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We consider various constraints on Higgsless models of electroweak symmetry breaking based on a
bulk SU(2); X SU(2)r X U(1)z_; gauge group in warped space. First we show that the S parameter
which is positive if fermions are localized on the Planck brane can be lowered (or made vanishing) by
changing the localization of the light fermions. If the wave function of the light fermions is almost flat
their coupling to the gauge boson Kaluza-Klein (KK) modes will be close to vanishing, and therefore
contributions to the § parameter will be suppressed. At the same time the experimental bounds on such Z’
and W' gauge bosons become very weak, and their masses can be lowered to make sure that perturbative
unitarity is not violated in this theory before reaching energies of several TeV. The biggest difficulty of
these models is to incorporate a heavy top quark mass without violating any of the experimental bounds on
bottom quark gauge couplings. In the simplest models of fermion masses a sufficiently heavy top quark
also implies an unacceptably large correction to the Zbb vertex and a large splitting between the KK
modes of the top and bottom quarks, yielding large loop corrections to the T parameter. We present

possible directions for model building where perhaps these constraints could be obeyed as well.

DOI: 10.1103/PhysRevD.71.035015

I. INTRODUCTION

The quest to uncover the origin of electroweak symme-
try breaking has been at the forefront of particle physics for
25 years, and after a tremendous amount of theoretical
effort it is clearer than ever that we will need experiments
to answer the question. This has been further emphasized
by the explosion in the last few years of a plethora of
alternative electroweak symmetry breaking scenarios,
which bear little resemblance to the three traditional solu-
tions: the standard model (SM), the minimal supersym-
metric standard model, and the technicolor scenario. In
addition to large extra dimensions [1], warped extra di-
mensions [2], gauge component Higgses [3], “little”
Higgses [4], and “fat” Higgses [5], one of the most recent
proposals, and in some ways most radical, is the Higgsless
scenario [6—9]. 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 scat-
tering but with a finite W mass. The limit is achieved by
taking the Higgs vacuum expectation value (VEV) to co. In
this limit the gauge symmetry breaking amounts to impos-
ing Dirichlet boundary conditions on the gauge field at one
end of the extra dimension [6]. Quarks and leptons can
receive masses from boundary conditions as well [8—10].
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Since there is no contribution to WW scattering from a
Higgs boson, these scattering amplitudes are unitarized by
another mechanism: exchanges of the Kaluza-Klein (KK)
tower of gauge bosons [6,11]. Taking the extra dimension
to be anti-de Sitter (AdS) with an SU(2); X SU(2) X
U(1)p_; gauge group in the bulk has the dual advantage
of raising the KK masses to phenomenologically accept-
able levels (and thus solving the ‘little hierarchy prob-
lem”) and also imposing a custodial isospin symmetry
which protects the ratio of the W and Z masses. The
presence of this custodial isospin symmetry follows from
the AdS/CFT (conformal field theory) correspondence
[12]. Further properties of Higgsless models and different
variations have been explored in Refs. [13-26].

This scenario shares many common features with tech-
nicolor 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 corrections to electroweak
precision observables have been calculated for the simplest
setup in Refs. [13—15], where a large positive contribution
to the S parameter has been found. This can be lowered by
introducing a brane induced kinetic term on the TeV brane
for the B — L gauge group [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 contributions to the S parameter by
changing the position of the light fermions. The reason
behind this is simple: the oblique correction parameters S,
T, U on their own are meaningless until the normalization
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of the couplings between the fermions and the gauge
bosons is fixed. An overall shift in the fermion gauge boson
couplings can be reabsorbed in the oblique correction
parameters and thus effectively change the predicted val-
ues of S, 7, U. This is exactly what happens when one
changes the localization parameters of the light fermions.
Until now all calculations of the oblique parameters in
Higgsless models [13—17] or variations [18—21] have as-
sumed that the fermions are strictly localized on the Planck
brane, in which case one obtains a positive S parameter.
However, it has been known for quite a while [29] that if
fermions are localized on the TeV brane then the S pa-
rameter in the Randall-Sundrum model is in fact negative.
Therefore it should be expected that there should be an
intermediate position where S exactly vanishes. This ac-
tually happens when the fermion wave functions are ““flat,”
corresponding to localization parameter ¢ = 1/2. This is
just a simple consequence of the orthogonality of the KK
mode wave functions of the gauge bosons: when ¢ = 1/2
the coupling of the KK gauge bosons to the fermions
vanishes, eliminating any possible additional LEP or
Tevatron constraints on this setup. The fact that for ¢ =
1/2 the S parameter generically vanishes was first men-
tioned in [12].

Another issue frequently discussed regarding Higgsless
models is the question whether the first KK mode of the
gauge bosons is light enough to actually unitarize the WW
scattering amplitudes at weak coupling [13,16,26]. It fol-
lows from general arguments that the asymptotically grow-
ing terms in the individual scattering amplitudes always
cancel, however one also needs to make sure that the finite
terms are sufficiently small and in the perturbative regime,
even after taking a coupled channel analysis into account.
In this paper we point out that by adjusting the value of the
bulk curvature scale one can lower the masses of the KK
gauge bosons to a few hundred GeV, without conflicting
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 adjusting the localization parameter
¢ of the fermions. This way we show that the two most
commonly quoted problematic aspects of Higgsless mod-
els are in fact easily avoidable.

Rather, we find that the most serious issue of these
models is the inclusion of a heavy top quark. In the
simplest implementation of fermion masses one will ge-
nerically either find a top quark mass that is too low, or a

at 7 = R': d.(gspRALY + g5 ARY) — TMZ%I(gSRA,Lf + g5 ARY) =0,
gs ALY — gspART =0,

9.(gsgB, + §sARY) + rM*(gsgB, + §sARY) =0,

9. ALe + rMPALe = 0,
at z = R:
gsB, — gspAR = 0.
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correction to the Zbb vertex that deviates from the SM
prediction beyond allowable levels. Furthermore, in most
cases when the top quark is sufficiently split from the
bottom quark there is also a large splitting in the KK modes
of the top and bottom quarks leading to unacceptably large
loop corrections to the 7 parameter [12]. We present some
speculations on possible extensions of the model where the
third generation could perhaps be included without violat-
ing experimental bounds.

II. THE MODEL
We will consider a bulk SU(2); X SU2)g X U(1)g_;.

gauge theory on an AdSs background, working in the
conformally flat metric

R\2
ds* = <—> (M pdxtdx” — dz?) Q.1)

z

where z is on the interval [R, R']. The AdS curvature R is
usually assumed to be of order 1/Mp;, however it is a
freely adjustable parameter. In the following we will usu-
ally assume R = 107'° GeV~! in all the numerical ex-
amples, except in Sec. IV. 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 end point the
Planck brane and z = R’ the TeV brane. We will use the
usual bulk Lagrangian, with canonically normalized ki-
netic terms and in the unitary gauge, where all the As’s
decouple and we are left with a KK tower of vector fields,
(AL, AR, B,) [6,7]. We denote the 5D gauge couplings by
gsr, &sg and gs. Electroweak symmetry breaking is
achieved by the boundary conditions that break SU(2); X
SUQ2)s — SU(2)p, on the TeV brane and SU(2)p X
U(1)g_; — U(1)y on the Planck brane. We also consider
kinetic terms allowed on the branes [8,15], that in terms of
field stress tensors can be parametrized:

_ ro oy

L= —[4WM,, + 4345@ _R)
R+ T

- = [ZBM,,Z + ngi}a(z —R), (22)

where AP = (gspAR + g5, AL)/ /g2 + 82, and BY =

(g5srA® + gsB)/+/g2x + &%. The consistent set of bound-
ary conditions [6,7,15] is

, o0 (2.3)
a.B, —T7M*XB, =0;

ARL2 =,
(2.4)
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Thus the parameters of the gauge sector of the theory are
given by R, R', gs;, gsr» &5, 1, ', 7, 7. TeV scale observ-
ables are quite insensitive to the precise magnitude of R, as
long as it is much smaller than R’. One combination of the
remaining parameters is fixed 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, gsg/gs., 1, 1/, 7, 7.

III. OBLIQUE CORRECTIONS

A major stumbling block for non-SUSY alternatives to
the SM are the effects of oblique corrections [29-31]. In
the following we will use S, T and U to fit the Z-pole
observables, mainly measured at LEP1. These three pa-
rameters are sufficient for predicting all of those observ-
ables. In [17], Barbieri et al. proposed a new enlarged set of
parameters to also take into account the differential cross
section measurements at LEP2. The only additional infor-
mation contained in these parameters is the bound on the
coefficients of the four-Fermi operators that are generated
by the exchange of gauge boson KK modes. In our lan-
guage S, T and U are a linear combination' of the parame-
ters 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
directly imposing the constraints on new gauge bosons
from LEP2 and from the direct searches at Tevatron.

Perturbatively the S parameter “counts” the number of
degrees of freedom that participate in the electroweak
sector, while the T parameter measures the amount of
additional isospin breaking. Contributions to U are typi-
cally very small. Both S and 7 must be typically small ( <
0.25) in order to be compatible with precision electroweak
measurements [32]. To be more precise, in a Higgsless
model we should compare with a fit that assumes a large
Higgs mass, namely, equal to the cutoff of the theory.” In
this case, a slightly negative S and positive T are preferred
[17].

A. Planck brane localized fermions

Electroweak symmetry breaking sectors that are more
complicated than a 4D Higgs doublet tend to have positive
S parameters of order 1. In Higgsless models with a warped
extra dimension it has been shown [15] that both the ratio
of SU(2), and SU(2); couplings, gsg/gs. as well as
kinetic terms on the TeV brane affect the S and 7 parame-

"Note however the slight difference in the definition of the SM
couplings g, g’: in our approach they are directly defined at M,
namely, they are the tree-level couplings of the mass eigenstate.
On the other hand, in [17] they are defined at low energy, thus
also including contributions of four-Fermi operators.

Tt 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 infinity.
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FIG. 1 (color online). Combined plots of the experimental
constraints on Higgsless models for different values of the
gsr/gsy ratio, in the parameter space 7-7 (normalized by
RlogR’/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 deviation in the differential cross section of 3%
(2%) at LEP2. The shaded region is excluded by a deviation
larger that 3% at LEP and/or direct search at run 1 at Tevatron.

ters in important ways. With no brane kinetic terms and
gsk = 851, S = 1.15 and T = 0. Increasing the ratio
gsr/ g5 reduces’ S to

67 2

= 0ok 1 L dk
g loglg 1 + &
851

N (3.1)

while keeping 7 = 0. A qualitatively similar effect is
induced by Planck brane kinetic terms, the only difference
being in the couplings of the gauge bosons, thus affecting
the bounds on direct Z’ searches. As shown previously in
[15] the TeV brane kinetic terms produce further correc-
tions. The non-Abelian brane kinetic term gives a correc-
tion to § at first order, multiplying the previous result by
1+ ‘3—‘ %> While giving a very small positive contribution to
T. The 7' corrections are more complicated, and more
interesting. The first effects appear at quadratic order,
and they give negative corrections to both S and 7. The
Abelian brane kinetic term, 7/, also has the effect of
reducing the mass of the lightest neutral KK gauge boson
resonance. We scanned the model in this 3D parameter
space, (gsg/gsr, 7, '), to uncover regions allowed by ex-

This is in accord with the crude expectations for a chiral
technicolor theory [33].
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periments. In Fig. 1 we show combined plots for four
values of gsg/gs, = 1, 2, 2.5, 3. In order to satisfy both
precision tests and LEP2/Tevatron bounds, a large gsz/gsz.
ratio is required. In this case, however, the masses of the
resonances are raised, making them possibly ineffective in
restoring partial wave unitarity and leading to strong cou-
pling below 2 TeV. These results are in agreement with the
conclusions of Refs. [16,17].

B. Delocalized reference fermions

In the following, we would like to focus on an alternative
solution to the S problem which has additional beneficial
side effects. It has been known for a long time in Randall-
Sundrum (RS) models with a Higgs that the effective S
parameter is large and negative [29] if the fermions are
localized on the TeV brane as originally proposed [2].
When the fermions are localized on the Planck brane the
contribution to § is positive, and so for some intermediate
localization the S parameter vanishes, as first pointed out
for RS models by Agashe et al. [12]. The reason for this is
fairly simple. Since the W and Z wave functions are
approximately flat, and the gauge KK mode wave functions
are orthogonal to them, when the fermion wave functions
are also approximately flat the overlap of a gauge KK mode
with two fermions will 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 flat
fermion wave functions 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 experi-
mental constraints on the existence of light KK modes.
This case of delocalized bulk fermions is not covered by
the no-go theorem of [17], since there it was assumed that
the fermions are localized on the Planck brane.

In order to quantify these statements, it is sufficient to
consider a toy model where all the three families of fermi-
ons are massless and have a universal delocalized profile in
the bulk. We first briefly review the bulk equation of
motion in AdSs. In 5D fermions are vectorlike, so that
they contain both a left- and right-handed component:

v-(i)

where the boundary conditions can be chosen such that
there is a zero mode either in the left-handed (lh) or in the
right-handed (rh) component. Taking into account the
AdSs metric and spin connection [10], the bulk
Lagrangian is the following:

R\NAT ) _
S = /d5x<z> [—ZXJ“G#/Y— oo, b

3.2)

1, o o - -
GRS T R PR T/ SR

where ¢ is a bulk Dirac mass in unit of the AdS curvature
1/R. The bulk equations of motion derived from this action
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are
L - c+2-
—igtdx — 0+ ——y¢ =0, (3.4
Z
) - c—2

If the zero mode is lh, the solution is the following:

EYNEA 3.6
Xo = 0(}) , (3.6)
where the normalization is fixed by the condition
R’ R\5 7 z\42¢c,
dz[—) =A%~ =1,
Ji #2) &)
(3.7)

»\/1 - 2CL
RetA/RM—2cL — R1—2cL'

A similar result applies for rh solutions, where c¢; is
replaced by —cp. Studying the above profile, it is easy to
show that lh (rh) fermions are localized on the Planck brane
if ¢, > 1/2 (cg < —1/2), else on the TeV brane, while for
¢, = 1/2 (cg = —1/2) the profile is flat.

Now, the gauge couplings of the fermions will depend
on the parameter ¢ through the bulk integral of the gauge
boson wave functions. For a lh fermion, that transforms
under the bulk gauge group as a 2; X 1, X gp_; repre-
sentation, it reads

ayQy, + gsp It (e )T =W,

i.e., AO =

gsIP(cy) ¥
gs. 1\ (cy) 2

where we have used that Y/2 = Qp_, [for SU(2), sin-
glets] and the electric charge is defined as Q = Y/2 + Ty3,

and
I5(c) = A2 fR § dz@zcdﬁ‘(z).

Here, following the notation in [15], a; is the photon wave
function, while ¢¥(z) are the W or Z profiles.

Equation (3.8) is a generalization of Eq. (3.1) in [15],
where the value of the gauge boson wave functions on the
Planck brane is replaced by the bulk integral, weighted by
the fermion profile squared. Only the electric charge does
not depend on the fermion profile, as the massless photon is
flat along the extra dimension. However, such corrections
to the gauge couplings are universal, so they can be cast
into the definition of the oblique parameters and yield an
effective shift of S, T and U.

In order to do that, we have to impose the following
matching condition between the 4D couplings and the 5D
parameters of the theory™:

+w#%%m+ ywe&

(3.9

“Note that this equation does not depend on the overall
normalization of the Z wave function, but is completely deter-
mined by the boundary conditions in Egs. (2.3) and (2.4).
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P &)

g gs. 11V (c)

oQ

tan26y, = (3.10)

z

while the matching of the electric charge remains unaf-
fected:

<1+] +]>R1 R (3.11)
==+ -+ ——|Rlog—. .
g% 8 gL 8 gR R

Analogously, the W and Z wave function normalizations
are determined by the following equations:

g5 I e =g (.12)

g5LI§L3)(cL) = g cosfy. (3.13)
All the oblique corrections are now contained in the wave
functions and mass renormalizations of the gauge bosons.

For a rh fermion, that transforms as 1; X 2, X gp_;, the
situation is a little bit more complicated. The gauge cou-
plings are the following:

. Y . -
apQy, + gSIE(CR)EZ,u. + gsg IR (cp)Tr=W,p

+Lgsn I/ cr) = &5 17 (er)ThsZ,, (3.14)
where

IX(c) = If(—o). (3.15)

In the simple case where ¢ = —cy, the first two terms of

Eq. (3.14) match the SM gauge couplings as defined above.
However, the two additional terms vanish on the Planck
brane only, due to the boundary conditions. In general they
will give rise to nonoblique corrections (see Sec. V B).

The computation of the oblique corrections follows
straightforwardly from the matching conditions (3.10)
and (3.11). Before showing some numerical results, it is
useful to understand the analytical behavior of § in inter-
esting limits. For fermions almost localized on the Planck
brane, it is possible to expand the result in powers of
(R/R")*17! < 1. The leading terms, also expanding in
powers of 1/log, are

6
S = 2 WR/|:1
g logﬁ

42¢c; —1/R\2a.—1_ R’
35 <R,> logR} (3.16)
and U = T = 0. The above formula is actually valid for
1/2 < c¢; <3/2.For c; > 3/2 the corrections are of order
(R'/R)? and numerically negligible. As we can see, as soon
as the fermion wave function starts leaking into the bulk, S
decreases.

Another interesting limit is when the profile is almost
flat, ¢; = 1/2. In this case, the leading contributions to §
are
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FIG. 2. Plots of the oblique parameters as functions of the bulk
mass of the reference fermion. The values on the right corre-
spond to localization on the Planck brane. S vanishes for ¢ =
0.487.

27

s ,[1 + (2, - 1)10g% +O((2¢; — 1)2)}

g* logh
(3.17)

In the flat limit ¢, = 1/2, S is already suppressed by a
factor of 3 with respect to the Planck brane localization
case. Moreover, the leading terms cancel out for

1 1

L ==——— ~ 0.487.

- 3.18
2 2loghk G.18)

For ¢; < 1/2, S becomes large and negative and, in the
limit of TeV brane localized fermions (¢; < 1/2):

167 1 —2¢,
[ —— , 3.19
g2 5 - 2CL ( )
while, in the limit ¢; — —oo:
2
T— 5 (1+an2fy) =05  (3.20)
g logf
8 tan6 1
U— -7 MW D, (3.21)

g2 logk 2 + tan’0yy c;,

In Fig. 2 we show the numerical results for the oblique
parameters as a function of c¢;. We can see that, after
vanishing for ¢; = 1/2, S becomes negative and large,
while 7" and U remain smaller.

IV. PERTURBATIVE UNITARITY

The other criticism leveled at Higgsless models is that if
the KK modes are above 1 TeV then perturbative unitarity
might break down near 2 TeV, thus rendering perturbative
calculations impossible. If this were the case then
Higgsless theories would look very much like technicolor
theories and it would be difficult to make any theoretical
progress.
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The amplitude of elastic scattering of longitudinal mas-
sive W blows up at around 1.8 TeV, thus violating pertur-
bative unitarity. In the SM it is restored by the contribution
of the Higgs field, that cancels the residual term growing
with the energy squared. As is by now well known, in
Higgsless models perturbative unitarity breakdown is de-
layed by the contribution of the KK modes of ordinary
gauge bosons [6]: as a consequence of 5D gauge invari-
ance, two sum rules involving trilinear gauge couplings
and masses ensure the cancellation of the terms growing
like E* and E?. This implies a first constraint on the
spectrum. Over large regions of the parameter space the
sum rules are very accurately satisfied with only the first
two KK modes, which typically happens when masses stay
below 1500 GeV.

Even though the growing terms are tamed, it is still
possible for the tree-level elastic scattering 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 scattering re-
gion, after integrating over the scattering angle. Such
logarithms are present in the SM as well (from the
t-channel photon exchange, whose contribution is diver-
gent, and also from the Z exchange). In our case there are
additional logarithms coming from the 7-channel exchange
of higher KK modes. The contribution of the photon and Z
is small (if the scattering angle is cut off), however the
contributions of the KK resonances are enhanced by a large
coefficient growing with the resonance mass.” The log term
in the s-partial wave amplitude is given by

Svwz, (2 _ M%k>2 log(4E2 )
327 M3, M3,
Such behavior is not particular to Higgsless theories and
can be easily reproduced in simple 4D toy models. In the
Higgsless case however they are not to be taken as the
indicator of the breakdown of perturbative unitarity. The
reason is that they become large when the energy is much
larger than the resonance mass and where other inelastic
channels open up and cannot be neglected in the unitariza-
tion of the § matrix. Once the inelastic amplitudes are
taken into account, as explicitly done in [26], the amplitude
shows a linear growth. The energy scale for the unitarity
violation should then be estimated using this linear growth

in the amplitude rather than the residual log piece.

This is indeed expected from a 5D point of view: ac-
cording to naive dimensional analysis (NDA), the loop
factor grows with the energy as

.1

2
8 E. 4.2)
2473

From the strength of this loop factor, warped down to the

Note that these extra contributions do not depend on the
scattering angle cutoff, as they are regularized by their mass.

PHYSICAL REVIEW D 71, 035015 (2005)

TeV scale, we conclude that perturbativity breaks down
around a scale

2473 R
ANDA s E
g R

(4.3)

In the warped Higgsless model, the NDA cutoff scale can
be expressed in terms of the masses of the W and the first
KK excitation and the 4D SM gauge coupling:

1277'4M%V

——. 4.4
gzMW(l) ( )

Axnpa ~
From the formula above, it is clear that the heavier the
resonance, the lower the scale where perturbative unitarity
gets lost. This also gives a rough estimate, valid up to a
numerical coefficient, of the actual scale of nonperturba-
tive physics. This simple estimate has been verified in [26],
where an explicit calculation for the scattering amplitude
including inelastic channels has been performed. It was
verified that the amplitude is indeed linear in the energy,
and that (4.3) is valid up to a numerical factor of roughly
1/4.
Since the ratio of the W to the first KK mode mass

squared is of order
M3, 1
2o ofi )
w Og%x

raising the value of R (corresponding to lowering the 5D
UV scale) will significantly increase the NDA cutoff. With
R chosen to be the inverse Planck scale, the first 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 section, such resonances

4.5)

-4
N\ Ao 60 TeV

M, = 1100 GeV
-18

A =22 T€
0.3 0.35 0.4 0.45 0.5 0.55 0.6

<L

FIG. 3 (color online). Contour plots of Aypa (solid blue lines)
and M, (dashed red lines) in the parameter space c;-R. The
shaded region is excluded by direct searches of light Z' at LEP.
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FIG. 4 (color online). On the left, contours of S (red), for |S| =
0.25 (solid) and 0.5 (dashed) and T (blue), for |T| = 0.1 (dotted),
0.3 (solid) and 0.5 (dashed), as functions of ¢; and R. On the
right, contours for the generic suppression of fermion couplings
to the first resonance with respect to the SM value. In particular
we plotted the couplings of a Ih down-type massless quark with
the Z'. The region for c;, allowed by S, is between 0.43-0.5,
where the couplings are suppressed at least by a factor of 10.

will be weakly coupled to almost flat 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 description of an approximate CFT, then 1/R is the
scale where the CFT is no longer approximately conformal
and perhaps becomes asymptotically free. Thus it is quite
reasonable that the scale 1/R would be much smaller than
the Planck scale.

In Fig. 3 we have plotted the value of the NDA scale
(4.3) as well as the mass of the first resonance in the (¢; —
R) plane. Increasing R also affects the oblique corrections.
However, while it is always possible to reduce S by deloc-
alizing the fermions, 7 increases and puts a limit on how
far R can be raised. One can also see from Fig. 4 that in the
region where |S| < 0.25, the coupling of the first resonance
with the light fermions is generically suppressed to less
than 10% of the SM value. This means that the LEP bound
of 2 TeV for SM-like Z' is also decreased by a factor of 10
at least (the correction to the differential cross section is
roughly proportional to g?/M2,). In the end, values of R as
large as 1077 GeV~! 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 the
strong coupling regime can be delayed up to 10 TeV. At the
LHC it will be very difficult to probe WW scattering above
3 TeV.

V. FLAVOR PHYSICS

As already mentioned, fermion masses can be easily
reproduced by boundary conditions [10]. Since they must
be bulk fields 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 representation of
the Lorentz group is a Dirac spinor, one is forced to
introduce a full Dirac spinor for every SM field. For the
third generation quarks, for example, this implies that one
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has at least the fields

XiL X1R
th th , (5 1)
XbL XbR
lr//bL ‘r//bR

where the ¢’s are right-handed 4D Weyl spinors, while the
Xx’s are left-handed 4D Weyl spinors, and the subscripts
L, R denote whether these fields are part of the SU(2), or
SU(2)g doublet. In order to get the correct spectrum, one
needs to make sure that the boundary conditions of the L
and R fields are different, for example, by imposing (+, +)
boundary conditions on the x,,,, and iz, fields, in
order to obtain approximate zero modes, and consequently
applying the opposite (—, —) boundary conditions to the
remaining fields.

An acceptable mass spectrum can then be generated by
noting that the gauge group on the TeV brane is nonchiral,
and therefore a Dirac mass

MpR (X bir + Xor¥br)

can be added on the TeV brane. Because of the remaining
SU(2)p gauge symmetry the same term has to be added for
top and bottom quarks. The necessary splitting between top
and bottom can then be achieved by adding a large brane
induced kinetic term for ¢, on the Planck brane [where
SU(2)g is broken] [9]. This is equivalent to adding a
mixing on the Planck brane to a localized singlet field,
that we parametrize by the ratio £ between the mixing mass
and the mass of the localized field [7,10].

In the following subsections we will address some issues
about flavor physics arising in this scenario. First of all, the
eventual presence of flavor changing neutral currents
(FCNC) induced either by higher dimension operators or
by nonuniversal corrections. Next, we will briefly discuss
the problems surrounding the inclusion of the third family
of quarks in the picture. For interesting flavor physics
signals in warped extra dimensional models see [34].

(5.2)

A. FCNC from higher order operators

In a warped background, the scale suppressing dimen-
sionful operators depends on the position of the fields
along the extra dimension [35]: for operators involving
fields mostly localized on the UV brane, the suppression
scale will be approximately 1/R, while for operators with
fields 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, putting a lower
bound around 10° TeV. While this constraint was clearly
satisfied when the two light generations of quarks and
leptons were localized close to the Planck brane, it be-
comes more worrisome when the fermions are delocalized
in the bulk, a situation favored as we have just seen by
electroweak precision measurements.
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Let us for instance consider the 5D operator

f &x <Z> RO, MW, W, T, ¥, (5.3)
where I'™ are the 5D Dirac matrices (see for instance
Appendix A of [10]) and where ¥; is the 5D SU(_2);
doublet of the first (or second) generation of quarks and
containing, in particular, the u; and d; zero modes. Note
that the scale suppressing this 5D operator is set by the 5D
UV cutoff 1/R. Upon compactification, this operator will,
in particular, generate the 4D FCNC operator

L _
f d*x Ao X V" X X, Y X, (5.4)
where the scale Apcne is obtained from Eq. (5.3) after
integration of the fermion zero-mode profiles over the extra
dimension. For ¢; = 1/2, we get

o (R/RYHlog(RY/R)
FoNe ™ R?

(5.5)

For 1/R' ~ 1 TeV, to get a suppression factor of 10° TeV,
c;, would have to be bigger than 0.57. Clearly the values of
c; used to reduce the S parameter do not fulfill this
criterion, which means that the setup fails to naturally
explain the absence of FCNC and additional flavor sym-
metries in 5D would be necessary. It is however relatively
easy to impose such a flavor symmetry in the bulk and on
the TeV brane and naturally break it close to the Planck
brane. Because of the small overlap of the fermion wave
functions on the Planck brane, the suppression scale of the
four-Fermi operators will be significantly increased.
Finally let us mention that other 5D operators like

R\5 . - -
] d5x<—> R, W, T, W, (5.6)
z
that would lead to the 4D operator
1
[ X, 57)
FCNC

are less constraining since the suppression scale Agcnc can
be now raised by localizing the rh components of the
fermion on the Planck brane (cg < —1/2), as discussed
in Sec. V B. Thus for these operators Agcnc can be as high
as 103 TeV even if ¢, < 1/2.

B. Nonoblique corrections: light fermions

Because of fermions propagating into the bulk, the
model is also affected by corrections to the gauge cou-
plings that cannot be removed by a shift of the oblique
parameters. There are two types of such corrections: cor-
rections coming from the enlarged gauge structure in the
bulk (already mentioned in Sec. III B), and nonuniversal
corrections coming from the different fermion masses. We
can parametrize the combination of these corrections as
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shifts with respect to the SM couplings, as follows:

g7 =0+ 71) (T% + sin*fy Q),

(5.8)

g}a’,/ =+ w,)g, = (1 + y))g'sinfy 0,

gy = wlg.

The corrections arising from the enlarged gauge struc-
ture affect the couplings of the rh fermions.® They are
present in the massless limit, and are universal provided
that the bulk masses of the SU(2)g doublets, cg, are all
equal. These corrections are generically not very tightly
bounded by experiment. For example, from the u decay
the limits on the W couplings with rh electron and muon,
w;", is of the order of a few percent with respect to the SM
gauge coupling, while from the 7 leptonic decays w’ has to
be smaller than 10% [36].

On the other hand, boundary conditions generating fer-
mion masses distort the zero-mode profiles, introducing
nonuniversal corrections to the gauge couplings. The more
the fermion probes the bulk, the more severe such nonun-
iversalities are, as the wave function will be more sensitive
to the TeV-localized mass term. For the first generation, the
corrections given by the masses (much smaller than the
electroweak scale) are negligible. Nevertheless, there are
nonoblique corrections that generically will be y; = w, =
few - 107 for cx < —1/2.

The most stringent experimental constraints come from
nonuniversalities between the first two generations of
quarks, for example 8y% =1y —y¢ and oy¥ =
¥$ — ¥¢ from kaon physics [37]. The bounds generically
imply |8y%| < 1073. Weaker bounds also come from
B%-BY and D°-D° mixings, namely |8y°“| <10™* and
|8yb9] <5 X 107*. Such bounds depend on unknown
quark mixing matrices, so can be weaker if small elements
are involved (see [37] for more details). It is possible,
however, to tune c¢; and cp for the second generation in
order to fulfill such bounds. A numerical example is shown
in Table I, in the minimal scenario where only a localized
kinetic term is added to the R component of the lighter
quark. In this example ¢ is too large. It is however easy to
suppress it, for example, splitting the s, and ¢, into two
different bulk R doublets with different bulk masses, cg,
and cg,. Similar arguments apply to the leptons.

As already discussed in Sec. VA, in the above scenario
generically large FCNC are expected to arise from higher
dimensional operators, as flavor 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 flavor

“Note that this particular structure comes from our choice for
the matching condition of the 4D gauge couplings. For example,
another possible choice would be to match the SM couplings
with the couplings of the up-type fermions. In this case, there
would be nonoblique corrections affecting the couplings of
down-type fermions.

035015-8



CURING THE ILLS OF HIGGSLESS MODELS: THE S ...
TABLE 1.
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Parameters used in this example: c¢;; = 0.485, cg; = —0.6, Mp, = 3.17 GeV,

&, = 4715 cpp = 0.485448, cpy, = —0.511, Mp, = 47.5 GeV, & = 59.5, where ¢ is the
parameter describing the localized kinetic term. In this case y$ — y¢ = 6 X 107,

u vi < 1076 w; <1076

d yd <1076

s ¥ =-8x10"° w,=—-5%X107°
c vi = —3.6X 107

Yyt =-395x10"*
v =—-585x10"*
yi=—-59X10"*%
yi=—-15%107?

w, = 133X 1075

w,=38X%X107*

symmetry, and exile all the flavor structure on the Planck
brane. In this case, higher dimensional operators will be
generically safely suppressed by the scale 1/R. In a mini-
mal scenario, one can add a universal Dirac mass for
quarks (and another for leptons) in order to account for
the heaviest particle (charm or 7). Then the lighter masses
are suppressed by localized kinetic terms for the L doublet
and the two singlets on the Planck brane.

C. Top mass, Zbb coupling and loop induced isospin
violations

The major challenge facing Higgsless models is the
incorporation of the third family of quarks. There is a
tension [12,14] in obtaining a large top quark mass without
deviating from the observed bottom couplings with the Z.
It can be seen in the following way. The top quark mass is
proportional both to the Dirac mixing M, on the TeV brane
and the overall scale of the extra-dimension set by 1/R’.
For ¢; ~ 0.5 (or larger) it is in fact impossible to obtain a
heavy enough top quark mass (at least for gsp = gs;). The
reason is that for MR’ > 1 the light mode mass saturates
at

) 2

mtop -~ ”n R’ (59)
R logis

which gives for this case my,, = \2My,. Thus one needs to

localize the top and the bottom quarks closer to the TeV

brane. However, even in this case a sizable Dirac mass term

0,2/
2.5 0.1

=7.5
_10

-12.5]
-19]

00 750 10001250150017502000

-0.4
0.

3 0.35 0.4 0.45 0.5 -
FIG. 5. Plots of the percentage deviation of the Zb, b, cou-
pling with respect to the SM value as functions of the scale 1/R’
(left panel, with ¢; = 0.46 and ¢y = —0.05) and as function of
the bulk masses ¢; and cg for 1/R’ = 1750 GeV (right panel).
The contours are at 1% and 1.5. Different values of 1/R’ are
obtained varying the ratio gz/g; between 1 and 6; the plot on the
right assumes gr/g; = 5.

on the TeV brane is needed to obtain a heavy enough top
quark. The consequence of this mass term is the boundary
condition for the bottom quarks

Xor = MpR' Xy (5.10)
This implies that if MR’ ~ 1 then the left-handed bottom
quark has a sizable component also living in an SU(2)z
multiplet, which however has a coupling to the Z that is
different from the SM value. Thus there will be a large
deviation in the Zb; b; . Note, that the same deviation will
not appear in the Zbgrby coupling, since the extra kinetic
term introduced on the Planck brane to split top and bottom
will imply that the right-handed b lives mostly in the
induced fermion on the Planck brane which has the correct
coupling to the Z.

The only way of getting 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 ratio gsz/gs;. (at the price of making also the gauge KK
modes heavier and thus the theory more strongly coupled).
To illustrate the magnitudes in the deviations of the Zb, b,
coupling we have plotted the percentage variation with
respect to the SM value as a function of 1/R’ (varying
the ratio). We can see in the left-hand side of Fig. 5 that the
deviation decreases with increasing 1/R’. In order to be
compatible with the experimental bound of 1% [27] from
LEP, a scale larger that 1700 GeV is required (which
implies gr/g; >4.5 and the first 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 a
fixed amount of deviation for gsg/gs, = 5.

Another generic problem arising from the large value of
the top quark mass in models with warped extra dimen-
sions comes from the isospin violations in the KK sector of
the top and the bottom quarks. If the spectrum of the top
and bottom KK modes is not sufficiently degenerate, the
loop corrections involving these KK modes to the T pa-
rameter could be large.” This possibility was pointed out in
[12], and further discussed in [38]. In [12] an estimate for
the size of these loop corrections was given using a mass
insertion approximation. Since the mass insertions (the
Dirac mixings of the KK modes on the TeV brane) are

"We thank Agashe and Contino for emphasizing the impor-
tance of these loop effects to us (private communication).
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very large, possibly larger than the unperturbed masses,
this method likely gives an overestimate of the resulting T
parameter. In order to get some sense of magnitudes we
nevertheless quote the results found in [12]:

2 2/ m, \2
KK t
Ttop 0.84<1 — 2ctL°p) <m{<K> .

For ¢, close to one-half and a KK mass for the top of order
700 GeV this contribution would be enormous. One can
see that in order to suppress this contribution one would
again need to increase mXX, the first 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 c¢; dependent
enhancement factor. Both this argument and the considera-
tion of the Zbb vertex would call for a scenario where the
third generation feels a different value of R’ than the rest of
the particles. We will speculate about such a possibility
below.

(5.11)

D. Possible future directions for model building

Given that the main problem with Higgsless models
arises from mass generation of the top and the consequent
effects on the couplings of the b quark, there are several
possible directions to explore for building realistic models.
A simple direction would be to relax the assumptions that
the Higgs VEV is infinite and localized on the TeV brane.
As long as the Higgs VEV is large compared to its SM
value, its contribution to WW scattering is suppressed. A
VEV above 1 TeV is probably sufficient to make its con-
tribution at the LHC unobservably small. Once the VEV is
finite it is possible to imagine the Higgs having a profile in
the bulk [39] which will reduce the value of M, 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 finite®
scaling dimension >2. This is the type of dynamical break-
ing scenario that happens in QCD or technicolor.

A more ambitious approach would be to separate the
fermion and gauge boson Higgs sectors. Conceptually we
can imagine a theory with two Higgses, one of which
predominantly gives mass to the gauge bosons and one
which predominantly gives mass to the fermions. One
could then apply the Higgs decoupling limit and arrive at
a ‘“double Higgsless” theory. More concretely we could
have two AdS spaces on either side of a Planck brane,
where the gauge bosons can propagate in the entire space
and the fermions can only propagate in the left half. If the
ratio of gsp/gs; gauge couplings and/or the warp factor
R'/R are large on the left space then electroweak symmetry
breaking on the left will contribute little to the W and Z

8Rather than an infinite dimension corresponding to the strict
localization on the TeV brane.
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gauge boson masses. This means that the gauge boson
wave functions will be almost flat 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 KK modes of the fermions can be made
heavier than the KK modes of the gauge bosons, meaning
that problems with unitarity can be postponed, while sup-
pressing isospin violating loop corrections from fermion
KK modes [12].

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

VI. CONCLUSIONS

There has recently been a long discussion about the
feasibility of Higgsless models, when facing precision
measurements. The most common criticisms are the large
oblique corrections (namely, a large tree-level contribution
to S) and a strong coupling arising from the early break-
down of partial wave unitarity in W boson scattering.
Because of 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 flat profiles, the gauge boson KK modes almost
decouple from the light fermions, while remaining effec-
tive in restoring perturbative unitarity in WW scattering.
This yields a double advantage: the tree-level contribution
to § is suppressed and direct search limits are lowered.
Therefore, a scenario with 600 GeV resonances and a
perturbative regime up to 10 TeV is allowed.

Finally, we pointed out that the main challenge still
facing Higgsless models is actually the successful inclu-
sion of a heavy top quark, without stumbling over large
corrections to bottom couplings with the Z. We have also
mentioned some possible future directions in model build-
ing that might lead to a completely realistic model.
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Note added.—After this work appeared on the ArXiv,
Ref. [40] appeared, where the authors also discuss the
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effect of fermion localization on the oblique parameters
in Higgsless models. Their conclusions agree with ours,
although the details of the models and the analysis are
different.
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