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ABSTRACT: We compute how bulk loops renormalize both bulk and brane effective inter-
actions for codimension-two branes in 6D gauged chiral supergravity, as functions of the
brane tension and brane-localized flux. We do so by explicitly integrating out hyper- and
gauge-multiplets in 6D gauged chiral supergravity compactified to 4D on a flux-stabilized
2D rugby-ball geometry, specializing the results of a companion paper, arXiv:1210.3753,
to the supersymmetric case. While the brane back-reaction generically breaks supersym-
metry, we show that the bulk supersymmetry can be preserved if the amount of brane-
localized flux is related in a specific BPS-like way to the brane tension, and verify that
the loop corrections to the brane curvature vanish in this special case. In these systems
it is the brane-bulk couplings that fix the size of the extra dimensions, and we show that
in some circumstances the bulk geometry dynamically adjusts to ensure the supersym-
metric BPS-like condition is automatically satisfied. We investigate the robustness of this
residual supersymmetry to loops of non-supersymmetric matter on the branes, and show
that supersymmetry-breaking effects can enter only through effective brane-bulk interac-
tions involving at least two derivatives. We comment on the relevance of this calculation
to proposed applications of codimension-two 6D models to solutions of the hierarchy and
cosmological constant problems.
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1 Introduction

If teflon theories are those to which lack of experimental support does not stick, then
supersymmetry is their poster child. Indeed, supersymmetry continues to play a central
role in particle theory — and has done so for more than 3 decades — despite its so-
far disappointing prediction: the perpetually imminent discovery of superpartners for all
Standard Model particles.

Its longevity in the teeth of such disappointment has many reasons, but an important
one is its good ultraviolet properties. Supersymmetry is one of the few symmetries (another
is scale invariance) that can suppress both scalar masses and vacuum energies when un-
broken, and so potentially might be useful for the hierarchy and the cosmological-constant
problems. The challenge is to enable this suppression to survive the symmetry breaking
required to explain the experimental absence of superpartners. Moreover, supersymmetry
arises organically in string theory, which remains our best candidate for physics at the
highest energies.



These observations suggest the utility of re-thinking the (apparently signature) pre-
diction of Standard-Model superpartners, since it is the absence of evidence for these that
so far provides the best evidence for absence of supersymmetry. The key assumption that
underlies the prediction of superpartners (and so, more broadly, of the supersymmetric
Standard Model, minimal or otherwise) is the assumption that supersymmetry is linearly
realized. After all, nonlinear realization does not require superpartners, because nonlin-
early realized supersymmetry acts on a single-particle state (say, the electron) to give a
two-particle state (an electron plus a goldstino) [1-5] rather than the single-particle state
(a selectron) required by linear realization.

Nonlinearly realized supersymmetry also arises organically in string theory when su-
persymmetry is broken by the presence of branes [6]. D-branes often break half of the
supersymmetries present in the bulk, and by so doing provide counter-examples [7, 8] to
previously conjectured no-go theorems [9-11] precluding partial supersymmetry breaking.
In general, a configuration of branes can break all or only part of the supersymmetries
present in the bulk. This observation has spawned a variety of studies of brane-induced
partial supersymmetry breaking within both string and brane-world models [12-26].

Physically, nonlinear realization is appropriate if the symmetry-breaking scale, My, is
larger than the UV scale, My, above which the theory’s UV completion intervenes ([27—
29]; for a few reviews, among very many, of nonlinear realizations see [30, 31]). In this case
symmetry multiplets can be split by more than My, and so the low-energy theory need
not contain the particle content required to linearly realize the symmetry. For D-branes
the UV completion is string theory itself, so the brane spectrum need never linearly realize
supersymmetry in the field theory limit below the string scale.

When supersymmetry breaks on a brane it is often true that the bulk sector is more
supersymmetric than the brane sector, since the bulk must pay the price of a (possibly
weak) bulk-brane coupling before it learns that supersymmetry is broken. As a result,
unlike for the branes, the bulk spectrum has equal numbers of bosons and fermions, whose
masses could be split by as little as the Kaluza Klein scale. It therefore has the field content
to linearly realize supersymmetry, and so can have much milder UV properties than would
be expected for the branes.

The gravity of SUSY. All of this suggests a somewhat unorthodox picture of how low-
energy supersymmetry might be realized despite the apparent experimental absence of su-
perpartners [32]. If Standard-Model particles were localized on a supersymmetry-breaking
brane sitting within a more supersymmetric bulk, then Standard-Model superpartners
would be avoided and the low-energy world would have a gravity sector that is much more
supersymmetric than is the Standard-Model sector to which accelerators have access.

Supersymmetric signals would be much harder to find in such a world, and would
depend somewhat on the number of degrees of freedom present in the gravity sector [33].
Although each mode is gravitationally coupled, observable energy loss rates into the gravi-
tational sector can be possible (such as in the specific realizations involving supersymmetric
large extra dimensions [32, 34-39]). In such scenarios the enormous phase space can com-
pensate the small gravitational couplings, just as one obtains for gravitons in ordinary large
extra dimensions [40-45].



Can the good UV properties of supersymmetry still be useful within this kind of
picture? A hint that they can comes from the observation that both the hierarchy problem
— ‘Why is the weak scale so far below the Planck scale?” — and the cosmological constant
problem — ‘Why does the vacuum energy gravitate so weakly?’ — involve gravity in their
formulation. Perhaps they might be ameliorated by the same physics if the gravity sector
were very supersymmetric.

But there is no substitute for testing these ideas with an explicit calculation of the size
of loop effects. A well-developed, fairly simple and concrete framework within which to do
so is to describe the supersymmetric bulk using the field equations of 6D chiral, gauged
supergravity [46], which has long been known to allow (marginally) stable compactifications
to 4D on a sphere [47, 48]. All but a single modulus, ¢, of this supergravity is stabilized
by the presence of a Maxwell flux that threads the sphere in a monopole configuration.
It is also known how to embed SUSY-breaking branes into this system including their
back-reaction onto the extra-dimensional geometry, which (for two branes) deforms from a
sphere into a rugby ball! (with the branes located at the tips) [34] or into something even
more distorted [49, 50] (See also [51-55] for similar flux-stabilized rugby-ball constructions
within a non-supersymmetric context).

In this paper we test the UV properties of this kind of framework by explicitly com-
puting the contribution of bulk loops to the 1PI quantum action (as well as to the vac-
uum energy), including the supersymmetry-breaking influence of the branes. We do so
by adapting to the supersymmetric case a general calculation of bulk loops on rugby-ball
geometries [56]. For technical reasons these calculations are only for low-spin bulk fields
— i.e. spins zero, half and one — but work is in progress to extend our present results to
higher spins. By combining with earlier results for brane loops [57], we can piece together
how the complete one-loop result depends on brane and bulk properties.

In particular, because our interest is in the low-energy effects of UV modes, we track
how short-wavelength bulk loops renormalize the local effective interactions both on the
brane and in the bulk. In particular we ask how they depend on the single bulk modulus,
o, as well as on the two main brane properties relevant at low energies: their tension, T,
and the amount of stabilizing Maxwell flux, ®;,, that is localized on the branes.? Although
®;, may seem unfamiliar, its presence is in general required in order for the full brane-bulk
system to have low-energy deformations that can satisfy flux-quantization constraints that
relate @, to Tj, [58, 59]. Both T}, and ®;, correspond to the coefficients of the first two terms

in a generic derivative expansion of the brane action:?

2
Sb:_/ dtzy/ =~ Tb—l—fg Ppe P F 4., (1.1)
w 9= Jw

'North American readers should think ‘football’ here, but we use ‘rugby’ to avoid cultural disagreements
about the shape of a football.

2Maxwell (or gauge) flux can be localized on a 3-brane in 6 dimensions in the same way that magnetic
flux can be localized on a string (or vortex) in 4 dimensions.

3 Although our introductory discussion motivated brane supersymmetry breaking on known properties
of D-branes, notice that this is not a D-brane action. Because our focus is ultimately on very low-energy
properties we treat the brane phenomenologically, as a generic localized object whose microscopic structure
is not resolved in detail. A resolution of this more detailed structure would be required in any embedding
of our discussion into a UV completion. It is not yet known what the full string provenance is of the 6D
chiral supergravity considered here (see, however, [60, 61] for steps in this direction).
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where *F' is the 6D Hodge dual of the background 6D Maxwell flux, F)y, (whose gauge
coupling is g); W denotes the 4D world-surface of the brane and v = gynOex™ ™ is
the induced metric on W. The ellipses in eq. (1.1) correspond to terms involving at least
two derivatives of the bulk fields.

In general, both T}, and ®; can depend on the various bulk scalar fields — in particular
on the bulk dilaton, ¢, that appears in the 6D gravity supermultiplet — and generically
this dependence breaks the classical scaling symmetry whose presence is responsible for
the bulk geometry’s one classical modulus, . Because of this the brane-bulk backreaction
combines with flux quantization to fix this last remaining modulus. This is why quantities
like the 1PI action can depend on ¢ once branes are present, even at the classical level.

Accidental SUSY. Remarkably, we find for the simplest situation — two identical
branes that do not couple at all to the 6D dilaton ¢, situated at opposite ends of a rughy-
ball geometry [34] — the one-loop vacuum energy precisely vanishes. On closer inspection
it does so because all bulk Kaluza-Klein (KK) modes come in degenerate bose-fermi pairs.
In retrospect this happens because once the bulk modulus, ¢, adjusts to relate ®; to Ty
as dictated by flux quantization, the boundary conditions at the brane allow a Killing
spinor to exist in the bulk. That is, the branes unexpectedly leave unbroken the single
‘accidental” 4D subset of 6D supersymmetry that is also left unbroken by the bulk [47].
This residual supersymmetry was not noticed earlier because its existence requires ®; to
be nonzero. Consequently it is not present for the ‘pure-tension’ branes that are the usual
fare of brane-world calculations.

This unbroken supersymmetry is accidental in the sense that it arises automatically for
two identical branes, provided these are described only up to one-derivative level (i.e. by
eq. (1.1)), assuming only that T, and @, do not depend on ¢. It is in general broken once
higher-derivative effective brane-bulk interactions are also included, since these modify the
boundary conditions of bulk fields in such a way as to preclude there being a Killing spinor.
What is remarkable is how generic this supersymmetry is, since it depends on only to two
requirements: (i) that the branes not couple to the bulk dilaton, ¢; and (i7) that both
branes are identical? (such as might be enforced by a Z symmetry).

Because of this accidental supersymmetry, the bulk contribution to the vacuum energy
should vanish to all orders in the absence of brane-localized fields and of two-derivative
(and higher) interactions on the brane. We explicitly verify that this is true at one-loop
order, by generalizing results derived earlier for the non-supersymmetric case [56].

More generally, non-supersymmetric configurations can also be explored for which the
localized flux differs on the two branes. We find that integrating out massive bulk super-
multiplets at one-loop gives a low-energy vacuum energy contribution that is generically
of order

A~ «4752)2, (1.2)

“Even though supersymmetry breaks when (i) is not satisfied, it is known [49, 50] that the bulk geometry
obtained is still flat in the on-brane directions, provided only that () is satisfied.



where C'is an order-unity constant obtained by summing the contributions of all fields in the
problem (and to which bosons and fermions contribute with opposite signs). Generically C
is proportional to whatever quantities break supersymmetry, for instance giving C' o< (A®)?
for branes with unequal fluxes: A® = &, — &_. In the supersymmetric case of identical
branes C' = 0.

Ultimately, the surprisingly small size of (1.2) has two sources. It can be partially
traced to the supersymmetry of the bulk geometry, since 6D supersymmetry strongly re-
stricts how the bulk action is renormalized by short-wavelength UV modes. In particular,
one-loop renormalizations of the bulk action (and its higher-derivative corrections) van-
ish once summed over a 6D supermultiplet for supersymmetric rugby balls, independent
of what the brane properties are. This generalizes (for low-spin fields) to rugby balls an
earlier result for Ricci-flat geometries [62, 63].

The second important ingredient underlying (1.2) is classical scale invariance, which
ensures the bulk action can be written in the form

Sy = / /=5 € Ly(Garns Iy ) (13)

where Ly does not depend on ¢ undifferentiated, and the Jordan-frame metric, g,y is
related to the Einstein-frame metric in 6D by gyn = € gyn. This guarantees that a
factor of e2? accompanies each loop in the Jordan frame, and so provides the bulk theory’s
loop-counting parameter. e? turns out to be very small for large rugby balls because flux
stabilization dictates that e? ~ 1/(Mgr)?, where Mg is of order the 6D Planck scale (more
about which below). Consequently each bulk loop contributes a factor proportional to
1/r*, making the one-loop vacuum energy naturally of order the KK scale.

In the 6D Einstein frame these same factors of e? are also easily understood, since
there they arise because Einstein-frame masses, m, are related to Jordan-frame masses,
M, by m? = M?e®. Consequently m ~ 1/r even if M ~ Mg. To obtain m ~ Mg would
require M > Mg, for which a proper treatment requires understanding the UV completion
above Mg, likely a string theory. It is here that bulk supersymmetry is likely to play an
even more important role.

Finally, we use the results of the one-loop calculation to estimate the size of higher
loops. In particular, we explore the size of two-loop contributions in the supersymmetric
case for which the one-loop result vanishes. Here we find the most dangerous contributions
involve both a bulk and a brane loop, and in some circumstances these can contribute
A o< p?m?/(47)* o p?/(167%r)%, where u is a brane mass and m? ~ M?e? is the bulk
mass encountered above. When present such contributions dominate, and we explore when
this obtains.

The rest of this paper is organized as follows. First, section 2 describes the bulk su-
pergravity of interest, its rugby ball solutions and their supersymmetry properties. Then
section 3 briefly recaps the results of ref. [56] for the one-loop 1PI action as computed for
spins zero, half and one propagating within the rugby-ball geometry, with a focus on how
short-wavelength modes renormalize the bulk and brane actions. Next, section 4 assembles
these renormalization results for individual particles into a result for several 6D supermul-
tiplets. Then section 5 computes how to get from the 1PI action to the 4D vacuum energy,



tracking how the bulk back-reacts to the loop-changed brane energy densities, contributing
an amount comparable to the direct loop-generated changes themselves. Finally, a brief
summary of our conclusions, and the estimate of higher-loop bulk-brane effects can be
found in section 6.

2 Bulk field theory and background solution

We begin by summarizing the field content and dynamics of the bulk field theory of interest:
six-dimensional gauged, chiral supergravity [46, 47, 64] coupled to a number of 6D gauge-
and hyper- supermultiplets.

2.1 6D gauged, chiral supergravity

The field content of the supergravity sector of the theory consists of the minimal supergrav-
ity multiplet plus a single chiral Kalb-Ramond tensor multiplet; that is, a metric (gan),
antisymmetric Kalb-Ramond field (B,y), dilaton (¢), gravitino (¢,,) and dilatino (x).
The theory has a lagrangian formulation® because the Kalb-Ramond field has both self-
dual and anti-self-dual parts (one comes from the gravity multiplet and the other from the
tensor multiplet) and this is the purpose of including the single chiral tensor multiplet. The
supergravity is chiral because the fermions are all complex 6D Weyl spinors — satisfying
7 ¥ = Y and 7 x = —X.

This gravity multiplet can also couple to matter supermultiplets, of which we consider
two types: gauge multiplets — containing a gauge potential (A%,) and a chiral gaugino
(y7 A* = A%); or hyper-multiplets — comprising two complex scalars (®') and their chiral
hyperini (y7 ¥/ = —W¥'). 6D supersymmetry requires the scalars within the hypermultiplets
to take values in a quaternionic manifold, and precludes them from appearing in the gauge
kinetic terms or in the kinetic term for the dilaton field ¢ [65].

The supergravity is called ‘gauged’ because the 6D supersymmetry algebra has an
abelian U(1)z symmetry that does not commute with supersymmetry and is gauged by one
of the gauge multiplets. The fermion fields ¢,,, x and A% all transform under the U(1)x
gauge symmetry, as do the hyper-scalars, ®' (but not the hyperini, ¥'). For instance, the
gravitino covariant derivative is

1 .
Dy = <aM - ZWMAB Pup — ZAM) d)N - Fi{]\f L (2'1)

where w,,*# denotes the spin connection, I'%, =~ the metric’s Christoffel symbol, ',z :=
% [['4,T5] is the commutator of two 6D Dirac matrices and the gauge field A,, gauges the
6D U(1); symmetry.

Anomaly cancellation. Because the fermions are chiral there are gauge and gravita-
tional anomalies, which must be cancelled using a version of Green-Schwarz anomaly can-
cellation [66, 67]. In 6D this is not possible for generic anomalous theories, but under some

°In general 6D supergravities need not [64], when self-dual or anti-self dual Kalb-Ramond fields are
present.



circumstances can be done. In particular, Green-Schwarz anomaly cancellation requires: a
Kalb-Ramond field which shifts under the anomalous gauge symmetry (and so whose field
strength contains a Chern-Simons term for this symmetry), and some restrictions on the
gauge groups and number of chiral matter fields present [68-70]. In particular, the number
of gauge- and hyper-multiplets, ne and ny, must satisfy [68-70]

We see from this that anomaly-freedom ensures there are literally hundreds of
matter multiplets.

For the theory of interest here the Kalb-Ramond field required by anomaly cancellation
is simply B,y of the supergravity multiplet, whose field strength, G,,yp, is required by
supersymmetry to contain Chern-Simons contributions. For instance, at lowest order

K . .

Ir
where Fyy = 0y Ay — OyA), is the abelian gauge field strength for the U(1); gauge
symmetry, and gy is its coupling constant. More generally, at higher orders anomaly
cancellation also requires G,,yp to contain gravitational Chern-Simons terms.

Bulk action and field equations. The bosonic part of the classical 6D supergravity

action is:%
L _ 1 . 1 P,
BA =€ 2¢ |:_ 5.2 QMN <RMN + 8M¢ 6N¢> — — Gunp GMNP
=5 2% 12
1 a MN 1 ~MN I J 2922
12 Pl = 5G(@) 9 Dy Dy’ — SEU@®) |, (24)
a

where carets indicate curvatures, determinants or raised indices that are computed using
the metric, g,;n. Here the sum over gauge fields includes, in particular, the abelian factor
that gauges the U(1)z symmetry — whose gauge coupling, g, appears in the scalar poten-
tial on the right-hand side. G;,(®) is the metric of the quaternionic coset space, M = G/H,
in which the ®’ take their values.
Eq. (2.4) can be rewritten in the 6D Einstein frame by rescaling g,y = €® garn, to give
Lz 1 20

=g~ 22 (R + 3M¢8M¢> ~ g Gane G

€7¢ a MN 1 MN I J 2912% ¢
—4792 F]MNFa —igu(q))g DA/[@ DN¢ —?6 U((I)) (25)
a

The potential, U(®P), is nontrivial and depends on the gauge group and other details but
in the cases for which it is known [73] it is extremized for ®' = 0, near which
2

In particular ®' = 0 is consistent with the full equations of motion.

50ur metric is ‘mostly plus’ and we follow Weinberg’s curvature conventions [71], which differ from those
of MTW [72] only by an overall sign in the definition of the Riemann tensor. To keep the same notation
as [56] we adopt here a convention for gauge fields that differs in normalization by a factor of the relevant
gauge coupling, g,, compared with our earlier papers on 6D supergravity.



The presence of e 2% as an overall prefactor in eq. (2.4) reveals €2? as the loop-counting
parameter, and this action neglects higher-order corrections that are suppressed relative to
the ones shown by powers of €2? and/or higher derivatives. Among these are interactions
that are related by supersymmetry to anomaly canceling terms, such as one-loop corrections
to the gauge kinetic function, v/—§ F% FMV = /=g e® F% FMN [74-80)].

The equations of motion for the bosonic fields which follow from the action, eq. (2.5),
after using ®’ = 0 are:

2

2
K - 29
(& ¢F&NFJIN—T;€¢:O

2
D(b + g e—2¢ GMNP GMNP + i

442

a

D,, (e—2¢ GMNP) —0,
Dy, <e—¢ FaMN) -0 (2.7

DM <€7¢ FMN) + I<L€72¢ GMNP FMP -0

K2

2 —¢ 1
K _ e
RMN+8M¢8N¢+?€ 2¢GMPQGNPQ+7F](\Z}PFaNP+§(D¢)9A[N = 0,

a

where the second-last equation is for the U(1), gauge potential whose Chern-Simons term
appears in the field strength G yp, as in eq. (2.3).

Massive supermultiplets. Both the gauge- and hyper- supermultiplets described above
furnish representations of 6D supersymmetry for massless particles. By contrast, the par-
ticle content for a massive 6D matter multiplet consists of a massive gauge particle, a
massive Dirac fermion and three scalars - a total of 8 bosonic and 8 fermionic states.

Since this is also the combined field content of a gauge- plus a hyper-multiplet, one
expects to be able to form a massive multiplet by having the gauge boson from a gauge
multiplet ‘eat’ one of the scalars of a hypermultiplet through the Higgs mechanism. For
ungauged supergravity, with vanishing scalar potential, this is indeed what happens in
general as the hyperscalars can take arbitrary constant values in the vacuum. This picture
is also consistent with the observation that massive states should not alter the anomaly
cancellation conditions since the condition, eq. (2.2), is not modified when equal numbers
of gauge and hypermultiplets are added to the system.

If w denotes the v.e.v. of the field that breaks the relevant gauge symmetry, we expect
the common mass of all elements of the massive supermultiplet to be of order m? ~ e®w?
(in the 6D Einstein frame”). This dependence of m? on ¢ can be seen in several ways:
for the gauge fields it arises because of the presence of e~? in the gauge kinetic term.
Alternatively, the proportionality m? o e? can also be seen from the overall factor of
e? in the hypermultiplet scalar potential, U = 2 g%ed’u (®). These factors of e? play an
important role in the overall size of the effects found later from loops of massive fields.

"A frame-independent way to write this is km? ~ e®rkw?.



2.2 Rugby-ball compactifications

The simplest compactified solutions [34, 47| to the field equations (2.7) are found using the
Freund-Rubin ansatz [81] in which: ¢ = constant and

o g;w(x) 0 an _ 0 0
gun = ( 0 gmn(y)> d Fuy (0 femn(y)) . (2.8)

Here g, is a maximally-symmetric Lorentzian metric — i.e. de Sitter, anti-de Sitter or
flat space — while g, and €,,, are the metric and volume form on the two-sphere, Ss.
The Bianchi identity requires the quantity f appearing in the background gauge field —
which could be any one of the gauge fields present in the theory — is a constant. All other
fields vanish.

As is easily verified, the above ansatz solves the field equations provided that the
following three conditions are satisfied: R, =0,

1 2 2 8 2 H2 B 2 /12 B
—QanFm":LQ:%ez‘z’ and Rpyp,=-——e€ ¢Fmpan:—f 5~ € % Gmn.
9B 9B K 9B B

(2.9)
where® g5 is the gauge coupling, g,, for the specific gauge generator whose potential is
nonzero in the background. This in general differs from the gauge coupling, gz, of the
abelian R-symmetry, U(1); (that enters through its appearance in the scalar potential).
These imply the four dimensional spacetime is flat, plus the two conditions

2 ¢
o _ N d 4 98 ::l:QngRe
c 4g% r? and f 2 gr 12 k2

(2.10)

Notice that these expressions determine the values of f and ¢ in terms of the size of the
extra dimensions, implying in particular that e? becomes very small when r is very large.

The gauge potential, A,,, that gives rise to the field strength F),, is the potential of
a magnetic monopole. As such, it is subject to the condition that the total magnetic flux
through the sphere is quantized:®

F =4mr?f = 21N (sphere with no branes), (2.11)
Sa
with NV = 0,41, .... This requires the normalization constant, f, to satisfy:
N .
f= 3,2 (sphere with no branes) (2.12)
r

where r is the radius of the sphere. Comparing eqs. (2.10) and eq. (2.12) then implies
N = +g5/g, which is only possible if gz is an integer multiple of g.

8The coupling g5 as defined here is ¢-independent, and so is related to the coupling §(¢) used in [56] by
20\ _ 2 ¢
G (¢) = gpe”.

9This expression assumes that all charged matter fields couple to the background gauge potential with
strength ¢z, and so differs from the corresponding one in [56] which allows the coupling strength to be ggs.
Although gz can be defined so that ¢ = 1 for any particular matter field, this cannot be done for more than
one field at a time. See [56] for the expressions with general q.



Of particular interest in what follows is the special case where the bulk background
flux lies in the U(1)p direction, in which case

g =gr andso N ==+l (Salam-Sezgin solution) . (2.13)

This solution turns out to preserve precisely one 4D supersymmetry [47], and in later
sections we seek to identify the size of supersymmetry breaking effects due to the back-
reaction of the source branes.

Notice, however, that the value of r itself is not determined by the field equations,
indicating the existence of a (classical) flat direction. Because of eq. (2.10) this flat direction
can be parameterized either by r or ¢, and its existence is a general consequence of the
following rigid classical scaling symmetry of the supergravity field equations:

o —>od+c and gun — € “Gun, (2.14)

(and so gy is fixed). Since this is only a symmetry of the classical bulk equations, the
flat direction can be lifted, even classically, once the bulk is coupled to brane sources that
break this symmetry. Alternatively, it is also generically lifted by quantum effects, with
(-loop corrections to the action proportional to e2(!=D¢ when expressed in terms of the

scale-invariant metric, gyn-

Brane sources. The solutions as outlined so far describe an extra-dimensional 2-sphere
supported by flux, with metric

ds? = r? (d02 +sin? @ d<p2> , (2.15)

without the need for brane sources [47]. However brane sources can be introduced into
this supergravity solution [34] simply by allowing the angular coordinate to be periodic
with period ¢ ~ ¢ + 2ma with a not equal to unity. Geometrically, this corresponds to
removing a wedge from the sphere along two lines of longitude and identifying points on
opposite sides of the wedge [51-55]. This introduces a conical singularity at both the north
and south poles, with defect angle 6 = 27 (1 — «), a geometry called the rugby ball.

Physically, this geometry describes the gravitational field of two identical brane sources,
one situated at each of the two poles, with Einstein’s equations relating the defect angle
to the properties of the branes. Concretely, take the action of the brane to be!”

Sy = —/d4a:\/—'y Ly

with Ly =T, — @ €M Fpn + -+, (2.16)

B

with Y 1= gun Oux™ Opx™ being the brane’s induced metric and ellipses denoting terms
involving two or more derivatives. In general the coefficients Tj and A; and so on could
depend on any of the 6D scalars, ¢ or ®'.

A more covariant way of writing the term linear in Fi,, is as the integral of the 6D Hodge dual, *F,
over the 4-dimensional brane world-sheet [58, 59].
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The back-reaction of such a brane onto the extra-dimensional geometry is governed
by the near-brane boundary condition the brane induces on all bulk fields. This boundary
condition relates the radial derivative of the field to the brane action, for instance implying
for the hyperscalars [82-84]

2
tin[G,,(2) poy0] = = (5ot ) (217)
where p denotes proper distance from the brane. In general, a bulk field having a nonzero
derivative near a brane diverges at the brane positions, leading to curvature singularity
there. But it turns out that if the coefficients T}, Ay etc. are all independent of the bulk
scalars, then the singularity is fairly mild: a conical defect such as found in the above
rugby-ball geometries. In this case the near-brane boundary conditions degenerate to a
formula [58, 59, 85-89] for the defect angle at the brane’s position:

& = KLy . (2.18)

In the special case of a rugby-ball solution, since the defect angle is the same at both poles
the same must be true of L for the corresponding branes at each pole,'! with

21(1 — a) = k*Ly = 87Gg L, (2.19)

where b = & labels the two poles.

The presence of the brane sources complicates the flux quantization condition in two
important ways. The first complication arises because the resulting defect angle changes
the volume of the sphere, which appears in the flux-quantization condition when integrating
over the bulk magnetic field,

/ F =4mwar’f. (2.20)
Sa(a)

The second complication arises because the branes themselves can carry a localized flux,
given by
2Dy, = Ay e? . (2.21)

This can be seen by asking how 4; changes the boundary conditions for the bulk gauge
field, and tracking these through the flux-quantization condition, which becomes [58, 59|

27rN:27T<I>—|—/ F =21 ® + 4rar’f, (2.22)
Sa(a)

where @ := 3, Oy,
Solving this for f and comparing with the bulk field equation, eq. (2.10), we find that

eq. (2.12) generalizes to

N s
272 2912’ ( )

f

HGee [49, 50, 55, 90] for solutions with conical singularities that can differ at the two poles.
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where N := w(N — ®) = +g5/gr and we follow [56] by defining (for later convenience)
wi=—. (2.24)

Notice that if A, oc e then 27® = > Ape? is independent of ¢, and so also inde-
pendent of the flat direction guaranteed by eq. (2.14) (which can be parameterized by ¢).
However, if A, has any other ¢-dependence (and in particular if it is ¢-independent) then
® varies with ¢, and eq. (2.22) lifts the degeneracy of the flat direction. It then should be
regarded as an equation to be solved for ® (and so also for ¢), to give
@ gp

gr

b=N-aN=N=TF (2.25)
For instance, if g5 = gz and N = £1 (as in the Salam-Sezgin solution), then using o =
1 —60/2m implies

0

O=+(1-a)= :I:Q— (if g5 = gr and N = £1). (2.26)
7r

This can be regarded as a dynamical adjustment of ® to track the defect angle (and so also
the brane tensions) so long as ® depends on the flat direction, ¢ (i.e. so long as ), Ay is
not proportional to e*‘f’).

Notice that because eq. (2.18) gives the defect angle as a function of tension and brane
flux, once the brane-localized flux adjusts to track the brane tension the defect angle is
completely determined by the brane tensions alone. However the presence of the flux acts
to change the size of the defect angle produced by a particular tension, T, relative to its
naive value. That is, for a ‘pure tension’ brane — i.e. in the absence of higher-derivative
brane interactions (including brane-localized flux) — each brane’s contribution to the defect
angle would be controlled by its tension

21(1 — ) = K*T = 87G6T (no brane-localized flux) . (2.27)
But in the presence of brane-localizing flux the brane lagrangian instead evaluates to

A
_sz_i_...:Tb 5
9B 95

27®p e~ 47 g ®

L, =T, _67f+...:Tb¢97R2b+...7 (2.28)
9Bk

where the ellipses represent terms like R that involve at least two derivatives (and so are

down by at least 1/72). We see that for the rugby ball with equal fluxes and tensions

(Ty =T- =T and &, = ®_ = 1 ®) combining this with eq. (2.25) gives the relation

between defect angle and tension as

N
§=2n(1 —a) = 4rGeT + 7 (1 Sk ) . (2.29)
9B
For instance, in the Salam-Sezgin case — where g5 = gz and N = £1 — the presence of ®
makes the defect angle § = 27m(1 — «) half as large as it would have been — i.e. eq. (2.27)
— if ® had vanished:

2
T
d=2m1(1l-a)= HT =41 GeT (with brane-localized flux). (2.30)
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Having a single-derivative and no-derivative term compete in this way might raise
concerns for the validity of the derivative expansion for the brane action. However the
brane-localized flux can be larger than the other terms in a derivative expansion for two
reasons: its dependence on the zero mode and its participation in the flux-quantization
condition. On one hand the dependence on the (otherwise undetermined) zero mode makes
its coefficient free to adjust to satisfy flux quantization. And on the other hand, flux
quantization makes it compete with the bulk flux and so drives its coefficient out to a
volume-enhanced value. The same is not true for other terms in the derivative expansion
of the brane action.

2.3 Supersymmetry of the solutions

It was famously shown by Salam and Sezgin [47] that the spherical solution (no defect
angle) using N = +1 unit of U(1) flux preserves a single 4-dimensional supersymmetry.
We here reproduce their argument to identify how back-reaction in the presence of branes
changes this conclusion.!? We find that pure tension branes always break all of the bulk
supersymmetry, but supersymmetry can be preserved if both tension and brane-localized
flux are present. In particular, we find that the condition for unbroken supersymmetry is
precisely the same condition as is imposed by flux quantization, as found earlier (eq. (2.26)).

A background configuration does not break supersymmetry if the supersymmetry
transformations all vanish when evaluated at the background solution. Since the varia-
tions of bosonic fields all vanish trivially (because all fermions vanish in the background),
it suffices only to evaluate the fermionic variations. For the 6D supergravity of interest,
with background U(1)y flux and vanishing hyperscalars, this requires all of

1 1V 2
oA = —— e P2F,  TMVe — 71\[2913 e?/%¢
22 gx K
1 1 /
(5X = m(aM(ﬁ)PMG + E e ¢GN1NPFA[NP€
2 1
5wl\l - \//g;» DMG + ﬁ eid) GPQRFPQRFNIE (231)

to vanish.

First consider the variation of the dilatino, y. Since 4D maximal symmetry and 2
internal dimensions require vanishing G,y p, the condition §y = 0 implies the dilaton must
be a constant: 0,¢ = 0. Since back-reaction relates dS5;/d¢ to the near-brane limit of
p 0,0, the requirement that ¢ be a constant implies all brane actions must be stationary
with respect to dilaton variations when evaluated at the background. A sufficient condition
for this to be so is to have all of the coefficient functions, T}, A etc., be completely
independent of the dilaton.

Next, the condition A = 0 can be written as

1 e 2 e—®/2 1
0=v2e %2 (49 By — 5 > €= */;;rz <j:26mnfm" - z) e, (2.32)
R R

12See ref. [91-93] for a precursor to the argument we present here.
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when evaluated with F, = +e,,/(2r%) and e? = k?/(4g2r?). Using the following repre-

sentation of 6D Gamma matrices:13

pe— (0" R BN ps— (9 il (2.33)
’)/‘u 0 ’ Y5 0 ’ ’i]I4 0

where 4* are the usual 4D Dirac matrices and v5 = —i7°y'v%93, we have
mn _ o; | V5 0
Emn ™" = 21 , (2.34)
0 —s

and so the condition §A = 0 implies the 6D Weyl spinor e satisfies

€= (54;) , (2.35)

where €44 is a 4D spinor that satisfies the 4D Weyl condition vs5e44 = +e44, with the sign
correlated with that of N' = 2r2f = +g5/gr = +1.

Finally the condition d¥,, = 0 boils down to the existence of a covariantly constant
(Killing) spinor:

D]wf — (aM - iFAB w;eIB - 'iA]w) € = O, (236)

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
condition for such a spinor states [D,;, Dyle = —i (% Rynpol'Pe + FMN) € = 0, which for
the rugby-ball background becomes

53 (an - /\/emn)e =0. (2.37)

This is automatically satisfied by eq. (2.35) together with y5e4+ = Ne = +eya.
To find the Killing spinor we take two coordinate patches, centered about the North
and South poles (labeled by b = %), and use the frame fields

—b sin
1 [ cosp =202
e = — b s asimf |, e =0k, e =0, (2.38)
r SIMLY s

to compute the following non-zero components for the spin connection w#?:

wﬁf‘ =acos —b= —wi’f . (2.39)

The background gauge potential satisfying the near-brane boundary conditions dictated
by back-reaction [58, 59] is similarly given by

A, = —Aga(cose —b)+ by, (2.40)

13Tn what follows, we follow the conventions in appendix C of [56].
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where N/ = +1. The non-trivial component of the covariant derivative becomes

Dge = 6%,—3 7 0 (acosﬁ—b)—l—ZNa(cosG—b)—z’b@b e=0, (2.41)
2 0 —75 2
and so £44 must satisfy
) 1
{Gw—l—zb [12(1—04) —@b]}g4i =0. (2.42)
Equivalently,
[aw (o, — <I>_)}a4i —0 and [£(1—a)—®|es =0, (2.43)

where ® := &, + ®_, and so solutions exist (and are constants) when the branes satisfy

®

5 (1-a)=

+—. 2.44
gy (2.44)

N |

We see that a single 4D supersymmetry survives when the branes are identical —

14 and fluxes — and with localized fluxes related to their tensions

i.e. have equal tensions
by eq. (2.44). In particular, when ®, = 0 then any nonzero brane tension — a # 1 —
breaks supersymmetry.

Finally, we remark on the remarkable equivalence of the flux-quantization condition,
eq. (2.26), and the supersymmetry condition, eq. (2.44), on ®. This states that the value
to which @ is dynamically driven along the classical flat direction by flux quantization is
precisely the one supersymmetric point on this flat direction. In particular, when T} and
Ay are ¢-independent (which ensures compatibility with vanishing gradients for ¢) this
flat direction stabilizes at the supersymmetric position for any choice (consistent with the

rugby-ball condition L = L_) for the constant coefficients T}, and Aj.

Control of approximations. We close this section with a brief summary of the domain
of validity of the previous discussions, which has two important components: weak coupling
and slowly-varying fields.

First, since we work within the semi-classical approximation, slowly varying fields
are required to trust the effective 6D supergravity approximation for whatever theory
(presumably a string theory) provides its ultraviolet completion. In practice, without
knowing the details of this UV completion, we demand fields vary slowly relative to the
length scale set by k. This is the analogue of the o/ expansion in string theory, and in the
Jordan frame it requires #? > x where 7 is the size of the extra dimensions as measured with
the Jordan-frame metric, §,;y. In terms of the Einstein-frame radius, r, used elsewhere in
the text, this condition instead is ¢ := r2e?/k > 1. If the classical rugby-ball solutions are
to fall within this regime, eq. (2.10) shows that we must require

K> 4g% . (2.45)

M Non-rugby-ball solutions with differing tensions also have nontrivial dilaton profiles [49, 50, 55, 90], and
so are excluded by the condition d,,¢ = 0.
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Second, since (as remarked earlier) each bulk loop in the 6D supergravity of interest
comes accompanied by a factor of €2?, the semiclassical approximation additionally requires
weak coupling: e? < 1. (This is the analogue of the condition of small string coupling for
string compactifications.) This implies a semiclassical understanding of the flat direction
labeled by r (or ¢) is possible within the regime

K
¢
o} <Le" K 1. (2.46)

Next, once brane sources are included we must also demand them not to curve exces-
sively the background geometry, and for branes with tension 1" this requires

KTy < 1. (2.47)

For rugby-ball geometries this ensures the defect angle satisfies § < 2.

Finally, the semiclassical approximation also restricts the properties of particles that
can circulate within loops, even if these do not appear among the background fields. Most
notably their masses cannot be too large if quantum effects associated with gravity are to
remain under control (for a review of effective field theory techniques as applied to gravity,
see for instance [94-96]). For particles of mass m? = M2e? this requires

gam? = g2 M?e? < km? = kM?e? < 1. (2.48)

3 Mode sums and renormalization

This section summarizes the results of the companion paper [56], so readers familiar
with [56] should feel free to skip to §4. Our goal is to compute the UV-sensitive part
of the 1PI quantum action, I' = S + 3, due to bulk loops. Our starting point is the
following expression

(3.1)

1 —Os + X +m?
iZ:—i/d4$V1100p:_2(_)FTr Log ( 6+M2 - > ’

for the one-loop action arising from a loop of low-spin 6D fields moving in the background
rugby-ball geometry. The calculation is quite general, assuming only that the field has
statistics (—)" = 4 with upper (lower) sign applying for bosons (fermions), and its kinetic
operator (or, for fermions, its square) can be written in the form — + X + m?2. We also
assume the six-dimensional d’Alembertian splits into the sum of four- and two-dimensional
pieces: (g = Oy 4+ Og; X is some local quantity (perhaps a curvature or background flux);
and m is a 6D mass. This is sufficiently general to include the spin-zero, -half and -one
particles of interest in later sections.

One-loop mode sums. Specializing to rugby-ball backgrounds and Wick rotating to
Fuclidean signature, we have

1 e dk, ki +m? +m3,
Vl—loop = 5 (_)F'u Z/ (27I')d In lu2
Jn

4—d 0o
_ +1 2 dt —t(mr)?
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where mJQn = A\jn/ r2 denote the eigenvalues of —[Jy + X in the compactified space and
d = 4 — 2 ¢ with regularization parameter, ¢, taken to zero after all divergences in this limit
are renormalized. The function S(¢) is defined by

S(t) == (—)F Zexp [—t\jn]

S—1  S-1/2
= — +
t Vit

and its small-¢ limit is of interest because this controls the UV divergences appearing in

+ 50+ s1/9VE+ s1t+ 839677 + 5282+ O(t7?) (3.3)

Vl—loop:

_cC 1 1 5 C 1
Vlfloop - W |:4—d + ln <m>:| + Vf - 7(471’7'2)2 |:4 — d:| + Vf, (34)

where V; is finite and p-independent when d — 4 and Vs := Vi 4+ Cln(u/m)/(47r2)2. The
constant C is given in terms of the s; by

C:= SG%I(mr)6 - S—zo(m'r)4 + s1(mr)? — sy (3.5)

The coefficients s; are functions of the rugby ball’s defect angle, § = 2w(1 — «), and the
background flux quantum, N, and are calculated explicitly in [56] for loops of 6D spin-zero,
-half and -one bulk particles.

These ultraviolet divergences also track the dominant dependence on m in the limit
that m > 1/r, since both UV divergences and large masses involve the short-wavelength
part of a loop that can be captured as the renormalization of some local effective interaction.

Renormalization. What is perhaps unusual about the renormalizations required to ab-
sorb the UV divergences (and large-m limit) of Vi_jo0p is that they are not done using the
couplings of effective interactions in the 4D theory. 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. Ref. [56] shows how to use the de-
pendence of the s;’s on «, N and r to disentangle which bulk and brane interactions absorb
the divergences found in eq. (3.4), which for completeness we now briefly summarize.

Bulk counterterms: the relevant bulk counterterms are identified by writing the most
general derivative expansion of both the bulk lagrangian that is nonzero when evaluated
at the rugby ball background:

Ly 1 H <1+/§CAR

N ) >

where U = (2¢%/k*)U e + U is the bulk potential, H = e~?/g% + 6H is the background
gauge coupling, and R (or Es) are as defined in [56]: a linear combination of the most

R) FMNFMN — %EQ — CR3E3 + - (3.6)

general quadratic (cubic) gravitational terms, which together evaluate to R = Rgph =4/r4

(or R = Rg’ph = —8/7%) on the rugby-ball background.
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In principle, all of the coefficients in eq. (3.6) can depend on ¢, but because ¢>? acts
as the loop-counting parameter this dependence is dictated as a series in e?? whose order
is dictated by the number of loops being computed. Keeping in mind that (3.6) is written
in the Einstein frame, and the powers of e? already present in the classical Einstein-frame
action, eq. (2.5), this leads us to expect that at one loop

oU x €3, or 2 e, 6M, (e xe?, (3.7)

while the leading term in {4z and (s is e®-independent, and so on.

In practice, in the Einstein frame this ¢ dependence arises through the mass of the
particle circulating in the loop, since a particle with a ¢-independent Jordan-frame mass
M has Einstein-frame mass m = Me?/2. So the one-loop ¢-dependence required by loop
counting in the Einstein frame agrees with the m dependence required by dimensional
analysis. For instance, in dimensional regularization one-loop corrections to U are dimen-
sionally of order §U o« m® = M%e3?_ and this agrees with the power of e? required by loop
counting. Similarly, 6x72 oc m* = M?*e?? and §H o m? = M?e?, and so on.

A crucial feature of bulk counterterms is that none of the parameters like 6U, dH etc.
can depend on brane properties like o or ®, [56]. This is most easily seen if they are
computed using Gilkey-de Witt heat-kernel techniques [97-106] — since this calculation
is explicitly boundary-condition independent (for bulk counterterms). Physically, it is
because these 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. Ref. [56] provides a calculation of what heat kernel techniques give for
generic bulk counterterms when specialized to a rugby ball geometry, and the specialization
to 6D supergravity is summarized in appendix A.

This means that the renormalized lagrangian evaluated on a rugby-ball background
takes the form

VBZ—/d2$£B:(47raT2){U— ! +fQH[1—KCAR]+4<R2—8<R3+'~}

K272 2 r2 ki r6
1 N2H KC 4Cr2  8(Cps
_ 2 AR R R
—(477047"){U—H2T2+ " [1— = +/<;r4 i +--- 5 (3.8)

where the only dependence on « arises from the overall volume integration. With this in
mind it is useful to split up the quantities s; in the following way:

si(a, N, ®p) = as?ph(/\/) +dsi(a, N, ®y) , (3.9)

where sfph is the a-independent contribution renormalized by bulk counterterms, and the
pre-factor of a corresponds to the rugby-ball volume, 47w r?, appearing in eq. (3.8). Be-
cause s?ph doesn’t depend on «, it can be evaluated using a Casimir energy calculation
in the absence of branes — that is, on the sphere (or, equivalently, by evaluating the
rugby-ball result at o = 1).

Given sjph, the contributions to U, k72, H, (4 and (.2 can be read off by identifying
the coefficients of 72, 79, N2 /r2, N2 /r* and 1/r?, respectively. Because the x dependence of
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the renormalized quantities must cancel the explicit u-dependence of Vi _jop, they therefore
satisfy [56]

oU m6 sph, 0 0 1 m4 sph, 0
Han = Te(ms 1 “me)“qu% o (310)
0 CRQ _ m? sph, 0 OH o 8 m? sph, 2
v () =t T “ou = ampnt o G
a< 3 1 sph, 0 0 8 sph, 2
0 8; = _8(471')3 82p s % % (HCARH) = —W 82p . (312)

Here the quantities sjph’k denote those terms in s?ph that are proportional to k powers

of NV

Brane counterterms: the divergences contained in ds; from eq. (3.9) are absorbed in a

similar way by counterterms in the brane action, whose generic derivative expansion is:

Ly Ay Crb KCab KCarb —=2
9
_n S%R” REynFMY 4. (3.13)
I%F:]

Evaluating these at the background rugby-ball solution gives a contribution

Avf 2G| WCwf? | 26Gianf | 4Gy WCambf? |

Vo =T —

g5 kT 203 gar? rd 2g3r°
_ T AN 2Crob KCAbNQ KCanpN 4Cp2p KQCAR b-/\/‘2 3.14
T T o2 T 2 T g g2 g2 i 8276 +oe, (3.14)
B B B B

to the 1PI 4D effective potential, with the complete result summed over all branes: Vyanes =
> V. Again, each contribution can be disentangled by separating terms with different
powers of r and N in ds;.

The running of the brane couplings that results is

0Ty = m 559 0 (A -2 m” dsi
. o 2(4m)2 0 a o \ g3 (4m)2N L
0 (Cp _ m? 0 0 (KCirp _ 1 1
v () = i % Pou\ g ) T Gmpw e G0
Oroy 1 0 O (k) _ 8 2
o a(am)ye 0% Hop gz ) T e 02

where, as before, (55§C denotes that part of ds; proportional to N*.

It remains to compute the s; explicitly for various light bulk fields by performing
the Kaluza-Klein mode sum. This was done in [56] for spin-zero, -half and -one fields,
with results which are summarized for completeness in appendix B. In the next section
we assemble the s;’s using the field content of various 6D supersymmetric multiplets, to
determine how these multiplets renormalize both bulk and brane counterterms.
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4 Supermultiplets

We now use the results for the s;’s for low-spin bulk fields, listed in appendix B, and
combine them into the field content of various 6D matter supermultiplets. We consider
in particular two massless multiplets - the hypermultiplet and gauge multiplet, for which
only s9 is relevant to renormalizations. We then combine these results to examine the
renormalization due to a massive 6D multiplet.

Hypermultiplet scalars. Before combining into supermultiplets, we must first special-
ize the result for generic scalar fields given in appendix B so that they can apply to the
hyperscalars that appear in supersymmetric hypermultiplets.

The part of the action, eq. (2.5), relevant for small hyperscalar fluctuations is

1 297
Shyp = — /d%\ﬁg [2 Grs(®) Dyy®' DV® + = O U(®)| (4.1)

K

where

2
u:1+%g”¢>1c1ﬂ+..., (4.2)

near ¢ = 0, and as before, gy is the U(1), gauge coupling constant. Notice, in particular,
that this expansion of U(®) near zero introduces a small universal 6D mass term for &’
given by
2¢> 1
om? = 2R e = 4.3
mt ==, (4.3)
where the last equality uses eq. (2.10) relating the background value of ¢? to 1/r2. Regard-
ing this mass, dm?, as a shift in the hyperscalar KK spectrum, m?n = )\?; /r%, and using
the expression for the scalar spectrum, A%, , given for minimally coupled scalars in [56], we
find that!®

1
A (W, N, @) = XS, (w, N, @) + 3 (4.4)

1)2+ (1—-N?)

2 4

=<j+(;|n<1>|+;}|nN+<1>+|+ .

This assumes a background flux with quantum N (where N = +1 for the supersymmetric

case of U(1)g flux), as well as the previously-mentioned definitions: ®; := A, e?/(27) with

b = £ denoting the north and south branes. Finally, N := w(N — ®) with ® := >, .

The quantity A, enters the spectrum through the boundary condition A, := A, (cosf = b).
When computing the small-¢ limit of the mode sum

o0 o0
Sha(w, N, By t) = 3 D~ e, (4.5)

j=0n=-—o0

5The quantities N and ®;, used in this paper differ from those in [56] by a factor of ¢. (Therein, they
are called N7 and ®15.) Unless stated otherwise, we do not to track this g-dependence, since the R-charges
of interest are simply g € {£1,0}.
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we can use relation (4.4) to relate hyperscalar and scalar sums by Sys = e Y28, so
using the expressions for s} from appendix B gives the following small-t coefficients for
the hyperscalar:

1
" (w, N, @) = 5%, = o (4.6)
El 1] 1 2
SN = 55— =2 g -3 (47)
hs s sy s 11T NP WP
N, &) = 55 — 20 S LA A Y
ST N ) =81 =+ 7 = 1560 T 21 36 )
WIN w?
—E Y e G(n]) + 1 (1 - 15F(2))] (4.8)
b
S5 St Ss_l
sgs(w,N,Q)b):s%—é—i—go— 18
1 1 N2 1 N2 5 WwIN?
S [ A Y (A O Y2 (1—15F<2>)
w[ 210+180+<240 144>( 3E)” = =565

WP N 1 F®  FON
~ 50 zb:<1>bG(q>b|)(1+3Fb)+ <1260 ~T50 6 >w ] (4.9)

In the above, we adopt the following shorthand:

Fyi= 0| (1= @), FM =) F, FY:=F, G):=(01-2)(1-22). (410)
b

In the limit w — 1, ®, — 0 these become ss_plh’o =1, s%ph’o =—1/6,
2 2
sph,Ozi sph, 2 :_/\L sph,[): 1 d sph,2:_£ 411
*1 40° 24 0 %2 5040 MO %2 240 (4.11)

These agree with the corresponding Gilkey-de Witt calculation of appendix A. The corre-
sponding contributions to the running of the bulk couplings are

ou mb 0 (1 m*
o _ O (AN _m 412
. op 6(4m)3’ a op </€2) 12(4m)3”’ (412)

0 Cr2 m? 64_33 1

Hou ( K ) 160(47)3 Hou 0320040 13)

OH 0 (e gm? 9 i
CAL = Ths < = s 4.14
a op . o ( g3 > 3(4m)3’ K o (KHgAR) 30(4m)3”’ (4.14)

where we quote the result for the general case where the hyperscalar couples to the back-
ground field with strength gnsgs.
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For the brane counterterms, we similarly find 6s_; = ds? = 0,

1 (6w w? W2H, ow | Dy
Sso = — =4 2 ~ 2 1T 4.1
*0 w<6+12 2> 6 2 (4.15)
1 dw  dw? W dwt WPE,  WlEP? dw | Dy
5 0 _ (= - - _ — b ~ —_— 4.16
°1 w<60+360+90+360+12 12> 60 12 (4.16)
2
= — P Ppl) ~ ——— 4.1
o 1 /116w 96w? dw? dw* WS Wb Ww?F, WOF?  WOFP
059 = — [~ + e b e - - -
w \ 1680 1120 126 168 420 2520 80 120 60
116w | @]
~ _ 1%l 4.18
1680 80 ’ ( )
N N
§sh = — 0, G(|Dy])(1 + 3Fy) ~ — =0 4.1
52 120 2 G (1 + 3F) 190 (4.19)
9 N? (Sw 1T6w?  dw® dwtr W F, wW'F?
055 = —— (o= + b b 2 —
w \ 80 1440 180 720 48 24
dw [Pyl
2
~ N2 (o 4.20
N <80 8 ) (4.20)
and so (again generalizing to coupling gns g5)
oT,, m? Sw  dw? W F m* ow
Sl L R ~ e 421
P on = 2(dm)2w ( 6 T2 T 2 Haz \ g %l (421)
9 (Cab Ghs Py w?m® g Ay
() = T T G(|y|) v —ths 4.22
w2 Gl = T (1.22)
0 (Crv\ m? Sw  ow? oW Wt WE, N w4sz
Pou\k ) = 2(m2w \60 360 90 360 12 12
m? dw | Dy
~ - 2 _ Dol 4.2
2(4m)? <60 12 ) ! (423)
0 (KCirp qns Py w* gt A
— = —————G(Pp) (1 + 3Fp) = ——2= 4.24
0 Cp2p 1 116w  96w?  ow?  dwtr oW’  dwS  WF,
= + e
o 4(4m)%w \ 1680 1120 126 168 = 420 = 2520 80
_w6sz B wGFE
120 60
1 (116w |®y
. . , 4.25
A(4)? <1680 80 (4.25)
,ui KCap _ Sqﬁs 6ﬂ+176w2+@+@_w2Fb_w4Fb2
o \ g2 (4m)%2w \ (80 ~ 1440 ~ 180 720 48 24
2
Qs ow |(I)b’
~ — — - — . 4.26
(472 (10 6 (4.26)

In these expressions dw := w — 1, and the approximate equalities give the leading terms
when |[dw| < 1 and |P| < 1.
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4.1 Hypermultiplet

We are now in a position to sum the particle content of a 6D hypermultiplet, which consists
of four massless hyperscalars together with a 6D Weyl fermion:

SIVP = g ghs ol (4.27)

1

with S,th computed above and sg given in appendix B. Although we need only really be

. . h h h h
interested in s,"P for massless fields, we nonetheless keep track of s, s’ and s"" as

well, since these are needed when assembling a massive multiplet.

sph,0 _ 0

The above combination yields s_1 = s (where we drop the ‘hyp’ superscript),

along with
h 1 h.2 N2 h, 0 1 h, 2 N2
51 0= 5 (e q?)?, sy = 50’ sy = —(qﬁs+4qf2)ﬁ, (4.28)

where N := 212 f = 4g/gx characterizes the bulk flux (with the second equality using the
field equation, eq. (2.10)) while g5 and gr are the charges (in units of gz) of the scalar and
fermion, respectively, under the U(1) gauged by the background flux. The corresponding
bulk renormalizations are

OCp3 1
_ _ 4.2
Fou 480(47)3 (429)

9 G, ¢ 8 P2\ 9(g2 4 4g?
uf(fmgm) = L (e ar QCAR - (2= i+ 497) gf) . (4.30)
o o g2 (4r) N 15(4m)
From here, we can use eq. (3.8) compute the hypermultiplet contribution to the running

Of VB:
8VB f2 8 C_AR 8 aCRB
(” 8#) = (4mar?) [_27’2 (Mau (ﬁg% )) ot (M O )]

2 A2 2072 o
= (L= N™ = 40N gy

(4.31)

Three choices for gns and g are of particular interest:

e No couplings to background fluxes: qns = g = 0;

e Couplings to a background U(1) that commutes with supersymmetry, in which case
hs = qr = q and N = £gz/gr;

e Couplings to a background flux that preserves supersymmetry, for which the back-
ground flux gauges the U(1) symmetry, and so gps = £1, gs = 0 and N = +1.

In the supersymmetric case a cancellation occurs, generalizing to the rugby ball a
result known to apply more generally to Ricci-flat geometries [62, 63]. In this case siph’o =
_Ssph,Q 1 sph,0 _Ssph,2 1

5 =

1 —gands 9 —@andso

sph  sph _ sph _ sph
55 =58, =8 =8, =0 (4.32)
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and p(0Vp/0pn) = 0 vanishes once summed over the field content of a hypermultiplet.
Notice that although the effective couplings for both RF,,yF*" and R’ do renormalize,
their contributions cancel in Vj.

Specializing to the supersymmetric charge assignments the brane-renormalized diver-
gences are 0s; = 455?5 + 655, and so

1 Sw?
%0:(&u+;—2w%?>:5w—2ﬁﬂ7 (4.33)
w
1 [(6w?  dw®  wt  WPF,  WiE? | Dy |
0 b b b
_ 1 _ ~ 4.34
051 = ( 2Tt 3 > 3’ (434)
2
d
dsi = —W3N<I>b G(|Pp]) = —N3 o (4.35)
0 1 (dw 136w? 136w T7léw? 36w’ 6wl Ww?E, wﬁsz w6F5’
359 = — = + + + + +ooo — — —
w \ 20 180 180 1440 160 320 20 30 15
dw | Dy
~ W 4.36
20 20’ ( )
‘N NO
bsh = — By G| D)) (1 + 3F)) =~ — " 4.37
sh= 2, G +3R) ~ 10" (437
9 N? (bw  17T6w?  6w®  dwt  W?F, WiF?
0s5 = —— | == + +—t
w \ 20 360 45 180 12 6
dw [Py
2
~ N2 (2T 4.
N <20 12 )" (4.38)

where N' = +¢g5/gr = 1.

Notice that all of the brane contributions also vanish, ds; = 0 (for all w), in the special
case that the brane fluxes are equal and the total brane flux satisfies the supersymmetric
and flux-quantization conditions, eqs. (2.26) and (2.44):

d 1
¢+:¢_:4%i:i§u—w*y (4.39)

as well as NV = sgn(®y). Similarly p(0Vhranes/9p) = 0. Once again, although ds; = 0 this
is not true for §s! and §s? separately.

In general this cancellation fails when ®4 are not equal, since this choice breaks super-
symmetry. In order to track how Vipanes deviates from zero once supersymmetry breaks,
we write

1 bn

¢y, = iq)susy + ; (440)

and allow 7 to parameterize the difference through n = :l:% wAP where AP := P, — P_.
To ensure that n > 0, we label branes such that &, > ®&_ (&4 < &_) when N = +1
(N = —1). Also, notice that the condition |®;| < 1 implies that n < 1+ dw/2.

At the north (b = +1) brane, we find that the brane contributions to the coefficients
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ds; are given in terms of 7 by

550

0
581

1 _
0s] =

0 _
0sy =

1 _
0sy =

2 _
652—

where

2F,

w )
l 670‘)_‘_5&2_‘_&_53_&)2}777
wle " 12 T2 3 6 |’
1 Sw  dw? n
Bl (/B N )
w< 6 12 3>( ")
16w 376w  7éw® Tow* F, F} F)
wl40 " 720 180 ' 720 16 ' 20 15

2
. &7ﬂ w277w4Fn 7
24 12 240
1/ dw dw? Tt Towt F, F  WF, (1 —2m)
o\ 60 15 120 480 20 10 12 i
1 Sw 116w?  76w® Tt Fg w2F,7
- =+ + + + L4 =1
wl 120 7 720 360 ' 1440 ' 6 12
F,=n(l-n).

(4.41)

(4.42)

(4.43)

(4.44)
(4.45)

(4.46)

(4.47)

The result for the south brane can be obtained from this using n — —n if n < dw/2. If
instead dw/2 <1 < 14dw/2 on the south brane, we find that a more convenient quantity is

n:=n— 0w

(along with F}; := (1 — 7)), in which case

580
5sY
dsi

0
0S5

1
(582

2
632 =

7 6w?
180

37 dw?
720

76wt Fy
720

2
I

1jow
10

w 20

2
(Bt
12
2
Iy
10

Sw?  Tow?
15 120
11 dw?
720

7 Sw? Q
480 20
Towd 7wt FT?
_|_ 1

360 1440 6

1w,
w \ 60

1) ow
w 120

3
F

15

)wz_

w2Fﬁ
12

wQFﬁ
12

7w4Ff7
240 |’

) -2,
] |

(4.48)

(4.49)
(4.50)

(4.51)

(4.52)
(4.53)

(4.54)

These expressions are identical to those obtained for the north brane, given the replace-
ments 7 — 1), s} — —s}. This follows from

®:i<&u_n>:i<_&u_(n—5w)>::‘:
2w w 2w w

ow 1
(mm)

and because s} oc @, rather than depending only on |®p], like the others.
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The running of the couplings on the north — the b = +1 — brane (which we choose
to be the brane whose flux is larger in magnitude) are

ey 1 5£+375w2+75w3+75w4_ﬂ FF)
Op 4(4m)2w [ 40 720 180 720 16 20 15
5 Fn2 ) Tw'F,
U 4,
+<24 12)% 7 210 | (4:56)
E KCint | 1 _5&_5&2_75w3_75w4 &_iﬁ_wQFn (1—2)
Pou\" 2 )~ Gam2w\ " 60 15 120 480 ' 20 10 12 G
(4.57)
d 8 b} 116w?  7éwd  Tow?r F2 W2F,
pl (Bar) o S| Ow  M0wT | TowT Tow Ty wiy) (4.58)
ou \ g2 (4m)%w 120 720 360 1440 6 12

As before, the corresponding expressions for the south brane when n < dw/2 (n > dw/2)
can be found by taking n — —n (n — 7 = (7 — 0w) and C3zy — —Cip_) in the above.

For both branes — i.e. for both b = + — and n < dw/2, the hypermultiplet contribution
to the total renormalized lagrangian becomes

N _ 4} K| 1 O (EGm | L O (KCa
o — o Mo | T [Mau T2 st |Mon "2

2 2 4 2 4

U Toom Lon"\ o Tw
S P A e 4.59
(47r2)2w [240 215" (24 12) Yo (4:59)
This expression is positive-definite on our domain of validity, 0 <7 < 1+ dw/2, as can be
checked by showing: (i) p0Vy/Opu > 0 at n = 1 for any w > 1; and (4¢) the smallest root of
the bracketed factor, no(w) > 1+ dw/2 for any w > 1. Also, when w = 1, this expression

vanishes as 7 — 0 or 1, as expected.

When 6w/2 <n <14 0w/2 on the south brane, we instead find that the renormaliza-

tions are

Hpow _ 1 [ow 3700 7 Tow! B Fy B
o 4(4m)%w |40 T 720 180 ' 720 16 ' 20 15
Fy F\ o TR
+<2412 L (4.60)
o A 1 (0w dw? Téwd Téwr F, F? WF,
p O (Koans)y L (O wn TowE | TOWT By S e
on\ g2 (42w \60 ' 15 ' 120 ' 480 20 = 10 = 12
(4.61)
2 3 4 2 2p,
Mﬁ HC,;_ _ 82 _57w+115w +7(5w +75w Lo Wik | (4.62)
o\ ¢ (4m)2w | 120 = 720 360 ' 1440 ' 6 12

Therefore, when 77 > dw/2 on the south brane, the beta function for the hypermultiplet
contribution to the renormalized brane lagrangian is

oV_ 4 [ OChre_ 1 0 (KCip— 1 0 [ KkCs_
_ 4 1,2 R s 4.
"o T [M op }JFT“ [M3u< 93 )} I [M8u< 93 )] (463)
C w7 mw? (w1 (p—w)? | Tw
(47r2)2w | 240 2 T T\ 2 )¢ "ol
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This expression is identical to the one found for the north brane, but with the replacement
n — 1 — w, so its positive-definiteness can be shown in the same way as before. (Recall
that it is inconsistent to consider the limit n — 0 with fixed w in the above expression,
because it is only valid when 1 > dw/2.)

Finally, we sum the total contribution from both branes to compute how Vyranes =
> W runs. When n < dw/2, this is simply twice the result found in eq. (4.59). However,
when 7 > dw/2, we must sum eq. (4.59) with our last result, eq. (4.63). As expected, if
we sum an even function of  with the same function evaluated at n — w, we get an even
function about 7 = w/2 (which happens to be the midpoint of our domain of validity,
dw/2 <n <14 d0w/2):

OVoranes 1 [7(4)2 wtoo Wb ( 7 w? w4)< w)2

250 796 T160 " \120 6 15

_ <é_°§> (- %)4+% (n_;)ﬁ] . (4.64)

This expression is positive-definite, because it is the sum of two separately positive-

o (4mr2)2w

definite expressions.

4.2 Massless gauge multiplet

We next compile similar results for a massless gauge multiplet, by summing the contribution
of a gauge field and a 6D Weyl fermion:

S5 = sgf + sb. (4.65)
Dropping the ‘gm’ superscript this combination yields ssflh = sgph =0, and
ooh0_ 1 gno _ a@N? o 1 gn2_ &N (4.66)
! 30 3 7 15 72 15 7 '

where, as before, N' = g5 /gr and where ¢ g5 is the charge of the fermion under the U(1)
gauged by the background flux. Since we assume the background flux gauges an abelian,
U(1), factor of the gauge group, we also choose gz = 0 for the gauge boson.

The corresponding bulk beta functions are

OCps - 1
ou  120(4m)3 (467)
d 0 (ke ®Can) 8¢

which, when combined using eq. (3.8), give the gauge multiplet contribution to the running

of Vg:
Vg f? 0 8 [ Ops
= amor) [ (o) ) = 35 (55

_a(l—gN?)
~ 15(47r2)2

(4.69)
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This again vanishes given the supersymmetric choices ¢7 = 1 and N' = 1 (and g = 0),
although this comes as a cancellation between the running of (4, and (g3, which both
separately renormalize.

We similarly compute the brane contributions, ds; = 5szgf =+ 555, using the expressions
in [56]. However, as discussed therein, there are two cases to consider because of the
shift in fluxes required to calculate the fermionic mode sum. In [56], we use the quantity
®l7 .= &, — 0®f — where ®f := (1 —w™1)/2 and ¢ is the spinor’s helicity — to calculate
the fermionic mode sum, so this mode sum is dependent on whether |®;| < ®f or |®,] >
<I>(f). As it happens, we encounter the exact same distinction when considering unbalanced
fluxes, when |®| > ®f (|| < ®f) on the north (south) brane, respectively. As for the
hypermultiplet we specialize to the supersymmetric background flux, and write the brane-
localized fluxes relative to the common supersymmetric value through the substitutions

(Dsusy + bﬂ 7
2 w

N==41, &= Doy = +(1—w™) (n>0). (4.70)

At the north brane (where b = +1), we find — using the notation [56], ®;, = w(®, — p®}),
py = Bp/|®y|, iy = |Dp|(1 — |®s]), etc., as well as the shorthand F,, = n(1 — 1),

1 dw  dw? 1 [dw ow? - 2F,
(SSQ = (58[})gf + ((580)f = ; <—3 + 3> + ; <3 - ? + 2Fb> = 7 . (471)

Similarly, by making the identifications p, = =+, |<i>b\ =, we find

) = = (5; * &22 - ? B c‘123Fn> ’ )
gt = % (_5; = 5‘;’2 - f,j) (1-2n), (4.73)
658:i<%+1igg2+2j;3+%+ﬁ+ﬁ—WQGF’?—OJ;OF">7 (4.74)
5 = - (‘§+%+(Z§+%‘? w?") (4.76)

using the same approach. When summed, these coefficients give
0sg =081 =959 =0 (4.77)

for all w in the supersymmetric limit of equal fluxes (for which n = 0).

For nonzero n supersymmetry is broken. When 1 > dw at the south brane, we would
instead make the identifications p, = F, |<i>b| = n — 0w, and find results similar to those
above, but with  — 7 := n — dw, s} — —s}. However, when 7 < dw, we must instead use
the fermionic result valid when |®,| < ®f. Substituting, we find that the coefficients at the
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south brane are, e.g.,

dso = (050)gf + (d50)s

1 Sw  dw? 1 [dw dw? 1
- - (=4 S e 20?2 ) = S (F, + 2
w(3+3>+w<3+6+wb) o (Fon+ 2m)
(4.78)
using
Fop=-n(1+n), (4.79)
and, similarly,
1 (6w 6uw® F? wF_ W2E_
0s) = = — 4+ =1 (14 2n) — 1 4.80
1 Sw  dw?  F_
Sst = — (2 % L Tmn )49 4.81
550_l 5ﬁ+175w2+25w3+57w4 Fizn_{_FiEn
27 w10 180 45 90 30 15
an an (.«)215?377 w4F,77
TN T ) (1 + 2n) — — 4.82
+<30+10 w(l+2n) = — 30 |’ (482)
1 dw  dw?  dwd dwtr  Fo F? W2F wkF_
ost = — | — = T 7 U n_ ) (14 2n) — 7| (4.83
27 K 15 10 15 60 ' 30 ' 10 AL /(4:83)
1 Sw  dw?  wd  swt F? wk_ W2F_
062 = — | =4 2 T T im0 Lo 4.84
%2 w[30+180+45+180 6 g L2+ — (4.84)

The condition [®{7| < 1 means that n < 1, so all of these expressions lose their validity
beyond this upper limit.

The running of the renormalized brane couplings from a gauge supermultiplet then
become, on the north brane:

Wy _ 1 (0w 17 6w? N 25w’ N S’ N FyF WF Wi,

Ou 4472w \ 10 180 45 90 30 15 6 30 )7
(4.85)

0 (KCips 1 Sw dw? Swd Swt F, Fg w?F,
= = e T gty 1-2 4.86
Hou ( 92 @\ " 1510 15 60 T30 10 6 (1=2m),  (486)

0 ([ KkCay 8 dw  ow? oW dwd Fg w?F,

= = S ol o . 4.87
Fou ( ) 2w\ 730 T80T 45 TR0 6 6 (4.87)

Therefore, the beta function for the gauge multiplet contribution to the running of V is

% _ i ICr24 i ﬁ KCARy L ﬂ KCat
"ow T [M on | T Mou\ T2 A

2 2 4 2 4
n 2 . n Loy o W
S/ - R il 4.
(4777’2)%{ 576 15+<6 6>°" +30] (4.88)
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Several features of eq. (4.88) bear emphasis. First, it vanishes for all w as n — 0, as
appropriate to the supersymmetric limit, and when w = 1 it also vanishes as 7 — 0 or 1, as
also expected for the Salam-Sezgin sphere in the absence of branes. Second, for nonzero 7
it is positive definite throughout its domain of validity, 0 < 1 < 1, so long as w > 1 (i.e. the
branes have positive tension). This definiteness of sign can be checked by showing that:
(1) pdV4/0u > 0 at, e.g., n = 1 for any w > 1; and (4i) the smallest root of the bracketed
factor, np(w) > 1 for any w > 1.

For the south brane, the result can be obtained from the above in the case n > dw,
simply by taking n — 1 — dw and Cipy — —Cir_. When n < dw we instead find for the
south brane

Oz 1 {&u 176w 20w dwt  F2  F?,

o 4(4n)2w

07180 T a5 T o0 T30 15

F., F? W F2, WiF
— T4 T w(l+2n) - 1 U 4.89
+(30+10 w(l+2n) = —5 50 |0 489
0 (kCip 1 Sw dw? swd swt F., F?, WAF.
[ AQR = 5 - UE—" T (1 + 2n)
o 9% (4m)%w 5 10 15 60 30 10 6
F_
s ”] , (4.90)
2
0 [ KCa 8 Sw  dw? 6w dwt an wF_, wiF_,
— = -+ — ——— = —— (142
u@u(g%) (4@%[ 30 T80 "5 T80 6 g Lt
(4.91)
Therefore, the gauge multiplet contribution to the running of V, for the south brane in this
case is
oV_ 4 [ OChre_ 1 0 (K(ip— 1 0 [ KCs_
- —u—= d — u— 4.92
"o T [M o }JFT“ [M3u< 9% N AN (4.92)
1 912 4 6 9 3 5 2 4 4,2
SN N 1P G (% D U OO G i D
(47r?)2w 15 6 15 15 3 5 6 6 30

When w = 1, this expression vanishes as n — 0 or 1, again as expected. It can also be
shown to be positive definite, in the same way as is done for eq. (4.88).

Finally, we sum the contributions at each brane to find the total renormalization of
Viranes = »_p Vo for a massless gauge multiplet. When 1 < dw, this is

8Vbranes o 1 4772 774 2776 277 773 775
7 = o |~ +5 -+t +t—-|w
o (4mr?)2w 15 3 15 15 3 5

2 4 4,2

n Ui 2 W
- — 4.93
* ( 3 3 > T ] (4.93)

which vanishes, as expected, when n — 0. For dw <n < 1, we instead have
8Vbran65_ 1 _w72+57uf1_w76_ i_%+67w4 e ’
op  m22w| 15 48 160 \15 6 120 ) \7 2

)0 wla)] e
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a function that is even about n = w/2 (the center of its domain of validity). These
expressions agree, as they should, when n = dw.

4.3 Massive matter multiplet

The previous sections have the drawback that they involve only massless supermulti-
plets, in the sense that supersymmetry forbids their 6D masses being parametrically large
compared with the KK scale, 1/r. As a consequence only dimensionless couplings get
renormalized when these fields are integrated out (using dimensional regularization and
minimal subtraction).

To get beyond this, in this section we compute the m-dependence of the Casimir
coeflicient for a massive 6D supermultiplet. Recall that the field content for this multiplet is
a massive gauge field (mgf), two Weyl fermions (2f) and 3 real hyperscalars (3hs). Keeping
in mind that the Higgs mechanism makes a massive vector equivalent to a massless vector
plus a hyperscalar, the particle content of a massive supermultiplet is equivalent to the
combined field content of a gauge and a hypermultiplet.'6

We use this observation to compute the coefficients s; for the massive multiplet in
terms of those found above for gauge- and hypermultiplets, by taking

S — ghm 4 g8 (4.95)
Our previous work in tracking all Gilkey-de Witt coefficients — even though we then
only needed so for massless fields — pays off here, since they all contribute for a

massive multiplet.
Given this prescription, a massive matter multiplet gives the following nonzero bulk

coefficients, s?ph’k,
sph, 0 1 sph, 2 1 sph, 0 1 sph, 2 1
s ==, s =—=, S =—, S =——, 4.96
! 2 ! 2 2 12 2 12 (4.96)

and so contributes the following renormalizations to the bulk couplings:

ov_ 2 (1)

0 (Ca2) _ m? oH 0 e ? B 4m?
“au<n>‘ S(4m)? “m‘“m(@ = (.97
and ac | 9 (e 2
Rr3 o v K AR _
“ o = o6(am) “au< gg> 3(dm? (4.98)

Notice in particular that the nonzero renormalization of H and generation of curvature-
squared terms is consistent with the known loop corrections to the gauge kinetic func-
tions [77-80] required by 6D anomaly cancellation. However unbroken supersymmetry

16 At first sight this is hard to reconcile with the particle U(1)s assignments. However, because hyper-
scalars carry nonzero U(1)r charge, we also expect the standard U(1)r symmetry to be spontaneously
broken if the gauge field acquires its mass due to a nonzero hyperscalar vev. Particle states would then
be labeled by the unbroken linear combination of the R symmetry and the naive generator for the heavy
gauge field.
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implies these contributions precisely cancel in the renormalizations of the total bulk la-
grangian evaluated at the rugby ball background:

%

"o

This is equally true when the branes break supersymmetry (i.e. n # 0), since bulk renor-

~0. (4.99)

malizations do not know about brane boundary conditions.

The situation is more complicated for the brane renormalizations, however, for which
p (0Vy/0p) should not vanish for unequal brane-localized fluxes. We start by quoting the
ds;’s for a massive multiplet, and then computing the corresponding beta functions. On
the north brane, we have

59 =0, (4.100)
os) = % (%‘} + 5;‘:2 + % - w22F”> : (4.101)
551 = % (5; - 5‘5) (1-2n), (4.102)
dsy = i[%+7jg2+51“’;+%—;+ﬁ+ (54 Z’?)wQ—wi?’}, (4.103)
55:i(—‘i‘;—‘s‘gz—&:f—g+ﬁ—w1ﬂ7>(1—2n), (4.104)
§s = % (—5‘” (Z’Jg + 52(’5 + 6;? wif") , (4.105)
which give the following renormalizations: pdT4/(0p) = 0,
6,u (C:r) - 2(4:75%; (%‘) + 51)2 + % B WQQFH) (4.106)
A (5) (50w
6%R;+ - 4(471r)2w [5; * 72:2 - (510023 - 642 B Ilig &
+(§Z _ i’?)uﬁ _ “’jgﬂ] , (4.108)
“8(1 <'{§§+) - (475)% <—Z+(g+g+%+w2ﬁ) . (4.110)

Therefore, the total contribution of a massive matter multiplet to the running of Vy is

=z ()]~ b (5 e b5
8,u T2 Bu 8u K e ou
1 9 (KCirt 1 0 [ KCat
+7'4[M3M< 92 >]+87‘4{N8M( 9% >]
1

2 4 2 2
n 5 bw' w w 2 (w'—1) 2
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Notice the appearance here of terms proportional to m?, although the entire quantity
vanishes in the supersymmetric limit n — 0.

Following the prescription ds;"™ = 58?““ +0s8™ on the south brane, we obtain different
results when either: 1) n < dw/2; 2) dw/2 < n < dw; or 3) dw < n < 1. For the sake
of brevity, we will only consider case 1 in what follows (since only in this case can the
limit 7 — 0 be taken, with fixed w # 1), and refer the avid reader to appendix C for the
complete results that include cases 2 and 3 as well.

When 7 < dw/2, we find that

dsop = 21, (4.112)
1w ow? F, wF W2F_
0 n n n
==+ — 4= 1+2n) — 4.11
o1 =4 [ sy Tt T U ] ’ (4.113)
1 dw  dw?
551 = - [(—2 - 4> (1+2n) —wF_n] : (4.114)
16w T7éw? w3 odwt F_ F? F 2
) 0 = — | — - - n n n n 1 )
E w[S B8 T2 T® 16 12+<30+10>°’(+")
Foy P2\ o w'F,
- 4.11
+< 24 4 )% 16 |’ (4.115)
1 dw  dw? 6w Swt  F_ W2 F 2
bsh =~ | (-—=—— - — - —— + 1 — 1) (14 2n) — —2, (4.11
%2 w[( 12 6 8 32 ' 12 1 >(+”) ]’( 6)
1 dw  ow? oW bWt wF_ 2F
ba == |—— 4+ ——F — + — — T(1+2 1 4.11
E w[24+48+24+96 g (T2 4}’ (4.117)
which give the following renormalizations:
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Therefore, the total contribution of a massive matter multiplet to the running of V_ (when
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n < dw/2; see appendix C for the result when n > 5w/2) is
GL _ ai . 1 CA— . 3 CR* + 4 aCRQ
a o a ou  2r2 au
1 9 H’C;lR— /‘GQLA—
T [uau( 9% >] +87”4 [M ( 9% ﬂ

2
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- 1[<_5+5w+w>n2+(1_°~;>n4_@021>n2(mr)2

+wn <125 — TZ: - 7754 - @ - 2;72) (mr)? + (mr)4> ] . (4.124)

The first line in eq. (4.124) is identical to the result in eq. (4.111) for the running at the
north brane, and the additional piece in the second line of eq. (4.124) is odd in 7.

Lastly, we can assemble the total contribution of both branes to the running of Vi anes =

aVbranes 1 5 50') w4 2 1 (/.)2 4 2 2 2
- I Tl -z _ 1
" ou (47r2) 2 [ ( 24 T2 T ) A\ ) W Dm(mr)
2 gt (2 29 5 s
Sl R R et 4.12
+wn <15 3 + 3 3 3 (mr)* + (mr) ( 5)

Regarding the positive-definiteness of this result, we can rest assured that any m-
independent contribution is positive definite, since it is simply a sum of two positive-
definite contributions from the massless hyper- and gauge-multiplets. As it turns out, the
m-dependent terms are also positive definite. (Checking this must be done with some care,
but it can be shown that the non-trivial zero, ng(w), of the coefficient of (mr)? in eq. (4.125)
satisfies both 7(1) = 1 and dng/dw > 0 for all w > 1.). However, for n larger than dw/2,
the results in appendix C indicate that there is always some choice of m for which the beta
function is negative.

An exception to this is the special case where w = 1, in which case n > dw (= 0) for
any 1. As seen in appendix C, this regime is also positive definite, since the contribution
of a massive matter multiplet to the renormalization of the 1PI effective potential in this
case is simply the sum of the contributions of a massless hypermultiplet and a massless
gauge multiplet.

5 The 4D vacuum energy

The previous sections give the divergent part of V;_j,op obtained by integrating out low-spin
bulk fields and show how these divergences are absorbed by renormalization of various bulk
and brane interactions. This section computes the implication of these renormalizations for
the effective 4D cosmological constant, A, and on-brane curvature, as seen by a low-energy
4D observer.

As argued more generally in [56], for codimension-2 branes this is not simply given
by the sum!'” V := Vg + Viranes + V¢, where Vg is the finite part of Vi_j50p. Instead, the

7 This result would be appropriate in the ‘probe’ approximation, but this approximation often fails for
codimension-2 objects.
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changes to the branes captured by Vp anes must be combined with the contributions of bulk
back-reaction — along the lines of refs. [58, 59] — which in general need not be suppressed
relative to the direct effects of Vi_150p, Vi OF Viranes itself [34, 107-109]. Indeed, this back-
reaction is what allows flat solutions to exist at all at the classical level, despite the large
classical positive tensions carried by each brane.

The complete back-reacted response to V is not yet as well understood as is the response
to a localized brane source. For this reason it is worth focussing exclusively on the large
logarithm, In(M/m) in A that our renormalization-group mechanism tracks. That is,
although the pu-dependence in Vi and Viranes always cancels the explicit In(u/m) appearing
in Vy, there is a (u-independent) large logarithm of order In(M/m) that survives once it
has done so, where M is a typical UV scale, of generic order Mg. Because part of the
log always comes from the brane and bulk renormalizations, its coefficient can be tracked
purely using the RG calculations as given above. And the logarithm can be the dominant
part of the answer when M is much greater than m.

5.1 Classical bulk back-reaction

We first recap the general results of ref. [58, 59], to establish a common notation and to
emphasize those features that are special to the supersymmetric case. Ref. [58, 59] starts
with a rugby-ball solution and asks how its properties respond to small changes in the
brane action, 65, = — [ d4zv\/—77 0Ly, where 7, is the metric induced on the brane from
the 6D Einstein-frame metric in the bulk and

SLy = OT) — % 5 <;‘%”> M (5.1)
In particular, it asks how the effective 4D cosmological constant is affected by such a
change, given that it vanishes for the unperturbed system.

The back-reaction caused by §.5; is evaluated by tracking how it affects the bulk bound-
ary conditions [82-84], and then solving the linearized 6D field equations to compute the
change to the predicted value for the curvature, R, along the brane directions. In partic-
ular, it is not assumed that the perturbed geometry has a rugby ball form. The effective 4D
cosmological constant is then defined as the quantity that would give the same curvature
in the low-energy 4D theory. This is a special case of a ‘matching’ calculation between the
effective theory and its UV completion [94-96, 110].

The result found in [58, 59] is easy to state when the bulk lagrangian density has the
Einstein-Maxwell-scalar form of interest here:

A:Zb:{aLb—QNTQ5(“‘“)]@:2[5%—%&(““””@, (5.2)

9% ; 9%

where %em” wmn = f = N/(2r?) is the background rugby-ball bulk flux and the sub-
script ¢, indicates that 07} and §(Ap/g%) are to be evaluated at the classical background
configuration for any bulk scalar(s).

At first sight the only difference between this and the naive ‘probe-brane’ expectation,
Aprobe = Yy 0Ly, seems to be small: the additional contribution of the §. A4, term in the
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first equality of eq. (5.2). (Physically, this additional contribution to A arises from the
energy cost imposed by adjustments to the bulk flux caused by flux quantization when the
bulk volume changes in response to the altered defect angle due to dL;.) Furthermore,
the suppression by 1/r? of the §.A, terms relative to the §T} terms make it tempting to
conclude that the new terms are always negligible.

There are two reasons why this intuition breaks down for the 6D supergravity of
interest in this paper. First, the supergravity has a classical flat direction in the absence of
the branes which is stabilized by the brane-bulk couplings, implying that the brane action
is itself important in determining the value for ¢.. For 6D supergravity, the position ¢,
where this stabilization occurs is related to dL; by [58, 59]

N Ay 1,
zb:[éLb_W(S(%%)Jr?LbL*:O’ (5.3)
where L} := 0Ly/0¢ where ¢ is the 6D dilaton. When the value of ¢, is determined by
the interplay of the brane action and the flux-quantization condition the second reason for
believing the 0.4, term to be unsuppressed becomes operative: flux quantization ensures
¢4 takes a value that makes A, and T}, the same order of magnitude, as found above in
egs. (2.29) and (2.30). The same is not true for higher terms in the derivative expansion
of Sy because these do not enter into the flux-quantization condition.
Using eq. (5.3) in eq. (5.2) gives the classical supergravity result of [58, 59]:

1
A==>" <2 Lg> : (5.4)
b bx

Notice if Ly o €™ this takes the simple form

A:—ZGL;L :-%ZL;,

b

; (5.5)

and so vanishes in particular when Lj is independent of ¢ (as is the case for the zeroeth-
order brane action for classical rugby ball solutions), and A = — 3", L; if Ly o< €2¢ (as is
true for one-loop corrections to the tension in these solutions).

5.2 Application to supersymmetric renormalizations

There are two complications to be checked before applying the results of [58, 59] to the
renormalized one-loop action of this paper: (i) both bulk and brane actions are renormal-
ized; and (i7) both bulk and brane actions include corrections that are higher order in the
derivative expansion. We next deal with the relevance of each of these in turn, specializing
to the supersymmetric case where the bulk Maxwell field is chosen to lie in the U(1)g
direction, with unit flux N’ = N = +1.

Bulk counterterms. Renormalizations of bulk terms in a generic action can modify the
classical field equations, and so in general also their linearization around the bulk rugby-ball
solutions. In particular they can cause the on-brane curvature to become nonzero. This is
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simplest to see in situations where a flat on-brane metric is achieved by tuning the bulk
cosmological constant, since for a generic theory this tuning need not be preserved under
renormalization. Ref. [56] gives expressions for these corrections for a slightly broader class
of theories than is considered in [58, 59].

With this in mind there is much good news for the renormalizations of the 6D su-
pergravity of interest here. First, the vanishing of ss_plh and szph (once summed over a
supermultiplet) automatically ensures that neither U nor 1/x? get renormalized at all at
one loop by the low-spin massive matter supermultiplet considered here.

The bulk Maxwell action does get renormalized by a massive matter multiplet, however,
as do the curvature-squared and higher-derivative terms,

52 -3
R 1 R <z
6£B — —/ —g [M2 €¢ <_F]MNFA/IN + ) + N <_R FA{NFMN + ) T N9 (5.6)

8 12 8 || (4m)3’

where we use m? = M?e? and define .Z := In(M/m). We assume M /m to be independent
of ¢ when differentiating, as is plausibly the case if the UV scale is a string theory (since then
all Einstein-frame masses come with the same factor of e?). As noted earlier, this vanishes
once evaluated at a supersymmetric rugby ball — for which Fy,yFMY = 2f2 = 1/(2r%)
and R = R = —2/r?. We now ask how these terms change the solutions to the background
equations of motion.

Differentiating eq. (5.6) with respect to ¢ and evaluating at the rugby ball background
gives a vanishing result, and shows that § L5 does not affect the background dilaton solution.
Next, differentiating with respect to A,, gives

5 / 2 (553)

R] 4%
2 — 2 ¢ v
+/dx\/ g [Me +12] (dn)?
3K2 M2 & 5 o
_— [1_ 27 ] 3(4W)3T4/d TV=g e (0ndAn).  (5.T)

FMN (aMaAN)

which also vanishes at the rugby ball, for which the integrand is a total derivative.'® A
similar argument applies when the metric is varied. In this case the variation of terms like
V—g g""gP? vanish once evaluated at the rugby ball background, leaving variation of the
2D curvature as the only nontrivial quantity. Because in two dimensions one always has
Rinpg = % R(9mp Gng — 9mq gnp) We may write R = R for this variation and so find
2
5 / 42z (553) S / 4%/ —g [MQ R — %anFm” + };} Ax(i)g SR
3k2M? A
1=
[ 29% } 3(4m)

5. /dzx\/—g R, (5.8)

which again involves the integral of a total derivative.

8The surface terms associated with these total derivatives are not negligible, and contribute brane-
localized terms once singular behaviour near the branes is excised by surrounding them with small Gaussian
pillboxes. There they combine with the brane action and lead to the near-brane boundary conditions, such
as the analogues of (2.17) for Ay and gurw-.
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Higher-derivative brane counterterms. Since the background is unchanged by the
renormalizations of the bulk action, the results of ref. [58, 59] are almost directly applicable.
The only remaining caveat is that renormalizations don’t just renormalize the first two
terms of the action, eq. (3.13), but also generate the higher-derivative brane-bulk couplings.
These can be neglected because (unlike for the brane-localized flux term, Ap) their effects
really are suppressed by powers of x/72 or g2 /r?. They are suppressed in this way because
(unlike the A, term) none of them are amplified by the flux-quantization condition.

5.3 Loop-corrected 4D cosmological constant

We may now use eqs. (5.4) and (5.5) to write an expression for A at one loop in 6D
supergravity compactified on a rugby ball stabilized by U(1)y flux, directly in terms of the
renormalized quantities V, and Vy. We do so under the assumption (necessary, but not
sufficient, for unbroken supersymmetry) that the classical brane action is independent of
¢ OLy/0¢ = 0.

In this case the brane action acquires a dilaton dependence through its renormalization
by bulk loops, with dilaton-dependence of the 1-loop corrected action arising through the
powers of m, whose appearance is dicated on dimensional grounds: 67, o m* = M*e2?,
§(A/g%) ox m? = M?e? and similarly for the higher-derivative interactions. Consequently,
loop-corrected brane action takes the form of eq. (3.13) with coefficients

Ty(¢) = TV + ) M* e & + ... (5.9)
Ap(9) _ A ¢ Crn(9) ¢ p
22 —@qLcAbMequ--', T_7+CRbM€$+""(5'1O)
(@) R (@) _ mC )
102 = ig +ey L+, 202 = 202 + Lt (5.11)
and
Cran(®) = (o + €3y L+, (5.12)

etc., with coefficients that are directly given by the brane renormalization equations,
egs. (3.15):

(1) _ __0sg W __ s W 68
T T G = N b = (e

() _ 2055 M _ dsb o 8s) 1
Cap = (471.)2/\[2 ) Cirp — 2(471_)2/\/- ) Crp2p = 4(47‘r)2 5 (5. 3)

and so on, where the second equality specializes to the result computed earlier for a massive
matter multiplet. All of the 1-loop terms are therefore suppressed by e? relative to the
choices that would have been invariant under the classical scaling symmetry, eq. (2.14).

Incorporating the bulk back-reaction finally leads to a formula for the effective 4D
cosmological constant of the form

A=A+ Ay, (5.14)
b
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where the explicit p-dependence that A inherits from Vy is canceled by the implicit -
dependence of the renormalized couplings in A, (just as the p-dependence in V canceled
between V¢ on one hand and V}, and Vy on the other). This p-independence is most
usefully exploited by choosing u, so that all of the large-M dependence resides in Ay rather
than in Aj.

Explicitly, Ay is obtained from V, by evaluating eq. (5.4) at the rugby-ball background,
as well as Vp = 0. Using egs. (5.13) in eq. (5.5) we find the most UV sensitive part of A is

1) 1)
Ay = _C(T1I))M4€2¢$_1<_2 Rb _NcAb> M2

2 72 72
:: «4752)2’ (5.15)
where 550 (M \* 1 M\ 2
0=20<29R> 3—5(53%55}) <2gR) Lt (5.16)

There are several noteworthy features about this result. First, it vanishes (for all w) in the
supersymmetric limit where 7 — 0. Second, it is of order 1/(47r?)? even if kM? ~ O(1). As
noted in [109], this size is a consequence of the flux stabilization which, through eq. (2.10),
ensures the loop-counting parameter is e2? oc 1/r*. Finally, notice that massless multiplets,
such as the gauge- and (hundreds of) hyper-multiplets required for anomaly cancellation,
do not contribute at all, since all of the terms proportional to 55’2“ are ¢-independent.

In the case of a massive matter multiplet with n < dw/2 (i.e. the case considered in
the main text), C' is given by

M\ n o W-1) , KM\ ?
c=n(5y) 2= (3 - 5) (5p) #4060

Although nothing conclusive can be said about the sign of Apranes := Y, Ap for arbitrary
values of w, n and M (as was done for the effective potential beta functions in §4), taking
(kM /2g5)? > 1/3 guarantees positive Apranes for a range of n’s near = 0. Similarly, taking
(kM /2g5)* < 1/3 guarantees negative Apranes near n = 0. Also, if we take the sphere limit
(i.e. the case in appendix C where 1 > dw with dw — 0), we find that dso = 6s{ + dsi =0
for any 7.

6 Conclusions

We close with a brief summary and a sketch of the most dangerous bulk-brane higher loops.

Summary. This paper uses the recent results of [56] to compute the one-loop 1PI quan-
tum action for 6D gauged, chiral supergravity [46], evaluated at a rugby-ball solution [34]
to its classical field equations. By carefully tracking the near-brane boundary conditions
as a function of the brane action [58, 59, 82-84], we are able to include the effects of bulk
back-reaction to these loop corrections.
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Our main focus is to identify the UV-sensitive part of the result, to see how it generates
local effective interactions in the bulk and on the brane and how these interactions depend
on the assumed properties of the branes and bulk. Because the rugby ball geometries are
curved, they capture many UV-sensitive interactions that are not seen in the more familiar
quantum calculations on tori [111-114].

We find that bulk supersymmetry strongly constrains the renormalization of bulk in-
teractions. Renormalizations, such as corrections to the gauge coupling function and to
higher-curvature terms, do occur, but with coefficients that are related to one another by
supersymmetry. This is consistent with general expectations based on anomaly cancellation
arguments in six dimensions [77-80]. The total bulk contribution to the effective vacuum
energy vanishes, due to cancellations these relations permit between between gauge and
curvature renormalizations.

The branes are not similarly assumed to be supersymmetric a-priori, and so we use
the most general brane action expanded in a derivative expansion. The first two terms of
this expansion can be physically interpreted as the brane tension (no derivatives) and the
amount of background flux that is localized on the brane (one derivative). In general the
presence of both these terms are required to allow low-energy perturbations to exist that
are consistent with flux quantization [58, 59], and their dependence on the bulk dilaton, ¢,
can be used to stabilize the one modulus of the bulk geometry through a 6D analogue of
the 5D Goldberger-Wise [115] mechanism.

Although branes generically break all supersymmetries we find that it is possible to
couple them to the bulk in a way that preserves the unbroken supersymmetry of the
bulk [47], provided three conditions are satisfied.

e The branes do not couple to the bulk dilaton at all;
e The total brane-localized flux and brane tension are related by eq. (2.44).

e The defect angles are the same size at both branes (as would be automatic if the two
branes were identical).

What is surprising about the second condition is that (at least in the case of identi-
cal branes) it is selected automatically as the bulk modulus adjusts to satisfy the flux-
quantization conditions that drive the Goldberger-Wise mechanism in 6D, leading to a
supersymmetric configuration for arbitrary dilaton-independent brane tensions. This need
not remain possible once two-derivative terms and higher — such as 0L, = /=7 By R/k,
for example — are included in the brane action, so supersymmetry is expected to break
once these are included.

Not too surprisingly, the entire one-loop 1PI quantum action evaluated at the rugby
ball vanishes when the brane also preserves supersymmetry, at least when the brane action
is only kept out to one-derivative order. This ensures that the entire one-loop vacuum
energy vanishes in this case. Since higher-derivative terms need not be supersymmetric we
expect the one-loop vacuum energy not to vanish generically once their influence on bulk
modes is included.
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Dangerous higher loops. In the absence of brane-localized particles this would be the
end of the story. However when brane particles are present larger effects can be possible.
The simplest way to compute these is to estimate how bulk loops would renormalize the
properties of brane-localized fields, and in particular what dependence on ¢ they introduce.
Then include this ¢-dependence into a brane loop (which doesn’t itself cost an additional
factor of €2?), using a heavy and non-supersymmetric brane particle. We do so here by
assuming that all ¢-dependence introduced by bulk loops enters (in 6D Einstein frame)
through the ¢-dependent bulk mass m?(¢) = M 2e?_ with powers of m? appearing wherever
they can on dimensional grounds.

To see how this goes, consider as brane lagrangian the cartoon Standard-Model form

1 — 1
Ly=—vV— (2 OuhO"h - MGH* + 3 (P + AR + 5 f,wf“”> : (6.1)

where h, ¢ and A, are brane-localized scalar, spin-half and gauge fields, with 7 = d.A. On
dimensional grounds bulk renormalizations would be expected to renormalize this action
by an amount

Ly = —@M (%1 0,hd"h + com®($)h% + 7 (3D + cahh)i) + 04—5 FuF™ 4 - ) ,
(6.2)
in addition to the renormalizations of the tension, 7', and other brane-field independent
coefficients considered earlier. Here the ¢; are dimensionless coefficients that could be
calculated using techniques similar to those used in earlier sections. As usual, a power
of m? only appears for the scalar mass term, since the fermion and gauge masses are
respectively protected by chiral and gauge symmetries.
Proceeding now to performing a loop of brane fields [57], we focus on the scalar loop.

We expect this to give contributions to the brane tension of order

/e k 4 2¢1 202///027712
T =k e = Ty [/” <1‘<47r>2>+ amz T (6:3)

where k is a calculable number and we use

2 MG + cam?/(4)?

M= 1+ c1/(4m)?
C C m2
~ M2 [1 - (4;)2] + (L)? TR (6.4)

What is important is the term in (6.3) proportional to //lozm2 = //102M2e¢, since this is

of order M?/(1672r)? (as opposed to 1/r%) when .# ~ M ~ 1/gz ~ Mg are much larger

than 1/r. Terms independent of m? are not dangerous since the arguments of §5 ensure

that they drop out of A once back-reaction is included. Terms involving four powers (or

more) of m are also not dangerous because they are proportional to (at least) e2? oc 1/7%.
Notice the dangerous term requires both of the following two ingredients:

e A brane-localized scalar, since the dangerous term only comes from scalar masses on
the brane which are the only super-renormalizable interaction that is not protected
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by a symmetry and so can be shifted by m?(¢) (an intriguing connection to the
ordinary hierarchy problem.)

e A massive bulk supermultiplet, since the dangerous terms arise from powers of m?.

The easiest way to avoid the dangerous terms is simply to postulate the absence of any
massive multiplets (or that they do not couple to the branes, if present), since these are
not required at all by particle physics (unlike the required existence of massive Standard
Model particles on the branes). This would remove the low-energy part of the cosmological
constant problem (see, e.g. [109] for a discussion), which is usually the hardest part. But
it leaves open that part of the problem that asks why the UV completion (presumably a
string theory) does not give a large contribution.

The upshot is this: the generic size of UV effects in a scenario with nonsupersymmetric
branes coupled to a supersymmetric bulk is of order M?m?/(4m)*, where M is a large brane
scale and m is the KK scale. In the absence of massive brane states this leading term can
vanish, leaving terms of order the KK scale alone. None of this is generic to an arbitrary
extra-dimensional setup. Three additional ingredients appear to be required [34, 109]:

e The classical scale invariance of the bulk supergravity, and the associated zero mode
that survives classical flux stabilization of the extra-dimensional bulk;

e The systematic inclusion of brane back-reaction of the branes on the bulk geometry;

e The possibility of having codimension-2 branes with brane-localized flux, ®;, that
can break this scale-invariance and so lift the flat direction through the interplay of
back-reaction and flux-quantization.

The crucial role played by back-reaction in this mechanism underlines its importance,
particularly for the dynamics of low-codimension objects (for which the inter-brane forces
do not fall off appreciably with distance). Although this is understood reasonably well
for codimension-1 objects (through the Israel junction conditions [116-118]), it is just
beginning to be explored for higher codimension (and in particular codimension-2 [58, 59,
82-84]). It is rare to find such a vast region of unexplored territory in particle physics, and
its exploration is likely to contain other surprises as well.
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A Heat kernels and bulk renormalization

In this appendix we collect for convenience the explicit expressions for the heat-kernel
coefficients for low-spin matter supermultiplets in 6D theories compactified on a 2-sphere.

Gilkey-de Witt coefficients. Heat-kernel methods provide very general results for the
form of UV divergences in the presence of various background fields. Consider, for example,
a collection of N fields, assembled into a column vector, ¥, and coupled to a background
spacetime metric, g,v, scalars, ', and gauge fields, A%, with background-covariant deriva-
tive, D,,, of the form

D]Wq] :81\4‘1}‘%0\)1&1@*7:147\4/[ ta\l’. (A.l)

Here w,, is the spin connection, and the gauge group is represented by the hermitian
matrices t,. The commutator of two such derivatives defines the matrix-valued curvature,
Yun¥ = [Dy, Dy]W, which has the following form:

YMN - 7?’]WN - F]\/[Nt (A2)

Here R,y is the curvature built from the spin connection w,;, which is related to the
Riemann curvature of the background spacetime in a way which is made explicit in the
heat-kernel appendix of ref. [56].

Suppose further that the one loop quantum action for such a field is given by

1
iS=—() 3T log<—D FX 4 m2> : (A.3)

F = 4 for bosons and — for fermions, and 00 = ¢™¥D,,Dy, X is some local

where (—)
quantity built from the background fields and m? is the 6D mass matrix. In dimensional

regularization the divergent part of this quantity can be written as [106]

3
oo = 50 (—)F> T(k-3+¢) /dﬁx\ﬁtr[ 62k 4] (A.4)
k=0

where the divergences as ¢ — 0 arise from the poles of Euler’s gamma function, I'(z),
at non-positive integers. Specializing these expressions to a rugby ball and comparing to
egs. (3.4) and (3.5), clearly ay is proportional to sx_; of the main text.

What is most useful about this expression is that in the absence of branes the coeffi-
cients, ay, are explicitly known matrix-valued local quantities constructed from X and Y;,.
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In our conventions the first four Gilkey coefficients are [106]

apg = I
1
1
a/2 = % (2RABMNRABMN - 2RJ\/[NRMN + 5R2 - 12 DR)
1 1 1 1
“RX + X% - Z0OX + =Y, Y™V
+6R + 5 6 + 1o MN
1

as

= ﬁ (-18 ‘:’2R+ ].7D]\4RD1VIR — 2DLR1\/1NDLRA/[N o 4-DLR]\/[NDNRJWL

+9DKR]\JNLPDKRMNLP + 28R|:|R - SRJ\JNDRMN + 24R1\/INDLDNR]\/[L

+12Ry n pORMNEY — %5 R+ 13—4 R Ry nR™N — 1—; R Rupun RPN
+% RMy Ry RN — % RMN R*" Ryrent + ? R™y Ryrerp RYMF
_ % RAP 0 Rumsy RMVEE % RO Rorn RBKNP>
+3%0 <8DMYNK DMYNE £ 2DMY vy, DYV 4+ 12Y YN (A.6)

—IQYMN YNK YKM - GRMNKL Y]\/[N YKL + 4RMN YMK YNK
—5RYMNY,, v —600?X + 60X0X + 30D,, X DM X — 60X°
—30XYMVY,,x +10ROX +4RMY D,,DyX + 12DMRD,, X —30X?’ R

+12X OR = 5X R? + 2X RynR"™ - 2X RABMNRABMN) :

where [ is the unit matrix.
Specialized to the product of 4D Minkowski space with a 2-sphere, the coefficients a;
through as simplify to

CLOII
Lp_x
ap = —— I —
! 6
1, 1 1, 1
- “RX 4+ - X%+ — Y, Y™ A.
az GOR +6R +2 ‘|‘12 mn ( 7)
ag:_iRtiY’" Y™ v ~Lpy, vy Lxy, ymn
630 30° " ™40 M 12° "
1 1 1
——X*—- —X’R- —XR%
6 12 60

Spins zero through one. We now collect the results for X, Y,y and the ultraviolet-
divergent parts of the one-loop action, for the particles arising in 6D matter gauge- and
hyper-multiplets. We assume also the fields in the loop do not mix appreciably with the
supergravity sector, so in particular any gauge fields considered cannot be those whose
background flux stabilizes the extra dimensions.
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Scalars: consider N scalars, ®/, with action,
6 1 MN i i 1 1 a MN
S == [ day=g 59" Gy Du®@'Dy® +V + SUR+ LWL ™| (AS)

The functions U, V, W and the target-space metric, G;;, are imagined to be known func-
tions of the ®’. The background-covariant derivative appropriate to this case is:

Dy @' = 0y, ®" — i A%, (t,)" B, (A.9)

J

where the matrices (t)° ; represent the gauge group on the scalars.
The kinetic operator controlling small fluctuations about a classical background is

given by
Ay =004 XY, (A.10)
with X ij given by
i ik 1 1 a MN
X'i=G ij(@) + 9 RUkj(SO) + 1 Funty ij((p) ) (A.11)

where subscripts on U, V and W denote differentiation with respect to the background
field ?. Specializing to the simple geometry and Maxwell fields of the rugby ball, these
simplify to X?; = G [ij—k% R Ukj—k% 2 Wyl and Yy, = —igf Q €mn, where § is the gauge
coupling and g@Q = t, is the hermitian, antisymmetric charge matrix for the background
gauge field. Notice that these imply Y, Y™ = —23%f2 Q% and Y™, Y™ Y, = 0.

With these expressions the coefficients ag through as satisfy

trap =N, tralz—/g[R—trX, (A.12)
and
t = —R —Rtr X + —tr X° — — t A.13
I a9 60 +6 T —i—2 r 6gf r@ ( )
N 3 1 5.9 2 1 .9 2
= - — _ —
tras 630R +20Rg fotr@ +6g fotr (XQo)
1

1 1
——tr X’ - —RtrX’- — R’tr X.
6" 12" 60 =

These give explicit functions of ¢ once the above expression for X is used.

Spin-half fermions: for A/ 6D massless spin-half Weyl fermions, ¢ with a = 1,..., N,
we take the following action

1 —a
S == [ ay=g 5 Gule) 5 Pe’. (A14)
where ) = e, y*D,, with

1 a
DA{¢(Z = a]\/ﬂf)a - z WffBVAEﬂ/J - ZAA{ta¢7 (A-15)
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where v* are the 6D Dirac matrices and e, the inverse sechsbein, v,5 = %[VAWB],
and t, denotes the gauge-group generator acting on the spinor fields. Since 6D Weyl
spinors have 4 complex components their representation of the 6D Lorentz group has d = 8
real dimensions.

The differential operator which governs the one-loop contributions is in this case
D = e,My*D,, and so in order to use the general results of the previous section we
write (assuming there are no gauge or Lorentz anomalies) logdet D) = %log det(—1?),
which implies

1 1
i) = 3 Tr log P = ZTr log (—@2>

1 1 1
= ZTI' log <—|:| — ZR + 4’)’ABFXBta> . (Alﬁ)

This allows us to adopt the previous results for the ultraviolet divergences, provided we
divide the result by an overall factor of 2 (and so effectively d = 4 instead of 8), and use

1 1

X = —ZR—F Z")/ABFXBta, (Al?)

and )

1 )
Yun = — 5 RMNAB'YAB — i F %y ntq (A.18)
The Gilkey coefficients become!”
N
TI' 1/2 [YIWNYMN] = *4 tI‘ 1/2 (tatb) FX./‘INFbAIN - ? RAB]WNRABMN
_ N

= -8 f*tr1/2(Q%) — ?RQ, (A.19)

where the second line specializes to rugby ball background fields.

Keeping explicit the sign due to statistics, and dropping terms which vanish when
traced, this leads to the following expressions for the divergent contributions of N 6D
Weyl fermions:

(_)F Tr 1/2[610] = —4N, (—)FTT1/2[(11] = —j;)[ R

N 4
F 2 ~2 2 2
(=) Trqjalaz] = 60 R* — 39 fotr2(Q7) (A.20)
N 2
F 3 ~2 £2 2
)Ty =~ R+ Z 2Rt .
(=)" Tryjzlas] TR f7Rtr5(Q7)
Massless gauge bosons: for N gauge bosons, A%, with field strength F¢,, and a =
1,...,N, we use the usual Yang-Mills action
1
S = —/d%\/—g 1 W(p) FonFa™, (A.21)

19We adopt the convention of using Tr[...] to denote a trace which includes the Lorentz and/or spacetime
indices, while reserving tr[...] for those which run only over the ‘flavor’ indices which count the fields of a
given spin.
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expanded to quadratic order about the background fields: A%, = A%, + JA9,.
For an appropriate choice of gauge the differential operator which governs the loop

contributions becomes
AMp = —5% M O+ XMy, (A.22)
with
XMy = —RM 6% + 2i(te)* My, (A.23)
where t. here denotes a gauge generator in the adjoint representation.

Ref. [56] sums the contributions of the vector fields and ghosts to get the contribution
of N physical 6D massless gauge bosons:

(=) Trafao) = 4N, (=) Trifa] = J;/R (A.24)
()7 Trfa] = B2 42 @
(=)F Trq[as) = _Si\g R? + ﬁ FfPRtr1(Q%).

Supermultiplets. In this section, we show that the Gilkey coefficients cancel when
summed over the field content of a gauge- or hypermultiplets, providing that the back-
ground flux does not break supersymmetry. Recall that unbroken supersymmetry requires
the background gauge field to lie in the R-symmetry direction.

Gauge multiplets: a gauge multiplet involves one Weyl spinor and one gauge bo-
son. Specializing these earlier results to rugby-ball background fields, we have for N
Weyl fermions

2N,
(=) Tr1alag) = —4N (=)F Trypafar] = ?75
N,  N?
F _ Vg 2
(=) Tryjlaz] = 15,4 3,4 tr12(Q%) (A.25)
N, N?
F _ Vg 2
(=)" Tryjalas] = 636 15,6 tri/2(Q°),
where N2 = g2 /g2 is the background flux quantum number.
Similarly, N, massless spin-1 particles gives
2N,
(=) Trifag) = 4Ny, (=) Trifai] = — 3—75’ (A.26)
4N,  5N?
(=) Trifag) = —2% + ~— tr1(Q?)
157 6r
16N, 7N?
F g 2
W — Vg
(=)" Trilasg] 3156 20,6 tr1(Q°).
These sum to give the following result for A, massless 6D gauge supermultiplets:
Trg(—)"ao) =0,  Tryg[(—)"ai] =0
N, N? 5N?
F_1_ 7V 2 2
Trg[(—) as] = 34 3,4 tr 1/2(@ )+ 614 tr1(Q°) (A.27)
N, N2 TN?
F_1_ Vg 2 2
T ()" 5] = 22 — o tr12(Q%) — s 1 (QP).
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For the supersymmetric compactification we must use unit background flux, N? = 1,
and the charge assignments for U(1)g: tr1(Q?) = 0 and try/2(Q?) = Ny. In this case the
above formulae simplify to

Trg[(—)" ao] = Trg[(—)" a1] = Try[(—)" az] = Try[(—)" az] = 0, (A.28)
as claimed in the main text.

Hypermultiplets: hypermultiplets contain one Weyl fermion and two complex scalars,
with the scalars carrying charge +1 under the gauge group U(1)g.

The fermionic contribution to the vacuum energy is as in eq. (A.25). For the scalars we
may use the results of eq. (A.13), specialized to the hypermultiplet lagrangian, for which

1 o
U=W=0 and V =2¢%2¢?v(®) where v(®)=1+ 5 Gijj®'®’ +---, (A.29)

which imply
. . 1
2 k
ij = 29R €¢ G* Vkj =0 = 2772 5Zj . (A?)O)
It follows that for A} hyperscalars Trol = 4N, TroX = 2MN,/r?, Tro(XQ?) =
Tro(Q?)/(272), Tro(X?) = Np/rt and Tro(X3) = N,/(27%). Using these expressions

we have the following spin-0 contribution for A}, hyperscalars:

Tro[(—)" ag] = 4N, Tro[(—)F a1] = —?:ZL
N N?
Trol(—)" as] = 5575 = 517 tr0(@°) (A.31)
Ny, N2

Trol(—)" as] = tro(Q?),

126076 24076

where, as before, N2 = g2 /¢2.
Summing this with eq. (A.25) for N}, Weyl fermions gives the result for A}, hyper-

multiplets
Trp[(=)"ao) =0, Trpl(=)"a] =0
T ) = 20— (@0 - 2 (@) (432
Tel()7 o] = o — 1 a(Q1) — S tro(@?),

which, with the supersymmetric choices N? = 1, tr 1/2(622) =0 and tro(Q?) = 4N}, gives
the simple result

Trp[(—)" ao] = Tra[(=)" a1] = Trp[(—)" az] = Trp[(—)" as] = 0,

used in the main text.
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B Results for spins zero, half and one

This appendix briefly summarizes the results for s; for spins zero, half and one, as computed
in ref. [56].

Spin zero. Consider first the simplest case of a single minimally coupled real scalar field,
satisfying (=0 + m?)¢ = 0, that is coupled to the background gauge field with monopole
number N and brane-localized fluxes ®,.

In this case, using the notation w = 1/« and

= [By| (1 —|Dy]), F™ —ZFb, FO.=F, Gz):=0-z)1-2z), (B.1)

we find the following for the s; coefficients:

S 1
8_1:;,
. 11 w?
SO(WaNa(I)b>:E 6+F(1_3F) ;
. 11 N2 WP
si(w, N, @) = w{180 — o5 T g3 Z(I)bG (|Po]) + (1 —15FC ))]
. 1 1 11AN? 1 N2
SQ(W,N,‘Db)—w[—m— 20 +(90—144> (1-3F)w Z(I)bG|(I)b|
wi(1 - N?)
(1 - 15F® O, G(|®y]) (1 + 3F B.2
+ S (1 - 155 ) mzbarb\><+3b> (5.2)

1 F@  pG) 5
+<1260 T 120 60 >w }

When w =1 and &, = 0, these become

1 1 N?
Sph _1, 3ph =3 Sﬁph,o = siph’Q =5 (B.3)
4 NP
h,0 h, 2
;p =35 and szp 10

in agreement with the results in [119-122], as well as with the result as computed using
the Gilkey-de Witt coefficients for a 6D scalar on a sphere using the general results found
n [106]. If the scalar couples to the background field with strength ggz, its contribution
to the running of the leading bulk counterterms therefore is

ou B mb E i _ m*
Fou = 6(dm)3 Pou\k2) = "6(an)®’
0 (Cr2) m? OCps 1
au< ) = T 60(4m)3” o T Tosoamp (B
paa i _2¢*m? 0 (KCir) _ 2¢°
(9 -~ 3(4m)3 a o \ g2 ) 5(4m)3°
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The quantities relevant to brane renormalizations are ds_; = 0,

6+12 2

wr-1 wk 1 (&u Sw? wQFb> dw | Dy
(580 = = —
w

12w 2 T 6 2 7
53021 w2—1+w4—1_w2Fb_w4Fb2
7w\ 36 360 6 12
L1 (e 200 0t bt R WU e |9
T w\15 45 90 ' 360 6 12 )7 15 6
2/\f
051 = =@ G(|Py]),
§s? = =
°1 < 24w>
1 w -1 wf-1 F WEIF?  WAFR WDAEB
0 _ o2t b b b
652__cu[ 720 om0 ¢ <30+ 24 120 T 60 )]
1 25w 55w 175w34_375w44_§gf+_5w6
= o105 T 252 1260 5040 420 2520
w2@+2@+wﬁ+w@
30 24 120 60 ’
2N wiN
Ssp = (I)bG(| b|)_m¢bG(|q)b|)( +3F,),
6£:_Nf¢u—1+w—1_wm_w%§
w \ 288 720 48 24

80 + 1440 BT 180 * 720 48 24

./\/2 <5w 176w?  dwd 6wt WF, 4Fb2>

w

The corresponding contributions to the running of the brane counterterms are

oT,, m* dw  dw? WP E, m* dw
RS = s (T e ) = e (- i)
op  2(4m)%w \ 6 12 2 4(4m)2 \ 3

o [ A Py w?m® _¢*mP A,
lu’ai o] = (‘Qb‘) 3
n\ g3 6(4m)? 3(4m)
d (Crp m? Sw  20w?  dwd  Swt  WPF w4Fb2
pa () = (e T T T
o \ K 2(4m)%2w \ 15 45 90 = 360 6 12

m (G|t
2042 \15 6 )’

0 (K'CARb) _ qPy w? 7> Ay

0 Cp2p 1 20w  5ow? 176w 37éwt  dwd  dwS
= 3 + + + + "t
ou 4(4m)%w | 105 252 1260 5040 420 2520

W2@+M@+Mﬁ+w@
30 24 120 60

N 1 2w B | Dy |
~ 4(4m)2 \ 105 30 )7
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e (e + % i +3m) ) = -2 A

(B.5)



0 [ Kkl _ 8¢° 5w+175w2+5w3+6w4 W2 F, w4Fl,2
 (4m)2w \80 1440 180 720 48 24

R S |

 (4m)2 \ 10 6 ’
Spin half. We next quote the results for a massive minimally coupled spin-half 6D Weyl
field minimally coupled to the background. Using the notation

1

(1-w) = %(1—&) - % (B.7)

Nty =N — 0, (IJIf)U =P, — ol (136 =
one finds different expressions depending on whether or not |®] is larger or smaller?® than
®f. We quote only the case || < @, and refer the reader to [56] for the more general
case.

For a 6D Weyl spinor the coefficients s; become: 551 = —4/w,

11 1
S(f)(w’N7(I)b) = W|:3+ (3—2Z@g>w2:| ,
b

177 WwN® N2 1 1
N0 = 116 -5 - (g g )
b

f 2 2\ 2
w,N,®p) = — — + ——(1- E o7 ) ——— E [OF I
52( Y b) [10080 16 720 <144O 72( 0 v b> 240 . b)

W

WIN 7T TN?T (1-2N2)
20N TPy (1 — 4D2 - - B2(1 — 2332) |w?
24 Zb: ol b)+<1440 720 24 Zb: b b))“

7 P2 ol
5 b b
— o, — — 04 b
”N<Zb: ”<240 6+5>>
(B e (D0 )
10080 4 b\240 12 ' 15 '

In the limit w — 1, ®;, — 0 one finds SSplh = —4,
2 1 N? 1 N?
h h,0 h, 2 h, 0 h, 2
S(S)p - 3’ Sip 15’ Sip E S;p 63 d S;p 157 (B.9)

in agreement with Gilkey-de Witt methods and those found in [119-121] for fermions on a

sphere.
For a fermion with charge ¢gg, the corresponding contributions to the running of the

bulk couplings are

o _ ot o (1y_
K Ou — 3(4m)3’ K ou \rk?2)  3(4m)3’

20Both results agree when |®;| = ®f.
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0 (Cr2 m? OCps3 1
2By = = — B.1
a o < K > 60(4m)3 . o 504(4m)3 (B-10)
o (1Y _8gm® 3<HCAR> 8¢’
“ou\gz) " 3(am) Pou\"gz ) T 150y

The quantities relevant for the brane action (when |®,| < ®f) are ds_; = 0 and

1 [w?—1 1 [dw dw?
0 252 252
== — 2?02 ) = = (=24 2 2020
950 w( 6 ~ b) w(3+6 wb)’
o 1 (w1 Tw'-1) w?® widZ(1-207)
559 = — + - -
w\ 72 720 6 6
1 (6w 136w? 76w  Téwt WPl wldl(1 - 297)
===+ + + — —~ :
w\15 ' 180 180 ' 720 6 6
® 2N
§sl = —N2 b Jgf b(1-493), 6s2=0, (B.11)
2 4 1 1 6 1 7 2@2 4
550 = 17w =1)  T(w ) 3l(w ) Tw w—@%(l _202)
w| 2880 2830 20160 240 24
7 92 o}
652 b b
—8p2 — — b4 b
“ b<240 " 15)
16w | 1016w? N 17 6uw? N 257 dw? N 310w” L3 Sw
T wl|42 " 2520 420 10080 ' 3360 ' 20160
Tw?®l W 7T 9 P
- — P21 - 20F) — 0P — — L+ 2
210 210l A AR TRE TR
No,  WNdy 782 @
sb = 27 <1—4<I>2)—4 3 R
52 16 24 0) ~ONE 55 =5 T
N2 Tw? =1 7(wr=1) w?®? wie?
52:_7 o b b<1_2(p2>
E w [ 44 7 1440 12 12 b
2 1 2 3 4 2(1)2 4@2
:_£ 57w+ 30w +75w +7(5w LWl w b<1_2q)§> ‘
w |30 " 360 360 | 1440 12 12

The brane counterterms therefore renormalize as follows:
H@ = L4 <5w+6w2_2w2¢§> ~ m' (M_q)g> ’

op  2(4m)2w \ 3 6 (4m)2 \ 6
o (A q®, m? w? 9 8 ¢?>m?
— | =] =~ 14+ —(1-49 ~——
v () = e (1450 10D) =i
d (Cw) . m* [dw N 13 dw? N 7 0w N Tow' WPy WOl - 297)
Fou\w ) 7 2am2w \15 ~ 180 ' 180 ' 720 6 6
T 24m2 \15 3 )’ ‘
9 (Carb q®Py [1  ? 2 ST %P
< — 1Y (1-40 by b
“6u<gg (47)2 16+24( b)+” 2100 6 5
4q°
B _15(477)3Ab’
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N E+ 2520 * 420 + 10080 + 3360 + 20160

poy 1 dw  1016w?  176w® 2576wt 316w®  316wS
o 4(47)%w

Twe;  w! TP @
2 “@2(1—2@2)—&@2( b *’)

240 24 240 12 15
N 1 ow <I>g
T a(r2 \42 " 10
0 8 ¢2 Sw  136w?  Téwd  Towt  W2PZ  Wid?
pcay (Y1) RN £ ) L + + -2 (1-2a})
op \ g% (4m)%w | 30 360 360 1440 12 12

12

_i ow Y
3(4m)2 \ 5 b)
Spin one. We next state the results for the Casimir coefficient for a gauge field, provided

this gauge field is not the field whose flux stabilizes the background 2D geometry. We
consider in turn the cases where the 6D gauge field is massless or massive (in the 6D sense).

Massless spin one. We begin with the massless case. Defining

_ )
Ngge := N, o5 .=, —¢o8' o8 =u 1:04:1—% (B.13)
one obtains the following contributions to the bulk divergences
2 4 5N
SS,p1h:47 S?]ph:_g’ Siphﬂ:ﬁ’ Siph’2: jg[ )
16 TN?
sph, 0 _ sph, 2 _ B.14
%2 315 %2 20 (B.14)
and after these are subtracted the brane renormalizations are obtained from
1 21
559 = — (—(w 1)+ W =1 2w Fy, +w2\c1>b|)
w 3
1/ 6w dw?
= — (- T 2R 4 W)
w 3 3
50 = 1 /(-1 N w! =1 2WF N T e
w 9 90 3 3 3 3
1 [4bw N 8 duw? N 2 6w N dwt 20 F,  WP(B  WF Wt B
Cw\ 15 45 45 90 3 3 3 3 ’
N N
b} = — o= G(Bo]) + NPy — By |y (B.15)
5s) — 1/ 1) N wt—1 N W1 20°F N WPy R W@
w 45 180 630 15 15 6 6
SFE_WF WOy
30 15 10
1 /86w 5How? 176w® 376w 6w’ 6wl 2w?FH, W2y  W!FP?
= — + + + + ot - -
w \ 105 63 315 1260 105 ° 630 15 15 6
_w4|<I>b|3 B wOF? B wOFP n wO|®y |5
6 30 15 10 ’
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WwN wiN w N<I>b w /\/’(I)b
Jsy = o D G(P]) - W‘I)bG(@bD(lJF?’Fb) | @[ + |y,
52 — _/\L2 w-1 -1 w'-1 F w2\c1>by Wi 4y<1>by3
2 w 8 72 180 12 24 6 6
N (Thw  1T6w? | W dwt WPF, WD wlFE W@y
 w 40 360 45 180 12 24 6 6
along with §s_; = 0s? = 0 (as usual).
4-2k

Because the renormalizations coming from s are proportional to m

, where m is

the 6D mass, for massless fields we need only follow the contributions of ss, ensuring the

only nonzero renormalizations are

OCgs 2 KCar 14 q2

0
T A G B (B.16)
in the bulk, and
Opoy 1 86w  How®  176w®  37ow!  dw  dwP
o 4(4m)%w \ 105 63 315 1260 105 630
2w2F,  W?|By| WP WP WOF? WOFP WO [0
15 15 6 6 30 15 10
1 20w | Dy
~ (4m)2 \ 105 60 )’
0 ([ KCaigp q w?
— = — G(|® —<I> G(|® 3F
i (5 s (GG + G e+ 37
2<I> <1>
b WPy
ol <o)
q Py 2¢*
— =——=A, B.17
5(4m)2 ~ 5(4m)p 7 (B-17)
9 (Cw) 8¢ [(Tow  1Téw? 0P  dw!  WF, | W@
Pou\ez ) = (an)2w\ 40 © 360 ' 45 ' 180 12 24
AF2 WA|By3
6 6
¢ ((Tow |y
(4m)? 5 3 ’
on the brane.
Massive spin one. In this case, in the sphere limit we have
1 19N?
O TR A NI
4 3N?
h, 0 h, 2
Sy =53’ and sPC = — 3 (B.18)
and so we obtain the bulk renormalizations
('9U _5m6 3 1y m*
6,u 6(4m)3”’ H(?,u K2)  6(4m)3’
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Cr2 7 m? s 1
“8M< > 12(47)3 Fon = 126(4m)3° (B.19)
E i _19q2m2 g <H<AR> . 3q2
"ou\g2 3(4m)s Pou\"# ) ()

The running of the brane couplings is similarly obtained by computing the ds; coeffi-

cients:
1 dw  bow? Hw?F 9
=—(-= - i
950 w( 6 T 2 +”|”|>’
o 1 (0w 26w? Swd  Swt BWE, W@y BWEFE wih|dy)3
0s) = = [ =+ - - — -
w \ 3 9 18 72 6 3 12 3
5w2/\f WN
(58% = (I)bG(|(I)b|)+N<I>b—7(I)b|(I>b|
50— L 2(5w N 25 dw? N 17 6w N 37 dw* +5L+E _WPF, | WPy
27 5\ 21 T 252 952 | 1008 | 84 ' 504 6 15
SwlF? W PpP  WOF? WOFP wh|dy )P
— —~ — —~ + : (B.20)
24 6 24 12 10
5w N wiN N(I>b w /\/<I>b
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C Complete results for the massive multiplet

In this appendix, we compile the complete result for the renormalization of the south
(b = —1) brane when 7 is not constrained to be n < dw/2, but instead 0 < n < 1. At the

end, we state the resulting beta function for Visanes := > Vb-

Given that §s™™ = §shm + §s2™, and using the results from the main text for the

hyper- and gauge multiplets, we find that, on the south (b = —1) brane,

2,  n<ow/2
dsop =< =21, Odw/2<n<dw (C.1)
0, n > dw
r 2
EEE R T HE B | R0
- ) ) oy
oy = { L[+ 28+ B2 - ) Gw2 <y <ow (C.2)
[ 2 F7 2Ff
L[+ + -0, 0> ow
1 —%—%>(1+2n)—wF_n}, n < 0w/2
b= L[(~ %) o wh)] L sy < ©3)
-L(-%-%)a-22), 0> dw
r 2 3 4 p.,  F? F F2
i - R B (e 20)
- 2
HF - )t - o] n< b2
0 r 2 3 4 F, F? F, . F? N
6 = ¢ Lo+ T+ g - T+ (5 e - 20) (C.4)
+&_£§)w2_ﬂ} dw/2 <n < dw
24T 1 6 |° ==
1[s 75w Swd L swh  Fn  FZ Fy,  F2\ o WwiF;
5_§+ 4?; +1L+L8_Tg+%+(ﬁ_fn>w - 167]}’ 7725(*)
r 2 3 4 [ 2p wk?
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2 3 4 F_ 2R
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~ 2,\
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which give the following renormalizations (recall that 7 :=n — dw):
2 < 0w/2
oT o n, < ow/
p—— = 5 X =27}, Oow/2<n<dw (C.7)
o 2(4m)
0, n > dw
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2 F_, F_ 2F_,
Sl T 2 (14 2n) -5, < bw/2
N N 25,
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THT R N2 0w
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+w24Fﬁ , dw/2 <n<dw

Therefore, the total contribution of a massive matter multiplet to the running of V, on the

south brane is

“au :ﬂau_ﬁ

9 (Ca- 2 9 (Cr- 4 GCRz,
%(g)]w[“m@ﬂ*ﬂ{“ o ]
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M
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L 2 17)772(mr)2, 1= 0w

Lastly, we can assemble the total contribution of both branes to Viranes = Y _j Vb:

,

( 5+ 5 - +4 )7724'(;* w2)774
2 4
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W 1 [%—%“%Haﬂ—l)( ?) (n—ﬂf )
K ou (4mr2)2w _(e? 1 _w 0o At a3 At
> —5) ) +wi| 55+ 3 + 5
—(g—zm‘* )(mr)2—(mr)4}, 5w/2<17<5w
_%Jr 119%;4 _wz(w:—l)(mr)z
—[% 2¢7 | But +(w2—1)(mr)2] (n—49)°
(-3 m-9" n = 0w

References
[1] D. Volkov and V. Akulov, Is the neutrino a goldstone particle?,
Phys. Lett. B 46 (1973) 109 [NSPIRE).

[2] V. Akulov and D. Volkov, Goldstone fields with spin 1/2, Theor. Math. Phys. 18 (1974) 28
[Teor. Mat. Fiz. 18 (1974) 39] [INSPIRE].

[3] B. Zumino, Nonlinear realization of supersymmetry in de Sitter space,
Nucl. Phys. B 127 (1977) 189 [INSPIRE].

[4] 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].

[5] J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press,
Princeton, U.S.A. (1992).

[6] J. Polchinski, TASI lectures on D-branes, hep~th/9611050 [INSPIRE].

— 58 —


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://inspirehep.net/search?p=find+J+Theor.Math.Phys.,18,28
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://arxiv.org/abs/hep-th/9611050
http://inspirehep.net/search?p=find+EPRINT+hep-th/9611050

[7]

8]

[9]
[10]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

J. Hughes, J. Liu and J. Polchinski, Supermembranes, Phys. Lett. B 180 (1986) 370
[INSPIRE].

J. Hughes and J. Polchinski, Partially broken global supersymmetry and the superstring,
Nucl. Phys. B 278 (1986) 147 [inSPIRE].

E. Witten, Dynamical breaking of supersymmetry, Nucl. Phys. B 188 (1981) 513 [INSPIRE].

S. Cecotti, L. Girardello and M. Porrati, Two into one won’t go,
Phys. Lett. B 145 (1984) 61 [INSPIRE].

J. Bagger and J. Wess, Partial breaking of extended supersymmetry,
Phys. Lett. B 138 (1984) 105 [INSPIRE].

L. Randall and R. Sundrum, Out of this world supersymmetry breaking,
Nucl. Phys. B 557 (1999) 79 [hep-th/9810155] [INSPIRE].

G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, Gaugino mass without singlets,
JHEP 12 (1998) 027 [hep-ph/9810442] [INSPIRE].

D.E. Kaplan, G.D. Kribs and M. Schmaltz, Supersymmetry breaking through transparent
extra dimensions, Phys. Rev. D 62 (2000) 035010 [hep-ph/9911293] [INSPIRE].

Z. Chacko, M.A. Luty, A.E. Nelson and E. Ponton, Gaugino mediated supersymmetry
breaking, JHEP 01 (2000) 003 [hep-ph/9911323] [INSPIRE].

K. Choi, A. Falkowski, H.P. Nilles and M. Olechowski, Soft supersymmetry breaking in
KKLT fluz compactification, Nucl. Phys. B 718 (2005) 113 [hep-th/0503216] [INSPIRE].

S. Kachru, L. McAllister and R. Sundrum, Sequestering in string theory,
JHEP 10 (2007) 013 [hep-th/0703105] [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].

E. Dudas and J. Mourad, Consistent gravitino couplings in nonsupersymmetric strings,
Phys. Lett. B 514 (2001) 173 [hep-th/0012071] [INSPIRE].

D. Marti and A. Pomarol, Supersymmetric theories with compact extra dimensions in
N =1 superfields, Phys. Rev. D 64 (2001) 105025 [hep-th/0106256] [INSPIRE].

D.E. Kaplan and N. Weiner, Radion mediated supersymmetry breaking as a Scherk-Schwarz
theory, hep-ph/0108001 [INSPIRE].

J. Bagger, F. Feruglio and F. Zwirner, Brane induced supersymmetry breaking,
JHEP 02 (2002) 010 [hep-th/0108010] [NSPIRE].

I. Antoniadis, K. Benakli and A. Laugier, D-brane models with nonlinear supersymmetrsy,
Nucl. Phys. B 631 (2002) 3 [hep-th/0111209] InSPIRE].

K. Meissner, H.P. Nilles and M. Olechowski, Brane induced supersymmetry breakdown and
restoration, Acta Phys. Polon. B 33 (2002) 2435 [hep-th/0205166] [INSPIRE].

C.P. Burgess, E. Filotas, M. Klein and F. Quevedo, Low-energy brane world effective actions
and partial supersymmetry breaking, JHEP 10 (2003) 041 [hep-th/0209190] [INSPIRE].

C.P. Burgess et al., Warped supersymmetry breaking, JHEP 04 (2008) 053
[hep-th/0610255] [INSPIRE].

S. Weinberg, Dynamical approach to current algebra, Phys. Rev. Lett. 18 (1967) 188
[INSPIRE].

— 59 —


http://dx.doi.org/10.1016/0370-2693(86)91204-9
http://inspirehep.net/search?p=find+J+Phys.Lett.,B180,370
http://dx.doi.org/10.1016/0550-3213(86)90111-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B278,147
http://dx.doi.org/10.1016/0550-3213(81)90006-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B188,513
http://dx.doi.org/10.1016/0370-2693(84)90947-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B145,61
http://dx.doi.org/10.1016/0370-2693(84)91882-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B138,105
http://dx.doi.org/10.1016/S0550-3213(99)00359-4
http://arxiv.org/abs/hep-th/9810155
http://inspirehep.net/search?p=find+EPRINT+hep-th/9810155
http://dx.doi.org/10.1088/1126-6708/1998/12/027
http://arxiv.org/abs/hep-ph/9810442
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9810442
http://dx.doi.org/10.1103/PhysRevD.62.035010
http://arxiv.org/abs/hep-ph/9911293
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9911293
http://dx.doi.org/10.1088/1126-6708/2000/01/003
http://arxiv.org/abs/hep-ph/9911323
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9911323
http://dx.doi.org/10.1016/j.nuclphysb.2005.04.032
http://arxiv.org/abs/hep-th/0503216
http://inspirehep.net/search?p=find+EPRINT+hep-th/0503216
http://dx.doi.org/10.1088/1126-6708/2007/10/013
http://arxiv.org/abs/hep-th/0703105
http://inspirehep.net/search?p=find+EPRINT+hep-th/0703105
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/10.1016/S0370-2693(01)00777-8
http://arxiv.org/abs/hep-th/0012071
http://inspirehep.net/search?p=find+EPRINT+hep-th/0012071
http://dx.doi.org/10.1103/PhysRevD.64.105025
http://arxiv.org/abs/hep-th/0106256
http://inspirehep.net/search?p=find+EPRINT+hep-th/0106256
http://arxiv.org/abs/hep-ph/0108001
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0108001
http://dx.doi.org/10.1088/1126-6708/2002/02/010
http://arxiv.org/abs/hep-th/0108010
http://inspirehep.net/search?p=find+EPRINT+hep-th/0108010
http://dx.doi.org/10.1016/S0550-3213(02)00181-5
http://arxiv.org/abs/hep-th/0111209
http://inspirehep.net/search?p=find+EPRINT+hep-th/0111209
http://arxiv.org/abs/hep-th/0205166
http://inspirehep.net/search?p=find+EPRINT+hep-th/0205166
http://dx.doi.org/10.1088/1126-6708/2003/10/041
http://arxiv.org/abs/hep-th/0209190
http://inspirehep.net/search?p=find+EPRINT+hep-th/0209190
http://dx.doi.org/10.1088/1126-6708/2008/04/053
http://arxiv.org/abs/hep-th/0610255
http://inspirehep.net/search?p=find+EPRINT+hep-th/0610255
http://dx.doi.org/10.1103/PhysRevLett.18.188
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,18,188

28]

[29]

[30]

[31]

[32]

[33]

[34]

S. Weinberg, Nonlinear realizations of chiral symmetry, Phys. Rev. 166 (1968) 1568
[INSPIRE].

C.G. Callan Jr., S.R. Coleman, J. Wess and B. Zumino, Structure of phenomenological
Lagrangians. 2, Phys. Rev. 177 (1969) 2247 [inSPIRE].

M. Bando, T. Kugo and K. Yamawaki, Nonlinear realization and hidden local symmetries,
Phys. Rept. 164 (1988) 217 [InSPIRE].

C.P. Burgess, Goldstone and pseudoGoldstone bosons in nuclear, particle and condensed
matter physics, Phys. Rept. 330 (2000) 193 [hep-th/9808176] [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].

C. Bouchart, A. Knochel and G. Moreau, Discriminating 4D supersymmetry from its 5D
warped version, Phys. Rev. D 84 (2011) 015016 [arXiv:1101.0634] INSPIRE].

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

D. Atwood et al., Supersymmetric large extra dimensions are small and/or numerous,
Phys. Rev. D 63 (2001) 025007 [hep-ph/0007178] [INSPIRE].

J.L. Hewett and D. Sadri, Supersymmetric extra dimensions: graviltino effects in selectron
pair production, Phys. Rev. D 69 (2004) 015001 [hep-ph/0204063] [INSPIRE].

G. Azuelos, P. Beauchemin and C.P. Burgess, Phenomenological constraints on extra
dimensional scalars, J. Phys. G 31 (2005) 1 [hep-ph/0401125] [INSPIRE].

P. Beauchemin, G. Azuelos and C.P. Burgess, Dimensionless coupling of bulk scalars at the
LHC, J. Phys. G 30 (2004) N17 [hep-ph/0407196] [iNSPIRE].

M. Williams, C.P. Burgess, A. Maharana and F. Quevedo, New constraints (and
motivations) for abelian gauge bosons in the MeV-TeV mass range, JHEP 08 (2011) 106
[arXiv:1103.4556] [INSPIRE].

N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The hierarchy problem and new dimensions
at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315] [INSPIRE].

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a
millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257
[hep-ph/9804398] [INSPIRE].

G.F. Giudice, R. Rattazzi and J.D. Wells, Quantum gravity and extra dimensions at
high-energy colliders, Nucl. Phys. B 544 (1999) 3 [hep-ph/9811291] [INSPIRE].

T. Han, J.D. Lykken and R.-J. Zhang, On Kaluza-Klein states from large extra dimensions,
Phys. Rev. D 59 (1999) 105006 [hep-ph/9811350] [INSPIRE].

J.L. Hewett, Indirect collider signals for extra dimensions, Phys. Rev. Lett. 82 (1999) 4765
[hep-ph/9811356] [INSPIRE].

G.F. Giudice and A. Strumia, Constraints on extra dimensional theories from virtual
graviton exchange, Nucl. Phys. B 663 (2003) 377 [hep-ph/0301232] [iNSPIRE].

H. Nishino and E. Sezgin, Matter and gauge couplings of N = 2 supergravity in
siz-dimensions, Phys. Lett. B 144 (1984) 187 [INSPIRE].

— 60 —


http://dx.doi.org/10.1103/PhysRev.166.1568
http://inspirehep.net/search?p=find+J+Phys.Rev.,166,1568
http://dx.doi.org/10.1103/PhysRev.177.2247
http://inspirehep.net/search?p=find+J+Phys.Rev.,177,2247
http://dx.doi.org/10.1016/0370-1573(88)90019-1
http://inspirehep.net/search?p=find+J+Phys.Rept.,164,217
http://dx.doi.org/10.1016/S0370-1573(99)00111-8
http://arxiv.org/abs/hep-th/9808176
http://inspirehep.net/search?p=find+EPRINT+hep-th/9808176
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/10.1103/PhysRevD.84.015016
http://arxiv.org/abs/1101.0634
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0634
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/10.1103/PhysRevD.63.025007
http://arxiv.org/abs/hep-ph/0007178
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0007178
http://dx.doi.org/10.1103/PhysRevD.69.015001
http://arxiv.org/abs/hep-ph/0204063
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0204063
http://dx.doi.org/10.1088/0954-3899/31/1/001
http://arxiv.org/abs/hep-ph/0401125
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0401125
http://dx.doi.org/10.1088/0954-3899/30/10/N01
http://arxiv.org/abs/hep-ph/0407196
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0407196
http://dx.doi.org/10.1007/JHEP08(2011)106
http://arxiv.org/abs/1103.4556
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.4556
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://arxiv.org/abs/hep-ph/9803315
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9803315
http://dx.doi.org/10.1016/S0370-2693(98)00860-0
http://arxiv.org/abs/hep-ph/9804398
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9804398
http://dx.doi.org/10.1016/S0550-3213(99)00044-9
http://arxiv.org/abs/hep-ph/9811291
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811291
http://dx.doi.org/10.1103/PhysRevD.59.105006
http://arxiv.org/abs/hep-ph/9811350
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811350
http://dx.doi.org/10.1103/PhysRevLett.82.4765
http://arxiv.org/abs/hep-ph/9811356
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811356
http://dx.doi.org/10.1016/S0550-3213(03)00404-8
http://arxiv.org/abs/hep-ph/0301232
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0301232
http://dx.doi.org/10.1016/0370-2693(84)91800-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B144,187

[47]

[48]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A. Salam and E. Sezgin, Chiral compactification on minkowski xS? of N = 2
FEinstein-Mazwell supergravity in siz-dimensions, Phys. Lett. B 147 (1984) 47 nSPIRE].

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

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

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

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].

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].

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

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

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].

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].

C.P. Burgess, D. Hoover and G. Tasinato, Technical naturalness on a codimension-2 brane,
JHEP 06 (2009) 014 [arXiv:0903.0402] INSPIRE].

C.P. Burgess and L. van Nierop, Bulk axions, brane back-reaction and fluzes,
JHEP 02 (2011) 094 [arXiv:1012.2638] [INSPIRE].

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].

M. Cveti¢, G.W. Gibbons and C.N. Pope, A string and M-theory origin for the
Salam-Sezgin model, Nucl. Phys. B 677 (2004) 164 [hep-th/0308026] [INSPIRE].

T.G. Pugh, E. Sezgin and K.S. Stelle, D = 7/D = 6 heterotic supergravity with gauged
R-symmetry, JHEP 02 (2011) 115 [arXiv:1008.0726] [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] [iINSPIRE].

N. Marcus and J.H. Schwarz, Field theories that have no manifestly Lorentz invariant
formulation, Phys. Lett. B 115 (1982) 111 nSPIRE].

B. de Wit and J. Louis, Supersymmetry and dualities in various dimensions,
hep-th/9801132 [INSPIRE].

— 61 —


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/10.1016/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/10.1088/1126-6708/2003/09/037
http://arxiv.org/abs/hep-th/0308064
http://inspirehep.net/search?p=find+EPRINT+hep-th/0308064
http://dx.doi.org/10.1088/1126-6708/2000/09/012
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://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/JHEP01(2013)102
http://arxiv.org/abs/1210.3753
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.3753
http://dx.doi.org/10.1088/1126-6708/2009/06/014
http://arxiv.org/abs/0903.0402
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.0402
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
http://dx.doi.org/10.1016/j.nuclphysb.2003.10.016
http://arxiv.org/abs/hep-th/0308026
http://inspirehep.net/search?p=find+EPRINT+hep-th/0308026
http://dx.doi.org/10.1007/JHEP02(2011)115
http://arxiv.org/abs/1008.0726
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.0726
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/10.1016/0370-2693(82)90807-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B115,111
http://arxiv.org/abs/hep-th/9801132
http://inspirehep.net/search?p=find+EPRINT+hep-th/9801132

[66] M.B. Green and J.H. Schwarz, Anomaly cancellation in supersymmetric D = 10 gauge
theory and superstring theory, Phys. Lett. B 149 (1984) 117 [INSPIRE].

[67] L. Alvarez-Gaumé and E. Witten, Gravitational anomalies, Nucl. Phys. B 234 (1984) 269
[INSPIRE].

[68] 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].

[69] M.B. Green, J.H. Schwarz and P.C. West, Anomaly free chiral theories in siz-dimensions,
Nucl. Phys. B 254 (1985) 327 [INSPIRE].

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

[71] S. Weinberg, Gravitation and cosmology, Wiley, U.S.A. (1973)

[72] C.W. Misner, J.A. Wheeler and K.S. Thorne, Gravitation, W.H. Freeman & Company,
U.S.A. (1973).

[73] S. Randjbar-Daemi and E. Sezgin, Scalar potential and dyonic strings in 6D gauged
supergravity, Nucl. Phys. B 692 (2004) 346 [hep-th/0402217] [INSPIRE].

[74] J.H. Schwarz, Anomaly-free supersymmetric models in siz-dimensions,
Phys. Lett. B 371 (1996) 223 [hep-th/9512053] InSPIRE].

[75] M. Berkooz et al., Anomalies, dualities and topology of D =6 N = 1 superstring vacua,
Nucl. Phys. B 475 (1996) 115 [hep-th/9605184] [INSPIRE].

[76] N. Seiberg, Nontrivial fized points of the renormalization group in siz-dimensions,
Phys. Lett. B 390 (1997) 169 [hep-th/9609161] INSPIRE].

[77] A. Sagnotti, A note on the Green-Schwarz mechanism in open string theories,
Phys. Lett. B 294 (1992) 196 [hep-th/9210127] [INSPIRE].

[78] M. Duff, R. Minasian and E. Witten, Fvidence for heterotic/heterotic duality,
Nucl. Phys. B 465 (1996) 413 [hep-th/9601036] [INSPIRE].

[79] G. Aldazabal, A. Font, L.E. Ibdnez and F. Quevedo, Heterotic/heterotic duality in D = 6,
D =4, Phys. Lett. B 380 (1996) 33 [hep-th/9602097] [iNSPIRE].

[80] N. Seiberg and E. Witten, Comments on string dynamics in siz-dimensions,
Nucl. Phys. B 471 (1996) 121 [hep-th/9603003] [INSPIRE].

[81] P.G.O. Freund and M.A. Rubin, Dynamics of dimensional reduction,
Phys. Lett. B 97 (1980) 233 [INSPIRE].

[82] C.P. Burgess, D. Hoover and G. Tasinato, UV caps and modulus stabilization for 6D gauged
chiral supergravity, JHEP 09 (2007) 124 [arXiv:0705.3212] InSPIRE].

[83] 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].

[84] A. Bayntun, C.P. Burgess and L. van Nierop, Codimension-2 brane-bulk matching: examples
from siz and ten dimensions, New J. Phys. 12 (2010) 075015 [arXiv:0912.3039] [INSPIRE].

[85] A. Vilenkin, Gravitational field of vacuum domain walls and strings,

Phys. Rev. D 23 (1981) 852 [INSPIRE].
[86] R. Gregory, Gravitational stability of local strings, Phys. Rev. Lett. 59 (1987) 740 [INSPIRE].

— 62 —


http://dx.doi.org/10.1016/0370-2693(84)91565-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B149,117
http://dx.doi.org/10.1016/0550-3213(84)90066-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B234,269
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/10.1016/j.nuclphysb.2004.05.023
http://arxiv.org/abs/hep-th/0402217
http://inspirehep.net/search?p=find+EPRINT+hep-th/0402217
http://dx.doi.org/10.1016/0370-2693(95)01610-4
http://arxiv.org/abs/hep-th/9512053
http://inspirehep.net/search?p=find+EPRINT+hep-th/9512053
http://dx.doi.org/10.1016/0550-3213(96)00339-2
http://arxiv.org/abs/hep-th/9605184
http://inspirehep.net/search?p=find+EPRINT+hep-th/9605184
http://dx.doi.org/10.1016/S0370-2693(96)01424-4
http://arxiv.org/abs/hep-th/9609161
http://inspirehep.net/search?p=find+EPRINT+hep-th/9609161
http://dx.doi.org/10.1016/0370-2693(92)90682-T
http://arxiv.org/abs/hep-th/9210127
http://inspirehep.net/search?p=find+EPRINT+hep-th/9210127
http://dx.doi.org/10.1016/0550-3213(96)00059-4
http://arxiv.org/abs/hep-th/9601036
http://inspirehep.net/search?p=find+EPRINT+hep-th/9601036
http://dx.doi.org/10.1016/0370-2693(96)00453-4
http://arxiv.org/abs/hep-th/9602097
http://inspirehep.net/search?p=find+EPRINT+hep-th/9602097
http://dx.doi.org/10.1016/0550-3213(96)00189-7
http://arxiv.org/abs/hep-th/9603003
http://inspirehep.net/search?p=find+EPRINT+hep-th/9603003
http://dx.doi.org/10.1016/0370-2693(80)90590-0
http://inspirehep.net/search?p=find+J+Phys.Lett.,B97,233
http://dx.doi.org/10.1088/1126-6708/2007/09/124
http://arxiv.org/abs/0705.3212
http://inspirehep.net/search?p=find+EPRINT+arXiv:0705.3212
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/10.1103/PhysRevD.23.852
http://inspirehep.net/search?p=find+J+Phys.Rev.,D23,852
http://dx.doi.org/10.1103/PhysRevLett.59.740
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,59,740

[87]

[38]

[89)]

[90]

[91]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

A.G. Cohen and D.B. Kaplan, The exact metric about global cosmic strings,
Phys. Lett. B 215 (1988) 67 [INSPIRE].

A. Vilenkin and P. Shellard, Cosmic strings and other topological defects, Cambridge
University Press, Cambridge U.K. (1994).

R. Gregory and C. Santos, Cosmic strings in dilaton gravity, Phys. Rev. D 56 (1997) 1194
[gr-qc/9701014] [INSPIRE].

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].

A. Falkowski, H.M. Lee and C. Liideling, Gravity mediated supersymmetry breaking in six
dimensions, JHEP 10 (2005) 090 hep-th/0504091] INSPIRE].

H.M. Lee and A. Papazoglou, Supersymmetric codimension-two branes in siz-dimensional
gauged supergravity, JHEP 01 (2008) 008 [arXiv:0710.4319] [INSPIRE].

S.L. Parameswaran and J. Schmidt, Coupling brane fields to bulk supergravity,
Phys. Lett. B 696 (2011) 131 [arXiv:1008.3832] [INSPIRE].

C.P. Burgess, Quantum gravity in everyday life: general relativity as an effective field
theory, Living Rev. Rel. 7 (2004) 5 [gr-qc/0311082] [INSPIRE].

J.F. Donoghue, The effective field theory treatment of quantum gravity,
AIP Conf. Proc. 1483 (2012) 73 [arXiv:1209.3511] INSPIRE].

J.F. Donoghue, Introduction to the effective field theory description of gravity,
gr-qc/9512024 [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., Gordon and Breach, New York U.S.A. (1965).

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

S.M. Christensen, Regularization, renormalization and covariant geodesic point separation,
Phys. Rev. D 17 (1978) 946 [INSPIRE].

S.M. Christensen and M.J. Duff, Azial and conformal anomalies for arbitrary spin in
gravity and supergravity, Phys. Lett. B 76 (1978) 571 [INSPIRE].

S.M. Christensen and M.J. Duff, New gravitational index theorems and supertheorems,
Nucl. Phys. B 154 (1979) 301 [inSPIRE].

S.M. Christensen, M.J. Duff, G.W. Gibbons and M. Roc¢ek, Vanishing one loop S-function
in gauged N > 4 supergravity, Phys. Rev. Lett. 45 (1980) 161 [INSPIRE].

A.O. Barvinsky and G.A. Vilkovisky, The generalized Schwinger-Dewitt technique in gauge
theories and quantum gravity, Phys. Rept. 119 (1985) 1 [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].

— 063 —


http://dx.doi.org/10.1016/0370-2693(88)91072-6
http://inspirehep.net/search?p=find+J+Phys.Lett.,B215,67
http://dx.doi.org/10.1103/PhysRevD.56.1194
http://arxiv.org/abs/gr-qc/9701014
http://inspirehep.net/search?p=find+EPRINT+gr-qc/9701014
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/10.1088/1126-6708/2005/10/090
http://arxiv.org/abs/hep-th/0504091
http://inspirehep.net/search?p=find+EPRINT+hep-th/0504091
http://dx.doi.org/10.1088/1126-6708/2008/01/008
http://arxiv.org/abs/0710.4319
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.4319
http://dx.doi.org/10.1016/j.physletb.2010.11.069
http://arxiv.org/abs/1008.3832
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.3832
http://arxiv.org/abs/gr-qc/0311082
http://inspirehep.net/search?p=find+EPRINT+gr-qc/0311082
http://dx.doi.org/10.1063/1.4756964
http://arxiv.org/abs/1209.3511
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.3511
http://arxiv.org/abs/gr-qc/9512024
http://inspirehep.net/search?p=find+EPRINT+gr-qc/9512024
http://dx.doi.org/10.1103/PhysRev.82.664
http://inspirehep.net/search?p=find+J+Phys.Rev.,82,664
http://inspirehep.net/search?p=find+J+J.Diff.Geom.,10,601
http://dx.doi.org/10.1103/PhysRevD.17.946
http://inspirehep.net/search?p=find+J+Phys.Rev.,D17,946
http://dx.doi.org/10.1016/0370-2693(78)90857-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B76,571
http://dx.doi.org/10.1016/0550-3213(79)90516-9
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B154,301
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/10.1016/0370-1573(85)90148-6
http://inspirehep.net/search?p=find+J+Phys.Rept.,119,1
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

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

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

[109] C.P. Burgess and L. van Nierop, Technically natural cosmological constant from
supersymmetric 6D brane backreaction, arXiv:1108.0345 [INSPIRE].

[110] C.P. Burgess, Introduction to effective field theory,
Ann. Rev. Nucl. Part. Sci. 57 (2007) 329 [hep-th/0701053] [INSPIRE].

[111] A. Albrecht, C.P. Burgess, F. Ravndal and C. Skordis, Fzponentially large extra
dimensions, Phys. Rev. D 65 (2002) 123506 [hep-th/0105261] [INSPIRE].

[112] M. Peloso and E. Poppitz, Quintessence from shape moduli, Phys. Rev. D 68 (2003) 125009
[hep-ph/0307379] [INSPIRE].

[113] D.M. Ghilencea, D. Hoover, C.P. Burgess and F. Quevedo, Casimir energies for 6D
supergravities compactified on T(2)/Z(N) with Wilson lines, JHEP 09 (2005) 050
[hep-th/0506164] [INSPIRE].

[114] E. Elizalde, M. Minamitsuji and W. Naylor, Casimir effect in rugby-ball type flux
compactifications, Phys. Rev. D 75 (2007) 064032 [hep-th/0702098] [INSPIRE].

[115] W.D. Goldberger and M.B. Wise, Modulus stabilization with bulk fields,
Phys. Rev. Lett. 83 (1999) 4922 [hep-ph/9907447] [INSPIRE].

[116] K. Lanczos, Ein vereinfachendes Koordinatensystem fir die Einsteinschen
Gravitationsgleichungen, Phys. Z. 23 (1922) 239 [Ann. Phys. 74 (1924) 518].

[117] C.W. Misner and D.H. Sharp, Relativistic equations for adiabatic, spherically symmetric
gravitational collapse, Phys. Rev. 136 (1964) B571.

[118] W. Israel, Singular hypersurfaces and thin shells in general relativity,
Nuov. Cim. 44B (1966) 1 [Erratum ibid. 48B (1967) 463].

[119] R. Kantowski and K.A. Milton, Scalar casimir energies in M* x SN for even N,
Phys. Rev. D 35 (1987) 549 [INSPIRE].

[120] R. Kantowski and K. Milton, Casimir energies in M* x SN for even N. Green’s function
and Zeta function techniques, Phys. Rev. D 36 (1987) 3712 [INSPIRE].

[121] D. Birmingham, R. Kantowski and K.A. Milton, Scalar and spinor Casimir energies in
even dimensional Kaluza-Klein spaces of the form M* x SNt x SN2 x |
Phys. Rev. D 38 (1988) 1809 [NSPIRE].

[122] P. Candelas and S. Weinberg, Calculation of gauge couplings and compact circumferences
from selfconsistent dimensional reduction, Nucl. Phys. B 237 (1984) 397 [inSPIRE].

— 064 —


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://arxiv.org/abs/1108.0345
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.0345
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140508
http://arxiv.org/abs/hep-th/0701053
http://inspirehep.net/search?p=find+EPRINT+hep-th/0701053
http://dx.doi.org/10.1103/PhysRevD.65.123506
http://arxiv.org/abs/hep-th/0105261
http://inspirehep.net/search?p=find+EPRINT+hep-th/0105261
http://dx.doi.org/10.1103/PhysRevD.68.125009
http://arxiv.org/abs/hep-ph/0307379
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0307379
http://dx.doi.org/10.1088/1126-6708/2005/09/050
http://arxiv.org/abs/hep-th/0506164
http://inspirehep.net/search?p=find+EPRINT+hep-th/0506164
http://dx.doi.org/10.1103/PhysRevD.75.064032
http://arxiv.org/abs/hep-th/0702098
http://inspirehep.net/search?p=find+EPRINT+hep-th/0702098
http://dx.doi.org/10.1103/PhysRevLett.83.4922
http://arxiv.org/abs/hep-ph/9907447
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9907447
http://dx.doi.org/10.1103/PhysRev.136.B571
http://dx.doi.org/10.1007/BF02710419
http://dx.doi.org/10.1103/PhysRevD.35.549
http://inspirehep.net/search?p=find+J+Phys.Rev.,D35,549
http://dx.doi.org/10.1103/PhysRevD.36.3712
http://inspirehep.net/search?p=find+J+Phys.Rev.,D36,3712
http://dx.doi.org/10.1103/PhysRevD.38.1809
http://inspirehep.net/search?p=find+J+Phys.Rev.,D38,1809
http://dx.doi.org/10.1016/0550-3213(84)90001-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B237,397

	Introduction
	Bulk field theory and background solution
	6D gauged, chiral supergravity
	Rugby-ball compactifications
	Supersymmetry of the solutions

	Mode sums and renormalization
	Supermultiplets
	Hypermultiplet
	Massless gauge multiplet
	Massive matter multiplet

	The 4D vacuum energy
	Classical bulk back-reaction
	Application to supersymmetric renormalizations
	Loop-corrected 4D cosmological constant

	Conclusions
	Heat kernels and bulk renormalization
	Results for spins zero, half and one
	Complete results for the massive multiplet

