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Moftivation

What can we learn from 6D supergravity?

» foy model for string compactifications:
chiral fermions, anomaly cancellation, flux compactifications, susy
breaking, moduli stabilization...

» extend study of 5D brane worlds:
higher codimension, susy

» tantalizihg numerology for hierarchy problems:
My ~ Mg, /Mp; ~ 1/r

» infermediate step in the compactification from 10D to 4D:
orbifold GUTs
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Overview

» Hierarchies and Supersymmetric Large Extra Dimensions
» Flux compactifications and moduli stabilization
» Brane worlds in 6D

» Conclusions

Fluxes and branes in 6D sugra — p.3/29



The Cosmological Constant
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Most general local, coordinate invariant, divergenceless,
symmmetric rank-2 tensor we can construct from metric

and its 1st and 2nd derivatives

» Ais aparameter of the theory which must be fixed by observation

» The vacuum energy density 7},7° = p g, Is indisfinguishable from A
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Dark Energy

Supernova Cosmology Project
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| No Big Bang

Cosmological Observations:
Supernovac » Supernovae = accelerated expansion

] » CMB = universe is flat

imply Dark Energy with equation of state:
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= Cosmological Constant with p ~ (10~%eV)*
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Vacuum Energy

Embed cosmology info fundamental theory of short-distance physics

» Field of mass m contribuftes to vacuum energy:

M 2 4
0

(2m)3 2 167

So if we believe GRup to M ~ 1TeV =

Pvac ~ 1TeV?

Some 50 orders of magnitude too big!
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The 6D Brane World

Vacuum energy on brane worlds can curve the extra dimensions rather
than their instrinsic 4D spacetime.
Rubakov & Shaposhnikov ‘83

Arkani-Hamed, Dimopoulos, Kaloper & Sundrum ‘05

Kachru, Schulz & Silverstein ‘05

A 3-brane in 6D induces a conical defect in the transverse dimensions:
Sundrum ‘98

Chen, Luty & Ponton ‘00
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lantalizihg Numerology

Observed scale of Dark Energy:

A~ (M) L
Mpl ?“4

Sundrum ‘98
Chen, Luty & Ponton ‘00

Observable Brane
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Hidden Brane

Hidden Brane

SM is 4D down to ~ 10~ *m but gravity has been tested only down to
submillimeters... Arkani-Hamed, Dimopoulos & Dvali ‘98

Antoniadis, Arkani-Hamed, Dimopoulos & Dvali ‘98
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(S)LED and the Hierarchy Problems

Gravity in unwarped brane world with
n extra dimensions of size r

mimso 1
V(y) ~ Mn+2 yn‘l'l y <<r
mimmo 1
VW) ~ gprmay YT

= Mp, ~ M} 2r"

For M, ~ Mw: = r ~ 1032/ %mm

» Gravity is weak due to dilution in large extra dimensions

» If ris fied tO A then there must be two submillimeter extra dimensions
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Supersymmetric Large Extra Dimensions

Aghababaie, Burgess, S.L.P & Quevedo ‘02
Burgess ‘04

» Change gravity at the scale of A

» Separation of SUSY breaking scales
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SLED and the Cosmological Constant

Explain not only why the cosmological constant is zero, but why it is
(10_120Mpl)4!

» Supersymmetry is badly broken on the brane:
Ty ~ My,

This localized vacuum energy is absorbed by the bulk curvature.

» Bulk susy-breaking is gravitationally suppressed:

If bulk contribution to vacuum energy is O(M3z) then we are there...
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Current bounds on Extra Dimensions
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» Current bounds from table-top experiments:

L < 44pum, Mg > 3.2TeV

» Stronger bounds come from supernovae:
L < 10pum, Mg > 8.9TeV

for unwarped extra dimensions

Kapner et al ‘06

Hannestad & Raffelt “01
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6D N = 2 Supergravity

6D chiral gauged supergravity in the bulk:

1 1 1
Souln = /d6X\/—G h R— - Onro Mo — ZGQB(@)DM@O‘DM@B
e 27 MNP € ° I IMN 2 o
— 12 HMNPH —TFMNF —291’1}(@)6
+ fermions]

Nishino & Sezgin ‘84

Points To note:

» Classical scaling symmetry: eoms are invariant under Gy ny — AGun
and e? — e /A

» Chiral fermions = in general anomolous: restricts the matter content
of the theory e.g. F» x Fs x U(1)r

Fluxes and branes in 6D sugra — p.13/29



Anomaly Cancellatfion

For special gauge groups and hyperino reps (ng = ny + 244) the
anomalies cancel via a Green-Schwarz mechanism:;

Gauge Group Hyperino Rep

E7 x B¢ x U(1)R (912,1)¢

E7r x Goa x U(1)g (56,14)0

Fir x Sp(9) x U(1)r (52,18)¢

Es x Sp(1)r 325(1,1)

SUR2) xU(1)r, SU2) xU(1)r+.U(1) x Sp(1)r+. | many anomaly
SU(2) x Sp(1)r+, Sp(1) g+, SU3) x U(1)r cancelling reps

many models wWith o 17122 « U(1) s 2(133)0 + 2 (56)0

drone U(1)’s e.g.

Randjbar-Daemi, Salam, Sezgin & Stradthdee "85
Avramis, Kehagias & Randjbar-Daemi ‘05
Avramis & Kehagias ‘05
Suzuki & Tachikawa ‘05
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Salam-Sezgin Model

Salam & Sezgin ‘84

Sphere-monopole background
ds® = nudz’de” + r’ (d92 + sin” 9d¢2)

o = const Ay == (cosF1)Q

N O

» Dirac quantization = cge’ = N?, with N7 integers
» Equations of motion =
_ 1
b c = :l:g—l
» r?e” =1/g7
» modulus r?e~? (guaranteed by classical scaling symmetry)

» SUSY transformations = N = 2 — N = 1 susy breaking
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Salam-Sezgin Low Energy Dynamics

Aghababaie, Burgess, S.L.P & Quevedo ‘02

Dimensionally reducing the 6D Lagrangian:

— O

e
4

Ls ~V—G %R—

Fyn FYMY =21 e"]

on the sphere-monopole leads 1o 4D effective potentiail.

» dilaton stabilized r?e” = 1/g7
» flat four dimensions for all values of volume modulus r2e~°

» volume can be stabilized by considering perturbbative and
non-perturbative corrections to the classical theory.
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The Brane

In the presence of 3-brane source:
Sbrane — _T3/d4$\/ —g
with induced metric g, = Gun (Y (2))0,. Y™ (2)0, Y™ (x)

Einstein’s equation =

5 (y - yi)
V92

Ry = RS™M 49 ZT§
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Negaftive Iension Branes

Negative deficit angles are also possible:

Like nanocones with negative disclination angles in condensed matter
physics:

Azevedo, Mazzoni, Chacham & Nunes ‘04
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Explicit Brane Solutfions

Gibbons, Guven & Pope ‘03

Aghababaie, Burgess, Cline, Firouzjahi, S.L.B Quevedo, Tasinato & Zavala ‘03

General solution with:

1. Maximal symmetry in 4D
2. Axial symmetry in 2D

3. At most conical defects
ds®> = e*P) q,, dat da” + dp? + PP dg?

A= As(p)Qde,  o=0a(p)
Hyunp =0, ®*=0
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Explicit Brane Solutfions

Gibbons, Guven & Pope ‘03

Aghababaie, Burgess, Cline, Firouzjahi, S.L.B Quevedo, Tasinato & Zavala ‘03

General solution with:

1. Maximal symmetry in 4D
2. Axial symmetry in 2D

3. At most conical defects
ds? = 2P Nuv dz™ dx” + dp® + eBP) do*

A=As(p)Qdp,  o=0(p)
Hunp =0, ®*=0

Solution has conical defects at p = 0 and p = p with deficit angles:

5, 5

which are infegration constants < 2z related by Dirac quantization:

5 1/2 5 1/2 g
I I
1 — — 1 — — ~ =N
c < 27T> ( 27T> g1
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Sphere Limit

As § — ¢ the warp factor goes to one = unwarped rugby ball.

Carroll & Guica ‘02
Navarro ‘02
Aghababaie, Burgess, S.L.P & Quevedo ‘02

I dentify

North Brane

— X

\

As both §,6 — 0 = classic sphere-monopole compactification.

Randjbar-Daemi, Salam & Strathdee ‘83
Salam & Sezgin ‘84

South Brane
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4D Effective Theory

Analysis of all linearized perturbations is almost complete.

S.L.R Randjbar-Daemi & Salvio ‘06

Tolley, Burgess, de Rham & Hoover ‘06
S.L.R Randjbar-Daemi & Salvio ‘07

S.L.R Randjbar-Daemi & Salvio in progress

Fluctuations that are scalars wrt to 4D olbserver:

» Bulk:
{0GH,6G pp, 6G g, 6Gpp, 80, 6By, 0By, 0.A,Q, 6A4Q, SALT! , SALT!, 5@}

» Brane:
{6Y*, Y%}

Give rise to Kaluza-Klein tower of 4D effective scalar fields.
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Example of linearized analysis

Scalar fluctuations of gauge fields orthogonal to monopole bkgd:
Al = (A" + V!
have bilinear action (in lightcone gauge):

1 . o L
So(V,V) = —§/d6X\/—GTT [—amaﬂveriVjDZv:’ + Ry ViV

—|—2g vaz X Vj]
where the covariant derivative is defined by
DyV; = V4V —ige Ay V.

Make Kaluza-Klein expansion:
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Effective Schroedinger Problem

Problem reduces to two decoupled effective Schroedinger equations:

(=07 +Ux(8)) Vi(z, &) = MV (z, )

with boundary conditions:

[ atedzoe [svL (0 - 1) V] =0

and normalizability conditions:

—%/d%d{ [aﬂviaﬂvi] < o0

where

1 o
Valt.p) = = (€% Vom(t,p) £ ie™ " Vi (t,p))

Explicit solutions can be found in terms of hypergeometric functions
F(a,b,c, &) $L.R Randjbar-Daemi & Salvio ‘07
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Mass Spectfrum

S.L.R Randjbar-Daemi & Salvio ‘07

» Form < —1/wandm < N + 1/

M? = % {n(n—l— 1) — (n—l— %) [mw + (m — N)@| +m(m — N)wu‘;}

To

» For -1/ w <m < N +1/w

MQ:%{(nJrgf—iﬂL (n+g) [mw—(m—N)w]}

»FOrN +1/o<m< —1/w

M? = %{n(n—l)— (n—%) [mw—(m—N)@]}

To
» Form > —-1/wandm > N + 1/

M? = % {n(n—l— 1) + (n+ %) [mw + (m — N)&@| + m(m — N)ww}

To

forn=0,1,2,....,wherew=(1- ) 'ando=(1- )"
T 2T
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Stability Conditions

» For stability we require M? > 0

Exact and complete mass spectrum =

» Abelian monopole embeddings are stable

» Monopole embeddings in non-Abelian sectors are generically
unstable

» Negative tension branes ameliorate the instability

» Where does the instability lead us?

Burgess, S.L.P & Zavala in progress
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Mass Gaps

S.L.R Randjbar-Daemi & Salvio ‘06

Conical defects give rise to hon-conventional behaviour for mass gaps

Volume of internal manifold:

2
Vz = 47‘(‘% (T—O)
w \ 2
Mass gap:
1
Méap = o) (a 4+ bw + cw)
0

Take volume — oo by taking o — 0 and mass gap remains finite!

SM fields, in addition to gravity, could “feel” the extent of LED
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Open Questions

Classical dynamics:

» tfopological constraint = relafion between brane tensions: are fthere
flat solutions for arbifrary brane tensions?

T T

—|
—|

Quantum dynamics:

» Are the choices required for 4D flat cosmologies stable against
renormalization?

» Do bulk contributions to the vacuum energy cancel down to Mg3?

» Why are the extra dimensions so large?
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Cosmology at Colliders!

' Burgess ‘04
DynOmICC” Ddrk Energy Gnd: Burgess, Matias & Quevedo ‘04

» Deviations from inverse square law for gravity at /27 ~ 1 um
» A particular scalar-tensor theory of gravity at large distances

» Potential atrophysical signals (and bounds) due to energy loss into
extra dimensions by stars and supernovae.

» Distinctive missing energy signals at the LHC due to emission of
particles intfo the extra dimensions

Predictions atf the bounds of experiments in gravity, cosmology.
astrophysics and accelerators!

Fluxes and branes in 6D sugra — p.28/29



Conclusions

» 6D supergravity provides a laborafory in which to explore
compactifications and codimension two branes

» Supersymmetric Large Extra Dimensions may provide a technically
natural solufion to the cosmological constant problem:

» change gravity at the scale of A
» SUSY helps in non-conventional way

» Explicit calculations reveal surprising dynamics for 6D brane worlds:

» negative tension branes can relax stability constraints

» conical defects allow a large mass gap for large volume
compactifications

» Several open questions...

» Many and diverse predictions within reach of upcoming
experiments
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