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ABSTRACT: We identify the underlying symmetry mechanism that suppresses the low-
energy effective 4D cosmological constant within some 6D supergravity models, generically
leading to results suppressed by powers of the KK scale, m?2. ., relative to the much larger
size, m?, associated with mass-m particles localized in these models on codimension-2
branes. These models are examples for which the local conditions for unbroken supersym-
metry can be satisfied locally everywhere within the extra dimensions, but are obstructed
only by global conditions like flux quantization or by the mutual inconsistency of the
boundary conditions required at the various branes. Consequently quantities (like vacuum
energies) forbidden by supersymmetry cannot become nonzero until wavelengths of order
the KK scale are integrated out, since only such long wavelength modes can see the entire
space and so ‘know’ that supersymmetry has broken. We verify these arguments by ex-
tending earlier rugby-ball calculations of one-loop vacuum energies within these models to
more general pairs of branes within two warped extra dimensions. For the Standard Model
confined to one of two otherwise identical branes, the predicted effective 4D vacuum en-
ergy density is of order pyac ~ C(mMy/4mMy)* = C(5.6 x 1075 eV)%, where M, > 10 TeV
(corresponding to extra-dimensional size r < 1 um) and M, = 2.44 x 10'® GeV are the

6D and 4D rationalized Planck scales, and m is the heaviest brane-localized particle. (For

OPEN AcCCESs, (© The Authors.

Atticle funded by SCOAP® doi:10.1007/JHEP07(2014)034


mailto:cburgess@perimeterinstitute.ca
mailto:leo.van.nierop@gmail.com
mailto:willimr2@mcmaster.ca
http://dx.doi.org/10.1007/JHEP07(2014)034

numerical purposes we take m to be the top-quark mass and take M, as small as possible,
consistent with energy-loss bounds from supernovae.) C is a constant depending on the
details of the bulk spectrum, which could easily be of order 500 for each of hundreds of
fields in the bulk. The value C' ~ 6 x 10 would give the observed Dark Energy density.
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1 Introduction

Technically unnatural parameters are those — e.g. vacuum energies and scalar masses —
that are measured to be small but which receive large quantum contributions from virtual
states at very high energies [1, 2].! They are useful because they provide among the few
ways we have to evade general decoupling arguments and acquire a window into what goes
on at the very high energies we cannot directly access experimentally.

Supersymmetry is famously useful for naturalness problems because it is among the few
symmetries that can forbid vacuum energies and scalar masses, if unbroken. The trick is to
design a model that secures the ‘good’ properties (like naturally small vacuum energies or
scalar masses) without running into other unacceptable consequences (like super-partners

for ordinary particles that are so light they should have already been seen).

LFor a recent review of naturalness, including a brief summary of the model of interest here, see [2].



Recently, progress has been made on separating these issues within 6D extra-dimensional
models [3, 4], with some supersymmetry-breaking effects (like vacuum energies) being nat-
urally at the Kaluza-Klein (KK) scale,® mgyx ~ 1/r, even though this is much smaller
than the masses, m, for the non-supersymmetric particle content on branes (or on a single
brane [5]) localized within the extra dimensions (more about the mechanism for this below).
This separation allows the contemplation of realistic models for which the 4D vacuum en-
ergy observed in cosmology is technically natural. The models have two (supersymmetric)
micron-sized extra dimensions (see below for the origins of this size) setting the scale of
the observed Dark Energy density, with ordinary Standard Model particles (but no MSSM
superpartners for them) assumed to be localized on a brane® [6-9].

The existence of such models raises the possibility of performing a meaningful calcu-
lation of the vacuum energy, including the contribution of Standard Model particles. This
can be done because the dominant contribution now becomes the Casimir energy due to
loops of heavy particles in the bulk. And because the UV contributions are suppressed it
becomes possible to track precisely how the observed vacuum energy depends on micro-
scopic parameters, to which non-cosmological experiments potentially have access.

In this paper we explore two aspects of such calculations. First we distill out the
symmetry mechanism that is at work at the loop level to suppress the size of quantum
corrections. We find it to be due to relatively well-known mechanisms combined in a novel
way. There are two virtues of formulating the size of the result in terms of symmetry-
breaking mechanisms. The first is to clarify whether the same suppressions can be expected
also to work for the theory’s UV completion (perhaps string theory?) that applies at the
highest energies in the bulk. The mechanisms we find at work seem well-suited to arising
within string theory.

The second virtue of a symmetry formulation is to clarify the small symmetry-breaking
parameters on which the vacuum energy depends, allowing a relatively robust estimate for
how the observed dark energy density is related to other scales in the problem, like the
higher-dimensional KK and gravity® scales, myx and M. In particular, as shown in more

detail below, for the most supersymmetric® situations we find the typical contribution of a

2For extra dimensions that are a two-sphere and fields with KK spectrum mj = £(£ + 1)/r? we take
mxr = 1/r even though the lowest nonzero KK mass would be m1 = \/E/r

3See our companion paper [10] for a take on the long-standing question of what this theory looks like
from a four-dimensional perspective.

4For two spherical extra dimensions of radius r our conventions are that Mg = 4WT2M§,

(87G )" 1/% = 2.44 x 10'® GeV is the rationalized 4D Planck Mass. Similarly, the extra-dimensional Planck

scale relates to the higher-dimensional Newton constant by 87Gg = k2 := l/M;l.

where M, :=

"Notice supersymmetry here means supersymmetry of the bulk (or gravity) sector, and does not mean

that superpartners are expected for any brane (or Standard Model) particles.



massive bulk supermultiplet (of string-frame mass M) is of order

: m i M\ M, ! —4 )4
Pvac(massive mult) = (173 GeV) (0.1Mg> <10 TeV) (5.5 x 107 eV)*, (1.1)

where m is the mass of the heaviest particle on the brane, which we take for numerical
purposes to be the top quark. M cannot be taken as large as M, without leaving the
domain of semiclassical methods (i.e. the contributions of higher-mass states must be done
within a UV completion, such as string theory).
Requiring that formulae like this not be much larger than the observed vacuum energy
density,
Pobs = (3 x 1073 eV)*, (1.2)

puts upper limits on the size of the extra-dimensional gravity scale, and so leads to several
testable consequences relating the dark energy density observed in cosmology to scales
where other observations might be sensitive. For instance, M, & 10TeV constrains the
expected scales for new physics at the LHC, and implies » < 1 pm, which sets the distance
scale at which modifications to Newton’s inverse-square force law [11] should be visible.
The remainder of this section gives a brief overview of both the origin of the above
estimate and the mechanism that underlies the suppression of bulk loops. We start next
with the description of the underlying symmetry mechanism (for which more explicit cal-
culations are performed in section 2). This is then followed in the following subsection by
a discussion of the parametric dependence of the resulting vacuum energy (with details

fleshed out in section 3).

1.1 SUSY breaking: think globally but act locally

There are several mechanisms at work that allow the decoupling between the scale, m, of
particles on the brane and the scale, mg, of the energy density observed by cosmology.
Before getting to the underlying symmetry mechanism it is worth briefly restating some
facts about how vacuum energies arise in 6D models. Part of the story arises already at the
classical level, since the classical back-reaction of the bulk geometry to the presence of the
branes acts to cancel their tensions in the low-energy 4D theory [6-8, 12-16]. Since vacuum
energy due to loops of brane-localized particles can be regarded as renormalizations of the
brane tension, this cancellation of the tension with the back-reaction suggests it should
also cancel the influence of vacuum energy loops involving only on-brane particles.

The story is actually a bit more involved than this, with bulk supersymmetry also
required to ensure that perturbations of flat solutions also remain flat [17, 18]. That
is, for a non-supersymmetric bulk perturbing the tension, T" — T 4 dT', of an initially

flat brane configuration turns out to curve the branes by the same amount as would a



4D cosmological constant of size 67'. The classical scale invariance of higher-dimensional
supergravity ensures this is not the case for a supersymmetric bulk, however. In the
supersymmetric case a sufficient condition for the flatness of the branes turns out to be the
absence of a coupling between the brane and a particular bulk field: the six-dimensional
dilaton, ¢, of the 6D gravity supermultiplet [19]. In the absence of this coupling the exact
(maximally symmetric) solutions to the classical bulk equations give a low-energy 4D world
that is precisely flat. (As we see below, the absence of this coupling also has a symmetry

interpretation, inasmuch as its presence would break the supersymmetry of the bulk.)

As a result, the most important quantum corrections are those bulk loops that can
induce a brane-¢ coupling [3, 4, 9]. Ref. [3, 4] shows by explicit calculation how bulk
supersymmetry acts to suppress the bulk-loop contributions to the vacuum energy. As
is true for many higher-dimensional supergravities, the classical bulk lagrangian can be

written in the ‘string-frame’ form [20-22]
EB 2672¢L<91MN,8]\4¢,“' ,M), (13)

where L is a function of the various bulk fields for which ¢ appears only differentiated. The
dimensions in Lz are set by a generic mass scale, M, that is of order the higher-dimensional
Planck scale (which we shall see to be of order 10 TeV). For later purposes we note that the
overall factor of e=2¢ in (1.3) shows that e? is the bulk’s loop-counting parameter, and its
smallness turns out to be related by the field equations to the size of the extra dimensions
by a relation of the form e? ~ (myx/M)? [6-8, 23, 24].

Because back-reaction cancels the brane tensions (and so also the direct effects of
integrating out brane particles) the dominant contributions to the low-energy effective 4D
cosmological constant are obtained by integrating out massive particles in the bulk. Taking
these to arise within a lagrangian of the form (1.3) gives contributions that are either of
order m?m?,. or m% ., depending on whether or not the massive states couple directly to
the branes, or only couple to them through the intermediary of massless bulk states (like
the graviton and its friends in the higher-dimensional supergravity). When the massive
states couple directly to the branes their contribution to the vacuum energy is of order
m2M?e® ~ m2m?2,. By contrast, when the coupling between branes and massive bulk
states only proceeds through a supergravity intermediary® the result instead is of order

4,20 ~ 4
M*e? ~m3 .

6 Actually, since it is only the relevant operators on the brane that give m*m?2 , contributions [3, 4], for
the minimal brane-localized field content it suffices to have the heavy bulk modes not couple directly to the

Higgs boson on the brane.



But what is the symmetry-breaking origin of this story? The reason for the suppression
by powers of m2 . can be traced to several mechanisms. These are described in more detail

in section 2, but can be stated here in a nutshell:

e Bulk Killing condition: the bulk geometry (in the example of interest, a two-sphere)
is such that it does not break one of the higher-dimensional supersymmetries [23].
That is, the integrability conditions locally allow a nontrivial solution to the Killing
spinor equation: Dj,e = 0. Requiring the variation of the dilatino and gaugino also
to vanish requires in addition that the background dilaton be constant, 9,,¢ = 0, and

that the background magnetic flux quantum be n = +1.

e BPS branes: space-filling 4D branes are situated within the extra dimensions, and
in the absence of particles on the branes, the coupling of branes to bulk fields is
described by a brane action whose leading terms can be organized in a derivative

expansion, whose most general form (unrestricted by supersymmetry) is:
sb:—/(wa+Ab*F+-~), (14)

where w is the brane’s volume form and *F' is the Hodge dual of the field strength
of a particular bulk gauge field, whose nonzero background value plays a role in the
flux-stabilization of the extra dimensions [23]. As usual, the parameter T}, in the
no-derivative term describes the brane tension, while the parameter A, of the one-
derivative term turns out to describe (see below) the amount of magnetic flux of this

bulk gauge field that is localized on the brane [17, 18].

This brane action enforces a set of boundary conditions on the bulk fields [25, 26],
and in general these can obstruct the existence of the Killing spinor and so break the
incipient supersymmetry of the bulk. For instance, any coupling of ¢ to the brane
requires ¢ to acquire a nonzero normal derivative near the brane, inconsistent with the
vanishing gradient required by bulk supersymmetry. But keeping the first two terms
in eq. (1.4), there is only one more condition required for a brane to be consistent with
a Killing spinor (beyond the ¢-independence of T and Ap). The additional condition
requires the coefficients satisfy a ‘BPS’-like relationship of the form ¢ Ty + co. A = 0,
for two calculable nonzero quantities ¢; and co. This condition for supersymmetry is
BPS-like, in that some supersymmetries can survive the presence of a brane provided
its tension and magnetic ‘charge’ are related in a particular way.” In the example of
interest this unbroken supersymmetry is the same one that is preserved by the bulk

geometry.

"Since ¢; # 0 supersymmetry is always broken by the brane in the ‘pure tension’ case, with A, = 0.



e Globally broken but locally unbroken SUSY: what is novel about the ‘BPS’ condition in
the example of interest is that the ratio ca/c; is a function of ¢(z3), (again the dilaton,
from the bulk gravity multiplet) evaluated at the brane of interest. Furthermore, this
field has a classical zero mode, ¢o(x) = pup(z), where ug(x) is a specific normalized
mode function and the constant ¢ is undetermined by any of the classical equations
of motion (because of a classical scale invariance of the bulk field equations). ¢ turns

out ultimately to be fixed by flux quantization in the bulk.

Why is this novel? For each brane there is always a choice for ¢, for which the
BPS condition holds, and preserves supersymmetry, for arbitrary values of Ty and Ap.
Furthermore, for any one brane this choice is always consistent with the bulk equations of
motion because it amounts to a choice for ¢. Of course, if there is more than one brane
the same choice for ¢ need not ensure that supersymmetry is preserved at all of them
simultaneously. And even for one brane it may happen that flux quantization chooses a
value for ¢ that is inconsistent with supersymmetry at the brane.

What is important is that this ensures that any local physics (near a brane or not)
doesn’t ‘know’ if supersymmetry is broken until it can be determined whether or not the
supersymmetric value required for ¢ at the brane is consistent with the global configura-
tion of branes and fluxes in the bulk. In particular, quantum effects arising from loops of
short-wavelength high-energy modes are local in this way, and since they do not know that
supersymmetry is broken these loops cannot generate anything that unbroken supersym-
metry forbids. As a result they do not contribute to the low-energy 4D effective vacuum
energy as they usually might be expected to do. Instead, a nonzero vacuum energy only
arises once wavelengths are integrated out that are large enough to ‘see’ the entire extra
dimensions, leading to results that are suppressed by the KK scale, and (if only massless

bulk multiplets couple to the brane) are of order m% .

Adding brane particles

So far this result may not seem very remarkable, since it seems only to say that the SUSY-
breaking scale is the KK scale, and so this must be much larger than the observed Dark
Energy density. After all, in the above discussion the branes in question did not involve
any on-brane degrees of freedom, but if it did one might expect to find superpartner masses
at the KK scale.

The remarkable part is that this expectation is wrong [3, 4], ultimately because it makes
the mistaken assumption that supersymmetry must be linearly realized on the branes. To

investigate this, imagine adding some brane particles and doing so in a way that is not



constrained at all by supersymmetry.® (For instance one might imagine having a theory of
just bosons or just fermions on a brane, or perhaps precisely the Standard Model itself [37].)
In such a picture particle physics on the brane is not supersymmetric at all; indeed it need
not have the particle content to fill out a supermultiplet.

Now comes the main point. Consider integrating out all the brane fields, to determine
the low-energy effective cosmological constant. In general all possible effective couplings
of the brane to the bulk fields are generated, and none of them need be particularly small.
In particular, expanding the result in a derivative expansion again gives eq. (1.4), with
renormalized coefficients, T} and Aj, plus terms involving at least two derivatives. From
this point on the discussion proceeds as above, leading for the same reasons to a vacuum
energy that is of order the KK scale. It does so because the BPS condition could be
satisfied by fixing the value, ¢, of a bulk zero mode, and this works equally well for 7} and
Aj because it took place for any value of T, and As.

A similar interplay between locally unbroken but globally broken internal symmetries
has also been found to be useful in extra-dimensional versions of Grand Unified theories [38-
41], and have long been pined for as a potential brane-world mechanism for obtaining a
small vacuum energy or scalar mass [42, 43]. Related models also arise within 4D theories,
such as with ‘deconstructed’ dimensions [44] used to produce phenomenological ‘littlest

Higgs’ models addressed to the electroweak hierarchy problems of the Higgs boson [45].

1.2 The numerology

In a nutshell, the supersymmetry-breaking story implies (and explicit calculations bear
out — see below and in [3, 4]) that for generic brane configurations (assuming no direct
brane couplings to ¢ or to massive multiplets) the low-energy 4D cosmological constant is

of order

4
_ 00 s (Mg T M, ! 4
Pvac - m — C(S (%) == C |:(5 TeV)4:| <1O TeV> (0027 eV) . (15)

Here the overall scale is m7%,, and 1/(47)? is the generic one-loop factor.” The factor

§ ~ k?T/2r is a dimensionless measure of the size of the brane’s gravitational coupling,

with T" an energy density on the brane. Control of the semiclassical limit requires § < 1,

80ne might wonder how supergravity can couple to such a system, but this can be done by using
an equivalent formulation wherein global supersymmetry is nonlinearly realized [27-32] by appropriately
coupling a Goldstone fermion on the brane, and then coupling this to supergravity using standard Noether
methods. In the end the Goldstone fermion is eaten by the super-Higgs mechanism [33-36] to give a mass

to the massless KK mode of the bulk gravitino.
°In 6 dimensions one loop actually brings a factor of 1/(4r)%, but one of these cancels the 47 coming

from the volume of the extra dimensions.



and supersymmetry in the bulk requires pysoc must vanish as all energy densities on the
brane vanish [23]. Finally, C' is a calculable number that is not systematically suppressed
by symmetry-breaking parameters.

Clearly, for C order unity, for generic energy densities on the branes eq. (1.5) cannot be
small enough to describe the observed Dark Energy density without also conflicting with
existing constraints on extra dimensions. The most important in this case are constraints on
astrophysical energy loss in stars and supernovae [37, 46-51], which imply M, = 10 TeV.
Taking the lowest value and assuming 7 ~ (5 TeV)* (motivated by current bounds on
the existence at the LHC of ‘string’ excitations of Standard Model particles), we get the
numerical values quoted in (1.5).

The case of identical branes in the extra dimensions turns out to be supersymmetric,
and so for this choice the loop contributions to pyac vanish. Radiative corrections on the
brane (such as would happen if the Standard Model resided on one brane, but not the
other) can then make the brane tensions differ from one another, breaking supersymmetry
and allowing a nonzero vacuum energy. In this case the brane energy relevant to the
suppression factor § is this loop-induced tension difference, AT ~ Fm*/(47)? instead
of the overall tension, 7. Here the upper (lower) sign assumes the most massive brane
particles are bosons (fermions).

This leads to the following, smaller, estimate

m 4 M, 4
vae = g 1.3x 107 %eV)* 1.
p 0(173Ge\/> <10TeV> (13X 107 eV)", (16)

where for numerical purposes we take the mass of the heaviest known particle — the top
quark — when evaluating the heaviest brane-particle mass. Depending on the value of C,
the resulting vacuum energy is now small enough to be consistent with the measured Dark
Energy density.

There can be a variety of supermultiplets living in the bulk, including the usual super-
gravity, gauge and hypermultiplets at the massless level. Indeed, for chiral 6D supergrav-
ity [20—22] literally hundreds of these multiplets can be required by anomaly-cancellation
conditions [52-54]. However, field-for-field it is the massive multiplets of the bulk su-
pergravity that contribute the most to the vacuum energy, and the value of C for the
lowest-spin massive 6D supermultiplet is known, and given in section 3 as a function of the
configuration of branes. In the supersymmetric case of most interest, eq. (1.6), it is given
by [3, 4]

4 2
o=l <“M> AT <0, and C—. (’;;”) AT >0, (L7)
R



up to corrections that are suppressed by a power of (2gr/kM)?. Massless multiplets con-
tribute with coefficients that are of order (kM /2gy)?, for which C' (and its sign) are un-
known. Here M is the mass parameter for the massive multiplet and g is the gauge
coupling for the flux-stabilizing Maxwell field in the higher-dimensional theory.

Control of approximations in the low-energy theory requires we take M < M, and
grMy < 1, and to properly include scales larger than this would require using a UV
completion, such as string theory. In this case the result would be obtained by summing
expressions like eq. (1.6) over the relevant particle spectrum, and although this calculation
cannot yet be done it is tempting to expect that the result is similar, with M replaced by
the appropriate string scale. For numerical purposes we can take M = 0.1M,, AT < 0 and
grMy = 0.01 so that C' = 250. This choice gives the estimate quoted in eq. (1.1):

) m 4 M 4 _
Prac(massive mult) = (173 Gev> (10 TiV) (5.5 x 107 eV)*. (18)

It is remarkable that this is smaller in magnitude to the observed value if the largest-mass
particle on the brane is the top quark.'®

This allows us to relate more precisely the scale of the observed Dark Energy density
to the other scales in these models, like r (whose value is probed by tests of deviations
from Newton’s inverse-square law) and extra-dimensional gravity scale, M, (whose value

is relevant to signals in the Large Hadron Collider). We find

e The extra-dimensional radius is most strongly constrained by the lower limit on M,
since M, > 10 TeV requires r? = Mg/(47rM;) < (1.4 pm)?2. This is below, but not
excessively far below, the current upper limit, rexp < 45 pm, coming from short-

distance tests of Newton’s inverse-square law [55, 56].

e Because pyac x M, ; it is fairly sensitive to the size of M,. Moving M, up to 30 TeV
would raise pyac by a factor of 81. To pin down the precise limits on M, in this way
requires a detailed evaluation of the contribution to C' of all bulk supermultiplets,
massless and massive, as well as the contribution of states within the UV completion.
Although this is beyond the present state of the art, it is clear that once M, is too
large detailed cancelations would be required in order to produce an acceptably small

result. For instance, given the hundreds of multiplets likely to be present in the bulk

107t appears to have the wrong sign if the heaviest particle is a fermion, like the top quark, but because a
single low-spin massive multiplet need not dominate the entire bulk result, definitively computing the sign
and precise magnitude must await a fuller understanding of the bulk spectrum, potentially including the
UV sector. What is remarkable about eq. (1.8) is that it is small enough that many fields contributing a

similar order of magnitude can give an acceptable value without the need for detailed cancelations.



a conservative guess might take the complete result for pyac to be 1000 ~ 5.6* times
larger than in eq. (1.8), in which case there is little room to allow M, to be much
larger than 10 TeV. If the full result instead were only 100 times the size of (1.8)
then M, could be allowed to be as large as 20 TeV. (figure 2 shows graphically the

range of allowed values of M, and r allowed by the above formulae.)

e The size of M, is relevant for the LHC since any new states associated with the UV
completion (such as string excitations of Standard Model particles) are likely to have
masses below M,. For instance string states generally have masses that are smaller
than the gravity scale by powers of the string constant, so in any weakly coupled
string theory states would be expected below M,. Although precise constraints would
require a better understanding of the phenomenology of weak-scale strings [57-59],
an indication of the likely strength of these bounds can be found from limits placed on
KK excitations of Standard Model particles in more conventional extra-dimensional

models, and are already at several TeV [60-62].

We now turn to a more detailed derivation of these results.

2 Distributed SUSY breaking

We start with the discussion of the bulk system, and the local and global conditions for

unbroken supersymmetry.

2.1 The system of interest

The bulk theory we explore explicitly is 6D chiral gauged supergravity [20-22], with non-
trivial background fields taken to be the graviton g,,n, a gauge field, Fy,y, and the dilaton

¢. Their equations of motion follow from the action'!

6 1 M €—¢> MN 2912% o)

S=— [dy=g —(R+6M¢a ¢)+—FMNF + R o). (2.1)
2K2 492 K4
and are explicitly given by
K2e=® 1 (K2 ® 2g2
9r 2 495 K
81VI <\/ —g€_¢FMN> - 0 (23)
2 ,—¢ 9242

K“e 9r &\ _

DQZ)‘F(%FPQFPQ,%QG)—O. (24)

The gauge field appearing here gauges a specific R-symmetry, U(1)z, of the 6D super-
symmetry algebra. Notice these equations are invariant under the classical rigid scaling

symmetry under which ¢yx — ¢ gay and e~ — Ce™?.

1We use a ‘mostly-plus’ metric, and adopt Weinberg’s curvature conventions [63].

~10 -



2.2 Local and global conditions for SUSY

Our interest is in when the solutions to these equations preserve an unbroken supersym-
metry. We first identify the necessary conditions that must hold locally within the bulk
(both near and far from the branes), and then ask whether there are global obstructions
to extending these conditions due to the existence of boundary conditions at the positions

of branes or flux quantization.

Local conditions deep in the bulk

A configuration of the given background fields is supersymmetric if there exists a nonzero
supersymmetry parameter, €, for which the following transformations vanish once evaluated

at the background:!'?

oA 1 e ¢2F, JTMNe @ e?/2¢
K

a 2\/5912

1 M
ox = Tﬂ(ﬁm)l“ € (2.5)

0y = \//f D e,
where A, x and t,, are respectively the 6D gaugino, dilatino and gravitino that partner
with the nontrivial background fields.

First consider the dilatino condition, dx = 0, which implies the dilaton must be a
constant: d,,¢ = 0. Solutions with constant ¢ are possible [6-8, 23], and as we see below
it requires the solution locally to have the spherical rugby-ball form.

Next, the gaugino condition dA = 0 can also allow nonzero €, provided its decomposi-

tion in terms of 4D spinors has the form

[ Eax
e-( 0 ) , (2.6)

where the 4D spinor €44 satisfies the 4D Weyl condition vse44 = £e44, with the sign
correlated with that of the flux-quantization integer, n = +1.
Finally the condition d1,, = 0 boils down to the existence of a covariantly constant
(Killing) spinor:
i .
D]\/je - (a]y[ — ZFAB Q]A\JB — ZA]\{) € = 07 (27)

where the covariant derivative of € depends on A,, because the corresponding symmetry

is an R symmetry (and so does not commute with supersymmetry). The integrability

12T general the dilatino transformation also contains a term involving a bulk Kalb-Ramond field, but

this vanishes in the geometries of interest here.

- 11 -



condition for such a spinor states [D,;, Dyle = —i (% Runpol'P9 + FMN) € = 0, which for
the rugby-ball backgrounds is automatically satisfied by eq. (2.6) together with the 4D
condition 564+ = Fe4+. The resulting Killing spinor turns out to be a constant on a
patch in the bulk, due to a cancellation in the spinor covariant derivative between the
R-symmetry gauge connection, A, and the rugby-ball spin connection, Qf’.

It is in this way that we see that nontrivial solutions to the Killing-spinor equation
exist on any local coordinate patch, and what remains is to see if these solutions can be
stitched together to satisfy all of the boundary conditions set by the problem around the
extra dimensions. Ref. [23] shows how this can be done to assemble a global Killing spinor if
the extra-dimensional metric is a sphere, showing that the Salam-Sezgin spherical solution

preserves one 4D bulk supersymmetry.

Local conditions near a brane

Once branes are present we can ask whether they can obstruct the local existence of
supersymmetric patches that include the brane position. In general they do, by dictating
near-brane boundary conditions that are not satisfied by any solutions to the conditions
for unbroken supersymmetry. One way this can happen in the present instance would be
for the brane actions not to be stationary with respect to variations of the 6D dilaton, ¢.
This would preclude the existence of supersymmetric configuration in a patch including the
brane because back-reaction makes 6.5p/d¢ proportional to the near-brane limit of pd,¢
(where p is the radial proper distance from the brane). Consequently, having a nonzero
0.5y /8¢ would contradict the requirement found earlier that ¢ be a constant throughout the
patch. A sufficient condition for this obstruction not to arise is to have all of the coefficient
functions, T}, Ap etc., be completely independent of ¢.

But branes can also break supersymmetry even if they do not couple to the dilaton.
They can do so because of the changes the brane-localized flux interaction implies for
the near-brane boundary conditions for the bulk gauge field, A,;,. The background gauge
potential on a patch near a brane satisfying the near-brane boundary conditions dictated

by back-reaction [17, 18] turns out to be given by
Ago:—'/\ga(cosﬁ—b)+b‘1>b, (2.8)

where N and b are signs, 41, with V set by the flux quantization integer and b labeling the
two branes situated at cos§ = b. (In what follows, we’ll write the N explicitly as +, but

leave b intact.) The non-trivial component of the spinor covariant derivative then becomes

. 0 .
Dge = [&p—; (%5 _75> (acos@—b):t%(cosG—b) —ib®y| e=0, (2.9)
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and so in a patch near a brane 44 must satisfy

1

{erz’b |::t2(1_04)_q>b:|}54i:()- (2.10)

This can have nontrivial solutions if the brane defect angle, ap, and flux, @3, are related by
1

£ (1 —ap) = @p. (2.11)

Global obstructions

We now ask whether these local conditions for unbroken supersymmetry can be assembled
together to give a global solution that respects all boundary conditions. Since we know
this can be done when branes are absent [23], it suffices to check whether the various near-
brane boundary conditions — like eq. (2.11) — can be consistent with one another, and
with other global conditions like flux quantization.

As was shown in [3, 4], a single 4D supersymmetry can survive all these conditions
when the two branes are identical — i.e. have equal tensions and localized fluxes — and
do not couple to the dilaton, ¢. This can partially be seen from the consistency of the
above local conditions for supersymmetry near each brane, eq. (2.11). Furthermore, these
conditions turn out to be consistent with flux quantization, which for identical branes turns
out to require [3, 4]

) 1

)
b, =P _ =—=+-(1—-—a)=%— 2.12

where ® := &, + ®_ defines the total localized flux.

In general, though, the branes break supersymmetry. This is true in particular for
‘pure-tension’ branes, for which ®, = 0. For such branes any nonzero brane tension —
« # 1 — necessarily breaks supersymmetry. As argued in the introduction, local UV
physics that sees only one brane doesn’t know supersymmetry breaks if this is only due to

an inconsistency between the properties of different branes.

2.3 Explicit solutions for non-identical branes

It is useful to make the above considerations concrete by presenting the explicit solutions to
the bulk field equations appropriate to a generic pair of branes. The only assumption these
solutions make is that neither brane couples directly to the bulk dilaton, ¢, and as a result
the normal derivative of ¢ vanishes in the near-brane limit [25, 26]. The solutions described
here are those of refs. [64, 65], written in a more physically transparent coordinate system.
(See appendix A.1 for the explicit relationship with the forms given in [64, 65].)

The metric which solves egs. (2.2) has the form

ds? = W2(9) ds + r2(8) (d92 +a%(8)sin? 0 dgpQ) , (2.13)
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where ds7 denotes a maximally symmetric four-dimensional geometry, ds3 = v dxtdx”,

and the field equations imply g, = 71, and

r(0) = roW(0) with  rp:= , (2.14)
29z
and so
ds? = W2(6) [dsi + 72 (d92 + a2(60) sin® 0 dﬁ)] . (2.15)
The remaining metric functions are
A
0) = 2.16
2(0) = iz (2.16)
and
0 0
W4(0) = e sin? 3 + e ¢ cos? 3
= cosh& —sinh & cos 6. (2.17)
The background gauge field is given by
i 1
Fpy = £ 0 _ €0 (2.18)

2W8(0) 27r2(0) W4(0)’

where €, is the extra-dimensional Levi-Civita tensor. The dilaton is similarly given by

G0 _ ¢
W2(6)

Here €, X and ¢ are three integration constants that can be related to brane properties

(2.19)

by the near-brane boundary conditions [25, 26]. Two of them (£ and \) can be traded for
the defect angles, 0, = 2w(1 — ap), due to the branes located at the two poles. Our notation
writes oy == (0 =0), a_ := a( =x), Wy := W(0 =0) and W_ := W(0 = 7), and so

we have

A

_ _ b
ab—Wf—)\ef, (2.20)
and so
1
A= Jaja_ and SR e —- (2.21)
o Wi
In terms of these a(#) is given simply by
1 1 (1+bcost 1 90 1 . 5,0
— =N () = cos? -+ — sin? o 2.22
a(h) zb:ozb< 2 ) gt o8 2+o¢, S (2:22)
and
W(0) = W cos? g + W sin? g . (2.23)

In particular, in the special case W, = W_ the function W (#) (and so also ¢(0), r(0)
and «(f)) becomes constant, and the geometry (2.13) reduces to the simple rugby-ball
solution [6-8, 23].
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Flux quantization

The third integration constant, ¢g, is completely unfixed by the bulk equations of mo-
tion, because of their invariance under constant scale transformations. The condition that
ultimately fixes ¢g is instead flux quantization.

For the systems of interest it is important that the branes carry localized tubes of the
background flux themselves [17, 18], as in eq. (1.4). In terms of the coefficients in this
lagrangian the localized flux contributions on each brane is given by

B Abe% B A, e%o
o2 27er2’

o, (2.24)

where ¢, denotes ¢ evaluated at the corresponding brane. Consequently the flux quanti-
zation condition (for flux quantum n = +£1) ensures the otherwise-unspecified zero-mode

¢ adjusts to satisfy
1
+1= P — | F. 2.25
Yot / (2.25)
More explicitly, using

/F = /d@dcp Fop, = £21\ = 27 /aya_, (2.26)
together with eq. (2.21), we find that the zero-mode is given by

27r(1 — /a+a,)

b4
>y Ab ((Tj)

e® = +

(2.27)

Spin and gauge connections

There are several reasons why this configuration breaks supersymmetry (unless W, = W_).
First, it does so because ¢ generically has a nontrivial gradient, 9,,¢ # 0. Second, the gauge
and spin connections in general cannot be identified. To see this, note that the gauge field
found by integrating the field strength (starting from the flux-localized boundary condition,
Au(Oy) = by [17, 18]) is

A [0 sin 0’ oy
A, () =bDy+= | A ——— =Py F ——— 0—0b). 2.2
o(0) bE S /Gb WS (@) b F Y0 (cos ) (2.28)
By contrast, the extra-dimensional component of the spin connection evaluates to
. 2 9
0,5 —q <0089 - % sinh §> —b, (2.29)

and so these connections cannot cancel in the Killing spinor equation, except at the position

of the branes provided the supersymmetry condition there,
1
q)b = :|:§(1 — ab) y (230)

is satisfied.
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3 4D vacuum energy and scales

We now give a quick review of the 1-loop computation of the vacuum energy described for
rugby ball solutions in [3, 4] and use it to estimate the contributions due to a brane loop
in the more general spacetimes sourced by branes that are not identical.

We would like to obtain an effective potential due to loops of various fields in a massive
supermultiplet, computed on the classical background described previously. As it turns out,
the 1PI effective potential in the case of a warped geometry can be inferred from the rugby-
ball result obtained in [3, 4] (more on this later). We begin with a brief summary of the
methods used and results obtained in [3, 4], before extending them to the warped case of

interest here, for which estimates are made.

3.1 Mode sums and renormalization

We wish to compute the change to the 4D vacuum energy due to a loop of various particles

in a massive multiplet. To this end we consider the 1PI quantum action, I' = S + X, where

(3.1)

j —O + X +m?
E:—/d4mV1L:;(—)FTrLog< 6+ +m>.

112
(X denotes additional operators specific to the type of field in the loop; bosons/fermions
contribute with (—)" = £1.) Wick rotating to Euclidean signature and performing a

heat-kernel expansion [66-71], we have

k2 +m? +m§n)

_} F  4—d ddkE
Vip = 5 (=) %;/ (2m)d In 112

4—d 00
_ M dt —t(mr)?
= _2(47TT2)d/2/(] fAtdz © ) 5(t), (3:2)

where m?n = Ajn/ r2 denote the eigenvalues of —[Jy 4+ X in the compactified space,

—6/2
ro=tc (3.3)
29r

and d = 4 — 2 ¢ with regularization parameter, ¢, taken to zero after all divergences in this

limit are renormalized. The function S(t) is defined by
S(t) :== (=)~ Zexp [—t\jn] (3.4)
in
and has the following small-¢ expansion:

i R
t Vi
+81t+83/2 t3/2 + S2 t2 +O(t5/2) . (35)

S(t) ~ +So-|-$1/2\/1E
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Its small-¢ limit is of interest because it is only a few of the first terms in this series that

contribute to the UV divergences appearing in V;:

C 1 1
=——— |—+1 (—) ) 3.6
Vi (4mr?)? [4—d i m ] Vs (36)
where Vy is finite as d — 4. The constant C is given in terms of the s; by
C:= SG%I(mr)6 - S—;(mr)4 + s1(mr)? — s2. (3.7)

The coefficients s; are functions of the bulk flux quantum, A = %1, the defect angles, as,

and the brane fluxes, ®y.

Bulk divergences

Because the wavelengths of interest are much shorter than the extra-dimensional size,
divergences are instead absorbed into counter-terms in both the 6D bulk and 4D brane
actions. Refs. [3, 4] show how to disentangle which bulk and brane interactions absorb the
divergences found in eq. (3.6). However, for our purposes, it is sufficient to notice that the

Gilkey coeflicients s; decompose into a bulk and brane part as follows:
si=flay,a ) s+ dsip, (3.8)
b

where the multiplying factor f(ay,a_) reflects the change in volume due to the presence
of the brane sources.'® The specific form of f is not needed since the bulk contributions to
the Gilkey coefficients are independent of the boundary conditions, and so are guaranteed
to cancel — when summed over a multiplet — as they do in the Salam-Sezgin case [72,
73]. Physically, this is because the bulk counterterms capture the effects of very short-
wavelength modes, which don’t extend far enough through the extra dimensions to ‘know’

about conditions imposed at the boundaries.

Brane divergences

In a similar vein as the previous argument, since the brane corrections ds;; are capturing the
effects of short-wavelength modes at the brane, they depend only on the local properties
of each brane, and are insensitive to the properties of other distant branes. As such,
their form as derived in [3, 4] for the case of the rugby ball is valid for the case of non-
identical branes as well. Therefore, there is no need to re-derive these Gilkey-de Witt
coefficients. In subsection 3.2, we recap the values of the ds;’s for the field content of

various supermultiplets.

13In the case of non-identical branes, f is

2 (aya)¥*

flay,a) = Vot v
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Brane back-reaction

Finally, we find some additional simplification as a result of back-reaction. Since the ds;’s
are renormalized by changing the brane couplings, the bulk geometry will back-react due

to these 1-loop corrections. In [17, 18], the back-reacted vacuum energy is shown to be

(BR) _ 1 OLyr
Py —2; 36 (3.10)

where Ly is the renormalized brane lagrangian density: S, = [ d*z\/=g Lpr. Therefore,
only contributions from massive multiplets can contribute to the final result since they are

the only ones which can grow dilaton-dependence in the brane couplings:

4 2
r)y  C B dsop (KM _531b kM M,
v = gy Where O_Zb [2 <29R> > \2g.) |\ ) B

(In the above, ds_; does not appear because s_; is renormalized entirely by the bulk

potential.) This back-reacted result is then added to the finite part of the 1-loop effective

potential to determine the net 1-loop vacuum energy:

— ,\BR) Vi = % 3.12

py =pv "+ Vs (4mr2)2 (3.12)

Although we do not compute Cy, we expect it to vanish in the supersymmetric case,

and for its size to be O(1) given previously computations on odd-dimensional spheres [74]

(although graviton contributions may be enhanced). However, since several bulk fields are

expected for anomaly cancellation [52-54], its contribution could be enhanced; its exact
kM

value remains to be checked. For a sufficiently large value of (29—}%), we are guaranteed

that C is the dominant contribution to the vacuum energy.

3.2 Assembly of Gilkey-de Witt coefficients

Since we argue in the previous subsection that the brane divergences are no different in the
more general case of non-identical branes, as compared to the ones computed for the rugby
ball, this subsection simply recaps the various brane Gilkey-de Witt coefficients denoted
by ds;, as found in [3, 4]. This is done first for individual fields in a matter multiplet, and
then assembled to give the desired result. Since only dsg, and ds1, appear in eq. (3.11), we
track only these brane divergences here. (For convenience, we drop the subscript b on the
Jds;’s in this subsection.)

The bosonic sector of the 6D hypermultiplet is composed of four hyperscalars; they

form a specific quaternionic potential, as dictated by supersymmetry. Each hyperscalar
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has the following Gilkey-de Witt coefficients:

hs _ l wz_l_é
dsg® = - B 5 F(|®)) (3.13)
o LBl 1 P N
sop = L (L ) - P el ) 5 eo(e)  (314)
where
w:=1/a, F(z):=z(1-2z), G):=(1-x)(1-2x). (3.15)

The uncharged spin-1/2 (6D) Weyl hyperino has

1 (w?—1
fo = — 1
dsgy - ( G > (3.16)
1 (w1 T7w*-1)
fo = — 1
dsy - ( = + 0 > . (3.17)

The gauge multiplet contains a charged spin-1/2 Weyl fermion — the gaugino — whose

Gilkey de-Witt coefficients are

5 £ 1 w2 -1 2
= |~ e’ 2 Flon) (3.18)
o==+1
1 (w?=-1 wt—1 w? w?
o1 = - % 1 F(lo — ) F}®
51 w( 18 90 6 Ugi:l( :F?)O') (’ f0'|)+ 6 Ugi:l (| fo"))
2
w
+— > (1 = 0) 4, G(|Pso ) (3.19)
6 o=%1

where o = +1 (—1) denotes positive (negative) helicity, and
o
O, =P — 5(1 —a). (3.20)

The (uncharged) spin-1 gauge field has the following coefficients:

2
o L w?—1
dsg _w< (w—1)+ 3 ) (3.21)
1 (w?=1 wi-1
gf _ L 22
5§ w( 5 + %0 ) (3.22)

In the supersymmetric case, the flux is related to the defect angle in the following way:
1
D =@, := i§(1 —a). (3.23)

Therefore, we can readily check that these Gilkey-de Witt coefficients cancel in the super-

symmetric case. Specializing to the flux in eq. (3.23), the supersymmetric values for the
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charged coefficients are

2 2
w?—1 1 w? —1
§sh __ , 5f‘ — 2 (w—1- , 3.24
% D=0, 24w % =0, W “ 3 ( )
1 21 Tw-1 1 21 w1
5shs = (Y i ) , 555‘ == (-2 i . (3.25)
=0, W 288 2880 d=d; W 9 90

From these, we see that — once summed over an entire multiplet — the combinations
Sstm = 45shs + (53{0 and ds8" = (581gf + 0st (from an entire hypermultiplet or gauge

multiplet, respectively) vanish in the supersymmetric case, as was found previously in [3, 4].
Massive multiplets can also exist in six dimensions; they contribute to brane diver-

gences through the combination

S5 = S 4 55 (3.26)

)

with the understanding that one of the hyperscalars in the hypermultiplet is ‘eaten’ by the
gauge field in the gauge multiplet.
In this combination, there is some partial cancellation that take place; for convenience,

let’s write the result with a flux specified in units of the supersymmetric one:

P
= — 2
b=y (3.27)
These Gilkey-de Witt coefficients are
1— k[, [kl<1
osp™ = (w—1) x 3.28
0 ( ) { 0, K> 1 (3.28)
Tw?+1 k| <1
mm _ (W2 — 1) el (et T2 (12 2 _
sspm = &1 ol (e )2[w (1-31k1) +3e(Ikl-0n) +1] . (3.29)
[1F] = o = (Il = )], k> 1

where oy, := k/|k|. To demonstrate more clearly the behaviour of these functions, we plot

them for a fiducial value of w = 1.2 in figure 1. Their general features are:

e they are both non-negative;
e the highest power of ® in ds; is (2i + 1) when |®| < |®g| and (2¢) when |®| > |Ds];

e the maximum values are (w — 1) and (w? — 1)/(2w), respectively.

3.3 Estimation of bounds

In this subsection, we begin by performing a worst-case-scenario estimate of the types of
expected bounds on the gravity scale and the extra-dimensional size. This estimate will
appear bleak, but a more realistic analysis shows that one can simultaneously obtain the

observed dark energy while avoiding tension with the known experimental constraints.
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Figure 1. Plots of dsg (left) and ds; (right) for the fiducial value w = 1.2, as a function of the flux
in units of the supersymmetric one: k = ®/®,. In the second plot, Taylor expansions made in each

disjointed regime of eq. (3.29) are overlaid; the function itself is in thick red (colour online).

Worst-case scenario

An upper limit on the kinds of bounds we expect to get can be obtained from considering

0so alone. Eq. (3.11) tells us that the back-reacted vacuum energy is given by

4 2
(BR)_ ]. HM . K/M 1 Mg
A = s Eb:[mb (55) oo (50 ] w(M) )

However, if this contribution is to dominate over the finite part of V;,, then we expect
2
kM
— ] >1. 3.31
(57) (3.31)

Therefore — since the maximum values of dsy and ds; are roughly the same size for small
deviations from o = 1 —we can estimate the maximum value of eq. (3.30) by taking
dsop ~ (1 — «):

= = (Y1 () (e )

To get a sense of the bounds that this type of expression might predict, let’s take

gr=(0.019) M, ', M =0.1M, (3.33)

(where M, = k~'/2 as before). This gives

M\ 2
(” ):5 >1 ¢ g§<1 (3.34)

20 ) G2
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and so, for small deviations from o = 1, we have

T 2.94 x 101\ *
obs.

~ 3.35
ﬁ/pV[®%w4< m%r) 239
where p2” := (2.3 x 1073 eV)%. Since the radius and the gravity scale are related by

1 4mr?

o= Zg = (2.4 x 10" GeV)?, (3.36)

4

we obtain the following estimates:

1/4 1/4
5 TeV
M, = (233GeV) § (pﬁg&) (;) (3.37)
Vv
obs. \ 1/2 1/2
p = 2A8Imm Py L . (3.38)
g2 Py 5 TeV

In each case, we find disagreement with observational bounds when evaluated at the fidicual
values. In fact, in the case of M,, we are no longer in the perturbative regime since 1 — «
is no longer a small quantity. However, since these estimates are all made in the worst-
case scenario, let’s next consider a more optimistic one in which we can better exploit the

benefits of a supersymmetric background.

Improved scenario: perturbing about a supersymmetric configuration

In this scenario, we consider a supersymmetric rugby-ball configuration, which is perturbed
due to a difference in tensions arising from a brane-particle loop. We begin by quoting the

leading-order term in the large-mass limit, §sg, as found in the previous subsection:

2 Doy — Dy, || < |®
530 = Os0s + 50—, Gsy = — x4 |l TPl el < |2l
X 0, |®p| > [Psp]

(3.39)

Such a dsg is plotted in figure 2, as a function of the flux and defect angle differences.
(Recall: the sum of fluxes is fixed by flux quantization.) Let’s consider perturbing around

a rugby-ball background with identical branes:

1
ap = ap+ 0oy, Dp = ii(l —ap) + 6Py, (3.40)
Furthermore, let’s assume that we are integrating out a brane particle at the north brane
only:
4 M,
0T = (=) (=2), 6T =0. 3.41
= () 2(47T)Qn(M , (3.41)

(We find that, counterintuitively, the positive sign corresponds to fermionic loop upon
integrating the brane particle beta function down from the gravity scale.) After some
algebra (see appendix A.2 for details), we find at leading order

3 k20T, 5o L k20T,
T4 2

1 k26T,
b, =6 =4 . 3.42
+ S on (3.42)
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Figure 2. Plot of dsq for the fiducial value @ := % = 0.8, as a function of Aa := a4 —a_ and

A® := P, — $_. The black line indicates the discontinuity at dsy = 0 (colour online).

When 67 < 0 (i.e. for bosonic loops) we have |®;| < |®g| for both branes, moving us up

the right-hand side of two triangles like the one in figure 1. Therefore, at leading order in

eq. (3.39) we find
k26T  w2m? M,
~ = In{=Z). 4
ds0= =0 2(4m)s ( M ) (343)

Repeating our previous estimate in this more realistic case, we find that

k2 m? M\ M, 2
Py = ——— | — In{—=
4(47)5r4 \ 2gx M

4 /171 x 1013\ *
~ (2.3 x 1073 eV)* (ot 44
(2:3 % 1077 eV) (173Gev> ( G M,r ) (3:44)

This — together with M, = /4w M, 57’ — vyields the following estimates:

1/4
o pv 173 GeV
M, = (40 TeV et 3.45
= omenyg () (T (3.45)
1/2
0.083 um [ poPs m 2
= . — 4
" 32 < oy (173GeV> (3.46)

(In the above, we use a fidicual value of m = 173 GeV for concreteness, despite the as-
sumption of a bosonic loop correction to the tension.)

To get a sense of how much freedom is allowed by these bounds, consider the plots in
figure 3. Therein, we find that there is considerable parameter space available to obtain
a vacuum energy which is comparable to the observed value. In particular, the region
of parameter space accessible at the LHC would predict an extra-dimensional size in the

range 0.1-1 pym.
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Figure 3. Log plots of the vacuum energy in the M, vs. § and r vs. § planes, respectively, for

obs.

pyv = poP% (solid green), p, = 10 x pP* (blue dashes), and p,, = 0.1 x p>* (red dots). The greyed

v

regions are excluded (colour online).

4 Discussion

In this paper we have considered the implications of recent calculations of the vacuum
energy in the scenario of large supersymmetric extra dimensions. We generalize earlier
results in rugby ball geometries to extra dimensions that have a more general geometry,
including warping. Our results confirm the expectation that the vacuum energy in these

models is robustly set by the KK scale.

We identify the underlying symmetries that protect the vacuum energy at scales larger
than the KK scale. The crucial ingredient is that the scale of supersymmetry breaking
in the bulk is — surprisingly— not set by the mass splittings of standard model particles
with their superpartners. Instead, the bulk SUSY breaking scale is set by gradients in the
background fields that differ from the supersymmetric choice, and those are all set by the
scale of the extra dimensions. The reason for this is that the BPS-like condition on the
branes that relates its flux to its tension, can be satisfied exactly locally at each brane
separately. It is only when those local conditions are mutually inconsistent due to global

considerations like flux quantization that the supersymmetry in the bulk is broken.

Quantitatively, we show that there is significant parameter space for which these mod-
els are consistent with the current state of the art of detecting extra dimensions. The next
generation of collider and inverse-square-law experiments will be capable of determining

the validity of such an extra-dimensional origin for the observed vacuum energy.
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A Some properties of the independent-brane solutions

This appendix records some of the properties of the geometry discussed in section 2 that

describes the bulk sourced by two non-identical branes.

A.1 Relation to GGP coordinates

This section derives the form used for the metric, eq. (2.13), by performing a coordinate

change from the solution of ref. [64, 65], which derives the solution using the ansatz
ds? = W) ds + a*(n) e~ (WS(n) dn? + dis?)
FMN:07 an:f(n)fmnv ¢:¢(77> (Al)

In these coordinates, the Ricci tensor has the following non-vanishing components,

ro_ 1 RW 9,
W Zeeows |Tw o \w ) |

02a a.a\?  OPW d,a\ 0,W 0, W\ 2
__n-_ [ =z 41 _ -n= 1 N A2
R = () e s () e () e

1 8,2]a Oha 2
Ree =y |a ~a ) |

and the equations of motion can be integrated to yield the following solution [64, 65]:

cosh[A(n — m)]

WO = oy~ ) (49)
4

e _ Qg )

() cosh®[A\(n — n1)] cosh[A(n — 12)] .
_ (205 @*(n) _ A2
Foe = ( K2 ) W2(n) jZZCoshQ[/\(n —n)] (4.5)
gt _ " (A.6)
W2(n)
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Here, ag := Ak/2gy and the three independent integration constants are A, An := 2 — 11,
and d)o.
To obtain the form used in section 2, first define

_E et g B b2 A
r(n) 0 e roW(n), with rg: 0 e . (A.7)

The coordinate 6(n) is obtained by requiring r(n) df = a(n)e~?/2 W*(n) dn, which gives

Adn

Y ot =]

(A.8)

Integrating from 6 = 0 (corresponding to 7 — —o0) yields the three equivalent forms

1

0
0(n) = 2arctan[eM1712)] or M) = M2 tan () or sinf(n) = —————.
(n) [ ] 5 (n) cosh[A(n — 772)%
A9

From these we see that n — 400 corresponds to 6 = 7.
With this relation in tow we can find the connection between the integration constants

used here and those appearing in section 2. Evaluating the warp factor gives

cosh]A\(n(0) —m)] e tan(0/2) + e 27 cot(0/2)

4
0) := = Al
W) cosh[A(n(0) — n2)] tan(6/2) 4 cot(6/2) (A.10)
= MV gin? 0 + e M ¢og? g ,
and so £ = AAn.
Similarly
—¢0/2
a(n) e ®/? A S , (A.11)
r(n) cosh[A(n —m)] W cosh[A(n —n2)]
and so
A 2
Gpp = ale %0 = (VV4> r?sin 0, (A.12)
leading to the line element of section 2:
ds? = W2(6) ds? + 12(6) (d02 + a?(0) sin2 0 dg02> (A.13)
— W2(9) [dsi + 72 (d92 +a%(8)sin? 0 dg02>] : (A.14)
where g and «(f) are as defined there. The gauge field is similarly given by
dn A sinf 1 €0,
= =+ =4 Al
Foe = G970 = Eawsie) = Fare) whe) (A-15)

as in the main text.
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A.2 Brane-bulk matching conditions

In this section we record how the bulk integration constants are related to the brane po-
sitions by the brane-bulk matching conditions, including both tension and brane-localized
flux at each brane. The three integration constants in the bulk solution can be traded for
these four brane properties because flux quantization imposes one relation between them.

As shown in [25, 26], in the presence of brane-localized flux the graviton boundary

conditions at each codimension-2 brane require

2
K Lb
1l—ap = A.16
o= "1 (4.16)
where
.Ab 47‘(@(,
Ly:=1T, — 72912% €™ Frn = Ty ¥ /{2le1 ’ (A17)
and the last equality evaluates the result on the background solution, using
Abem Abecbo
Dy = = A.18
’ 2 212 (A.18)
Vara—
and Wi = e P = Y72 (A.19)
Qyp
Combining these expressions gives the result
2
KTy, 20y
l—apy=—F — A.20
ap o + ng 3 ( )

which is to be solved for oy, say, keeping in mind that «a; also appears implicitly in the
expressions for Wy on the right-hand side.

To proceed further it is useful to assume that the coefficients A, are the same for
both branes: A, = A_ := A. Besides simplifying later formulae, this is also the near-
supersymmetric situation of interest in the main text. In this situation we imagine starting
with identical branes (the supersymmetric case), and add non-supersymmetric on-brane
particles (like the Standard Model) on one of them, without coupling them to the brane-
localized flux. In this case loops of brane particles can generate a tension difference,
Ty # T_, but the quantities A4 remain equal. However, it is important to recognize that
this does not also imply the physical flux, ®, localized on the two branes need be identical,
because of the Wj-dependence of ®y,.

With this assumption the flux quantization condition fixing the zero mode, ¢g, is

Ae®o Jay + Ja_
Zq)b ~ 9 4 +
b T (avan)

(1—azal). (A.21)
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Solving for e®° and eliminating it from eq. (A.18), we find the a relation between ®; and

the defect angles, ay:
+(1— ./ _
o, — H-vara) o (A.22)
Vot + /o

Therefore, using this in the graviton boundary conditions, gives the following non-linear

expression to be solved to obtain oy as a function of brane tension:

2 2(1 - Jaza-
w1y (-vewas) o (A.23)

1—ap = —

2r (Vo +yas)yaras "’
3/2

Notice that the function in front of the factor o

is symmetric in the interchange a; <> a_.
Eq. (A.23) can be solved explicitly in the semiclassical limit, for which the combinations

x2Ty /27 are both small. Working to first order in these quantities gives the results

32T, KT
= 1 —
o 8T + 8t
32T KT,
- =1- . A24
“ 8T + 8m ( )

Notice that the presence of brane-localized flux makes the local defect angle at each brane
depend on the tensions at both branes. In the special case where T = T_ := T, eq. (A.24)
reduces to the rugby-ball result [17, 18]: 1 — o = x*T /4, which (because of the brane-
localized flux) is half as large as the standard ‘pure-tension’ expression [75].

In the particular case where we start out with equal tensions, but on-brane loops
perturb only the tension of the + brane, so T =T and T, =T + 0T, the defect angles at
both branes are perturbed, and we have

3k20T B k26T

= — _ = ) A2
ooy ey da . (A.25)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] G.’t Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry breaking, in
Cargese Summer Inst. (1979) 135 (QCD161:S77:1979) reprinted in Under the spell of the
gauge principle, Adv. Ser. Math. Phys. 19 (1994) 1, and in Dynamical gauge symmetry
breaking, E. Farhi and R. Jackiw eds., World Scientific (1982) 345-367.

[2] C.P. Burgess, The Cosmological Constant Problem: Why it’s hard to get Dark Energy from
Micro-physics, in the proceedings of the Les Houches School Cosmology After Planck
[arXiv:1309.4133] [INSPIRE].

~ 98 —


http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1309.4133
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.4133

[3] M. Williams, C.P. Burgess, L. van Nierop and A. Salvio, Running with Rugby Balls: Bulk
Renormalization of Codimension-2 Branes, JHEP 01 (2013) 102 [arXiv:1210.3753]
[INSPIRE].

[4] C.P. Burgess, L. van Nierop, S. Parameswaran, A. Salvio and M. Williams, Accidental
SUSY: Enhanced Bulk Supersymmetry from Brane Back-reaction, JHEP 02 (2013) 120
[arXiv:1210.5405] [INSPIRE].

[6] M. Williams, Technically Natural Vacuum Energy at the Tip of a Supersymmetric Teardrop,
Phys. Rev. D 89 (2014) 086006 [arXiv:1311.4172] [INSPIRE].

[6] Y. Aghababaie, C.P. Burgess, S.L. Parameswaran and F. Quevedo, Towards a naturally
small cosmological constant from branes in 6 — D supergravity, Nucl. Phys. B 680 (2004) 389
[hep-th/0304256] [INSPIRE].

[7] C.P. Burgess, Supersymmetric large extra dimensions and the cosmological constant: An
Update, Annals Phys. 313 (2004) 283 [hep-th/0402200] [INSPIRE].

[8] C.P. Burgess, Towards a natural theory of dark energy: Supersymmetric large extra
dimensions, AIP Conf. Proc. 743 (2005) 417 [hep-th/0411140] [INSPIRE].

[9] C.P. Burgess and L. van Nierop, Technically Natural Cosmological Constant From
Supersymmetric 6D Brane Backreaction, Phys. Dark Univ. 2 (2013) 1 [arXiv:1108.0345]
[INSPIRE].

[10] C.P. Burgess, R. Diener, L. van Nierop and M. Williams, in preparation.

[11] P. Callin and C.P. Burgess, Deviations from Newton’s law in supersymmetric large extra
dimensions, Nucl. Phys. B 752 (2006) 60 [hep-ph/0511216] InSPIRE].

[12] J.-W. Chen, M.A. Luty and E. Ponton, A Critical cosmological constant from millimeter
extra dimensions, JHEP 09 (2000) 012 [hep-th/0003067] [INSPIRE].

[13] F. Leblond, R.C. Myers and D.J. Winters, Consistency conditions for brane worlds in
arbitrary dimensions, JHEP 07 (2001) 031 [hep-th/0106140] [iNSPIRE].

[14] S.M. Carroll and M.M. Guica, Sidestepping the cosmological constant with football shaped
extra dimensions, hep-th/0302067 INSPIRE].

[15] I. Navarro, Codimension two compactifications and the cosmological constant problem, JCAP
09 (2003) 004 [hep-th/0302129] [INSPIRE].

[16] E. Papantonopoulos and A. Papazoglou, Brane-bulk matter relations for a purely conical
codimension-2 brane world, JCAP 07 (2005) 004 [hep-th/0501112] [INSPIRE].

[17] C.P. Burgess and L. van Nierop, Bulk Axions, Brane Back-reaction and Fluzes, JHEP 02
(2011) 094 [arXiv:1012.2638] [INSPIRE].

[18] C.P. Burgess and L. van Nierop, Large Dimensions and Small Curvatures from
Supersymmetric Brane Back-reaction, JHEP 04 (2011) 078 [arXiv:1101.0152] [INSPIRE].

~ 99 —


http://dx.doi.org/10.1007/JHEP01(2013)102
http://arxiv.org/abs/1210.3753
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.3753
http://dx.doi.org/10.1007/JHEP02(2013)120
http://arxiv.org/abs/1210.5405
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5405
http://dx.doi.org/10.1103/PhysRevD.89.086006
http://arxiv.org/abs/1311.4172
http://inspirehep.net/search?p=find+J+Phys.Rev.,D89,086006
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.015
http://arxiv.org/abs/hep-th/0304256
http://inspirehep.net/search?p=find+EPRINT+hep-th/0304256
http://dx.doi.org/10.1016/j.aop.2004.04.012
http://arxiv.org/abs/hep-th/0402200
http://inspirehep.net/search?p=find+EPRINT+hep-th/0402200
http://dx.doi.org/10.1063/1.1848343
http://arxiv.org/abs/hep-th/0411140
http://inspirehep.net/search?p=find+EPRINT+hep-th/0411140
http://dx.doi.org/10.1016/j.dark.2012.10.001
http://arxiv.org/abs/1108.0345
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.0345
http://dx.doi.org/10.1016/j.nuclphysb.2006.06.018
http://arxiv.org/abs/hep-ph/0511216
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0511216
http://dx.doi.org/10.1088/1126-6708/2000/09/012
http://arxiv.org/abs/hep-th/0003067
http://inspirehep.net/search?p=find+EPRINT+hep-th/0003067
http://dx.doi.org/10.1088/1126-6708/2001/07/031
http://arxiv.org/abs/hep-th/0106140
http://inspirehep.net/search?p=find+EPRINT+hep-th/0106140
http://arxiv.org/abs/hep-th/0302067
http://inspirehep.net/search?p=find+EPRINT+hep-th/0302067
http://dx.doi.org/10.1088/1475-7516/2003/09/004
http://dx.doi.org/10.1088/1475-7516/2003/09/004
http://arxiv.org/abs/hep-th/0302129
http://inspirehep.net/search?p=find+EPRINT+hep-th/0302129
http://dx.doi.org/10.1088/1475-7516/2005/07/004
http://arxiv.org/abs/hep-th/0501112
http://inspirehep.net/search?p=find+EPRINT+hep-th/0501112
http://dx.doi.org/10.1007/JHEP02(2011)094
http://dx.doi.org/10.1007/JHEP02(2011)094
http://arxiv.org/abs/1012.2638
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.2638
http://dx.doi.org/10.1007/JHEP04(2011)078
http://arxiv.org/abs/1101.0152
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0152

[19] Y. Aghababaie, C.P. Burgess, J.M. Cline, H. Firouzjahi, S.L. Parameswaran et al., Warped
brane worlds in siz-dimensional supergravity, JHEP 09 (2003) 037 [hep-th/0308064]
[INSPIRE].

[20] H. Nishino and E. Sezgin, Matter and Gauge Couplings of N = 2 Supergravity in
Siz-Dimensions, Phys. Lett. B 144 (1984) 187 [INSPIRE].

[21] H. Nishino and E. Sezgin, The Complete N = 2, d = 6 Supergravity With Matter and
Yang-Mills Couplings, Nucl. Phys. B 278 (1986) 353 [INSPIRE].

[22] S. Randjbar-Daemi, A. Salam, E. Sezgin and J.A. Strathdee, An Anomaly Free Model in
Siz-Dimensions, Phys. Lett. B 151 (1985) 351 [INnSPIRE].

[23] A. Salam and E. Sezgin, Chiral Compactification on Minkowski x S* of N = 2
FEinstein-Mazwell Supergravity in Siz-Dimensions, Phys. Lett. B 147 (1984) 47 [iInSPIRE].

[24] Y. Aghababaie, C.P. Burgess, S.L. Parameswaran and F. Quevedo, SUSY breaking and
moduli stabilization from fluzes in gauged 6 — D supergravity, JHEP 03 (2003) 032
[hep-th/0212091] [INSPIRE].

[25] C.P. Burgess, D. Hoover, C. de Rham and G. Tasinato, Effective Field Theories and
Matching for Codimension-2 Branes, JHEP 03 (2009) 124 [arXiv:0812.3820] INSPIRE].

[26] A. Bayntun, C.P. Burgess and L. van Nierop, Codimension-2 Brane-Bulk Matching:
Ezamples from Siz and Ten Dimensions, New J. Phys. 12 (2010) 075015 [arXiv:0912.3039]
[INSPIRE].

[27] D.V. Volkov and V.P. Akulov, Is the Neutrino a Goldstone Particle?, Phys. Lett. B 46
(1973) 109 [NSPIRE].

[28] V.P. Akulov and D.V. Volkov, Goldstone fields with spin 1/2, Theor. Math. Phys. 18 (1974)
28 [INSPIRE].

[29] B. Zumino, Nonlinear Realization of Supersymmetry in de Sitter Space, Nucl. Phys. B 127
(1977) 189 [INSPIRE].

[30] S. Samuel and J. Wess, A Superfield Formulation of the Nonlinear Realization of
Supersymmetry and Its Coupling to Supergravity, Nucl. Phys. B 221 (1983) 153 [INSPIRE].

[31] J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton Univ. Pr. (1992) 259 pp.

[32] Z. Komargodski and N. Seiberg, From Linear SUSY to Constrained Superfields, JHEP 09
(2009) 066 [arXiv:0907.2441] [NSPIRE].

[33] E. Cremmer, B. Julia, J. Scherk, P. van Nieuwenhuizen, S. Ferrara et al., SuperHiggs Effect
in Supergravity with General Scalar Interactions, Phys. Lett. B 79 (1978) 231 [INSPIRE].

[34] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello et al., Spontaneous Symmetry
Breaking and Higgs Effect in Supergravity Without Cosmological Constant, Nucl. Phys. B
147 (1979) 105 [InSPIRE].

— 30 —


http://dx.doi.org/10.1088/1126-6708/2003/09/037
http://arxiv.org/abs/hep-th/0308064
http://inspirehep.net/search?p=find+EPRINT+hep-th/0308064
http://dx.doi.org/10.1016/0370-2693(84)91800-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B144,187
http://dx.doi.org/10.1016/0550-3213(86)90218-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B278,353
http://dx.doi.org/10.1016/0370-2693(85)91653-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B151,351
http://dx.doi.org/10.1016/0370-2693(84)90589-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B147,47
http://dx.doi.org/10.1088/1126-6708/2003/03/032
http://arxiv.org/abs/hep-th/0212091
http://inspirehep.net/search?p=find+EPRINT+hep-th/0212091
http://dx.doi.org/10.1088/1126-6708/2009/03/124
http://arxiv.org/abs/0812.3820
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.3820
http://dx.doi.org/10.1088/1367-2630/12/7/075015
http://arxiv.org/abs/0912.3039
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.3039
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B46,109
http://dx.doi.org/10.1007/BF01036922
http://dx.doi.org/10.1007/BF01036922
http://inspirehep.net/search?p=find+J+Theor.Math.Phys.,18,28
http://dx.doi.org/10.1016/0550-3213(77)90211-5
http://dx.doi.org/10.1016/0550-3213(77)90211-5
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B127,189
http://dx.doi.org/10.1016/0550-3213(83)90622-3
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B221,153
http://dx.doi.org/10.1088/1126-6708/2009/09/066
http://dx.doi.org/10.1088/1126-6708/2009/09/066
http://arxiv.org/abs/0907.2441
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.2441
http://dx.doi.org/10.1016/0370-2693(78)90230-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B79,231
http://dx.doi.org/10.1016/0550-3213(79)90417-6
http://dx.doi.org/10.1016/0550-3213(79)90417-6
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B147,105

[35]

[38]

[39]

[40]

[41]

[42]

[43]

[48]

[49]

[50]

E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Yang-Mills Theories with Local
Supersymmetry: Lagrangian, Transformation Laws and SuperHiggs Effect, Nucl. Phys. B
212 (1983) 413 [INSPIRE].

M.T. Grisaru, M. Ro¢ek and A. Karlhede, The Superhiggs Effect in Superspace, Phys. Lett.
B 120 (1983) 110 [INSPIRE].

C.P. Burgess, J. Matias and F. Quevedo, MSLED: A Minimal supersymmetric large extra
dimensions scenario, Nucl. Phys. B 706 (2005) 71 [hep-ph/0404135] [INSPIRE].

W. Buchmiiller, K. Hamaguchi, O. Lebedev and M. Ratz, Dual models of gauge unification
in various dimensions, Nucl. Phys. B 712 (2005) 139 [hep-ph/0412318] [NSPIRE].

W. Buchmiiller, K. Hamaguchi, O. Lebedev and M. Ratz, Supersymmetric standard model
from the heterotic string, Phys. Rev. Lett. 96 (2006) 121602 [hep-ph/0511035] INSPIRE].

W. Buchmiiller, K. Hamaguchi, O. Lebedev and M. Ratz, Local grand unification,
hep-ph/0512326 [INSPIRE].

W. Buchmiiller, K. Hamaguchi, O. Lebedev and M. Ratz, Supersymmetric Standard Model
from the Heterotic String (II), Nucl. Phys. B 785 (2007) 149 [hep-th/0606187| [INSPIRE].

C.P. Burgess, R.C. Myers and F. Quevedo, A Naturally small cosmological constant on the
brane?, Phys. Lett. B 495 (2000) 384 [hep-th/9911164] [INSPIRE].

C.P. Burgess, P. Grenier and D. Hoover, Quintessentially flat scalar potentials, JCAP 03
(2004) 008 [hep-ph/0308252] [INSPIRE].

N. Arkani-Hamed, A.G. Cohen and H. Georgi, Flectroweak symmetry breaking from
dimensional deconstruction, Phys. Lett. B 513 (2001) 232 [hep-ph/0105239] [INSPIRE].

N. Arkani-Hamed, A.G. Cohen, E. Katz and A.E. Nelson, The Littlest Higgs, JHEP 07
(2002) 034 [hep-ph/0206021] [INSPIRE].

S. Cullen and M. Perelstein, SN1987A constraints on large compact dimensions, Phys. Rev.
Lett. 83 (1999) 268 [hep-ph/9903422] [INSPIRE].

V.D. Barger, T. Han, C. Kao and R.-J. Zhang, Astrophysical constraints on large extra
dimensions, Phys. Lett. B 461 (1999) 34 [hep-ph/9905474] [INSPIRE].

C. Hanhart, D.R. Phillips, S. Reddy and M.J. Savage, Extra dimensions, SN1987a and
nucleon-nucleon scattering data, Nucl. Phys. B 595 (2001) 335 [nucl-th/0007016] [INSPIRE].

S. Hannestad and G.G. Raffelt, Stringent neutron star limits on large extra dimensions,
Phys. Rev. Lett. 88 (2002) 071301 [hep-ph/0110067] [iINSPIRE].

S. Hannestad and G. Raffelt, New supernova limit on large extra dimensions, Phys. Reuv.
Lett. 87 (2001) 051301 [hep-ph/0103201] [INSPIRE].

D. Atwood, C.P. Burgess, E. Filotas, F. Leblond, D. London et al., Supersymmetric large
extra dimensions are small and/or numerous, Phys. Rev. D 63 (2001) 025007
[hep-ph/0007178] [iNSPIRE].

~ 31—


http://dx.doi.org/10.1016/0550-3213(83)90679-X
http://dx.doi.org/10.1016/0550-3213(83)90679-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B212,413
http://dx.doi.org/10.1016/0370-2693(83)90634-2
http://dx.doi.org/10.1016/0370-2693(83)90634-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B120,110
http://dx.doi.org/10.1016/j.nuclphysb.2004.11.025
http://arxiv.org/abs/hep-ph/0404135
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0404135
http://dx.doi.org/10.1016/j.nuclphysb.2005.01.038
http://arxiv.org/abs/hep-ph/0412318
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0412318
http://dx.doi.org/10.1103/PhysRevLett.96.121602
http://arxiv.org/abs/hep-ph/0511035
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0511035
http://arxiv.org/abs/hep-ph/0512326
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0512326
http://dx.doi.org/10.1016/j.nuclphysb.2007.06.028
http://arxiv.org/abs/hep-th/0606187
http://inspirehep.net/search?p=find+EPRINT+hep-th/0606187
http://dx.doi.org/10.1016/S0370-2693(00)01255-7
http://arxiv.org/abs/hep-th/9911164
http://inspirehep.net/search?p=find+EPRINT+hep-th/9911164
http://dx.doi.org/10.1088/1475-7516/2004/03/008
http://dx.doi.org/10.1088/1475-7516/2004/03/008
http://arxiv.org/abs/hep-ph/0308252
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0308252
http://dx.doi.org/10.1016/S0370-2693(01)00741-9
http://arxiv.org/abs/hep-ph/0105239
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0105239
http://dx.doi.org/10.1088/1126-6708/2002/07/034
http://dx.doi.org/10.1088/1126-6708/2002/07/034
http://arxiv.org/abs/hep-ph/0206021
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0206021
http://dx.doi.org/10.1103/PhysRevLett.83.268
http://dx.doi.org/10.1103/PhysRevLett.83.268
http://arxiv.org/abs/hep-ph/9903422
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9903422
http://dx.doi.org/10.1016/S0370-2693(99)00795-9
http://arxiv.org/abs/hep-ph/9905474
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9905474
http://dx.doi.org/10.1016/S0550-3213(00)00667-2
http://arxiv.org/abs/nucl-th/0007016
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0007016
http://dx.doi.org/10.1103/PhysRevLett.88.071301
http://arxiv.org/abs/hep-ph/0110067
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0110067
http://dx.doi.org/10.1103/PhysRevLett.87.051301
http://dx.doi.org/10.1103/PhysRevLett.87.051301
http://arxiv.org/abs/hep-ph/0103201
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0103201
http://dx.doi.org/10.1103/PhysRevD.63.025007
http://arxiv.org/abs/hep-ph/0007178
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0007178

[52]

[53]

[54]

[63]

[64]

[65]

S. Randjbar-Daemi, A. Salam, E. Sezgin and J.A. Strathdee, An Anomaly Free Model in
Siz-Dimensions, Phys. Lett. B 151 (1985) 351 [INSPIRE].

M.B. Green, J.H. Schwarz and P.C. West, Anomaly Free Chiral Theories in Six-Dimensions,
Nucl. Phys. B 254 (1985) 327 [INSPIRE].

J. Erler, Anomaly cancellation in siz-dimensions, J. Math. Phys. 35 (1994) 1819
[hep-th/9304104] [INSPIRE].

E.G. Adelberger, B.R. Heckel and A.E. Nelson, Tests of the gravitational inverse square law,
Ann. Rev. Nucl. Part. Sci. 53 (2003) 77 [hep-ph/0307284] [INSPIRE].

C.D. Hoyle, D.J. Kapner, B.R. Heckel, E.G. Adelberger, J.H. Gundlach et al., Sub-millimeter
tests of the gravitational inverse-square law, Phys. Rev. D 70 (2004) 042004
[hep-ph/0405262] [INSPIRE].

D. List, S. Stieberger and T.R. Taylor, The LHC String Hunter’s Companion, Nucl. Phys. B
808 (2009) 1 [arXiv:0807.3333] [INSPIRE].

L.A. Anchordoqui, H. Goldberg, D. Liist, S. Nawata, S. Stieberger et al., Dijet signals for low
mass strings at the LHC, Phys. Rev. Lett. 101 (2008) 241803 [arXiv:0808.0497] INSPIRE].

L.A. Anchordoqui, H. Goldberg, D. Liist, S. Nawata, S. Stieberger et al., LHC
Phenomenology for String Hunters, Nucl. Phys. B 821 (2009) 181 [arXiv:0904.3547]
[INSPIRE].

ATLAS, CMS collaboration, Search for extra-dimensions, tt resonances, 4" generation and
leptoquark signatures at the LHC, proceedings of the Moriond EWK 2013 conference, La
Thuile, Ttaly [arXiv:1305.3169] [INSPIRE].

ATLAS, CMS collaboration, Fxotic Phenomena Searches at Hadron Colliders, proceedings
of the PIC 2012, Strbske Pleso, Slovakia [arXiv:1301.2521] [NSPIRE].

R. Franceschini, P.P. Giardino, G.F. Giudice, P. Lodone and A. Strumia, LHC bounds on
large extra dimensions, JHEP 05 (2011) 092 [arXiv:1101.4919] INSPIRE].

S. Weinberg, Gravitation and Cosmology, Wiley (1973).

G.W. Gibbons, R. Giiven and C.N. Pope, 3-branes and uniqueness of the Salam-Sezgin
vacuum, Phys. Lett. B 595 (2004) 498 [hep-th/0307238] [nSPIRE].

C.P. Burgess, F. Quevedo, G. Tasinato and 1. Zavala, General axisymmetric solutions and
self-tuning in 6D chiral gauged supergravity, JHEP 11 (2004) 069 [hep-th/0408109]
[INSPIRE].

J.S. Schwinger, On gauge invariance and vacuum polarization, Phys. Rev. 82 (1951) 664
[INSPIRE].

B.S. De Witt, Dynamical Theory of Groups and Fields, in Relativity, Groups and Topology,
B.S. De Witt and C. De Witt eds., New York, Gordon and Breach (1965).

~32 -


http://dx.doi.org/10.1016/0370-2693(85)91653-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B151,351
http://dx.doi.org/10.1016/0550-3213(85)90222-6
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B254,327
http://dx.doi.org/10.1063/1.530885
http://arxiv.org/abs/hep-th/9304104
http://inspirehep.net/search?p=find+EPRINT+hep-th/9304104
http://dx.doi.org/10.1146/annurev.nucl.53.041002.110503
http://arxiv.org/abs/hep-ph/0307284
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0307284
http://dx.doi.org/10.1103/PhysRevD.70.042004
http://arxiv.org/abs/hep-ph/0405262
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0405262
http://dx.doi.org/10.1016/j.nuclphysb.2008.09.012
http://dx.doi.org/10.1016/j.nuclphysb.2008.09.012
http://arxiv.org/abs/0807.3333
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.3333
http://dx.doi.org/10.1103/PhysRevLett.101.241803
http://arxiv.org/abs/0808.0497
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.0497
http://dx.doi.org/10.1016/j.nuclphysb.2009.06.023
http://arxiv.org/abs/0904.3547
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.3547
http://arxiv.org/abs/1305.3169
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.3169
http://arxiv.org/abs/1301.2521
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.2521
http://dx.doi.org/10.1007/JHEP05(2011)092
http://arxiv.org/abs/1101.4919
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.4919
http://dx.doi.org/10.1016/j.physletb.2004.06.048
http://arxiv.org/abs/hep-th/0307238
http://inspirehep.net/search?p=find+EPRINT+hep-th/0307238
http://dx.doi.org/10.1088/1126-6708/2004/11/069
http://arxiv.org/abs/hep-th/0408109
http://inspirehep.net/search?p=find+EPRINT+hep-th/0408109
http://dx.doi.org/10.1103/PhysRev.82.664
http://inspirehep.net/search?p=find+J+Phys.Rev.,82,664

[68]

[69]

[70]

[74]

[75]

P.B. Gilkey, The Spectral geometry of a Riemannian manifold, J. Diff. Geom. 10 (1975) 601
[INSPIRE].

S.M. Christensen, M.J. Duff, G.W. Gibbons and M. Roc¢ek, Vanishing One Loop B-function
in Gauged N > 4 Supergravity, Phys. Rev. Lett. 45 (1980) 161 [INSPIRE].

D.M. McAvity and H. Osborn, A DeWitt expansion of the heat kernel for manifolds with a
boundary, Class. Quant. Grav. 8 (1991) 603 [INSPIRE].

D.V. Vassilevich, Heat kernel expansion: User’s manual, Phys. Rept. 388 (2003) 279
[hep-th/0306138] [INSPIRE].

D. Hoover and C.P. Burgess, Ultraviolet sensitivity in higher dimensions, JHEP 01 (2006)
058 [hep-th/0507293] [INSPIRE].

C.P. Burgess and D. Hoover, UV sensitivity in supersymmetric large extra dimensions: The
Ricci-flat case, Nucl. Phys. B 772 (2007) 175 [hep-th/0504004] [iNSPIRE].

C.R. Ordonez and M.A. Rubin, Graviton Dominance in Quantum Kaluza-Klein Theory,
Nucl. Phys. B 260 (1985) 456 [INSPIRE].

A. Vilenkin, Gravitational Field of Vacuum Domain Walls and Strings, Phys. Rev. D 23
(1981) 852 [INSPIRE].

— 33 —


http://inspirehep.net/search?p=find+J+J.Diff.Geom.,10,601
http://dx.doi.org/10.1103/PhysRevLett.45.161
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,45,161
http://dx.doi.org/10.1088/0264-9381/8/4/008
http://inspirehep.net/search?p=find+J+Class.Quant.Grav.,8,603
http://dx.doi.org/10.1016/j.physrep.2003.09.002
http://arxiv.org/abs/hep-th/0306138
http://inspirehep.net/search?p=find+EPRINT+hep-th/0306138
http://dx.doi.org/10.1088/1126-6708/2006/01/058
http://dx.doi.org/10.1088/1126-6708/2006/01/058
http://arxiv.org/abs/hep-th/0507293
http://inspirehep.net/search?p=find+EPRINT+hep-th/0507293
http://dx.doi.org/10.1016/j.nuclphysb.2007.03.005
http://arxiv.org/abs/hep-th/0504004
http://inspirehep.net/search?p=find+EPRINT+hep-th/0504004
http://dx.doi.org/10.1016/0550-3213(85)90082-3
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B260,456
http://dx.doi.org/10.1103/PhysRevD.23.852
http://dx.doi.org/10.1103/PhysRevD.23.852
http://inspirehep.net/search?p=find+J+Phys.Rev.,D23,852

	Introduction
	SUSY breaking: think globally but act locally
	The numerology

	Distributed SUSY breaking
	The system of interest
	Local and global conditions for SUSY
	Explicit solutions for non-identical branes

	4D vacuum energy and scales
	Mode sums and renormalization
	Assembly of Gilkey-de Witt coefficients
	Estimation of bounds

	Discussion
	Some properties of the independent-brane solutions
	Relation to GGP coordinates
	Brane-bulk matching conditions


