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OUTLINE

• How can Extra Dimensions explain the electroweak scale? 

• What are the key signatures of such models?

• How well do they comply with Electroweak Precision data?
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IR ~ k exp(-ky1) ~ TeV UV ~ 1018 GeV 

The proper distance between branes (volume)
= # “e-folds” to generate Planck/Weak hierarchy

Need ky1 ~ 35

mKK
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RS - SIGNATURES

Graviton zero mode:
UV-Localized

Graviton KK mode:
IR-Localized

Graviton zero mode is 
weakly coupled 

(1 / MPlanck)

Graviton KK modes 
have TeV masses

and are strongly coupled
(1/ TeV)

RS predicts spin-2 resonances at LHC
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MODEL VARIANTS

Gravity
Gauge
Higgs

Fermions

Gravity
Gauge Higgs

Fermions

Gravity
Gauge

Higgs

Fermions can be 
anywhere

(even UV brane)

Higgs can be 
moved to the bulk
(but not arbitrarily 

much)

needs to be IR dominated
∫ y1

0
e−2kyh2(y)



NEW PHYSICS STATES

RS models predict:
◊KK gravitons at LHC
◊Light scalar mode (Radion), fluctuations of volume
◊KK modes of other fields, notably spin-1(KK gluons)
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CONSTRAINING NEW PHYSICS

Leff = LSM +
Ci

Λ2
Od=6

i

In particular oblique corrections

OT = |H†DµH|2OS = H†WµνHBµν

LEP
measurements

FIT Coefficients of dim 6
operators

OY = (∂µBνσ)2 OW = (DµWνσ)2

See, e.g., Barbieri et al ’04
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RS - EFFECTIVE THEORY

Integrating out KK modes
creates these operators

Figure 1: Diagram contributing to the effective Lagrangian.

In other words we would like to compute the diagrams in Fig. 1. To this end we need
to evaluate

αB0B1

ij =
1

y3
1

∫ y1

0

dy dy′ ωi(y) ωj(y
′) GB0B1

(y, y′) (3.19)

where GB0B1
(y, y′) is the 5D gauge boson propagator at zero 4D momentum (with any

possible zero modes subtracted). The precise definition and explicit expressions are
given in App. B. The subscript Bi = N, D denotes the type of boundary conditions of
the gauge field at y = yi (Neumann or Dirichlet). Using the results for the propagators,
Eqs. (B.9) and (B.13), one obtains (after performing suitable partial integrations)

αDN
ij =

∫
e2A (1 − Ωi)(1 − Ωj) ,

αND
ij =

∫
e2A ΩiΩj ,

αDD
ij =

∫
e2AΩiΩj −

∫
e2AΩi ·

∫
e2AΩj∫

e2A
,

αNN
ij =

∫
e2A

(
Ωi −

y

y1

) (
Ωj −

y

y1

)
. (3.20)

All integrations are between 0 and y1. These remarkably simple expressions are totally
general and valid for arbitrary background metric and matter zero-mode wave function.
It is straightforward to check that in case one or both of the currents are localized on the
UV brane (Ωi(y) = 1), αDN and αDD are zero. Similarly if one or both currents reside
entirely on the IR brane (Ωi(y) = 0) the amplitudes αND and αDD vanish. Finally if
ωi(y) = 1 (for instance the case of c = 1/2 for fermions in RS) one finds αNN = 0. The
last result can also be understood from the individual couplings between the current
and each gauge KK mode,

∫
ωfn =

∫
fn. This integral vanishes as a consequence of

the orthogonality of the KK wave functions with the (flat) zero mode wave function
f0 = 1.

Let us apply this formalism to compute the precision observables [11]. Only SM
gauge fields propagate in the bulk, and all of them have Neumann-Neumann BC. Im-
posing a light Higgs it makes sense to keep the latter in the effective theory and compute
the operators involving both Higgs and fermion currents. The effective 4D Lagrangian

12

αS ∼ m2
W

m2
KK

αT ∼ m2
W

m2
KK

y1 (αT = ρ− 1 )
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W
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KK
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◊T is parametrically enhanced and 
provides dominant bounds on KK scale
◊Best available bounds within RS
mKK > 7 TeV

Chang et al ’99
Davoudiasl et al ’99
Huber + Shafi ’00

Cabrer, GG, Quiros ’10
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CUSTODIAL SYMMETRY

Then break to SM by 
UV boundary conditions

SU(2)L × SU(2)R
SU(2)L × U(1)Y

◊Zero modes: only SM gauge fields
◊KK modes: complete SU(2)L x SU(2)R multiplets
◊Custodial Symmetry kills T at tree level
◊Dominant bounds from S: mKK > 2-3 TeV

Extend gauge sector:   U(1)Y ⊂ SU(2)R [×U(1)X ] Agashe et al 2003
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MODELS BASED ON CS

Models with brane or bulk Higgs
(based on SO(4))
(composite Higgs model)

Agashe et al 2003
Carena et al 2006

Brout-Englert-Higgsless models (breaking by 
boundary conditions)
(based on SO(4)/SO(3))
(large NC Technicolor-like)

Csaki et al 2003

Gauge-Higgs unification models
(based on SO(5)/SO(4) etc)
(Higgs as a composite Pseudo-Nambu-Goldstone 
boson)

Agashe, Contino, Pomarol 2004
Carena et al 2006
Contino, Pomarol, da Rold 2006



MODELS WITHOUT CS

Little RS models
- Reduce volume such that T is reduced
- Only generates Hierarchy ~ 103 - 104

Large IR Brane Kinetic Terms
- Calculability an issue

Metric Deformations...

Davoudiasl, Perez, Soni 2008

Davoudiasl, Hewett, Rizzo 2002
Carena et al 2002

Cabrer, GG, Quiros 2010



METRIC DEFORMATIONS

5 10 15 20 25 30 35

5

10

15

20

25

30

35

Modified Warping 
creates large WFR
for bulk Higgs

A(y)

4 powers of H2 powers of H

Leff = Z|DµH|2 − V (H) + S H†WµνHBµν + T |H†DµH|2

Falkowski + Perez Victoria 2008
Cabrer, GG, Quiros 2010



METRIC DEFORMATIONS

5 10 15 20 25 30 35

5

10

15

20

25

30

35

Modified Warping 
creates large WFR
for bulk Higgs

A(y)

4 powers of H2 powers of H

Leff = |DµH|2 − V (
H

Z
1
2
) +

S

Z
H†WµνHBµν +

T

Z2
|H†DµH|2

Falkowski + Perez Victoria 2008
Cabrer, GG, Quiros 2010



METRIC DEFORMATIONS

0.8

1/3 1/4

1.5

1/51

3.0

7.5

mKK (TeV)

kL1 :

0 0.10 0.20−0.10−0.20

S

T

0

0.15

0.10

0.25

0.20

0.30

0.05

−0.10

−0.05

Figure 7: Plot of values of T and S for different values of L1 (different rays) and mKK

(dots along the rays). The 95% CL ellipse corresponding to 2 d.o.f., where the bounds
can be obtained from, is superimposed. The arrows indicate decreasing values of mKK

starting from infinity at the origin.

Higgs yielded [9] Y " W ! 10−3 at 95% CL. We plot in Fig. 8 the values of W = Y as a
function of kL1. We see that in the considered range in Fig. 6, kL1 " 0.2, the values of
these observables are well below the experimental bounds. Of course for smaller values
of mKK these observables would start to compete with S and T making the bound in
Fig. 6 to increase at some point for kL1 < 0.2, outside our considered range.

Finally in Fig. 9 we also present the bounds on KK masses for the different fields
living in the bulk and compare them with the bounds on gauge boson KK modes.
In particular we present the first heavy KK mode mass for the physical Higgs and
pseudoscalar, Eqs. (2.10) and (A.23), for the graviton, Eq. (4.3), and for the radion,
Eq. (4.7).

Let us now make a few comments on the involved scales in our theory. For every
set of variables (ν, ∆, a) EWPO fix a lower bound on the parameter ρ so that, since we
have fixed the total warp factor by A(y1) = 35, it turns out that, for every value of ρ,
k is fixed as k = e35ρ. 18 On the other hand the 5D Planck scale can be deduced from
Eq. (5.2). Considering the minimal lower bounds on ρ provided by the plot in Fig. 9
we obtain the values of M5, k and ρ (which is plotted on the right vertical axis) shown

18Notice that this procedure is purely operational. We could as well have fixed k (or even the
volume ky1) and have considered different warp factors for every case. Physics should not depend on
the chosen procedure.

27

Cabrer, GG, Quiros 2011



CONCLUSIONS

• A warped fifth Dimensions can explain electroweak scale.

• Distinctive collider signature (KK-gravitons, KK gluons, Radion)

• Electroweak precision test require some protection 
mechanism (custodial symmetry, metric deformations, or 
rather large KK scale)
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FLAT SPACE MODELS

mgauge
KK , mgrav

KK Weakly coupled

V −1

IR ~ TeV UV ~ 1018 GeV 
In flat space (no warping), IR scale is given by the volume:

IR scale “put by hand” BUT can be made stable in the 
context of gauge-Higgs unification:

AM → Aµ , Ai

- Embed Higgs in gauge bosons
- Gauge invariance forbids mass terms
- Finite radiative pot. controlled by volume!

Manton ’79, Hosotani ’83,  
Antoniadis et al ’01,.....

Md M2
Pl = V (Md)d−2


