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Outline

Why Extra Dimensions ?: Alternativ e solutions to the Hierarchy
Problem

Large Extra Dimensions: Diluting Gravity in a larger volume.

Universal Extra Dimensions: Democratic participation
=> TeV compacti cation.

Warping the compact to leave us at : AdS Extra Dimensions.

Electroweak Symmetry Breaking, Flavor Hierarchy and the return of
Strong Dynamics.

Conclusions: Tevatron, LHC, Flavor Physics, etc. will tell ...




The Limitations of the Standard Model

The Hierarchy Problem:
Why is the weak scale (< 10° GeV), so much smaller than the
gravitational scale(Mp ' 10% GeV) ?

In the Standard Model the weak scaleis not stable !l!

32 2M& +MZ+ m2 4m? =32 %v?)

But weneed < 1TeV
Another Ultra violet Catastrophe ?




Need new physics at the TeV scaleto stabilize the weak scale.

Additional states cancel divergencesdue to symmetries
(e.g. Supersymmetry)

New Strong Dynamics at  (Tednicolor/T opcolor).

Higgs is composite and \comes apart" at scale

Extra Dimensions: the TeV scaleis either their size 1=R, or the
true fundamental scaleof gravity.




Large Extra Dimensions

(Arkhani-Hamed, Dimop oulos, Dv ali '98)

Gravity appears weak (Mp Mw ), becauseit propagatesin large
extra dimensions... Its strength is diluted by the volume of the n
extra dimensions:
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Fundamental scaleis M Mw , not Mp
Mlg M n+2 Rn

There is no hierarchy problem!




Large Extra Dimensions

If werequire M = 1TeV:

R 2 10 ¥ 10" cm

= 1=) R = 10° Km. Already excluded!

= 2=) R' 2mm. Barely allowed by current gravity
experiments.

{ n>2=) R< 10 ® mm. This is ne.

Compact extra dimensions) graviton excitations (Kaluza-Klein)
Massgap m 1=R E.g. for

10 ° eV.
100 eV.

100 MeV.




Large Extra Dimensions - Phenomenology

Individual KK graviton couplings gravitationally suppressed
( 1:|V|p).

But for E 1=R ! sum of KK mode results in
M n+2

Collider Processes

g
E.g. Graviton productionq

e

Individual graviton decay rates 1=M3,) &1 signals at colliders.
Bounds on M from LEP and Tevatron (seenext).




Large Extra Dimensions - Phenomenology

Virtual KK Graviton Exchange Induces operators

dim 6 5f °
dm 8 T T

{ dim-8 operator leadsto ff ! ,ZZ; ..., pure d-wave.

{ Bounds on M from these ops. are in the (1-10's) TeV range.

Black Holes at the LHC? (Giddings, Thomas '02 )

Astrophysical Constraints
Supernova Cooling: Graviton emission carries too much energy,
cooling SN too fast. Forn=2, M > (10 100) TeV.

(Cullen, P erelstein ‘99, Hall, Smith '99).




Universal Extra Dimensions

(App elquist, Cheng, Dobrescu '01)

If someSM elds propagate in the bulk ) |[1=R~> 1 TeV |

But if we assumeall elds can propagate in the extra dimensions.
What is the allowed R ?

Momentum consenation in the extra dimensions
) | KK-number consenation

Forbidden

) KK excitations must be pair produced, direct bounds on 1=R are
lower.




Universal Extra Dimensions

Orbifold Compacti cation : Allows to have chiral fermions

S/z,

—

It breaks| KK-number ! KK-parit y

) Lightest KK Particle (LKP) is stable! |Dark Matter candidate

Direct and EW constraints;

1=R > 300 GeV for 5D
1=R > (400 600) GeV for 6D




Universal Extra Dimensions - Phenomenology

Light KK modes) large crosssections.

But, almost degenerateKK levels) little energy release:
Eg qql Q]_Q]_ | 2121+ &1 ! 4" + & (Cheng, Matc hev, Schmaltz '02 )

oD casewell motiv ated:

{ Proton Stabilit Yy (App elquist, Dobrescu, Ponton, Yee '01 )

{ Three generations (pobrescu, Poppitz ‘01 )

Signals somewhat di erent from 5D (Burdman,  Dobrescu, Ponton ‘04 )
E.g. SecondKK level cannot decay to two level-1 KK modes:
mo ' EZR.

Can decay to two zero-modesthrough KK-n umber violating brane
Kinetic terms.




Warped Extra Dimensions

One compact extra dimension. Non-trivial metric induces small
energy scalefrom Planck scale! (L. randai, R sundrum ).

A

s L7

L

Geometry of extra dimension generateshierarchy exponertially!
k L

with k the curvature

TeV M Planc k €




Warped Extra Dimensions

Warped 5D metric in RS

ds? = e 2 dx dx + dy?

Compactied on S;=Z, with L = R

AdS;

0
and k < Mp, AdSs curvature.

For kR' (11 12)




Warped Extra Dimensions

If only gravity propagatesin the bulk (SM elds on TeV brane):
Kaluza-Klein graviton tower

Zero-mode graviton G localized toward the Planck brane. This is
why gravity is weak! G couplesto SM elds as 1=M 3

First few KK graviton excitations localized toward TeV brane
| They couple strongly (as (1=TeV)? to elds there.
E.g.: Drell-Y an at hadron colliders




Warped Extra Dimensions - KK Gravitons at Hadron Colliders

Eg Drell-Y an (Da voudiasl, Hew ett, Rizzo '00)

I B B

Tevatron !




In original proposal, only gravity propagatesin 5D bulk.

RS is a solution of the hierarchy problem. But origin of EWSB?
And avor ? ...

Allowing gauge elds and matter to propagate in the bulk opens
many possibilities: models of EWSB, GUTs, avor, ...

The 5D massof a bulk fermion => localization of zero-mode.

If Higgs remains on TeV brane:
Fermions localized toward TeV brane are more massive
Fermions localized toward the Planck brane are lighter

Fermion Geography




Gauge Fields in the 5D bulk: KK decomposition in 4D (for Ay = 0
gauge):

X
Ay = pae AT V()
2 R
n=0
Zero-mode A (x)©© + KK tower of massive gauge bosonsfor n > 0,

with masses

mn' (n O()) e RN

l.e. for appropriate choice of R 1st KK excitations are O(TeV).

1st KK excitations have (") (y) localized toward TeV xed point.

The Gauge Symmetry usually either is or embedsthe SM:
e.g. SUB). SU@R)L SU((2)r U(1)x (restores custodial symm.)




Fermion Fields in the bulk: 5D fermion eld KK decomposition

X
1 . L
iR (GY) = P== SR YRR ()
n=0

5D fermion bquZmassterm I localization of fermion elds:
Pp___

S = d'xdy g c (xyY)(xy)

with ¢' O(1).

=> Fermion zero-modes can be localized by choosing c :
r

RiL _ R(1 20 ¢y
fo (¥) = e R@ 20) 1e




O(1) avor breaking in bulk can generate fermion mass hierarchy:

I C>1/2 C<1/ |

Higgs

Fermions localized toward the TeV brane can have larger Yukawas,
Those localized toward the Planck brane have highly suppressed
ones.

But fermionsat' R => strong couplings to 1st KK gaugebosons!
E.g: 3rd generation quarks might have large couplings! avor
violation.




Electroweak Symmetry Breaking and Warped Extra Dimensions

EWSB by Higgs in the TeV brane. But
Electroweak Precision Constraints ) bulk gauge symmetry must be
SU(2). SU(2)r to restore custodial symmetry or T is too

Iarge.(Agashe, Delgado, Sundrum  '03 )

Light
Fermions SU(Z)L X SU(Z)R

= or
Higgless

Higgs

PR

Can we do without the Higgs ? Higgless EWSB given by the
orbifold boundary conditions (csak, Gro jean, Mura yama, Teming ‘03 ).
Unitarit y is restored by KK gauge bosons. (chivukua,  Dicus, He ‘01 ).




HigglessEWSB and Warped Extra Dimensions

It is possibleto build theories of EWSB and Flavor without a Higgs.

(Csaki, Gro jean, Pilo, Terning '03; Nom ura ‘03)

EW Precision constraints: S tends to be large in AAS/CFT corresp.

I Iarge N : (Barbieri, Pomarol, Rattazzi '03; Burdman, Nom ura '03)

S ﬁ:16

2
Mg «

Alternativ es:

{ Large mxk,! small N. Leadsto strongly coupled \KK" sector.
Tednicolor-lik e.

Find source of negative S. E.g. kinetic terms on TeV brane
(Cacciapaglia, Csaki, Gro jean, Terning '04 ) Allows for low Mk k .
But generally constrained by combination of S;T (chivukuia,  He,

Kurac hi, Simmons, T anabashi '04)




HigglessWarped Extra Dimensions - Signals

If cancellation of S is naturally achieved, KK gaugebosonscan be
rather light and narrow.

Alternativ ely, dynamics may be strongly coupled at O(TeV) scale.
No spacedresonances,but broad enhancemerts in crosssections.

Flavor violation at tree level! Potentially rich array of deviations:
E ects of KK gluonsin CP asymmetriesin B! K s, B! Ky, Bs
mixing, ::: (surdman 03 );

Z mixing with KK excitations in b! s™" " (Budman, Nom ua 03; Agashe,

Perez, Soni '04); etc.

Conclusion: Getting back to strong dynamics at the TeV scale. Can
the extra dimensional picture help ?




