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Abstract

We propose a scenario in which the Planck scale is dynamically linked to the elec-
troweak scale induced by top condensation. The standard model field content, without
the Higgs, is promoted to a 5D warped background. The only additional ingredient is
a 5D fermion with the quantum numbers of the right-handed top. Localization of the
zero-modes leads, at low energies, to a Nambu-Jona-Lasinio model that also stabilizes
the radion field dynamically thus explaining the hierarchy between the Planck scale and
vgw = 174 GeV. The top mass arises dynamically from the electroweak breaking con-
densate. The other standard model fermion masses arise naturally from higher-dimension
operators, and the fermion mass hierarchies and flavor structure can be explained from
the localization of the zero-modes in the extra dimension. The model is easily consistent
with the electroweak precision data, since the Kaluza-Klein scale is predicted to be about
two orders of magnitude above the electroweak scale. This little hierarchy is a dynamical
consequence of the radion stabilization mechanism and is free of fine-tuning. The model
predicts a heavy (composite) Higgs with a mass of about 500 GeV and standard-model-
like properties, and a vector-like quark with non-negligible mixing with the top quark and
mass in the 1.6-2.9 TeV range. Both can be within the reach of the LHC. It also predicts
a radion with a mass of a few GeV that is very weakly coupled to standard model matter.
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1 Introduction

In the past couple of decades there has been a tremendous effort, both theoretical and experi-
mental, to try to understand the electroweak scale. An important driving force has come from
the desire to understand how this scale is related, if at all, to other scales in nature such as the
Planck scale. Dynamical symmetry breaking through strong interactions provides a beautiful
conceptual framework for understanding naturally hierarchically different scales. The analogy
with the QCD interactions played a prominent role in the application of the idea to the genera-
tion of the electroweak (EW) scale itself, when the Technicolor model was introduced in the late
1970’s [1, 2]. Fermion masses were later introduced via extended technicolor (ETC) [3], 4] (for
recent developments see [5]). Because of the difficulty in generating a large top quark mass in
the ETC theory, a more natural proposal where top quark condensation breaks the electroweak
symmetry was first proposed in [6] [7, 8], and later developed in [9, 10, [11]. Fitting the observed
top quark mass was finally possible in the context of the top seesaw model [12] (see [13] for a
comprehensive study). More recently, extra-dimensional scenarios [14] 15 [16] [I7] have led to
a simple realization of the basic ingredients of Topcolor models [I§]. For a review of strong
dynamical electroweak symmetry breaking and an extended list of references, see [19].

In this paper we assume that the standard model (SM) fields propagate in a 5D warped
background [20], resulting in strong interactions that lead to a simple picture where the EW
symmetry is broken by a fermion-anti fermion condensate. The source of the strong interactions
responsible for the condensate is related to the 5D SU(3)c QCD interactions, specifically to
the gluon KK modes, which can easily be sufficiently strong to trigger the condensation. Our
main observation is that the resulting vacuum energy in the presence of the condensate depends
on the separation between the “ultraviolet” (UV) and “infrared” (IR) branes, L. This is be-
cause the KK gluon masses and the couplings of the condensing fermions to the KK gluons are
L-dependent so that the vacuum energy in the presence of condensation is also L-dependent.
Thus, a potential for the radion field is induced. Crucially, the vacuum energy has a minimum
that naturally leads to an inter-brane distance parametrically larger than the 5D curvature
scale. As a result, the Planck, the Kaluza-Klein (KK) and the electroweak scales are all related
dynamically. It is widely appreciated that a complete solution to the hierarchy problem within
warped scenarios [21] requires a specification of a radion stabilization mechanism. Notice that,
unlike the well-known Goldberger-Wise mechanism for radion stabilization [22], we do not add

by hand dynamics for the sole purpose of stabilizing the radion field. In this sense, our mecha-



nism is closer in spirit to the proposal of radion stabilization through Casimir energies [23]. We
go beyond the previous proposals in that the stabilization of the distance between the branes
is directly related to electroweak symmetry breaking (EWSB), and leads to a rather non-trivial
link between various scales in the theory.

We illustrate the radion stabilization mechanism in a simple toy model in Section 2l The
mechanism can be studied in detail within an effective Nambu-Jona-Lasinio (NJL) model [24]
in the large N limit. We show, in particular, that the potential always has a well-defined
minimum. The Planck/EW scale hierarchy is obtained provided a certain coupling is about
10% above a critical value. The size L is adjusted dynamically and one finds that, when the
Planck/EW scale ratio is reproduced, the KK scale is predicted to be a factor of about 200
above the EW scale. Thus, the radion stabilization mechanism we propose not only explains
the large hierarchy between the Planck and EW scales, but also the little hierarchy between
the KK and EW scales. Furthermore, the relaxation of the radion field to the minimum of
the potential energy ensures that typically only one of the fermions condenses, the one closest
to the IR brane. In the context of the SM, the top quark is the most natural candidate to
condense.

The realistic model described in Section Blis extremely simple: the SU(3)cxSU(2), xU(1)y
gauge fields and the SM fermion field content are supplemented by an additional quark field
with the quantum numbers of the right-handed (RH) top quark, and are assumed to propagate
in the bulk of a warped 5D space. There is no fundamental scalar field. We choose boundary
conditions such that at energies below the KK scale, there is one wector-like fermion y, in
addition to the SM fermions. We assume that the SM fermion closest to the IR brane is one of
the SU(2), quark doublets (which is then identified as the left-handed (LH) third generation
quark doublet). Its condensation partner is a linear combination of the RH top quark and yg,
which is the most general and natural case allowed by the underlying 5D structure. Therefore,
the EW symmetry is effectively broken by top condensation [I1], and the fact that the top
mass is of order the EW scale (and much larger than the other fermion masses) is a natural
consequence. The fact that the condensate involves a linear combination of RH fields leads to
a version of the top seesaw [12] that easily accommodates the observed top mass. In this sense,
the model we propose can be regarded as a UV completion for the top condensation scenario,
that also leads to a novel realization of the top seesaw scheme.

In Section B we also show how the EW scale and the top mass are obtained in the above

model. We also present in some detail how the light fermion masses can arise from higher-



dimension operators involving the top and x fields. Radion stabilization predicts that the KK
scale is at about 35 TeV. The low-energy spectrum includes, besides the SM fermions and gauge
bosons, a (composite) Higgs with a mass of 500 GeV and a vector-like quark that mixes with
the top quark. In Section (], we show that the EW constraints imply that the vector-like quark
mass should be in the 1.6-2.9 TeV range. We also show that the radion field has a mass of a few
GeV and a “decay constant” of order a few hundred TeV, which makes its detection challenging.
The collider phenomenology of the present scenario is also briefly discussed. Section [l contains
our conclusions.

Finally, we provide two appendices with technical discussions. In Appendix [Al we clarify
how the strong coupling relevant to the physics of condensation is related to the strong coupling
physics intrinsic to the 5D theory. We also estimate carefully the size of 4-fermion interactions
that are expected to be present in the 5D theory, and that give rise, in the present scenario, to
the masses of the SM fermions other than the top. We collect in Appendix [Bl several formulas

that are relevant for the EW precision analysis.

2 Condensates and Radion Stabilization

We start by considering the simplest toy model that displays the main features of the radion
stabilization mechanism. This will allow us to understand the main idea in a simple setting. A

fully realistic implementation is considered in Section [3l

2.1 SU(N.) with Two Flavors

Consider an SU(N,) gauge theory (to be identified later with the color group) in the AdSs
background
ds? = e M, dztdz” — dy* (1)

where p runs over the 4D noncompact directions and 0 < y < L. We also consider two bulk
fermions, ¥; and ¥, in the fundamental representation of SU(N,). Their boundary conditions
are chosen so that one gives rise to a LH zero-mode, v, while the other gives rise to a RH
zero-mode, Y9r. Here we are mainly interested in the physics of these fermion zero-modes

which have profiles given by
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where
(1 —=2¢)kL
Pe = CO=20kL _ 1 (3)
is the normalization factor, and c¢ stands for ¢; or ¢o, which parametrize the fermion 5D mass
terms in units of the curvature scale k. Our conventions are such that, independently of chirality,
the zero-modes are localized near the UV (IR) brane for ¢ > 1/2 (¢ < 1/2). Tree-level exchange

of the first-level gauge KK mode leads to 4-fermion operators of the form

(EMTA’Y“?/&L)(EzRTA’V”%R) = (%L%R)(Q/fm?/fm) +O(1/N.) (4)

where T4 are the SU(N,) generators, the parenthesis indicates how the color contractions are
performed, and the right-hand side is obtained by Fierz rearrangement. Also, Mgk is the
lightest KK gluon mass and ¢, is its coupling to a fermion with localization parameter ¢, given

by the overlap integral

=255 [P 6 )

where g5 is the 5D gauge coupling, and f((;l)(y) is the first-level KK gluon Wavefunction Other
operators that involve only LH or only RH fermions will play no role in the following discussion

[44

(notice they have the “wrong” sign to spontaneously break the Lorentz symmetry, as discussed

n [25]). Also, in the 5D effective theory there are local 4-fermion interactions (suppressed by
the cutoff of the 5D theory, A). We argue in detail in Appendix [Al that the effects due to
these four-fermion interactions are expected to be subdominant compared to those obtained by
integrating out the gauge KK modes.

The 4-fermion interaction due to gauge boson exchange, Eq. (), is always attractive (i.e.
Je 9e, > 0) and, if sufficiently strong, can lead to a fermion-antifermion condensate [7, [§] and a
low-energy scalar degree of freedom [I1], as reviewed below. It is important to notice that one
can also consider the 4-fermion interactions induced by integrating the second and higher gauge
KK modes out. However, it is easy to check that the relevant couplings, analogous to Eq. (H),
are significantly smaller than the one associated with the first-level gauge KK mode. This
can be understood from the oscillating behavior of the heavier gauge KK mode wavefunctions,

which generally leads to cancellations. One can also consider the 4-fermion interactions among

the fermion KK modes that arise when heavier KK gauge bosons are integrated out. But

'We define all wavefunctions so that the normalization reads (1/L) fOLdy| f(y)|> = 1, without warp factors.
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again, the associated couplings are significantly smaller than Eq. (B). As will be explained in
Subsection 2.4] the largest coupling is only slightly above the critical value for the condensation
to happen. As a result we do not expect fermion condensation in any of the above “KK
channels”. This should be contrasted to the situation in flat space, where all non-vanishing
couplings among KK modes are equal, and condensation happens in all channels that exist
below the cutoff of the 5D theory [I5]14 We therefore concentrate on the 4-fermion operators
that involve the lightest fermions and arise from exchange of the lightest gauge KK mode. This
can be studied in the 4D effective theory valid below the KK scale. Since our main interest
is in how this well-known condensation mechanism can also stabilize the radion and how the
compactification and condensation scales are related, we start by establishing the dependence

of the relevant parameters on L.

2.2 [-dependence of Microscopic Parameters

Both the coupling g. and the KK scale Mkk depend on the size of the extra dimension L. In
order to find an analytical expression for this dependence, we resort to the following trick: it
is easy to obtain an analytical expression for the coefficient of the 4-fermion operator, Eq. (),
induced by integrating out the full tower of gluon KK modes, using propagator techniques [26].
On the other hand, these effects are saturated to a very good approximation by the lightest KK
gluon, which is the one that concerns us. This observation allows us to obtain an approximate
expression for g. in Eq. (B). The effects of the complete KK tower sum up to

o0 2 2

9 gsk faler, o) 1

ME T et |[Nlene) = Tr A2L2| (6)
n=1 n

where g, is the coupling to the fermion zero-modes of the n-th KK gluon with mass M,,. When
c12 < 1/2 (i.e. fermions localized near the IR brane), one has

(1 - 201)(1 - 202)(3 —C1 — CQ)
2(3—2¢1)(3—2¢)(2—c1 — o)’

45 — 28[c1(3 — ¢1) + c2(3 — )] + 16¢1¢2(3 — ¢1)(3 — ¢2)

faler,e2) = 2(3 — 2¢1)2(3 — 2¢,)? ’ (®)

(7)

fier, ca)

where exponentially small effects have been neglected.

2Ref. [16] considered a warped space analog. However, no fermion bulk masses were considered and, since
for ¢ = 0 the fermion KK wavefunctions reduce to sines and cosines, a situation similar to flat space ensues.
For arbitrary c-parameters, however, the condensation occurs only among the lightest fermions (zero-modes, or
ultra-light modes, as described in Section B]), due to exchange of the first-level gauge KK modes.



The lightest KK gluon mass is given by
MKK = 1’1/{7 e*kL s (9)

where x; =~ 2.45 has a very mild dependence on L that, for simplicity, we will ignore in the
following. Using the fact that Eq. (@) is almost saturated by this lightest mode, and comparing
to Eq. (@), we find

f2<01,02) i 1

kL 4k2 L2 (10)

9c1 Yo ~ g;kl’% fl(clacQ)_

Indeed, it is easy to check numerically that g, g., computed from Egs. (@) or (I0) agree to
better than the per mille level for the parameters of interest.

We also point out that the functions f;(ci, c2) and fo(c, ¢o) are positive definite, a fact that
will be used below. This can be checked explicitly when ¢, < 1/2 and Egs. (7)) and () apply.

When ¢; > 1/2, these two functions become exponentially small.

2.3 Radion Potential

The 4-dimensional effective theory can lead to a potential for the radion through the L-
dependence of Mgk and ¢, ge,, as given in the previous subsection. As we will see, such a
potential is intimately connected to the formation of a condensate (1,;1sr) in a NJL model
with the 4-fermion interactions given in Eq. (). If the coupling in Eq. (I0) is sufficiently large,
a nontrivial condensate forms and gives rise to a scalar fermion-antifermion bound state. The
simplest way to study this phenomenon is by rewriting the 4D theory including the 4-fermion
interactions of Eq. (@), in terms of an auxiliary “Higgs” field, H, as [11]

Ly = Z@mﬂﬁ’m + l@zRQ%R - MIQ(KHTH + (ngEm%R +h.c), (11)

where D is the gauge covariant derivative with respect to the zero-mode gluon, and we have
omitted the gluon kinetic term for simplicity. By integrating out the auxiliary field H the
original Lagrangian is recovered, with the identification g?p = gc,9c, > 0. We should regard the
Lagrangian (1)) as holding at the scale Mkgk. Renormalization group running to lower scales

leads to

Li(pn) = Zuiv, P+ Zrivop Dok + (24,90 H 1hag + hoc)

A
+ Zn0, 0" H — miy HUH — J(HH)? (12)



which shows that a scalar kinetic term is induced, and H can be thought as a dynamical degree
of freedom below the scale Mkk. Furthermore, the Higgs squared mass parameter, that starts
out positive at the Mgk scale, can be driven to negative values through radiative effects. If we

ignore the effects of the Higgs self-interactions, the running arises from fermion loops and leads

to
2 2 4 2
gyNe U gy Ne M,
m3, ~ M2y {1— gﬂ (1—M—2)] : AR éir? 1n< MI;K) : (13)
KK

which indicates that H acquires a non-vanishing vacuum expectation value (VEV) provided

8
N,

95> Gl = (14)

As discussed above, the parameters that determine this VEV depend on the size of the ex-
tra dimension so that we effectively obtain a scalar potential for (H) and L, that should be

minimized simultaneously. We rewrite this potential as

V(H,L) = m%y(L)H'H + @(HTH)Q
_ AT my(L)]*  mh(L)
- T2 {HTH+ X<L)] TN (15)

where, as a result of 5D general covariance, the radion dependence enters only through the

(renormalized) parameters

2
5 mi - A
= — —_ 1
where
N. g2 M2
Zy = —2 KK ) 17
" 1672 n( G ) )

We see that a radion potential is induced only when the condition (I4) is fulfilled so that
(H'H) = —m?% /). Referring to Eq. (I0) and given that the function fi(cy,c,) is positive

definite, as mentioned above, we conclude that the condensate will form provided

g§k$%f1(01702) > Gg ) (18)

3Parameters associated with the gauge and fermion sectors also depend on L, but do not contribute to the
radion potential as long as these fields do not acquire VEV’s, which we assume to be the case.
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which will occur whenever the fermions are sufficiently localized towards the IR brane. The
reason is simply that the last two terms in Eq. (I0) vanish as kL — oo, and therefore there is
always a region where g.,g., > G>. H Assuming that the inequality (I8)) is satisfied, and noting

that fo(cq1, o) is also positive definite, we see that there is a critical value, L., defined by

fa(er, e2) 1

2
p— ]_
kL.  4k?L2 G s (19)

9ok a3 [fl(cla Cp) —

such that for L > L. the condensate forms. It is then clear from the form of V(H, L) that when
L > L, and imposing 0V/0H = 0 [i.e. (H'H) = —m?2 /)], OV/OL receives contributions only
from the second term in Eq. (I5]). Thus, the radion potential is simply given by

Ve (L) = ——3 0(L - L)

Q
I

sz> 6)(L - Lc) ) (20)

where 6(z) is the Heaviside step function, equal to 1 for z > 0 and zero otherwise. The
renormalization scale u should be taken of the order of the Higgs condensate: p ~ vgw < Mkk.
In Eq. (20) we neglected the term p?/M2y in m3; [see Eq. (I3))] since it is a negligible effect. We
observe that V(L) is negative and vanishes both for L < L, and for L — oo (for small L there
is no condensate, hence no radion potential, while for large L, Mkx goes to zero exponentially).
Therefore, the potential always has a minimum for some L > L. and stabilizes the radion
whenever the condition (I8) is satisfied. The radion potential is shown in Fig. [

It should be noticed that the existence of this minimum is rather robust: the vanishing
of the potential at small L is due to the 4-fermion interaction turning subcritical, while the
vanishing at L. — oo is a consequence of the fact that in the uncompactified limit, 5D general
covariance forbids non-derivative terms that involve the radion field. The latter property is
also important in forbidding arbitrary additional terms in the radion potential. In our case, the
crucial point is that the radion is related to the higher-dimensional gravity multiplet. Notice
also that the potential at the minimum is of order the EW scale, and we expect the gravitational
backreaction on the warped background to be small. However, we must assume that there is an
additional contribution to the vacuum energy that makes the 4D cosmological constant slightly

positive (the usual cosmological constant fine-tuning problem), as indicated by observation. As

4Since fa(c1,c2) > 0, the opposite inequality, g2k 23 f1(c1, c2) < G2 can lead to a condensate only for kL < 1,
when the third term in Eq. (I0) can dominate. We do not consider such a possibility here.
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Figure 1: Radion potential, Eq. (20).

discussed in [23], a “mismatch” between the 5D cosmological constant and brane tensions that,
when added to the contribution from the condensation, can make the net 4D vacuum energy
nearly vanishing, leads to an additional radion-dependent contribution. Such a potential still
vanishes at large L. It is possible to have a long-lived metastable minimum at a position close
to the minimum of Eq. (20), that arises from the potential in Eq. (20) plus a contribution
that behaves like an inverse power-law in the radion field, as would be expected from the

above-mentioned mismatch.

2.4 Scales: Leading Order Analysis

We now explore the connection between the dynamically determined size of the extra dimension

and the Higgs condensate:
my Mk |11
Aooove e g

Here we neglected, as before, the effects of the Higgs self-interactions. It is useful to define the

<H> = VEW = - (21)

functions

fi = @kaficre),  fori=1,2, (22)

where the fi(c1,c2) were defined in Eqgs. (@) and (). In terms of these, the condition that
ensures that a condensate exists, Eq. (I8), is simply f; > G2. Since, as we will see, the radion
is stabilized at values kL > 1, we will neglect the third term in Eq. (I0) in order to simplify

the following analytical expression. We will include the full expression in the numerical studies.
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Figure 2: Left panel: kL, as a function of f1/G? [see Eqs. (22) and (23)]. The variation in f;
is obtained by varying ¢; = ¢, for fixed “underlying” KK gluon coupling gsvk = 5.08. Right
panel: Ratio of the KK scale to the Higgs VEV as a function of kL.,;,. The red dots indicate
the point where the Higgs VEV is at the electroweak scale, vgw. The choice of g2k is such that
at this point we reproduce the “observed” as(u = Mkk) =~ 0.068, where Mkgk =~ 35 TeV.

The minimum of the radion potential, Eq. (IH), is then given by
2f1
w 2 (fi-G2) -1
f1 2f1 L (/- G?)

f2 1
IR (23)

where the second equality holds when f;/G? — 1 < 1. In this case we get kLy, > 1. To get a

kLmin

more quantitative idea, we note that f, / f1 lies between 2 and 3 for —1 < ¢; = ¢; < 0. Thus,
if f; is within 10% of G2 one gets kLm, of order 20 — 30, roughly what is required to explain
the Planck-weak scale hierarchy.

Note also that once kL, is determined by the above dynamical mechanism, the low-energy

gauge coupling is computed from

2
Qg = 95 .
47TLmin

(24)

If we are aiming at explaining the Planck-weak scale hierarchy, so that kL;, ~ 33 — 34, and

identify o, with the strong coupling constant, we see that the “fundamental” KK gluon coupling
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is determined to be \/g?)ik ~ 6, although its precise value depends on the actual matching scale
Mky, both through the value of kL,,;, and the RG running of a, up to the KK scale.

In the left panel of Fig. @ we show kL, as a function of f; /G?. We obtain different values
of fi by varying the localization of the fermions. For illustration purposes, we took ¢; = ¢,
but the situation is similar in the more general case. We fix g2k so that «, has the Correc
value at Mkyk when the condensate has the correct value, (H) = vgw = 174 GeV. These two
requirements uniquely fix g2k and f; (for ¢; = ¢ and k = 2 x 10'7 GeV we find ¢; = —0.62).
The size of the extra-dimension, kL, is then fixed by the minimization of the potential to be
kLpyin =~ 30. The hierarchy between the weak and Planck scales is explained when fl is within
10% of G?, a relatively moderate tuning. H The KK scale is then predicted to be 35 TeV (see
right panel of Fig. 2)). Interestingly, the radion is stabilized at a point where the actual coupling
of the KK gluon to fermions, g?p = ¢, 9e, [see Eq. ([I0)], is rather close to the critical coupling
G?. Specifically, we get

3 2\2
gi ~ G+ 7(]01 foC) ) (25)
which gives gi/Gg — 1~ 1073, Notice that g?p is closer to G? than the original 10% input by a
factor (95 —G2)/(f1—G?) = (1—G2)/(2f2) = O(1/ f2), which is small because fo ~ g2k 27 > 1,
a consequence of the underlying strong dynamics. This accounts for the factor of about 1/100
of additional suppression in the difference gfb — G?. As a result, a relatively large hierarchy

between vgw and Mgy is predicted:

L—G2\ |1
vEw ~ Mxxk <j1127GQC) fT’ (26)
c 2

as shown on the right panel of Fig.[2l In that figure we also marked the point where (H) = vgw,
which is associated with a KK scale Mgk =~ 35 TeV (and kL, =~ 30.27). We stress that the
hierarchy between Mgk and vgw of about 200 requires only a moderate 10% tuning, so that
there is essentially no little hierarchy problem. This is a consequence of the radion stabilization

mechanism that relaxes L to a point where gfb is driven very close to the critical value. This

5We use the RG equation with the SM field content plus one additional SU(2), singlet quark with a mass
of a ~ 2 TeV, for reasons discussed in Section [ to obtain the value of a,(Mkk) from a,(Myz).

Defining the sensitivity by S = dlogvrw/0log fi [27], we obtain S ~ (fo/f1)(f1/G? — 1)72. As argued
in [28], the fine-tuning should be obtained by comparison with the typical sensitivity, defined as an appropriate
average, which in our case is S = 122G /[(fmax — G2)?(3 fmax + G2)]. For |e1], e2| < 1, fmax ~ 1.35G?, and we
find S/S ~ 10, which corresponds to a 10% fine-tuning.
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also implies that generically only the fermions closest to the IR brane, which have the strongest
couplings to the first-level KK gluon, will condense. Other fermions which are somewhat further
away from the IR brane will have subcritical couplings. This is also true for the fermion KK
modes, which have couplings to the KK gluons that are smaller from those of the lightest

fermion modes (see comments in the last paragraph of Subsection 2.1]).

2.5 Scales: Improved Analysis

To estimate more precisely the renormalized fermion Yukawa coupling g, and the Higgs quartic
coupling A, hence the Higgs boson mass, at a low energy scale u, we include the SM gauge
couplings and Higgs self-interactions into the renormalization group (RG) equations for g, and

A. At one loop order these are [L1]

d gy _ 19 _ _ 9 _ 17 _
167229 _ 752 _ga2_Z; _ Ll o7
g dInp 9y {2 Gy 93 492 G gy | (27)
d A . 1 3 50 1 1 3
16 2 12 )\2 -2 +t-2 2.9 2 Lo 1.9 9 O 4 4 08
7rd]n,u [ +(9w 49Y 492) + 16gy+8gygz+ 1692 o ,(28)
while the SM gauge couplings satisfy
d g;
16 2 Lo — bl a3 29
g dInp 9i > (29)
with
2 19 1 41 1 8
bs = =7 + — b = —— + =n,, bp=— + -ngs + —n; . 30
3 +3nf, 2 6 +6n 1 5 +6n +27nf (30)

Here we introduced n, and ny to take into account additional particles beyond the standard
model, which will be discussed in a realistic model in Section Bl We will choose n, = 1 for
> 10 TeV and ngy = 0 for p < 10 TeV, while ny = 1 for yp > 2 TeV and ny = 0 for p < 2 TeV.
This corresponds to having one additional Higgs doublet at 10 TeV and one additional top
quark-like fermion at 2 TeV. To solve the RG equations, we use the “compositeness conditions”
gy = oo and A = oo at the Mxx scale [11], which corresponds to having vanishing Higgs
kinetic term and quartic coupling at the compositeness scale, Mkk =~ 35 TeV. In the following
numerical studies the SM gauge couplings at M, are taken from the PDG [29], while their
experimental errors are neglected since they are expected to be small compared to the theoretical

uncertainties.
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Figure 3: Left panel: the fermion mass m, as a function of the running scale p. Right panel:
the Higgs boson mass my, as a function of p. The solid (blue) line is for the boundary condition
Gy (Mgk) = oo, while the dotted (orange) line is for the boundary condition gy (Mgk) = V4 7.
The intersection with the dashed (red) line, m(u) = p, determines the particle masses: my, =
375 4+ 25 GeV and my, = 475 £ 25 GeV.

In Fig. B we show the fermion and the Higgs boson masses as functions of the energy
scale p, that follow from integration of Eqs. (27) and (28). We use the mass-shell condition
m(ft = Mphys) = Myppys to define the physical mass. To estimate the error in our perturbative
calculation of a strongly coupled theory, we report two boundary conditions for g,. One is
Gy (M) = 0o as shown in the solid (blue) line, while the other is g, (Mxk) = V47 as shown
in the dotted (orange) line. In this way, we find a fermion mass of my = 375 £ 25 GeV, while
the Higgs boson mass is my, = 475 4+ 25 GeV. The actual masses of the new fermion and the
new Higgs doublet are not important for the numerical solutions of the RG equations. If we
neglect the effects from the new particle’s contributions by choosing ny, = ny = 0 for all scales
in Eq. (29), the final values for m, and m,;, are only changed by around 1 GeV, and hence
contribute negligibly to the errors of m, and m;. However, the RG improved masses of the
new fermion and Higgs doublet are relevant to study the phenomenological consequences of

this scenario.

3 The Planck and EW Scales from a Top Seesaw

Having discussed the mechanism for condensation and radion stabilization in Section 2 we

now turn our attention to a realistic implementation where the above condensation mechanism
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is responsible for EW symmetry breaking and the generation of all SM fermion masses. The
fermions that condense must then carry SU(2), x U(1)y quantum numbers. One possibility
is to consider a fourth generation as done recently in Ref. [I7]. This leads to a Higgs mass of
order a TeV, and a fourth generation fermion with a mass in the several hundred GeV range.
The light fermion masses can be generated from local 4-fermion operators suppressed by the
cutoff scale A [see Eq. (52)) below], as discussed in Subsection B3] below. However, such effects
are naturally suppressed, and can hardly be expected to generate the top quark mass (see
Subsection and Appendix [A]). We therefore consider a scenario where the top quark takes
an active role in the condensation mechanism. The EW scale is then closely connected to top
condensation [IT]. As we will see, our setup leads naturally to a Top Seesaw [12] structure, so

that a top quark parametrically lighter than the Higgs can be easily accommodated.

3.1 The Model

In more detail, the SM model is embedded into 5D fields propagating on the background of
Eq. (@) as follows. We concentrate on the “top sector”, which arises from an SU(2), doublet
5D fermion, Wq,, with hypercharge 1/3, plus two SU(2), singlet 5D fermions, ¥; and Wy,
with hypercharge 4/311 This setup has exactly one additional SU(2);, singlet compared to the
standard minimal constructionH The boundary conditions are chosen so that Wy, has a LH
zero-mode, @ = (t,br). Since ¥; and Wy have the same quantum numbers, we can write
a general two by two 5D Dirac mass matrix for them. Such a mass matrix can always be
diagonalized, but the boundary conditions in the basis where the 5D mass matrix is diagonal
need not be of the simple (—,+) or (+,+) type for the two individual fields. Rather, one
should allow for general linear combinations of the fields with the same quantum numbers to
be assigned Neumann or Dirichlet boundary conditions. From now on, we will define ¥; and
U, as Dirac mass eigenstates with Dirac masses written as cik and cok respectively, while the
Dirac mass associated with the doublet is written as cgk. The boundary conditions for the
SU(2)y, singlets are described in more detail below.

We choose one linear combination of W; and W, to have a RH zero-mode, while the or-

thogonal linear combination has an ultralight Dirac KK mode. The low-energy (i.e. below the

"In spite of the notation, these fields should not be identified with the fields of the toy model of Subsection 211

8There is no corresponding enlargement of the field content in the first two generations. In summary, we
simply take the 5D SM field content without the Higgs field and add a single 5D fermion with the quantum
numbers of the RH top quark. A Chern-Simons term to cancel anomalies resulting from the compactification
needs to be added [15], but it has no impact on the physics we are interested in.
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KK scale) singlet fermions are denoted by tg, xr and xg. In general, tx lives in both RH 5D
fermions, W1r and Wsg, as does the ultralight Dirac KK mode, y. The KK decomposition in
the RH sector reads

3
eahky

Uir(z,y) = [h(y) tr(z) + ki(y) xr(2) + -],

§

3
eahky

Uor(z,y) = i [ha(y) tr(z) + ko(y) xr(Z) + -], (31)

where - - - represent higher KK modes, and h;(y), k;(y) are the wavefunction profiles for ¢tz and
X R, respectively. The “misalignment” between the boundary conditions and the general Dirac
mass matrix for ¥; and W, is parametrized by an angle . We require cos Vi + sinf Wsp to
obey (+,+) boundary conditions, so that it contains the zero-mode tg, while the orthogonal
combination —sin@ Wiz + cosf ¥ap is assigned (—,+) boundary conditions and contains the
ultralight mode .

For the zero-mode tg, the wavefunction profiles are

0 1 in 0 1
hily) = —m e hy(y) = e e (32)

a(ey, ) a(cy, ca)
Here a(cy,c9) is a dimensionless parameter that normalizes the 4D fermion wavefunction ac-

cording to %fOLdy (Jh1(y)|? + |h2(y)|?) = 1, and is given by

cos2f  sin’é
a(cy, c2) = + ) (33)
pcl pCQ

where p. was defined in Eq. [B) [p., and p., are precisely the normalization factors of the
zero-modes of 5D Dirac fermions obeying (+, +) boundary conditions|. For ¢1,co < —1/2, the

solutions for the wavefunction profiles of the ultralight KK mode, x g, are approximately

h@w—mwd%m@, @@mmﬁJ%@@, (34)

where the approximation is very good even for y’s far from the IR brane. Again the wavefunction
of xg is properly normalized here. The ultralight Dirac mass, that marries the y and x g fields,

1S

7@%WH%M+MWMAM%W+%—MWMWWMMP(w

1+ 2¢1 + (14 2¢) tan?6
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This formula is valid for ¢y less than —1/2 and when ¢; and ¢y are not too close to each other.
It shows the Dirac mass to be exponentially smaller than k=ke . For § = 0, the ultralight
mode arises purely from Wyp, and has a mass my ~ \/4037—16(%“2)‘% k.

The couplings of the lightest KK gluon to the RH 4D fermions can be read from the 5D
fermion covariant kinetic terms after replacing them by their KK decomposition, Eq. (31), as
well as the gluon one. Noticing that h;(y) and k;(y) are proportional to the same exponential

function, these couplings take the form

Je - _ e, COS 0 —/Pe; Pe, SN B cos 6 t
1 (tR XR) B Pey 6 9 PeiPey 2 Gﬁ TA ,Y,u R
PerPes a(C1, C2) V/PeiPe, sinb cos Pey SID XR

P - ., sin? 6 /P Pe, SIN 6 cos 6 t
+ m (tr Xn) < \//Ti); sin 6 cos 0 ’ 1ppc; cos® ) Gﬁ T4 ( X}; ) {36)
where g., is defined exactly as in Eq. (Bl) (i.e. as the coupling of the first KK gluon to a
generic fermion with (+,4) b.c.’s and localization parameter ¢;). The above two matrices can
be diagonalized by the same rotation matrix. Changing the RH chiral fermions basis to a new
basis t = cosatr +sina xg and xp = —sinatg + cosa xg, so that the fermion couplings to
the first KK gluon are diagonal, we have the simple result

o W 0 f
o (%) e () @7

c2 XR

with the mixing angle

a=—tan"' (\/pe,/pe, tanf) . (38)

Effectively, t}; and x; behave like RH zero-modes of two non-mixing Dirac fermions with
localization parameters c¢; and c;. They couple to the LH light fermion y; with 4D Dirac
masses, sinamgy and cosamyg, respectively, where m, is given in Eq. ([BH). We notice, for

future reference, that the normalization factor in Eq. (33) can be variously expressed as

cos?0 sec’a sin?f csc2a sec’q

a(ci,c) = —— = = , 39
( ) Pe Pes Pe; + tan’a pe, (39)

so that the wavefunction profiles of Eqs. (82) and (34]) can be simply written in terms of the

fundamental zero-mode wavefunctions of Eq. (2) as

hi(y) = cosa fe,(y), ho(y) = sina fe,(y)
kiy) =~ sinafe,(y), ko(y) ~ —cosa fe,(y) - (40)
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The wavefunction of x, is obtained from yg using the equation of motion. Decomposing
the 5D left-handed field as

Sky Sky
€2 €2
Vip(z,y) = Ni7 hy) xe(e) + -+, War(,y) = ﬁlz(y) xe(e) + - (41)
and considering the region ¢; 5 < —1/2, we have
Slne (l+c )k; COSG (l+c )k;
hy)  ———=c"2""  (y) = ——==c'2"", (42)
a(—cy, —c1) a(—cq, —c1)

where the normalization factors were defined in Eq. ([B3). The coupling of xr to the first KK
gluon, which we call g,,, can be calculated simply by substituting the wave function profiles
l1(y) and l5(y) into Eq.(5) and summing them together. As one can see, for the parameter
range of interest, ¢; 2 < —1/2, the LH part of the Dirac fermion is localized close to the UV
brane. As a consequence, g,, is suppressed compared to g., and g.,. More importantly, it has

the opposite sign to g., and g.,, a fact that will be relevant in the following.

3.2 EWSB, Radion Stabilization and the Top Mass

It is now simple to study the low-energy theory that describes the light fermions, Qr = (¢, br),
tr, xr and x’z. The most important effects due to the heavy physics are the 4-fermion in-
teractions that are induced by integrating out the KK gluons at tree-level. These lead to the
breaking of the EW symmetry and the stabilization of the radion along the lines discussed
in Section 2l The top mass can also be easily accommodated via a top seesaw. After Fierz

rearrangement, the 4-fermion operators are

1
Mg

(93 3 (X XR) (X RXL) + 92, (XetRr) (P RXL)

+ 900 QLXR) X RQL) + 95/(QLtR) (VrQL)] ,  (43)

where My is the KK gluon mass, and g2 | = = 0y, 9c, 95,1 = 9xr9ers Joyg = JeoJerr Jor =

Jeo9er- The analytical dependence of these coupling on L can be obtained from Eq. (I0), with

Y, Y;
9 = gost (5) (gj) 9y - (44)

Here 9375 and 9%75 are the SU(3)¢ and U(1)y 5D gauge couplings, respectively, and the Y;’s are
the appropriate hypercharges, with Y, =Y;, = 4/3 and Yy = 1/3. There is no contribution
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from the SU(2), interactions since all terms in Eq. (43]) involve the SU(2), singlets t’; or x/5.
For géXR and gét, Egs. (@) and (8) can be used, since they apply for fermions localized near
the IR brane. However, as mentioned at the end of the previous subsection, one finds that g,
has the opposite sign to g., and g.,, so that giLXR and giLt are negative!] Thus, KK gluon
exchange in these channels is repulsive, and no singlet bound states can form. Bound states
and condensation can only occur for Q; x, and Q.

In order to analyze the physics of EW symmetry breaking, we introduce two scalar SU(2),
doublets, H; and H,, with hypercharge Yy = —1. In terms of these auxiliary scalar fields, the

last two terms in Eq. ([43)) are rewritten as
Ly D goxn QuHiXr + 91 Qo ty — Miy (H{Hy + HIH,) , (45)

which is understood to hold at the KK scale, Mxk. We do not write the four fermion operators
involving , since they do not lead to scalar bound states, nor condensation. At lower scales the
scalar fields H; and H, become dynamical and, depending on the strength of their interactions
with the fermions, their squared masses can become negative, thus triggering the condensation.
The induced scalar kinetic terms, quartic couplings and mass renormalizations can be obtained
by RG evolution. The RG equations receive contributions from the Yukawa couplings exhibited
in Eq. (@), as well as from the gauge interactions and the induced quartic self-interactions. At

lower energies, the Lagrangian, with kinetic terms understood, takes the form
Ly D Gy QLH1Xr + Gor Qp Hatly — m?ﬁ[ﬂ[ﬂ — W%QHgHz

(H{H))? + (HyHo)* + 2 H{ H,H} H)) . (46)

(NN

The bars indicate renormalized parameters with all fields canonically normalized, as in Eq. (I6]):

2 - 272 4
m?zﬂ’ )\:3—71-’ Gi=0= 4l ’ (47)
! Z; N.1 Mgy M2
108 \ 72 N.log (%)

where the Z;’s are the scalar wavefunction renormalization constants induced at low-energies.
Here only the effects of the Yukawa interactions are shown, and the m; are given by Egs. (I3])

replacing the appropriate Yukawa couplings. An improved analysis that takes into account

9For a fermion zero-mode with localization parameter cyy > 1/2 (localized near the UV brane) interacting
via KK gluon exchange with a second fermion with ¢ig < 1/2 (localized near the IR brane), one has, for kL > 1,
JeuvJem ~ —93k 23 [f2(cir)/(KL) + 1/(4k*L?)] with fa(cir) = (5 — 12c1r + ¢fg))/(4(3 — 2c1r)?) > 0.
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the effects of the gauge and quartic couplings is straightforward. As will become clear in the
following, in the case of interest to us the RG improved analysis is identical to the analysis
done in Subsection 2.5

To simplify our discussion, we consider the following region of parameter space: cg < ¢z <
¢ < —1/2, [ which leads to an ordering of 4-fermion coefficients: géXR > gét (with gf(LXR
and giLt small and negative). Furthermore, we consider the case with gg,, slightly above the
critical value G2 of the NJL model [see Eq. (I4])]. Due to the relaxation mechanism discussed
in Subsection [2.4] generically we have go, below the critical value unless ¢; is accidentally
extremely close to ¢g. Hence the vacuum of the potential should have (Hs) = 0, and a nonzero
VEV for H,. For this range of parameters, only H; plays a role in stabilizing the radion. The
radion potential is simply given by Eq. (I5)), changing H to Hi:

v, o) = o aim 8 ey (48)

The analysis to determine the VEV’s of H; and L is the same as in Subsection 2.3
After the EW symmetry is broken by (H;) = vgw, t7, obtains a dynamical mass by marrying
with the x/; field. Including the Dirac mass of the light KK mode x, the mass terms take the
form Goy, (H1) trX'p + sinamgX pty + cosa mgX X'z + h.c., which can be recognized as the “top
seesaw” structure. We find it more useful to consider the fermion mass matrix in the original
KK basis (tg, Xr), rather than in the rotated basis (¢, xz) that was useful in analyzing the

physics of condensation. It reads
L —sina goy, (H1) cosa Goyy, (Hi) "
i %) () (19)
0 my XR

In the limit that the Dirac mass is large, mq > Gy, (H1), the physical top quark mass is
m? ~ sin’a (gQXR <H1>)2 ) (50)
while the mass of the extra colored physical quark field x is

m? ~ m + cos?a (Goun (H1))? (51)

In our model, we have 5 free parameters: gs, cq, c1, c2 and 0 to fit three observed quantities: s,

vepw and my. Since only g5, cg and ¢, enter the potential of H; and L, through géXR = eoYeas

10We choose ¢y < ¢; without loss of generality, since we can always relabel ¥; and ¥y to have a more negative
Dirac mass for ¥5. The assumption that cg is more negative than the other localization parameters ensures
that the condensed bound state is a doublet under the SU(2), gauge group.
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Figure 4: Left panel: the curve corresponding to vgw = 174 GeV in the cy-cg plane. Right
panel: the mass of the first KK gauge boson as a function of ¢, (the corresponding ¢ on the
curve of the left panel for a given ¢, is used).

we determine their values first by fitting vgw and a,. By minimizing the potential w.r.t. H,
and L, we show in Fig. @l the curve in the cg-co plane corresponding to (H;) = vgw = 174 GeV.
The mass of the first KK gluon Mgk is around 35 TeV, as can be seen on the right panel of
Fig. [ and this result is stable against variations of the localization parameters that reproduce
vgw = 174 GeV, and insensitive to the precise value of the curvature k. In these figures,
k =2x10"7 GeV and p = vgw are used. We also use the effective coupling g5k = 5.12, which
is defined in Eq. (44]) and calculated at the Mgk =~ 35 TeV scale by assuming the mass of the
additional x field to be around 2 TeV (see Subsection d.2]). The lower value of ¢y ~ —0.60
guarantees cg < ¢s.

Having determined cq as a function of ¢y from vgw, we are left with three parameters ¢, ¢
and 6 to fit the top quark mass. Substituting m, = 172.4 GeV [31] and the RG improved value
of Goy, (H1) = 375 GeV as discussed in Section Z5linto Eq. (50), we see that sina ~ 0.46. Then
0 is determined as a function of ¢; and ¢, from Eq. (B8) as tanf = — tan a\/m . Finally,
only two free parameters, ¢; and ¢y, are left to determine the spectrum of other particles in our
model such as the heavy top quark, which is around 2 TeV to be compatible with electroweak
precision observables, as discussed in Section

The second doublet H, is heavier than the Higgs boson h unless one fine-tunes gét to be

extremely close to géXR so that it is also close to G?. For a typical ¢y, mpy, is around 10 TeV.
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3.3 Light Fermion Masses

Since the 5D theory is non-renormalizable, 5D local 4-fermion operators are anticipated to exist
in the bulk, e.g.

de — —
D 15 (We, We ) (W, o) + he. + -+, (52)

where d¢ is an unknown dimensionless coefficient, and W, and W, are 5D spinors with their

Ls

zero modes &, and &g representing SM fermions (one of them is an SU(2), doublet, the other one
a singlet). Those operators involving only the top and W, fields can be added to the 4-fermion
interactions induced by gluon exchange discussed before. However, as argued in Appendix [Al
these contributions are expected to be a small correction compared to the gluon-induced ones.
Hence, our analysis of the dynamical breaking of the EW symmetry, with the concomitant
stabilization of the radion field, and the generation of the top mass is not expected to be
affected much by such effects. Nevertheless, the local higher-dimension operators involving the
other SM fermion fields would be responsible, in the present scenario, for giving rise to the
remaining Yukawa mteractlons. Indeed, after integrating out the fifth dimension, Eq. (52)
induces the following 4-fermion interactions in the 4D effective theory:
de

Ly ALk ferenvnon (€0€r) (W QL) + hoe + -+ 53)

where A = A e *L is the warped down cutoff, &;, and &5 are the standard model fermions (zero

modes) and

L
ferenvpor = % /0 dy e ) fo () fer (y) fou (y) [cos a ka(y) — sina ho(y)]

\/Pee; Peey, Peq, Pes

T 2kL
€ pfé(chgLfCERchLfcg)

with f;(y) and p,, as defined in Eqgs. (2)) and (3]), respectively, while hs(y) and k2(y) are given
in Eq. (@0).

In order to see how the Yukawa couplings between the £ fields and the Higgs arise consider

)

an operator of the form Eq. (E3) together with the (g3, ./Mgx)(Qpxr)(XrQr) operator in
Eq. (@3). In terms of the bilinears By = £,£x and By = Q\, we simply have

de

9e Gi s pt, B op 7
(AL)A2 ——— fe eavnar BIBI+ 55 B B] = —— BB+ —2— BB}, (54)

2 2
Mz Mgy

"Notice that KK gluon exchange does not induce “non-diagonal” operators of the form Eq. (52)).
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where Bl = cosy By + siny By and BQ = —siny By + cosy By are linear combinations that
“diagonalize” the above 4-fermion interactions, and g?/M2y, g3/MZy are the corresponding
eigenvalues. To the extent that de/(A?AL) fe,epv0n < Goy,/Mix, We have g < g3 ~ g3,
while the mixing angle is given by v = [d¢/ (98, ., AL)| (Mg /D) ferenxtqr- Only the second 4-
fermion interaction on the r.h.s. of Eq. (54]) is sufficiently strong to lead to a condensate, exactly
along the lines discussed in previous sections. Describing this process by the introduction of
an auxiliary scalar field Hy, we end up with a Yukawa interaction of the form gQXRézHl =
—JQy p SINY € ErH + Goxr COSY QX' Hi, where gg,, is the running Yukawa coupling at a scale
i, as discussed in Subsection Therefore, the ¢ Yukawa coupling is

Y _ gQXR d5 MIQ(K f , ~ NchXR dﬁ M}Q{K f )
3 géXR (AL)A2 ngRXRQL 87T2 (AL)AQ ngRXRQL )

(55)

where in the second equality we used géXR ~ 812 /N,. This expression has a simple interpreta-
tion as a one-loop diagram obtained by an insertion of the operator Eq. (53)), where the X,Q 1
lines are closed with the Yukawa interaction gg,, @ Hixs discussed in Eq. (@6). This one-loop
diagram is quadratically divergent, and should be cutoff at the scale Mkk. Up to order one
factors this gives rise to a Yukawa coupling of the order of Eq. (B5). Notice that the fact that
the one-loop integral is dominated by the Mgk scale suggests evaluation of go,, at p ~ Mgxk.
Nevertheless, even at lower scales, Jgy,/daxs ~ (375/174)/1/872/N, ~ 2/5 [see Fig. [ so that
no significant changes of the previous estimate arising from these details are expected. Notice
also that operators similar to Eq. (52]) but involving W, instead of Wy do not contribute to the
Yukawa coupling.

It is useful to have approximate expressions for the above Yukawa couplings, taking into
account the fact that @ and x/; are localized close to the IR brane (since these fields are
assumed to have the strongest interactions with the KK gluons, thus triggering EWSB by a

bifermion condensate). For light SM fermions & localized near the UV brane, we have

Ne 9axr d€ MI%K 15 \/<1 — 26@)(1 — 262)(1 — 20&)(1 — 20512) e(1=ce; —cep)kL (56)
8m2  (AL)A? d—co—cog—ce —Cep ’

Wight

where, as discussed in the next section, cg ~ —2/3, ¢ ~ —1/2. In order to estimate the
unknown coefficient d¢ we resort to NDA which, as shown at the end of Appendix [Al gives
dgNDA ~ 2473 /n, where n < 45. Taking also A ~ 10k and Mgk = 2.45k, the c-independent
factor in Eq. (BO) times v = 174 GeV evaluates to ~ 12 GeV /n, which shows that the light

fermion masses can be accommodated by an appropriate choice of ¢, , ce, > 1/2.
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For the bottom quark, which has ¢;, = cg [the localization parameter for the (¢.,br)

doublet], we need to take c¢, = ¢, < 1/2, in which case

NeGoyr &y MEvew L (1 —2¢cq)/(1 —2¢2)(1 — 2c,)

_ 57
2 (AL)A2 4—2cq—cy— ey (57)

Ybottom
For cg ~ —2/3, co ~ —1/2 and, for example, ¢;,, = 0, with the other parameters as above,
this leads to a mass my, ~ 7 GeV /n. Given the uncertainties in the estimate of the unknown
coefficient dy, we conclude that it is not implausible that the bottom mass also arises from the

above 4-fermion interactions.

4 Phenomenology

Our model predicts two new particles beyond the SM model, besides a heavy Higgs boson h
with a mass around 500 GeV. They are a light radion field at the GeV scale and an extra colored
heavy fermion x with a mass in the TeV range. We will study constrains on new particle masses
due to LEP bounds and electroweak precision observables, and discuss their phenomenological

consequences in this scenario in turn.

4.1 The Radion

At tree-level in the 5D theory, the radion-dependent terms arise from the 5D Einstein-Hilbert ac-

tion. The corresponding low-energy 4D action, with a canonically normalized radion reads [32]

M3 2
S = f/d%\/—_g <1—%) R4+%/d4fJ—_g {0,00"¢ =V (Hy, =k 'Ing¢/F)} , (58)

where ¢(v) = Fe #T@ with (T) = L and F = /12M3/k. Since the 4D Planck mass is
M2 =~ M2/k ~ (2 x 10'® GeV)?, we have F' =~ 2v/3Mp =~ 6.9 x 10'® GeV. Unless otherwise
specified, we take M5 ~ 10'® GeV and k = 2 x 10" GeV. Eq. (E8) also contains the Higgs-
radion potential of Eq. ([A8]). As explained in previous sections, this determines dynamically
(Hy) = vgw and (T') = L. Writing H; = vgw + %h and ¢ = F 4 ¢, with ' = Fe "’ Eq. [{@R)

leads to the Higgs/radion mass matrix:

o, (1) V273, (1) vy (1) )( h )

V21, () vw (1) =413, (Do (0% + 3 [, (Dvew (1)?]

Lh ¢/F) (
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where we used vy = —my, / A, defined | = kL, and it is understood that all the entries are
evaluated at the minimum of the potential, i, = kLmin [see Eq. ([23)]. We see that, in general,
there is mass mixing between the radion and the Higgs boson. However, since (¢) = F > vgw,
the mixing angle is extremely small. For the benchmark point discussed in Section [3, with
co = —0.535 and ¢g = —0.675, we have (¢) =490 TeV, and the mixing angle is approximately
1.3 x 1073 which can be neglected Therefore, the Higgs boson mass my, is still as determined
in the improved RG analysis of Subsection 2.5, around 500 GeV. The mass of the radion is mfo ~
M3, (Dvew(1)?] " JF? &~ (0.4 GeV)?2, where the terms proportional to vl (1) are subdominant
and can be neglected. Note that the radion mass is of order vZy/F. The denominator F
is related to the spontaneously broken conformal symmetry; the numerator is related to the
explicit breaking of the conformal symmetry, since the electroweak scale is different from zero
only when the localization parameters are away from the conformally invariant limit cg = ¢ =
1/2.

To have a better estimate of the allowed radion masses in our model, we vary the 5D
curvature in the window k € (1x10'7,2x 10'®) GeV, and adjust Mj so as to keep the 4D Planck
mass Mp unchanged. For each k, we first determine the allowed values of c¢g and ¢y to have the
correct vpw, and then calculate the radion and Higgs boson masses. Since (g, ,, —G2)/G2 < 1

at the minimum of the potential, the mass of the radion takes the approximate form

3xy fok M, k
m, ~ %1 J2 & My ~ — (4 GeV) | (59)
6473 log? (;;1—;;) log? (%) Mp  Mp

where f, was defined in Eq. (22) and x; ~ 2.45. The mass of the Higgs boson and the mass of
the first KK gluon do not vary much when k is varied, and they are still around 500 GeV and
35 TeV respectively. In the left panel of Fig. Bl the radion mass is shown as a function of k.
As can be seen, m,, is a linear function of k£ and is around a few GeV in the above window for
k. In the right panel of Fig. B the radion VEV (¢) = F' is shown as a function of k, and, for
k/Mp < 0.5, is of order a few hundred TeV.

The radion field couples to ordinary matter via the energy-momentum tensor, and its cou-

plings are inversely proportional to the scale invariance (spontaneous) symmetry breaking scale.

12Higgs/curvature mixing as first discussed in [33] would arise from a higher-dimension bulk operator in the
5D theory that involves four fermion fields and the Ricci curvature scalar, where the fermions bilinears are
replaced by the effective Higgs degrees of freedom at energies below the KK scale. The resulting coefficient in
the 4D theory is therefore expected to be suppressed at least by order (k/A)(Mxk/A)*, which makes it unlikely
to be relevant for phenomenology.
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Figure 5: Left panel: the radion mass as a function of k. Right panel: the radion VEV (¢) as
a function of £.

In more detail [34],

(b 7 2 2 + ﬁ(gs) nz 6<€) v
‘Cint = @ ;chmlﬂd)w + MZZMZM + 2‘]MVVVV MW—M + 2—gsG a Gauu + Q—QFM F;w )
where F is a function that depends on the fermion localization parameter, and 3(g,) and 3(e)
are the QCD and QED beta functions, taking all fermions lighter than the radion into account.
LEP imposes bounds on the couplings of a light scalar to Z gauge bosons [35]. For the radion,
these couplings are controlled by the ratio vgw/{¢), which in our case is a few x 10™*. This is

below the current LEP upper bound on this ratio, which is about 107!,

4.2 Electroweak Precision Constraints and Spectrum

The oblique parameters S and 7" constrain the remaining two model parameters ¢; and ¢, (cq
has already been determined by vgw, 6 is determined by m;, and g5 is determined by «y). The
U parameter in our model is much smaller than the S and T parameters, and is neglected in
the following. In Appendix [Bl we give the formulas for AT and AS in our model, defined as
the deviations of 7" and S from the standard model with a Higgs boson mass of 117 GeV. The
dominant contribution to AS comes from the heavy Higgs of mass 450-500 GeV. The heavy
fermions give a smaller contribution, and we have AS =~ 0.08 for a wide range of choices of ¢;

and cy. A two-parameter fit to the EW data with a reference mass of m;, = 117 GeV requires
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Figure 6: Left panel: curves of constant AT in the ¢;-¢; plane. The two thick (red) lines demar-
cate the allowed region at the 95% CL. In this analysis we assumed ¢; > ¢y (see footnote [I0),
and therefore we show the complementary region in gray in the plots. Right panel: curves of
constant AS in the c¢;-co plane, showing that the region in the left panel has AS =~ 0.08.

0.04 < AT < 0.23 for AS = 0.08, at the 95% CL In Fig. 6l we show the allowed region of
parameter space that satisfies the electroweak constraints. We impose ¢; < c¢o, as discussed
in Subsection We also use my, = 475 GeV and go,,(H1) = 375 GeV as described in
Section The left panel of Fig. [6]shows a contour plot of the T" parameter as a function of ¢;
and c¢o. The curves of constant AT are most sensitive to ¢ and are only mildly dependent on ¢;.
This is because, for fixed gg,,(H1), the Dirac mass m, controls the mixing of the left-handed
top quark with the fermion SU(2),, singlet —which dominantly determines the contribution to
AT from the fermion loops— and my is mainly controlled by cs. Since the 475 GeV Higgs
boson contributes ~ —0.2 to AT, a positive and non-negligible contribution from fermion loops
is necessary to bring the T parameter back to the experimentally allowed region. Therefore,
there is an upper bound on the Dirac mass mgy (via an upper limit on ¢;). In the right panel
of Fig. [6] we show a contour plot for the S parameter as a function of ¢; and ¢, showing that
indeed AS = 0.08 in the region of interest (the 475 GeV Higgs boson contributes ~ 0.07 to AS

3The fit does not include low-energy data, but the latest measurements of my = 80.432 £ 0.039 GeV and
my = 172.4 £ 1.2 GeV at the Tevatron are included in the fit. We thank Jens Erler for kindly providing the fit
results, which we have reproduced with good agreement using the code in [36].
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while x contributes ~ 0.01). There are also tree-level contributions to the S and T' parameters
that arise when the heavy KK gauge bosons are integrated out, but for Mkk ~ 35 TeV these
are one order of magnitude smaller than the fermion and Higgs boson loop-level contributions,
and are not included in the plots.

Notice that in our setup the (¢1,b;) SU(2), doublet is extremely localized towards the IR
brane, thus triggering EWSB through the condensate. As mentioned above, the KK scale is
dynamically set to be about Mk ~ 35 TeV, which corresponds to k = ke " ~ 14 TeV.
This high scale allows localizing the light families close to the UV brane —so that the fermion
mass hierarchies arise from wavefunction localization effects— without inducing large anomalous
contributions to the Zbyb;, coupling due to mixing with the heavy KK gaue bosons. In fact,

assuming that the light fermions are localized near the UV brane, we have [14

L

G, ShCh k2 8(4ch — 16cq + 15) sk k2 8

09" € Vi (4cg —16cq + KL cqooo € iy kL (60)

For vgw = 174 GeV, k ~ 14 TeV and kL =~ 30, one finds 0giree/gp, ~ —3 x 10~*. There is
also a loop-level correction to the Zbpby, vertex induced by the vector-like quark y through its

mixing with the top quark. In the limit that x is much heavier than the top quark, we have [37]

e (Goy, cos a{H))* m? m2
5 loop ~ QXR 1 9 t 1 X 1 61
i 64252, M2, m2 * (Goy s cos a(H))? ©8 m? ’ (61)

which give 5géiOp/gbL ~ —2.4 x 1072 for m, = 2 TeV (see below), go,,(H) = 375 GeV and
a = 0.48. Adding the tree-level and loop-level contributions, one has dgy, /g5, & —2.7 x 1074,
which is comparable to the current experimental bound. Moreover, the dominant contributions
to AT and dg,, depend on the same underlying model parameters (but are essentially uncor-
related with S). Nevertheless, we have checked that the 95% CL ellipsoid resulting from a
simultaneous fit to S, T" and dgs, , using the code in [30], results in essentially the same allowed
range in AT as discussed above. Therefore, the additional constraints from d¢g,, turn out to be
very mild.

The constraints from EW observables discussed above in the c¢;-co plane allow us to con-

strain the mass of the vector-like fermion x. For ¢y less than but not too close to ¢, so that

14We assume that the EW breaking VEV is effectively localized on the IR brane. A more detailed analysis
that takes into account the fact that the fermionic Higgs constituents have profiles that extend into the extra
dimension most likely will reduce this estimate even further.

15We thank José Santiago for pointing out a missing factor in Eq. (G1]) of an earlier version.
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Figure 7: The mass of the x field as a function of AT. The dashed line is for the central
value of gg,,(Hi1) = 375 GeV, while the thick lines are for 350 GeV and 400 GeV, respectively
[adjusting the angle « to keep m; fixed, see Eq. (@9)]. The variation of the Higgs mass in the
450-500 GeV range changes the curves only slightly.
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e < 1, we obtain an approximate expression for m,, which is almost independent of

my, ~ /4 — 1secaeltV/2RLL (62)

Recall that a ~ arcsinmy/(goy,(H)) ~ 0.48 for go, ,(H) = 375 GeV. This approximate formula

Cy:

for m,, holds for my > Gg,,(H1) and is within 5% of the exact value. In Fig. [ we show the
mass of the x field as a function of AT. The contribution to AT due to the y fermion depends
on the Dirac mass m, and the mixing with the top quark which is governed by go,,(H1) [see
Eq. (@9)]. The dashed line corresponds to the central value go,,(H1) = 375 GeV. The band
corresponds to the variation of gg, ,(H1) between 350 GeV and 400 GeV. We adjust the angle
a to reproduce the top mass my, and also take into account its effect, through 6, on m, [see
Egs. (B8) and (B8], although we do not use the approximate expression (B4l) but instead solve
the exact eigenvalue equation to obtain my]. We see that the electroweak constraints determine
m, to be between 1.6 and 2.9 TeV.

4.3 Collider Phenomenology

In this section, we explore the prospects for discovery of the heavy Higgs boson and the new
colored fermion at the LHC. After diagonalization of Eq. (@), we obtain the top and heavy

fermion mass eigenstates with their masses given by Eqs. (B0) and (5I)). As discussed above,
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our model has definite predictions for their masses. To simplify the notation, from now on we
shall denote the fermion mass eigenstates as ¢t and x. The relevant interactions of h and y with

other particles in unitary gauge are

‘Cint D)

_ 1 2 2 _ 1 2 2
p—— Z, |:tL7M (5% - Sth) tr + X" (53& — swQx ) Xz

(1 o ) )
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+
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+ —=————h(Cp,pp—alLlR + 58, Cop-aXLXR + C3,Cop—alLXR T $5,5p5—aXrlr +h.C.) |
\/E'UEW Sa
(63)

where Q; = )y = 2/3 are the top and x electric charges and sg, , = sin f; z with 8z r the
left- and right-handed mixing angles obtained from diagonalization of the fermion mass matrix,
Eq. @3J). The exact formula for §y, is given in Eq. (74), but for m, > goy,(H1) we have the
simple result 5, ~ (m;/m,) cota. For a = 0.48, gg,,(H1) = 375 GeV and m, = 2 TeV we
have 3, ~ 0.16. The right-handed mixing angle is Sr ~ 0 for the same set of parameters. We
note here that deviations of the top Yukawa coupling from its SM value are of order m?/ mi,
which, for the above parameters, results in a decrease of about 2%.

The Higgs boson in our model has a mass around 475 GeV, and is heavy enough to decay
into a pair of W gauge bosons, Z gauge bosons or top quarks. Taking the running of fermion
masses into account, a SM Higgs of mass 475 GeV has a total width of ' ~ 56.6 GeV,
and the branching ratios of the three main decay channels are Br(h — tt) ~ 19.5%, Br(h —
WHW =) = 54.5% and Br(h — ZZ) ~ 26.0%, respectively [38, 39]. In our model, the changes
of those branching ratios from their SM values are of order m7/m? due to the deviation of the
top Yukawa coupling from its SM value, and are negligible. Unlike a light Higgs, a heavy Higgs
boson mainly decays to gauge bosons due to the enhancement of its decays into the longitudinal
components of the gauge bosons as its mass gets larger.

At the LHC, the dominant production of the Higgs boson is through gluon fusion. The new
quark x, is too heavy and has too small a coupling to the Higgs boson (its mass gets only a
small contribution from the EWSB) to contribute appreciably to the Higgs boson production.
Compared to the Higgs boson in the SM with the same mass, the production rate from the

top quark contribution is suppressed by at most a few percent due to a slightly smaller top
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Yukawa coupling. At next-to-next-to-leading-order in QCD, the SM cross section to produce
a 475 GeV Higgs boson at the LHC is about 7 pb [40] 41} 42]. For values of the Higgs mass
around 475 GeV, the decay h — ZZ — 4/ is the “gold-plated” mode for discovery at the
LHC [43].

We also predict a new colored fermion y that mixes with the top quark and has a mass in
the window 1.6 to 2.9 TeV. Since x is much heavier than the other particles in the SM, the
Goldstone boson equivalence theorem implies
cot?am?

. 4
6Amo? X (64)

D(y = th) = T(x —t7) = %F(X—M)W) _

The total width of x is approximately 140 GeV for m, = 2 TeV. Independently of the mass of
the x field, as long as it is large, it decays to bW with a 50% branching ratio, and to ¢t h and
t Z with an equal branching ratio of 25%.

The strength of the single x production rate is governed by g,,»,w, which relates to g, », w
by Gxbow/Gee,w = tanfr =~ 0.16. The single x production rate is larger than the pair
production rate by more than two orders of magnitude when the x mass is around 2 TeV [44] [45],
40]. 19 Therefore, single y production through the process ¢ b — ¢’ x provides the best discovery
channel at the LHC. Existing studies on new top-like quarks at the LHC show that the x field
can be discovered up to m, = 2.5 TeV with 300 fb~! luminosity at a 5o significance [46] by
studying the decay chain x — bW — (v b. This covers a wide range of the expected values
of m, in this scenario. Specific to our model, the decay chains x — ht — ZZWb,3Wb
and 3 W 3 b would provide interesting signal topologies for the presence of the heavy quark and
Higgs boson, and deserve more careful studies at the LHC [47].

5 Conclusions

We have considered the intriguing possibility that there may exist a deep connection between
two of the known fundamental scales in nature: the Planck and the EW scales. Our framework
is based on the observation that the existence of a warped extra-dimension can provide such
a deep link through the dynamical determination of the ratio between the two scales. As a
byproduct, a third scale is predicted: the scale of KK resonances.

The scenario we envision is rather economical. No fundamental scalars are introduced,

and the 5D version of the SM (without a Higgs) is supplemented by a single SU(2);, singlet

16 The coupling among y , b, and W in our model can be mapped to the \; /A2 = 2 case in [46].
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5D fermion without zero-modes. The EW symmetry is broken as a consequence of top con-
densation, which results from the strong interactions associated with the lightest KK gluon
resonance. In the low-energy theory there appears an effective Higgs degree of freedom with a
mass of about 500 GeV and SM-like properties. The fact that the top mass is of order the EW
scale is understood as a result of the prominent role the top plays in the breaking of the EW
symmetry, as in Topcolor [18] and top seesaw [12] scenarios. Our main observation is that the
physics that leads to condensation automatically induces a potential that stabilizes the distance
between the UV and IR branes (described by a radion field). Thus, the large hierarchy between
the Planck and EW scales is determined dynamically. We showed that this hierarchy is easily
obtained without appreciable fine-tuning. More interestingly, when the radion relaxes to the
minimum of the potential induced by EW symmetry breaking, the KK scale is determined to
be about two orders of magnitude above the EW scale. Although, our analysis was performed
in the large N approximation, we believe this is a robust prediction. In particular, the “little
hierarchy” between the EW scale (i.e. the top condensation scale) and the KK scale does not
correspond to a fine-tuning, but rather to the dynamics of the theory and is related to the fact
that log Mp/vgw ~ 35. This latter number results from the fact that the radion relaxation
mechanism implies that the coupling of the 4-fermion interaction in the low-energy NJL model
is dynamically adjusted to be near the critical value.

The prediction that the KK scale (~ 35 TeV) lies about a factor of 200 above the electroweak
scale also allows the scenario to be consistent with EW precision constraints, since corrections
due to the KK physics are appropriately suppressed. The negative contribution to the Peskin-
Takeuchi T" parameter from the 500 GeV Higgs can be compensated by the contribution from
a relatively light vector-like quark that mixes with the top quark. In particular, the mass of
this new fermion is expected to be between 1.6 and 2.9 TeV, and should be observable at the
LHC via single production for most of its expected range. A light radion field with a mass of
order a few GeV is also predicted, although its observation is expected to be challenging since it
couples weakly to SM matter. Summarizing, the Higgs will be accessible at the LHC with a few
fb~" or less, although it will be rather difficult to distinguish it from a SM Higgs. Deviations
from the SM in the htt coupling of order 2%, which would induce small variations in the gluon
fusion Higgs production and in the Higgs branching fractions, will be most likely beyond the
LHC sensitivity given theoretical and experimental uncertainties. This small variation could
be probed at a future linear collider. The new light vector-like fermion with mass in the

1.6 — 2.9 TeV range will require LHC integrated luminosities above 100 fb~!, and would be the
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first direct new physics signal of this scenario beyond the SM.

It is perhaps somewhat disappointing that the physics ultimately responsible for the radion
stabilization mechanism (the KK states) lies beyond the reach of the LHC. On the other hand,
the feature that the KK states are rather heavy, might be counted as a success from the point
of view of EW precision tests. Notice, however, that the discovery of a vector-like quark with
a mass in the TeV range might be taken as indication for the existence of an extra dimension
that plays a role in EWSB. A 500 GeV Higgs could suggest the presence of strong dynamics.
Our scenario would represent a good example of a natural theory that defies the commonly
held expectations that new TeV-scale particles responsible for the cancellation of quadratic
divergences in the Higgs boson mass parameter should be present. In the model described in
this paper, both the loop contributions to the Higgs mass parameter and the “bare” Higgs
mass are of order the KK scale. As emphasized before, the dynamics of our scenario leads to a
cancellation between those two contributions, resulting in a Higgs mass of order the electroweak
scale.

We also stress that localization of fields in the extra-dimension plays a unifying role in
this scenario. The fermions that condense are the two most closely localized near the IR
brane. The radion stabilization mechanism drives their 4-fermion interaction strength down,
leaving it slightly above criticality and triggering condensation. On the other hand, 4-fermion
couplings associated with other fermions not so close to the IR brane are reduced, generically
lie below the critical value and do not lead to additional bi-fermion condensates. This makes
our scenario distinct from previous extra-dimensional realizations of EWSB via fermion-anti
fermion condensation [I5], [16]. The effective Higgs degree of freedom can be thought as being
localized near the IR brane, in the sense that its fermion constituents are. In addition, we
showed how all fermion masses other than the top mass can arise from “fundamental” 4-fermion
interactions. This results in a scenario where the observed fermion mass hierarchies and flavor
structure can be obtained from the localization of the fermions along the extra-dimension,
realizing the picture of flavor from anarchy. It is interesting that the same higher-dimensional
mechanism of fermion localization can be at the heart of the physics of flavor and EWSB. We
find it remarkable that this extremely simple setup can not only explain but also provide rather

non-trivial connections between the physics of gravity, EWSB and flavor.
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A Validity of the Effective Theory

In the main text we analyzed the low-energy physics associated with the 4-fermion interactions
that arise when the KK gluons are integrated out at tree-level. In order for the condensate
to form, this coupling needs to be supercritical, hence in the strong-coupling regime. One
might then wonder about the reliability of the above results, in particular as regards the radion
potential. In this appendix we clarify the precise sense in which the theory is strongly coupled,
and argue that in fact the 5D theory provides a calculable UV completion of the above described
condensation mechanism. There are two types of effects to consider, associated, respectively,
with the KK scale Mgy, and with the cutoff of the 5D theory A.

We start by discussing the relation between the two scales Mxk and A = A e %X, and arguing
that they are indeed distinct, with A > Mgy, in spite of the strong coupling that participates in
the condensation mechanism. The important point to realize is that the supercritical coupling,
Eq. ([I0), is obtained by means of localizing the fermion zero-modes very close to the IR brane,
not by increasing the 5D gauge coupling g5 Furthermore, the localization affects almost
exclusively the fermion zero-mode. The fermion KK modes become somewhat heavier when
the zero mode is localized closer to the IR brane, while their couplings are rather insensitive to
the value of c. For instance, if we concentrate on the physics at the IR brane, where couplings are
largest, the KK mode wavefunctions obey |f,(L)| = v/2kL, essentially independent of c. Recall
that, in the KK picture, the large values of these wavefunctions are precisely the reason that
the KK modes are more strongly coupled than the zero mode. What is happening as ¢ becomes

more negative is that the couplings of the zero mode increase like f.(L) ~ /(1 — 2¢)kL, and

ITIn fact, if we identify g5 with the gauge coupling associated with the SM strong interactions, gs is of similar
size as in standard RS scenarios with bulk fields (or slightly smaller since one has to match to the 4D gauge
coupling at a KK scale of order tens of TeV, as opposed to a few TeV.)
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can become as large as those of the KK modes. It follows that only those observables that
are IR dominated, hence potentially sensitive to the fermion zero-mode, can be sensitive to the
value of c. On the contrary, observables that are UV dominated do not depend on c¢. This
observation will be important when estimating the unknown coefficients of various operators in
the underlying 5D theory.

It is instructive to understand the above statements in terms of the fermion propagator in the
mixed position/momentum space representation. Considering a fermion with a LH zero-mode,
the propagator describing the zero-mode tower takes the form G (y,y') = iPLyG,(y, y'), where
p is the 4-momentum. The exact result for this propagator is given in Eq. (24) of Ref. [30]/*8
When considering UV sensitive loops, only the case with y = ¥ is relevant (non-local effects
have an associated Yukawa suppression that ensures they are finite). For illustration purposes
we concentrate on the physics near the IR brane, so that y = ¢’ = L. In this case, one finds in

Fuclidean space,

oAkL ' Ndps e
— —— = lim — >
p A—co J_p T p7H D3

4kL

Gp(L, L) =

(65)

ekl |1 —c(c+1)
P |1—c(c—1)

Sl iSdE

where k = ke *E| and the first approximation is excellent for p > & and |c| <1, which contains
the region of interest. We see, as indicated by the arrow, that as soon as p becomes a few
times larger than k, the propagator attains its 5D behavior, which is not only independent of
¢ but, as expected, is also identical to the flat space result (the warp factors simply combine to
redshift the mass scales appropriately). Thus, UV sensitive loops can be estimated as in flat
space and are independent of the strong interactions associated with the zero mode when it is
localized near the IR brane.

With the above understanding, we proceed to estimate the cutoff of the 5D theory. We
define the scale A as the lowest scale where an interaction gets strong, understood as the scale
where the loop expansion breaks down (adding a loop to a diagram by using the interaction in

question does not lead to a suppression). For instance, the fermion one loop contribution to

18We define the propagators as the inverse of the relevant quadratic operator, O, including warp factors:
V902G = id. The mixed position/momentum space Feynman rules for the vertices contain also the appropriate
warp factors. For instance, for the fermion gauge interactions, one should use fdy e 3 igsyk, for p=0,...,3.
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the gluon self-energy is

4, ) , d'p
~ /dydy Au(q,y)P"Au(—q,y) Nfg§/WGp(y,y’)quKy’,y)

~ / dy Au(q, y)P*™ Ay (—q,y) (Nf\gg / A(;ij; [Gp(y,y)]Q) ,

where Ny is the number of flavors [in the fundamental representation of SU(N,)|, and we used

that gauge invariance requires the result to be proportional to P* = ¢tq” — ¢*n*”. In the
second line we used the fact that the propagator G,(y,y’) decays exponentially over distances
of order 1/p, and that the momentum integral is dominated by p ~ A, so that y' is required to
be within 1/A of y. Using Eq. (63]) for y = L, removing the trivial warp factor, and using the
indicated cutoff A (which corresponds to a truncation of the KK sums), we have G,(L, L) =
2arctan(A/p)/(mp). Using this result, the parenthesis in the above diagram evaluates to ~
Nyg2A/(1273). Notice that the above careful computation using the propagator (63]) leads
to the same result that one would have obtained in an uncompactified 5D theory. The NDA
estimate for gs then corresponds to
2 s

95 ~ NA (66)
where I5 = 247% is the 5D loop factor and we replaced Ny — N = |§Nf — gNC| to take
into account the diagrams involving the SU(N.,) self-interactions. Matching to the 4D coupling

constant, g7 = g2/L, we get

l5
AL ~ —> .
Ng3 (67)

This result holds both in flat and warped spaces. In warped space, however, we are interested

in the relation between A and k:

A ls

k  KLNg?’ (68)

which for kL ~ 30 and g4 ~ 0.9 gives A/k ~ 30/N. If we consider the SM strong interactions
with the SM field content then Ny = 2 x 6 = 12, N, = 3 and N = 3, so that A/k ~ 10.

19 Although in this one-loop diagram one gets a loop factor suppression of 1272, in general the “natural”
variable in the momentum integrals is p? + pZ, which leads us to define the generic loop factor with an additional
factor of 1/2 [48]. Of course, NDA should be taken with a grain of salt at this level of precision.
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This is large enough for the propagators to attain their asymptotic 5D behavior and validates
the previous analysis, in particular that divergent integrals can be estimated as in a flat,
uncompactified 5D theory. We stress that this estimate is essentially independent of the strong
localization of certain light fields towards the IR brane, and the validity of the 5D theory is as
well justified as in other RS scenarios with SM fields in the bulk.

Having established that the cutoff A is well above the KK scale, we can estimate the coef-
ficients of various operators in the underlying 5D theory. In the main text, we considered the
effects of 4-fermion operators induced at the KK scale. However, one can also write directly

4-fermion operators in the 5D theory:

dl jkl T
L5 D A]3 (U, T0;) (0, Y)) (69)
where the Is are arbitrary matrices and the indices 4, j,... run over all the fermions. These

include the Ny quark flavors as well as any additional SU(V,) singlets (leptons). Considering the
one-loop self-renormalization of the 4-fermion interactions, and assuming that the dimensionless
coefficients d;;; ~ d are all of the same order, we estimate

? Z 1 d@]mndklmn n_d i
j >©< l5 A3 '

n

Comparing to the tree-level 4-fermion interaction, we see that the NDA estimate for d is l5/n,
where n counts the number of diagrams that can contribute to the loop. The 4-fermion inter-

action also renormalizes the gluon self-energy considered above, e.g.
m N (Nfd) (Nfg5A )

AN s s ’

i
where we indicated schematically the dependence on the external momentum required by gauge
invariance. Using the NDA estimate for d, we see that this contribution is suppressed compared
to the diagrams that do not involve the 4-fermion interaction by a factor Ny/n, which is typically
much smaller than one. We therefore see that the gauge interactions are expected to be stronger
than the 4-fermion interactions and should be used to estimate the cutoff A, as done above. It
is easy to check that this picture holds at higher loop orders.

We can now estimate the size of the above 4-fermion interactions in the low-energy 4D

theory:
d fisn

T B @ (70)

LyD
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where A = Ae*L, and fisiw = (1/L) [dy e2k(y*L)fcifcjfckfcl contains the dependence on the
zero-mode wavefunctions given in Eq. ([2)). For the fermions that are localized near the IR
brane, one has fiju = [(3 —¢)?/(1—c)]kL, where we took, for simplicity, a common localization

parameter c. Thus, this 4-fermion operator is suppressed compared to (4) by

dfg (B (M) i o (N (ELY
#(3) (F) ~ e () () ™

where we used the leading order term for gfb = §e,9c, from Eq. (I0), with ¢; = ¢ = ¢, and
the NDA estimates for g2, d and A discussed above. Using kL ~ 30, ¢ ~ —1/2, N = 3, this

gives a suppression ~ 3.5/n. The number of contributing diagrams, n, depends on the type of

operator we are considering. For instance, for the operators considered in Subsection[3.3lthat are
responsible for giving masses to the fermions other than the top: (Q1rfor)(@3r fir) where the
Q’s are SU(2), doublets and the f;’s are SU(2), singlets, we typically have n = 3 x4 x N,+3 x
3 = 45 [the first term counts quarks, three doublets and four singlets including the additional x
field, the second counts the leptons]. We therefore see that these incalculable effects are expected
to be subdominant in regards to the physics that leads to fermion condensation. However, notice
that these 4-fermion operators can be included in the analysis of condensation and radion
stabilization together with those induced by KK gluon exchange. They simply correspond
to adding a new (small) contribution to the c-dependent function of Eq. (@), fi(c1,c2), while
leaving fa(c1, c2) in (B) unchanged [see the expression for f;; above Eq. (), or also Eq.(57)].

Thus, the mechanism described in the main text is expected to change only in small details.

B The S and T parameters

In this appendix we collect the formulas for the contributions to the S and T parameters in our
model, AS and AT'. These are defined as the deviation from the SM with a fixed reference Higgs
mass. There are two main sources for non-zero AS and AT one from the vector-like SU(2).,
singlet fermion that mixes with the LH top, and a second one from the fact that the Higgs field

in our model is heavier than the reference value. The latter effect gives a contribution [49]

1 m?
AS, = —1 g
h 127 8 <m%ref> ’

2
IV T bg( i ) | ™)

o 2
167 cos? Oy mj,

ref
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where my,_, = 117 GeV is the reference Higgs boson mass, and 0y is the weak mixing angle.

The contribution due to the fermion loop is [50]

3 52
ATy = - W — W AW
! 167 sin? Oy cos? Oy [ 1(Yx> ) (e, ) — €1 1(?/t,yx)} )
33%L ,
Ady = 27 (Wa(ymm) = Walyr o) — ez Walye, )] (73)

where y; = m?/M%, and s, , g, are short notations for sin 8, and cos 3y, with 3;, the mixing
angle of the LH top quarks:
1 2 g H
B, = = arctan cozomz; gQXR( 21>
2 Mg = 9Qxr (Hy)
obtained by diagonalization of Eq. (49)). Here the functions Wy, W5 and W3 are defined by

Mlogﬁ

, (74)

Wi(y1,92) = y1 + Yo —

Y1 — Y2 Yo
W- = ——— 27 _Jogt- + ——W. W
2(y1,y2) 9 9 0g " + 13 a(y1, ) + I3 1(Y2,92)
ity (- )’ (i —y2)®  1yi+us yr o oy —1
W = — S log =~ W,
3(y1,92) 5 3 + 6 21 — 1 0g " T 4(y1, 1)
— 1 1 + o 2
+y2 W4(yz,y2) + =z — Ny (yl y2) W4(y17y2) ) (75)
6 3 6 6
with
- ) { —Qﬂ(arctanw\/{rl — arctan yl%}’?) A >0 -
4\Y1,Y2) = )
— yity2—1+v—-A
vV —A log o ToV=A A <O
and
A=—-1—-yl =y 42y + 2y + 2112 - (77)

Other than W, all W;(y1,y2) are symmetric functions under the interchange of the variables
y1 and yo.

While both the Higgs and fermion loops give a positive contribution to AS = AS,+ASy, the
contribution to AT = AT), + AT} from the Higgs boson is negative and can be compensated
by the positive contribution due to the fermions. In our model, since Mgk ~ 35 TeV is
much larger than the electroweak scale, we neglect the tree-level contributions to the 7" and
S parameters that arise when the KK gauge bosons are integrated out. Other contributions
to the T' parameter coming from purely LH 4-fermion interactions, as discussed in [51], are

negligible.
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