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They could be there,...

Oscar Klein

In GR Symmetries of
Extra Dimensions
yield Gauge Fields

Quantum Version?
Sources!




...and are required by
string theory,...

11-I Supersravity

E& X ER Heterotic

O(32) Heterotic

Type IIE Type

Consistency requires 10 or || dimensions




.. which inspires
holography/ duality,...

Equivalence of
theory on
boundary of
space-time to
that on the
Interior...

(More Later)




... and, with branes, their existence
could address the hierarchy.
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Large Extra Dimensions
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For M = | TeV:

e n=2=>R=0(1mm) & R!'~10"%eV
SuperNovae require M > 50 TeV forn =2

e n=6=>R=0(10""%cm) & R™' ~10MeV

Arkani-Hamed, Dimopoulos, Dvali, & Antoniadis, Lykken, Dudas, Gerghetta, ...




Collider Limits on LED
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Warped Extra Dimensions

Island Universes in Warped Space-Time

According to string theory,
our universe fmghl. consist of
a threa-dimensional “brane,”
embeadded in higher
dimansions. In the model
developed by Lisa

Handall and Baman
Sundmm, gravity is much
weaker on our brane

than on ancther brang,
separated from us by a

fitth dimension. (Time is

the unseen fourth
dimansion, )

Fifth dimension

Space is warped by energy throughout
five-dimensional space-time. As a result,
gravity is much weaker on our brane.

GRAVITY BRANE H o © : i
{where gravily is o = i
concentrated) % o o ~ Gravitions,
& = which transmit gravity, are
D-\.

closed strings, which are not
confined to either brane.

ds? —2krelel 2, + r2dp?

2
Mp, x

The ends of

. open strings,
WHOSE
oscillations are
particles and
forces other
than gravity,
are stuck to
our brane.

{our unifverss)

Warped space-time
Because space-time is warped,
things are exponentially bigger and
lighter closer to our brane,
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RS Experimental Limits
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Can Extra-D be related to EVVSB?
Consider Loss of Unitarity in

W W,
W W,
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Massive Gauge Bosons arise
from Extra-D YM Theories!

Flat Space: KK mode
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Expand 5-D gauge bosons in eigenmodes:
c.g for SI/ZZ A = \/_R A () + V2 Z Af(2y) COS (n:c5)]
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Energy Scales and
Couplings

KK excitation A
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Generalizations

Applies to any 5-D manifold with Lorentz
Invariance for fixed x>:  A* = %" A#(z")f,(«%)

KK eigenvalues and wavefunctions depend
on metric and boundary conditions

KK couplings related to overlap of KK
wavefunctions: g,.,., x / da® fr(2°) f (2°) fo(2°)

Yields Lorentz-invariant effective field
theory for infinite tower of KK modes.




4-D KK Mode Scattering
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Elastic Unitarity

STS=7 = |s*=1

: Unitarity
Im a : Bound on
s1=142ia; = Im(a) = |ay)? . Pea
s
a; = € sin oy Physical Amgfitude
1 [4k2]Y?

= dcos M(s, 0

= [+ ). ; =0
/ Re a

Feynman Amplitude \
Born Amplitude

Jacob and Wick, 1959




MultiChannel Unitarity
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Eigenvalues of 7; bounded : max [|Re (¢"* sinA;)|] < %

see, for example Durand and Lopez, PRD 40, 207 (1989)




No Free Lunch

Non-renormalizability of 5-D YM implies lingering
unitarity issues ... how is this manifest in KK scattering?

Consider a state composed of KK pairs with n < N
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Grows with Np!




Moral: Unitarity can be delayed,
but not avoided!

® unitary bound on G?DO implies highest KK mode

number is bounded from above:
No . V3272 O(1)
R kg2
(consistent with 5-d intuition)




Can we use this idea in EVVSB?

Unitarize TeV-scale VW W_ scattering using
vector bosons?

If KK modes exist, Mw << Mgg!!

Luckily, unitarization generalizes to a large
class of 5-d manifolds and boundary
conditions!

Csaki, Grojean, Murayama, Pilo, Terning




Simplest TC-inspired Model

1
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Foadi, Gopalkrishna, Schmidt hep-ph/0312324
Carena, Tait, Wagner hep-ph/0207056




Power Counting and Scales

/ g5
Standard Model Recovered in limit: ¢, g <
VR
g Vei+g? 1
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Need moderately strong g; in order to gain anything!
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INCONSISTENT




Choose “bulk” gauge group, location of fermions, and
boundary conditions

Choose g(xs)
Choose metric/manifold: g (x )
MNT S More
Calculate spectrum & eigenfunctions Next
Lecture!

Calculate fermion couplings
Compare to Standard Model:S, T, U, ...
Can we find a viable model?

How can we analyze many at once?




AdS/CFI...




Duality: 2-D Ising Model
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“strong-coupling/weak-coupling duality”
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Kramers and Wannier, 1941




AdS/CFT Duality

Conjecture: Equivalence of 5D theory in AdS and 4D CFT

2
ds® = (E) [nuydx“dx” — dz2]

zZ

R<z< R

NB: Rescaling Invariance!

Uv > IR

Strong evidence for N=4 SUSY YM string theory on AdS

Strongly-coupled CFT < Weakly-coupled 5D Theory!




AdS/CFT and Large-N

g?crt Nerr = A fixed Gluon:

- “u - T j

V@JQD ﬁ
Leading Term arises from Q

planar diagrams : @
O/gw@

‘t Hooft, NPB 72 (1974) 46|




AdS/CFT Dictionary

Bulk of AdS
Coordinate (2) along AdS
Appearance of UV brane

Appearance of IR brane

KK modes localized on IR brane
Modes on the UV brane
Gauge fields i bulk

Bulk gauge symmetry broken
on UV brane

Bulk gauge symmetry unbroken
on UV brane

Higgs on IR brane

Bulk gauge symmetry broken

on IR brane by BC’s

CFT
Energy scale in CFT
CFT has a cutoft

conformal symmetry  broken
spontaneously by CFT

composites of CFT
Elementary fields coupled to CFT
CFT has a global symmetry

Global symmetry not gauged

Global symmetry weakly ganged

CFT becoming strong produces
composite Higes

Strong dynamics that breaks
CFT also breaks gauge symmetry

Csaki hep-ph/0510275




Duality and nggsless Models

A Higgsless Theory on AdS could be “dual” to a
conformally-invariant model of dynamical EVVSB :
like walking TC!

Simmons Lectures




Energy Scales and
Couplings with AdS/CFT

Quantum Corections in 5D A
KK TheOr)’3 String Theory?
2 A —
o9\ _p(_ 1 uv
167‘(‘2 NC’FT
2 5D EFT
2 95 ™
/ M ~
94 Rlog% KEUR
IR —
Naive Dimensional Analysis: 4D EFT
247'('3 - 6 NCFT MKK .

Anpa = ,
g2 log £

How close are we to large-N?
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Summary

Extra dimensions could be present, and are
motivated by various theoretical ideas.

Higgsless models utilize 5-D gauge theories
with BC’s to realize EWSB.

AdS/CFT interpretation of Higgsless models
& “Walking Technicolor”

Can we analyze theories in general
and construct viable ones?

Next Time: Deconstruction §
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