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The Cosmological Constant Problem
and Extra Dimensions

Last chance to be wrong about what
will be found at the LHC
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» The Cosmological Constant problem

—— - 3§ -
iPa]l a T aE VaTs S mEE e E N RO 5 5= i =4 14 O
| \ i { N " Sy

2 ' 2 B0 LS G4l L O TERSLLAL LS AL L% FLF 100 Nl Brx¥hn

™ Pl A=y 0N



 How extra dimensions might help
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Prologue
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cal Naturalness
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+ B B W N 1 G GE

+H(Ly,E )+ H\Oy,D)+H (Oy,U)
+D H'D"H + A\H'H —m*)

(™ M Pl

+ DDD
+G2G™

R =y 20011



Technical Naturalness

e The
Standard
Model

L=EDE + LDL +ODQ +UDU + DDD
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Technical Naturalness
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Technical Naturalness
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Technical Naturalness

o |

1

he
Standard

2
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The Beauty of the SM: 1t 1s the most general
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Technical Naturalness

Higher scales almost
certainly exist:

o Th
St:
M

eg Planck scale

M~ 10" Gel’ M, =hclG,

M, ~1 0" Gel”
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Technical Naturalness

* One feature of the SM seems unlikely if the SM really
1s the low-energy limit of something more
fundamental

7 -
LSM — mOH H + dimensionless
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Technical Naturalness

effective theory can
be defined at many
scales

+ Or EyVSSSNe i really
1S | =

fur =

M~ 10" GeV

M, ~10° Gel” ' xm -
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Technical Naturalness

effective theory can
be defined at many
scales

R \/ 0" Gel” really
1S 1 =
fur =

&

g ~

M- 10 oV m- = m, + kM: s

M, ~10° Gel” m> =m; +--
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Technical Naturalness

RS |/ /0% Gel”
1S 1 =
fur =

M ~ 10" GelV

M, ~10° Gel”

effective theory can
be defined at many
scales

really

-

m- =~m, +kM~ +---

2

m- = m, Mustcancel to 20
decimal places!!
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Technical Naturalness

Not the way hierarchies

+ really
usually arise

e Or
1S 1

e

Tur

eg. 1-1']3}' are atoms Larger

than nuclei?

am, << A,qp

am, <<m,
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Technical Naturalness

Not the way hierarchies

* Or , really
. usuallv arise
1S | ; - )
~ eg: Wiy are aftoms Larger
fur & Wi &

than nuclei?
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Technical Naturalness

2 £ S
L&U — mOH H + dimensionless

v Tr"

Hierarchy problem: should be able to understand why m, is
small, at any scale we choose to ask the question.

Spinless particles are rarely systematically light ..
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. » Three approaches to solve the

Hierarchy problem:

Compositeness: H is not fundamental at
ener gzas E M
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1nical Naturalness

» Three approaches to solve the
Hierarchy problem:
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» Three approaches to solve the

Hierarchy problem:

Compositeness: f{ is not fundamental at
energies £ > M

7 7
Supersvmmetry: there are new particles
at E > M and a symmetry which ensures
cancellations so m= ~ My —‘LF:
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Naturalness 1n Crisis

Can apply same argument
to scales between TeV and
sub-eV scales.

T e
nne ~10 " el

my ~ IOS el”
me ~ 10° el” g = ‘LA _l_ k*‘? HT*—’ +k v M,

4 V¥ 4 4
= +k m,

my~10" el
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Naturalness 1n Crisis

Can apply same argument
to scales between TeV and
sub-eV scales.

1y ~1 0 el

f??‘u ] Oq € I >
;11 i k m ok k m,

1l ~— 1 [)f}_ ET n

%%+km _____

my~10" el” Must ccmcel fo 32
decimal places!!
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Naturalness 1n Crisis

1y~ ] 0-5' o

i, ~ 1 ()f}_ €],r

Seek to change properties of
low-energy particles (like the
clectron) so that their zero-point
energy does not gravitate, even
though quantum effects do seem
to gravitate in atoms!

But not this?

Why this?

O & O Ray OO0
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LSM — b T mOH H + dimensionless

4 -

Cosmological constant problem:
~ 103 ~RE 7
Why p,~ 10~ el raﬁze? thanm,, M., , My or M,
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Naturalness 1in Cris
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Although cancellation of p,* with km,* seems

unlikely, it can be possible ij:

i. L, is a field that varies with position;

ii. there are sufficiently many vacua; and if

iii. observers only exist when the cancellation
occurs.
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‘Naturalness™ as an Opportunity

» Cosmology alone cannot distinguish amongst the
various models of Dark Energy.
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‘Naturalness™ as an Opportunity

» Cosmology alone cannot distinguish amongst the
various models of Dark Energy.

* The features required by cosmology are difficult to
sensibly embed 1nto a fundamental microscopic
theory
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‘Naturalness’ as an Opportunity

» Cosmology alone cannot distinguish amongst the
various models of Dark Energy.

» The features required by cosmology are difficult to
sensibly embed 1nto a fundamental microscopic
theory.

* Progress will come by combining both
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» How extra dimensions might help
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How Extra Dimensions Might Help

» 4D CC vs 4D
vacuum energy

« Branes and scales
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How Extra Dimensions Might Help

» 4D C( A cosmological constant
VACcuu

G+ 1\gfm_; =216} T,MV

v
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How Extra Dimensions Might Help

» 4D ((
vacuiu

A cosmological constant 1s not
distinguishable from a Lorentz
ivariant vacuum energy

L

G, +Ag, =8zxG1l,

VS

G, =872GT, +8xGu’'g

LV
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How Extra Dimensions Might Help

o 4D C( A cosmological constant is not
Vacuii distinguishable* from a Lorentz
invariant vacuum energy
= 41 /NO = =
(J,_11 i\blm, SJTCITM

L

VS

G, =87GT, —8zxG u'g,,

111 4 dimensions ..
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How

e Brc

Extra Dimensions Might Help

Degravitation:

T iry - 7

- In 41) a graviion mass can suppress the curvarire

caused by a cosmolLogical consiani,

P | -

- Graviton masses can arise within higher-
A I O T T Y - T 1Y D T ~F 2 & ?-_
dimensional brane-world models.

Dvali, Hofmann & Khoury
de Rham, Hofmann, Khoury & Tolley
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How

Extra Dimensions Might Help

. / Degravitation:
- In 41) a gravifon mass can suppress e curvarture
caused by a cosmological constant
= Vi f{??? mas

Dvali, Hofmann & Khoury
Brec de Rham, Hofmann, Khoury & Tolley

Supersymmetric large extra dimensions:

- In ;?E’C’/?d? dimensions 4D vacuum ene 2rgy Hee d not
curve the dimensions we see

™ Bl M=y 00



How Extra Dimensions Might Help

In higher dimensions a 4D vacuum energy, if localized in
the extra dimensions (such as on a brane), can curve the
extra dimensions mnstead of the observed four.

» Brc

Arkani-Hamad et al
Kachru et al,
Carroll & Guica
Aghababaie, et al

.
2
2
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How Extra Dimensions Might Help

To be useful 1t must be that extra dimensions can be as
large as the observed Dark Energy density:

xir ~ 107 eV or r~1 rmetre

This is possible: provided all known particles except
» Brc gravity are trapped on a brane, since tests of Newton’s

law allow Arkani Hamed, Dvali, Dimopoulos

r < 50 prmefire Adelberger et al

™ Bl RA=wr 201N



How Extra Dimensions Might Help

In higher dimensions a 4D vacuum energy, if localized in
the extra dimensions (such as on a brane), can curve the
exira dimensions mstead of the observed four.

e Brc

Arkani-Hamad et al

Kachru et al,
Carroll & Guica
Aghababaie, et al

-
:
dq"' :

™ Dl AR=ywr 0N



|8 [0)%Y%

» Brc

Extra Dimensions Might Help

To be useful 1t must be that extra dimensions can be as
large as the observed Dark Energy density:

xir ~ 107 eV or r~1 rmetre

This is possible: provided all known particles except
gravity are frapped on a brane, since tests of Newton’s

law allow Arkani Hamed, Dvali, Dimopoulos

r < 50 gemefire Adelberger et al

™ Bl RA=vr NN



How Extra Dimensions Might Help

Arkani Hamed, Dvali, Dimopoulos

If there are exira dimensions as large as r ~ [ gmetre
then there can only be two of them (although others
could exust if they are much smaller), or else the
observed strength of gravity would require the scale of
exira-dimensional physics to be too small to have been
missed

. B M,~M,_(rM,)
with » extra dimensions

M, ~Mr

when n = 2.

e e Bl A= 22000



How Extra Dimensions Might Help

&
m ~ m,,,jlfp
S -
» Brc ~ 10" el These scales are
- natural using
= standard 4D
H ~m /A, arguments.
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How Extra Dimensions Might Help

» Brc

Arkani Hamed, Dvali, Dimopoulos

Extra dimensions
could start here,
if there are only
two of them.

|

These scales are
natural using
standard 4D
arguments.

e Pl RE=wy 2N



How Extra Dimensions Might Help

Must rethink how the

vacuum gravitates in
~ 6D for these scales.
SM interactions do
< not change at all!

e Brc

Only gravity gets modified over
the most dangerous distance scales!
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+ How extra dimensions might help
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A Concrete Example

» The basic model

» What choices make the
4D geometry flat?

» Are these choices stable?

™™ M Pl A=y 0N



Aghababaie, CB,
Parameswaran & Quevedo

o The basic model
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A Concrete Example

Nishino & Sezgin

o The basic 61) grax*it}r scale: ‘\_[g — 10 TeV
« KK scale: 1/r ~ 102 eV
* Planck scale: M, ~M 2 r

« What choi « Choose bulk to be supersymmetric
[ (no 6D CC allowed)

5.9 9 = I:R_lfﬂ,-‘ + 0O f';')Nr:J] = e O _
K- ;

e Bl A=y NNt



A Concrete Example

The

m ~ M., /M, >

H ~ m/M.

i 3" - : '\?.-“1 ---l 'a 'l B i 1--1-.-\. -
rarucle ﬁﬁpéu (rum

SM on brane

} No superpartners on brane

Many KK modes in bulk

4D scalar: e?r° ~ const

4D graviton

™™ s Bl M=y 000



A Concrete Example

-

* The Classical flat direction dite to a

scale invariance of the classical __

! L n orane

equations bl

.
NOT self-tuning: response to a kick

is runaway along flat direction.

H ~m /M, P 4D scalar: e®r° ~ const
. 4D graviton

™ = Bl

Rd=xs 70314



A List of Detailed Worries (Preview)

“Technical Naturalness’

Runawav Behaviour

Stabilizine the Extra Dimensions °

Famous No-Go Arecuments

Problems with Cosmoloev

Constraints on Lioght Scalars

Qumtessence cosmologv

Modifications to eravity

Collider phvsics

Neutrino phvsics?
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o What choices make the

4D geometry flat’
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A Concrete Example

» Search for solutions to 6D
supergravity:

- - - S— R — — - —~ 3 4 - - — Y - — i = - F —_— -
I rr Eade b b H S e b b e b el LSS B el S LA Ernd EF Bld N
Vra -
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A Concrete Example

» Search for solutions to 6D
supergravity:

Dy DM ®* — G®(®) vs(®) ¥ =0
|
Ryn + Oy Ong + Gop( @) Dps D Dx®® + 3 e % Garpg G_NPQ
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A Concrete Example

» Search for solutions to 6D

& supergravity:
* Salam Sezgin ansaiz:
maximal symmetry in 4D and in 2D
ol ds? = g, + g, Ay dy”
g F=fg,dm™d"; 4,6=0
2

™ Pl A=y 9NN



A Concrete Example

» Search for solutions to 6D

’ supergravity:

» Salam Sezgin ansaiz:
maximal svmmetrv in 4D and in 2D

I R A
il al

-

. T T Ty T ¥
- = — e derde” | o
L{\, - T ax’" dx Snin

-

F
P

4 e  Eeas Eom. 7 —
- J G & D, Cn @ 0
» Implies:
'f' gﬁ.{i' — QEJI'
2. spherical extra dimensions
5. dilaton stabilization:

-
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oncrete Example

» Search for solutions to 6D
supergravity:

TETFT ¥ |

Wity q 7iat solutionr
_
ST, . 7 — or
50 s; Unit maegnetic flux y S|
e e e |
= : | il L =8 (2
leaves SUSY unbroken.. L.
| 'i
— -
Z i
& £
| — e
Sl a |
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i o ]
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+ 49 & [
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e e
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| X ¥
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A Concrete Example

» Search for solutions to 6D

supergravity:

_but: turns out to be 4D

flat for higher fluxes as
well!

1
|
ﬁ:‘_)h
_-'gt.?ll
3
=
2 o
ge
L

™ Bl RA=we 200N



A Concrete Example

» Search for solutions to 6D
supergravity:

Aghababaie, CB,

Parameswaran & Quevedo

Can include branes:

Cut-and-paste solutions have
equal-sized conical
singularities at both poles:

Interpret singularity as due
to back-reaction of branes

located at this position

Branes break supersymmetry

™ Bl RA=ywy 00N



A Concrete Example

Chen, Luiy & Ponion
Aghababaie ef al

. « Yet geometry on the branes remains flat
) 2 ;_
4D cc:ZZ +j.d xwg(Rﬂ—...)
4
4 R=-> T, 6*(x—x,)+ smooth
Z

4D cc=Y T, + [d’x\/g(R+..)=0

™™ Dl R=vr 90N



A Concrete Example

» Search for solutions to 6D

) T _ - T - o L
Aghababaie, CB,

*» (Can include branes: : :
Parameswaran & Quevedo

Cut-and-paste solutions have
o J equal-sized comnical
singularities at both poles:

Interpret singularity as due
to back-reaction of branes

located at this position

Branes break supersymmetry

e M Dl RE=wr DN



_‘\ CO Nncer ‘fte —:{ainple Chen, Luty & Ponion

Aghababaie ef al

» Yet geometry on the branes remains flat

| 4D CCZZZ +Id:xw5E(R—i—...)
e J ;
4 R:—ZZ 5*(x — x )+ smooth
4D cc=Y T, + [d’x,/g(R+..)=0

™ Bl RA=xy 2NN




A Concrete Example

» Search for solutions to 6D

» General solns with two Gibbons, Guven & Pope

conical singularities: , | | | o
Aghababaie, CB, Cline, Firouzjahi,

I Unegqgual defects have warped Parameswaran, Quevedo
4 geometries in the bulk; Tasinato & Zavala

All of these solutions are flat

Solutions also known with
curvature singularnties, time
dependent evolution, efc

Page 77/1G
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A Concrete Example

Wha
4D ¢

Summary of axially symmetric solutions:
Properties of 2-brane geometries are
governed by the ¢g-dependence of the brane
tensions: 7(¢@)

7" mdependent of ¢ suffices to ensure that
branes are flat and back-react to give conical
singularities

Static solutions also exast which are 4D dS.

Runaways are generic.

Tolley, CB, Hoover & Aghababaie
Tolley, CB, de Rham & Hoover
CB, Hoover & Tasinafo

™™ Bl R=vwr NN



Are these choices stable?
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A Concrete Example

e () Is existence of flaf soluifion stable
a.ifj:?:.'f”f?ff pertit roations o branes”
{ ™ - f.'__1
—a I I\ IF-'. .I‘- 2
3 i e e F £ =
b o T 1 - + MS 3
So lone as the brane tensions remain
independent of ¢ there always exasts a flat
solution

e - o |
Aghababaie et. al

™ mm Pl Rl=ywe 200N
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A Concrete Example

. ] f o vt oot ~F | —F ~ [ - - b el
If(_w"al I o3 Lu_?jr‘:.-"' ~_,f_'_,} LA .51.._[{3 Ef,',: J';r ()} "‘lg-.;__;
T 13 C ¥ 3 E*T §F 1 Py T ¥ Y 3 y o ¥ 3 7 A
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A Concrete Example

@5 r:? latness stable to per turbations

of L??Eﬂﬂf conditions? A: No.

Solutions are marginally stable against
perturbations that do not change the brane
SOUrces;

Generic situation 1s a runaway, so arbitrary

change to branes starts a time-dependent roll.

de Rham ef. al

Papazoglou etf. al.

Tolley et. al.
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Technical Naturalness

» (Classical part of the

argument:
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A Concrete Example

» (Q: Is flatness stable ro; rturbations
of in it ’zf conditions? A: No

olutions are marginally stable against de Rham etf. al
erturbations that do not change the brane Papazoglou ef. al.
OLUICceEs.
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Generic situation 1s a runaway, so arbitrary

change to branes starts a time-dependent roll. Tolley et. al.
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Technical Naturalness

» Key feature of 6D solutions:
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» Quantum part of the
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Technical Naturalness
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Technical Naturalness

» UV sensitive loop corrections can be organized

. & into a curvature and dilaton expansion:

A —4 (no 6D cc allowed by susy)
B, = Newton's constant renorm

» Oua C,=01f summed on 6D supermult.
argi .

20 T
* IOOPS oC € = N y

™ M Bl R=vwr NN



Technical Naturalness
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echnical Naturalness
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» [V sensitive loop corrections can be organized
. . into a curvature and dilaton expansion:

A, =0 (no 6D cc allowed by susy)
B, = Newton's constant renorm

» Oua C,=01f summed on 6D supermult.
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