would pick additional contributions from the structure constants.

The theory is now gauged by promoting the derivatives of the underlying σ-model

to gauge-covariant ones. For the scalars and the gravitino then we have

DµqX = Dµq
x + gAIµK

X
I , (5.20)

Dµψiν = Dµψ
i
ν + ∂µq

Xω i
Xj ψ

j
ν + gAIµP

i
Ij ψjν , (5.21)

where Dµ is the covariant derivative with respect to local Lorentz transformations.

The gauging also introduces a potential for the scalars which can be written as

V = −4P rP r + 2P rxP
r
y g

xy + 2NiAN iA, (5.22)

where

P r ≡ hIP rI , P rx ≡ hIxP rI , (5.23)

NA
i ≡

√
6

4
fAiXh

IKX
I . (5.24)

Finally let us introduce the superpotential function

W ≡
√

2

3
P rP r, (5.25)
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such that, if the costraint ∂x(P
r

W ) = 0 is satisfied, the potential can be expressed as

V = −6W 2 +
9

2
gΛΣ∂ΛW∂ΣW, (5.26)

where gΛΣ is the metric onM and we denoted with Λ, Σ indices spanning the whole

scalar manifold.

The detailed form of the Lagrangian, containing also four-fermions interactions

and extended to include the possibility of tensor multiplets, can be found in [91].

5.3 Two-point functions and Holographic Renormaliza-

tion

In this section we will see more explicitly how the holographic prescription can be

used to actually calculate two-point functions. The infinities that we will encounter

in the calculation, will lead us to the topic of Holographic Renormalization. Instead

of doing a general treatment, we will consider an example [77, 93–96] which should

make the procedure clear.

Let us consider a scalar operator O of dimension ∆ in the field theory, and call

φ the corresponding scalar field in the gravity theory. We will assume that the

geometry is asymptotically AdSD+1, meaning that it coincides with AdSD+1 near

the boundary, but can differ from it in the bulk, due to scalar profiles or to a hard

wall, as already explained in section 5.1.1.

We pick coordinates xµ = (z, xi) such that the asymptotic AdSD+1 metric is

(we are taking the AdS radius to be 1 for simplicity)

ds2 = Gµν dx
µ dxν '

z→0

1

z2

(
(dxi)2 + dz2

)
(5.27)

where i = 1, . . . , D and z → 0 at the conformal boundary, and xi can be thought

of as coordinates of the space where the dual field theory lives. The isometry of the

asymptotic metric which is related to scale transformation in field theory is

z → λz, xi → λxi, λ ∈ R+. (5.28)

The action for the scalar coupled to the curved background is

S =
1

2

∫
dDx dz

√
G
(
Gµν∂µφ∂νφ+m2φ2

)
(5.29)

where the mass m, as we will see, depends on the dimension of the dual operator.
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The equation of motion resulting from the action takes the form

0 =
(
2G −m2

)
φ '
z→0

(
z2 ∂2

z − (D − 1) z ∂z + z2 (∂i)
2 −m2

)
φ. (5.30)

Plugging in the ansatz

φ '
z→0

zδ (5.31)

we get a quadratic equation for the coefficient δ

δ(δ −D) = m2 ⇒ δ± =
D

2
±
√
D2

4
+m2 (5.32)

meaning that the scalar has two possible behaviors approaching the boundary, which

we can parametrize with two coefficients

φ '
z→0

φ+z
δ+ + φ−z

δ− . (5.33)

Notice that δ+ > δ−, so that zδ− is the leading mode at the boundary, and we

are assuming m2 < 0, so that both modes are finite, which, as we will soon see,

corresponds to consider a relevant deformation in field theory. Having negative mass-

squared is compatible with stability in AdSD+1 backgrounds, as long as it is above

the Breitenlohner-Freedman (BF) bound, m2 ≥ −D2

4 [97, 98]. The arbitrariness in

the coefficients is fixed by imposing

a) a boundary condition at z = 0 on the leading mode φ−,

b) a regularity condition in the bulk, which singles out the full solution of the

equation and, in particular, fixes φ+.4

The latter depends on the specific form of the background in the interior, so that

it cannot be captured by the near-boundary analysis. The former is exactly what

is needed to make contact with the dual field theory. Recalling the prescription

(5.1-5.7), φ− plays the role of the source for the boundary operator O,5 namely the

field theory action is perturbed by adding∫
dDxφ−O. (5.34)

Notice that the coefficients φ± pick a factor under the dilation isometry (5.28)

φ± → λδ±φ±. (5.35)

4Since the equation is homogeneous, if we rescale φ− by a coefficient, φ+ gets rescaled by the
same coefficient. Therefore, we can think of the regularity condition as fixing the ratio φ+/φ−.

5In (5.1-5.7), for the sake of simplicity, we were a bit imprecise by saying that the source is given
by the limit of the field on the boundary, because only massless fields can have constant limits for
z → 0. Here we see the more precise statement: the source is the coefficient of the leading mode.
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Since the dimension of O is ∆, we see that in order for φ− to behave correctly we

must impose

∆ = D − δ− = δ+. (5.36)

This gives the well-known relation m2 = ∆(∆−D) which shows that, as anticipated,

a negative mass-squared corresponds to a relevant deformation. Moreover, once

the correct scaling for φ− is fixed, φ+ has automatically the correct scaling to be

interpreted as the VEV of the operator 〈O〉.
One can go beyond the leading modes and further expand the solution near the

boundary6

φ '
z→0

zδ−
(
φ

(0)
− +

∑
n≥1

φ
(2n)
− z2n

)
+zδ+

(
φ

(0)
+ +ψ

(0)
+ log (zΛ)+

∑
n≥1

(
φ

(2n)
+ +ψ

(2n)
+ log (zΛ)

)
z2n
)
.

(5.37)

The coefficients of this expansion can be then related recursively to the leading

modes φ
(0)
+ and φ

(0)
− by using the equation of motion

[
(δ± + 2n)(δ± + 2n−D)−m2

]
φ

(2n)
± = k2φ

(2n−2)
± (5.38)

(2δ+ −D)ψ
(0)
+ = k2φ

(δ+−δ−−2)
− , (5.39)[

(δ+ + 2n)(δ+ + 2n−D)−m2
]
ψ

(2n)
+ = k2ψ

(2n−2)
+ (5.40)

where we have Fourier transformed the coefficient to D-dimensional momentum

space, the momentum being denoted by k.

Notice that logarithmic modes can be present in the expansion of the subleading

solution. The coefficient ψ
(0)
+ of the leading logarithmic mode, and consequently all

the ψ
(2n)
+ s, can be non-zero only when δ+ − δ− is an even integer, which implies

m2 = −D
2

4
+ n2 ⇐⇒ ∆ =

D

2
+ n , n = 0, 1, . . . (5.41)

Precisely in this situation, the recursion (5.38) for the modes φ
(2n)
− of the leading

solution becomes singular, so that all the modes with 2n ≥ δ+ − δ− remain unde-

termined and should not be included in the expansion. Therefore, one can think

of the logarithmic modes as replacing those φ
(2n)
− terms, in this particular case in

which the series expansions of the two solutions are merged in a unique series. Since

the logarithm shifts under the dilation isometry, the presence of these coefficients

gives an additional, unexpected contribution to the transformation of the φ
(2n)
+ s un-

der dilations. Indeed, ψ
(0)
+ can be shown to be the holographic counterpart of the

contribution to the Weyl anomaly generated by the non-trivial source φ− for the

composite operator O [99].

This procedure of finding a solution in form of a series expansion around a sin-

6In order to define the logarithmic mode in the bulk we have to introduce a scale Λ.
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gular point of a second order differential equation goes under the name of Frobenius

method in mathematics. The interesting point in (5.38-5.39), from a physical point

of view, is that most of the solution can be reconstructed from the near boundary

analysis, with all the coefficients given in terms of the leading mode φ
(0)
− , up to a

relation between φ
(0)
+ and φ

(0)
− which is left undetermined. This is a welcome feature,

because relations (5.38-5.40) are polynomial in momenta (i.e. local), and the non-

polynomial structure that one expects in the field theory correlators can only come

from the relation between φ
(0)
+ and φ

(0)
− , which will be dictated by some regularity

condition in the interior of the geometry: we need to probe the whole geometry to get

the correlators. Moreover, notice that the coefficients of the anomalous logarithmic

terms are also determined as a local function of the source.

A special treatment is needed for the logarithmic mode in the particular case

δ+ = δ− = D
2 in which ψ

(0)
+ remains undetermined by (5.39). In this case the

equation for the exponent δ has a double zero, and one needs to add a logarithmic

mode from the start, which turns out to be the leading one (i.e. the source term). In

this case the BF bound is saturated. Curiously, having ∆ = D
2 , this is the relevant

case for the scalar operator in the multiplet of a conserved current in D = 4, so we

will encounter precisely this situation in the following.

We are now ready to plug the solution back in the supergravity action and

calculate the two-point function. Integrating by parts we have

S =
1

2

∫
dD+1x

√
G
(
φ(−2G +m2)φ

)
+

1

2
lim
ε→0

∫
z=ε

dDx
√
GGzz φ∂zφ. (5.42)

The first term vanishes on-shell, and we are left with the boundary term

So.s. =
1

2
lim
ε→0

∫
z=ε

dDx ε1−D φ∂zφ. (5.43)

If we naively plug the expansion (5.37) in the previous formula, we get a divergent

result. This divergence reflects the UV divergences that one usually encounters in

field theory. They are mapped into IR singularities in supergravity, which arise due

to the infinite distance of the boundary which sets the integration limit. Inspired by

the procedure to remove divergences in field theory, by shifting the coupling of the

regulated Lagrangian, here we will take an analogous route. First, we keep ε fixed,

playing the role of an IR regulator in the integral, and we write down all the finite

and divergent terms in the regulated action

Sreg = Sfin + Sdiv , (5.44)

where

Sfin =
1

2

∫
z=ε

dDx
[
Dφ

(0)
+ φ

(0)
− + ψ

(0)
+ φ

(0)
−

]
, (5.45)
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and

Sdiv =
1

2

∫
z=ε

dDx

δ− φ(0)
− φ

(0)
− εδ−−δ+ +

∑
1≤n<δ+−δ−/2

(δ− + 2n)φ
(2n)
− φ

(0)
− εδ−−δ++2n

+Dψ
(0)
+ φ

(0)
− log (Λε)

 . (5.46)

In accordance with the locality of divergences, the coefficients of the divergent terms

are all given by local functions of the source, as derived in equation (5.38-5.39).

Therefore, they can be subtracted by modifying the regulated action by the addition

of local counterterms. Since the counterterms will be given by a Lagrangian density

at z = ε, the renormalization procedure is clearly non-covariant with respect to the

(approximated) dilation isometry of the (asymptotic) background. On the other

hand, we will always require the counterterms to be covariant with respect to D-

dimensional isometries. This is the holographic counterpart of the fact that the

renormalization procedure requires the introduction of a scale in field theory, so that

the classical scale invariance is violated if we insist in preserving Lorentz invariance

[100].

Taking into account the relations (5.38), it is straightforward to write a D-

dimensionally covariant action at z = ε which exactly riproduces the structure of

divergences in Sdiv

Sc.t. =
1

2

∫
z=ε

dDx ε−2δ−

δ− φ(x, ε)φ(x, ε) εδ−−δ+

+
∑

1≤n<δ+−δ−/2

C2n φ(x, ε)∂2n
i φ(x, ε) εδ−−δ++2n + Cδ+−δ− φ(x, ε)∂

δ+−δ−
i φ(x, ε) log (Λε)

 .
(5.47)

To put this action in an explicitly covariant form, we can reabsorb all the factors of

ε in the D-dimensional metric at z = ε, that is γij = ε−2ηij , also used to contract

the derivatives, and the result is

Sc.t. =
1

2

∫
z=ε

dDx
√
γ

δ− φ(x, ε)φ(x, ε)

+
∑

1≤n<δ+−δ−/2

C2n φ(x, ε)(∂γi )2nφ(x, ε) + Cδ+−δ− φ(x, ε)(∂γi )δ+−δ−φ(x, ε) log (Λε)

 .
(5.48)
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The factors C2n and Cδ+−δ− are easily calculated but quite cumbersome to write

down in general, so we will leave them implicit. Recall that the logarithmic term is

present only when δ+ − δ− is an even integer, and as a result this action is local.

Subtracting this terms from the regulated action we can finally take the limit ε→ 0

and obtain a finite renormalized answer

Sren = lim
ε→0

(Sreg − Sc.t.) =
1

2

∫
z=ε

dDx
[

(D − 2 δ−)φ
(0)
+ φ

(0)
− + ψ

(0)
+ φ

(0)
−

]
. (5.49)

Notice that the answer differs from the finite term Sfin, because Sc.t., besides sub-

tracting the divergences, also contributes to the finite part (namely, the δ− φ(x, ε)2

counterterm shifts the coefficient of φ
(0)
+ φ

(0)
− by 2δ−). Let us stress that here the

scheme, and therefore the finite terms in the renormalized action, is fixed by requir-

ing that the counterterms are written as a covariant 4D action.

Now that we have properly cured the divergences, we can take the result for the

on-shell supergravity action and derive it with respect to the source φ
(0)
− to obtain

the correlators of the operator. First we see that, as anticipated by the scaling

argument, φ
(0)
+ gives the VEV of the operator (with background sources turned on)

〈O〉 =
δSren

δφ
(0)
−

= (D − 2δ−)φ
(0)
+ = (2∆−D)φ

(0)
+ . (5.50)

The holographic renormalization procedure was essential to get the correct coeffi-

cient in the last equation. Here we have neglected ψ
(0)
+ because, as already empha-

sized, this term is local in the source, and therefore it gives a scheme-dependent

contribution. Then, we can go on to finally get the two-point function

〈O(k)O(−k)〉 = − δ2Sren

δφ
(0)
− (k)δφ

(0)
− (−k)

= −(2∆−D)
δφ

(0)
+ (−k)

δφ
(0)
− (k)

. (5.51)

We see that the two-point function is encoded in the dependence of the subleading

mode from the leading one. If the equation is homogenous, as in our simple example,

than the functional derivative can be replaced by a ratio.

Let us use this example to outline the procedure which is needed in general to

compute D-dimensional two-point functions from a (super)gravity theory in D + 1

dimensions. Given a certain operator O (not necessarily a scalar one) whose dual

field is some field φ, one has to

1) Choose a solution of the (super)gravity theory for the metric and for all the

additional scalars fields which are possibly turned on in the background; this

corresponds to choosing the vacuum of the field theory where we want to

compute the two-point function.

2) Consider the action for the field φ coupled to the selected background. Since
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4D op. ∆ 5D field Leading Boundary Mode AdS mass

J(x) ∆0 = 2 D(z, x) D(z, x) ' z2 log z d0(x) m2
D = ∆0(∆0 − 4) = −4

jα(x) ∆1/2 = 5/2 λ(z, x) λ(z, x) ' z3/2λ0(x) |mλ| = ∆1/2 − 2 = 1/2

ji(x) ∆1 = 3 Aµ(z, x) Aµ(z, x) ' a0µ(x) mA = (∆1 − 2)2 − 1 = 0

Table 5.1: 4D N = 1 current multiplet and dual supergravity fields

we want to obtain a two-point function, we only need this action at quadratic

order in φ, which means that we linearize its equations of motion.

3) Find a complete solution of the linearized equation for the field φ, by imposing

a boundary condition at z = 0 which fixes the source, and by requiring a

regularity condition in the bulk.

4) Go through the near-boundary analysis and the holographic renormalization

procedure to determine which mode enters in the expression of the two-point

function, so to also fix the coefficient.

5) Use the exact solution to extract the relevant mode, and take the appropriate

ratio to the source term to get the two-point function.

In the next section, following [74], we will describe holographic renormalization

in the case which is of direct interest for the application we have in mind, namely

that of a vector multiplet in N = 2 supergravity in D + 1 = 5.

5.4 The case of a Vector Multiplet

As discussed in the review of N = 2 5D supergravity, a (massless) vector multiplet

contains, besides the gauge boson Aµ, a symplectic Majorana fermion λ and a real

scalar D (we change notation for the scalar, so that it coincides with the notation

for the sources of the 4D theory). According to the holographic field/operator cor-

respondence, this is the multiplet dual to a current supermultiplet J , as detailed in

Table 5.1 (the scaling at the boundary is directly related to the mass of supergravity

fields).

The leading boundary mode for the scalar, d0, can be directly identified with the

source for the operator J . Similarly for the vector, with the gauge choice Az = 0,

the leading boundary mode a0i is the source for the conserved vector current of the

boundary theory. As for the spinor, it can always be written in terms of 4D Weyl

spinors of opposite chirality [101]

λ =

(
χ

ξ̄

)
. (5.52)
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Choosing the sign of the mass |mλ| = 1/2 we are fixing the chirality of the leading

mode in the near boundary expansion. As we will review, choosing mλ = −1/2 the

leading mode at the boundary has negative chirality λ ' z3/2ξ̄0.

The GGM functions, as defined in equation (2.7-2.10), can then be determined

from the renormalized boundary action as

C0(k2) = − δ
2Sren

δd0δd0
, C1/2(k2) = − σ̄

α̇α
i ki

2k2

δ2Sren

δξα0 δξ̄
α̇
0

, C1(k2) =
ηij
3k2

δ2Sren

δa0iδaj0
,

(5.53)

B1/2(k2) = −ε
αβ

2

δ2Sren

δξα0 δξ
β
0

. (5.54)

In order to derive more explicit formulas in terms of the boundary modes, the start-

ing point is given by the interactions of the vector multiplet with the background.

We will assume that the profiles of possible background scalars vanish sufficiently

fast, so that the only interaction with the background comes from the minimal

coupling to the metric, given by the following (Euclidean) quadratic Lagrangian

Lquad '
z→0

Lmin =
1

2
(Gµν∂µD∂νD−4D2)+

1

4
FµνF

µν +
1

2
(λ̄ /Dλ+c.c.)− 1

2
λ̄λ . (5.55)

As in the previous example, we take the metric to be asymptotically AdS5, hence

the equations approach the AdS form near the boundary

(2AdS + 4)D '
z→0

0 , (5.56)

(Max)AdSAi '
z→0

0 , (5.57)

( /DAdS −
1

2
)λ '

z→0
0 . (5.58)

where we fixed the 5D Coulomb gauge in which Az = 0 and the Lorentz gauge

∂iAi = 07, and the differential operators above take the form

2AdS = z2∂2
z − 3z∂z + z2(∂i)

2 , (5.59)

(Max)AdS = z2∂2
z − z∂z + z2(∂i)

2 , (5.60)

/DAdS = zγz∂z − 2γz + zγi∂i . (5.61)

The spinor equation can be rewritten in terms of Weyl components as
z∂zχ+ izσi∂iξ̄ − 5

2χ 'z→0
0

−z∂z ξ̄ + izσ̄i∂iχ+ 3
2 ξ̄ 'z→0

0 .
(5.62)

7Notice that with this gauge choice we can compute only the coefficient of ηij in the vector
current correlator; the additional term can obviously be inferred by current conservation.
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Correspondingly, the asymptotic behavior of the supergravity fields takes the

following form

D(z, k) '
z→0

z2
(
d0(k)log(zΛ) + d̃0 +O(z2)

)
, (5.63)

Ai(z, k) '
z→0

ai0(k) + z2(ãi2(k) + ai2(k)log(zΛ)) +O(z4) , (5.64)
ξ̄(z, k) '

z→0
z3/2

(
ξ̄0(k) + z2(

¯̃
ξ2(k) + ξ̄2(k)log(zΛ)) +O(z4)

)
,

χ(z, k) '
z→0

z5/2
(
χ̃1(k) + χ1(k)log(zΛ) +O(z2)

)
.

(5.65)

Note that, as anticipated, in the scalar case the leading term at the boundary has

a logarithmic scaling. This is a peculiar feature related to the fact that m2
D = −4

saturates the BF bound in AdS5 [97,98]. In the fermionic case the choice mλ = −1/2

implies that the leading mode at the boundary has negative chirality, as already

observed.

Every coefficient in the expansion is a function of the momentum k, and the vari-

ational principle of the supergravity theory is defined by fixing the leading modes

at the boundary (d0, ξ̄0, ai0) and letting all other coefficients free to vary indepen-

dently. Substituting the ansatz in the asymptotic equations of motion (5.59)-(5.61)

one can determine the on-shell values of all coefficients but tilded ones as local (i.e.

polynomial in k) functions of the leading modes (d0, ξ̄0, ai0), as we have showed in

the previous section in equations (5.38-5.39). In this case we find

ai2 =
k2

2
ai0(k) , ξ̄2 =

k2

2
ξ̄0(k) , χ1 = −σikiξ̄0(k) . (5.66)

Conversely, the subleading modes in the near boundary expansion are not deter-

mined by the near boundary analysis and in general will be non-local functions of

the external momenta which can be derived from the exact solutions of the equations

of motion.

When evaluated on-shell, the supergravity action (5.55) reduces to the boundary

terms, which are in general divergent in the limit z → 0, and have to be regularized.

As explained in the previous section, this can be done by considering a cutoff surface

z = ε, so that, after Fourier transformation on the 4D coordinates, the boundary

terms become

Sreg = −
∫
z=ε

d4k

(2π)4

1

2

[
ε−4(Dz∂zD)z=ε + ε−2(Aiz∂zA

i)z=ε − ε−4(ξχ+ χ̄ξ̄)z=ε
]
.

(5.67)

Note that the fermionic boundary term [102, 103] is reminiscent of a Dirac mass

term.

Plugging the near boundary expansion and taking into account the on-shell re-

lations between the various coefficients, we can collect both a divergent and a finite
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contribution in the regularized action (5.67)

Sreg|div = −
∫
z=ε

d4k

(2π)4

1

2
log(εΛ)[2log(εΛ)d2

0 + 4D0d̃0 + d2
0 + ai0k

2a0i + 2ξ0σ
ikiξ̄0] ,

Sreg|finite = −
∫

d4k

(2π)4

1

2
[2d̃2

0 + d0d̃0 + 2ai0ãi2 + ai0
k2

2
ai0 − (ξ0χ̃1 + ¯̃χ1ξ̄0)] .

The divergent terms can be subtracted by means of the following covariant coun-

terterms

Sct = −1

2

∫
z=ε

d4k

(2π)4

√
γ[2D2 +

D2

log(εΛ)
− 1

2
log(εΛ)FijF

ij + 2log(εΛ)λ̄γikiλ] . (5.68)

The counterterms for the scalar components contribute also to the finite part of the

boundary action so we finally get the result

Sren =
N2

8π2

∫
d4k

(2π)4
[d0d̃0 − 2ai0ãi2 −

1

2
ai0k

2ai0 + ξ0χ̃1 + ¯̃χ1ξ̄0] , (5.69)

where we restored the normalization of the action which was neglected so far. The

coefficient is due to the identification 1
8πG5

= N2

4π2 , on which we will return in the

next chapter when treating the pure AdS example.

Twice differentiating with respect to the sources we finally get for the two-point

functions

〈J(k)J(−k)〉 =
N2

8π2

(
−2

δd̃0

δd0

)
, (5.70)

〈ji(k)jj(−k)〉 =
N2

8π2

(
2
δãi2

δaj0
+ 2

δãj2
δai0

+ k2ηij

)
, (5.71)

〈jα(k)j̄α̇(−k)〉 =
N2

8π2

(
δχ̃1α

δξ̄α̇0
+
δ ¯̃χ1α̇

δξα0

)
, (5.72)

〈jα(k)jβ(−k)〉 =
N2

8π2

(
δχ̃1α

δξβ0
−
δχ̃1β

δξα0

)
. (5.73)

An important comment about the fermionic correlators is in order. From the struc-

ture of the spinor equation of motion one can notice that the subleading mode χ̃1,

which is determined by the full bulk equation, will always have a non-trivial de-

pendence on the leading mode of opposite chirality ξ̄0, ensuring a non-zero value

for the function C1/2. On the other hand, already at this very general stage, we

see that the only way to obtain a non-zero B1/2 is to have the mode χ̃1 to depend

also on the source ξ0. In the next chapter, when discussing the couplings of the

vector to the background, as dictated by the supergravity action, we will show that

this is closely related to the presence of Majorana-like couplings in the 5D action.
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These couplings, in turn, can arise only in the presence of a non-trivial profile for

scalars charged under the R-symmetry, that is mapped holographically to the U(1)

symmetry gauged by the graviphoton. This result should be expected, since a non-

zero B1/2 requires R-symmetry to be broken. We will see under which conditions

non-trivial Majorana-like couplings of the bulk fermions can be produced.
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Chapter 6

Models in 5D supergravity

We are now ready to apply the techniques described in the previous chapter to a

concrete model of HGGM. Following [74], we will fix a concrete supergravity the-

ory, with the minimal field content which can allow for supersymmetry breaking

solutions. Once a supersymmetry breaking background is found, we will fluctuate

the vector multiplet on it, and apply the (properly renormalized) holographic pre-

scription to compute the GGM form factors (other works using a similar philosophy

are [104,105]). A theme which we already encountered in the weakly coupled mod-

els of chapters 3-4 will be relevant also in this case, namely the special role played

by the R-symmetry. This is ultimately related to the fact that a Majorana mass

for the gaugino can only be generated when R-symmetry is broken. In the holo-

graphic setup, the R-symmetry is mapped to the gauge symmetry associated to the

graviphoton (i.e. the vector belonging to the graviton multiplet). As a result, in

order to get B 1
2
6= 0, we will need this gauge symmetry to be higgsed by a non-trivial

profile of some charged scalar. A surprising result we will find is that, even when the

R-symmetry remains unbroken, a mass for the gaugino, of Dirac type, is generated.

As we will see, this is due to the presence of massless fermionic degrees of freedom

in the hidden sector [27,28], a mechanism we described in section 2.3.1. Let us now

outline in more detail the various steps we will follow in this chapter.

We will start by addressing the problem of choosing the field content and solving

for the background. An interesting class of backgrounds can be obtained by con-

sidering a gauged supergravity Lagrangian describing the interaction of the N = 2

gravity multiplet with one hypermultiplet. The latter, known as the universal hy-

permultiplet, contains a neutral complex scalar with m2 = 0, and another one which

has m2 = −3 (in AdS units) and is charged under the R-symmetry. Using a ter-

minology inspired by reduction from 10D, we will refer to the first scalar as the

axio-dilaton, and to the second one as squashing mode. This model is the simplest

possible model containing all necessary ingredients to let us treat several qualita-

tively different examples, all arising as consistent solutions of the same 5D equations



80 Models in 5D supergravity

of motion.

As a warm-up, we will consider a pure (and hence supersymmetric) AdS back-

ground. The holographic GGM functions are those of a supersymmetric (and con-

formal) field theory. We use the holographic computation to check the validity of

our approach, and as useful reference for the more interesting examples we consider

afterwards.

We will then turn to a dilaton-domain wall background, originally found in [106,

107] (see also [108]) in the context of type IIB supergravity, used at that time as

a candidate gravitational dual for confining theories. The background breaks all

supersymmetry but preserves the R-symmetry. We find non-vanishing values for

the sfermion masses while, consistently, SSM gauginos do not acquire a Majorana

mass term. As anticipated, we will find a pole at zero momentum for one fermionic

correlator, which signals the presence of a Dirac-like (hence R- symmetry preserving)

mass for the gauginos. Such Dirac mass contribution arises as a consequence of

strong dynamics in the hidden sector.

Finally, we will turn-on a small R-symmetry breaking scalar profile, that we treat

linearly and without backreaction on the dilaton-domain wall background. The lin-

ear approximation is sufficient to show how things change significantly. Indeed, we

show that in this case a Majorana mass for the gauginos is generated. Moreover,

the pole at zero momentum of the fermionic correlator, responsible for a Dirac- like

contribution to gaugino masses in the pure dilatonic background, automatically dis-

appears, in remarkable agreement with field theory expectations (see section 2.3.1).

6.1 The gauged supergravity theory

The 5D gravity theory, besides the graviton multiplet, must contain at least one

N = 2 vector multiplet, which is dual to the multiplet of the conserved current

of the boundary theory. Here we are taking the simplifying assumption that the

global symmetry of the hidden sector used to mediate supersymmetry breaking is

just a U(1), clearly in more realistic models one should enlarge it to the full Standard

Model gauge group (we postpone to the last section a discussion of how this goal can

be achieved). As a necessary condition for the theory to be a consistent truncation of

10D type IIB supergravity, the matter content must include also one hypermultiplet

which is the N = 2 multiplet of the 10D dilaton, usually called universal hyper-

multiplet. In fact, enlarging the matter content to include an hypermultiplet is also

necessary to the aim of finding interesting backgrounds, as we will see. Therefore,

the minimal 5D content one should consider consists of N = 2 supergravity coupled

to a vector multiplet and a hypermultiplet.

We consider a class of gauged supergravity theories studied in [92] which actually
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contains precisely the minimal field content described above.1 Recalling the basic

ingredients of the theory that we described in section 5.2, in this case we have that

the scalar manifold is

M = O(1, 1)× SU(2, 1)

U(2)
. (6.1)

S is the very special manifold parametrized by the scalar D in the vector multiplet,

with metric

ds2
1 = dD2, (6.2)

Q is the quaternionic manifold parametrized by the four real scalars in the universal

hypermultiplet qX = (φ, C0, η, α), with metric ds2
2 = gXY dq

XdqY given by

1

2
cosh2(η)dφ2 +

1

2
(2 sinh2(η)dα+ eφ cosh2(η)dC0)2 + 2 sinh2(η)dα2 + 2dη2 (6.3)

where η ≥ 0 and α ∈ [0, 2π]. The scalar ηeiα is the squashing mode, related to

a squashing parameter of the internal compactification manifold in the context of

reduction from 10D. The scalar φ+ iC0 is the so-called axio-dilaton, its real part φ

being the dilaton.

The isometries of the scalar manifold have a U(2) maximal compact subgroup

acting on Q. Since the theory contains two vectors, one in the gravity multiplet

and the other one in the vector multiplet, the maximal subgroup we can gauge is a

U(1)× U(1). As a minimal set up we choose to gauge just the U(1) corresponding

to the shift symmetry

α→ α+ c (6.4)

of the above metric, which is a compact isometry because the scalar α is a phase.

The vector field of this U(1) which acts non trivially on the scalar manifold

is the graviphoton in the gravity multiplet, so that this gauge symmetry is dual

to the R-symmetry of the boundary theory. On the other hand, in our simplified

setting the U(1) gauged by the vector belonging to the vector multiplet acts trivially

on all supergravity fields (this does not mean that the vector multiplet is free,

because of the unavoidable interaction with gravity). Notice that the axio-dilaton is

neutral under both U(1)’s while the squashing mode is charged under the symmetry

gauged in the bulk by the graviphoton. Therefore, a background with a non-trivial

profile for the dilaton preserves the R-symmetry, while a non-trivial profile for η

breaks it. For later reference let us notice that while the axio- dilaton is massless,

and holographycally dual to the hidden sector TrF 2
ij operator, the squashing mode

has m2 = −3 and it is dual to the hidden sector gaugino bilinear. Hence, the

leading mode for this field at the boundary would provide an explicit mass to the

1This class of theories has the virtue that, for some choices of the gauging, the resulting theory
is believed to be a consistent truncation of the maximally gauged N = 8 supergravity in 5D (and
therefore of 10D type IIB compactified on a sphere).
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hidden gauginos (hence an explicit R-symmetry breaking term), while a subleading

term would correspond to a VEV for the gaugino bilinear (hence a spontaneous

R-symmetry breaking term).

Starting from the 5D Lagrangian of this theory, along the lines described in

section 5.3, there are basically two steps one should perform:

• First, we should find a non-supersymmetric background configuration with

just the metric and some of the hyperscalars turned on. In order to do this

we will truncate the Lagrangian to the relevant field content (provided this is

consistent with the full set of equations) and extract the equations of motion

which the background must satisfy.

• Second, we need to extract the linearized differential equations for the vector

multiplet fluctuating on the background that we will find. To this aim, we will

perform a different truncation of the Lagrangian setting all fields but the vector

multiplet to their background values, and retain only the couplings which are

no more than quadratic in the vector multiplet fields.

We will now present the explicit form of these truncated Lagrangians.

6.1.1 Lagrangian for the background

Let us start by setting to zero the whole vector multiplet, as well as the gravitino, the

graviphoton and the fermions of the hypermultiplet. The phase α can be gauge-fixed

to zero. The resulting truncated (Euclidean) action reads

Sb.g. =

∫
d5x
√
G

[
−1

2
R+ Lkin + V

]
(6.5)

where the kinetic term is given in term of the metric (6.3) by Lkin = 1
2gXY ∂µq

X∂µqY ,

that is

Lkin =
1

4

[
4∂µη∂

µη + cosh2(η)∂µφ∂
µφ+ e2φ cosh4 (η) ∂µC0∂

µC0

]
. (6.6)

As a consequence of the gauging we have a non-trivial potential given by

V =
3

4

(
cosh2(2η)− 4 cosh(2η)− 5

)
. (6.7)

We end up with the following system of differential equations

Rµν =
2

3
VGµν + 2

(
∂µη∂νη +

1

4
cosh2(η) ∂µφ∂νφ

)
, (6.8)

2G η =
1

2

∂V
∂η

+
1

8
sinh(2η) ∂µφ∂

µφ, (6.9)

2G φ = −2 tanh(η) ∂µη∂
µφ, (6.10)



6.1 The gauged supergravity theory 83

where 2G is the usual Klein-Gordon operator on a curved space

2G =
1√
G
∂µ(
√
GGµν∂ν) . (6.11)

The condition of asymptotically AdS-ness can be phrased by taking a metric of the

form

ds2
5 =

1

z2

(
dz2 + F (z)(dxi)2

)
(6.12)

with F (z) approaching 1 at the boundary z → 0. Therefore the solution to the

above equations determine the three unknown functions φ, η and F of the radial

coordinate z.

In the case of unbroken R-symmetry, η = 0, the above system of equations

reduces exactly to the one considered in [106], and admits both a supersymmetric

AdS solution with constant dilaton, as well as a singular dilaton domain-wall solution

[106, 107]. The latter breaks both conformal invariance and (all) supersymmetry.

Another interesting background is one where also the charged scalar η has a non-

trivial profile. We will consider all these examples in turn.

6.1.2 Quadratic Lagrangian for the vector multiplet

We now turn to the action describing the coupling of vector multiplet fluctuations

to the background. To this end we fix F, φ and η to their (z-dependent) background

value into the full Lagrangian, and retain only those terms involving the vector

multiplet up to second order. The resulting (Euclidean) action can be divided in

two pieces

Squad =

∫
d5x
√
G [Lmin + Lint] . (6.13)

The first one contains kinetic terms and mass terms for the fluctuations, and it is

uniquely fixed by the dimensions of the dual operators and their minimal coupling

to the metric to be Lmin, eq. (5.55). The second one contains interactions with the

scalars φ and η and takes the form

Lint =
1

2
δM2D2 − δmDλ̄λ

− 1

2

(
mM λ̄λ

c + vM λ̄(/∂η)λc + ṽM λ̄(/∂φ)λc + c.c.
)
. (6.14)

where

δM2 = 2(cosh2(2η)− cosh(2η)) , δmD = −1

2
sinh2(η) (6.15)

mM = i sinh(η) , vM = − i

cosh(η)
, ṽM =

i

2
sinh(η). (6.16)
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In the first line there are (z-dependent) shifts for scalar mass squared and Dirac

fermion mass, whereas in the second line there are a Majorana mass term and addi-

tional Majorana-like couplings. We wrote the couplings in a 5D covariant manner,

but one should bear in mind that η and φ are background values which actually

can depend only on the radial coordinate, so that the additional terms are equiva-

lent to 4D covariant terms constructed with a γ5 matrix. Notice that all couplings

(6.15-6.16) vanish if η is identically zero in the background.

From the action (6.13) we get the equations of motions

(2G + 4− δM2)D = 0 , (6.17)

1√
G
∂µ(
√
GGµρGνσFρσ) = 0 , (6.18)

( /D − 1

2
− δmD)λ− (mM + vM /∂η + ṽM /∂φ)λc = 0 , (6.19)

where

Fµν = ∂µAν − ∂νAµ , (6.20)

/D = eµaγ
a

(
∂µ +

1

8
ωcbµ [γb, γc]

)
. (6.21)

As already noticed, the 5D spinor has the same form as a 4D Dirac spinor and it is

often useful to rewrite its equation of motions in terms of chirality eigenstates, that

is

λ =

(
χ

ξ̄

)
, λ̄ = −

(
ξ χ̄

)
, λc = −

(
ξ

χ̄

)
. (6.22)

In terms of Weyl components χ and ξ, eq. (6.19) becomes

(z∂z −
5

2
+ z

F ′

F
− δmD)χ+ i

z√
F
σi∂iξ̄ − (mM + vMzη

′ + ṽMzφ
′)ξ = 0 , (6.23)

(z∂z −
3

2
+ z

F ′

F
+ δmD)ξ̄ − i z√

F
σ̄i∂iχ− (mM − vMzη′ − ṽMzφ′)χ̄ = 0 . (6.24)

As can be seen from above equations, when Majorana-like couplings are turned on,

not only ξ̄ but also ξ appears in the equation for χ, and vice-versa. As we concluded

in section 5.4, we thus see that it is necessary to turn on a background for the scalar

η in order to have correlators with a non-zero B1/2.

6.1.3 Renormalized action with a non-trivial η

When the scalar η has a non-trivial profile and has non-vanishing leading boundary

behavior, the renormalized action for the vector multiplet should be slightly modified

with respect to what discussed in 5.4.

The scalar η has m2 = −3, and therefore its leading and subleading boundary
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behavior is

η '
z→0

η0z + η̃2z
3 + . . . (6.25)

As the numerical analysis in the following sections will show, whenever the leading

mode η0 is present (a source term for the corresponding ∆ = 3 boundary operator,

the hidden gaugino bilinear), the renormalized boundary action (5.69) should be

modified by the following term

Sηren =
N2

8π2

∫
d4k

(2π)4
[iη0(ξ0ξ0 − ξ̄0ξ̄0)] . (6.26)

Accordingly, the expression for the correlator (5.73) is modified to

〈jα(k)jβ(−k)〉η =
N2

8π2

(
δχ̃1α

δξ0β
−
δχ̃1β

δξ0α
+ 2iεαβη0

)
. (6.27)

The corrected expression (6.27) is necessary to ensure that the fermionic correlator

properly goes to zero at large momenta, as dictated by supersymmetry restoration

at high energy. The ultra-local term (6.26) can be seen as a counterterm which we

add to the boundary action in order to reabsorb an unwanted contact term in the

correlator. This countertem only depends on quantities that are held fixed in the

variational principle.

Notice that if the η profile has a leading boundary behavior proportional to η̃2,

which is holographically dual to a purely dynamical generation of an R-symmetry

breaking VEV, no modification in the renormalized boundary action occurs. Still,

having η a non trivial profile, χ̃1 would depend on ξ0, and hence the correlator (5.73)

would be in general different from zero.

The origin of the additional term (6.26) can alternatively be motivated as follows.

The interaction Lagrangian (6.14) at linear order in η reads

Llin
int =

1

2

(
−iηλ̄λc + iλ̄(/∂η)λc − i

2
ηλ̄(/∂φ)λc + c.c.

)
, (6.28)

where we can actually neglect the third term, since in a background with a non-trivial

dilaton profile, which necessarily behaves as z∂zφ = O(z4), this cannot contribute

to the boundary action.

The key observation is that the following boundary term

Sηreg =

∫
z=ε

d4k

(2π)4

i

2
ε−4

[
η(ξξ − ξ̄ξ̄ − χχ+ χ̄χ̄)

]
z=ε

(6.29)

is obtained if one integrates by parts the second term in (6.28). We note that this

boundary term is now Majorana-like, in contrast with the usual one, eq. (5.67),

which is Dirac-like. The term bilinear in χ is always vanishing at the boundary, but
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we notice that when η ∼ ε the term bilinear in ξ is actually finite, and is exactly the

term (6.26) after we restore the proper normalization.

6.2 Holographic correlators in AdS

As a warm-up exercise we want to compute the GGM two-point functions for a

pure AdS background, which is a solution of eqs.(6.8-6.10) with φ = η = 0. This

exercise has several motivations. First of all it will enable us to verify that the

machinery we have described correctly reproduces what we expect for a conformal

and supersymmetric case. Second, the values for the correlators that we find in

AdS will be the reference to confront with, when considering other backgrounds. In

particular, each correlator will have to asymptote to those of the pure AdS case,

at large momenta. Finally, the computations we perform in this section can be

of interest in a different context, that is when conformality and supersymmetry

breaking are implemented by a hard wall in AdS [109], which we will discuss in

detail in the next chapter.

The pure AdS solution is a trivial solution of our 5D effective model. However,

in order to fix the overall normalization of correlators, it is useful to uplift it to the

AdS5 × S5 solution of 10D type IIB supergravity, which reads (see e.g. [106])

ds2
10 =

L2

z2
(dz2 + (dxi)2) + L2dΩ2

5 , (6.30)

F5 =
N
√
π

2π3
(vol(S5) +

1

z5
d4x ∧ dz) , (6.31)

where the radius of AdS5 is fix to be L4 = k10N
2π5/2 by 10D Einstein equations. The

overall constant in front of the 10D action is 1/2k2
10 so that, substituting the value of

the 10D Newton constant in terms of the string theory parameters k10 =
√

8πG10 =

8π7/2gsα
′2, we get L4 = 4πgsNα

′2. Taking L = α′ = 1 we find G5 = π
2N2 and the

overall constant in front of the 5D effective action is 1/8πG5 = N2

4π2 .

In pure AdS the equations of motion (5.56), (5.57) and (5.62) are related to

standard Bessel equations, and therefore it is possible to get analytic solutions for

the fields. In fact, taking

D = z2d , Ai = zαi , ξ̄ = z5/2Ξ̄ , χ = z5/2X , (6.32)

we can substitute and get the equations for the bosonic fluctuations in the form

(z2∂2
z + z∂z − z2k2)d = 0 , (6.33)

(z2∂2
z + z∂z − (z2k2 + 1))αi = 0 , (6.34)
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while the system of equations for the gaugino is(z2∂2
z + z∂z − (z2k2 + 1))Ξ̄ = 0 ,

zσ̄ikiX = (z∂z + 1)Ξ̄ .
(6.35)

The general solutions to these equations for k2 ≥ 0 are

d(z, k) = c1(k)I0(kz) + c2(k)K0(kz) , (6.36)

αi(z, k) = αi1(k)I1(kz) + αi2(k)K1(kz) , (6.37)

Ξ̄(z, k) = θ̄1(k)I1(kz) + θ̄2(k)K1(kz) . (6.38)

The general solutions of second order differential equations depend on two arbitrary

constants, that in our case can be arbitrary functions of the 4D momentum k.

In order to impose Dirichlet boundary conditions at z → 0, which identify the

sources for the boundary operators, we expand the solutions (6.36-6.38) using the

limiting behavior of the I Bessel functions

I0(x) '
x→0

1 +
1

4
x2 + . . . ,

I1(x) '
x→0

1

2
x+

1

16
x3 + . . . , (6.39)

and similarly for K

K0(x) '
x→0
− log x+ log 2− γ + . . . ,

K1(x) '
x→0

1

x
+

1

2
x

(
log x− log 2− 1

2
+ γ

)
+ . . . . (6.40)

Comparing with (5.63-5.65) we get

c2(k) = −d0(k) , αi2 = kai0(k) , θ̄2 = kξ̄0(k) . (6.41)

This leaves us with three arbitrary functions c1(k), ai1(k), θ1(k). In order to have a

regular solution in the full domain we have to impose the following conditions in the

deep interior

lim
z→∞

D(z, k) = 0 , lim
z→∞

Ai(z, k) = 0 , lim
z→∞

ξ(z, k) = 0 . (6.42)

Using the expansions

I0, 1(x) '
x→∞

ex

(2πx)1/2
, K0, 1(x) '

x→∞

( π
2x

)1/2
e−x , (6.43)

we see that (6.42) implies c1(k) = ai1(k) = θ1(k) = 0. We note that the regular-
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ity conditions in the bulk are crucial to single out the solution to the fluctuation

equations. Therefore, the AdS5 solutions are

DAdS(z, k) = −z2K0(kz)d0(k) , (6.44)

AAdSi (z, k) = zkK1(kz)ai0(k) , (6.45)

ξ̄AdS(z, k) = z5/2kK1(kz)ξ̄0(k) , (6.46)

χ̄AdS(z, k) = z5/2K0(kz)σikiξ̄0(k) , (6.47)

where, in order to derive the last equation, we used the relation

x∂xK1(x) +K1(x) = −xK0(x). (6.48)

We can expand the solutions near the boundary, using again (6.40), and get the

following results for the subleading modes

d̃0(k) =

[
−1

2
log

(
Λ2

k2

)
− log2 + γ

]
d0(k) , (6.49)

ãi2(k) =
k2

2

[
−1

2
log

(
Λ2

k2

)
− log2 + γ − 1

2

]
ai0(k) , (6.50)

¯̃
ξ2(k) =

k2

2

[
−1

2
log

(
Λ2

k2

)
− log2 + γ − 1

2

]
ξ̄0(k) , (6.51)

χ̃1(k) =

[
−1

2
log

(
Λ2

k2

)
− log2 + γ

]
σikiξ̄0(k) . (6.52)

Substituting these expressions into eqs.(5.70)-(5.73), we finally get the two-point

functions

〈J(k)J(−k)〉 =
N2

8π2
CAdS0 (k2) =

N2

8π2

[
log

(
Λ2

k2

)
+ 2log2− 2γ

]
, (6.53)

〈ji(k)jj(−k)〉 = −N
2

8π2
δijk

2CAdS1 (k2) = −N
2

8π2
δijk

2

[
log

(
Λ2

k2

)
+ 2log2− 2γ

]
,

(6.54)

〈jα(k)j̄α̇(−k)〉 = −N
2

8π2
σikiC

AdS
1/2 (k2) = −N

2

8π2
σiki

[
log

(
Λ2

k2

)
+ 2log2− 2γ

]
,

(6.55)

〈jα(k)jβ(−k)〉 = 0 , (6.56)

where we can always take in (6.54) δij → δij− kikj
k2

because of current conservation.2

These results are in agreement with CFT computations [110,111]. Note that we

can always subtract the constant contribution log2 − γ to the two-point functions

2As was already noticed the holographic prescription performed with the transverse gauge fixing
allows us to compute only the part of the vector current two-point function which is proportional
to δij .
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by means of finite counterterms which preserve the N = 2 supersymmetry of the

bulk action, so these terms are inessential and will be ignored in what follows.

As expected for a supersymmetric background we find that the relations (2.17)

are satisfied, and thus that both gaugino (2.23) and sfermion masses (2.25) are iden-

tically zero. In a superconformal theory the OPE of the conserved current satisfies

some general constraints which were studied in general in [112] and applied to the

GGM formalism in [113]. In particular, if the hidden sector is exactly superconfor-

mal, as it is the case for N = 4 SYM, in the OPE of J(x)J(0) only the unit operator

can have an expectation value, leading to

C0(x) = C1/2(x) = C1(x) ∼ 1

x4
→ C0(k2) = C1/2(k2) = C1(k2) ∼ log

(
Λ2

k2

)
.

(6.57)

The precise coefficient appearing in the two-point functions, which is usually called τ ,

has been exactly determined from ’t Hooft anomaly in [114]. It gives the contribution

of the CFT matter to the beta function associated to the gauge coupling constant

of the U(1) subgroup of SO(6) that we are gauging. For the AdS5 case, our result

gives τ = 2N2. We note here that such a large number would be in contrast with

keeping the SSM gauge couplings perturbative before unification. We have alredy

mentioned this problem in the introduction and will not comment on this further,

besides saying that we are really trying to extract from this holographic approach

qualitative features of correlators in strongly coupled hidden sectors, that we assume

are a good approximation even outside the large N limit.

6.3 Holographic correlators in a dilaton-domain wall

In this section we will consider supersymmetry breaking solution for the background,

and indeed we will obtain non-trivial results for the soft masses. First we will keep

a trivial profile for the squashing mode, η = 0, but allow for a non-trivial dilaton

profile. We will see how the IR behavior of the correlators will change drastically

with respect to their conformal expressions found in the previous section.

The dilaton-domain wall is, in fact, a solution of the full 10D type IIB super-

gravity found in [106,107]. This is a singular solution with a non-trivial background

for the dilaton φ which preserves the full SO(6) R-symmetry. Upon dimensional

reduction on S5 we get the following 5D background

ds2
5 =

1

z2
(dz2 +

√
1− z8 (dxi)2) , (6.58)

φ(z) = φ∞ +
√

6 arctanh(z4) . (6.59)

The metric goes to AdS5 at the boundary z → 0 and presents a naked singularity

in the deep interior of the bulk, which we have set to z = 1 by adjusting one of the



90 Models in 5D supergravity

constants of integration. At the singularity the dilaton diverges

lim
z→1

φ(z) =∞ . (6.60)

The presence of the naked singularity signals a breakdown of the supergravity ap-

proximation and therefore the holographic interpretation of this background as a

well-defined field theory could be problematic. It appears that this particular sin-

gularity is physically acceptable according to the two criteria of [115] and [116].

Respectively, its scalar potential is bounded from above (it is exactly zero), and gtt

(of the 10D solution) is monotonously decreasing towards the singularity. A possi-

ble physical interpretation of this background was discussed in [106, 108]. Suffices

here to say that it describes a vacuum of a theory which in the UV coincides with

N = 4 SYM, where however a non-trivial VEV for trF 2
ij is turned on triggering

confinement and SUSY breaking. In the following we will probe some of its features

by the explicit computation of the GGM correlators. This background is interesting

for our program because it breaks, besides conformality, all the supersymmetries (as

one can see from the supersymmetry transformation of the dilatino) and it preserves

the SO(6) symmetry, so that we can consider an N = 2 vector multiplet gauging a

U(1) ⊂ SO(6).

The effective action at the linearized level for the N = 2 vector multiplet in the

dilaton-domain wall is of the form (5.55), and the resulting equations of motion will

take the schematic form

(2DW − 4)D ≡
(
z2∂2

z −
(

3 + 5z8

1− z8

)
z∂z +

z2(∂i)
2

√
1− z8

− 4

)
D = 0 , (6.61)

(Max)DWAi ≡
(
z2∂2

z −
(

1 + 3z8

1− z8

)
z∂z +

z2(∂i)
2

√
1− z8

)
Ai = 0 , (6.62)

( /DDW −
1

2
)λ ≡

(
zγz∂z − 2

1 + z8

1− z8
γz +

z

(1− z8)1/4
γi∂i −

1

2

)
λ = 0 . (6.63)

We note that the AdS equations are modified by terms of O(z8) in a near boundary

expansion.

The second order equations for the fluctuations of the supergravity fields can be

solved once two boundary conditions are specified.3 One boundary condition will

always determine the leading term at the boundary, fixing the overall normalization

of the solution, the second condition should be a regularity condition in the bulk, as

we explained in section 5.3. In this case, since the geometry terminates at a finite

value of z, the regularity condition in the interior amounts to fixing the behavior

near the singular point z = 1.

3For the sake of the argument that follows, we can convert the two first order equations for the
spinors χ and ξ̄ into a single second order equation for ξ̄.
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Figure 6.1: C0 and C1 functions: in red the AdS logarithm, in blue the dilaton domain
wall result.

Expanding eqs. (6.61-6.63) to the leading order in 1− z ≡ y → 0 we get

(y2∂2
y + y∂y)D = 0 , (6.64)

(y2∂2
y +

1

2
y∂y)Ai = 0 , (6.65)

(y2∂2
y +

5

4
y∂y −

1

8
)ξ̄ = 0 . (6.66)

whose solutions are given in terms of two undetermined coefficients α and β as

D '
y→0

α0logy + β0 , (6.67)

Ai '
y→0

αi1 + βi1y
1/2 , (6.68)

ξ̄ '
y→0

α1/2y
−1/2 + β1/2y

1/4 . (6.69)

The differential equations are well posed if we require, for all of the three fields, that

a linear combination of α and β vanishes.4 A condition giving a unequivocal choice

for all of the three fields is requiring that both the field and its derivative are finite

at the singularity. This condition can be satisfied for all of the three fields and their

first derivatives, except for the first derivative of the fermion, which will diverge in

any case. We thus select the choice of parameters α0 = β1 = α1/2 = 0.5

Once we specify the boundary conditions, a solution to eqs. (6.61-6.63) can be

found numerically for any value of the parameter k corresponding to the 4D mo-

mentum. By using the holographic formulas (5.70 - 5.72) we can then plot the Cs

functions.

We show the plots in figures 6.1, and 6.2. In each graph we plot both the result

for the supersymmetric AdS case, as well that for the dilaton domain wall solution.

4For instance D = 0 or ∂ξ̄ = const. at the singularity are not suitable boundary conditions
because they would kill both the coefficients.

5More general choices of the boundary conditions are in principle allowed (in bottom-up ap-
proaches for instance), and would give rise to different physics. We will see more on this perspective
in the next chapter when discussing hard wall models.
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Figure 6.2: C1/2 function: the plot on the left shows in red the AdS logarithm, in blue the
dilaton domain wall result; the plot on the right shows the 1/k2 pole for low momenta

Notice that, as expected, the AdS tails for the three graphs correctly coincide and

tend to their supersymmetric value.

One of the interesting results of the plots is the k−2 IR behavior of the fermionic

correlator C1/2. In figure 6.2 we plot k2C1/2, which clearly shows this correlator has

a 1/k2 pole at zero momentum. This kind of behavior is related to the existence of

massless excitations carrying the same quantum numbers of the corresponding cur-

rent. For the fermionic current jα, this signals the existence of massless fermions,

tipically ’t Hooft fermions, that compensate the global anomaly of the unbroken

U(1)R-symmetry [27]. Note, in passing, that imposing the “wrong” boundary con-

dition for the vector field fluctuations, namely α1 = 0, we would have gotten a k−2

pole also for C1. For the vector current this would be a massless Goldstone bo-

son. This would imply the existence of Goldstone bosons associated to some broken

global symmetry, which cannot be the case here since the original 10D background

preserves the full SO(6) (and hence our U(1)× U(1)R) symmetry.

While we cannot prove that there are indeed R-charged ’t Hooft fermions in

our strongly coupled theory, and just observe that the holographic analysis suggests

them to be there, it is useful to refer to the full 10D background to get some more

confidence about our result. From the 10D perspective there is a whole SO(6)

symmetry which the background preserves. Hence, at every scale there must exist

massless fermions in the spectrum so to match the UV global anomaly. The UV fixed

point is N = 4 SYM, which has indeed a non-zero global anomaly for the SO(6)

current. At this point one may think that the U(1) global symmetry of the hidden

sector which we are eventually weakly gauging and identifying with the (simplified)

SM gauge group is anomalous. This has not to be the case because having a non-

zero SO(6)3 anomaly still allows to consider a non-anomalous U(1) subgroup inside

SO(6). On the contrary, our result suggests that (part of) the SU(4) anomaly is

transmitted to the U(1)R current. Let us emphasize that any other anomalous global

symmetry would not provide a pole to the fermionic correlator C1/2, which is neutral

under any global symmetry but the R-symmetry. Hence, field theory expectations
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would suggest that when the R-symmetry is broken, R-charged ’t Hooft fermions

would not exist, and the pole in the fermionic correlator should vanish. We will

come back to this point in the next section.

The Majorana gaugino mass, determined by B1/2 through (2.23), vanishes be-

cause of unbroken R-symmetry. However, the pole in C1/2 provides for a Dirac mass

for the SSM gaugino (see the discussion in section 2.3.1). This is very similar to

any other model of R-symmetric Dirac gaugino masses, except that the massless

fermion in the adjoint that must couple bilinearly with the gaugino is here a com-

posite fermion generated at strong coupling. The soft spectrum, in this situation,

is very much reminiscent of that of gaugino mediation models. See [28, 30] for a

discussion of Dirac gaugino masses in General Gauge Mediation.

Let us finally notice how different are the Cs in the dilaton domain wall back-

ground with respect to the ones in AdS, at large momentum. Numerically we find

that

C0 − 4C1/2 + 3C1 ∼ O(k−8), k →∞ . (6.70)

This is due to the fact that the correction of the domain wall metric with respect

to the AdS one near the boundary is of O(z8). Note that since the dilaton does not

enter the equations for the vector multiplet fluctuation, its O(z4) behaviour near

the boundary does not influence the Cs. Another nice feature of the asymptotic

behaviour (6.70) is that it makes the integral (2.25) nicely convergent in the UV.

6.4 Holographic correlators in a dilaton/η-domain wall

Let us discuss another example, and look for a solution of eqs.(6.8-6.10) with a non-

trivial profile for both the dilaton and the squashing mode. The latter breaks the

R-symmetry so one should expect a very different behavior for the correlators.

In fact, in what follows we will only turn on a perturbative profile for the R-

symmetry breaking scalar η, that is we consider only the linearized equation for η on

the dilaton domain-wall background, and neglect the backreaction of such a profile

on the dilaton and the metric. As we are going to show, this will still be enough

to provide a drastic change in the holographic correlators (nicely matching, again,

field theory expectations).

The linearized equation for η is most conveniently written and solved using the

following parametrization of the asymptotic AdS metric (with boundary at r →∞)

ds2 =
(
dr2 + e2r(dxi)2

)
(6.71)

and reads

η′′(r) + 4coth(4r)η′(r) + 3η(r)− 3

2(sinh(4r))2
η(r) = 0. (6.72)
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The solution depends on two integration constants A and B and is given by

η(r) = (e8r − 1)
1
4

√
3
2

[
A 2F1

(
2 +
√

6

8
,
4 +
√

6

8
,
3

4
, e8r

)

+B 2F1

(
4 +
√

6

8
,
6 +
√

6

8
,
5

4
, e8r

)]
, (6.73)

where 2F1 is the hypergeometric function.

Changing variables to the usual z = e−r radial coordinate, one can verify that

indeed this solution has the expected behavior (6.25) near the boundary, with η0

and η̃2 expressed as linear combinations of A and B. On the other hand, studying

the equation near the singularity y = 1− z → 0 one finds the following behavior

η '
y→0

αy
1
4

√
3
2 + βy

− 1
4

√
3
2 , (6.74)

with α and β which are in turn linear combinations of A and B. If one imposes the

boundary condition at the singularity so to meet the criterion on the boundedness

of the potential [115], that is β = 0, one finds a relation between A and B which

imposes both η0 and η̃2 to be turned on at the boundary (indicating thatR-symmetry

is broken explicitly in the hidden sector). This implies that in doing the holographic

renormalization procedure one should bear in mind the discussion in section 6.1.3

and augment the boundary action by the term (6.26).

Plugging our results in the formulas for the holographic correlators (5.53) and

(5.54), it is easy to see that C0 and C1 are unaffected. On the other hand, both

fermionic correlators are modified. As shown in figure 6.3 the correlator B1/2 has

now a non-trivial dependence on the momenta. Consistently with expectations, it

reaches a finite value at zero momentum (hence providing non-vanishing Majorana

mass to SSM gauginos), and falls off to zero at k →∞. On the other hand, the pole

at k2 = 0 in C1/2 has now disappeared (see figure 6.3). This is consistent with field

theory intuition: in fact this is precisely the holographic realization of the case with

’t Hooft fermions and an R-symmetry breaking perturbation, that we discussed in

section 2.3.1.

6.5 Possible generalizations

In this chapter we have been working in the context of 5D consistent truncations

of type IIB string theory and focused our attention on supersymmetry breaking

asymptotically AdS backgrounds. The same techniques can be applied, in principle,

to several other models and can also find applications in different contexts. The ap-

proach of using a bottom-up set up, in particular hard wall models, will be discussed
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Figure 6.3: B1/2 and C1/2 functions in presence of a non-trivial profile for η: the plot on
the left shows that a non-zero Majorana mass for the gaugino is generated in this case; the
red dashed line, in the plot on the right, shows the result for η = 0.

in the next chapter. Here we would like to mention possible directions to generalize

the construction while keeping a top-down approach.

A natural next step is to try and generalize the present holographic approach

to backgrounds which are not asymptotically AdS. Indeed, a superconformal the-

ory cannot break supersymmetry spontaneously (because of the tracelessness of the

stress-energy tensor). Thus, the cases considered here and in [109] are nice toy-

models but cannot be the full story for a genuine SUSY breaking hidden sector.

It would be interesting, in this respect, to extend our analysis to cascading back-

grounds, as those considered in [117,118]. Alternatively, one would need at least two

distinct scalar profiles to be turned-on in the background, that are independently

responsible for the explicit breaking of conformality and the spontaneous breaking

of supersymmetry.

Eventually, the addition of probe or backreacting D7 branes to represent the

SSM gauge groups will also be a necessary ingredient, especially if one wants to

make contact with the original set up of holographic gauge mediation [117, 118].

Indeed, in 5D backgrounds descending from string theory without explicit D-brane

sources, the maximal global symmetry one can have is SO(6) ' SU(4), i.e. the rank

is not big enough to match that of the SSM gauge group. Adding D7 branes is thus

necessary in this top-down approach, even though it makes the mediation of SUSY

breaking less direct and neat.
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Chapter 7

Hard-Wall Models

In the concrete models of HGGM we discussed in the previous chapter, the con-

straints of supergravity dictated the precise form of the interactions, and there was

no free parameter left to play with. While this can be a welcome feature from the

point of view of the predictivity of the model, it would be interesting to have more

flexible, bottom-up examples of HGGM, in the same spirit of the toy-models for

the hidden sector which, in a purely field-theoretical context, we treated in chapter

3. Given such class of examples, one could hope to address interesting questions

such as: how large a portion of the GGM parameter space can holographic models

of gauge mediation cover? Are there any restrictions and/or preferred patterns?

These questions are difficult to answer within fully-fledged top-down models, given

also the poor number of concrete and sufficiently explicit string theory supersym-

metry breaking solutions available in the literature.

In this chapter we will present the results in this direction obtained in [109].

We will consider supersymmetry breaking models which do not have necessarily a

completion in string theory, but on the other hand allow for more flexibility and

analytical power, enabling to try and answer the above questions. The simple back-

grounds we will focus on are so-called hard wall (HW) models [119–121], which

consists of a pure AdS background with a sharp IR cut-off in the bulk. In this setup

the correlation functions can be established analytically; moreover, at the price of

loosing any clear string embedding, there is more freedom in specifying the details of

the background (for instance, in contrast to what we discussed in section 6.4, in this

case one can allow a profile for η providing a VEV for the hidden gauginos bilinear

and not a source term).

The features of this setup are defined by the boundary conditions on the fluc-

tuating fields at the IR cut-off. A scan of all possible boundary conditions, which

can be parameterized in terms of a number of (a priori free) parameters, gives the

following results:

• Generically, that is if one does not tune any of the parameters, the resulting soft
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spectrum is that of gauge messengers mediation scenario. Gauginos acquire

Dirac masses, while sfermions are loop suppressed, hence the soft spectrum

turns out to be similar to that of gaugino mediation models. These features

arise due to the presence of massless (composite) bosonic and fermionic modes

in the hidden sector.

There are two possible ways out of this scenario, as we will explain in detail:

• Tuning some of the parameters one can eliminate hidden sector massless modes:

in this case one can scan any value of sfermion and gaugino masses, and ob-

tain a spectrum which can range from gaugino mediation to minimal gauge

mediation or scenarios with suppressed gaugino masses, hence covering all of

GGM parameter space.

• A more constrained but attractive possibility, relies on adding dynamical de-

grees of freedom in the bulk. Within this approach, the hidden sector massless

fermionic modes disappear automatically, and standard Majorana masses for

gauginos are generated, without any necessary tuning of bulk field boundary

conditions.

It is worth to point out that this construction is reminiscent of GGM realizations

in warped geometries, considered in [122–124] (a realization similar in spirit but with

a flat extra dimension was presented in [125]). The essential difference between [122–

124] and the present approach can be expressed, in the terminology of [126,127], by

saying that the latter uses a holographic picture, while the former rely on a Kaluza-

Klein picture, or 5D picture, in which the visible fields actually live in a universe

with a compact and warped extra-dimension, namely a slice of AdS. While the

physics of the two models is essentially the same, the advantage of the holographic

picture is that one can concentrate on the hidden sector, disregarding the details of

the mediation mechanism, so to directly obtain closed formulas for the GGM form

factors, which make more transparent the range of possibilities that can be covered

by changing the IR boundary conditions.

The chapter is organized as follows. We will start by introducing the hard wall

model, and by showing that one can impose a variety of different boundary condi-

tions on the bulk fields at the IR wall. We will then discuss the phenomenological

consequences of this freedom, and see when and how the general results antici-

pated above can actually be achieved. A somewhat unpleasant feature of this way

of proceeding is that, in order to cover large portions of GGM parameter space,

and in fact allow for non-vanishing Majorana gaugino masses to begin with, ad hoc

boundary conditions should be imposed. Therefore, we will then consider examples

in which, by turning on a background profile for a scalar whose dual operator is

charged under the R-symmetry, gaugino masses can in fact be generated in a more
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dynamical way, following a similar strategy as that of the previous chapter. We will

conclude by showing the derivation of some analytic results about the behavior of

GGM correlators at low momenta which we will be useful along the way.

7.1 Description of the setup

Let us now consider the model that will be our primary interest in this chapter,

the hard wall model. This is just AdS5 in which the geometry ends abruptly in

the interior by putting a sharp IR cut-off at z = 1/µ. This model was originally

studied as a toy model of a confining gauge theory because it provides an holographic

dual for theories with a gapped and discrete spectrum [119–121]. When discussing

correlators in the hard-wall model, it is useful to keep in mind the AdS case of

section 6.2.

Indeed, in the case of an hard wall background the general solution of the equa-

tions of motion for the fluctuations in the vector multiplet is exactly the same as

for pure AdS, eqs. (6.36-6.38), and depends on six integration constants (two for

each field). Also the UV boundary conditions (6.41) remain the same, and can be

simply understood as fixing the source of the boundary operator, leaving only three

constants undetermined. However, we are now solving the differential equations in

the open set (0, 1/µ), and the regularity conditions are replaced by some IR bound-

ary conditions at z = 1/µ. These conditions can be solved for the three remaining

constants, in order to fix the functional dependence of the subleading modes on the

leading ones.

The generic form of the solutions is

D(z, k) = DAdS(z, k) + c1(k)z2I0(kz) , (7.1)

Ai(z, k) = AAdSi (z, k) + α1i(k)zI1(kz) , (7.2)

ξ̄(z, k) = ξ̄AdS(z, k) + θ̄1(k)z5/2I1(kz) , (7.3)

where c1, αi1 and θ̄1 are integration constants determined by the IR boundary

conditions. Expanding these expressions near the UV boundary, one can easily find

that the correlators are modified with respect to the AdS case in the following way

C0(k2) = CAdS(k2)− 2
δc1

δd0
, (7.4)

C1(k2) = CAdS(k2)− 1

2k
δij
δα1i

δa0j
, (7.5)

C1/2(k2) = CAdS(k2)−

(
1

2k
δα̇
β̇

δθ̄β̇1
δξ̄α̇0

+ c.c.

)
, (7.6)

B1/2(k2) = −σ
i
αα̇ki
k

δθ̄α̇1
δξ0α

. (7.7)
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7.1.1 Homogeneous IR boundary conditions

We start by taking general homogeneous boundary conditions at the IR cut-off

(D(z, k) + ρ0z∂zD(z, k))|z=1/µ = 0 , (7.8)

(Ai(z, k) + ρ1z∂zAi(z, k))|z=1/µ = 0 , (7.9)

(ξ̄(z, k) + ρ1/2z∂z ξ̄(z, k))|z=1/µ = 0 , (7.10)

which depend on three independent coefficients ρs. As we will see, in order to cover

all of GGM parameter space it will be necessary to turn on also inhomogeneous

terms in the above equations, something we will do next.

As it befits coefficients computed with homogeneous boundary conditions, the

coefficients c1, α1i and θ̄1 in (7.1-7.3) are all proportional to the source terms. The

resulting GGM functions are

C
(h)
0 (k2) = CAdS(k2) + 2

−(1 + 2ρ0)K0( kµ) + ρ0
k
µK1( kµ)

(1 + 2ρ0)I0( kµ) + ρ0
k
µI1( kµ)

, (7.11)

C
(h)
1 (k2) = CAdS(k2) + 2

K1( kµ)− ρ1
k
µK0( kµ)

I1( kµ) + ρ1
k
µI0( kµ)

, (7.12)

C
(h)
1/2(k2) = CAdS(k2) + 2

(1 + 3
2ρ1/2)K1( kµ)− ρ1/2

k
µK0( kµ)

(1 + 3
2ρ1/2)I1( kµ) + ρ1/2

k
µI0( kµ)

, (7.13)

B
(h)
1/2(k2) = 0 . (7.14)

The analysis of the boundary condition-dependent soft spectrum emerging from the

correlators (7.11-7.13) is postponed to section 7.2. For future reference we would

instead like to comment here on the behavior in the IR and UV. Making use of

the asymptotic expansion for x� 1 for the Bessel functions (6.39-6.40) we find the

correlators at low momentum to behave as

C
(h)
0 (k2) '

k→0
log

(
Λ2

µ2

)
+

2ρ0

1 + 2ρ0
, (7.15)

C
(h)
1 (k2) '

k→0

4

1 + 2ρ1

µ2

k2
+ log

(
Λ2

µ2

)
− 3 + 8ρ1

2(1 + 2ρ1)2
, (7.16)

C
(h)
1/2(k2) '

k→0
4

2 + 3ρ1/2

2 + 7ρ1/2

µ2

k2
+ log

(
Λ2

µ2

)
−

(2 + 3ρ1/2)(6 + 25ρ1/2)

2(2 + 7ρ1/2)2
. (7.17)

As for the UV limit, given the large x behavior of Bessel functions (6.43), we can see

that all the C
(h)
s functions approach the supersymmetric AdS value with exponential

rate at large momentum

C
(h)
0 (k2) ∼ C(h)

1/2(k2) ∼ C(h)
1 (k2) '

k→∞
CAdS(k2)− 2πe

−
√

k2

µ2 . (7.18)
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From the field theory point of view, the exponential suppression in the UV suggests

that the breaking of supersymmetry in a hidden sector described by a hard wall

is not induced by any operator, which generically would appear in the OPE of the

GGM correlation functions with a scaling behavior in k2 fixed by its dimension.

Two additional remarks are in order at this point. The first is that one can

of course compute the above functions also using the numerical approach pursued

in the previous chapter, finding perfect agreement with the analytic computation

above. The second comment is that the above functions can be continued to negative

values of k2. It is easy to convince oneself that they will then display an infinite

sequence of poles on the negative k2 axis, corresponding to the glueball towers for

each spin sector. They return the same values that can be obtained through the

more traditional holographic approach of computing glueball masses, i.e. finding

normalizable fluctuations for each field.

7.1.2 Inhomogeneous IR boundary conditions

Let us now consider the possibility of having inhomogeneous boundary conditions

in the IR. We thus take general boundary conditions at the IR cut-off depending on

three more arbitrary terms, namely

(D(z, k) + ρ0z∂zD(z, k))|z=1/µ = Σ0(k) , (7.19)

(Ai(z, k) + ρ1z∂zAi(z, k))|z=1/µ = Σi1(k) , (7.20)

(ξ̄(z, k) + ρ1/2z∂z ξ̄(z, k))|z=1/µ = Σ̄1/2(k) . (7.21)

The coefficients c1, αi1 and θ̄1 in eqs. (7.1-7.3) will pick up an additional con-

tribution, linear in the Σs. Since these coefficients enter the GGM functions only

through the first derivative with respect to the source, the inhomogeneous terms

can contribute only if we allow them to be dependent on the source, with the result

that the condition at z = 1/µ involves both IR and UV data of the function. In

particular, from eq. (7.7), a dependence of Σ̄1/2(k) on the source ξ0 can give a non-

vanishing B1/2, as opposed to the case of homogenous boundary conditions (7.14).

Therefore, such a dependence implies that the boundary condition (7.21) explicitly

breaks the R-symmetry.

Since, in any case, only the first derivative enters eqs.(7.4-7.7), it is enough to let

the Σs depend linearly on the sources d0(k), ai0(k) and ξ0(k). Taking into account
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Lorentz invariance, a reasonable choice is

Σ0(k2) = − 1

µ2
E0d0(k) , (7.22)

Σi1(k2) = −E1ai0(k) , (7.23)

Σ̄α̇
1/2(k2) = − 1

µ3/2
E1/2ξ̄

α̇
0 (k)−H1/2

1

µ7/2
σ̄α̇αi kiξα0(k) , (7.24)

where the E’s and H are coefficients which do not depend on the momentum. Hence

we are left with 4 new parameters due to the inhomogeneous boundary conditions.

The GGM C functions in this case take the form

C
(nh)
0 (k2) = CAdS(k2) + 2

−(1 + 2ρ0)K0( kµ) + ρ0
k
µK1( kµ) + E0

(1 + 2ρ0)I0( kµ) + ρ0
k
µI1( kµ)

, (7.25)

C
(nh)
1 (k2) = CAdS(k2) + 2

K1( kµ)− ρ1
k
µK0( kµ) + µ

kE1

I1( kµ) + ρ1
k
µI0( kµ)

, (7.26)

C
(nh)
1/2 (k2) = CAdS(k2) + 2

(1 + 3
2ρ1/2)K1( kµ)− ρ1/2

k
µK0( kµ) + µ

kE1/2

(1 + 3
2ρ1/2)I1( kµ) + ρ1/2

k
µI0( kµ)

, (7.27)

and we also get a non-zero result for the B function, that is

B
(nh)
1/2 (k2) = 2

k
µH1/2

(1 + 3
2ρ1/2)I1( kµ) + ρ1/2

k
µI0( kµ)

. (7.28)

Indeed, the boundary condition (7.24) explicitly breaks theR-symmetry whenH1/2 6=
0. The result with homogeneous boundary condition is simply recovered by setting

the E’s and H to zero.

The inhomogeneous terms contribute to the IR behavior as follows

C
(nh)
0 (k2)− C(h)

0 (k2) '
k→0

2

1 + 2ρ0
E0 , (7.29)

C
(nh)
1 (k2)− C(h)

1 (k2) '
k→0

4

1 + 2ρ1

µ2

k2
E1 , (7.30)

C
(nh)
1/2 (k2)− C(h)

1/2(k2) '
k→0

8

2 + 7ρ1/2

µ2

k2
E1/2 , (7.31)

B
(nh)
1/2 (k2) '

k→0

8

2 + 7ρ1/2
H1/2 . (7.32)

As for the UV asymptotic, the large x behavior of the Bessel functions (6.43)

tells us that the exponential approach to the supersymmetric limit remains valid in

this case, also for B1/2(k2) that asymptotes to 0. So we see that, consistently, the

inhomogeneous boundary conditions do not modify the UV behavior.
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7.2 Analysis of the soft spectrum

We now discuss the physical interpretation, in terms of soft supersymmetry breaking

masses, of the Cs and B functions we found in the previous section.

Let us start with a very basic requirement: since the correlators happen to

have non-trivial denominators which depend on the momentum, we should exclude

the possibility that tachyonic poles are developed. The denominators are linear

combinations of two Bessel functions evaluated at x = k/µ, and studying their

monotonicity properties and their limits for x → 0 and x → ∞ one can easily see

that the poles are excluded if and only if the coefficients of the linear combination

have the same sign. This condition results in the following inequalities

{ρ0 ≤ −
1

2
} ∪ {ρ0 ≥ 0} , {ρ1 ≥ 0} , {ρ1/2 ≤ −

2

3
} ∪ {ρ1/2 ≥ 0} . (7.33)

The IR behavior of the Cs functions, in particular the expressions given in eqs.

(7.15-7.17), shows that the theory described holographically by the hard wall has a

threshold µ for the production of two particle states and possibly a certain number

of massless poles which depends on the choice of the boundary conditions. Below we

analyze the cases of homogeneous and inhomogeneous boundary conditions in turn.

7.2.1 Homogeneous boundary conditions

For generic choices of ρs parameters, we see from eqs. (7.15-7.17) that C1 and C1/2

have poles at k2 = 0 while C0 has not. The interpretation of such poles is that they

arise from the exchange of a massless state with the same quantum numbers of the

corresponding operator, as we discussed in section 2.3.1.

In that section we have already described the consequence on the soft spectrum

of poles in the correlators C1 and/or C1/2, which was studied in [27, 28], and can

be summarized as follows: the gauge boson gets a mass due to the would-be Gold-

stone boson in C1 , the gaugino acquires a Dirac mass by mixing with the would-be

massless fermion in C1/2 (recall that a Majorana mass is forbidden by the unbroken

R-symmetry), and the integral giving the sfermion masses is dominated by the con-

tribution of the poles. Comparing with the usual result in General Gauge Mediation

without IR singularities, the sfermion soft mass is enhanced by a logarithm of the

gauge coupling. Notice that the pole in C1 (C1/2) contributes with a negative (pos-

itive) sign, so that generically one can get a tachyonic contribution to the sfermion

mass-squared. In formulae

mg̃ = gM1/2 , (7.34)

m2
f̃
' g4

(4π)2

(
log

1

g2

)
(4M2

1/2 − 3M2
1 ) , (7.35)
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where g is the gauge coupling, mg̃ is the Dirac mass of the gaugino, mf̃ is the

sfermion mass, and M2
s is the residue of the massless pole Cs ' M2

s /k
2. From eqs.

(7.16-7.17) we see that in the present case1

M2
1 = 4µ2 1

1 + 2ρ1
, M2

1/2 = 4µ2 1 + 3
2ρ1/2

1 + 7
2ρ1/2

. (7.36)

Notice that in the tachyon-free range (7.33) the two residues are always positive.

If we further impose the contribution to the sfermion mass-squared (7.35) to be

positive, we get the additional inequality

ρ1 ≥ −
1

8

1− 9
2ρ1/2

1 + 3
2ρ1/2

. (7.37)

We see from eqs. (7.34-7.35) that in this scenario the sfermions are somewhat lighter

that the gaugino. This is typical of Dirac gaugino scenarios [30], though in our model

the Dirac partner of the gaugino is a strongly coupled composite fermion.

Tuning the ρs parameters

We now briefly mention different possibilities to evade the generic scenario presented

above, which can be realized by choosing specific values for the ρs parameters.

1. As a first possibility, consider the case in which M2
1 = M2

1/2, that is

ρ1 =
ρ1/2

1 + 3
2ρ1/2

, (7.38)

while ρ0 is kept generic. We are still in a scenario in which the global symmetry

is spontaneously broken in the hidden sector, and the soft spectrum is described

by the same formulae as before (notice however that the contribution to the

sfermion mass-squared is positive, now). Nevertheless, in this case we can

argue a different interpretation of the physics in the hidden sector, the reason

stemming from a somehow surprising fact: the condition (7.38) that makes the

two residues coincide, actually renders the whole C1 and C1/2 functions (7.12)

and (7.13) equal for all values of k2. As a consequence, one is led to interpret

the massless fermion as the partner of the Goldstone boson associated to the

broken global symmetry, rather than a ’t Hooft fermion. Since C0 differs from

C1 = C1/2 for generic ρ0, supersymmetry is still broken in the hidden sector,

but mildly enough so not to lift the fermionic partner of the Goldstone boson.

1Here and in the following we tacitly assume that the prefactor N2/8π2 can be set to unity. For
this value the overall normalization of the physical correlation functions (2.7-2.10) coincides with
the one that we have used throughout (5.70-5.73).
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2. As a subcase of 1, consider in addition to tune the ρ0 parameter to ρ0 = −1/2.

In this case the low momentum expansion (7.15) is not valid, and by repeating

the analysis one finds that also C0 develops a 1/k2 pole, with residueM2
0 = 4µ2.

As explained in [27, 28], a pole in C0 is unphysical, unless the hidden sector

breaks the global symmetry in a supersymmetric manner, so that C0 = C1/2 =

C1 and a massless Goldstone mode is present in all three functions2. Indeed,

if we require M2
0 = M2

1/2 = M2
1 , that is ρ1 = ρ1/2 = 0, we find from eqs. (7.11-

7.13) that this condition is sufficient to ensure C0 = C1/2 = C1 for all values

of k2, supporting the interpretation of a supersymmetric global symmetry

breaking in the hidden sector.

3. Finally, ρ1 and ρ1/2 can also be (independently) tuned in such a way to elim-

inate the massless pole in C1 and C1/2 respectively, the specific values being

ρ1 = ∞ 3 and ρ1/2 = −2/3. If only one of the two parameters is tuned, the

soft masses and the interpretation of the physics in the hidden sector remains

the same as in the previous section, with the only difference that M2
1 or M2

1/2

are tuned to 0. It is therefore more interesting to consider the possibility that

both parameters are tuned: in this case none of the Cs has an IR singularity

and we are in a situation similar to ordinary GGM, as far as sfermion masses

are concerned (the gaugino remains massless because the hidden sector does

not break the R-symmetry). Since at large k all the Cs approach their super-

symmetric value exponentially, the weighted sum −(C0 − 4C1/2 + 3C1/2) goes

to zero at the same rate, so that we can determine the sign of the sfermion

mass-squared by studying its IR limit. From eqs. (7.15-7.17) we see that the

leading term, with the present values of ρ1 and ρ1/2, is given by

−(C0 − 4C1/2 + 3C1) '
k→0
− 2ρ0

1 + 2ρ0
. (7.39)

In the tachyon-free range (7.33) this expression is negative. Therefore, in

this tuned scenario we find vanishing gaugino mass and tachyonic sfermion

mass. We will see later that both this unwanted features can be overcome:

one way, which is somehow more ad-hoc, consists in enlarging the parameter

space by considering inhomogeneous boundary conditions; the other, which is

more dynamical, consists in turning on a R-breaking scalar on top of the hard

wall background. Most of what follows will therefore consist in improvements

of this setting with tuned ρ1 and ρ1/2.

2In the simple example of a U(1) broken by the VEV of a charged chiral superfield the pole in
C0 is related to the modulus of the complex scalar.

3A global parametrization which avoids infinities could be conveniently given in terms of angles
αs, the change of variable being ρs = tg(αs).
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7.2.2 Inhomogeneous boundary conditions

Let us proceed by considering the functions (7.25-7.27), which we obtained adding

source-dependent inhomogeneous terms in the boundary conditions. Besides the ρs,

we have now four additional real parameters to play with, namely the dimensionless

Es and the R-breaking parameter H1/2, which has dimension of a mass.

For generic values of the parameters the situation is analogous to the one with

homogeneous boundary conditions, so that the Es parameters appear to be somehow

redundant: C1 and C1/2 have a massless pole, while C0 has not. The major difference

with respect to the previously considered case is that now H1/2 gives a non-zero

Majorana mass to the gaugino,

mg̃ =
8

2 + 7ρ1/2
H1/2 . (7.40)

Since now R-symmetry is broken, the pole in C1/2 cannot be interpreted as due to

a ’t Hooft fermion, and it seems unphysical. In order to get more interesting and

reasonable results, eliminating the poles at k2 = 0 in C
(nh)
1 and C

(nh)
1/2 , we can take

E1 = −1 and E1/2 = −(1 + 3
2ρ1/2), see eqs. (7.30) and (7.31). As opposed to eq.

(7.39), the IR limit of the weighted sum −(C0−4C1/2 +3C1/2) depends now on four

parameters, the ρs and E0, so that one can easily obtain a positive mass-squared

for the sfermions. For definiteness and for an easier comparison with eq. (7.39),

consider taking ρ1 =∞ and ρ1/2 = −2/3, so that

−(C0 − 4C1/2 + 3C1) '
k→0
−2ρ0 + 2E0

1 + 2ρ0
, (7.41)

which can be positive if E0 < −ρ0 (assuming a positive ρ0). The sfermion masses can

then be even bigger than the Majorana gaugino mass if H1/2 is somewhat smaller

than
√
|E0|µ.

The punchline of the above analysis is that tuning appropriately the bound-

ary conditions, one can realize holographically any scenario between pure gaugino

mediation [128–135] to minimal gauge mediation [3–5] as well as scenarios with sup-

pressed gaugino masses [7,14,16,54–57] which would fit into a split supersymmetry

scenario [18,19]. Hence, hard wall models can actually cover all of GGM parameter

space. In fact, it is not entirely satisfactory that a necessary ingredient for all this

amounts to introduce two parameters, H1/2 and E0, which are directly proportional

to gaugino and sfermions masses, respectively. This is reminiscent of minimal bench-

mark points. It would thus be desirable to try and obtain both Majorana gaugino

masses and positive squared sfermions masses by enriching the dynamics in the bulk

instead of introducing inhomogeneous terms in the IR boundary conditions. In the

next section we will describe how this goal can indeed be achieved, by turning on

a linear profile for an R-charged scalar, similarly to the appraoach we had in the
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previous chapter.

Let us finally mention that, as noticed in [136], a positive value for C1 −C0 is a

desirable feature, in that it helps raising the mass of the Higgs in gauge mediation

scenarios. In present models, this is achieved by the same conditions which make

the right hand side of (7.41) positive.

7.3 Hard wall with R-symmetry breaking mode

In this section we would like to construct a simple scenario in which the R-symmetry

is broken (and gaugino masses generated) dynamically. We will follow the same logic

of chapter 6, where it was observed that considering only the minimal action (5.55)

for the vector supermultiplet it is impossible to break the R-symmetry by bulk

dynamics, and get non-zero gaugino Majorana masses. As in the top-down model

considered there, we will see that the dynamical breaking of R-symmetry implies

automatically the absence of massless modes in C1/2. Notice that this physical

consistency condition had instead to be imposed by hand, in the previous section.

We introduce a new dynamical scalar field η in the bulk, with m2 = −3, and

treat it as a linear fluctuation around the hard wall metric.

The action for η at the linearized level is completely determined by its mass,

while the precise values of its couplings with the vector multiplet can be guessed by

analogy with the N = 2 supergravity embedding considered in chapter 6, based on

the general results of [91,92]

Skin =
N2

4π2

∫
d5x
√
G(Gµν∂µη∂νη − 3η2) , (7.42)

Sint =
N2

4π2

∫
d5x

√
G

2

[
(η + z∂zη)(χχ+ χ̄χ̄) + (η − z∂zη)(ξξ + ξ̄ξ̄)

]
. (7.43)

One might think that, in view of the possibility of constructing more general bottom-

up models, it might be interesting to see what happens if we take arbitrary coef-

ficients in the interactions term. On the other hand, asking for a gravity dual of

a supersymmetric field theory (which then breaks supersymmetry spontaneously or

by a soft deformation) puts severe constraints on the possible interactions. In fact,

precisely the constraints dictated by supergravity. One can check that choices other

than the interactions above do not give the right supersymmetric result in the deep

UV.

We demand the R-symmetry breaking mode η(z, x) to have a non-trivial profile

in the vacuum which is independent on the boundary space-time directions in order

to preserve Poincaré invariance of the dual field theory. The most general solution
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Figure 7.1: The solid blue line is for η = 0, the dashed one on the left figure is for η = 0.1 z3

and on the right figure for η = 0.1 z. In these plots ρ1/2 = 3 and µ = 1. Notice that turning
on η the massless pole disappears.

to the resulting equations of motion for η without k dependence is

η(z) = zη0 + z3η̃2 , (7.44)

where η0 and η̃2 are two arbitrary constants. These two constants can be fixed

imposing, as usual, boundary conditions at z = 0 and at the IR cut-off z = 1/µ.

This strictly amounts to considering them as free parameters, which we will do in

the following.

The equations of motion for λ are modified by the presence of the extra contri-

bution (7.43) and become(z∂z − 5
2)χ+ zσikiξ̄ + (η − z∂zη)ξ = 0 ,

(−z∂z + 3
2)ξ̄ + zσ̄ikiχ+ (η + z∂zη)χ̄ = 0 .

(7.45)

Comparing with eqs. (5.62), one can easily conclude that in the present case the

leading boundary behavior of the fermionic field is not modified with respect to the

minimal case (5.65). On the other hand, as discussed in section 6.1.3, whenever

η0 6= 0, we have to modify the definition of the fermionic correlator defining B1/2

according to

〈jα(k)jβ(−k)〉 =
δχ̃1α

δξβ0
−
δχ̃1β

δξα0
+ 2η0εαβ , (7.46)

while the expression for the non-chiral fermionic correlator (5.72) remains unchanged.

We now need to solve eqs. (7.45) by imposing (homogeneous) boundary con-

ditions in the IR (that for generic ρ1/2 would give a massless pole when η = 0).

Unfortunately, this cannot be done analytically, and we have to resort to numerics.

Figures 7.1 and 7.2 contain our results.

It is remarkable to see that when the R-symmetry is broken by a scalar profile,

the pole in C1/2 disappears automatically. We note that the sfermion mass-squared
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Figure 7.2: On the left η = 0.1 z3, on the right η = 0.1 z. In these plots ρ1/2 = 3 and
µ = 1. When η 6= 0 a non-zero B1/2 is generated.

is driven positive by the fact that C1/2 is still quite large near k = 0, at least as far

as η is a perturbation. If we stick to this model without playing with inhomogeneous

boundary conditions in the IR, it can be seen that we are able to explore a smaller

region of parameter space. (Possibly, a larger portion of parameter space can be

reached by playing with ρ1/2.)

While the above analysis is done numerically, it would be nicer to have some

analytical control on (at least) the low momenta behavior of the correlators, to see,

for instance, how the pole in C1/2 disappears when the R-charged scalar is turned

on. This analysis turns out to be possible if we also take the parameters η0 and η̃2

parametrically small, and we obtain

C1/2 '
1 + 3

2ρ1/2

1 + 7
2ρ1/2

4µ2

k2 + 4M2
η0,η̃2

, (7.47)

B1/2 '
1 + 3

2ρ1/2

1 + 7
2ρ1/2

8µ2Mη0,η̃2

k2 + 4M2
η0,η̃2

, (7.48)

where

Mη0,η̃2 = η0 +
1 + 11

2 ρ1/2

1 + 7
2ρ1/2

η̃2

µ2
. (7.49)

Notice that these formulae agree with the numerical plots in figures 7.1 and 7.2. The

details of this computation are postponed to the next section.

7.4 The IR limit of correlation functions

In the previous section we have shown that the presence of a non-trivial profile for an

R-charged scalar field, η, while providing a non-vanishing value for the R-breaking

fermionic correlatorB1/2, consistently removes the pole from the non-chiral fermionic

correlator C1/2. The analysis was done by numerical methods. Before concluding,

in this section we take a brief detour to discuss the techniques that allow to study
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the IR behavior of holographic correlators analytically.

We are interested in analyzing the behavior of the correlation functions for small

k. In the example of the model we treated in this chapter, the relevant quantity is

k/µ� 1, where z = 1/µ is the position of the IR wall, so that the limit can also be

seen as moving the wall closer to the boundary. This suggests that if we just need

to evaluate the behavior of the Cs functions at low momenta, i.e. (7.15-7.17), we can

impose the IR boundary conditions directly on the near-boundary expansion of the

solutions, keeping only terms up to a mode high enough to match the order in k2 at

which we need the Cs. Indeed, in previous sections we have seen that this limit is

very easy to obtain when one has exact solutions, since it involves expanding Bessel

functions near the origin, i.e. keeping only the near-boundary expansion.

Let us illustrate this procedure with C0 with homogenous IR boundary condi-

tions. We just need to substitute the expansion (5.63) in the boundary conditions

(7.8). We get

1

µ2
(d0 log(Λ/µ) + d̃0) + ρ0

1

µ2
(2d0 log(Λ/µ) + d0 + 2d̃0) = 0 , (7.50)

that is

d̃0 = −d0

(
log(Λ/µ) +

ρ0

1 + 2ρ0

)
. (7.51)

Applying

C0 = −2
δd̃0

δd0
, (7.52)

we obtain (7.15) right away and effortlessly. In order to reproduce eqs. (7.16)

and (7.17), the only added difficulty is that we have to go one order higher in the

expansion, if interested in both the 1/k2 pole and the finite term.

Notice that this procedure works because the equations of motion themselves

are not modified with respect to the AdS ones. If we had O(µ) corrections to the

metric (as in the example used in chapter 6), it would be impossible to take 1/µ

small without introducing large corrections to the background metric and thus to

the equations for the fluctuations.

The case of an AdS hard wall with a scalar profile turned is a particular case.

In order to prove that the pole in C1/2 disappears when η = η0z+ η̃2z
3 is turned on,

we should take the limit k → 0 in such a way to keep terms of the form (k2 + η2
0)−1

or (k2 + µ−4η̃2
2)−1. Therefore, the correct scaling is

η0/µ ∼ η̃2/µ
3 ∼ k/µ = ε→ 0 , (7.53)

and we should focus on the order ε−2 in the small ε expansion of C1/2. Keeping η

small we also ensure that we can still use the AdS near boundary expansion for the

fluctuations. The same kind of expansion can be done for the B1/2 correlator, with
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the difference that it starts from the ε−1 order. In both cases, the leading terms in

the ε expansion receive a non-trivial contribution both from η0 6= 0 and from η̃2 6= 0

and they are determined by keeping the near-boundary expansion

ξ(z, x) = z3/2

[
ξ0 +

∞∑
n=1

(ξ̃2n + ξ2n log(zΛ))z2n

]
(7.54)

up to n = 1 and n = 2, respectively. The results for the order ε−2 of C1/2 and the

order ε−1 in B1/2 are reported in the previous section. If one wants to go to the next

order in ε, which is order ε0 for C1/2 and order ε for B1/2, one should keep terms

up to n = 3 in the near-boundary expansion. Let us stress that this ε expansion is

different from a simple expansion for small momenta. For instance, the finite k = 0

term will receive contribution from arbitrary high orders in ε, which in turn would

require to keep arbitrary high terms in the near boundary expansion. Nevertheless,

as long as η0 and η̃2 are kept small, the approximations (7.47-7.48) give a reliable

information about the finite value at k = 0, as can be checked with the numerical

results plotted in figures 7.1 and 7.2.
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Chapter 8

Conclusions and outlook

In this thesis we treated various aspects of Gauge Mediation model building, with

a particular focus on holographic realizations. Let us pinpoint the main results we

have obtained:

• We showed how to construct theories of dynamical supersymmetry breaking

which reduce at low energy to any class of generalized O’Raifeartaigh models.

In particular, our constructions provide a dynamical completions of the sub-set

of weakly coupled theories which are more promising as hidden sectors, in that

they spontaneously break the R-symmetry and generate a sizable Majorana

mass for gauginos. Moreover, our theories show that ISS-like metastable vacua

can exist also outside the free-magnetic phase.

• We have constructed top-down models of holographic hidden sectors, working

at the level of an N = 2 5D supergravity theory which, at least for some choice

of parameters, can be derived from 10D string theory. The main phenomeno-

logical features of these models were studied, and it was shown that they can

realize both scenarios with Dirac and Majorana gauginos.

• We considered bottom-up holographic hidden sectors on a hard wall back-

ground. We showed that within this class of models, by varying the boundary

conditions, one can cover the whole parameter space of GGM, and discussed

how different scenarios can be more or less generic.

We will conclude by describing some possible future perspectives of this line of

research.

One possible direction is to consider more sophisticated top-down models, with

the aim of relaxing some of the simplifying assumptions we had to make, and also to

have a broader range of examples that may allow to draw more general conclusions

on the predictions of these holographic models. As we have explained in section

6.5, particularly interesting extensions could consist in adding D7 branes to the
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background, or considering cascading backgrounds instead of the more manageable

asymptotically-AdS ones.

Another direction would be to try and extend the holographic hidden sectors

beyond the strict definition of Gauge Mediation models, so to allow also for direct

couplings of the hidden sector with the Higgs sector of the SM, making contact

to what we explained in section 2.3.2. If the Higgs couples linearly to a certain

composite operator, correlators of the latter will determine the form of the soft

terms. In holographic hidden sectors, the operator is mapped to a gravity multiplet

with the same quantum numbers of the Higgs, and the usual holographic prescription

can be used to extract the relevant form factors, in complete analogy to what we

have done for ordinary GGM. This construction may in principle be realized in a

top-down setup, though it seems more suited for a bottom-up analysis, aimed to

scan the parameter space.

Finally, an additional perspective consists in considering the correlators as a

probe of the gravity solution. In the whole set of two-point functions of operators

sitting in a supersymmetric multiplet, the difference between form factors which are

related by supersymmetry carries non-trivial information about the mechanism of

supersymmetry breaking. This suggests to extend the present treatment to other

multiplets of operators. A particularly interesting possibility, because of its uni-

versality and of its direct connection with the dynamics of supersymmetry (and

conformal symmetry) breaking, would be to consider the supersymmetric multiplet

of the energy-momentum tensor.



Bibliography

[1] J. Wess and J. Bagger, “Supersymmetry and supergravity,” Princeton, USA:

Univ. Pr (1992) 259 p.

[2] G. Giudice and R. Rattazzi, “Theories with gauge mediated supersymmetry

breaking,” Phys.Rept., vol. 322, pp. 419–499, 1999.

[3] G. Dvali, G. Giudice, and A. Pomarol, “The Mu problem in theories with

gauge mediated supersymmetry breaking,” Nucl.Phys., vol. B478, pp. 31–45,

1996.

[4] S. Dimopoulos, G. Giudice, and A. Pomarol, “Dark matter in theories of gauge

mediated supersymmetry breaking,” Phys.Lett., vol. B389, pp. 37–42, 1996.

[5] S. P. Martin, “Generalized messengers of supersymmetry breaking and the

sparticle mass spectrum,” Phys.Rev., vol. D55, pp. 3177–3187, 1997.

[6] G. Giudice and R. Rattazzi, “Extracting supersymmetry breaking effects from

wave function renormalization,” Nucl.Phys., vol. B511, pp. 25–44, 1998.

[7] N. Arkani-Hamed, G. F. Giudice, M. A. Luty, and R. Rattazzi, “Supersym-

metry breaking loops from analytic continuation into superspace,” Phys.Rev.,

vol. D58, p. 115005, 1998.

[8] E. Witten, “Dynamical Breaking of Supersymmetry,” Nucl.Phys., vol. B188,

p. 513, 1981.

[9] M. Dine and A. E. Nelson, “Dynamical supersymmetry breaking at low-

energies,” Phys.Rev., vol. D48, pp. 1277–1287, 1993.

[10] M. Dine, A. E. Nelson, and Y. Shirman, “Low-energy dynamical supersym-

metry breaking simplified,” Phys.Rev., vol. D51, pp. 1362–1370, 1995.

[11] M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, “New tools for low-energy dy-

namical supersymmetry breaking,” Phys.Rev., vol. D53, pp. 2658–2669, 1996.

[12] E. Poppitz and S. P. Trivedi, “New models of gauge and gravity mediated

supersymmetry breaking,” Phys.Rev., vol. D55, pp. 5508–5519, 1997.



116 BIBLIOGRAPHY

[13] N. Arkani-Hamed, J. March-Russell, and H. Murayama, “Building models

of gauge mediated supersymmetry breaking without a messenger sector,”

Nucl.Phys., vol. B509, pp. 3–32, 1998.

[14] N. Seiberg, T. Volansky, and B. Wecht, “Semi-direct Gauge Mediation,”

JHEP, vol. 0811, p. 004, 2008.

[15] Z. Komargodski and D. Shih, “Notes on SUSY and R-Symmetry Breaking in

Wess-Zumino Models,” JHEP, vol. 0904, p. 093, 2009.

[16] R. Argurio, M. Bertolini, G. Ferretti, and A. Mariotti, “Unscreening the Gaug-

ino Mass with Chiral Messengers,” JHEP, vol. 1012, p. 064, 2010.

[17] T. Cohen, A. Hook, and B. Wecht, “Comments on Gaugino Screening,”

Phys.Rev., vol. D85, p. 115004, 2012.

[18] N. Arkani-Hamed and S. Dimopoulos, “Supersymmetric unification without

low energy supersymmetry and signatures for fine-tuning at the LHC,” JHEP,

vol. 0506, p. 073, 2005.

[19] G. Giudice and A. Romanino, “Split supersymmetry,” Nucl.Phys., vol. B699,

pp. 65–89, 2004.

[20] N. Arkani-Hamed, S. Dimopoulos, G. Giudice, and A. Romanino, “Aspects of

split supersymmetry,” Nucl.Phys., vol. B709, pp. 3–46, 2005.

[21] P. Meade, N. Seiberg, and D. Shih, “General Gauge Mediation,”

Prog.Theor.Phys.Suppl., vol. 177, pp. 143–158, 2009.

[22] L. M. Carpenter, M. Dine, G. Festuccia, and J. D. Mason, “Implementing

General Gauge Mediation,” Phys.Rev., vol. D79, p. 035002, 2009.

[23] J. Distler and D. Robbins, “General F-Term Gauge Mediation,” 2008.

[24] K. A. Intriligator and M. Sudano, “Comments on General Gauge Mediation,”

JHEP, vol. 0811, p. 008, 2008.

[25] M. Buican, P. Meade, N. Seiberg, and D. Shih, “Exploring General Gauge

Mediation,” JHEP, vol. 0903, p. 016, 2009.

[26] T. T. Dumitrescu, Z. Komargodski, N. Seiberg, and D. Shih, “General Mes-

senger Gauge Mediation,” JHEP, vol. 1005, p. 096, 2010.

[27] M. Buican and Z. Komargodski, “Soft Terms from Broken Symmetries,”

JHEP, vol. 1002, p. 005, 2010.

[28] K. Intriligator and M. Sudano, “General Gauge Mediation with Gauge Mes-

sengers,” JHEP, vol. 1006, p. 047, 2010.



BIBLIOGRAPHY 117

[29] P. Langacker, “The Physics of Heavy Z ′ Gauge Bosons,” Rev.Mod.Phys.,

vol. 81, pp. 1199–1228, 2009.

[30] K. Benakli and M. Goodsell, “Dirac Gauginos in General Gauge Mediation,”

Nucl.Phys., vol. B816, pp. 185–203, 2009.

[31] J. E. Kim and H. P. Nilles, “The mu Problem and the Strong CP Problem,”

Phys.Lett., vol. B138, p. 150, 1984.

[32] Z. Komargodski and N. Seiberg, “mu and General Gauge Mediation,” JHEP,

vol. 0903, p. 072, 2009.

[33] P. Draper, P. Meade, M. Reece, and D. Shih, “Implications of a 125 GeV

Higgs for the MSSM and Low-Scale SUSY Breaking,” Phys.Rev., vol. D85,

p. 095007, 2012.

[34] N. Craig, S. Knapen, D. Shih, and Y. Zhao, “A Complete Model of Low-Scale

Gauge Mediation,” JHEP, vol. 1303, p. 154, 2013.

[35] N. Craig, S. Knapen, and D. Shih, “General Messenger Higgs Mediation,”

2013.

[36] J. A. Evans and D. Shih, “Surveying Extended GMSB Models with mh=125

GeV,” 2013.

[37] K. A. Intriligator, N. Seiberg, and D. Shih, “Dynamical SUSY breaking in

meta-stable vacua,” JHEP, vol. 0604, p. 021, 2006.

[38] K. A. Intriligator and S. D. Thomas, “Dynamical supersymmetry breaking on

quantum moduli spaces,” Nucl.Phys., vol. B473, pp. 121–142, 1996.

[39] K.-I. Izawa and T. Yanagida, “Dynamical supersymmetry breaking in vector

- like gauge theories,” Prog.Theor.Phys., vol. 95, pp. 829–830, 1996.

[40] M. Dine, J. L. Feng, and E. Silverstein, “Retrofitting O’Raifeartaigh models

with dynamical scales,” Phys.Rev., vol. D74, p. 095012, 2006.

[41] J. Polonyi , Budapest preprint KFKI-1977-93, unpublished.

[42] L. O’Raifeartaigh, “Spontaneous Symmetry Breaking for Chiral Scalar Super-

fields,” Nucl.Phys., vol. B96, p. 331, 1975.

[43] K. A. Intriligator, N. Seiberg, and D. Shih, “Supersymmetry breaking, R-

symmetry breaking and metastable vacua,” JHEP, vol. 0707, p. 017, 2007.

[44] S. Ray, “Some properties of meta-stable supersymmetry-breaking vacua in

Wess-Zumino models,” Phys.Lett., vol. B642, pp. 137–141, 2006.



118 BIBLIOGRAPHY

[45] A. E. Nelson and N. Seiberg, “R symmetry breaking versus supersymmetry

breaking,” Nucl.Phys., vol. B416, pp. 46–62, 1994.

[46] J. Bagger, E. Poppitz, and L. Randall, “The R axion from dynamical super-

symmetry breaking,” Nucl.Phys., vol. B426, pp. 3–18, 1994.

[47] D. Shih, “Spontaneous R-symmetry breaking in O’Raifeartaigh models,”

JHEP, vol. 0802, p. 091, 2008.

[48] C. Cheung, A. L. Fitzpatrick, and D. Shih, “(Extra)ordinary gauge media-

tion,” JHEP, vol. 0807, p. 054, 2008.

[49] M. Bertolini, L. Di Pietro, and F. Porri, “Dynamical completions of generalized

O’Raifeartaigh models,” JHEP, vol. 1201, p. 158, 2012.

[50] J. L. Evans, M. Ibe, M. Sudano, and T. T. Yanagida, “Simplified R-Symmetry

Breaking and Low-Scale Gauge Mediation,” JHEP, vol. 1203, p. 004, 2012.

[51] Y. Shadmi, “Metastable Rank-Condition Supersymmetry Breaking in a Chiral

Example,” JHEP, vol. 1108, p. 149, 2011.

[52] D. Curtin, Z. Komargodski, D. Shih, and Y. Tsai, “Spontaneous R-symmetry

Breaking with Multiple Pseudomoduli,” Phys.Rev., vol. D85, p. 125031, 2012.

[53] A. Amariti and A. Mariotti, “Two Loop R-Symmetry Breaking,” JHEP,

vol. 0907, p. 071, 2009.

[54] L. Randall, “New mechanisms of gauge mediated supersymmetry breaking,”

Nucl.Phys., vol. B495, pp. 37–56, 1997.

[55] C. Csaki, L. Randall, and W. Skiba, “Composite intermediary and mediator

models of gauge mediated supersymmetry breaking,” Phys.Rev., vol. D57,

pp. 383–390, 1998.

[56] H. Elvang and B. Wecht, “Semi-Direct Gauge Mediation with the 4-1 Model,”

JHEP, vol. 0906, p. 026, 2009.

[57] R. Argurio, M. Bertolini, G. Ferretti, and A. Mariotti, “Patterns of Soft Masses

from General Semi-Direct Gauge Mediation,” JHEP, vol. 1003, p. 008, 2010.

[58] R. Argurio and D. Redigolo, “Tame D-tadpoles in gauge mediation,” JHEP,

vol. 1301, p. 075, 2013.

[59] J. Goodman, M. Ibe, Y. Shirman, and F. Yu, “R-symmetry Matching In SUSY

Breaking Models,” Phys.Rev., vol. D84, p. 045015, 2011.

[60] Y. Shadmi and Y. Shirman, “Singlet Assisted Supersymmetry Breaking,”

JHEP, vol. 1201, p. 087, 2012.



BIBLIOGRAPHY 119

[61] T. Lin, J. D. Mason, and A. Sajjad, “Hunting for Dynamical Supersymmetry

Breaking in Theories That S-confine,” JHEP, vol. 1108, p. 145, 2011.

[62] R. Kitano, H. Ooguri, and Y. Ookouchi, “Direct Mediation of Meta-Stable

Supersymmetry Breaking,” Phys.Rev., vol. D75, p. 045022, 2007.

[63] C. Csaki, Y. Shirman, and J. Terning, “A Simple Model of Low-scale Direct

Gauge Mediation,” JHEP, vol. 0705, p. 099, 2007.

[64] S. Abel, C. Durnford, J. Jaeckel, and V. V. Khoze, “Dynamical breaking of

U(1)(R) and supersymmetry in a metastable vacuum,” Phys.Lett., vol. B661,

pp. 201–209, 2008.

[65] N. Haba and N. Maru, “A Simple Model of Direct Gauge Mediation of

Metastable Supersymmetry Breaking,” Phys.Rev., vol. D76, p. 115019, 2007.

[66] A. Giveon, A. Katz, and Z. Komargodski, “On SQCD with massive and mass-

less flavors,” JHEP, vol. 0806, p. 003, 2008.

[67] K. Intriligator, D. Shih, and M. Sudano, “Surveying Pseudomoduli: The Good,

the Bad and the Incalculable,” JHEP, vol. 0903, p. 106, 2009.

[68] A. Giveon, A. Katz, and Z. Komargodski, “Uplifted Metastable Vacua and

Gauge Mediation in SQCD,” JHEP, vol. 0907, p. 099, 2009.

[69] S. A. Abel, J. Jaeckel, and V. V. Khoze, “Gaugino versus Sfermion Masses in

Gauge Mediation,” Phys.Lett., vol. B682, pp. 441–445, 2010.

[70] J. Barnard, “Tree Level Metastability and Gauge Mediation in Baryon De-

formed SQCD,” JHEP, vol. 1002, p. 035, 2010.

[71] N. Maru, “Direct Gauge Mediation of Uplifted Metastable Supersymmetry

Breaking in Supergravity,” Phys.Rev., vol. D82, p. 075015, 2010.

[72] D. Curtin and Y. Tsai, “Singlet-Stabilized Minimal Gauge Mediation,”

Phys.Rev., vol. D83, p. 075005, 2011.

[73] Z. Chacko, M. A. Luty, and E. Ponton, “Calculable dynamical supersymmetry

breaking on deformed moduli spaces,” JHEP, vol. 9812, p. 016, 1998.

[74] R. Argurio, M. Bertolini, L. Di Pietro, F. Porri, and D. Redigolo, “Holographic

Correlators for General Gauge Mediation,” JHEP, vol. 1208, p. 086, 2012.

[75] L. Susskind, “The World as a hologram,” J.Math.Phys., vol. 36, pp. 6377–6396,

1995.

[76] G. ’t Hooft, “Dimensional reduction in quantum gravity,” 1993.



120 BIBLIOGRAPHY

[77] E. Witten, “Anti-de Sitter space and holography,” Adv.Theor.Math.Phys.,

vol. 2, pp. 253–291, 1998.

[78] S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge theory correlators

from noncritical string theory,” Phys.Lett., vol. B428, pp. 105–114, 1998.

[79] J. M. Maldacena, “The Large N limit of superconformal field theories and

supergravity,” Adv.Theor.Math.Phys., vol. 2, pp. 231–252, 1998.

[80] N. Beisert, C. Ahn, L. F. Alday, Z. Bajnok, J. M. Drummond, et al., “Review

of AdS/CFT Integrability: An Overview,” Lett.Math.Phys., vol. 99, pp. 3–32,

2012.

[81] I. R. Klebanov and E. Witten, “Superconformal field theory on three-branes

at a Calabi-Yau singularity,” Nucl.Phys., vol. B536, pp. 199–218, 1998.

[82] M. R. Douglas and G. W. Moore, “D-branes, quivers, and ALE instantons,”

1996.

[83] A. Kehagias, “New type IIB vacua and their F theory interpretation,”

Phys.Lett., vol. B435, pp. 337–342, 1998.

[84] B. S. Acharya, J. Figueroa-O’Farrill, C. Hull, and B. J. Spence, “Branes at

conical singularities and holography,” Adv.Theor.Math.Phys., vol. 2, pp. 1249–

1286, 1999.

[85] D. R. Morrison and M. R. Plesser, “Nonspherical horizons. 1.,”

Adv.Theor.Math.Phys., vol. 3, pp. 1–81, 1999.

[86] H. Kim, L. Romans, and P. van Nieuwenhuizen, “The Mass Spectrum of Chiral

N=2 D=10 Supergravity on S**5,” Phys.Rev., vol. D32, p. 389, 1985.

[87] M. Gunaydin and N. Marcus, “The Spectrum of the s**5 Compactification of

the Chiral N=2, D=10 Supergravity and the Unitary Supermultiplets of U(2,

2/4),” Class.Quant.Grav., vol. 2, p. L11, 1985.

[88] I. Heemskerk, J. Penedones, J. Polchinski, and J. Sully, “Holography from

Conformal Field Theory,” JHEP, vol. 0910, p. 079, 2009.

[89] L. Girardello, M. Petrini, M. Porrati, and A. Zaffaroni, “Novel local CFT and

exact results on perturbations of N=4 superYang Mills from AdS dynamics,”

JHEP, vol. 9812, p. 022, 1998.

[90] D. Freedman, S. Gubser, K. Pilch, and N. Warner, “Renormaliza-

tion group flows from holography supersymmetry and a c theorem,”

Adv.Theor.Math.Phys., vol. 3, pp. 363–417, 1999.



BIBLIOGRAPHY 121

[91] A. Ceresole and G. Dall’Agata, “General matter coupled N=2, D = 5 gauged

supergravity,” Nucl.Phys., vol. B585, pp. 143–170, 2000.

[92] A. Ceresole, G. Dall’Agata, R. Kallosh, and A. Van Proeyen, “Hypermul-

tiplets, domain walls and supersymmetric attractors,” Phys.Rev., vol. D64,

p. 104006, 2001.

[93] I. R. Klebanov and E. Witten, “AdS / CFT correspondence and symmetry

breaking,” Nucl.Phys., vol. B556, pp. 89–114, 1999.

[94] M. Bianchi, D. Z. Freedman, and K. Skenderis, “How to go with an RG flow,”

JHEP, vol. 0108, p. 041, 2001.

[95] M. Bianchi, D. Z. Freedman, and K. Skenderis, “Holographic renormalization,”

Nucl.Phys., vol. B631, pp. 159–194, 2002.

[96] K. Skenderis, “Lecture notes on holographic renormalization,”

Class.Quant.Grav., vol. 19, pp. 5849–5876, 2002.

[97] P. Breitenlohner and D. Z. Freedman, “Positive Energy in anti-De Sitter Back-

grounds and Gauged Extended Supergravity,” Phys.Lett., vol. B115, p. 197,

1982.

[98] P. Breitenlohner and D. Z. Freedman, “Stability in Gauged Extended Super-

gravity,” Annals Phys., vol. 144, p. 249, 1982.

[99] A. Petkou and K. Skenderis, “A Nonrenormalization theorem for conformal

anomalies,” Nucl.Phys., vol. B561, pp. 100–116, 1999.

[100] M. Henningson and K. Skenderis, “Holography and the Weyl anomaly,”

Fortsch.Phys., vol. 48, pp. 125–128, 2000.

[101] E. Shuster, “Killing spinors and supersymmetry on AdS,” Nucl.Phys.,

vol. B554, pp. 198–214, 1999.

[102] M. Henningson and K. Sfetsos, “Spinors and the AdS / CFT correspondence,”

Phys.Lett., vol. B431, pp. 63–68, 1998.

[103] M. Henneaux, “Boundary terms in the AdS / CFT correspondence for spinor

fields,” 1998.

[104] P. McGuirk, “Hidden-sector current-current correlators in holographic gauge

mediation,” Phys.Rev., vol. D85, p. 045025, 2012.

[105] K. Skenderis and M. Taylor, “Holographic realization of gauge mediated su-

persymmetry breaking,” JHEP, vol. 1209, p. 028, 2012.



122 BIBLIOGRAPHY

[106] S. S. Gubser, “Dilaton driven confinement,” 1999.

[107] A. Kehagias and K. Sfetsos, “On Running couplings in gauge theories from

type IIB supergravity,” Phys.Lett., vol. B454, pp. 270–276, 1999.

[108] N. R. Constable and R. C. Myers, “Exotic scalar states in the AdS / CFT

correspondence,” JHEP, vol. 9911, p. 020, 1999.

[109] R. Argurio, M. Bertolini, L. Di Pietro, F. Porri, and D. Redigolo, “Exploring

Holographic General Gauge Mediation,” JHEP, vol. 1210, p. 179, 2012.

[110] W. Mueck and K. Viswanathan, “Conformal field theory correlators from clas-

sical scalar field theory on AdS(d+1),” Phys.Rev., vol. D58, p. 041901, 1998.

[111] W. Mueck and K. Viswanathan, “Conformal field theory correlators from

classical field theory on anti-de Sitter space. 2. Vector and spinor fields,”

Phys.Rev., vol. D58, p. 106006, 1998.

[112] J.-F. Fortin, K. Intriligator, and A. Stergiou, “Current OPEs in Superconfor-

mal Theories,” JHEP, vol. 1109, p. 071, 2011.

[113] J.-F. Fortin, K. Intriligator, and A. Stergiou, “Superconformally Covariant

OPE and General Gauge Mediation,” JHEP, vol. 1112, p. 064, 2011.

[114] D. Anselmi, J. Erlich, D. Freedman, and A. Johansen, “Positivity con-

straints on anomalies in supersymmetric gauge theories,” Phys.Rev., vol. D57,

pp. 7570–7588, 1998.

[115] S. S. Gubser, “Curvature singularities: The Good, the bad, and the naked,”

Adv.Theor.Math.Phys., vol. 4, pp. 679–745, 2000.

[116] J. M. Maldacena and C. Nunez, “Supergravity description of field theories on

curved manifolds and a no go theorem,” Int.J.Mod.Phys., vol. A16, pp. 822–

855, 2001.

[117] F. Benini, A. Dymarsky, S. Franco, S. Kachru, D. Simic, et al., “Holographic

Gauge Mediation,” JHEP, vol. 0912, p. 031, 2009.

[118] P. McGuirk, G. Shiu, and Y. Sumitomo, “Holographic gauge mediation via

strongly coupled messengers,” Phys.Rev., vol. D81, p. 026005, 2010.

[119] J. Polchinski and M. J. Strassler, “Hard scattering and gauge / string duality,”

Phys.Rev.Lett., vol. 88, p. 031601, 2002.

[120] H. Boschi-Filho and N. R. Braga, “Gauge / string duality and scalar glueball

mass ratios,” JHEP, vol. 0305, p. 009, 2003.



BIBLIOGRAPHY 123

[121] J. Erlich, E. Katz, D. T. Son, and M. A. Stephanov, “QCD and a holographic

model of hadrons,” Phys.Rev.Lett., vol. 95, p. 261602, 2005.

[122] M. McGarrie and D. C. Thompson, “Warped General Gauge Mediation,”

Phys.Rev., vol. D82, p. 125034, 2010.

[123] T. Gherghetta and A. Pomarol, “A Warped supersymmetric standard model,”

Nucl.Phys., vol. B602, pp. 3–22, 2001.

[124] S. Abel and T. Gherghetta, “A slice of AdS5 as the large N limit of Seiberg

duality,” JHEP, vol. 1012, p. 091, 2010.

[125] M. McGarrie and R. Russo, “General Gauge Mediation in 5D,” Phys.Rev.,

vol. D82, p. 035001, 2010.

[126] N. Arkani-Hamed, M. Porrati, and L. Randall, “Holography and phenomenol-

ogy,” JHEP, vol. 0108, p. 017, 2001.

[127] R. Rattazzi and A. Zaffaroni, “Comments on the holographic picture of the

Randall-Sundrum model,” JHEP, vol. 0104, p. 021, 2001.

[128] D. E. Kaplan, G. D. Kribs, and M. Schmaltz, “Supersymmetry breaking

through transparent extra dimensions,” Phys.Rev., vol. D62, p. 035010, 2000.

[129] Z. Chacko, M. A. Luty, A. E. Nelson, and E. Ponton, “Gaugino mediated

supersymmetry breaking,” JHEP, vol. 0001, p. 003, 2000.

[130] C. Csaki, J. Erlich, C. Grojean, and G. D. Kribs, “4-D constructions of su-

persymmetric extra dimensions and gaugino mediation,” Phys.Rev., vol. D65,

p. 015003, 2002.

[131] H. Cheng, D. Kaplan, M. Schmaltz, and W. Skiba, “Deconstructing gaugino

mediation,” Phys.Lett., vol. B515, pp. 395–399, 2001.

[132] D. Green, A. Katz, and Z. Komargodski, “Direct Gaugino Mediation,”

Phys.Rev.Lett., vol. 106, p. 061801, 2011.

[133] M. McGarrie, “General Gauge Mediation and Deconstruction,” JHEP,

vol. 1011, p. 152, 2010.

[134] M. Sudano, “General Gaugino Mediation,” 2010.

[135] R. Auzzi and A. Giveon, “The Sparticle spectrum in Minimal gaugino-Gauge

Mediation,” JHEP, vol. 1010, p. 088, 2010.

[136] T. T. Yanagida, N. Yokozaki, and K. Yonekura, “Higgs Boson Mass in Low

Scale Gauge Mediation Models,” JHEP, vol. 1210, p. 017, 2012.


