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A bst r act

We consider various constraints on Higgsless models of elect roweak symmetry breaking
based on a bulk SU(2)L ! SU(2)R ! U(1)B ! L gauge group in warped space. First we
show that the S parameter which is posit ive if fermions are localized on the Planck
brane can be lowered (or made vanishing) by changing the localizat ion of the light
fermions. If the wave funct ion of the light fermions is almost ßat their coupling to the
gauge boson KK modes will be close to vanishing, and therefore contribut ions to the
S parameter will be suppressed. At the same t ime the experimental bounds on such
Z " and W " gauge bosons become very weak, and their masses can be lowered to make
sure that perturbat ive unitarity is not violated in this theory before reaching energies
of several TeV. The biggest di! culty of these models is to incorporate a heavy top
quark mass without violat ing any of the experimental bounds on bot tom quark gauge
couplings. In the simplest models of fermion masses a su! cient ly heavy top quark
also implies an unacceptably large correct ion to the Z bøb vertex and a large split t ing
between the KK modes of the top and bot tom quarks, yielding large loop correct ions
to the T-parameter. We present possible direct ions for model building where perhaps
these constraints could be obeyed as well.
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1 Introduction

Thequest to uncover theorigin of electroweak symmetry breaking hasbeen at theforefront of
part icle physics for 25 years, and after a tremendous amount of theoret ical e! ort it is clearer
than ever that we will need experiments to answer the quest ion. This has been further
emphasized by the explosion in the last few years of a plethora of alternat ive electroweak
symmetry breaking scenarios, which bear lit t le resemblance to thethree tradit ional solut ions:
the standard model (SM), the minimal supersymmetric standard model, and the technicolor
scenario. In addit ion to large extra dimensions [1], warped extra dimensions [2], gauge
component Higgses [3], Òlit t leÓHiggses [4], and ÒfatÓHiggses [5], one of the most recent
proposals, and in some ways most radical, is the Higgsless scenario [6Ð9]. These models
take advantage of the fact that with a Higgs localized in an extra dimension, there exists a
limit where the Higgs decouples from WW scattering but with a Þnite W mass. The limit
is achieved by taking the Higgs vacuum expectat ion value (VEV) to " . In this limit the
gauge symmetry breaking amounts to imposing Dirichlet boundary condit ions on the gauge
Þeld at one end of the extra dimension [6]. Quarks and leptons can receive masses from
boundary condit ions as well [8Ð10]. Since there is no contribut ion to WW scattering from a
Higgs boson, these scat tering amplitudes are unitarized by another mechanism: exchanges
of the Kaluza-Klein (KK) tower of gauge bosons [6, 11]. Taking the extra dimension to be
ant i-de Sit ter (AdS) with an SU(2)L ! SU(2)R! U(1)B ! L gauge group in the bulk has the
dual advantage of raising the KK masses to phenomenologically acceptable levels (and thus
solving theÒlit t lehierarchy problemÓ) and also imposing a custodial isospin symmetry which
protects the rat io of the W and Z masses. The presence of this custodial isospin symmetry
follows from the AdS/ CFT correspondence [12]. Further propert ies of Higgsless models and
di! erent variat ions have been explored in refs. [13Ð26].

This scenario shares many common features with technicolor models: in fact it can be
thought of as a gravity dual of technicolor models, except that there are regions of parameter
space where the theory is in fact weakly coupled and calculable. The leading correct ions to
electroweak precision observables have been calculated for the simplest setup in refs. [13Ð15],
where a large posit ive contribut ion to the S parameter has been found. This can be lowered
by introducing a brane induced kinet ic term on theTeV brane for theB # L gaugegroup [15],
however at the price of lowering the mass of one of the Z " modes to levels already excluded
by LEP2 [27] and/ or Tevatron [28].

In this paper we point out that one can in fact easily eliminate the large contribut ions
to the S parameter by changing the posit ion of the light fermions. The reason behind
this is simple: the oblique correct ion parameters S, T, U on their own are meaningless unt il
the normalizat ion of the couplings between the fermions and the gauge bosons is Þxed. An
overall shift in the fermion gaugeboson couplings can bereabsorbed in theobliquecorrect ion
parameters and thus e! ect ively change the predicted values of S, T, U. This is exact ly what
happens when one changes the localizat ion parameters of the light fermions. Unt il now all
calculat ions of the oblique parameters in Higgsless models [13Ð17] or variat ions [18Ð21] have
assumed that the fermions are strict ly localized on the Planck brane, in which case one
obtains a posit ive S parameter. However, it has been known for quite a while [29] that if
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fermionsare localized on theTeV brane then theS parameter in theRandall-Sundrum model
is in fact negat ive. Therefore it should be expected that there should be an intermediate
posit ion where S exact ly vanishes. This actually happens when the fermion wave funct ions
areÒßatÓ, corresponding to localizat ion parameter c = 1/ 2. This is just a simpleconsequence
of the orthogonality of the KK mode wave funct ions of the gauge bosons: when c = 1/ 2
the coupling of the KK gauge bosons to the fermions vanishes, eliminat ing any possible
addit ional LEP or Tevatron constraints on this setup. The fact that for c = 1/ 2 the S
parameter generically vanishes was Þrst ment ioned in [12].

Another issue frequent ly discussed regarding Higgsless models is thequest ion whether the
Þrst KK mode of the gauge bosons is light enough to actually unitarize the WW scattering
amplitudes at weak coupling [13,16,26]. It follows from general arguments that the asymp-
tot ically growing terms in the individual scat tering amplitudes always cancel, however one
also needs to make sure that the Þnite terms are su" cient ly small and in the perturbat ive
regime, even after taking a coupled channel analysis into account. In this paper we point out
that by adjust ing the value of the bulk curvature scale one can lower the masses of the KK
gauge bosons to a few hundred GeV, without conßict ing the direct search bounds due to the
weak coupling of the light fermions to the KK modes, while the S parameter can be made
vanishing by adjust ing the localizat ion parameter c of the fermions. This way we show that
the two most commonly quoted problemat ic aspects of Higgsless models are in fact easily
avoidable.

Rather, we Þnd that the most serious issue of these models is the inclusion of a heavy
top quark. In the simplest implementat ion of fermion masses one will generically either
Þnd a top quark mass that is too low, or a correct ion to the Zbøb vertex that deviates
from the SM predict ion beyond allowable levels. Furthermore, in most cases when the top
quark is su" cient ly split from the bottom quark there is also a large split t ing in the KK
modes of the top and bottom quarks leading to unacceptably large loop correct ions to the
T parameter [12]. We present some speculat ions on possible extensions of the model where
the third generat ion could perhaps be included without violat ing experimental bounds.

2 The Model

We will consider a bulk SU(2)L ! SU(2)R! U(1)B ! L gauge theory on an AdS5 background,
working in the conformally ßat metric

ds2 =
!

R
z

" 2 #
! µ! dxµdx! # dz2

$
(2.1)

where z is on the interval [R, R"]. The AdS curvature R is usually assumed to be of order
1/ MP l , however it is a freely adjustable parameter. In the following we will usually assume
R = 10! 19 GeV! 1 in all the numerical examples, except in sec. 4. The parameter R" sets
the scale of the gauge boson masses, and will therefore be R" $ 1/ TeV. As usual we will
call the z = R endpoint the Planck brane and z = R" the TeV brane. We will use the usual
bulk Lagrangian, with canonically normalized kinet ic terms and in the unitary gauge, where
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all the A5Õs decouple and we are left with a KK tower of vector Þelds, (AL
µ , AR

µ , Bµ) [6, 7].
We denote the 5D gauge couplings by g5L , g5R and ÷g5. Electroweak symmetry breaking is
achieved by the boundary condit ions that break SU(2)L ! SU(2)R % SU(2)D on the TeV
brane and SU(2)R ! U(1)B ! L % U(1)Y on the Planck brane. We also consider kinet ic terms
allowed on the branes [8,15], that in terms of Þeld stress tensors can be parametrized:

L = #
%

r
4

W L
µ!

2
+

r "

4
B Y

µ!
2
&

" (z # R) #
R"

R

%
#"

4
Bµ!

2 +
#
4

W D
µ!

2
&

" (z # R") , (2.2)

where AD = (g5RAR + g5L AL )/
'

g2
5R + g2

5L and B Y = (g5RAR3 + ÷g5B)/
'

g2
5R + ÷g2

5. The
consistent set of boundary condit ions [6,7,15] is:

at z = R" :

(
$z(g5RAL a

µ + g5L AR a
µ ) # #M 2 R!

R (g5RAL a
µ + g5L AR a

µ ) = 0,

g5L AL a
µ # g5RAR a

µ = 0, $zBµ # #"M 2 R!

R Bµ = 0;
(2.3)

at z = R :

)
*+

*,

$zAL a
µ + rM 2AL a

µ = 0, AR 1,2
µ = 0,

$z(g5RBµ + ÷g5AR 3
µ ) + r "M 2(g5RBµ + ÷g5AR 3

µ ) = 0,

÷g5Bµ # g5RAR 3
µ = 0.

(2.4)

Thus the parameters of the gauge sector of the theory are given by R, R", g5L , g5R, ÷g5,
r , r ", #, #". TeV scale observables are quite insensit ive to the precise magnitude of R, as
long as it is much smaller than R". One combinat ion of the remaining parameters is Þxed by
the W mass, while the matching of the 4D couplings g, g" determines two more parameters.
Therefore one can pick as free parameters of the theory the following set : R, g5R/ g5L , r , r ",
#, #".

3 Oblique Corrections

A major stumbling block for non-SUSY alternat ives to the SM are the e! ects of oblique
correct ions [29Ð31]. In the following we will use S, T and U to Þt the Z-pole observables,
mainly measured at LEP1. These three parameters are su" cient for predict ing all of those
observables. In [17], Barbieri et al. proposed a new enlarged set of parameters to also
take into account the di! erent ial cross sect ion measurements at LEP2. The only addit ional
informat ion contained in these parameters is the bound on the coe" cients of the four-Fermi
operators that are generated by the exchange of gauge boson KK modes. In our language S,
T and U are a linear combinat ion1 of the parameters of [17]. In our approach we simply use
the bounds on S, T and U from the Z-pole observables, while the bounds on the four Fermi
operators are taken into account by direct ly imposing the constraints on new gauge bosons
from LEP2 and from the direct searches at Tevatron.

1Note however the slight di" erence in the deÞnit ion of the SM couplings g, g!: in our approach they are
direct ly deÞned at M Z , namely they are the tree level couplings of the mass eigenstate. On the other hand,
in [17] they are deÞned at low energy, thus also including contribut ions of fourÐfermi operators.
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Perturbat ively the S parameter ÒcountsÓthe number of degrees of freedom that part ic-
ipate in the electroweak sector, while the T parameter measures the amount of addit ional
isospin breaking. Contribut ions to U are typically very small. Both S and T must be typi-
cally small (< 0.25) in order to be compat ible with precision electroweak measurements [32].
To be more precise, in a Higgsless model we should compare with a Þt that assumes a large
Higgs mass, namely equal to the cuto! of the theory2. In this case, a slight ly negat ive S and
posit ive T are preferred [17].

3.1 Planck brane localized fermions.

Electroweak symmetry breaking sectors that are more complicated than a 4D Higgs doublet
tend to have posit ive S parameters of order 1. In Higgsless models with a warped extra
dimension it has been shown [15] that both the rat io of SU(2)L and SU(2)R couplings,
g5R/ g5L aswell askinet ic termson theTeV branea! ect theS and T parameters in important
ways. With no brane kinet ic terms and g5R = g5L , S = 1.15 and T = 0. Increasing the rat io
g5R/ g5L reduces3 S to

S &
6%

g2 log R!

R

2

1 + g2
5R

g2
5L

(3.1)

while keeping T & 0. A qualitat ively similar e! ect is induced by Planck brane kinet ic terms,
the only di! erence being in the couplings of the gauge bosons, thus a! ect ing the bounds on
direct Z " searches. As shown previously in [15] the TeV brane kinet ic terms produce further
correct ions. The non-Abelian brane kinet ic term gives a correct ion to S at Þrst order,
mult iplying the previous result by 1+ 4

3
"
R , while giving a very small posit ive contribut ion to

T. The #" correct ions are more complicated, and more interest ing. The Þrst e! ects appear
at quadrat ic order, and they give negat ive correct ions to both S and T. The Abelian brane
kinet ic term, #", also has the e! ect of reducing the mass of the lightest neutral KK gauge
boson resonance. We scanned the model in this 3D parameter space, (g5R/ g5L , #, #"), to
uncover regions allowed by experiments. In Fig.1 we show combined plots for four values of
g5R/ g5L = 1, 2, 2.5, 3. In order to sat isfy both precision tests and LEP2/ Tevatron bounds, a
large g5R/ g5L rat io is required. In this case, however, the masses of the resonances are raised,
making them possibly ine! ect ive in restoring part ial wave unitarity and leading to strong
coupling below 2 TeV. These results are in agreement with the conclusions of refs. [16,17].

3.2 Delocalized Reference Fermions

In the following, we would like to focus on an alternat ive solut ion to theS problem which has
addit ional beneÞcial side-e! ects. It hasbeen known for a long t imein Randall-Sundrum (RS)
models with a Higgs that the e! ect ive S parameter is large and negat ive [29] if the fermions

2It is easy to understand it if we think of Higgsless models as theories with Higgses that are removed by
sending their VEVs (and masses) to inÞnity.

3This is in accord with the crude expectat ions for a chiral technicolor theory [33].
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Figure 1: Combined plots of the experimental constraints on Higgsless models for di! erent
values of the g5R/ g5L rat io, in the parameter space #Ð#" (normalized by R logR"/ R). The
solid contours for S (red) and T (blue) are at 0.25; the dashed contours at 0.5. The black
solid (dashed) line corresponds to a deviat ion in the di! erent ial cross sect ion of 3% (2%) at
LEP2. The shaded region is excluded by a deviat ion larger that 3% at LEP and/ or direct
search at Run1 at Tevatron.

are localized on the TeV brane as originally proposed [2]. When the fermions are localized on
the Planck brane the contribut ion to S is posit ive, and so for some intermediate localizat ion
theS parameter vanishes, asÞrst pointed out for RSmodelsby Agasheet al. [12]. Thereason
for this is fairly simple. Since the W and Z wavefunct ions are approximately ßat , and the
gauge KK mode wavefunct ions are orthogonal to them, when the fermion wavefunct ions are
also approximately ßat theoverlap of a gaugeKK modewith two fermionswill approximately
vanish. Since it is the coupling of the gauge KK modes to the fermions that induces a shift
in the S parameter, for approximately ßat fermion wavefunct ions the S parameter must be
small. Note that not only does reducing the coupling to gauge KK modes reduce the S
parameter, it also weakens the experimental constraints on the existence of light KK modes.
This case of delocalized bulk fermions is not covered by the noÐgo theorem of [17], since
there it was assumed that the fermions are localized on the Planck brane.
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In order to quant ify these statements, it is su" cient to consider a toy model where all the
three families of fermions are massless and have a universal delocalized proÞle in the bulk.
We Þrst brießy review the bulk equat ion of mot ion in AdS5. In 5D fermions are vector-like,
so that they contain both a left - and right-handed component:

# =
!

&
'

"
, (3.2)

where the boundary condit ions can be chosen such that there is a zero mode either in the
leftÐhanded (lh) or in the rightÐhanded (rh) component. Taking into account the AdS5

metric and spin connect ion [10], the bulk Lagrangian is the following:

S =
-

d5x
!

R
z

" 4 #
# i ø&ø( µ$µ& # i ' ( µ$µ

ø' + 1
2('

'%
$z & # ø&

'%
$z

ø' ) +
c
z

.
' & + ø& ø'

/ $
, (3.3)

where c is a bulk Dirac mass in unit of theAdS curvature1/ R. The bulk equat ions of mot ion
derived from this act ion are:

# i ø( µ$µ& # $z
ø' +

c + 2
z

ø' = 0, (3.4)

# i ( µ$µ
ø' + $z& +

c # 2
z

& = 0. (3.5)

If the zero mode is lh, the solut ion is the following:

&0 = A0

# z
R

$2! cL

, (3.6)

where the normalizat ion is Þxed by the condit ion
- R!

R
dz

!
R
z

" 5 z
R

A2
0

# z
R

$4! 2cL

= 1, i .e. A0 =
(

1 # 2cL

RcL
(

R"1! 2cL # R1! 2cL
. (3.7)

A similar result applies for rh solut ions, where cL is replaced by # cR. Studying the above
proÞle, itÕs easy to show that lh (rh) fermions are localized on the Planck brane if cL > 1/ 2
(cR < # 1/ 2), else on the TeV brane, while for cL = 1/ 2 (cR = # 1/ 2) the proÞle is ßat .

Now, the gauge couplings of the fermions will depend on the parameter c through the
bulk integral of the gauge boson wave funct ions. For a lh fermion, that t ransforms under
the bulk gauge group as a 2L ! 1R ! qB ! L representat ion, it reads:

a0 Q ) µ + g5L I L #
l (cL ) TL ± W #

µ + g5L I (L 3)
l (cL )

0

TL 3 +
÷g5 I (B )

l (cL )

g5L I (L 3)
l (cL )

Y
2

1

Zµ , (3.8)

where we have used that Y/ 2 = QB ! L (for SU(2)R singlets) and the electric charge is deÞned
as Q = Y/ 2 + TL 3, and:

I X
l (c) = A2

0

- R!

R
dz

!
R
z

" 2 c

* X
1 (z) . (3.9)
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Here, following the notat ion in [15], a0 is the photon wave funct ion, while * X
1 (z) are the W

or Z proÞles.
Eq. (3.8) is a generalizat ion of eq. (3.1) in [15], where the value of the gauge boson wave

funct ions on the Planck brane is replaced by the bulk integral, weighted by the fermion
proÞle squared. Only the electric charge does not depend on the fermion proÞle, as the
massless photon is ßat along the extra dimension. However, such correct ions to the gauge
couplings are universal, so they can be cast into the deÞnit ion of the oblique parameters and
yield an e! ect ive shift of S, T and U.

In order to do that , we have to impose the following matching condit ion between the 4D
couplings and the 5D parameters of the theory4:

tan2 +W =
g"2

g2
= #

÷g5 I (B )
l (cL )

g5L I (L 3)
l (cL )

, (3.10)

while the matching of the electric charge remains una! ected:

1
e2

=
1
a2

0
=

!
1
÷g2

5
+

1
g2

5L

+
1

g2
5R

"
R log

R"

R
. (3.11)

Analogously, the W and Z wave funct ion normalizat ions are determined by the following
equat ions:

g5L I (L ± )
l (cL ) = g , (3.12)

g5L I (L 3)
l (cL ) = gcos+W . (3.13)

All the oblique correct ions are now contained in the wavefunct ion and mass renormalizat ions
of the gauge bosons.

For a rh fermion, that t ransforms as 1L ! 2R ! qB ! L , the situat ion is a lit t le bit more
complicated. The gauge couplings are the following:

a0 Q ) µ + ÷g5 I B
r (cR)

Y
2

Zµ + g5R I R#
r (cR) TR± W #

µ +
.
g5R I (R3)

r (cR) # ÷g5 I (B )
r (cR)

/
TR3Zµ ,

(3.14)
where

I X
r (c) = I X

l (# c) . (3.15)

In the simple case where cR = # cL , the Þrst two terms of eq. (3.14) match the SM gauge
couplings as deÞned above. However, the two addit ional terms vanish on the Planck brane
only, due to theboundary condit ions. In general they will give rise to non-obliquecorrect ions
(see sec. 5.2).

The computat ion of the oblique correct ions follows straight forwardly from the matching
condit ions (3.10) and (3.11). Before showing some numerical results, it is useful to under-
stand the analyt ical behavior of S in interest ing limits. For fermions almost localized on the

4Note that this equat ion does not depend on the overall normalizat ion of the Z wave funct ion, but is
completely determined by the boundary condit ions in eqs. (2.3Ð2.4).
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Planck brane, it is possible to expand the result in powers of (R/ R")2cL ! 1 ) 1. The leading
terms, also expanding in powers of 1/ log, are:

S =
6%

g2 log R!

R

0

1 #
4
3

2cL # 1
3 # 2cL

!
R
R"

" 2cL ! 1

log
R"

R

1

, (3.16)

and U & T & 0. The above formula is actually valid for 1/ 2 < cL < 3/ 2. For cL > 3/ 2 the
correct ions are of order (R"/ R)2 and numerically negligible. As we can see, as soon as the
fermion wave funct ion starts leaking into the bulk, S decreases.

Another interest ing limit is when the proÞle is almost ßat , cL & 1/ 2. In this case, the
leading contribut ions to S are:

S =
2%

g2 log R!

R

!
1 + (2cL # 1) log

R"

R
+ O

.
(2cL # 1)2

/
"

. (3.17)

In the ßat limit cL = 1/ 2, S is already suppressed by a factor of 3 with respect to the Planck
brane localizat ion case. Moreover, the leading terms cancel out for:

cL =
1
2

#
1

2 log R!

R

& 0.487 . (3.18)

For cL < 1/ 2, S becomes large and negat ive and, in the limit of TeV brane localized
fermions (cL ) 1/ 2):

S = #
16%
g2

1 # 2cL

5 # 2cL
, (3.19)

while, in the limit cL % # " :

T %
2%

g2 log R!

R

(1 + tan2 +W ) & 0.5 , (3.20)

U % #
8%

g2 log R!

R

tan2 +W

2 + tan2 +W

1
cL

& 0 . (3.21)

In Fig. 2 we show the numerical results for the oblique parameters as funct ion of cL . We
can see that , after vanishing for cL & 1/ 2, S becomes negat ive and large, while T and U
remain smaller.

4 Perturbative Unitarity

The other crit icism leveled at Higgsless models is that if the KK modes areabove 1 TeV then
perturbat iveunitarity might break down near 2 TeV, thusrendering perturbat ivecalculat ions
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Figure 2: Plots of the oblique parameters as funct ion of the bulk mass of the reference
fermion. The values on the right correspond to localizat ion on the Planck brane. S vanishes
for c = 0.487.

impossible. If thiswere thecasethen Higgsless theorieswould look very much like technicolor
theories and it would be di" cult to make any theoret ical progress.

Theamplitudeof elast ic scat tering of longitudinal massiveW blowsup at around 1.8 TeV,
thusviolat ing perturbat iveunitarity. In theSM it is restored by thecontribut ion of theHiggs
Þeld, that cancels the residual term growing with the energy squared. As is by now well
known, in Higgsless models perturbat ive unitarity breakdown is delayed by the contribut ion
of the KK modes of ordinary gauge bosons [6]: as a consequence of 5D gauge invariance,
two sum rules involving trilinear gauge couplings and masses ensure the cancellat ion of the
terms growing like E 4 and E 2. This implies a Þrst constraint on the spectrum. Over large
regions of the parameter space the sum rules are very accurately sat isÞed with only the Þrst
two KK modes, which typically happens when masses stay below 1500 GeV.

Even though the growing terms are tamed, it is st ill possible for the treeÐlevel elast ic
scat tering amplitude to break down around 2# 3 TeV in Higgsless theories [13,16]. However,
this residual growth is due to the presence of large logarithms coming from the forward
scat tering region, after integrat ing over the scat tering angle. Such logarithms are present
in the SM as well (in part icular from the t-channel photon exchange, whose contribut ion
is divergent), but in our case they are enhanced by a large coe" cient growing with the
resonance mass. The log term in the sÐpart ial wave amplitude is given by:

g2
W W Zk

32%

!
2 #

M 2
Zk

M 2
W

" 2

log
!

4E 2

M 2
Zk

"
. (4.1)

Such behavior is not part icular to Higgsless theories and can be easily reproduced in simple
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4D toy models. In this case however they are unphysical: they arise when the energy is
much larger than the resonance mass, where other inelast ic channels open up and cannot
be neglected in the unitarizat ion of the S matrix [26]. Thus, the spoiling of part ial wave
unitarity, if due to such large logs, cannot indicate the scale where a strong coupling regime
is entered.

On the other hand, from a 5D point of view a linear growth of the amplitude is expected.
Indeed, according to naivedimensional analysis (NDA), the loop factor growswith theenergy
as

g2
5

24%3
E . (4.2)

From the strength of this loop factor, warped down to the TeV scale, we conclude that
perturbat ivity breaks down around a scale

$ NDA $
24%3

g2
5

R
R"

. (4.3)

In the warped Higgsless model, the NDA cuto! scale can be expressed in terms of the masses
of the W and the Þrst KK excitat ion and the 4D SM gauge coupling:

$ NDA $
12%4M 2

W

g2MW ( 1)

. (4.4)

From the formula above, it is clear that the heavier the resonance, the lower the scale where
perturbat ive unitarity gets lost . This also gives a rough est imate, valid up to a numerical
coe" cient , of the actual scale of nonÐperturbat ive physics. An explicit calculat ion of the
scat tering amplitude, including inelast ic channels, shows that this is indeed the case and the
numerical factor is found to be roughly 1/ 4 [26].

Since the rat io of the W to the Þrst KK mode mass squared is of order

M 2
W

M 2
W ( 1)

= O (1/ log(R"/ R)) , (4.5)

raising the value of R (corresponding to lowering the 5D UV scale) will signiÞcant ly increase
the NDA cuto! . With R chosen to be the inverse Planck scale, the Þrst KK resonance
appears around 1.2 TeV, but for larger values of R this scale can be safely reduced down
below a TeV. As already discussed in the previous sect ion, such resonances will be weakly
coupled to almost ßat fermions and can easily avoid the strong bounds from direct searches
at LEP or Tevatron. If we are imagining that the AdS space is a dual descript ion of an
approximate conformal Þeld theory (CFT), then 1/ R is the scale where the CFT is no
longer approximately conformal and perhaps becomes asymptot ically free. Thus it is quite
reasonable that the scale 1/ R would be much smaller than the Planck scale.

In Fig. 3 we have plot ted the value of the NDA scale (4.3) as well as the mass of the Þrst
resonance in the (cL # R) plane. Increasing R also a! ects the oblique correct ions. However,
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Figure 3: Contour plots of $ NDA (solid blue lines) and MZ ( 1) (dashed red lines) in the
parameter space cL ÐR. The shaded region is excluded by direct searches of light Z " at LEP.

while it is always possible to reduce S by delocalizing the fermions, T increases and puts
a limit on how far R can be raised. One can also see form Fig. 4 that in the region where
|S| < 0.25, thecoupling of theÞrst resonancewith the light fermions isgenerically suppressed
to less than 10% of the SM value. This means that the LEP bound of 2 TeV for SMÐlike Z "

is also decreased by a factor of 10 at least (the correct ion to the di! erent ial cross sect ion is
roughly proport ional to g2/ M 2

Z ! ). In the end, values of R as large as 10! 7 GeV! 1 are allowed,
where the resonance masses are around 600 GeV. So, even if, following the analysis of [26],
we take into account a factor of roughly 1/ 4 in the NDA scale, we see that the appearance
of strong coupling regime can be delayed up to 10 TeV. At the LHC it will be very di" cult
to probe WW scattering above 3 TeV.

5 Flavor Physics

Asalready ment ioned, fermionsmassescan beeasily reproduced by boundary condit ions [10].
Since they must be bulk Þelds in a Higgsless model (otherwise it would not be possible to
produce a isospin breaking mass spectrum for them), and since in 5D the smallest represen-
tat ion of the Lorentz group is a Dirac spinor, one is forced to introduce a full Dirac spinor
for every SM Þeld. For the third generat ion quarks for example this implies that one has at
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Figure 4: On the left , contours of S (red), for |S| = 0.25 (solid) and 0.5 (dashed) and T
(blue), for |T| = 0.1 (dot ted), 0.3 (solid) and 0.5 (dashed), as funct ion of cL and R. On the
right , contours for the generic suppression of fermion couplings to the Þrst resonance with
respect to the SM value. In part icular we plot ted the couplings of a lh downÐtype massless
quark with theZ ". The region for cL , allowed by S, is between 0.43Ö0.5, where thecouplings
are suppressed at least by a factor of 10.

least the Þelds 2

3
3
4

&tL

' tL

&bL

' bL

5

6
6
7

2

3
3
4

&tR

' tR

&bR

' bR

5

6
6
7 , (5.1)

where the ' Õs are right handed 4D Weyl spinors, while the &Õs are left handed 4D Weyl
spinors, and the subscript L, R denote whether these Þelds are part of the SU(2)L or SU(2)R

doublet . In order to get the correct spectrum, one needs to make sure that the boundary
condit ions of the L and R Þelds are di! erent , for example by imposing (+ , + ) boundary
condit ions on the &tL ,bL and ' tR,bR Þelds, in order to obtain approximate zero modes, and
consequent ly applying the opposite (# , # ) boundary condit ions to the remaining Þelds.

An acceptable mass spectrum can then be generated by not ing that the gauge group on
the TeV brane is non-chiral, and therefore a Dirac mass

MD R"(&tL ' tR + &bL ' bR) (5.2)

can be added on the TeV brane. Due to the remaining SU(2)D gauge symmetry the same
term has to be added for top and bottom quarks. The necessary split t ing between top and
bottom can then be achieved by adding a large brane induced kinet ic term for ' bR on the
Planck brane (where SU(2)R is broken) [9]. This is equivalent to adding a mixing on the
Planck brane to a localized singlet Þeld, that we parametrize by the rat io , between the
mixing mass and the mass of the localized Þeld [7,10].
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In the following subsect ions we will address some issues about ßavor physics arising in
this scenario. First of all, the eventual presence of ßavor changing neutral currents (FCNC)
induced either by higher dimension operators or by nonÐuniversal correct ions. Next , we will
brießy discuss the problems surrounding the inclusion of the third family of quarks in the
picture. For interest ing ßavor physics signals in warped extra dimensional models see [34].

5.1 FCNC from higher order operators

In a warped background, the scale suppressing dimensionful operators depends on the posi-
t ion of theÞeldsalong theextra-dimension [35]: for operators involving Þeldsmost ly localized
on the UV brane, the suppression scale will be approximately 1/ R, while for operators with
Þelds localized on the IR brane, the scale will rather be around 1/ R". There are severe
constraints on the scale of four-Fermi operators leading to FCNC, put t ing a lower bound
around 103 TeV. While this constraint was clearly sat isÞed when the two light generat ions
of quarks and leptons were localized close to the Planck brane, it becomes more worrisome
when the fermions are delocalized in the bulk, a situat ion favored as we have just seen by
electroweak precision measurements.

Let us for instance consider the 5D operator

-
d5x

!
R
z

" 5

R3 ø# L %M # L
ø# L %M # L (5.3)

where %M are the 5D Dirac matrices (see for instance app. A of [10]) and where # L is the
5D SU(2)L doublet of the Þrst (or second) generat ion of quarks and containing in part icular
the uL and dL zero modes. Note that the scale suppressing this 5D operator is set by the
5D UV cuto! 1/ R. Upon compact iÞcat ion, this operator will in part icular generate the 4D
FCNC operator

-
d4x

1
$ 2

F CN C

ø&uL ) µ&uL ø&dL ) µ&dL (5.4)

where the scale $ F CN C is obtained from eq. (5.3) after integrat ion of the fermion zero-mode
proÞles over the extra-dimension. For cL & 1/ 2, we get:

$ 2
F CN C &

(R/ R")2! 4cL log(R"/ R)
R"2

. (5.5)

For 1/ R" $ 1 TeV, to get a suppression factor of 103 TeV, cL would have to be bigger than
0.57. Clearly the values of cL used to reduce the S parameter do not fulÞll this criterion,
which means that the set-up fails to naturally explain the absence of FCNC and addit ional
ßavor symmetries in 5D would be necessary. It is however relat ively easy to impose such
a ßavor symmetry in the bulk and on the TeV brane and naturally break it close to the
Planck brane. Due to the small overlap of the fermion wavefunct ions on the Planck brane,
the suppression scale of the four-Fermi operators will be signiÞcant ly increased.
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Finally let us ment ion that other 5D operators like

-
d5x

!
R
z

" 5

R3 ø# L # R
ø# R# L (5.6)

that would lead to the 4D operator
-

d4x
1

$ 2
F CN C

&uL ' dR ' dR &uL (5.7)

are less constraining since the suppression scale $ F CN C can be now raised by localizing the
rh components of the fermion on Planck brane (cR < # 1/ 2), as discussed in sec. 5.2. Thus
for these operators $ F CN C can be as high as 103 TeV even if cL < 1/ 2.

5.2 Non–oblique Corrections: Light Fermions.

Due to fermions propagat ing into the bulk, the model is also a! ected by correct ions to the
gauge couplings that cannot be removed by a shift of the oblique parameters. There are two
types of such correct ions: correct ions coming from the enlarged gauge structure in the bulk
(already ment ioned in sec. 3.2), and nonÐuniversal correct ions coming from the di! erent
fermion masses. We can parametrize the combinat ion of these correct ions as shifts with
respect to the SM couplings, as follows:

gZ
f l

=
#

1 + ) f
l

$
g

cos#W

.
T3 + sin2 +W Q

/
, gW

f l
=

#
1 + - f

l

$
g,

gZ
f r

=
.
1 + ) f

r

/
g" sin +W Q , gW

f r
= - f

r g .
(5.8)

The correct ions arising from the enlarged gauge structure a! ect the couplings of the rh
fermions1. They are present in the massless limit , and are universal provided that the bulk
masses of the SU(2)R doublets, cR, are all equal. These correct ions are generically not very
t ight ly bounded by experiment. For example, from theµ decay the limits on theW couplings
with rh electron and muon, - e, µ

r , is of order few % with respect to the SM gauge coupling,
while from the # leptonic decays - "

r has to be smaller than 10% [36].
On theother hand, boundary condit ions generat ing fermion masses distort the zero mode

proÞles, int roducing non-universal correct ions to the gauge couplings. The more the fermion
probes the bulk, the more severe such nonÐuniversalit ies are, as the wave funct ion will be
more sensit ive to the TeV-localized mass term. For the Þrst generat ion, the correct ions given
by the masses (much smaller than the electroweak scale) are negligible. Nevertheless, there
are nonÐoblique correct ions that generically will be ) l & - r & few á10! 4 for cR < # 1/ 2.

The most stringent experimental constraints come from nonÐuniversalit ies between the
Þrst two generat ions of quarks, for example " ) ds

l = ) s
l # ) d

l and " ) ds
r = ) s

r # ) d
r from Kaon

1Note that this part icular st ructure comes from our choice for the matching condit ion of the 4D gauge
couplings. For example, another possible choice would be to match the SM couplings with the couplings
of the upÐtype fermions. In this case, there would be nonÐoblique correct ions a" ect ing the couplings of
downÐtype fermions.
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physics [37]. The bounds generically imply |" ) ds| < 10! 5. Weaker bounds also come from
B 0ÐøB 0 and D 0ÐøD 0 mixings, namely |" ) cu| < 10! 4 and |" ) bd| < 5á10! 4. Such bounds depend
on unknown quark mixing matrices, so can be weaker if small elements are involved (see [37]
for moredetails). It is possible, however, to tunecL and cR for thesecond generat ion in order
to fulÞll such bounds. A numerical example is shown in table 1, in the minimal scenario
where only a localized kinet ic term is added to the R-component of the lighter quark. In
this example ) c

r is too large. It is however easy to suppress it , for example split t ing the sr

and cr into two di! erent bulk RÐdoublets with di! erent bulk masses, cRs and cRc. Similar
arguments apply to the leptons.

u ) u
l < 10! 6 - l < 10! 6 ) u

r = # 3.95 á10! 4 - r = 1.33 á10! 5

d ) d
l < 10! 6 ) d

r = # 5.85 á10! 4

s ) s
l = # 8 á10! 6 - l = # 5 á10! 5 ) s

r = # 5.9 á10! 4 - r = 3.8 á10! 4

c ) c
l = # 3.6 á10! 6 ) c

r = # 1.5 á10! 2

Table 1: Parameters used in this example: cL 1 = 0.485, cR1 = # 0.6, MD 1 = 3.17 GeV,
, ur = 4.71; cL 2 = 0.485448, cR2 = # 0.511, MD 2 = 47.5 GeV, , sr = 59.5; where , is the
parameter describing the localized kinet ic term. In this case ) s

r # ) d
r = 6 á10! 6.

Asalready discussed in sec. 5.1, in theabovescenario generically largeFCNC areexpected
to arise from higher dimensional operators, as ßavor symmetry is broken both by the Dirac
masses on the TeV brane and by the bulk masses. An elegant way out is to impose a bulk
ßavor symmetry, and exile all the ßavor structure on the Planck brane. In this case, higher
dimensional operators will be generically safely suppressed by the scale 1/ R. In a minimal
scenario, one can add a universal Dirac mass for quarks (and another for leptons) in order
to account for the heaviest part icle (charm or #). Then the lighter masses are suppressed by
localized kinet ic terms for the LÐdoublet and the two singlets on the Planck brane.

5.3 Top mass, Zbøb coupling and loop induced isospin violations

The major challenge facing Higgsless models is the incorporat ion of the third family of
quarks. There is a tension [12, 14] in obtaining a large top quark mass without deviat ing
from the observed bottom couplings with the Z . It can beseen in the following way. The top
quark mass is proport ional both to the Dirac mixing MD on the TeV brane and the overall
scale of the extra dimension set by 1/ R". For cL $ 0.5 (or larger) it is in fact impossible
to obtain a heavy enough top quark mass (at least for g5R = g5L ). The reason is that for
MD R" * 1 the light mode mass saturates at

m2
top $

2
R"2 log R!

R

, (5.9)

which gives for this case mtop +
(

2MW . Thus one needs to localize the top and the bot tom
quarks closer to the TeV brane. However, even in this case a sizable Dirac mass term on
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the TeV brane is needed to obtain a heavy enough top quark. The consequence of this mass
term is the boundary condit ion for the bot tom quarks

&bR = MD R" &bL . (5.10)

This implies that if MD R" $ 1 then the left handed bottom quark has a sizable component
also living in an SU(2)R mult iplet , which however has a coupling to the Z that is di! erent
from the SM value. Thus there will be a large deviat ion in the ZbL

øbL . Note, that the same
deviat ion will not appear in the ZbR

øbR coupling, since the extra kinet ic term introduced on
the Planck brane to split top and bottom will imply that the right handed b lives most ly in
the induced fermion on the Planck brane which has the correct coupling to the Z .

The only way of get t ing around this problem would be to raise the value of 1/ R", and
thus lower the necessary mixing on the TeV brane needed to obtain a heavy top quark. One
way of raising the value of 1/ R" is by increasing the rat io g5R/ g5L (at the price of making also
the gauge KK modes heavier and thus the theory more strongly coupled). To illustrate the
magnitudes in the deviat ions of the ZbL

øbL coupling we have plot ted the percentage variat ion
with respect to the SM value as a funct ion of 1/ R" (varying the rat io). We can see in the
left hand side of Fig. 5 that the deviat ion decreases with increasing 1/ R". In order to be
compat iblewith theexperimental bound of 1% [27] from LEP, a scale larger that 1700 GeV is
required (which implies gR/ gL > 4.5 and the Þrst resonance above 4 TeV), where the theory
is already strongly coupled. On the right hand side of Fig. 5 we also show the contours of
Þxed amount of deviat ion for g5R/ g5L = 5.

Another generic problem arising from the large value of the top-quark mass in models
with warped extra dimensions comes from the isospin violat ions in the KK sector of the top
and the bot tom quarks. If the spectrum of the top and bottom KK modes is not su" cient ly
degenerate, the loop correct ions involving these KK modes to the T-parameter could be
large. 2 This possibility was pointed out in [12], and further discussed in [38]. In [12] an
est imate for thesizeof these loop correct ionswasgiven using a mass insert ion approximat ion.
Since the mass insert ions (the Dirac mixings of the KK modes on the TeV brane) are very
large, possibly larger than the unperturbed masses, this method likely gives an overest imate
of the result ing T-parameter. In order to get somesense of magnitudes wenevertheless quote
the results found in [12]:

T topK K $ 0.84
!

2

1 # 2ctop
L

" 2 !
mt

mK K
t

" 2

. (5.11)

For cL close to one half and a KK mass for the top of order 700 GeV this contribut ion would
be enormous. One can see that in order to suppress this contribut ion one would again need
to increase mK K

t , the Þrst KK mass of the top quark, which can only be achieved by raising
the value of 1/ R". One would also need to move the left handed doublet closer to the TeV
brane in order to reduce the cL dependent enhancement factor. Both this argument and the

2We thank Kaustubh Agashe and Roberto Cont ino for emphasizing the importance of these loop e" ects
to us.
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Figure 5: Plots of the percentage deviat ion of the ZbL
øbL coupling with respect to the SM

value as funct ion of the scale 1/ R" (left , with cL = 0.46 and cR = # 0.05) and as funct ion of
the bulk masses cL and cR for 1/ R" = 1750 GeV (right). The contours are at 1% and 1.5%.
Di! erent values of 1/ R" are obtained varying the rat io gR/ gL between 1 and 6; the plot on
the right assumes gR/ gL = 5.

considerat ion of the Zbøb vertex would call for a scenario where the third generat ion feels a
di! erent value of R" than the rest of the part icles. We will speculate about such a possibility
below.

5.4 Possible future directions for model building

Given that the main problem with Higgsless models arises from mass generat ion of the
top and the consequent e! ects on the couplings of the b quark, there are several possible
direct ions to explore for building realist ic models. A simple direct ion would be to relax
the assumpt ions that the Higgs VEV is inÞnite and localized on the TeV brane. As long
as the Higgs VEV is large compared to its SM value, its contribut ion to WW scattering
is suppressed. A VEV above 1 TeV is probably su" cient to make its contribut ion at the
LHC unobservably small. Once the VEV is Þnite it is possible to imagine the Higgs having
a proÞle in the bulk [39] which will reduce the value of MD necessary in order to obtain a
large mass, and thus the mixing between the L and R components of the lh b-quarks. In the
dual CFT language this corresponds to the operator which breaks the electroweak symmetry
having a Þnite3 scaling dimension > 2. This is the type of dynamical breaking scenario that
happens in QCD or technicolor.

A more ambit ious approach would be to separate the fermion and gauge boson Higgs
sectors. Conceptually wecan imaginea theory with two Higgses, oneof which predominant ly

3Rather than an inÞnite dimension corresponding to the strict localizat ion on the TeV brane.
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gives mass to the gauge bosons and one which predominant ly gives mass to the fermions.
One could then apply the Higgs decoupling limit and arrive at a Òdouble HiggslessÓtheory.
More concretely we could have two AdS spaces on either side of a Planck brane, where the
gauge bosons can propagate in the ent ire space and the fermions can only propagate in the
left half. If the rat io of g5R/ g5L gauge couplings and/ or the warp factor R"/ R are large on
the left -space then electroweak symmetry breaking on the left will contribute lit t le to the W
and Z gauge boson masses. This means that the gauge boson wavefunct ions will be almost
ßat on the left . Nevertheless, 1/ R" can be bigger on the left , and in this way the mixing
between the L and R components of the b-quark can be reduced. Also if 1/ R" is bigger on
the left than the right then K K modes of the fermions can be made heavier than the K K
modes of the gauge bosons, meaning that problems with Unitarity can be postponed, while
suppressing isospin violat ing loop correct ions from fermion K K modes [12].

We plan to study the feasibility of such setups in the future.

6 Conclusions

There has recent ly been a long discussion about the feasibility of Higgsless models, when
facing precision measurements. Themost common crit icisms arethe largeobliquecorrect ions
(namely, a large treeÐlevel contribut ion to S) and a strong coupling arising from the early
breakdown of part ial wave unitarity in W boson scat tering. Due to these problems, some
authors have claimed these models to be disfavored by experiment. However, we have shown
that it is possible to cure these ills by delocalizing the light fermions in the bulk. In the limit
of almost ßat proÞles, the gauge boson KK modes almost decouple from the light fermions,
while remaining e! ect ive in restoring perturbat ive unitarity in WW scattering. This yields
a double advantage: the tree level contribut ion to S is suppressed and direct search limits
are lowered. Therefore, a scenario with 600 GeV resonances and a perturbat ive regime up
to 10 TeV is allowed.

Finally, we pointed out that the main challenge st ill facing Higgsless models is actually
the successful inclusion of a heavy top quark, without stumbling over large correct ions to
bot tom couplings with the Z . We have also ment ioned some possible future direct ions in
model building that might lead to a completely realist ic model.
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