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The RS scenario: scales

EW symmetry breaking on IR brane

ds2
= e−2kyηµνdxµdxν

− dy2 y ∈ [0, L]Slice of AdS:

UV brane IR brane
Randall-Sundrum proposal (1999)

Delocalized SM fermions as a solution to RS1 flavor problem

SM fermion mass hierarchies

Suppression of FCNC’s due to
higher dimension operators

f0(y)

c = 0.6

c = 0.5

c = 0.4

y
0 L

0.5

1

1.5

2

2.5

Multiple scales through localization along the 5th dimension

Non-supersymmetric solution to the hierarchy problem

"TeV scale"→

(exponential hierarchies natural)



The RS scenario and EWSB 

New physics at a scale of order k̃ ≡ k e
−kL , although radiative

corrections to Higgs potential generically cutoff at Λ ! k̃

However, in a "gauge-Higgs unification" scenario, i.e. Higgs as      ,
loop contributions to        are really cutoff at mh k̃

A5

In fact, Higgs potential is calculable → can explain EWSB!

little hierarchy problem: why                  ?→ m
2

h ! Λ
2

strong coupling scale



But how light the new physics?
Tree level corrections to SM observables → stringent constraints

These constraints can put the new physics beyond the reach of the LHC

Large contributions to oblique parameters, e.g. T
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Shifts in fermion-gauge boson couplings ... or other
fermions

Imposing a custodial SU(2) symmetry 

In this talk I will consider models that tame the large tree-level corrections by

Quantum numbers such that bottom couplings are protected

(Agashe,Delgado,May,Sundrum)

(Agashe,Contino,DaRold,Pomarol)

S parameter remains as source of most important constraints...

... however, protected parameters can still be important



... and brake it minimally (at UV brane only)

2 SU(2)L × SU(2)R scenarios

We consider an SU(2)L × SU(2)R × U(1)X gauge theory on a slice of AdS5 with metric

ds2 = e−2kyηµνdxµdxν − dy2, (1)

and fifth-dimensional coordinate 0 ≤ y ≤ L. The fermions are allowed to propagate in the bulk.

In order to address the gauge hierarchy problem, the Higgs field has to be localized near the

IR brane (y = L). We will analyze both the case of a Higgs exactly localized on the IR brane,

as well as the case of a Higgs propagating in the bulk, as it occurs in gauge-Higgs unification

scenarios.

The gauge group is broken by boundary conditions to the Standard Model (SM) on the UV

brane (y = 0). This is done with the following assignment of boundary conditions

W a
L µ ∼ (+, +) , Bµ ∼ (+, +) , (2)

W b
R µ ∼ (−, +) , Z ′

µ ∼ (−, +) , (3)

where + (−) stands for Neumann (Dirichlet) boundary conditions, a = 1, 2, 3, b = 1, 2 and Bµ

and Z ′
µ are the following two combinations of neutral gauge bosons

Bµ =
g5 XW 3

R µ + g5 RXµ√
g2
5R + g2

5 X

, Z ′
µ =

g5RW 3
R µ − g5 XXµ√
g2
5 R + g2

5X

, (4)

with g5 R, g5X the five-dimensional coupling constants of the SU(2)R and U(1)X groups, respec-

tively. The covariant derivative in the basis of well defined parities then reads

Dµ = ∂µ − i

[
g5 LW a

L µT
a
L + g′

5

Y

2
Bµ + g5 RW b

R µT b
R + g5 Z′Q′

ZZ ′
µ

]
, (5)

where the hypercharge and Z ′ gauge couplings are

g′
5 =

g5 R g5 X√
g2
5 R + g2

5 X

, g5 Z′ =
√

g2
5R + g2

5 X , (6)

whereas the charges are

Y

2
= T 3

R + QX , Q′
Z =

g2
5 RT 3

R − g2
5XQX

g2
5 R + g2

5X

, (7)

so that the electric charge reads

Q = T 3
L + T 3

R + QX . (8)
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Custodial Symmetry
(Agashe,Delgado,May,Sundrum)

UV IR

U(1)Y

SU(2)L × SU(2)R × U(1)X
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Gauge

Make SU(2)R exact:

... and brake it minimally (at UV brane only)
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Potential counterterms only on UV brane (suppressed)

hypercharge and top quark:               and              with               .g′
√

2kL yt

√

2kL
√

2kL ∼ 8

Unlike in SM with Higgs doublet, large custodial violation due to KK of

UV IR

U(1)Y

SU(2)L × SU(2)R × U(1)X

– p. 4/4

Gauge (Agashe,Delgado,May,Sundrum)Make SU(2)R exact:

Custodial Symmetry: SU(2)L × SU(2)R

Custodial violation due to small KK-mode splittings: ,MW n
L
!= MW n

R

gW n
L
!= gW n

R

Schematically, the T parameter at tree-level:

WRW (0) W (0)

〈H〉

W (0)

ψ(0)

ψ(0)

W 3
µ W 3

ν

t
(n)
L

t
(0)
R

t
(m)
L

t
(n)
L

t
(0)
R

t
(m)
L

W 3
µ W 3

ν

t
(n)
L

t
(s)
R

t
(m)
L

t
(n)
L

t
(r)
R

t
(m)
L

– p. 1/4

−

WLW (0) W (0)

〈H〉

W (0)

ψ(0)

ψ(0)

W 3
µ W 3

ν

t
(n)
L

t
(0)
R

t
(m)
L

t
(n)
L

t
(0)
R

t
(m)
L

W 3
µ W 3

ν

t
(n)
L

t
(s)
R

t
(m)
L

t
(n)
L

t
(r)
R

t
(m)
L

– p. 1/4

= ∆++ − ∆
−+ ≈ 0

Tower with
0-mode

Tower with
no 0-mode

Possible solution: soften couplings with BKT’ 
(Carena,Delgado,E.P., Tait and Wagner)

1

2

(Davoudiasl,Hewett and Rizzo)



The T-parameter at one-loop

Non-local breaking of custodial SU(2) calculable→ T != 0,

(subdominant)

These depend on various localization parameters!

Fermions:
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Why one-loop interesting?
Localization towards IR brane → better custodial protection

→
Expect some degree of cancellation in this limit

New physics may contribute ∆T < 0 (top sector)

But in SM, top gives (1-loop)

Ttop =
Ncm

2
top

16πs2c2m2
Z

∼ 1

Simplest implementation of in fermion sectorSU(2)RExample:

cQ > 1/2

→ b
′

R ultralightqL =
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)

,

SU(2)L doublet
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R
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)

SU(2)R doublet
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Figure 1: Contribution to δgbL/gbL from Eq. (24), labeled by “gauge”, the contribution due
mixing with the lightest modes of b′R, and the sum of the two, for models based on SU(2)R

doublets and for k̃ = ke−kL = 1.5 TeV. The solid line gives δgbL/gbL from Eq. (23) for models
based on bidoublets of SU(2)L × SU(2)R. It is assumed that the Higgs is localized on the IR
brane. The band is the current 2σ bound.

The important point is that reproducing the top mass requires the localization of the zero

mode in Q near the IR brane. (As we mentioned in the previous section and will make explicit

below, the LH doublet qL cannot be taken too close to the IR brane due to large corrections to

the anomalous b couplings.) This in turn implies that the lightest mode of b′R, a state with the

quantum numbers of the RH bottom, becomes rather light. Its tree-level mixing with the LH

bottom induces large anomalous couplings of the latter to the Z gauge boson.

In Fig. 1 we plot the minimum obtainable δgbL/gbL as a function of cq, the localization

parameter of the SU(2)L doublet, assuming the Higgs is exactly localized on the IR brane. We

include the contribution due to exchange of KK gauge bosons in the case that the LH bottom

is a singlet of SU(2)R and gL = gR, given by Eq. (24), as well as the contribution due to the

mixing with the lightest b′R states. The gauge contribution depends only on cq and the KK

scale k̃ = k e−kL. The contribution due to mixing depends on cQ, the localization parameter for
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Large corrections to
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Coupling of Z to bottom
and custodial protection

:
(Agashe,Contino,
DaRold,Pomarol)
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T and custodial protection of ZbLb̄L
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Positive T from mixing with singlet!

Light singlet states that mix strongly with the top quark
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Figure 3: Contribution to the T parameter involving the KK modes of Eq. (29), which couple
to the Higgs through the top Yukawa coupling. We use k̃ = 1.5 TeV and mtop = 167 GeV. It
is assumed that the Higgs field has the profile of gauge-Higgs unification models, Eq. (48).

contribution to T coming from the gauge sector, as given in Eq. (20), which is not included in

Figs. 2 or 3. It is independent of cQ and ct, and is subdominant.

The figures exhibit the following features:

• T becomes more negative as cQ decreases, which localizes the bidoublet zero-modes near

the IR brane.

• As ct increases, which localizes tR near the IR brane, T becomes negative.

• If we separate tR sufficiently from the IR brane, T can become positive. However, in

doing so one is forced to increase the 5D top Yukawa coupling to reproduce the top mass,

eventually entering the strong coupling regime, i.e. the one-loop corrections are of the

same order as the tree-level coupling. We have cut the curves when the theory is strongly

coupled at the scale of the first KK mode. Thus, depending on the localization of the

bidoublet, cQ, T may never reach positive values.
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k̃ = 1.5 TeV

cb = −0.55

UV IR

– p. 4/4

(Carena,E.P,Santiago,Wagner)
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We would like to address the following, in the context of the previous models:

Localizing the light fermions near the "conformal" point can decouple
the tower of KK modes of the SM gauge bosons

Can one get rid of the bounds from the "S parameter"?→

How important are the 1-loop contributions to T and the            vertex ?ZbLb̄L

"S,T,U" analysis insufficient, global fit is required

Global fit to EW observables 
(Carena,E.P.,Santiago,Wagner)

Non-trivial constraints remain due to

Shifts in up- and down-type couplings different

Couplings to WR non-universal

Positive T preferred: constraints on localization
parameters of 3rd generation quark sector

=⇒ M
gauge
KK ! 2.5 TeV

k̃ ≡ ke
−kL ! 1 TeV (95% C.L.)IR UV

U(1)Y

SU(2)L × SU(2)R × U(1)X

SU(2)R
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– p. 4/4
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FIG. 2: Lower bound on k̃ = k e−kL as a function of c3 and clight for fixed c1 = 0.2 and

cRH = −0.6 (left panel). The different contours, from dark to light, correspond to k̃ =

1030, 1100, 1300, 1500, 1700 and 2000 GeV, respectively. The minimum is k̃min = 1 TeV, corre-

sponding to c3 ≈ −0.55 and clight ≈ 0.48. In the right panel we show the lower bound on k̃ as a

function of clight for fixed cRH = c3 = −0.6 and three values of c1. We also show the lower bound

on k̃ for c1 = 0.2 and c3 = −0.6, assuming cRH = −clight. The mass of the first gauge KK modes

is mgauge
1 ≈ 2.5 k̃.

the EW precision observables in the case that the light fermions are localized near the UV

brane.

The results are actually quite insensitive to the value of c1, with slightly better results

as we get Q1 farther from the IR brane, i.e. larger c1. If Q1 is too far from the IR brane,

however, it is not possible to generate the top quark mass, with a resulting upper bound

c1 ! 0.3. In Fig. 2 we show, in the left panel, the 2σ lower bound on k̃ as a function of

c3 and clight, for fixed c1 = 0.2, whereas in the right panel we show the bound on k̃ as a

function of clight for fixed c3 = −0.6 and three different values of c1 = −0.2, 0, 0.2, displaying

the mild dependence on this latter parameter. We also show in the same figure the effect of

localizing the light RH quarks and leptons at the same point as the LH ones. The minimum

of the fit then shifts to −cRH = clight ≈ 0.51 with a lower bound k̃ " 1.2 TeV.

The dependence on the localization of the light fermions is easy to understand. The fit

is virtually independent of the particular localization once the conformal point is crossed
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mH = 115 GeV

(use Han, Skiba fit  
based on dim-6 ops)



Global fit to EW observables 
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New measurements of mWmt and may generate some tension in SM

Interestingly, tension relaxed in the presence of the new physics

mW

mWGreen region: predicted 
at 95% CL (global fit with 
excluded,                         )mh = 115 GeV

68% C.L. based on 
combined CDF/D0 top mass,

plus newest combined LEP and 
Tevatron measurement of

MW = 80.398 ± 0.025 GeV

mt = 170.9 ± 1.8 GeV

,



Application: Gauge-Higgs Unification

UV: SU(2)L × U(1)Y SO(4) × U(1)X " SU(2)L × SU(2)R × U(1)XIR:

Extra gauge bosons have the quantum numbers of the Higgs

No tree-level Higgs potential → induced at one-loop (calculable)

SO(5)/SO(4) Aâ

µ(−,−) Aâ

5(+,+)→
Identify
with H

Bulk gauge symm: SU(3)c × SO(5) × U(1)X SO(5) ⊃ SU(2)L × SU(2)R→

The fermion sector is more model dependent. Built out of

5 ∼ (2, 2) ⊕ 1 10 ∼ (2, 2) ⊕ (3, 1) ⊕ (1, 3)and

cL, cR 1
st

, 2
ndlocalization of gen.

c1, c2, c3 3
rdlocalization of gen.

Other parameters relevant
the for EW fit: →

Lm = δ(y − L)
[

ū′

LM̃uuR + Q̄1LMuQ2R + Q̄1LMdQ3R + h.c.
]

Since Yukawa’s gauge coupling: flavour from IR localized mass terms↔



Figure 6: c1 vs c2. Blue (dark gray) crosses represent the linear regime, green (light gray) x’s the non-linear regime
and black dots where a minimum for the effective potential exists.

the minimum to higher values of λh/fh, getting into the non-linear regime. We conclude that to
remain in the linear regime, we cannot have an arbitrarily high MB1 boundary mass parameter.

The behavior fh ∝ 1/k̃ is seen in Figure 5 where, moreover, we notice that for the linear regime,
values of k̃ ! 1.5 TeV are obtained. This low value of k̃ will lead to interesting phenomenology for
the decays of light KK-fermions and KK-bosons.

In Figure 6 we see that a selected region of the plane c1 − c2 is suitable for minimizing the
effective potential with the experimentally observed W , Z, top and bottom masses, and that the
linear regime basically applies through out this region. As emphasized before, c1 ! 0 and c2 " −0.4
are the ones preferred by consistency with electroweak precision measurements [9]. In Figure 7
we noticed that the same phenomenologically accepted region for c2 in the c2 − c3 plane with
−0.6 ≤ c3 ≤ −0.55 is chosen and it is also homogenously covered in the linear regime.

Figures 8 and 9 are very interesting for collider phenomenology and therefore deserve special
attention. Even though we haven’t included the plot, we calculated the mass of the W first excited
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V (h) =
∑

r

±
Nr

(4π)2

∫
∞

0

dp p3 log ρ(−p2)

The Higgs Potential
Falkowski
Medina, Shah and WagnerColeman-Weinberg potential:

Quartic from top spectral function:

Correct top (and bottom) masses
for either:

mostly compositetR (c2 ∼ 0.4)

mostly fundamentaltR (c2 ∼ −0.4)

fh ∝ k̃/
√
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ρt(z
2) = 1 + Ft1(z

2) sin2
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h
√
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)

+ Ft2(z
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h
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)

Higgs is NGB

Correct EWSB pattern (i.e.       ,       ) 
for any     , c1 c2

mZ mW

cannot be very flattL (|c1| ≤ 0.3)



Consider "oblique region" with light fermions far from IR brane 
(fit unlikely to improve significantly in other regions)

EW constraints on Gauge-Higgs scenario

Restric to "linear" regime: h
√

2fh

≈ sin

(

h
√

2fh

)

< 0.3

mb

mh

Green region: EWSB, linear approx holds, correct       ,      ,
       above LEP bound, and                   (                       )

mt

k̃ < 2 TeV M
gauge
KK < 5 TeV

EWSB but 
incorrect    .mt Linear

Non-Linear

95% C.L.

tR ~ "fundamental" composite

(E.P. and Santiago)



All points obey conditions of green 
region in previous two figures

mostly singlet

UV IR
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Lightest KK fermion states

Couplings of G′

µ to 3rd gen. in units of gs
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Some properties of fermionic states

Couplings to KK gluons of LH (t,b)
comparable to those of RH top 

Light vector-like SM singlets
(that can give T > 0)

Exotic states can be light if they do not 
violate custodial symmetry (naturally
present in gauge-Higgs scenarios)

→ degenerate vector-like fermions



Conclusions

Lightest states likely to have a large singlet component

Lightest bidoublet KK fermion states likely to be fairly degenerate

Couplings of             to new physics need not be suppressed 
compared to those of     .

(tL, bL)

tR

Expect non-trivial decay chains of KK gluons

Calculability at loop level can constraint the parameter space and suggest 
interesting consequences for the collider phenomenology:

Possible to build fully realistic RS scenarios, that 

pass EW constraints

have gauge boson KK resonances likely accessible at the LHC

require KK fermion resonances lighter than gauge KK modes

dynamical EW symmetry breaking



Details of fermion sector
The fermion sector is more model dependent. Built out of

5 ∼ (2, 2) ⊕ 1 10 ∼ (2, 2) ⊕ (3, 1) ⊕ (1, 3)and

In gauge-Higgs unification scenarios Yukawa’s arise from gauge coupl.

Flavour structure from mixing via IR localized mass terms
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cL, cR 1
st

, 2
ndlocalization of gen.

c1, c2, c3 3
rdlocalization of gen.

Other parameters relevant
the for EW fit: →

Lm = δ(y − L)
[

ū′

LM̃uuR + Q̄1LMuQ2R + Q̄1LMdQ3R + h.c.
]



Standard Notation Measurement Reference

Atomic parity QW (Cs) Weak charge in Cs [21]

violation QW (T l) Weak charge in Tl [22]

DIS g2
L, g2

R νµ-nucleon scattering from NuTeV [23]

Rν νµ-nucleon scattering from CDHS and CHARM [24, 25]

κ νµ-nucleon scattering from CCFR [26]

gνe
V , gνe

A ν-e scattering from CHARM II [27]

Z-pole ΓZ Total Z width [20]

σ0
h e+e− hadronic cross section at Z pole [20]

R0
f (f = e, µ, τ, b, c) Ratios of decay rates [20]

A0,f
FB(f = e, µ, τ, b, c) Forward-backward asymmetries [20]

sin2 θlept
eff (QFB) Hadronic charge asymmetry [20]

Af (f = e, µ, τ, b, c) Polarized asymmetries [20]

Fermion pair σf (f = q, µ, τ) Total cross sections for e+e− → ff [20]

production at Af
FB(f = µ, τ) Forward-backward asymmetries for e+e− → ff [20]

LEP2 dσe/d cos θ Differential cross section for e+e− → e+e− [28]

W pair dσW /d cos θ Differential cross section for e+e− → W+W− [29]

MW W mass [20, 30]

TABLE I: Relevant measurements

inferred. Predictions for experiments are computed in terms of the inputs and the coefficients
of the new operators. The experimental quantities we use to constrain the coefficients of op-
erators are listed in Table I. Detailed descriptions and references for individual experiments
can be found in many reviews, for example in Refs. [19] and [20].

The list of experiments in Table I does not include the anomalous magnetic moment of the
muon [31], one of the most precisely measured electroweak quantities. The operators that
contribute directly to (g−2) involve left and right-handed fields and are not U(3)5 invariant.
There are also loop contributions from operators like OWB, OW , and many four-fermion
operators. Such loop contributions are divergent and require introducing counterterms in
the form of operators excluded from our analysis due to their lack of U(3)5 invariance. An
operator analysis of contributions to the muon (g − 2) can be found in Ref. [32].

For a given observable X, our prediction can be written as:

Xth = XSM +
∑

i

aiXi, (17)

where Xth is the prediction in the presence of additional operators, XSM is the standard
model prediction and

∑

i aiXi are corrections from our new operators. In practice, the SM
predictions are computed to the required accuracy in perturbation theory and are well known
for all the measurements we use. Note that the corrections Xi arise in two different ways.
First, an operator can generate a new Feynman diagram contributing to a given physical
process. For example, a four-fermion operator Ole enters the e+e− → µ+µ− process as a new
diagram, in addition to the Z and γ exchange diagrams. We call this “direct” correction.
Second, some operators can shift the input parameters, because they add new diagrams
to the physical processes based on which α, GF , and MZ are measured. Thus, the input
parameters determined from these observables are different from their SM values. Since

6

Observables used in global fit
(bottom treated independently)

(Han,Skiba)


