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We review the mechanisms of supersymmetry breaking mediation that occur in se-
questered models, where the visible and the hidden sectors are separated by an extra
dimension and communicate only via gravitational interactions. By locality, soft break-
ing terms are forbidden at the classical level and reliably computable within an effective
field theory approach at the quantum level. We present a self-contained discussion of
these radiative gravitational effects and the resulting pattern of soft masses, and give
an overview of realistic model building based on this set-up. We consider both flat and
warped extra dimensions, as well as the possibility that there be localized kinetic terms
for the gravitational fields.
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1. Introduction

The most important ingredient of supersymmetric extensions of the standard model
is certainly the way in which supersymmetry is broken. The standard set-up consists
of a visible sector containing the standard matter fields and a hidden sector hosting
spontaneous supersymmetry breaking. The effect of supersymmetry breaking in the
visible sector is then parametrized by a finite set of soft breaking terms. These
soft terms fully characterize the phenomenology of such a model, and are for this
reason often treated as free empirical parameters. However, it is an important and
challenging question to find a satisfactory and natural microscopic realization of the
interesting regions in the space of these parameters.

A particularly interesting and natural possibility is that the visible and the
hidden sectors interact only through gravitational interactions and supersymmetry
breaking is gravity-mediated [1, 2]. In this situation, the typical scale of the soft
masses is given by mgors ~ Mfusy /Mp, where Myysy is the scale at which sponta-
neous supersymmetry breaking occurs in the hidden sector and Mp is the Planck
mass characterizing the strength of gravitational interactions. Since gravitational
interactions are non-renormalizable, the soft terms depend on the unspecified UV
completion of the theory. The best we can do in general is then to parametrize
our ignorance about UV effects through higher-dimensional operators suppressed
by suitable powers of Mp, within a low-energy effective field theory approach. The
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dimensionless coefficients controlling these operators are expected to be generically
of order one, although their precise values remain out of reach.

The pattern of soft terms predicted by the above scenario is qualitatively com-
patible with phenomenological requirements. In particular, all the soft masses have
the same order of magnitude, which can be tuned to the electroweak scale by choos-
ing Msusy to be an intermediate scale. However, at a more quantitative level there are
some conceptual problems. Most importantly, the scalar soft masses must be nearly
flavour-universal in order not to spoil the Glashow—Iliopoulos—Maiani mechanism
suppressing flavour-changing processes in the standard model. There is however
no obvious reason for this to be the case in general, even assuming a theoretical
description of the flavour structure of the theory relying on some new symmetry
that is spontaneously broken at a scale Mg,,. Indeed, since Mp is supposed to be
close to the fundamental scale of the theory, it is natural to imagine that Mg, is
of the same order of magnitude as it, and the soft terms are thus expected to be
flavour-generic.

The essence of the above-described supersymmetric flavour problem lies in the
fact that even if the soft scalar masses are taken to be flavour-diagonal at the
classical level, quantum effects will generically induce unacceptably large flavour-
breaking corrections. A natural solution to this problem could then come from
some mechanism that is able to screen the soft scalar masses from these dangerous
effects. However, it is straightforward to convince one-self that it is impossible to
implement this by just imposing some kind of approximate symmetry. Interestingly
enough, a radically new possibility turns out to emerge from the notion of locality
in the presence of extra dimensions [3]. The crucial idea is that if the visible and
the hidden sectors are separated by an extra dimension, any transmission effect for
supersymmetry breaking must necessarily correspond to operators that are non-
local along the internal dimensions. As a consequence, the soft scalar masses will
vanish at the classical level and be dominated by soft quantum effects that are
flavour-universal and saturated in the IR, at the compactification scale. These effects
are finite and depend in a significant way only on the spectrum of light modes of the
higher-dimensional theory. They can thus be reliably computed within an effective
supergravity description.

2. Supersymmetry breaking and sequestering

Let us start by describing the way in which supersymmetry is broken in gravity-
mediated models. To do so, we consider a supergravity theory with visible and
hidden sectors labelled by the index i = v,h. The minimal set-up is obtained
by introducing some sample chiral and vector multiplets ®; = (¢;,x;; F;) and
Vi = (A%, \i; D;) in these two matter sectors. Using the superconformal approach to
supergravity [4], the gravitational interactions are described by a conformal grav-
ity multiplet C = (ez,wu;au,bu) and a conformal compensator chiral multiplet
S = (¢s,ts; Fs). The full superconformal group is gauged and is reduced to the
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ordinary super-Poincarré group by gauge-fixing the extra local symmetries through
the conditions b, =0, ¢5 =1 and ¥g = 0.

Using the above framework, the couplings between the matter fields and the
scalar auxiliary field of supergravity that are relevant for supersymmetry breaking
can be written in a particularly simple and illuminating form. Indeed, the general
form of this part of the Lagrangian is obtained by taking ordinary rigid super-
symmetry D and F' densities of an arbitrary Kahler function Q2 and an arbitrary
superpotential and kinetic functions W and G;. At the classical level of the effec-
tive theory, the dependence on the conformal compensator is uniquely fixed by Weyl
invariance and the matter Lagrangian reads:

Linae = [2(®;,87)SST] )+ [W(®,)S%] . + [W(®;)5°] .
+H[Gi (@)W r + [Gi(@) W2, (1)

The functions €, W and G;, which parametrize this Lagrangian, have general ex-
) ) )
pressions consisting of infinite series in inverse powers of Mp:

h
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For simplicity, we have discarded all the dependence on the gauge fields other than
their quadratic kinetic terms, and left the gauge quantum numbers of the matter
fields unspecified. In the above schematic writing, it should be remembered that
the second, third and fourth terms in (2) are always admissible, whereas the second
terms in (3) and (4) can occur only for singlets. Moreover, in order to achieve

a vanishing cosmological constant, we must in general tune A3 ~ MquyMp. The

supersymmetry breaking VEVs of the auxiliary fields are then found to be:
AP M
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It follows that the soft masses are given by

2
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From the above expressions, we see that the soft gaugino and scalar masses are
controlled by the dimensionless coefficients h and k of the leading operators mixing
the two sectors. Their values are undetermined within the effective theory, and are
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therefore a priori completely generic. In particular, the parameter h can have an
arbitrary sign and flavour structure.

At the quantum level, the low-energy effective theory can acquire an anomalous
dependence on the compensator multiplet due to the conformal anomaly induced
by quantum fluctuations of the light gauge fields. More precisely, Weyl invariance
dictates that the dependence on the energy scale p of all the running couplings
must come together with a dependence on the compensator multiplet .S, in such
a way that only the quantity u/ VSst appears. This leads to anomaly-mediated
corrections to the soft masses. In terms of the gauge loop factor aga, = g2/(1672),
they have the form [3, 5]

2

My /3 ~ @ Ogau | Fg| ~ @ 0pan —X 8

1/2 gau [ Fs| & (8)
M4

S8~ b [P~ b, P o)
P

The coefficients a and b are group-theoretical factors that depend only the quan-
tum numbers of the corresponding fields. In particular, the coefficient b is flavour-
universal and has a definite sign, which turns out to be positive for asymptotically
free gauge groups and negative otherwise. This implies that the anomaly-mediated
contribution is positive for the squarks and negative for the sleptons.

In a generic situation, the coefficients controlling the gravity-mediated contri-
butions to the soft masses are of order one, whereas the coefficients controlling
the anomaly-mediated contributions are instead of order cg,y,. The latter represent
thus negligible corrections and the situation is as bad as described in the intro-
duction. This matter of state does however radically change in sequestered models.
Indeed, as already explained, in such models the dimensionless coefficients h and
k are suppressed and computable. They are forced to vanish at the tree-level in
the counting of heavy-mode loops, and their values are therefore determined by the
one-loop effect. These are easily estimated by simple power counting to be of the
order of agra = MEy/(1672M3), that is a loop factor for gravity saturated at the
compactification scale Mk, which is defined as the mass scale of the Kaluza—Klein
modes divided by 7 and represents the scale at which the constraints put by locality
become effectively significant. In sequestered models, we therefore get:

k=caga, h=doga . (10)

The coefficients ¢ and d are numbers of order one that can be deduced only through
an explicit computation. In particular, d is flavour-universal but can a priori have
an arbitrary sign.

From the above discussion, we understand that sequestered models can poten-
tially solve the supersymmetric flavour problem of gravity-mediated models and
provide a framework where the soft scalar masses are naturally universal and radia-
tively induced by two distinct effects associated to gauge and gravitational loops.
In order to get a interesting model, these two effects must be able to compete, in
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order for the slepton masses squared to have a chance to be positive [6]. This can
that is:

Mkk
Mp
This is a reasonable possibility, which is compatible with the use of an effective
low-energy approach and can therefore be efficiently investigated in concrete mod-

: 2
happen if agra ~ agay,

~ AT agay - (11)

els with extra dimensions. It gives a strong motivation for explicitly computing the
above discussed gravitational loop contributions to the scalar soft masses in con-
crete classes of sequestered models and investigate their viability more precisely.
This program involves also studying and taking into account the additional effects
occurring in these models due to the radion multiplet parametrizing the dynamics
of the extra compact dimension. We will see in the following that these are quali-
tatively similar to those discussed in this section for four-dimensional models, but
they will turn out to be absolutely crucial for the possibility of having a positive
contribution from the gravitational loop effects.

3. Minimal sequestered models

The simplest realization of sequestered models is achieved by introducing a single
extra dimension and locating the visible and the hidden sectors at two branes po-
sitioned at fixed points in the internal dimension. We shall consider the general
case of a warped geometry of the Randall-Sundrum type [7]. The formulation of
the locally supersymmetric version of this class of compactifications has been the
object of active study in the past years. * It consists in a gauged 5D supergravity
theory compactified on the orbifold S!/Zs. We denote by y the coordinate of the
internal circle and by R its radius. The two fixed points of the orbifold action are
located at yg = 0 and y; = 7R, and they represent the boundaries of the physical
segment of internal space. Using the notation 6;(y) = é(y — y;), the Lagrangian of
the theory takes then the form:

L="Ls+6(y)Lo+ 01(y)L1 - (12)
The kinetic parts of the bulk and boundary Lagrangians are given by
. 1 = 37 1
ckin — \/g_s{ng,— SME (R5+ Ty (FMRNDngke(y)FMN)\pm §Fﬁmﬂ (13)

Ei-(in = \/9_4[,/\1. - %Mf (R4 + i\I’H'YMpr\I’u) + (* |au¢i|2 + Z.q/_)i'YuDﬂ/}i)} -(14)

In these expressions Mj5 is the 5D fundamental energy scale, k is a curvature scale
and My ; are two scales parametrizing possible localized kinetic terms for the bulk
fields, whereas Ay and Ay ; are bulk and boundary cosmological constants that are
tuned to the values A5 = —6M32k? and Ag = —A1 = 6M3k.

aThere are two different formulations, developed respectively in refs. [8, 9] and [10, 11], which
differ by a singular local R-symmetry transformation [12]. We use here the first.
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The above theory has a non-trivial supersymmetric warped solution defining a
slice of an AdS;s space that is delimited by the two 4D branes at y = yo,1. Defining
the function o(y) = k|y|, the background is given by [7]:

GuN = € 2T, 08,05 +84,6% , U =0, Ay =0. (15)

At energies much below the compactification scale Mk, the fluctuations around the
above background solution are described by an ordinary ungauged 4D supergravity
theory with vanishing cosmological constant. The fields of this effective theory are
the massless zero modes of the 5D theory and fill out a supergravity multiplet
G = (huv,¥,) and a radion chiral multiplet T = (¢,1) of the on-shell surviving
supersymmetry. They are defined by parametrizing the fluctuations around the
background as follows:

)

Ret Ret\2
Guv = eXp(_QUﬁ) (77#1/ + hﬁ“’) v Gy = 0, Gyy = (ﬁ) '

V2 V3
Yr; Ap=0, Ayzﬁlmt. (16)

The relevant low-energy dynamics is then fully controlled by the Kéhler function

V=9, ¥y= T
and the superpotential of the effective theory as a function of the radion multiplet
T and the matter multiplets ®;. These are computed by integrating out the heavy
Kaluza—Klein modes of the bulk fields.

At the classical level, the effective Kahler function can be deduced by substitut-

ing eqs. (16) into eq. (12) and integrating over the internal dimension. The result
has the form [13, 14]:

M3
QI+T, @, 0)) = —3=2 (1 - e*k<T+T*>)

+ (Do, DY) + Qy (D, BT) e HTHT) (17)

The first term is the matter-independent contribution from the bulk, whereas the
last two terms are the matter-dependent contributions from the branes. Ignoring
irrelevant operators involving higher powers of ¢i<1>1, the latter have the form

Qiﬁin(q%q)j) = —3M? + <I>Z-<I>1T ) (18)

Notice that whereas My is arbitrary, M; must be smaller than /M3 /k; otherwise,

~*T would become a ghost [15]. Moreover,

the radion scalar field parametrized by e
when these parameters come close to their maximal values, the effective fundamental
scale of the theory is significantly lowered [15]. The effective superpotential, on the

other hand, is specified by the superpotentials W; localized on the branes:
W(T, ®;) = Wo(®g) + Wy (1) e ™. (19)
The effective Planck scale can be read off from (17). Assuming that the matter fields
have vanishing VEVs and recalling that T has VEV 7R, one finds:
Mg

Mp = =2 (1= ) 4 M ME IR (20)
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The scalar soft masses vanish, independently of which fixed points are chosen to
host the visible and the hidden sectors. If v. = 0 and h = 1, this is obvious, since
the visible sector multiplet @y does not couple neither to T nor to ®;. If v =1 and
h = 0, the visible sector multiplet ®; couples instead to 7', although not to ®¢, in the
Kahler function. But it does in a very particular way, as a conformal compensator,
which can be trivialized through a field redefinition, and this guarantees that all
the masses cancel. The classical effective theory is thus of the sequestered type.

At the quantum level, there occur two kinds of corrections to the Kahler function.
The first class represents a trivial renormalization of the local operators correspond-
ing to the classical expression (17). These UV effects are divergent and incalculable,
but anyhow irrelevant, since as explained above they cannot induce soft masses.
A second class corresponds instead to new effects that have a field dependence
that differs from the one implied by locality and general covariance in (17). These
IR effects are finite and calculable, and control relevant contributions to the soft
masses. The relevant corrections that we have to compute are therefore non-local
and radion-dependent, and can be parametrized in the following general form:

o0
AQTHTY, @, @) = Y Crgn, (THTT) (@)™ (@10])™ . (21)
ng,n1=0

The functions C,, ,, control the leading effects allowing the transmission of super-
symmetry breaking from one sector to the other. More precisely, supersymmetry
breaking induces in general non-vanishing values for the auxiliary fields of all the
non-visible chiral multiplets in the theory, that is the compensator, the radion mul-
tiplet and the hidden sector matter multiplets. The operator associated with Cp o
yields then a Casimir energy, the one associated to C' o or Cy 1, depending one where
the visible and the hidden sectors are put, a radion-mediated scalar mass squared,
and finally the one associated to C,; a brane-mediated scalar mass squared. In the
flat limit of vanishing warping, C ¢ was computed in ref. [16], C; o and Cp 1 first in
[17] for M; = 0 and then in [18] for M; # 0, and finally C4 1 in [18, 19] for M; =0
and in [18] for M; # 0. In the general case of finite warping, the first coefficient was
computed in refs. [20] (see also [21]) and the other ones in [22].

4. One-loop corrections

There are various techniques that can be used to perform the computation of the
above described gravitational quantum corrections. A first approach, which was
taken in ref. [18], consists in using the off-shell component description developed in
ref. [11] with the same philosophy as ref. [23], and focus on a particular component
of each operator. A second approach, which was taken in refs. [19] and [22], consists
instead in using the linearized superfield approach of ref. [24] or the generalization
to the warped case of [22], and perform a supergraph computation. But happily,
after some supergravity gymnastics the corrections we are interested can be mapped
to the effective action of a very simple theory involving a single real scalar degree of
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freedom propagating in the same geometry and possessing localized kinetic terms
at the two branes. We will not give here a rigourous proof of this fact, for which
we refer the interested reader to ref. [22], but rather some qualitative hints on the
basic properties behind it.

The main ingredients of the computation are the interactions between the brane
and the bulk fields. These are fixed by the local symmetries that the theory should
possess at the branes, and are most conveniently organized by splitting the bulk
fields in background values plus fluctuations, and expanding in powers of the latter.
The leading term is given by the minimal coupling between the supercurrent of
the matter theory and the supergravity fluctuation multiplet, and leads to cubic
vertices involving two brane and one bulk fields. At the next order, we find instead
a coupling between the Kahler function of the matter theory and the kinetic term of
the supergravity fluctuation, which leads to quartic vertices with two brane and two
bulk fields. The one-loop diagrams that contribute to each operator in eq. (21), with
given ng and n1, are obtained by combining these two types of vertices and fall into
two classes. The first class consists of all those diagrams that involve some cubic
vertices. Fortunately, although individually gauge-dependent, these turn out to sum
up to zero in any gauge. The second class consists of the unique diagram that is
made of only quartic vertices. This is manifestly gauge-independent and represents
the only net contribution. Moreover, it is particularly simple to compute, since the
involved interactions have the form of additional kinetic terms for the bulk fields
with matter-dependent coefficients and localized at the two branes.

Proceeding along the above lines, and using a linearized superfield formulation
of the theory, it is possible to compute the full correction (21) in closed form.
The first step is to realize that the kinematical structure of the correction, namely
those factors that depend on the tensor and superspace structure of the virtual
particles and their interactions, amount to a universal factor of —4/p?, where p is
the internal momentum in the loop. The factor 4 takes into account the multiplicity
of bosonic and fermionic degrees of freedom and the factor 1/p? the fact that the
Kahler function determines the component effective action only after taking its
D component. The dynamical part of the correction that is left over can then be
described in terms of a single real scalar degree of freedom ¢ propagating in the same
background geometry and having some localized kinetic terms [;, with Lagrangian

1 — 40 — 40
£ =5 [(0u0)2 + 20,0 + (Iodo(v) + Lo (v) ) Gug)?] - (22)
More precisely, the one-loop correction to the Kahler function is obtained from
the one-loop effective action for the above theory by inserting a factor —4/p* in

its virtual momentum representation, and promoting the parameters R and I; on
which it depends to the superfields (7 +7T7T)/(27) and —QXkin /(3M2) respectively. P

bThe fact that a displacements of each brane is effectively equivalent to a flow in the local operators
on it [25] can be used to relate to some extent the matter dependence to the radion dependence.
It allows to derive the former from the latter at leading order and under some restrictions [22].
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A convenient way to compute the effective action for the scalar theory defined by
the Lagrangian (22) is to start with /; = 0 and to reconstruct the full result for I; # 0
by resumming all the diagrams with [; insertions. We thus denote by ¥,,(y) and m,,
the wave functions and the masses of the Kaluza—Klein modes of the scalar field ¢
in the limit [; = 0. The building blocks for the computation of the matter-dependent
terms are the boundary-to-boundary propagators connecting the points y; and y;,
with y; ; = 0, TR. More precisely, for later convenience we include a suitable power
of the induced metric at the two points that the propagator connects, and consider
the quantities

Ze S0y - 3o() Yn(¥) Vnly;) (23)
p? +m3
The quantity that is relevant to compute the matter-independent term is instead
the following spectral function:
Z@p) =[] @*+m2) - (24)
n
The above quantities are difficult to evaluate in terms of their definitions as
infinite sums and products over the Kaluza—Klein spectrum, because there exist no
simple closed form expressions for ¥,,(y) and m,,. Fortunately, they can be deduced
in a much simpler way as solutions to differential equations. The results are most
conveniently written in terms of the functions I; 2 and K 2, defined in terms of the
standard Bessel functions I 2 and K2 as

Io(x \/7\[112 , Kooz \/7\[1(12 (25)

Consider first the quantities (23). To compute them, we exploit the fact that they
are connected by the simple relation A;;(p) = e’%"(yi)e*%”(%)A(p,yi,yj) to the
propagator A(p,y,y’) of the scalar field ¢ for ; = 0 in mixed momentum/position
space for the non-compact/internal directions. The latter is defined as the solution
with Neumann boundary conditions at y equal to 0 and mR of the differential
equation (e=2*p? — 9,e=**9,)A(p,y,y') = §(y —y'). This is most easily solved by
switching to the conformal variable z = e*¥/k, in which the positions of the two
branes are given by 2o = 1/k and z; = €% /k. The result has been derived in
ref. [26], and when restricted to the brane positions, it finally yields:

1 11 (pz1)Ka(pzo) + K1(pz1) L2 (p2o)
A = = )
00(p) = 2]? Il(pzl)Kl(pzo) — K1(pz1)11(pzo) (20
1 fl(pzo)f(g(pzl) + fﬁ(pZo) A2(p21)
Ani(p) = == : B 7 '
») 2p I (pz1) K1 (pzo) — K1(p21) 11 (p20) 0
Ao1,10(p) = i = z ! > 7 ) (28)

2p 11 (pz1) K1 (pzo) — Ki(pz1) 11 (p20)
Consider next the formal determinant (24). Although this is not a propagator,
it can still be functionally related to it. Indeed, the masses m,, are by definition the
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poles of the latter, that is the zeroes of F(p) = I1(pz1)K1(pz0) — K1(pz1)11(pzo).
The infinite product in eq. (24) has the form of an irrelevant constant divergent
prefactor times a finite function of the momentum. In order to compute the latter,
we consider the quantity d,In Z(p) = >, 2p/(p? + m2). The infinite sum over the
eigenvalues, defined by F'(im,,) = 0, is now convergent and can be computed with
standard techniques. The result is simply 0, In F'(p). This implies that Z(p) = F(p),
up to the already mentioned irrelevant infinite overall constant:
Z(p) = jl(pzl)kl(pzo) - Kl(pzl)fl (p2o0) - (29)
Having the expressions for A;;(p) and Z(p) for I; = 0, we can compute the
full effective action for I; # 0 by summing up all the diagrams with an arbitrary
number of insertions of these localized kinetic terms. The vacuum diagram with-
out any interaction involves only the spectral function Z. All the other diagrams
involve instead the propagators A;;, and their sum reconstructs the determinant
in the two-dimensional space of branes of the identity plus the interactions times
the propagators. Since the interaction localized at z; involves a factor (kz;) ™2, and
we have included a factor (kzi)*%(kzj)*% in the definition of the A;;’s, each of
the latter comes along with a factor l;kz;. The expression for the correction to the
Kihler function is finally found by inserting a factor —4/p? in the virtual momentum
integral, as explained above. The result reads:

1 dp —4 lozoA lozoA
Q1 _1oop = —/ d p4 — In {Z(p) det {1 + ka( 020200(p) lozo Ol(p))]} . (30)
2/ @2m)tp l1z21A10(p) l1z1A11(p)

The momentum integral in eq. (30) is of course divergent. This corresponds

to the fact that it also contains incalculable corrections to the coefficients of the
local operators that are already allowed to appear at the classical level. In order to
disentangle the finite corrections associated to the non-local quantities that we are
interested in, we thus need to subtract these divergent contributions corresponding
to the renormalization of local terms. The appropriate subtraction can be identified
by replacing the brane-to-brane propagators A;;(p) and the spectra function Z(p)
with their asymptotic behaviours Aij (p) and Z(p) for p — oo. Up to exponentially
suppressed terms of order e~2P(21=20) which are clearly irrelevant, we find:

A00(17) = %p% ) An(P) = %;jii:; ) A01,10(17) =0, (31)
Z(P) = fl(PZ1)f(1(PZO) . (32)

The divergent part of eq. (30) is then obtained by replacing each untilded quantity
with its tilded limit. This yields

Qi = %/ (321)’4 ;—24 [an(p) +3,In (1 + kp2liziAii(p)) } . (33)

It can be verified, by using an explicit cut-off and rescaling the integration variable

to make the dependence of each term on the z;’s explicit, that the above expression
indeed has the structure of the most general allowed counterterm.
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The non-local corrections to the Kahler function can now be computed by sub-
tracting from the total one-loop expression (30) the divergent contribution (33)
associated to the local corrections. Our final result is then given by

AQ — / (d4p -2 Z(p) IL (1 + kZiliPQAii(p)) -1L (kzilinAii/ (p)) |

(34)

om)t p2 S =
™t P2 Z(p) T, (1 n kzili])QAii(p))
As already explained, the parameters [; and z; on which this expression depends
must be promoted to superfields; defining for convenience the lengths a; = M? /M3,
this is done according to the following rules:
Ol .
lj — Oy — 3]75 y R %6_%k(T+TT) . (35)
The functions C,, », can now be deduced by expanding eq. (34) in powers of the
matter superfields and comparing the result with the general expression (21). They
have of course the form of (ng+mn1)-point amplitudes involving the dressed brane-to-
brane propagators and spectral function, in the presence of localized kinetic terms
a;. Their functional dependence on the radion superfield has the structure of an
infinite series in powers of e‘k(T"’TT), and can be studied numerically. The most
important result is that the functions Cy o, C1,0 and Cp,; are positive for a; = 0 but
can become negative for sufficiently large «; # 0, the transitions points depending
on the warping k, whereas C ; stays always positive for any value of o; and k. This
implies that the Casimir energy and the radion-mediated squared masses can be
either negative or positive, whereas the brane-mediated squared masses are always
negative. An important general observation is that the effects of the warping and of
the localized kinetic terms are locally similar, as expected from the fact that they
affect in similar ways the masses and the wave functions of the Kaluza—Klein modes,
but globally differ in crucial aspects. More precisely, a sign flip in the first three
coeflicients is possible only in the presence of a non-vanishing localized kinetic term.
Warping only influences the size of the critical value of the localized kinetic that is
needed for the sign flip. This means that to have a chance to obtain positive scalar
squared masses in these minimal sequestered modes, one has to rely on a localized
kinetic term in the hidden sector, with a size that depends on the warping. To
be more quantitative and discuss model building, we shall specialize in the next
sections to the two extreme cases of weak and strong warping.

5. Weakly warped models

In the weak warping limit kR < 1, the low-energy effective theory is most conve-
niently described by using as radion superfield T'. The effective Kdhler function can
then be organized as a series in powers of the small parameter k(T+7'"). Retaining
only the leading term, the tree-level part is given by

Q=-3M}T+T +1o+1) . (36)
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Similarly, the one-loop correction (34) simplifies to

AQ — 1 ( lo l1

4n? N\ T Tt T
and the coefficients defined by eq. (21) are found to be

(_1)n0+n1 I("o,nho)( o a; ) (T+TT)—2
Am2nglng! f T+TV T+TT" ") BME(T+TT))rotn *

1) (T+T1)~2 (37)

Cno,”l = (38)
The function If(ag,a1,b) appearing in these equations satisfies the scaling law
It(yao, ya1,vb) = v 2It(ag, a1, b), and is defined as

e 1-— 21— 2
It(ag,a1,b) = */ drzln|l— do T/ o/ e b
0 1+agx/2 1+a12/2

The effect of the localized kinetic terms is parametrized by the dimensionless vari-
ables ¢; = «; /(T +T*). For ¢; = 0, all the coefficients are positive and proportional
to ¢ = It(0,0,1) &~ 1.202. More precisely, for the first four operators, the functional
factor (71)"°+"1If(n°’"1’0) is found to be ct, 2¢¢, 2¢¢ and 6¢;. For ¢; # 0, the situation
changes in an interesting way [18]. In particular, for small ¢y and large €1, these func-
tional factors tend to —(3/4)ct, —(3/2)ct, (41n2/¢(3)) €, 2 c¢ and (41n2/((3)) €, % ct.
The reflected situation, with large ¢y and small €7, is perfectly similar.

(39)

In this case, the two branes are completely equivalent. For concreteness, let us
put the visible sector at yo and the hidden sector at y;, that is v=0and h =1 in
our notation, and take ¢ = 0 and €¢; = e,. We have then Mgk = 2(T—i—T*)_1 and
M3 = M2(T+T*)(1 + epn). The radion-mediated and brane-mediated contributions
to the soft scalar squared masses are given respectively by —drdp:C1 0| Fr|* and
—C1.1|Fu|?. After rewriting the derivatives with respect to T+TT as derivatives with
respect to the last argument of the function (39), we find:

1 Frl|?
m(% = baéau |FS|2 + {5(1 + eh) If(11072) (0’ €h, 1)} CQgra (71|+E-|v*)2
1 1,1,0 | Fh|?
n [—§(1+eh)21f( >(0,eh,1)} Ours (40)

For e, much larger than 1, the numerical coefficient in the first bracket becomes
positive and grows like €y, whereas the one in the second stays negative and of
order 1. The possibility of achieving a satisfactory result depends however on the
dynamics of the model, through the values of Fg, Fr/(T+T*) and F,/Mp.

A simple class of viable models is obtained by considering the following effective
superpotential, which can arise for example through gaugino condensation [27]:

W= A3e AT L A3 4 M2 Dy, . (41)

susy
In the limit A, > A,, there is a stable solution with large T' ~ [nA, In(A,/Ap)] 71,
with a cosmological constant that can be made to vanish by tuning one of the
scales as a function of the others. The solution is then a function of two parameters,
which can be taken to be the supersymmetry breaking scale Mg,sy and the large
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dimensionless radius parameter t = nA,T'. In terms of these quantities, the F-terms
are given by
M2 FT 1 M2 Fh M2

Fo ~ susy ~ susy +h susy ) 49
S My O T+T* "t Mp  Mp  Mp (42)

In this situation, the sum of the two radion-mediated and brane-mediated gravita-
tional contributions becomes positive for e, ~ 2, and competes with the anomaly-
ow» that is Mxx/Mp ~ 4maga, as very
generically estimated in eq. (11). In this situation, we get flavour-universal and

mediated contribution if et~ ?agr, ~ «

non-tachyonic soft masses given by mg ~ mj/s ~ Qgaumsz/e. The radion mass is
found to be of comparable magnitude: myadion ~ M3 /2-

6. Strongly warped models

In the strong warping limit kR > 1, it is convenient to parametrize the radion
superfield by w = e™*T. The effective Kihler function can then be organized as a
series in powers of the small parameter ww’. The tree-level part is given by

Q=-3MZ2(k™" +1o) +3M3 (k™" — l))ww' . (43)

Similarly, retaining only the leading term, the one-loop correction (34) simplifies to
1
- )2
AQ = s Iy (lok, 11 k) (kww) (44)

and the coefficients defined by eq. (21) to

(=1)ro+m (kwwh)?

Cnony = (3MBk—T)notm

yrc— 10 (aok, ark)

The function I (ag,a1) appearing in these expressions in defined by

A S Ki(z) 1 1—az/2Ks(z)/K(x)
IW(GO’C“)_AL/O d Ii(z) 1+a0 1+aia/2h(x)/h(z) (46)

The effect of the localized kinetic terms is parametrized in this case by €; = a;k.
For ¢; = 0, all the C,, n,’s are positive and proportional to ¢y, = I,,(0,0) ~ 1.165.
More precisely, for the first four operators, the factor (—1)”°+”1I§Vno’nl’0) is found
to be ¢y, Cw, 2¢w and 2c¢y. For €; # 0, the situation again becomes more interesting
[22]. For small €y and sizeable €1, Cp o and C,¢ become negative, whereas C1 o and
(1,1 stay positive. For large €y and small €1, on the other hand, all the coefficients
stay positive and get just suppressed.

In this case, the two branes are not equivalent and there are two possible kinds
of models. We will however consider only the case where the visible sector is at yq
and the hidden sector at y1, that is v.= 0 and h = 1 in our notation, in order to
have a chance to get positive scalar squared masses, and take ¢g = 0 and €; = ey,
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We have then Mxk = k|lw| and M3 = M3k~!. The radion-mediated and brane-
mediated contributions to the soft scalar squared masses are given in this case by
—9,0,1C1 o|Fu|? and —C1 1|Fy|?, and we find:
3 = b2, |Fs+ [ 109(0,01)] agen | L

w?| Faf®

Mg
For €}, close to 1, the numerical coefficient in the first bracket can become positive
whereas the one in the second remains negative, and both are of order 1. Again,
the possibility of achieving a satisfactory result depends however on the dynamics
of the model, through the values of the parameters Fg, F,, and wF},/Mp.

A class of viable models can be obtained with the following effective superpo-
tential, which can be induced for example through gaugino condensation [14, 28]:

W= A3w" + Ajy + Ay w® + M2 ®pw® . (48)

susy

4
+ |50, age (47)

We assume that Apg is small compared to Ay but not too small compared to A, in
such a way that we can neglect the w-dependent term in the negative gravitational
contribution to the potential. In the limit A, > Ay with n > 3 or A, < Ay with
n < 3, there is a stable solution with small w ~ (Abl/Aa)%, with a cosmological
constant that can be adjusted to zero by tuning again one of the scales. The solution
is then a function of three parameters, which can be chosen to be the supersym-
metry breaking scale Mgy, the small dimensionless warp factor w, and one more
independent dimensionless combination of scales. Omitting the dependence on the
latter parameter, that we shall assume to be generic, the F-terms are given by

M2 w? M2 wFy M2
Fg~w? 22 Fo~ ks ~w? 2 49
o v Mp ’ 1—6h Mp ’ Mp v Mp ( )

In this situation, the sum of the two radion-mediated and brane-mediated gravita-
tional contributions becomes positive for €, ~ 1, and competes with the anomaly-
mediated contribution if agrs ~ aéau,
advocated in eq. (11). In this situation, we get flavour-universal and non-tachyonic

which implies again Mk /Mp ~ 4TQgay as

soft masses given by mg ~ m1 /3 ~ Qgau Mm3/2. The radion mass is in this case found
to be of even larger magnitude: myadion ~ w‘lmg/g.

7. Conclusions

The results of the previous sections show that minimal sequestered models can
become viable, with gaugino masses dominated by anomaly mediation and scalar
squared masses dominated by radion mediation. This requires however the presence
of a large localized kinetic term for the bulk gravitational fields in the hidden sec-
tor, with a value that is close to its warping-dependent maximal value. It would
be interesting to further investigate this extreme situation, and in particular to un-
derstand whether it can occur in any natural way and to what extent subleading
flavour-violating effects are suppressed.
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