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Scales and hierarchies in warped compactifications and brane worlds
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Warped compactifications with branes provide a new approach to the hierarchy problem and generate a
diversity of four-dimensional thresholds. We investigate the relationships between these scales, which fall into
two classes. Geometrical scales, such as thresholds for Kaluza-Klein, excited string, and black hole production,
are generically determined solely by the spacetime geometry. Dynamical scales, notably the scale of super-
symmetry breaking and moduli masses, depend on other details of the model. We illustrate these relationships
in a class of solutions of type IIB string theory with imaginary self-dual fluxes. After identifying the geometri-
cal scales and the resulting hierarchy, we determine the gravitino and moduli masses through explicit dimen-
sional reduction, and estimate their value to be near the four-dimensional Planck scale. In the process we obtain
expressions for the superpotential and Ka¨hler potential, including the effects of warping. We identify matter
living on certain branes to be effectivelysequesteredfrom the supersymmetry breaking fluxes: specifically,
such ‘‘visible sector’’ fields receive no tree-level masses from the supersymmetry breaking. However, loop
corrections are expected to generate masses, at the phenomenologically viable TeV scale.
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I. INTRODUCTION

Recent years have opened up a new universe of st
compactifications. Much of the work done on string pheno
enology after the ‘‘first superstring revolution’’ of 1984 ha
focused on traditional Kaluza-Klein compactifications
string theory to four dimensions. However, we now see
great range of extensions of this picture: one may first of
consider more generallywarped compactifications, and sec-
ond one may havebrane worldscenarios in which branes—
wrapped or otherwise—are present. This leads to a wide
spectrum of possibilities for reproducing four-dimension
Poincare´ invariant physics from higher-dimensional string
M theory. Particularly interesting are the resulting geome
cal or dynamical mechanisms that allow the string scale to
many orders of magnitude lower than the traditional va
;1019 GeV—and perhaps even as low asO(1 TeV), pro-
viding a completely new potential resolution of the hierarc
problem. We still seem only to have scratched the surfac
exploring this new universe.

The added complexities of these models imply the po
bility of various new phenomena taking place at differi
scales. In the case where some of these thresholds are
ered toO(1 TeV)—or even lower—clearly it is especiall
interesting to understand what they are, and how they
related to the geometry and fields on the internal manifo
The diversity of possible scales include the natural scale
scalar masses, the apparent and fundamental Planck s
thresholds for production of Kaluza-Klein states, excit
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string states or microscopic black holes, and the supers
metry breaking scale. We will discuss the emergence of th
in general warped compactifications or brane worlds that
cur in string or M-theory.

Models exhibiting these phenomena include the large
tra dimensions scenario of@1# and the warped model of@2#.
Although inspired by stringy developments, the original pr
posals were not directly related to an underlying microsco
theory, but were solutions of effective theories capturing
sential ideas. Large extra dimensions were subsequently
cussed in the context of string theory in@3#, and more com-
plete embeddings of warped scenarios have emerged.
specific example,@4# provides a string solution that geo
metrically realizes a hierarchically low fundamental stri
scale via warping, along the lines of@2#. A warped geometry
is created within a Calabi-Yau threefold by fluxes in t
spirit of @5–7#, with a throat that comes to a smooth en
playing the role of an infrared brane, while the Calabi-Y
manifold itself plays the role of an ultraviolet brane by te
minating the throat at the top. Since the total space is co
pact, this picture bears similarities to both@1# and @2#. In
these theories, the fluxes have the additional benefit of fre
ing many geometric moduli of the Calabi-Yau backgroun
as well as the dilaton. The ‘‘Gukov-Vafa-Witten’’~GVW!
superpotential@8# that freezes these moduli also can bre
supersymmetry spontaneously.

In this paper we study the relationship of the vario
thresholds of physical phenomena in a warped or br
world compactification, both to each other, and to proper
of the underlying geometry. Several of these scales rely o
on simple properties of the geometry, and very general st
ments can be made. We refer to these asgeometrical scales.
Some of the scales, particularly involving supersymme
breaking, are less generic and more model dependent
©2003 The American Physical Society08-1
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refer to these asdynamical scales. We will illustrate some of
this model dependence in the context of the model of@4# and
the GVW superpotential.

In outline, we begin with a brief general discussion
warped compactifications and brane worlds. We follow t
by discussing the general relationships between geomet
scales: the fundamental and apparent four-dimensio
Planck scales, the string scale, and the typical mass scale
brane matter. This is essentially a simple extension of kno
results. We then discuss the more model-dependent~but still
geometrical! question of the thresholds for Kaluza-Kle
modes. We next turn to dynamical scales, particularly
supersymmetry breaking scale. Here the observed scale
pend sensitively both on theform of supersymmetry break
ing ~e.g., gravity mediated from the moduli sector or a h
den brane sector, or gauge mediated from extended g
dynamics on the branes!, and on the warping in the regio
where it is localized.

We then give an extensive illustration of our comments
the context of the compactifications of@4#. With a moderate
choice of discrete fluxes, these solutions generate a hiera
between the weak and Planck scales, while at the same
breaking supersymmetry and fixing many of the problema
moduli familiar from traditional Calabi-Yau compactifica
tions. After outlining properties of these solutions, we der
expressions for the gravitino mass and for the potential
moduli. While not essential for the derivation, these can
thought of as arising from a four-dimensional effective s
pergravity action, and we exhibit the corresponding Ka¨hler
and superpotentials, explicitly including the effects of wa
ing. Generically the gravitino and moduli masses are e
mated to be large, of orderM4;1019 GeV, an apparent phe
nomenological disaster. However, as a result of no-sc
structure, the tree level masses for scalars living on an
brane vanish. Moreover, fermion masses also vanish at
tree level@9#, producing a close analogue of thesequestered
scenarios of@10#. To our knowledge this is the first realiza
tion of sequestering in a string theory background. The
questered form persists even incorporating brane back r
tion, although it may not survivea8 corrections. These
‘‘visible sector’’ masses receive contributions from loops; t
warped structure of the solution indicates that these cor
tions should be of orderO (TeV) for solutions where the
hierarchy is indeed generated by warping. Section V is ra
long and technical, but the reader interested in a brief o
view is directed to a summary in Sec. V F.

II. WARPED GEOMETRIES, BRANE WORLDS, AND THE
HIERARCHY

In traditional Kaluza-Klein compactifications, the ext
dimensionsym, m51, . . . ,D24, of D-dimensional space
time ~or more generally, in string theory the extr
dimensional conformal field theory! are taken to form a di-
rect product geometry with the visible dimensionsxm, m
50,1,2,3:

ds25hmndxmdxn1gmn~y!dymdyn, ~1!
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wheregmn is the metric in the extra dimensions. Howeve
we have increasingly realized the potential importance
compactifications in which this geometry is extended to
most general 4D Poincare´-invariant form:

ds25e2A(y)hmndxmdxn1gmn~y!dymdyn. ~2!

Such a compactification is known as awarped compactifica-
tion, and the functione2A as awarp factor @11–14#.

A second important extension, following from the ‘‘se
ond superstring revolution,’’ is the inclusion of branes.
order to preserve 4D Poincare´ invariance, these should b
fully extended over the dimensions of observed fo
dimensional spacetime. Their configuration in the extra
mensions is more flexible. Simplest is the case of D3-bran
which then are pointlike in the extra dimensions. But mo
generally, the compact geometry can have non-trivial clo
cycles on which some of the dimensions of a Dp-brane, with
p.3, can wrap.

Within the context of string theory, there are also high
form antisymmetric tensor fields that can acquire vacu
expectation values~VEVs! in the compact directions, with
out spoiling Poincare´ invariance.

D-branes, fluxes, and warping are of course in gene
related, since D-branes serve as sources for fluxes, and
D-branes and fluxes may serve as sources of non-trivial w
factors. It is also possible for D-branes and fluxes to tra
mute into one another.

Our interest is in string or M theory propagating on t
spacetime~2!. As long as geometrical features are larger th
the fundamental Planck length, the dynamics is well d
scribed in terms of a low-energy effective action of the fo

S5
MD

D22

~2p!D24E dDxA2g
1

2
R1E dDxA2gL, ~3!

whereMD is the fundamental Planck mass~in the phenom-
enologically useful conventions of@15#!, R is the Ricci sca-
lar, and L is the Lagrangian for other fields and source
including matter, fluxes, and branes.

We would like to determine the parameters that gov
four-dimensional phenomenology, in terms of the parame
of the underlying fundamental theory. In the example o
string compactification of the type II string, for whichD
510, the string frame Lagrangian takes the form

S}Ms
8E d10xA2ge22fR1•••, ~4!

up to a numerical constant, wheref is the dilaton and the
string coupling isgs5e^f&. The relation between the funda
mental string scale and the Planck scale immediately
lows:

M105gs
21/4Ms . ~5!

The relation between the fundamental and appar
4-dimensional Planck scales is nearly as simple. Indeed
place the metric~2! by one including 4D fluctuations
8-2
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SCALES AND HIERARCHIES IN WARPED . . . PHYSICAL REVIEW D67, 066008 ~2003!
ds25e2A(y)gmndxmdxn1gmn~y!dymdyn, ~6!

and substitute into the action~4!. We find that fluctuations of
the 4D metric about internal geometries obeying the eq
tions of motion are governed by an effective action

S45
M4

2

2 E d4xA2g4~x!R4 , ~7!

with the four- and D-dimensional Planck masses related

M4
2

MD
2 5S MD

2p D D24E dD24yAgD24e2A[S MD

2p D D24

Vw .

~8!

This equation defines the ‘‘warped volume’’Vw .
Next consider mass scales for matter fields. In particu

if fermion masses are generated by a Higgs scalarH, in the
absence of a protection mechanism, radiative corrections
expected to generate scalar massesMH of the order of the
cutoff, which here is expected to beO(MD), in the Lagrang-
ian L. In the general brane world scenario, where ferm
and Higgs fields propagate on a ‘‘standard model’’p-brane
with coordinatesz, this results in a contribution to the actio
of the form

SH52
1

2E d4xE dp24zAgbrane@e2A~¹mH !21MH
2 e4AH2#,

~9!

wheregbraneis the induced metric on the brane. From this w
find that the Higgs boson mass scale is given in terms
averages of the warp factor over the standard-model br
by

M0
25

E dp24zAgbranee
4A

E dp24zAgbranee
2A

MH
2 ;e2ASMMD

2 ~10!

where we denote the average of the warp factor on the s
dard model~SM! or visible brane by

e2ASM5E dp24zAgbranee
2A. ~11!

This makes it clear that fields localized in regions whe
eA!1 have their masses suppressed relative to the fu
mental scaleMD ; natural TeV scale masses can be genera
by the warp factor.

An alternative viewpoint of this mechanism comes fro
using the Weyl symmetry of the actions~4!, ~9!. Define the
new variables

g5l2ḡ, ~MD ,M0!5~M̄D ,M̄0!/l, H5H̄/l, ~12!

with corresponding scalings for other fields and dimension
parameters. This choice of scale may be used to set the
erage
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In these units@barring a large ratio of the different averag
that enter in Eq.~9!#, the fundamental Planck scale and t
Higgs boson mass are both naturally comparable, and
therefore have a choice.

~1! Conventional Planck-scale compactification:Take
M̄D;M4;1019 GeV, and find a mechanism, such as sup
symmetry, to suppress the Higgs boson mass to a far sm
scale.

~2! TeV-scale gravity scenario:TakeM̄D;1 TeV, which
then requiresVw@1/M̄D

D24 .
From the definition~8! of the warped volume and th

convention~13! we see that the latter choice results fro
either large volume or a large warp factor away from t
brane, or some combination of the two; in the barred va
ables, these two effects are on the same footing.

Thus to summarize there are two possible conventi
from which to understand the physics of the hierarchy in
context of a TeV-scale gravity model. In the first, the fund
mental scale isMD;1019 GeV, and scalar masses are su
pressed to a TeV. The second corresponds to a definitio
four dimensional energy relative to an observer localized
the brane; for such an observer, the fundamental scal
reached at four-dimensional energiesM̄D;TeV, and this is
also the natural scale for scalar masses. The four-dimensi
Planck scaleM4 is enhanced relative to these by the lar
warp factor in Eq.~8!. We will find the barred variables to b
convenient for most the the following sections, although
will revert to the unbarred variables for the purposes of c
culating masses of bulk fields in Sec. V.

III. GEOMETRICAL SCALES AND THRESHOLDS

In conventional Planck-scale compactifications, many
the new phenomena resulting from the compactification
only accessible in the vicinity of the four-dimensional Plan
scale,M4;1019 GeV. One of the reasons for the great inte
est in warped compactifications is the much greater latit
in the possible scales at which observable phenomena
occur. Many of these scales are determined purely from
geometryof the warped compactification, as opposed
other dynamical information. We have just seen two e
amples: the relationships between the fundamental Pla
scale, the apparent four-dimensional Planck scale, and
naturalness scale for scalar masses are determined thr
relations~8! and~10! and depend only on the warp factor an
the geometry of the internal manifold. In this section we w
extend this discussion of physical scales and the corresp
ing thresholds for other physical phenomena.

A. Strings and black holes

The most exciting possibility raised by warped compac
fication is that, as outlined above, the fundamental Pla
scale may be much lower than the apparent four-dimensio
Planck scale. This means that we may begin to experim
tally access the dynamics of quantum gravity much soo
than previously anticipated.
8-3
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For example, it is believed that the generic high-ene
physics of gravity is the production of black holes. If, as
the preceding section, we work in units where the warping
unity on the IR brane, the fundamental Planck scaleM̄D may
be as low as a TeV. Of course, the fundamental Planck s
generically represents the threshold for production of mic
scopic black holes, so above this energy collisions of p
ticles on the SM brane can produce black holes; this co
sponding phenomenology is discussed in@16–18#.1

In the context of string theory, this threshold may
pushed up to make room for an intermediate regime wh
string states are produced. This depends on the value ogs .
As we see from Eq.~5!, at weak coupling the threshold fo
string production is below the Planck energy. At the sa
time, the string length exceeds the Planck length,

l s;gs
21/4l p . ~14!

Objects smaller than this will explicitly exhibit behavio
characterized by non-local string dynamics, and class
black holes will only begin to exist once their radii exce
this value, at thecorrespondencescale@31#

Mc;
Ms

gs
2

. ~15!

BetweenMs and Mc we expect perturbative string state
gradually to become more strongly coupled and morph i
black hole states, perhaps with intermediate states bes
scribed as ‘‘string balls’’@32,33#.

So, to summarize the results of this subsection, for wea
coupled string theory, we should start seeing perturba
string states at the thresholdgs

1/4M10; these become mor
strongly coupled, and evolve into the generic gravitatio
physics of black holes above the thresholdMs /gs

2 . Some of
the phenomenology of the initial perturbative string regim
has been discussed in@34#.

B. Kaluza-Klein modes

Another generic phenomenon is production of Kaluz
Klein modes. For simplicity we just discuss these in the c
of scalar fields, although results for higher-spin fields sho
be qualitatively similar.

Specifically, consider aD-dimensional scalar fieldF,
with action

1It has long been believed that collisions above the Planck en
should create black holes. An early concrete statement is Thor
hoop conjecture@19#, and such processes were further studied
@20# and@21–23#. Reference@24# pointed out the relevance of suc
black hole formation within the TeV-scale gravity models of@1#,
and discussed some aspects of the phenomenology. Other aspe
black holes in these models were discussed in@25#, and their evapo-
ration in @26#. The experimental relevance of black hole formati
in warped scenarios was pointed out in@16#. A general argument for
classical black hole formation at high energies appears in@27#. For
reviews, see@28–30#.
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2E dDxA2g@~¹F!21MF
2 F2#

52
1

2E d4xA2g4E d6yAg6e4A@e22Ahmn¹mF¹nF

1gmn¹mF¹nF1MF
2 F2#. ~16!

This gives an equation of motion

h4F1e22A@¹m~e4A¹mF!2MF
2 e4AF#50. ~17!

Therefore the masses of Kaluza-Klein states will be giv
by the eigenvalues of the wave operator

e22A@¹m~e4A¹mYi~y!!2MF
2 e4AYi~y!#52Mi

2Yi~y!.
~18!

The size of these masses for Kaluza-Klein modes locali
in the vicinity of the SM brane is generically determined
the scales on which the 6D metric and warp factorA vary.
For example, in an unwarped compactification, the light
scale is roughly 1/L, whereL is the size of the largest di
mension. In the case of the model of@2#, the Kaluza-Klein
masses are of size 1/R, whereR is the AdS radius, in other
words the scale of variation of the warp factor which in th
case is just

A52y/R; ~19!

a similar result is found for the string solutions of@4# which
have an approximately AdS region. Either kind of geome
cal scale will typically be larger than the fundamental leng
scale~otherwise a geometrical description may not apply!, so
the Kaluza-Klein~KK ! masses will typically be below the
fundamental scale, even far below as in the extreme cas
@1#.

Of course, there may be more complicated scena
where contributions of the warp factor relative to that on t
SM brane rescale these masses. Kaluza-Klein~KK ! modes
localized in a region with warp factorA will have their
masses scaled byeA. For example, Ref.@36# investigates
scenarios with multiple throats that are approximat
anti–de Sitter; if we consider the KK modes localized
throat j in a vicinity with warp factorAj , then the corre-
sponding masses will be renormalized by the factoreAj as
seen by an observer on the SM brane. Of course coupling
such modes in a distinct throat to those of the visible sec
are expected to be correspondingly suppressed.

C. Summary of geometric thresholds

To summarize the results of this section, in a TeV-sc
gravity scenario with hierarchy generated by warping,
sequence of thresholds is as follows.~This summary is given
in the ‘‘brane-based’’ conventions outlined in the precedi
section.! The lowest energy threshold is generically that f
Kaluza-Klein states,

MKK;
eAKK

R
, ~20!
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whereAKK is the warp factor in the region where the state
localized, andR is a characteristic proper geometrical sca
Next, in the case of a string scenario, and at least for m
erately weak string coupling, comes the threshold for p
ducing string states:

MS;gs
1/4M10. ~21!

For the possibly more realistic case of strong string coupli
this is degenerate with the fundamental Planck scale, wh
as measured by observers on the standard model bra
M̄D; TeV; this is the approximate threshold for produci
black holes. Scalar masses are also naturally of this size

M0;M̄D . ~22!

The four-dimensional Planck scale lies far beyond, at

M4
2

M̄D
2

5S M̄D

2p
D D24

Vw . ~23!

IV. DYNAMICAL SCALES; SUPERSYMMETRY
BREAKING

Certain physical thresholds are determined by more
tailed dynamical information than that contained in the m
ric; these are the dynamical scales. An obvious exampl
that of supersymmetry breaking mass scales: the mass o
gravitino, and of superpartners. Moreover, generic Cala
Yau compactifications suffer from a plethora of moduli, b
these typically also get masses upon supersymmetry br
ing. Details of these scales depend sensitively on the dyn
ics; we will exhibit the mechanism of flux-generated mas
in the next section.

There are two broad classes of relevant supersymm
breaking mechanisms,gauge mediatedandgravity mediated,
and in particular the latter appears to offer the possibility
a large range of scales.

In gauge-mediated supersymmetry breaking, we imag
that in addition to the standard model dynamics, the infra
branes produce other dynamics that breaks supersymm
and is conveyed to the standard model fields via a ga
theory messenger. Such mechanisms have been widely
ied; for a review and references see@35#. It should be noted
that while many of their features are not necessarily modi
by virtue of the warped setting, a TeV-scale gravity scena
does apparently put one strong constraint on allowed
narios since the highest allowed scale in the gauge the
near the SM brane is the TeV scale. This is problematic
view of the need for SUSY breaking scales of order 100 T
to avoid flavor problems. We will not explore further aspe
of these scenarios in this paper.

In gravity-mediated scenarios, it appears that there ca
a much richer interplay between the supersymme
breaking dynamics and the warping. For example, first c
sider supersymmetry breaking produced by gauge dynam
on other IR branes that are only coupled to standard mo
fields via gravity. In this case, if the hidden-sector supersy
06600
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metry breaking scale isL, we expect that the splittings in th
standard model sector are given by

m3/2;
L2

M p
~24!

where hereM p;M̄D;1 TeV if the branes are separated o
scales small as compared to the curvature scales or rad
the extra dimensions, andM p;M4 if the branes are sepa
rated on larger scales. ForL; TeV this can produce the
correct splittings if the effective gravitational mediation sca
is M̄D . However, this produces splittings that are far too lo
O(1024) eV, if the mediation scale goes likeM4.

Different scales may, moreover, be generated depen
on the location of the supersymmetry breaking in the ext
dimensions; we expect a general relationship

L;eASUSYLSUSY ~25!

whereLSUSY is theproperscale for supersymmetry~SUSY!
breaking~as measured by a higher-dimensional observe
the supersymmetry breaking region! andeASUSY is the corre-
sponding warp factor of that region. For example, one m
consider supersymmetry breaking on some branes that
been raised some distance up an AdS throat relative to
standard model branes—although a critical question is h
to stabilize such branes. Alternatively, as mentioned pre
ously, one may generically have warped compactificatio
with more than one region with strong warp factor; stand
model branes could be in one region and the supersymm
breaking sector in another. A large relative warp factor b
tween the two regions can generate a large variation in
supersymmetry breaking scale.2 Of course one expects tha
the proper scale of supersymmetry breaking is bounded
the fundamental scale,LSUSY&,M̄D . But the relative fac-
tor in Eq. ~25! can easily produce a sufficiently large gra
itino mass,

m3/2;
e2ASUSYLSUSY

2

M4
. ~26!

Indeed, the gravitino mass can also in practice be
high. For example, SUSY breaking in the vicinity of the U
brane could produce a scale

m3/2;M4 ; ~27!

we will see a similar phenomenon in models which produ
SUSY breaking through flux in the next section. Howev
there is one other interesting caveat: supersymmetry br
ing does not always generate tree-level masses for super
ners. This may for example happen if the Ka¨hler and super-
potentials of the visible and hidden sectors complet
separate. Such a mechanism was proposed in the ‘‘seq
tered’’ scenario of@10#. In this case the splittings will be

2Reference@36# proposed a different mechanism,tunneling me-
diation, for supersymmetry breaking in such scenarios, although
a large range of parameters gravity mediation dominates.
8-5
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produced by loop corrections. If the gravitino has a m
given by Eq.~27!, it is effectively removed from the theor
on scales smaller thanM4. One might think this leads to
loop corrections of orderM4 to scalar masses in the visib
sector, but note that when one computes the divergent
grams that give such masses, the cutoff should actually
the fundamental Planck scaleM̄D . The important point is
that as seen from the perspective of an observer on the
dard model brane, she lives in a theory that is not supers
metric, but in which the fundamental scale and cutoff
M̄D; TeV. Quantum corrections should thus produce sca
masses of TeV size. Similar, though less general, obse
tions were made in@37#.

V. A STRING THEORY EXAMPLE: HIERARCHIES FROM
FLUXES

A concrete realization of many of these ideas is provid
by the warped compactification solutions described in@4#.
These exhibit some of the basic ideas of the two-brane
nario of @2# in a known microscopic theory, namely type II
string theory. They also have other appealing features
they improve on a standard phenomenological difficulty
string theory by stabilizing many of the moduli fields. Sup
symmetry is generically broken, but both the cosmologi
constant and, as we discuss below, masses for ‘‘visible
tor’’ fields living on a brane are zero at tree level; this can
related to a ‘‘pseudo Bogomol’nyi-Prasad-Sommerfie
~BPS!’’ condition on the branes, which we describe shortl

Specifically, quantized three-form fluxes are introduc
inside a compact six-dimensional manifold, warping a reg
of the space into an approximately AdS throat. The throa
terminated smoothly at the infrared end by a geometry tha
an appropriate analogue of the Klebanov-Strassler solu
@7#, while the unwarped region of the manifold plays the ro
of an ultraviolet brane, much as in@5#.

Mobile branes that fill the non-compact directions are
nerically required to be present. Some of these branes
taken to reside in the throat region, where the warping
duces a hierarchy of scales for the ‘‘visible sector’’ fields
these branes. In principle one would like these to be
standard model fields, which could perhaps be realized
placing an additional singularity~or more generally brane
intersections! at the base of the throat, but we will for th
moment content ourselves with the simpler case of theU(N)
spectrum of D3-branes at a generic point.

A. Solutions and geometric scales

We begin by describing these solutions in more det
The bosonic low-energy action for type IIB supergravity
the Einstein frame can be written~we use the conventions o
@4#!

SIIB
b 5

1

2k10
2 E d10xA2gH R2

]Mt]M t̄

2~ Im t!2
2

G(3)•Ḡ(3)

12 Imt

2
F̃ (5)

2

4•5!J 2
1

8ik10
2 E C(4)`G(3)`Ḡ(3)

Im t
~28!
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where we have

G(3)[F (3)2tH (3) , t[C(0)1 ie2f, ~29!

F (3)5dC(2) , H (3)5dB(2) ,

F̃ (5)5dC(4)2
1

2
C(2)`H (3)1

1

2
B(2)`F (3) .

Here R is the Ricci scalar,f is the dilaton,C(0) is the
Ramond-Ramond~RR! scalar,B(2) andC(2) are the Neveu-
Schwarz–Neveu-Schwarz~NSNS! and RR 2-form poten-
tials, andC(4) is the RR 4-form potential. The five-form field
strengthF̃ (5) is self-dual:

F̃ (5)5* F̃ (5) , ~30!

which does not follow from the action~28!; rather, Eq.~28!
is understood to produce the correct equations of mo
when supplemented by Eq.~30!. Dimensionally reducing the
action in a background 5-form field must be done with ca
as we discuss in Sec. V C.

It is familiar that a four-dimensional,N52 supersymmet-
ric solution may be obtained from a type II theory by co
sidering a background geometry of the formR43M, where
M is a Calabi-Yau threefold. However, there is a mu
wider class of warped compactifications preserving the Po
carésymmetry. The general Poincare´ invariant configuration
allows the axion-dilaton scalar to vary over the comp
manifold,

t5t~y!, ~31!

and allows components of the three- and five-form fluxes
the compact directions:

G(3)5
1

3!
Gmnp~y!dymdyndyp, ~32!

F̃ (5)5]ma~y!~11* !dymdx0dx1dx2dx3.
~33!

The expression for the five-form is manifestly consiste
with self-duality ~30!, and is the most general form consi
tent with the Bianchi identity. Poincare´ invariance also al-
lows D3-branes, which will be pointlike in the extra dime
sions, 5-branes wrapped on two-cycles, D7-branes wrap
on four-cycles, and D9-branes. The metric in general ta
the warped form

ds25GMNdxMdxN5e2A(y)hmndxmdxn1gmn~y!dymdyn.
~34!

With a typical configuration of branes and fluxes,gmn is no
longer Calabi-Yau.

Reference@4# considers a very general class of string s
lutions that are obtained by making an additional assum
tion, and this class will be the focus of our description for t
rest of the paper. The assumption is that localized sou
8-6
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such as branes and orientifold planes must satisfy a BPS
condition relating their stress-energy to their D3-bra
charge:

1

4
~Tm

m2Tm
m! loc>T3r3 . ~35!

Here r3 is the D3-brane charge density of the localiz
sources, and the constantT3 is the D3-brane tension. Thi
‘‘pseudo-BPS’’ condition roughly states that negative-tens
sources~which are of course allowed in string theory, as f
example orientifold planes! cannot be too strong.

Under these added assumptions,@4# finds the general so
lutions in terms of an underlying Calabi-Yau geometry~or
more generally, in the case with 7-branes, anF-theory back-
ground!. The warp factor and five-form are related by

e4A5a, ~36!

the internal metric isconformalto a Calabi-Yau~or F-theory
base! metric g̃,

gmn5e22Ag̃mn , ~37!

the flux must be imaginary self-dual~ISD! in the compact
dimensions,

* 6G(3)5 iG (3) , ~38!

where *6 denotes the six dimensional Hodge dual, and
nally, the BPS-like condition~35! is in fact saturated for al
sources.

The presence of localized sources is not an option, bu
forced on us by flux conservation. Because theH (3) andF (3)
fluxes participate in the 5-form Bianchi identity,

dF̃(5)5H (3)`F (3) , ~39!

together they produce a source of D3-brane charge. A
tional sinks of D3-brane flux must then be introduced on
compact manifold to cancel this charge. Two options w
discussed in Ref.@4#: one may quotient the space by a d
crete symmetry so as to introduce orientifold 3-planes,
one may add 7-branes wrapped on four-cycles, both of wh
carry a D3-brane charge~in the latter case the charge is in
duced by the curvature of the four-cycle!. The 7-branes re-
quire a non-Ricci-flat unwarped geometry as well as a va
ing axion-dilaton t, all of which is summarized as a
F-theory compactification on a Calabi-Yau fourfoldX. The
total charge that must vanish is then

QD35ND32 1
4 NO32

x~X!

24
1

1

2k10
2 T3

E
M

H (3)`F (3)50.

~40!

x(X) is the Euler number ofX, andND3 andNO3 denote the
numbers of D3-branes and O3-planes, respectively. No
that with a general choice of fluxes, satisfying this constra
requiresthe presence of some number of explicit D3-bran
on which gauge dynamics may live. To avoid the complic
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tions of theF-theory examples, we will often keep the or
entifold case in mind, but it should be remembered that b
are possible.

The underlying Calabi-Yau~CY! manifold in general has
a large collection of both Ka¨hler and complex structure
moduli, and this is typically a problem for string phenom
enology. However, for given quantized fluxes, the ISD co
dition ~38! fixes many of these moduli@4#. This condition
can be reexpressed in terms of the Dolbault cohomology
the CY manifold, as permitting only a primitive (2,1) form
~i.e., a Gi jk̄ satisfying gjk̄Gi jk̄50) and a (0,3) form. The
former preservesN51 supersymmetry, while the latte
breaks all SUSY. Generically, one expects both types to
present in a given compact background, and so SUSY
generally broken. These models are found classically to
no-scale models@38,39#, and in particular the cosmologica
constant vanishes despite supersymmetry breaking.

The 3-form fluxes must satisfy quantization conditio
with respect to the 3-cycles onM; if CI form a homology
basis for three cycles,

E
CI

F (3)5~2p!2a8MI , E
CI

H (3)52~2p!2a8KI .

~41!

Consequently they are fixed and do not fluctuate. A parti
larly interesting case, which we will bear in mind as an e
ample, arises if we work in the vicinity of a conifold point i
the Calabi-Yau moduli space. Call the degenerating cyclA
and its dual cycleB, and suppose we have turned on a fl
configuration with

E
A
F35~2p!2a8M , E

B
H352~2p!2a8K. ~42!

As @4# found, this generates an approximately AdS regi
locally resembling the Klebanov-Strassler geometry@7#.

These particular solutions exemplify the features
warped compactifications that we have discussed in ea
sections. The most fundamental is the warping that arise
the AdS-like region. The fluxes~42! produce a relative warp
factor

eAmin;exp~22pK/3Mgs! ~43!

between the unwarped region and the bottom of the thro
Since the gravitational potential is minimized at the b

tom of the throat, and the configuration is not truly BPS
reasonable hypothesis is that a potential for the position
the branes is generated at loop level and has a minim
when they are at the bottom of the throat.~We will return to
related comments when we discuss generating masse
brane matter.! Fields living on branes at the bottom of th
throat will perceive a hierarchy of scales between the app
ent M4 and the fundamental Planck scaleM̄D ; realistic val-
ues of M4;1019 GeV, M̄D;1 TeV may be generated
through Eqs.~8!,~43! with quite modest values for the flu
quanta.
8-7
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The rest of the discussion of geometrical scales of Sec
also directly applies. If the fundamental Planck scale
been lowered toO (TeV), black holes may of course b
produced above this threshold on the SM brane. Likew
string states may be produced, at comparable or lo
thresholds depending on the value of the string coup
@thus to agree with phenomenological bounds, wea
coupled models should instead haveMs set toO (TeV) or
higher#. Furthermore, the lightest Kaluza-Klein modes w
have masses given by the approximate geometrical scal
the bottom of the throat; from@7# we find

EKK;
M̄ s

gsM
. ~44!

This exhausts the discussion of the geometrical scales.
An important question is to determine the correspond

dynamical scales, in particular the scale of supersymm
breaking, the magnitude of the resulting splittings in sup
multiplets in the visible sector, and the masses of the mo
fields. We turn to this task in the coming sections. We cal
late the mass of the gravitino broken by (0,3) flux as a m
sure of supersymmetry breaking, as well as determining
potential for the moduli.3 We also comment on how supe
symmetry breaking is not communicated to the visible sec
fields at the tree level, a phenomenon analogous to these-
questeredscenarios of@10#. In the process, we develop ex
pressions for the Ka¨hler and superpotentials for such warp
compactifications, which heretofore have not been calcula
with the warping taken into account.

B. The gravitino

In the absence of (0,3) flux,N51 supersymmetry is pre
served in four dimensions. Correspondingly there is a ma
less gravitino. When SUSY is broken by the flux, the ma
m3/2 of this gravitino is a useful measure of the breaking. W
shall begin by computing this quantity by dimensional red
tion of the 10D theory, and in the process relate this to
expressions for the superpotential and Ka¨hler potential in-
cluding the effects of warping.

The equations of motion for the IIB fermions are given
Appendix B. We find it convenient to work in terms of a
action from which these equations can be derived, and
determine the gravitino mass it is sufficient to consider
gravitino squared terms:

1

k10
2 E d10xA2gH i C̄MGMNPS DNCP2

i

2
QNCP2RPCND

2F i

2
C̄MGMNPSPCN* 1H.c.G J , ~45!

3Related work involving partial SUSY breaking in the unwarp
case appeared in@40#.
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where CM is Weyl but not Majorana,QN is a composite
connection composed of derivatives oft ~see@41#!, and the
supercovariantizations are4

RM[2
i

16•5!
~GM1•••M5F̃M1•••M5

!GM ,

SM[
1

96~ Im t!1/2
~GM

NPQGNPQ29GNPGMNP!.

~46!

The supersymmetry variation of the gravitino is

dCM5S DM2
i

2
QM D «1RM«1SM«* , ~47!

where the supersymmetry parameter« is a 10D Weyl spinor
field.

We must first identify the 4DN51 gravitino as a particu-
lar component of the 10D field. In a warped backgrou
satisfying Eqs.~33!,~34!,~36! without 3-form fluxes, the pre-
served 4D supersymmetries are associated with Kill
spinors~for more detail, see@42#5!:

«5z~x! ^ eA(y)/2x~y!, D̃mx50, ~48!

where we use the tilde to denote the CY metric.6 We normal-
ize the covariantly constant spinor on the unwarped comp
spacex asx†x51.

Knowing the preserved supersymmetry, we can easily
termine the associated gravitino as the SUSY partner of
4D graviton. The supersymmetry variation of the 4D met
gmn is

dgmn}z̄gmcn1 z̄gncm , ~49!

and its 10D counterpart is analogous. One then finds the
gravitino cm embedded in the 10D gravitino as

Cm5cm ^ eA/2x. ~50!

It is straightforward to see that under dimensional reducti
the Einstein and Rarita-Schwinger terms for the 4D me
gmn and gravitinocm match the standard form:

S5
1

k4
2E d4xA2g4$

1
2 R41 i c̄mgmnrDncr%, ~51!

with the 4D gravitational constantk4 given in terms of the
10D gravitational constantk10 and the warped volumeVw :

4The G field picks up an additionalt-dependent phase in trans
forming from the conventions of@41#, which we absorb into a re-
definition of C.

5The five-form in@42# is related to ourF̃5 by FGP52F̃5.
6In the case of anF-theory compactification,x is covariantly con-

stant with respect toD̃m2( i /2)Qm .
8-8
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1

k4
2 5

Vw

k10
2

, Vw[E d6yAg̃6e24A. ~52!

The 4D gravitinocm is massless as long as supersymmetr
preserved. TheSP term in the action vanishes, and a possib
mass contribution from theRP term is canceled by the term
in the spin connection containing a derivative ofA.

However, in the presence of 3-form fluxes, supersymm
try is generically broken and the gravitinocm acquires a
mass. For a pseudo-BPS solution, the 5-form/warp fa
relation ~36! persists and theRP and spin connection term
continue to cancel. The mass term forcm is then generated
solely from theSP term in the 10D action. Its reduction i
straightforward, and one obtains

1

k10
2 E d4xA2g4

1

~ Im r!3/2H ~ c̄mgmncn* !

3S i

48E d6yAg̃6

1

~ Im t!1/2
x†g̃mnpx* GmnpD 1H.c.J ,

~53!

where in the above we included the Ka¨hler modulusr con-
trolling the overall scale of the compact directions; we d
cussr in the next subsection. This is the proper form for
gravitino mass term,7 with

m3/25
1

~ Im r!3/2~ Im t!1/2Vw

S 1
24 E d6yAg̃6x†g̃mnpx* GmnpD .

~54!

Taking a complex basisi , j ,k, ı̄ ,̄ ,k̄ for the Calabi-Yau met-
ric, we may define the covariantly constant spinor to be
‘‘lowest weight’’ for the Clifford algebra:g ı̄x50. One then
sees immediately that only the (0,3) piece ofG(3) contrib-
utes to the gravitino mass, as expected.

Given our normalization forx, we have the relation

x†g̃ ı̄ ̄ k̄x* 5e ı̄ ̄ k̄5
V ı̄ ̄ k̄

uuVuu
, ~55!

up to an undetermined phase, whereV i jk is the holomorphic
3-form of the Calabi-Yau manifold and 3!uuVuu2

5V i jkV̄ i jk . Using

uuVuu2Vw5uuVuu2E d6yAg̃6e24A, ~56!

5E e24AV`V̄ [ vw ,

we then obtain

7The bilinearc̄mgmncn* may seem unfamiliar if one is used to 4
gravitini written in Majorana form, but it is the correct expressi
for a Weyl gravitino, which arises naturally from our reduction.
06600
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m3/25~ Im r!23/2~Vwvw!21/2~ Im t!21/2S 1
4 E V`GD .

~57!

In the absence ofG(0,3) flux, m3/2→0 and 4DN51 super-
symmetry is restored. This suggests that the supersymm
breaking can be captured in anN51 language, where a
gravitino mass can be expressed in terms of the Ka¨hler po-
tential K and superpotentialW as

m3/2}k4
2eK/2W. ~58!

After discussing the moduli in the next subsection, we w
present values for the Ka¨hler and superpotentials, and dem
onstrate that Eq.~57! can be written in the form~58!. We will
estimate the value ofm3/2 in Sec. V D.

C. The moduli

Ordinary Calabi-Yau compactifications possess a la
number of moduli, massless fields corresponding to the
formations of the compact manifold consistent with t
Calabi-Yau condition, as well as the axion-dilaton. Since o
solutions have an underlying Calabi-Yau space, in the
sence of fluxes such moduli would also be present th
Specifically, the corresponding light fields are the comp
structure moduliza(x), the Kähler moduli r i(x), and the
axion-dilatont(x). However, an advantage of the pseud
BPS warped compactifications, beyond their original motiv
tion of solving the hierarchy problem, is that many of th
moduli are fixed by the fluxes, including the dilaton. Th
was understood in@4#; one explanation follows from the as
sumption of a superpotential of the Gukov-Vafa-Witten for
@8#,

W5
a

k4
8EM

V`G ~59!

~where a is a convention-dependent numerical consta!
which is believed to arise in a wide variety of compactific
tions of string or M theory with fluxes turned on threadin
calibrated submanifolds. The flux is fixed, and the moduli~in
this case the complex structure and axion-dilaton! adjust to
minimize F terms arising from Eq.~59!.

In order to give a more complete treatment of the
moduli, in this section we turn to the problem of working o
their 4D effective action and in particular their potential. T
Appendix of @4# began the process of explicitly demonstra
ing this action, by working out the kinetic terms and pote
tial, together with their connection with the superpotent
~59!, in the limit where warping can be neglected. The p
pose of the present section is to give a more complete d
vation, and in particular to find the effective action an
Kähler and superpotentials in the presence of non-triv
warping. This means not just including the warp factor in t
terms studied in@4#, but also incorporating the contribution
from the Einstein and five-form terms, which vanished the
We proceed by fixing the fluxes—in accord with the quan
zation condition ~41!—and investigating the action fo
slowly varying fieldsza(x), r i(x), andt(x).
8-9
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First we calculate the moduli kinetic terms including t
warping, and derive the corresponding warped Ka¨hler poten-
tial. The geometrical moduli fields arise in the metric as

ds25e2A(y)e26u(x)gmndxmdxn1e22A(y)e2u(x)~ g̃mn~y!

1TI~x!dgImn~y!!dymdyn, ~60!

where thedgI are traceless,g̃mndgImn50, so that fluctua-
tions of e2u scale the total volume, while theTI , which in
principle include both the remaining Ka¨hler structure moduli
and the complex structure moduli, are volume preserving
linear order. The factore26u on the 4D part must be intro
duced to decoupleu(x) from the 4D graviton.

The kinetic terms for the moduli fields are found by e
tracting the quadratic order terms in an expansion of
Einstein-Hilbert term in the Lagrangian~28! using the de-
composition~60!. These are calculated to be

Smod5
1

2k10
2 E d4xA2g4d6yAg̃6e24AH 2

6

4
e28u~]me4u!2

2
1

4
]mTI]mTJdgImndgJ

m̃nJ
5

1

k4
2E d4xA2g4H 23

]mr̄]mr

ur2 r̄u2

2
1

8Vw
]mTI]mTJE d6yAg̃6e24AdgImndgJ

m̃nJ , ~61!

where we have defined the complex fieldr such that Imr
5e4u; the real part is a form field that was discussed in@4#.
The moduli space metric for the remaining fields is seen
be a suitably warped version of the Weil-Petersson me
From Eq.~28!, one easily calculates the 4D dilaton kinet
term to be

Sdil5
1

k4
2E d4xA2g4H 2

]mt̄]mt

ut2 t̄u2J . ~62!

The kinetic terms~61!,~62! are consistent with the Ka¨hler
potential

K523 log@2 i ~r2 r̄ !#2 logS 2
i

k4
6E d6ye24AAĝ6D

2 logS 2
i

k4
6E e24AV`V̄ D 2 log@2 i ~t2 t̄ !#, ~63!

where the volume piece is computed using the metric

ĝ~x,y!5g̃mn~y!1TI~x!dgmn
I ~y! ~64!

with the overall scale piece removed, as in Eq.~60!. Notice
that N51 supersymmetry will match the realTI fields cor-
06600
at

e

o
c.

responding to Ka¨hler moduli with a set ofp-form modes into
complex pairs, but thesep-form fields do not appear in the
Kähler potential.

The Kähler potential~63! has a form quite similar to tha
which arises in the unwarped case, with a correction due
the warp factor inserted to the volume integrals. The coe
cient of ther term identifies this Ka¨hler potential as being o
the no-scale form, as noticed in@4#. As a result the tree-leve
cosmological constant will vanish despite supersymme
breaking. The result~63! is valid only to leading order ina8;
some next-to-leading-order results were examined in@43#
~neglecting warping!. We will comment more on these co
rections later.

A general flux configuration will lift the complex-
structure moduliza and fix the dilatont. In order to find this
potential, we assume a general metric that isconstantin x,

ds25e2A(y)gmndxmdxn1e22A(y)g̃mn~y!dymdyn; ~65!

the moduli potential is exhibited from dependence of t
action on the Calabi-Yau metricg̃mn , as well as the dilaton
Specifically, the effective potential for these is comput
from theR, uG(3)u2, andF̃ (5)

2 terms in the action~28!; these
are terms with explicit dependence on the metric in the co
pact directions.8

For the metric ~65!, the Einstein-Hilbert term can be
shown to give

E d10xA2gR5E d4xA2g4E d6xAg6@28~¹A!2e4A#.

~66!

The action forF̃5 is more subtle: for a self-dual field, i
vanishes. This is part of the usual problem for formulating
action for self-dualp-form field strengths. One way to obtai
a consistent dimensionally reduced action is to double
coefficient on the 5-form term, but restrict to components
F̃ (5) with indices alongR4 ~or equivalently, restricting it only
to components with no indices alongR4). It is readily
checked that this prescription yields the correct dimensi
ally reduced equations of motion for the metric. Using t
expression~33!, we find

E d10xA2g
F̃5

2

4•5!
→E d4xA2g4E d6yAg6

e24A

2
~]ma!2.

~67!

Then from the relation~36!, we find a contribution equiva-
lent to Eq.~66!. This can be rewritten in terms of the fluxe
using the Bianchi identity~39!, which takes the form

hA5
iGmnp* Ḡmnp

48 Imt
1 local ~68!

8As usual, in theF-theory case the dilaton term must be added
the Ricci term to get the desired result.
8-10
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SCALES AND HIERARCHIES IN WARPED . . . PHYSICAL REVIEW D67, 066008 ~2003!
@the localized source terms cancel for sources saturating
pseudo-BPS condition~35!#. The first term is a total deriva
tive when integrated. We therefore find

E d10xA2g10FR2
F̃5

4•5!
G

5E d4xA2g4E d6yAg6

ie4AGmnp* 6Ḡmnp

12 Imt
.

~69!

Combining this with theG3 term then gives

SV5
1

2k10
2 E d4xA2g4E e4A

2 Imt
G(3)`~* 6Ḡ(3)1 iḠ (3)!.

~70!

Defining imaginary self- and anti-self-dual parts of the fl
G(3) ,

G(3)
6 5 1

2 ~G(3)6 i * 6G(3)!, * 6G(3)
6 57 iG (3)

6 , ~71!

we can write the potential~70! as

SV5
1

2k10
2 E d4xA2g4E ie4A

Im t
G(3)`Ḡ(3)

1

5
1

2k10
2 E d4xA2g4E e4A

Im t
G(3)

1 `* 6Ḡ(3)
1 ,

~72!

where in the second line we used the self-duality proper
~71! to relateḠ(3)

1 to * 6Ḡ(3)
1 and to showG(3)

2 `Ḡ(3)
1 50.

The potential~72! has the form anticipated in@4#, but with
warping included.

We also anticipate that we should be able to write t
potential in terms of the Ka¨hler potential~63! and a super-
potential via the usualN51 formula

V5k4
2E d4xA2g4eK$~G 21!AB̄DAWDB̄W23uWu2%,

~73!

and it is interesting to check whether the Gukov-Vafa-Witt
form ~59! persists in the presence of warping. For simplic
we specialize to the caset5const. The equation of motion
for G(3) is @4#

dL1
i

Im t
dt`ReL50, L[e4A

* 6G(3)2 iaG(3) ,

~74!

which then becomes

de4AG(3)
1 505d* 6e4AG(3)

1 . ~75!

Consequentlye4AG(3)
1 is harmonic on the Calabi-Yau metric

and we can expand it in a basis of harmonic three-forms.
analysis now proceeds analogously to that in@4#. Only the
06600
he

s

s

e

(3,0) and (1,2) forms have the correct self-duality propert
to appear in the expansion, so we find

e4AG(3)
1 5

1

vw
S VE G(3)`V̄1G ab̄x̄ b̄E G(3)`xa D ,

~76!

where we used*G(3)
1 `V̄5*G(3)`V̄ and an analogous ex

pression for the basis of~2,1! forms xa , and whereG ab̄ is
the inverse to the metric

Gab̄52
1

vw
E e24Axa`x̄ b̄ , ~77!

which follows from the Ka¨hler potential~63!.
Hence the potential is~restoring factors ofr)

SV5
1

2k10
2

1

vw
2 E d4xA2g4

1

~ Im r!3E e24A

Im t FV`V̄E G(3)

`V̄E Ḡ(3)`V1~G 21!aḡ~G 21!db̄x̄ b̄`xaE G(3)

`xdE Ḡ(3)`x̄ ḡG
5

1

2k4
2

1

Vwvw
E d4xA2g4

1

~ Im r!3

1

Im t F E G(3)

`V̄E Ḡ(3)`V1~G 21!ab̄E G`xaE Ḡ`x̄ b̄G . ~78!

It is not hard to show that this form can be derived from t
Kähler potential~63!, together with an unwarped GVW su
perpotential of the GVW form~59!. Using the identity]aV
5kaV1xa , whereka is a moduli-dependent constant, on
may show that

DtW52
1

~t2 t̄ !

a

k4
8E V`Ḡ, DaW5

a

k4
8E xa`G, DrW

52
3W

r2 r̄
. ~79!

The potential~73! may then be computed. As in the larg
volume case, theuDrWu2 term cancels23uWu2, producing a
no-scale potential. The other terms then reproduce Eq.~78!,
with the overall factors arising from the Ka¨hler potential.

Notice that the subtlety of distinguishingvw ~which de-
pends on the complex structure moduli! from Vw ~which de-
pends on the Ka¨hler moduli! was essential in making thi
identification. In the large-volume case in@4# this subtlety
was not clearly treated.

A check of our derivation of the Ka¨hler potential~63! and
superpotential~59! can be obtained by reproducing the gra
itino mass~57! from the formula~58!. We indeed reproduce
the correct form. This gives us confidence in our results,
well as reinforcing the ubiquity of the Gukov-Vafa-Witte
8-11
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O. DeWOLFE AND S. B. GIDDINGS PHYSICAL REVIEW D67, 066008 ~2003!
superpotential. Although it is generally believed not to
ceive corrections from the warp factor, this is to our know
edge the first demonstration that this is the case.

D. Estimating gravitino and moduli masses

Having obtained an analytic expression for the gravit
and moduli masses, we would like to estimate their valu
One might intuit that a bulk field like the gravitino gainin
mass from SUSY breaking in the bulk will have a mass
the same order as the effective scale of gravity, namelyM4.
Indeed this proves generally to be the case. In calcula
bulk quantities it is more convenient to use the conventi
where the warp factor is 1 at the top of the throat rather t
at the bottom, which we shall do below.

Having succeeded in expressing the gravitino mass~57! in
terms of a topological integral independent of the warpi
we can evaluate it in terms of the moduli of the Calabi-Y
space in straightforward fashion. For the Klebanov-Stras
fluxes ~42! this was already done in@4#, with the result~us-

ing, in our conventions,*AV5V1/2z whereV5*d6yAg̃6 is
the unwarped volume!

E V`G5~2p!2~a8!V1/2@Ktz2MG~z!#, ~80!

where G(z)5z logz/(2pi) 1 holomorphic. Although the
complex structure modulusz is the source of the hierarch
and is fixed to be exponentially small, the holomorphic p
of G(0) is genericallyO(1). Consequently Eq.~80! is just
(a8)V1/2 times factors of order unity. Cases with more ge
eral flux configurations will behave similarly: exponential
small terms inW(z,t) will be washed out byO(1) terms,
and the overall dimensionful constants will not change.

The expression~57! for m3/2 also involves background
values of the moduli Imt and Imr. The axion-dilaton Imt
is fixed by the superpotential to be of order unity.9 The vol-
ume modulus Imr has a flat potential at tree level. We ha
chosen units, however, where the background value
^Im r&51; the overall size of the compact manifold is th
given by values for the integrals such asV andVw . Thus we
see that

m3/2;
~a8!V1/2

Vw
. ~81!

When the volume and the warped volume are of the fun
mental scaleMD;M4, we find thatm3/2;M4.

One can estimate the moduli masses in similar fash
From Eq.~73! we read off the form for the moduli potentia

V;
1

k4
2 m3/2

2 G i ̄
DiWD ̄W

uWu2
. ~82!

9One needs a slightly more involved set of fluxes than Eq.~42! to
fix the dilaton; see@4#.
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Hence the potential for the moduli is also generically of t
scaleM4.

The supersymmetry breaking may be heuristically thou
of as coming from the region around the top of the thro
The G flux vanishes when the warp factor stops varying,
the source of SUSY breaking is concentrated in the thro
however it is not localized at the bottom of the throat, b
instead receives its dominant contribution where the w
factor is largest, which is near the top. From the point
view of the earlier discussion on supersymmetry breaki
one may interpret our resultm3/2;M4 as Eqs.~24!,~25! with
LSUSY5M4 since the breaking is fundamental scale,M p

5M4 since the SUSY breaking is well separated from t
visible sector, andeASUSY;1 since it is near the top of the
throat.

One may be puzzled that the gravitino mass rises so
above the scale of bulk KK excitations~44!. However, since
the massless graviton stays massless even with the add
of G flux, the higher excitations of the graviton are protect
by 4D general covariance from receiving mass correcti
from the fluxes, and consequently get mass only from th
shape in the compact geometry. The gravitini have no s
protection.

Note that the broken gravitino will also generically r
ceive mixing terms with the other 7 massive gravitini; for t
case we have outlined all will have masses likeM4, the (0,3)
flux will be just as large as the (2,1) flux, and there will n
be a region of energies whereN51 supersymmetry is a
good description. One can speculate as to whether on
these other IIB gravitini could come down in mass as
contribution from the Calabi-Yau compactification is ca
celed by the contribution from fluxes~or more generally,
whether an eigenvalue of the gravitino mass matrix might
particularly small!. Although such a cancellation could con
ceivably be engineered at tree level, there is no reason
the mass should remain small once quantum corrections
included.

All our results hold at leading order in thea8 expansion.
It is likely that a8 corrections will destroy the no-scale stru
ture, giving a potential to the overall volumer. A computa-
tion of the first subleading order was performed by Bec
et al. @43#, where a correction to the Ka¨hler potential was
found ~neglecting warping!. The leading order correction
was not enough to isolate an extremum of ther potential, but
the corrections involve additional factors of the superpot
tial and the volume, which presumably becomes warped.
corrections to the potential are of order

dV;
eKuWu2

M4
2

;m3/2
2 M4

2 . ~83!

This suggests that the induced potential forr is also of order
M4; whether there is any regime where the no-scale struc
is approximately preserved is not known and would be
important question to answer.
8-12
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SCALES AND HIERARCHIES IN WARPED . . . PHYSICAL REVIEW D67, 066008 ~2003!
E. Brane matter and sequestering

We have estimated the value of the gravitino massm3/2 to
be of the order of the 4D Planck scale or slightly less.
first, this seems to be a phenomenological disaster, s
symmetry breaking effects in visible sector fields might
expected to be as large. Indeed, it is easy to see that ge
scalar fieldsf with canonical Ka¨hler potentialKf;f̄f and
no quadratic contribution to the superpotential rece
masses from supersymmetry breaking on the order of
gravitino mass:

DfW;Wf̄1O~f2!→V.eKuWu2f̄f. ~84!

One might naively believe that brane matter will couple
this fashion, in which case bulk supersymmetry breaking
ISD fluxes in the pseudo-BPS spacetimes, despite other
features, would not be a viable candidate for phenome
ogy.

However, one may explicitly calculate the mass induc
by the fluxes for brane fields. The action for a D-brane
given by the sum of Born-Infeld and Wess-Zumino actio
given here in the string frame,

SD352T3E d4xe2fAdet@P~Gab1Bab!12pa8Fab#

1m3E (
i

P@C( i )#`e2pa8F2B, ~85!

whereP denotes the pullback of a spacetime quantity to
brane,F is the worldvolume gauge field andm3 andT3 are
the D3-brane charge and tension. In the absence ofG(3) , the
D3-brane preserves the same supersymmetries as the w
geometry, and thus there is no potential generated; any
tential must appear with the SUSY breaking. However,G(3)
appears in the D3-brane action solely through the pullbac
the potentialsB(2) andC(2) . Since neither potential is polar
ized along the D3-brane, it is not hard to convince ones
that all nonvanishing terms in their pullbacks involve at le
one derivative of the brane fields, and hence cannot gene
a potential. Indeed, one may explicitly check by examin
the three-brane action~85! that the relation~36! between the
warp factor and five-form guarantees a no-force condition
D3-branes, with gravitational and RR 5-form potentials ca
celing.

Furthermore, it was found by Gran˜a @9# that the D3-brane
fermionic terms do not couple to the imaginary self-dual p
of G(3) . Although other kinds ofG(3) flux can lead to vari-
ous masses and couplings for brane fermions, the bran
entirely insensitive to ISD flux. Consequently, we arrive
the result that supersymmetry breaking by (0,3) fluxes
duces no tree level masses at all for D3-brane fields.

Vanishing of scalar masses arises from the no-scale s
ture of the theory; the additional feature of vanishing ferm
masses is analogous to the sequestered structure propos
@10#, and we shall refer to it as sequestering in what follow
The no-scale structure is characterized by the Ka¨hler poten-
tial
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K523 log@ f v isible~X,X̄!1ghidden~r,r̄ !#, ~86!

where X are visible sector fields andr are hidden-sector
fields; supersymmetry breaking in the hidden sector will n
be communicated to the visible sector scalars at tree lev

Reference@10# suggested the naturalness of sequeste
when the visible sector lives on a brane and the SUS
breaking sector is physically separated from it in a high
dimensional space. However, Anisimov, Dine, Graesser,
Thomas~ADGT! @44,45# have pointed out several example
from string and M theory, including type I, Horˇrava-Witten,
and Dp-D p8 systems, where sequestering is not generic
spite the physical separation of sectors on two differ
branes. The reason can be traced to the exchange of
~closed-string! modes at tree level, which can generate co
tact terms between the sectors of the order of the gravi
mass.

Our scenario is the first example we know of sequester
in a string theory background, at least to leading order in
a8 expansion. ADGT@44,45# were aware of the no-scal
Kähler potential of the pseudo-BPS solutions of@4#, but
speculated that even were sequestering to arise in such m
els with brane back reaction neglected, such back reac
would destroy the sequestered form. This is not the case
our scenario. As remarked previously, the pseudo-BPS s
tions can include the presence of certain localized source
including D3-branes—in the background. Hence, althou
the back reaction of the D3-branes in the throat will loca
change the specific form of the solution, it will not bring
outside the pseudo-BPS class, and our conclusions abou
lack of tree level masses will persist.

This raises the question as to whether another type
brane known to sit in the almost-BPS class of objects, s
as the 7-brane wrapped on a 4-cycle, also has worldvolu
excitations sequestered from bulk supersymmetry break
If so, it would provide a richer set of possibilities for eng
neering visible sector matter, with the wealth of possib
cycles in the compact space to wrap. We leave this ques
for the future.

In previous sections, we established the warped Ka¨hler
potential~63! for the bulk moduli. The D3-brane matter mu
enter into the Ka¨hler potential as well, and owing to th
sequestered form it must enter in a nontrivial fashion. A na
ral guess is something of the form

K523 log~2 i ~r2 r̄ !1K~X̄,X!!1K~t,t̄ !1K~z,z̄!,
~87!

whereK(X̄,X) is related to the spacetime Ka¨hler potential
for the Calabi-Yau space. This modified Ka¨hler potential pre-
serves the no-scale structure: one may verify that for a
trary K, the contributions touDWu2 from r andX ~including
off-diagonal terms! always combine to give precisely 3uWu2.

The expression~87! also leads to a coupling to the radi
modulus, at leading order, of the form

TD3E d4xA2g4

1

Im r
e2Ag̃i ̄]mXi]mX̄̄, ~88!
8-13
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O. DeWOLFE AND S. B. GIDDINGS PHYSICAL REVIEW D67, 066008 ~2003!
which is the correct power of Imr arising in the Born-Infeld
~BI! action. The lack of coupling of the dilaton that appea
is also correct for the Einstein-frame action. We leave furt
exploration of this Ka¨hler potential, including the coupling
of the complex structure moduli, for future work.

Spartner masses vanish at tree level, but as discusse
Sec. IV, should receive corrections at loop level. From
point of view of an observer on the brane, supersymmetr
broken — the gravitino is eliminated from the low ener
spectrum. Thus generic loop corrections are expected to r
mass scales to the cutoff scale. However, as we have em
sized, for an observer on an IR brane in a TeV-scale gra
scenario, the fundamental scale isO (TeV), and this is
where the cutoff on loop momenta should be placed: ab
this scale, one encounters strongly coupled gravitatio
physics. Thus spartner masses are generically expected
around a TeV in such a scenario, which is a reasonable
swer for phenomenology.

Note that part of the original motivation for the seque
tered scenarios of@10# was to have a situation where th
dominant contribution to spartner masses was thro
anomaly mediated supersymmetry breaking~AMSB!
@10,46#, with mass scale

mAMSB;b0S g2

16p2Dm3/2, ~89!

where b0 is the one-loop beta function coefficient~for the
scalars there is an an additional constant from the anoma
dimensions!. Given that in the present case the graviti
mass is far above the effective cutoff scale ofO (TeV), it
seems that this formula cannot give the correct masses h
rather it appears that the masses arise from generic loop
rections. A better understanding of the role of AMSB in th
model could be of interest.

Another possible way to exploit the no-scale structure
to find a background in which the~0,3! component ofG(3)
can be switched off, and to break SUSY on another se
branes situated in the middle of the throat. The Ka¨hler po-
tential becomes

K523 log~2 i ~r2 r̄ !1 f ~X̄,X!1g~Ȳ,Y!!1K~t,t̄ !

1K~z,z̄!, ~90!

whereY are the hidden sector fields. Again, as far as SU
breaking is concerned this has the no-scale form. The lo
tion of the hidden sector brane could be tuned to provide
right amount of SUSY breaking; this is a fine-tuning, but
preserves the other advantage of AMSB, that it addresse
supersymmetric flavor problem. This sort of ‘‘brane’’ SUS
breaking is much more prevalent in the literature than
‘‘bulk’’ SUSY breaking we have examined for much of th
paper.

F. Summary of phenomenology

Since this section has been rather long and technical
give an overview of its essential results here.
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String theory solutions found in@4# provide a non-trivial
example of many of the warped compactification ideas d
cussed in the first four sections, and in particular can
arranged to generate a hierarchy through warping and
produce a TeV-scale gravity scenario. This means that g
metrical scales will be realized as was discussed in Sec
and III. In particular, for an observer on the IR brane whe
we imagine standard model physics residing, the fundam
tal Planck scale will be reached at scattering energ
O (TeV), and we can envision string and black hole produ
tion taking place at such energies. Kaluza-Klein masses
even lighter, and are given in terms of the flux quanta by
~44!.

These solutions arise by considering close analogue
Calabi-Yau manifolds with three-form fluxes frozen in
their geometry. These fluxes break supersymmetry. They
generate a potential for many of the moduli fields that wo
otherwise be massless in a standard Calabi-Yau compa
cation. The gravitino mass is given in Eq.~57!, and can be
estimated to be of the order of the four-dimensional Plan
scale, 1019 GeV. The moduli kinetic terms are given in Eq
~61!, and the potential for moduli in Eq.~72!. This lifts the
complex structure moduli and the dilaton to have masses
generically of the order of 1019 GeV. The action for the
moduli, and for the gravitino, can be conveniently summ
rized in supergravity language in terms of a Ka¨hler potential,
Eq. ~63!, and a superpotential, given by Eq.~59!. These ex-
plicitly include the effects of the warping.

Although supersymmetry is broken at a high scale, at
tree level the cosmological constant vanishes and ma
fields on an IR brane have vanishing masses. For scalars
statement corresponds to the fact that we are dealing wi
no-scalemodel. This structure also extends to fermion m
ter, resulting in asequesteredstructure. This structure sur
vives brane back reaction. Spartners are however expect
get masses from loop corrections, but since the fundame
scale for brane matter, and hence the relevant cutoff, lie
the TeV scale, these masses are expected to be TeV siz

VI. CONCLUSIONS

We have discussed a number of generic features of
scales and thresholds in warped compactifications, and il
trated them in the special case of the solutions of type
string theory given in@4#. The latter solutions in particula
offer possible solutions to some of the difficult problems
string phenomenology. Supersymmetry is broken by thr
form fluxes frozen into the geometry, and a potential fo
large number of otherwise problematic moduli is genera
at the same time. Spartner masses are not generated a
level, but in such a TeV-scale gravity scenario are expec
to receive loop corrections of TeV magnitude.

While these certainly seem like interesting successe
should be borne in mind that there are a number of ot
problems that must be resolved in order to find solutions
string theory that realize TeV-scale gravity and reproduc
realistic phenomenology including the standard model.~Sev-
eral of these are also problems also for more traditio
Planck-scale compactifications of string theory, so do
discriminate against TeV-scale scenarios.! One obvious ques-
tion is how to realize the structure of the standard mo
8-14
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SCALES AND HIERARCHIES IN WARPED . . . PHYSICAL REVIEW D67, 066008 ~2003!
within the general framework of this kind of solution. Man
ideas have occurred in the literature, involving intersect
branes and branes at singularities, and it may be possib
combine these scenarios with a framework like that p
sented here, but clearly there is some non-trivial work to
done; some interesting recent progress in this direction
cludes@47,48#. Particularly challenging issues include repr
ducing the gauge groups and matter representations,
reasonable couplings, of the standard model; addres
baryon and lepton number violation, and reproducing the
lation between the gauge coupling constants that can ot
wise be taken to indicate matching via renormalization gro
running to a grand unified scale. A second problem is tha
the remaining moduli; in particular, Ka¨hler moduli are not
stabilized by the fluxes we consider, and thus must be fi
by another mechanism. This is a generic problem, since
overall scale of the compact manifold is generically a Ka¨hler
modulus. ~For another approach, see@49#.! Corrections at
higher order in string loops ora8 ~see e.g.,@43#! may play a
role, but it is difficult to see they do soandmaintain reason-
able mass scales. In particular, we must ultimately face
thorny problem of the cosmological constant, which here
in other scenarios with broken supersymmetry would app
to take a value that is far too large.
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APPENDIX A: CONVENTIONS

We work in mostly plus signature in both ten and fo
dimensions. We useM ,N for 10D indices,m,n for 4D indi-
ces, andm,n for generic 6D indices; the last can in turn b
divided into holomorphici , j and antiholomorphicı̄ ,̄ indi-
ces with respect to the complex structure of the Calabi-Y
threefold.

Ten dimensional gamma matricesGM are 32332 matri-
ces. They decompose into a product of 434 4D matricesgm

and 838 6D matricesg̃ i as follows:

Gm5e2Agm
^ I , Gm5eAg5^ g̃m, ~A1!

where

$gm,gn%52gmn, $g̃m,g̃n%52g̃mn. ~A2!

The chirality matrices are related asG115g5g̃M , and obey
g5

25g̃M25G11
251.
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The ten-dimensional gravitinoCM is Weyl ~but not Ma-
jorana!:

G11CM52CM . ~A3!

It decomposes into the 4D gravitino asCm5cm ^ eA/2x, for
which we have for our class of solution

g5cm5cm g̃Mx52x. ~A4!

APPENDIX B: FERMIONIC EQUATIONS OF MOTION
FOR TYPE IIB SUPERGRAVITY

The fermionic equations of motion for type IIB supe
gravity ~to linear order in fermions! are presented in Eqs
~4.6!,~4.12! of @41# with coefficients given by Eqs
~4.8!,~4.14!. However, the derivative in these equations co
tains supercovariantizations involving three- and five-fo
fluxes not explicitly recorded there. The complete definiti
is however implicit in other expressions given in@41#, nota-
bly the supersymmetric variations of the fermionic equatio
of motion ~4.7!, ~4.10!, ~4.13!, and ~4.15!, and can be de-
duced from these. We collect the complete equations here
future convenience.

In this appendix we use the conventions of@41# for the
fields, although we use our index conventions. We indic
how to pass to our field conventions at the end.

The dilatino equation of motion~4.6! of @41# is

GMD̂Ml5
ik

240
GM1 . . . M5lFM1 . . . M5

1O~C3!, ~B1!

where the supercovariant derivative of the dilatino is

D̂Ml5DMl2kTCM2kUCM* , ~B2!

T52
i

24
GMNPGMNP , U5

i

k
GMPM .

~B3!

HereDM5¹M2( i /2)QM contains the ordinary covariant de
rivative including the spin connection¹M , and a composite
connectionQM composed of the complex scalar, whilePM is
the field strength for the complex scalar. The gravitino eq
tion of motion is

GMNPD̂NCP52
i

2
GPGMl* PP2

ik

48
GNPQGMlGNPQ*

1O~C3!, ~B4!

where the supercovariant derivative acting on the gravitin

D̂NCP5DNCP2kRPCN2kSPCN* , ~B5!

RM5
i

480
~GM1•••M5FM1•••M5

!GM ,
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SM5
1

96
~GM

NPQGNPQ29GNPGMNP!.

~B6!

A supercovariant derivative in a general supergravity the
consists of the ordinary covariant derivative supplemen
with terms involving the gravitino such that the supersy
metry variation of the combined terms does not contain
derivatives of the supersymmetry parameter«. These expres-
sions arise naturally in supergravity equations of motion,
the variation of a one-derivative fermionic equation must
a bosonic equation with two derivatives on the fields, a
hence a derivative may not be spared to act on«. Equations
~B2!,~B5! constitute the general form for supercovariantiz
tion of the derivative in an arbitrary supergravity theory w
fermionic supersymmetry variations

dCM5
1

k
DM«1RM«1SM«* , ~B7!
tt

R.

th

.
-
e
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06600
y
d
-
y

s
e
d

-

dl5T«1U«* . ~B8!

In our conventions, Schwarz’s constantk51, and should not
be confused with ourk10 which is an overall coefficient in
the action and does not appear in the equations of mot
The relations between Schwarz’sF andG and theF̃5 andG3
of this paper are

FSch52
1

4
F̃5 , GSch5

ieiu

AIm t
G3 , eiu[S 11 i t̄

12 i t
D 1/2

.

~B9!

For relations involving the complex scalar, see@42#; note that
the authors of@42# use anF54Fsch, and consequently for
thema52e4A.
r-

ys.

tt.

y,
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ys-
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