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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
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» How extra dimensions might help
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Prologue
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Prologue

But other
e Dar R
models are

possible for
which the
Dark Energy
density
evolves 1n
time.
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al Naturalness

H

e D =

L =EDE +LDL+0DQ +UDU + DDD
+B_B™ +W W™ +G=G™ +G=G"™
+H(Ly,E)+H\Ov,D)+H (Oy,U)

+D H'D“H + A(H'H —m*)
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Technical Naturalness
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Technical Naturalness

L =EDE +LDL+0DQ +UDU + DDD
+B B~ + W W™ +G-G™ +G=G™
+H(Ly,E)+H(Oy,D)+H (Oy,U)

+D H'D“H + A\H'H —m*)
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Standard

Model

.

aturalness

L=EDE +LDL+0DQ +UDU +DDD
+B B~ +W-"W"™ +G-G™ + GG~
+H(Ly,E)+H\Ov,D)+H (Oy,U)
+D H'D“H + A\H'H-m?)

The Beauty of the SM: it 1s the most general

-
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Technical Naturalness

L=EDE + LDL+0DQ +UDU + DDD
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Technical Naturalness

Higher scales almost
certainly exist:

eg Planck scale

M~ 10" Gel” M’ =hclG,

M, ~10° GeV
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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

2 B
LSL& = ﬂZOH H + dimensionless
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Technical Naturalness

effective theory can
be defined at many
scales

O |/ /0" Gel” really
1S 1 -

fur =

M ~ 10" GeV

M, ~10° Gel” ~m: +---
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Technical Naturalness

effective theory can
be defined at many
scales
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Technical Naturalness

effective theory can
be defined at many
scales

WO |/ 0" Gel” really
1S | =
fur —

L

-

M~ 10" Ger” | RS mf + ERAd: 1 -

& 3

M, ~10° GeV’ 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

ur

eg:> Wiy are aioms Larger

than nuclei?

am, << AQCD

am, <<m,
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Technical Naturalness

Not the way hierarchies

* Or + really
. usuallv arise
1S 1 ] -
~ ego- Wiy are aioms ECI?‘ er
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than nuclei?
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Technical Naturalness

- B
Lﬂ = mOH H + dimensionless

Ty Tr" 1 1
1

— 1879 i &

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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Technical Naturalness

. » Three approaches to solve the
Hierarchy problem:

{ BT oo Tin] % I e
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e’ TR LR RF N __ A i

| 1ess: H is not fundamental at
energies £ > M
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Tech

nical Naturalness

Three approaches to solve the
Hierarchy problem:

b i i = r i T
nnocitena LI 5¢ vt Burvndamontal —
_OIMPOSIICNCSS. [1 IS not Juundameniat at
3 TT*r T 7T L' H‘H 1 /
energaies - M
Supersvimmein - there are new partici les
| J.

i

at E > M

iV by Vi _:\?_*_.'r ) o : . A : S ] ..'r- :
k.u.l’?a:{..t.;f'{n.l‘rf_/;?j SO M _._‘llu_ZB _h‘ll_LF

Lt.r‘?i.i d }J ???F??c?f?:"'t' 11';'??{?:"? ENnsSires

™ Pl

Rl=+; 20001



Technical Naturalne

S

&p)

. * Three approaches to solve the
Hierarchy problem:

T F o A !
Compositeness: /1 is not funaamental at
S =, A
energies . > M_
Supersymmetry: there are new particles

at E > M_ and a symmetry which ensures
- = | § TR e e . . 1 o -
cancellations so m= ~ M g2 — M-

—

xtra Dimensions: the fundamental scale

[T]

is much smaller than M . much as

I}

G172 ~246 Gel” > M_~ 80 Gel” 3
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Naturalness 1in Crisis

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

e
nn ~10"" el

. S 4 4
JIAESN7) +k_eme +k, m,

4 _V 4 4
o= +k m,
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Naturalness 1n Crisis

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

Ny ~1 0‘u el”

f??‘u 10q E'IT

4 _ . 4 4 4
m. ~ 10° el” g = ‘u] +ke m, _I_ k"m‘"’

p gy +kem S

my~10-" el’

Must cancel to 32
decimal places!!
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Naturalness 1n Crisis

m ~10"" el

S =
my,~ 10 el

me ~ 1 0° el”

my~10-"el’

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
fo gravitate in atoms!

Why this? But not this?
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Naturalness in Crisis

»
Ly, =ty +miH H + dimensi
s — Ho m, + dimensionless
Cosmological constant problem:

L -

Why p,~ 1073 el rarhe? thanm,, M, M. or _\[p?’
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Naturalnes

In Crisis

2

aElaEa:oE a Y e Tarttt ks - 1 - T - W — =
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Although cancellation of p,* with km,* seems

unlikely, it can be possible if:

i. i, 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 mnto 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 into a fundamental microscopic

theory.

* Progress will come by combining both

™ T Pl
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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
vdacuu

G, +Ag, =8xGT,

f7a
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How Extra |

» 4D (X

vacuiu

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

G, +Ag, =8zxG1,

il

Vs

G, =872GT, +8zGu'g

LV

™ D)

Dimensions Might Help

Rl=+s 20N1



How Extra Dimensions Might Help

o 4D C( A cosmological constant is not
VAaclil distinguishable* from a Lorentz
mvariant vacuum energy

(Jm i3 ‘\tg.;n' — SXGTM
LAY
LY

G, =872GT, -82Gu'g,,

- 7
i1 4 dimensions
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How Extra Dimensions Might Help

Degravitation:

T T -y - S §oFw %
- In 41 a gravilion mass can suppress e curvature

7 " |

caused by a cosmological constant;

o -}

Graviton masses can arise within higher-
dimensional brane-world models
Dwvali, Hofmann & Khoury
» Brc de Rham, Hofmann, Khoury & Tolley
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How

e Brc

Extra Dimensions Might Help

Degravitation:
- In 4D a graviton mass can suppress the curvature
caused by a cosmological constant;
- Graviton masses can arise within higher-
dimensional brane-world models.
Dvali, Hofmann & Khoury
de Rham, Hofmann, Khoury & Tolley

Supersymmetric large extra dimensions:

- In higher dimensions 4D vacuum energy need not
curve the dimensions we see.
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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 instead of the observed four.

-

» Brc 5
E Arkani-Hamad ef al
‘q’ \ Kachru et al,
Carroll & Guica

Aghababaie, et al
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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:

/T ~

107 eV or r~1 metre

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 p-metre Adelberger et al
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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 mstead of the observed four.

-

» Brc =
5 Arkani-Hamad et al
‘a - Kachru et al,
Carroll & Guica

Aghababaie, et al
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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:

//r ~ 107 eV or r~1 metre

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

law allow Arkani Hamed, Dvali, Dimopoulos

r < 50 pe-meftre Adelberger et al
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How

» Brc

Extra Dimensions Might Help

Arkani Hamed, Dvali, Dimopoulos

If there are exira dimensions as large as r ~ [ gmeftre
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

M ~M (M )'°

P g g
with » exira dumensions
M, =M_r

when n = 2.

e M Bl M= 7000



How Extra Dimensions Might Help

m ~m,, /M,

o, =
» Brc ~ 10~ el These scales are
natural using
. standard 4D
H ~m /M, arguments.
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How Extra Dimensions Might Help

» Brc

m ~m,, /M,

~ 107 el

H ~m /M,

Arkani Hamed, Dvali, Dimopoulos

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

|

These scales are
natural using
standard 4D
arguments.

" Pl =y 2000



How Extra Dimensions Might Help

m ~ m,,~ /M, ~
e Brc ~ 10" el

H ~m /M,

Must rethink how the
vacuum gravitates in
~ 6D for these scales.

SM interactions do

not change at all!

Only gravity gets modified over
the most dangerous distance scales!
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The Plan

» 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?
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A Concrete |

o The basic model

Example

Aghababaie, CB,
Parameswaran & Quevedo
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A Concrete Example

Nishino & Sezgin

* The basic + 6D gravity scale: M, ~ 10 TeV
« KK scale: I/r ~ 102 eV
« Planck scale: J[p ~‘\[g3 r

. * Choose bulk to be supersymmetric
(no 6D CC allowed)

; 1 | e —— .
= == ! D ﬂ_‘i - |:R_"‘.f N + fz_)_'ur ), fi_)_.\r ll_"___}:| —_ — — —F_’l[_.‘f F."J N -
| 2 1 .
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A Concrete Example

»

The

Particle Spectrum:

V. SM on brane
Ve . _
} No superpariners on brane

Many KK modes in bulk

m ~ M, /M E

H ~ 1 J[ p 4D scalar: e®r° ~ const

4D graviton

™™ s Pl M=y 000



A Concrete Example

* The  (Classical flat direction due fto a
scale invariance of the classical
equations

o

NOT self-tuning: response to a kick
is runaway along flat direction.

H s TH-JI P 4D scalar: e®r?

4D graviton

2 & B

n brane

bulk

~ CONSI

™ T Pl

Rl=vs 20014



“Technical Naturalness’

Runawav Behaviour

Stabilizine the Extra Dimensions °

Famous No-Go Arcuments

Problems with Cosmoloev

Constramts on Lieght Scalars

A List of Detailed Worries (Preview)

Quniessence cosmology

Modifications to eravityv

Collider phvsics

Neutrino phvsics?

™™ s Bl M=y 20000



A Concrete Example

» What choices make the
4D geometry flat’
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A Concrete Example

» Search for solutions to 6D
supergravity:

4D ¢
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A Concrete Example

» Search for solutions to 6D
supergravity:

| — - e , -
0@+ e GunpGM™" + 2e ™ FnFa™ — e u(®) = 0

A D, (E—Q:;: GMNP) —0

Dy DM 3% — G®(®) vp(®) ¥ = 0
S eis
Run + One 0 Ong + Gap(P) Dpg®® Dy®® + - P GrpQ i

1
P+ —(Op) gun~ =0,

+e ¥ FypFan 5

F i




:

A Concrete Example

» Search for solutions to 6D

g supergravity:
* Salam Sezgin ansaiz:
maximal symmetry in 4D and 1in 2D
» / ds—g d"dx” + g__ dy™ dy"
4 F :fﬂg;;m {{Fm C?i‘.-'” : C:n: ‘;ﬁ =/
L

™™ M Pl A=y 70N



A Concrete Example

» Search for solutions to 6D

’ supergravity:
» Salam Sezgin ansaiz:
maximal symmetrv in 4D and in 2D
* J ds* —g  dd"dx"+ g __dy™dy"
_} [ P — f _,--? of - —
i ; E_’,”” C -1.'”EI n..l‘.J : l‘f?” (;') '{)
» Implies:
L. gmf : rzm-
. 2. spherical extra dimensions
3. dilaton stabilization: s e?=1/r’

™ 7 Pl

TEsTsrianal



A Concrete Example

» Search for solutions to 6D

» . - P y -
Supergravily.
* Why a flat solution?
o J 80’s: Unit magnetic flux '
y leaves SUSY unbroken

B T Eg e N
+ — +2o07e
= > &
2 4o
,1 ) s
=1 _foa
] /

™ s Pl

F

Rl =+ 2014



A Concrete |

Example

» Search for solutions to 6D

K] ’ _ F =M oure
supergravity.
€ -
o Whv a flat solution?
e LR R L P
o J 80’s: Unit magnetic flux :
4 leaves SUSY unbroken
but: turns out to be 4D
flat for higher fluxes as
= ]
. well

5 T 4 )
4 % z L ¥ i : _‘I::}-_ :,-
T B~ -
= > &
2 4o
y
+

™ s Pl

Rl=+s; 201



A Concrete Example

* Search for solutions to 6D
supergravity:
o Can include branes: Aghababaie, CB,
Parameswaran & Quevedo
Cut-and-paste solutions have
o | equal-sized conical
singularities at both poles:

Interpret singularity as due
to back-reaction of branes

located at this position

Branes break supersymmetry

™ s Pl RA=ywy 00



A Concrete Example

Chen, Luiy & Ponion
Aghababaie ef al

. » Yet geometry on the branes remains flat
4D cc = ZT + 'fd‘xqjg(R S
z
4 R=-> T, 6*(x—x,)+ smooth
Z

4D cc=Y T, + [d’x,/g(R+..)=0

™™ M Bl A=y 700N



A Concrete Example

» Search for solutions to 6D
supergravity:
Aghababaie, CB,
Parameswaran & Quevedo

o Can include branes:

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

>~

Interpret singularity as due
to back-reaction of branes

located at this position

-~
:
a’ :

Branes break supersymmetry

e /m Dl A=y NN



A Concrete Example

Chen, Luty & Ponion
Aghababaie ef al

i » Yet geometry on the branes remains flat
4D cc = ZT + J‘d‘x\f”g(R =}
z
& R=-> T, 6*(x—x,)+ smooth
Z

4D cc= T, + [d’x,/g(R+..)=0

™ M Bl RA=xs 270N



A Concrete Example

» Search for solutions to 6D
supergravity:

» General solns with two Gibbons, Guven & Pope

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

o J Unequal 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

* Summary of axially symmetric solutions:
~ Properties of 2-brane geometries are
ooverned by the ¢g-dependence of the brane
tensions: 7(¢@)
» 7 independent of ¢ suffices to ensure that
* Wha branes are flat and back-react to give conical
4D ¢ singularities

« Static solutions also exast which are 4D dS.

 Runaways are generic.

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

™™ A Pl RA=xwr 201N




A Concrete Example

o Are these choices stable?

™ Pl A=y 2000



A Concrete Example

»
B f = > b T A & > | a W T ¥ i ¥ % [P 7 p 3 2
f_f'"l _':"’ ,_,:‘,, \':'T-:.'. T\.\.. ( [ LA I"J;;';"reri;_.-'f'- \rvr_;t;
= e = R S i e E. . = )
-~y - ) ¥ | | [ o | [ ] >
dIdll "E"r_i [uroarions oy anes
| e " '_,I
il 1J f 2
am o e f L -
k]

So long as the brane tensions remam
independent of ¢ there always exists a flat
solution.

-

Aghababaie et. al
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A Concrete

Example

L
o (): [Is existence art s ( J{#1s,
..~:I:::.‘-Ff -"ﬁ\‘trd_f_*f-e 114 :ﬁuer 3 ] Ora \.J\L)
{ E -
o Ve ¢ rt oe,
Cursory mspection can make it seem as if
tensions must be tuned.
4GY'T, +—jd xJgR =z
o / {a

Aghababaie et. al
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Example

existence of flat solution stable

19A1Nns

o L, S

|
el

Cursory mspectio
tensions must be |

4(}2

- + T T

. i . "

Y ¥ YTy aTan Fa sl 1o 3¢ sl & e bl

1 eL-L_ LODC logical. this 1s alwavs
I - -

T“T“"‘Hc‘l"t‘u Oy CONLmuous

deformations (like renormalization)

If Y'7. becomes nonzero then R
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A Concrete Example

» (: Is flatness stable to perturbations
of initial 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 et. al.
Papazoglou et. al.

Tolley et. al.
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T'echnical Naturalness

* (Classical part of the

argument:
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A Concrete Example

Lo

» (: Is flatness stable to perturbations
of initial conditions? A: No.
- Solutions are marginally stable aganst
perturbations that do not change the brane

SOUrccecs,

Generic situation 1s a runaway, so arbitrary
change to branes starts a time-dependent roll.

de Rham et. al.
Papazoglou et. al.

Tolley et. al.
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Technical Naturalness

» (Clas
argu

» Key feature of 6D solutions:

™™ M Bl RA=ywr 000N



» Quantum part of the

argument:
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Technical Naturalness
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echnical Naturalness

» UV 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.
argi .
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Technical Naturalness

« UV 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.
argu .

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

» Oua C,=01f summed on 6D supermult.
argu .
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 Theoretical worries

« Observational tests
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The Worries

»

“"Technical Naturalness’

Runaway Behaviour

Stabilizing the Extra Dimensions

Famous No-Go Arguments

Problems with Cosmology

Constraints on Light Scalars
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The Observational Tests

Quintessence cosmology

Modifications to gravity

Collider physics

Neutrino physics?

Ji51d more!

ol R = 0N T ey



Summary

» [t 1s the interplav between cosmological phenomenology and
microscopic constraints which will make 1t possible to solve the
Dark Energy problem.
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* 6D brane-worlds allow progress on technical naturalness:
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Summary

* Tuned imitial conditions

-

v

™ A Pl RA=xr 201N



Enormously

predictive. with many observational consequences.
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Detalled Worries and Observations

‘Technical Naturalness’ *  Quntessence cosmology

. Runawav Behaviour » Modifications to gravity

- Stabilizing the Extra Dimensions * Collider physics

» Famous No-Go Areuments * Neutrino physics®

 Problems with Cosmologv

~ Constraints on Light Scalars

™ o Bl RA=xr 700N



» Prognosis
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