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Abstract: Models with two supersymmetric large extra dimensions (SLED) may provide a way to approach both the cosmological constant problem
and dark energy.

After reviewing these ideas, | shall discuss warped brane world solutions in 6D supergravity, as a laboratory in which to explore SLED and
codimension two branes in general. Solving the linearized perturbations for all the bosonic fields, and some of the fermions, we can observe how the
corresponding physics compares with 5D models and standard Kauza-Klein compactifications. These results should help to better our
understanding of the cancellations in the 4D effective vacuum energy with SLED.
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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

Kachrnu, Schulz & Siverstain "05

A 3-brane in 6D induces a conicdl singularity in the fransverse
dimensions with Ap = &
8

Sundrum "98

Chen, Luty & Ponion "00

T T N
REZ §Mth—|—BZT£a {g‘—qt)
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Iantalizing Numerology

Sundrurn "98
Chen, Luty & Ponton "00

Observed scale of Dark Energy:

with:
Mw ~ 10T eV
and:
. r~ 10 pm
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Supersymmetric Large Extra Dimensions |

Aghababaoie, Burgess, S.L.P & Quavedo 02
Burgess "04

» Change gravity at the scale of A
» Separation of SUSY breaking scales

i/—\

SHSY 2
= Mgg~M,,
Mw Mp,
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Iantalizing Numerology

Sundrurn "98
Chen, Luty & Ponton "00

Observed scale of Dark Energy:

with:
Mw ~ 10T eV
and:
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Supersymmeftric Large Extra Dimensions |

Aghababaoie, Burgess. S.LP & Quevedo "02
Burgess "04

« Change gravity at the scale of A
» Separation of SUSY breaking scales

|28

SUSY —M 2
l o Msg~My,
Mw Mp,
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Supersymmeftric Large Extra Dimensions |l

Explain not only why the cosmological constant is zero, but why if is
i lU_IEDﬂIPf }4!

* Supersymmetry is badly broken on the brane:
Ta ~ My

This locdlized vacuum energy is absorbbed by the bulk curvature.

= Bulk susy-breaking is gravitationally suppressed:

| = -
M — Mp:

If bulk coniribution to vacuum energy is O(113 ) then we are there...
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QOverview

Brane Models in 6D Supergraviry
The Perturbations

Codimension 2 and the KK/Braneworld Lores

Conclusions

Cosmology at Colliders!
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6D Supergravity + Branes

6D chiral gauged supergravity in the bulk:

— 2o

g - — | & e S
Obutk = /dﬁx v—g [1 R — 1 oo Mo — Gunp GYNF

12
e

4:

e
Pl FIMN _ @ 3D ®= DM @” 242 u(®)e” + fermions}
Poinfs fo nofte: Nishino & Sezgin "84

* Gauged R-symmeiry = positive-definite scalar potential, with
minimum af & = 0 where v(0) = 1.

» Chirdl fermions = in general anomolous (ng = ny + 244).

3-brane sources:

Sbrane v _.TB /{E4y \/_deT (QJ-INf}aYM a_-E}rhr)

| Pirsa: 09050069

Page 10/34

Perfurbaiions in o) brane modals —



Explicit Solutions

Gibbons, Guven & Pope "03
Aghababaie, Burgess, Cline, Hrowzjahi, 5.L.F Quevedo. Tasinaro & Zavalka 02

A generadl class of solufions with:

1. Maximal symmeftry in 4D
2. Axial symmmetry in 2D

3. At most conical singularifies

ds® — ™ e 2 d2™ + dr? + B dtﬁz
A=A, (r)Qde, o =0(r)
G —0, H~ =

Solution has conical singularities at » = 0 and » = 7 with deficit angles:
6:277(1—%) and 5:21.-(1_1)

where w, @ > 0 are infegration constants.

b Ppirsa: 09050069 Page 11/34

Perfurbaiions in o) brane modals —



Sphere Limit

b b

As © — @ the warp factor goes fo one = unwarped rugby ball:
ds
Camoll & Guica "02

i o = _ng 1 ) - = EH'I 2
_(5) = +( _3_—) St
Nawarmro 02

Aghababaie, Burgess. S.LP & Quevedo 02

Idennsy

North Brane

O

idlEBzm

As both w — 1 and & — 1 the deficit angles go o zero = classic

RandibarDaermi, Salam & Sirathdee 83

sphere-monopole compactification. Salam & Sezgin 84
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Negatfive Tension Branes

Negafive deficit angles are also possible:

Like nanocones with negatfive disclination angles in condensed matter
physics:

Areyado, Mazoni, Chacham & Munas "0d4
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Topology Rules

A= cosﬂe— 1)dd

2 rsin

o b . md

A

8

= —n{cosB + 1)d¢

rsin©

Dirac Quantization Condifion in ferms of Monopole Numbers, N*:

i
=
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Laboratory for SLED and 6D Brane Worlds

Having established the background solutions:

Are they stable to small perfurbations?

What are the symmetries & particle content of the low energy EFI1?
What are the modifications fo 4D Newtonian gravity?

What is The effective vacuum energy measured by a 4D observer?

What role to the branes play, and how are they different fo branes in 5D
or fraditional KK models?
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The Fluctuations

Bosonic Perturbations (we’'ll fruncate the branons):

Guny - Gun +hun. Am — Anr + Var,

M M A
oc—o+7, Bun —-Bun-+bun. Y —Y +¢&

lead to bilinear action:

S(h. h) + S(V.V) + S(h.V) + S(r.7) + S(h.T)
1+ S(V.7T) + S(Va, Vo) + S(V.Va) + S(&.€) + S(h. &)

EQq S(h k)=
dD Yr 1 hﬂfﬂr 1hN > 1h;VP h ‘N Ih;ﬂf; 1R }2
LR\ 2z M T o MO NP —1—1 1;::.1—5 14
1 P (1l o/2p MR N |
—Ehp_.‘l,,fh N (EE F F B - md o d J)
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Light Cone Gauge

Linearized theory enjoys a number of symmefries descending from:
- 6D coordinate invariance = — 2™ + pM
= 6D gauge symmetry A — A + dy
« Kalb-Ramond symmeiry B, — Bs + dA

dhyn = —Nnoar — NMueN
oV = —I?LFLJ-.; — Darx
o — —-I;M dar o,
oVun = 25xFun +Anv:m —Aan

Then Vi . by and Vi, Can be eliminated via their e.o.m’s, leaving
¥ ersa 000000y pHYSICal degrees of freedom. Page 17/34
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The Coupled 2nd Order Differential Problems

Affer the gauge fixings the bosonic sectors are:

Spin | Dimension of System | Fields
2 Ex ] hij
] 5% 5 B Vo ¥
] 1x1 V"
0 8 % 8 B Yo Voo v WD
0 % 2 | e

We have dlso considered some fermionic sectors:

Pirsa: 09050069

Spin | Dimension of System | Felds
L Ex1 )
- § & ®
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Example: Spin-1 Sector

Here | will present the 5 x 5 spin-1 sectors for the unwarped rugbybail.

Their linearized dynamics are governed by the action:

SYh,h) = —o; f & X~+—€ (&)#h.mt)“h”“ == M g,ﬁ.mhm)
- 5 2 =
sSHw vy — _% / XN G [apma“v‘ + Om Vi V" + %F%’E‘v’“]
SPY(Va,Va) = _% / X/ -G (a&;nl-aﬁvmf £ Wi W™ gvmvm“’)
SY(h, V) = f " X/ —EC (— 3 Vihins B™™)
SHWV.V,) = /ﬂdﬁXx/—G (_gamv%;f“ﬂ
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EOMSs and Boundary Condifions

The acftion gives rise 1o the following EOMs:

(32 L pE E) Bmi — K2F. IOV =0

-
s

(ag B — g) Vini — 25F.'6V; =0
2
(aﬂ = "‘TFE) | gy TR L SN

and Boundary Condifions:
/ d°X V=G (6hm:h™ ™) =0, f d°X/—G (§VmiV™™) =0,

/ d°XV—G (V'h, F'™) =0. / d°X /=G (V'Vi,F'™) =0,

L ITE L ITE

f{fﬁ}w_a (sv:a™Vv*) =0

Also impose finite kinefic energy (Normalizability Condifion)
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Rugby Ball Harmonics

» Perform KK decompasifion for fields (r., = — (er’**hgi j:-ée_Ef"*hm)) :

r

ZL;nm fnm Em*- hti( AY}—Zh:tt nm fnm ) ik

* Find a complete basis for 2D scalar fields by solving (with BCs):

~D? (fam(8)e™*) = ftpm fam(0)e™*

and a complete basis for 2D vector fields by solving (with BCs):

(—2° + R/2) (Fau(0)e™) — pom (@)™

* The scalar and vector harmonics cbey a derivative relation:

Ou (fum(8)e™?) = E22 £, (8)e™
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The Squared Mass Operator

» Plug in rugbyball harmonic expansions
* Apply derivative relation

» Infegrate out extra dimensions

| EEamay %,
Sl{l} (}?112}: /dhl:rZ{itvé nm) (dz_ﬁ'znm_g) i

1 o . 1 o .
+55 (hai nm)” (8% — pom) i nm + 55 (i nm)™ (8% — 4om) hi nm
1 T . | 3 R :
+3 (Vi nm)™ (97 — pam) Vi nm + 5 (Vo nm)™ (97 — ptam) Voi nm
_z‘unma [(h'+'i nl:n'.)”t b — (B ﬂm)* Vinm
ok

K - e - * ¥ r
+;((Lf'+inm) Vi nm_”’—i“m) Lfinm)]}

: = the squared mass operaior is fransformed info an
- - algebraic mairix with constant eniries ™ e
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The KK Mass Towers

The KK towers for physical spin-1 perturoations about the rugbybaill:

Squared mass Mulfiplicity
e 1

o
i — % (n+ mjw)(n+ mlw+1) | 2
T_—“fj_ 1+ %a,u.flm e \/’1 : 2 f‘g#%m) 1

(1]

o=
o

with wavefunctions in tferms of parficular hypergeometric functions.

» Free of tachyonic instabilities

» Massless modes:

n=—1I.m—~0n=—0m—1/vandn—0 m——1/w

« carrespond fo 3 well-defined Killing vectors in 2D.
S * only one is gauge field in full 4D EFT buf all are in Low EnergyEFfTt
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Summary of all KK fowers

= Massless modes — massiess 4D graviton, one or three massiess 4D
vecfors, fwo massiess 4D scalars — all separafted from KK fower by
mass gap O(1/rg).

» Tachyonic instabilities can arise only from infernal components of 6D
gauge fields charged under monopole background — for monopole
numbers | NV!| > 1 Beware of non-Abelian fluxes!

» Universal behaviour for wavefunction localization, e.g. for fermions:

0.75F — —
asf N\ 2K 61
1.7 S T : i
Q'J: R, A A = 41
_post 02505075 1 12515 .
: =t A i " -'rl s ¥ Eﬁ‘"":\--- e
_ﬂ'}% ! ':r\ - = --""--.,_ : s ~ n
—075¢ e 02505 :Erj_;.r:fl_ 125 15

{ro.w,w,e) — (1, i 1,0)

wsssoss 12 = 0. 1.2 modes for a single negative fension brane af u = 0. . ,,..
(ﬂ'l.'ﬂ) == (—1-0) mOde .IFS mGSSIGSS. Perturbations in 60 brane modeais— [




The KK Mass Towers

The KK towers for physical spin-1 perturbations about the rugbybail:

E Squared mass Multiplicity
. 1
"o
| pimzéfn+|m];u)(n+|m|w+1) 2
E T_—“% (1 + ?,uflm /1t -rﬁ,u-%m) 1
l 5 (1 sz iy r'@p%m) 1
E with wavefunctions in ferms of parficular hypergeomeiric funcfions.
L, » Free of tachyonic instabilities
E » Massless modes:
'_ 'n—I. m=—0Cn=—0m—1l/vandn—0 m——1/w
F * 1 massless 4D vector enhanced fo 3 when s = 0. 2. ..
« correspond fo 3 well-defined Killing vectors in 2D.
F‘ o « only one is gauge field in full 4D EFT buf all are in Low Energy*EFt
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Example: Spin-1 Sector

Here | will present the 5 x 5 spin-1 sectors for the unwarped rugbybail.

Their linearized dynamics are governed by the action:

Sf‘”{h. h) = _‘}iﬂ /dﬁﬁr* f— & (aﬁhmiaphmi == hmi;nhmnﬂ & ghmih-mi)
- s 5 'IE -
SOVY) = _% / EX € [apv-;a%" + B ViV %Fgﬁ;i”]
(1) /v~ 3 1 I = an: rmai r FIILE; T R r et
SO, V5) = —3 [ PXVC (dpl-m.idpl R e A )

FH@RY) = / d° XV—G (—9mVihniF"™)

SY V.V, = fd%x/_c:(_gaml-"ft-;iF“m)
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EOMs and Boundary Condifions

The acftion gives rise 1o the following EOMs:
(32 DR g) Bomi — K2F. 1OV =0

(62 W ; o ?) Vini — 25F.'61V; =0

2

(82 LB %FE) Vet P hcn b B W10

-

and Boundary Condifions:
/ d°X V=G (6hm:h™ ™) =0. f d°X /=G (5Vm: V™) =0,

f d°XV—G (6V'hu, F'™) =0, f d°X /=G (V'Vi,F'™) =0,

L ITL ITE

/ d°XV—G (6Vid"V") =0

Also impose finite kinetic energy (Normalizability Condition)
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Rugby Ball Harmonics

» Perform KK decompaosition for fields (r.; = o (eﬁﬂhm i-.ee—ﬂf*hm-)} :

-

Vo X) = Y Vo) @™, B X)— Y B mbr) e (@)™

* Hnd a complete basis for 2D scalar fields by solving (with BCs):

—IF (fnm(ﬁ]f-’img) = f-‘['imfmn[:e)ﬁjmﬁﬂ

and a complete basis for 2D vector fields by solving (with BCs):

(D7 + B/2) (faa(0)e™%) = prm fam(0)™

* The scalar and vector harmonics cbey a derivative relation:

Ok (Fam(0)e™7) = FZ2 frr ()™
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The Squared Mass Operator

» Plug in rugbyball harmonic expansions
* Apply derivative relation

» Infegrate out exira dimensions

SN (h,V,Vz) = /d*‘:rZ {é L (82 e %) Vinm

U

1 * (a2 2 . (o2 2
‘!_F {h—l—i nm) (() _)'-Inm) h—l—i nm_l_ 2ﬁ:2 (h'—'i nm} ((—) _)unm) h‘—it' It ITl
]- r . 3 o 2 r 1 r x f o r
—|—§ (l'?—t—z’ 11111_) (Or2 = .rU:':llIl) I’—l—ﬁ nm T+ g {1'—3' nm} (dj s Him) L.—t'- nim
2 -nm- e e
- a : [(}?-4—-& nm} I’fz' R (h-—z' nm) I"i I I
roi&
% B S ~ *= 7
_1_?(({’1—: nm] Ifi nm_{I"—énm) L.i nm):l}

= the squared mass operator is fransformed info an
5060 algebraic mairix with constant enfries Sy
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The KK Mass Towers

The KK towers for physical spin-1 perturbations about the rugbybail:

Squared mass Multiplicity
o 1

To
7 %(n+|m{w}(n+|m|w+1) 2
£ (1+ B+ T+ B0 1

a

==

L (1 B — T+ 0Em) 1

"o

with wavefunctions in ferms of parficular hypergeometric functions.

» Free of tachyonic instabilitfies

» Massless modes:
en—1m—O0n—0m—Il/vandn—0 m—-—1/w
* 1 massless 4D vector enhanced fo 3 when s = 0. —2m.. ..
« carrespond fo 3 well-defined Killing vectors in 2D.
= 05050058 » only ocne is gauge field in full 4D EFT buft all are in Low Energy*EFt

Parfurbaiions in D brane modaels—[




Summary of all KK fowers

» Massless modes — massiess 4D graviton, one or three massless 4D
vecftors, two massiess 4D scalars — all separated from KK tower by
mass gap O(1/re).

» JTachyonic instabilities can arise only from infernal components of 6D
gauge fields charged under monopole background — for monopole
numbers | N!| > 1 Beware of non-Abelian fluxes!

= Universal behaviour for wavefunction localization, e.g. for fermions:

e m=0 E’*{" m=1
0.75f o
osf £ ) 6}
@25E \ \ % 4
E P — e - — 11
_aost 02505077 1T 13515 - &
—05¢ o pa P — T e,
—0.751 R St 025705 0751 125 15
{ra.w, @, e) — (1, i 1.0)

asssoss 12 = 0. 1.2 modes for a single negative fension brane af u = 0. ...
(m.n) = (—1.0) mode is massless. S e e S L




Codimension 2 and the KK/Brane World Lore

Having analyzed (almost) all bosonic fluctuations and some fermionic
fluctuations we suggest: see aiso:

Lee & Papazoglou "06
Burgess, de Rham, Hoover, Mason & Tolley "07
Lee & Paopazogliou "08

Maodels with only positive tfension branes have qualitatively same physics
as standard KK compactifications

* Power law warping induced by codimension two branes has
qualitafively same physics as unwarped models

Novel behaviour can arise in presence of negarive fension branes:
- Volume of exira dimensions V2 = 47 (1 — 4/27) (r0/2)? can be made
large keeping large mass gap O(1/rg).

* Number of massless vector fields can be enhanced beyond
isometries thanks fo infinitesimal isomefries.

» Low Energy EFT for special saddle-spheres with § = —27. —4x. ...
b pisaososooss  INAiIsTINguishable from that of smooth sphere. Page 32/34
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Conclusions

* Branes and SLED may provide an inferesting approach to the
Cosmological Constant Problem and Dark Energy.

* Branes in 6D Supergravity provide a laborafory 1o explore these
ideas and codimension 2 branes in general.

* Models with posiiive fension branes only have similar physics to
standard KK compactificaftions. Negative tension branes give rise 1o
new physics.

» A step fowards understanding how vacuum energy conftributions
cancel amongst a 6D supermultiplet with brane susy breaking.

= SLED has many and diverse predictions within reach of upcoming
experiments.
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