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Naturalness

M, ~10"° GeV

M ~ 10 GeV
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effective theory can
be defined at many
scales
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Naturalness

effective theory can
be defined at many
scales

M, ~10"° GeV

M ~ 10 GeV sz+k|\/|2+'“
2 1&
My ~10° GeV ~ M, Must cancelto 20

decimal places!!
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Naturalness 1n Crisis

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

Must cancel to 32
decimal places!!
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Scalars and Naturalness

 Scalar masses get large corrections even if the
scalars couple only with gravitational strength:

A4

om? = —
M ,?

:M42 |fA:M4_

O
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Scalars and Naturalness

 Party line: for energies too low for SUSY to
help, a pseudo-Goldstone boson is the only
option for naturally light scalars

L = £2(39)% + p*U(®9) + -

4
> M

m _F IS protected by 9 = 9+
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Branes and Naturalness

« One way extra dimensions help is by lowering
the gravity scale: e.g. M, = M %r in 6D

4 4
sm2=2 =Y =2 if A<M,

2 72

Scalars 2011



Branes and Naturalness

« One way extra dimensions help is by lowering
the gravity scale: e.g. M, = M %r in 6D

4 4
sm2=2 =Y =2 if A<M,

2 72

Seems cannot get m smaller than
smallest KK scale: 1024 eV
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Branes and Naturalness

« One way extra dimensions help is by lowering
the gravity scale: e.g. M, = M %r in 6D

N4 1
2: 2S 4 2
M4 rM4

But 4D kinematics cannot be used
O for the loop for A larger than the
KK scale

Scalars 2011
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Branes and Naturalness

» Must re-estimate the contributions from higher
dimensions using higher dimensional
Kinematics

5 _ A°
— 4
M6

Same as 4D estimate If one sums
O over N ~ (Mg r)2 KK states

Scalars 2011
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Branes and Naturalness

 But a scalar in 4D need not be a scalar in higher
dimensions, and so Its mass can be protected
from higher-dimensional loops

In some circumstances, can get
masses as low as om ~ 1/(M, r?),
which can be as low as the Hubble
scale If r Is as large as possible

Rest of talk:
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Branes and Naturalness

» Suppose scalar is a modulus of the metric, like r
itself. UV loop gives local contribution to action

= f d?x (coM® + ¢;M*R + c,M*R?* + c3R> +)

) . M* M? |
=1\ coM® +c1—5+ -+ 33—+

r2 r r®
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Branes and Naturalness

» Given the kinetic term Ly,;,, = M,*(dr/7)? the
resulting mass contributions are 6 m? = V/M,?

4 2
V=r2(cM6+cM id 1+ )
0) 1T2

M® M* M? 1

2
= +C +C +C +
( "MA T TTM2 T TP MGt T M4 )

m
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Branes and Naturalness

« Given the kinetic term_L.... = M .2(Adr /)2 the

resulting mass contri o . 4
This gives the naive

4D result:
V= (COM7 V=N M*=rz M° )

1
2
_( M6 +C1M2+CZM4T4+C3M4r6+)

m
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Branes and Naturalness

™ -

» Given the kinetic term Ly This gives fhe naive
resulting mass contributiorl KK contribution

M* m = M2/M, = 1/r

2 ) o
7"/! ! /

5 ( Me® M* M? 1 )
me = +

V=r? (COM6 + ¢4

+ C + C + C
Om4 " T M2 " A MArE T T3 M Ay
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Branes and Naturalness

 Glven th
resulting

V=r2(

o kinetic term ... = M.,
This is gives V ~ 1/r4
so could be the right
Size to be Dark Energy

2(0r/r)? the
'm? = VIM,?

1
r6+

m=1(M,r?)=H

M® M* M?

mZ

1
=( M6 +ClM2+CZM4r4+C3M4r6+>
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Branes and Naturalness

« Given the kinetic term_L.... = M .2(Adr /)2 the

resulting mass contri _ i
Do systems exist for

1 which first 3 terms
V = r? (COM6 + ¢4 - vanish? )

5 ( Me® M* M? 1 )
me = +

+ C + C + C
OMA " ITM2 T M Are T T3 M Ay
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Branes and Naturalness

» Given g, he

resultl 2

Back-reaction can cancel the rest for
V=g two supersymmetric extra dimensions )

, M® M* M? 1
mec = M6 +C1M2+CZM4T4+C3M4T6+
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Setup

» 6D Einstein-Maxwell-scalar system

1
L= 7 [R +(0¢)?] +e~ %P E, ., F™ + V(o)

» Two specific cases
e 6Daxion:a=0and V= A

6D supergravity: a =/ and V' = 29k e?

4
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Setup

« Simple solution
ds? = Gpndx™ dx™ + [dr? + a?L? sin? (E) d6?]e %o

a
F,.9 = Qal sin (Z) e 2P0 b = ¢
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Setup

« Simple solution (including back-reaction)
ds? = Gpndx™ dx™ + [dr? + a?L? sin? (E) d6?]e %o

a
F,.9 = Qal sin (Z) e 2P0 b = ¢

k°T
_a=_

2T
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Setup

» Simple solution (non-SUSY case)

ds? = Gpndx™ dx™ + dr? + a®L? sin? (E) do?

Fro = QaLsin (7) b = b
Field equations Flux quantization
2 3Q2 n
z=k (T“‘) 5 = 2al’

R = k?%(Q% —2N)
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Setup

» Simple solution (non-SUSY case)

ds? = Gpndx™ dx™ + dr? + a®L? sin? (E) do?

T
F,.9 = QaL sin (Z) ¢ = ¢y
S— 2 20?2
Q= Zoa? R = k*(Q? — 2A)
_ 8a?g? . 3n2k*A
L2 3n2k?2 \ 8a?g?
Sgalars 2011




Setup

» Simple solution (non-SUSY case)

ds? = Gpndx™ dx™ + dr? + a®L? sin? (E) do?

Fro = QaLsin (7) b = b

IfT - T+ 8T thenR — —

£ 2 where p = 28T

Tal?
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Setup

« Simple solution (SUSY case)
ds? = Gpndx™ dx™ + [dr? + a?L? sin? (E) df?]e %o

F,.9g = QalL sin (L) ~®o ¢ = ¢y

Field equations Flux quantization
295k _ K> Q7 n 5 a
K2 - 2 E = 2alL Q — g—R
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Setup

* |In SUSY case, how does system respond to
changes in brane tension?

n a
Flux quantization: r 20L*Q = In Obstructs T to oT
R
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Setup

* |In SUSY case, how does system respond to
changes in brane tension?

n a
Flux quantization: r 20L*Q = In Obstructs T to oT
R

 On other hand, general argument:

1 oT
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Setup

e Resolution: subdominant effects in the brane
action are important for flux quantization
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Setup

e Resolution: subdominant effects in the brane
action are important for flux quantization

* New function @ has interpretation as brane-

localized flux
jF +_z (I)b €¢
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Calculation

i | R T DGR e i ]

* More general solutions
ds? = e*W g, ,dx™ dx™ + dr? + e*BdO*?

Frg = Qe"~*Y ¢ = ¢(r)
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Calculation

 Perturb brane properties
T - T+ 6T(¢)

» To evade time-dependence add current

ALpyik = J¢ or ALpyik =J

 Find general solution to linearized equations

K21 « 1
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Calculation

« Sample solutions

oW = Wy + W; cos (E)

1 — cos(r/L) T
5¢p = ¢pg + P ln( Sn(r/L) ) — k%JL%1n [sm (Z)]

and so on

Scalars 2011



Calculation

» Brane-bulk boundary conditions:

(ePp)p = < (aLb)

2\ 0¢
KZ aLb
By, — _
2[foL, 3 oL
(BB — 1) = ——|( =2 + 22
2T aqb 26999

. dLp 2
Constraint: 4U,[2 — 2L, — 3U,] — (ﬁ) =0
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Calculation

e Non-SUSY result:

d L%R
Verr ) = [ S5 [

=0
o8

9
lﬁg 5T, — 06,

b o
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Calculation

e SUSY result:

5T, — 206, +——z 5T, — Q(Scbb =0

29¢

ie Einstein frame potential: V = U(¢)e??
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Calculation

e SUSY result:

=0

T —_ -
5T, 2Q6¢b+26¢Z6Tb Q5c1>,,
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Applications

 Three Intriguing choices:

Case 1: scale invariant:

if 5T independent of ¢ and 6 = Ce™? then V(¢) = Ae??
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Applications

 Three Intriguing choices:

Case 1: scale Iinvariant:

if 5T independent of ¢ and 6 = Ce™? then V(¢) = Ae??

Case 2: exponentially large volume:

6T, =A+ B (¢ +v)?> withv~50then 7 =Le %2> L
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Applications

 Three Intriguing choices:

Case 3: parametrically small vacuum energy:

8T, and 5@, both independent of ¢ then p =0

and ¢, adjusts to satisfy flux guantization condition

Scalars 2011



Applications

 Three Intriguing choices:

Case 3: parametrically small vacuum energy:

8T, and 5@, both independent of ¢ then p =0
and ¢, adjusts to satisfy flux guantization condition

Brane action independent of ¢ stable against brane loops
Bulk loops generate corrections of order e?® = (1/,)*
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Conclusions

 Branes and brane back-reaction can have
Important implications for low-energy theory

» Little explored beyond codimension one
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 Explicit matching between source and bulk known
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Conclusions
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 Branes and brane back-reaction can have
Important implications for low-energy theory

» Little explored beyond codimension one

 For codimension two:
 Explicit matching between source and bulk known

» Potentially useful applications: very light scalars;
exponentially large dimensions; progress on
cosmological constant; de Sitter constructions...
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