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The mechanism of electroweak symmetry breaking is still unknown. Within the SM, elec-

troweak symmetry is broken by the condensation of a weakly coupled elementary scalar

field, the Higgs field. This simple mechanism is consistent with electroweak precision mea-

surements if the mass of the Higgs boson is within the range 100 — 200 GeV. However any

such fundamental scalar that is much lighter than the SM cut-off is unnatural as there is

no symmetry protecting its mass.

There are two primary approaches to solving this hierarchy problem of the SM. The

first, supersymmetry, provides a rationale for elementary scalars and protects the Higgs

boson masses from large quantum corrections. The simplest implementation - the MSSM -



ensures perturbative physics up to the Planck scale and provides several interesting predic-
tions at the TeV scale. Unfortunately it is not free from some residual tuning of parameters
once experimental constraints are imposed.

A radically different idea is that a new, strongly interacting, sector provides a TeV
scale cut-off to the SM. One can envisage Higgsless electroweak symmetry breaking that is
generated in a manner similar to the chiral symmetry breaking in QCD. The longitudinal
components of the W and Z bosons are provided by three Goldstone bosons of the strongly
interacting sector. However breaking electroweak symmetry with a strongly interacting sec-
tor does not necessarily lead to a Higgsless theory. It is also possible to construct models in
which the full Higgs doublet emerges as a composite particle. An interesting subset of such
models are those in which the composite Higgs doublet arises as a pseudo-Goldstone boson
of some spontaneously broken approximate global symmetry of the strongly interacting
theory.

Strongly interacting theories are notoriously difficult to handle in four dimensions. It
has been suggested [, however, that they may have a ‘holographic dual’ description in
terms of a 5D gauge theory in a warped background [J]. Modelling strong interactions by
5D theories has become a useful tool, allowing for quantitative studies of both QCD [
and electroweak symmetry breaking [, H.

It is well known [f], and has been recently emphasised in [fi, §] that scattering of
longitudinally polarized W and Z bosons may be used as a probe of the dynamics that
breaks electroweak symmetry. Therefore in this paper we use the calculation of the W
and Z boson scattering amplitudes to analyse and compare different 5D descriptions of the
electroweak symmetry breaking sector.

It is interesting to systematize the phenomenology of this holographic approach. In
this paper we extract the common features that show up in in gauge boson scattering that
are independent of such details of the model building as the symmetries of the strongly
interacting sector or the warp factor describing the 5D geometry. The recurring feature is
the appearance of three distinct physical scales:

e v: the electroweak breaking scale that sets the mass of W and Z.

e f3: the scale that sets the compositeness scale of the Higgs, referred to as the Higgs
decay constant.

o Mxyx: the resonance scale that sets the mass of the first resonance .

How these scales emerge from the 5D dual is a model dependent question. However, we
show that the separation between these scales does not depend on the fine-grained details
of the model. More precisely one can define a simple functional, which we call the volume
factor, that depends on the size and the geometry of the 5th dimension. The volume factor
fixes the ratio f,/Mkk and, in the Higgsless case, also v/Mggk. The same volume factor
also fixes A/Mgkxk where A is the strong coupling scale at which the 5D effective description
breaks down.

We discuss in some detail how the aforementioned scales show up in the gauge boson
scattering amplitudes. In the Standard Model the exchange of a Higgs boson cancels the



divergent behaviour of the four point gauge boson vertex. This cancellation is not main-
tained in more complex models of electroweak symmetry breaking. As can be expected,
the violation of unitarity is associated with the scale f; that controls departures of the
Higgs couplings from the Standard Model, while the full restoration of unitarity is post-
poned until the resonance scale Mxg. We present quantitative results for the scattering
amplitudes in two different 5D models. One is the model or ref. [9 describing a composite
Higgs emerging from a strong sector with the SO(4) custodial symmetry. The other is the
model of ref. [ff] describing a pseudo-Goldstone Higgs from breaking SO(5) — SO(4) by
strong interactions.

We also consider the Higgsless limit of the 5D models. This is the limit where the Higgs
boson decouples from the electroweak bosons and plays no role in restoring unitarity, even
though it may remain in the physical spectrum. In this case the electroweak scale v becomes
intimately tied to the geometry of the 5th dimension and equals f,. The Higgsless limit
turns out to be particularly insensitive to the details of 5D modelling.

The paper is structured as follows. In section P we review the unitarisation of the
gauge boson scattering amplitudes in the SM. We employ the equivalence theorem that
allows us to calculate the scattering in terms of scattering of the Goldstone bosons eaten
by W and Z. This serves to highlight the role of the Higgs boson in the unitarisation and
to fix our notation for the rest of the paper. In section [ we discuss in general terms the
manner in which strongly coupled electroweak sectors affect the longitudinal vector boson
scattering. In section ] we turn to modelling a strongly interacting electroweak breaking
sector using a 5D holographic dual. We investigate the 5D model proposed in [[] with the
Higgs sector localized on the IR brane and custodial symmetry in the bulk. We calculate
the couplings of the Goldstone bosons to the physical Higgs and to the resonances, and
employ useful approximations that reveal a simple pattern in these couplings. In section [,
we repeat this program for a 5D model of the pseudo-Goldstone Higgs [{]. In section fj we
collect the results of our quantitative studies and use them to calculate the precise form of
the WZ scattering amplitude. We present our conclusions in section [§. Three appendices
contain more technical details of our computations.

2. Gauge boson scattering in the Standard Model

First we review the unitarisation of longitudinal gauge boson scattering in the SM. Here we
use the equivalence theorem (ET) to calculate the scattering amplitudes via the Goldstone
bosons [[[(]. This serves to fix our notation, and to highlight the role of the Higgs boson
in unitarising the amplitudes.

The Lagrangian for the Higgs doublet is:

L=10,H>~V(HH) (2.1)

We parameterise the Higgs fields non-linearly:

1 0
H:E(v+h)U<1>’ (2.2)
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where h is the physical Higgs boson, v is the Higgs vev and G, are the three Goldstone
bosons. Inserting this into our Lagrangian (B.1]) we get:

C=Y@n?-vm s+t +ﬁ2<aaf+ﬂﬂ@ﬂ@aaf—@cm)@m
2 2 v H (G/v)? pea H ’
From this we acquire canonically normalized kinetic terms and the interaction terms
of the Goldstone bosons and the Higgs boson that we need to calculate the scattering. The
relevant terms are:

1 2 2
‘CG4 = W <(Gaa“Ga) — (apGa) Gbi) (24)
h
%%:;@ﬁﬁ (2.5)

To complete the picture we introduce the SU(2)z, x U(1)y gauge fields. The W bosons
acquire longitudinal polarizations by eating the Goldstone modes G* = (G F iG2)/v/2
while the Z boson eats (G3. Moreover, there appear three-point vertices involving gauge
bosons:

L =—i(G"0,G" - GT0,G7 )9y Au + 92z 2Zy) — i (G30,G~ — G~ 0,G3) gWW;r
—1 (GgauG-i_ - G+8MG3) gwwu_ (2.6)

where g, = e, gz = (9% — ¢%)/2\/9% + g%, gw = g1/2 and g1, gy are the SM gauge
couplings.

The Higgs boson plays a crucial role in unitarising scattering processes in which the
initial and final state particles are W or Z. Using the ET we can calculate the leading
order contribution to the relevant scattering processes using the following amplitudes for
Goldstone boson scattering. Here we take the process Wi Z;, — W Z; as an example:

Mo+ ogras = %—i%—g%y< t—52 + t—u2 ) (2.7)

v — u—my,  S—miy
Via the ET, this amplitude corresponds to the amplitude for WLiZL — WLiZL, up to
terms O(my/E). The first term grows quadratically with energy. This leads to unitarity
violation at high energies, unless it is cancelled by the term from Higgs boson exchange
that follows. Therefore the presence of a sufficiently light Higgs boson restores unitarity
in the theory. The last term from the W boson exchange is irrelevant to the discussion of
quadratic divergences as it contributes no growing term, but we have included it for later
convenience.

3. Parameterising strongly coupled electroweak sectors

We now go on to examine the question of the unitarity of gauge boson scattering in theories
with an extended electroweak sector. In the SM unitarisation of the gauge boson scattering



amplitude relies on the cancellation between the quartic Goldstone vertex and the Higgs
exchange diagrams. This requires a precise correlation between the quartic Goldstone self-
coupling and the Higgs-Goldstone coupling. In the following we will discuss 5D models of
electroweak symmetry breaking and investigate how they affect this correlation.

Since 5D warped physics provides a holographic description of strongly coupled the-
ories, we expect that deviations from the SM scattering amplitudes will depend directly
upon the compositeness scale of the Higgs boson, which we denote as fj,. The composite
structure should reveal itself in modifications of Higgs-Goldstone couplings by terms of
order 1/ f,% We thus expect the couplings to have the form:

h
Lezp, = ghz(auGa)Z (3.1)

where g, = 1 — O(v?/f2). For g, < 1 the Higgs boson on its own cannot unitarise the
scattering of the gauge bosons:

t o, t

Meo+r@ocras = 2 g5 (3.2)

Above the scale of the Higgs mass we obtain Mg+gs_g+gs ~ t/f7. The amplitude
continues growing up to Mgkk where some other physics (e.g. vector resonances) must
restore unitarity. The Higgless case corresponds to g, = 0.

As recently discussed [f], this kind of behaviour is expected on purely low energy
grounds if the Higgs doublet arises as a pseudo-Goldstone boson. Consider the case of SO(5)
broken to SO(4) where we identify the remaining SO(4) with the approximate SU(2)y, x
SU(2)r custodial symmetry of the SM. The four Goldstone bosons are identified with the
Higgs doublet. The Lagrangian at lowest order is:

(1/2)9,U%0,U (3.3)

with U parameterising the Goldstone bosons:

U = frexp <Z\/§f#> (2) (3.4)

Here T, are the four broken generators of SO(5) and H, are the four Goldstone bosons of
the broken symmetry that we identify with the Higgs fields. Finally, f5 is the scale of the
global symmetry breaking. The Higgs field gets a vev (Hy) = 0. The electroweak breaking
scale is related to its vev by v = fj, sin(9/ fr).

To calculate scattering amplitudes we need to extract the three point couplings of two
Goldstone bosons to the Higgs boson. Parameterising the Higgs field as in eq. (B.2) and
expanding the lowest order Lagrangian we find the relevant Higgs-Goldstone couplings:

0\ h
L2y = cos <£> — ((%Ga)2 (3.5)

fn) v
Thus gj, = cos(¥/f;). The four-point couplings remain unchanged from (R.4). There-

fore, above the Higgs boson mass the WZ amplitude grows as ~ (1—cos?(3/ fy))t/v* =t/ f2.



This is the simplest setup in which the non-unitary behaviour is encountered, irrespectively
whether the high-energy UV completion that restores unitarity is perturbative or strongly
coupled.

In the following sections we shall study 5D warped models from the point of view of
gauge boson scattering. We will find similar qualitative behaviour, even when the Higgs
is not a pseudo-Goldstone boson. We will also study in detail how the vector resonances

restore unitarity of the scattering amplitudes.

4. Holographic composite Higgs

We first consider a 5D theory with the gauge symmetry SU(3). x SU(2); x SU(2)g X
U(1)x and the Higgs field on the IR brane, which was proposed in ref. [f[l. The limit
where the brane Higgs vev goes to infinity corresponds to the Higgsless theory of ref. [[[T].
The rationale behind extending the SM U(1)y to SU(2)g x U(1)x is to avoid excessive
contributions to the T parameter [f, [
The 5th dimension is warped with a gravitational background described by the line
element:
ds?® = a*(x5)ndotde” — do? (4.1)

where a(z5) is a warp factor normalized such that a(0) = 1. The 5th dimension is bounded
by two branes, an IR brane at x5 = L and a UV brane at x5 = 0. The choice a(z5) = 1
corresponds to flat space, whereas a(z5) = e #%5 corresponds to AdSs. We do not specify
the warp factor in what follows other than to require that it generate a sufficient hierarchy
between the UV and the IR brane: a(L) = ar, < 1. Moreover, we will assume that the size
L of the extra dimension is large in the sense L%Z—EL) > 1. This is typically the case in
backgrounds that solve the hierarchy problem such as AdSs. The significance of this last
assumption will become clear in the following.

We allow the gauge bosons to propagate in the bulk, while the Higgs sector is confined
to the IR brane. On the UV brane we explicitly break the gauge symmetry down to the
SM gauge group.

This set-up can be interpreted as an effective description of a 4D theory with funda-
mental SM gauge bosons and a strongly coupled electroweak symmetry breaking sector
with a global SU(3). x SU(2)r, x SU(2)r x U(1)x symmetry. The IR brane Higgs boson is
interpreted as a composite of the strongly interacting sector.

The 5D action for the electroweak sector is:
< (F 1 1 1
S = d*x d.%'5\/§ —§TI‘ (LMNLMN) — §T1“ (RMNRMN) — ZXMNXMN
0
1
+/d4xdx5\/g_45(L) (ZTr\DMCP\Z - V(@@)) (4.2)
where Lyy and Ry n are the SU(2)7 r gauge fields respectively, Xpn are the U(1)x

gauge fields and @ are the scalar fields that we identify with the Higgs. The dimensionful
couplings of SU(3). x SU(2)z, x SU(2) g x U(1)x will be denoted as gL, grvV'L and gx VL.



The Higgs field acquires a vev (®) = azlf)fgxg that spontaneously breaks SU(2) X
SU(2)gr — SU(2)y on the IR brane. We separate out the physical Higgs boson from the
Goldstone bosons by parameterising the Higgs boson non-linearly:

d=a'(@+h)U

with U = exp <2Gfaa> = Cos <g> + iGgUa sin <€> (4.3)
0 0 v

where G2 = G,G, and h is the physical Higgs boson. From the covariant derivative of the

Higgs field we get the quadratic terms:

VI

2

0,Ga + %5(L)(3uh)2 (4.4)

1
L= 55(11) (gLLM,a - gRRu,a)

These terms provide a kinetic term for the Higgs boson and the Goldstone bosons as well
as a brane mass term for the gauge bosons. They also introduce the mixing between the
Goldstone bosons and the gauge bosons.

4.1 Mass eigenstates

The dynamics of the model can be neatly studied in the mass eigenstate formalism intro-
duced in [[[J, [[Z]. We expand the 5D fields in the mass eigenstate basis:

Ly(z, x5) = Apn(2) f1 5 (25) LS(z,25) = Gu(2) f1 5 (25)
R (2, x5) = Apn(2) fn(25) Rs(z,25) = Gn(2) f n(25)
Xu(z,25) = Apn (@) fxn(2s5) X5(z,25) = Gp() fxn(25)
Gn(x) = Gp(x) fn (4.5)

where the index n runs over all mass eigenstates in the theory. The profiles f,(z5) will
be chosen such that the gauge bosons are indeed mass eigenstates. The Goldstone profiles
fn(xg,) will be chosen such that G,, becomes the Goldstone boson corresponding to the
massive eigenstate A, ,. In other words, the goal is to rewrite the quadratic part of the

5D action as a 4D action that is diagonal in n:
4 1 2 1 2 . .
Ss= [ d mz _Z(auAv,n —0yAun)" + 5(8MGn —mpAun)” ¢ + interactions.  (4.6)
n

In this way, there is no tree-level mixing between the light modes and the heavy KK modes,
even in the presence of electroweak symmetry breaking on the brane. This is different from
the more common approach, where the KK expansion is performed in the absence of
electroweak symmetry breaking, and the electroweak symmetry breaking leads to mixing
of zero modes with KK modes.

We also retain the Goldstone degrees of freedom. The Goldstones, G, allow us to
maintain explicit gauge invariance in the presence of the mass term for the vector A, ,,.
Keeping Goldstones is convenient as, via the equivalence theorem, scattering of longitudi-
nally polarized vector bosons A, ,, is equivalent to scattering of G,,.

In order to end up with the diagonal action ({.6) the profiles f,(x5) must satisfy:



1. The equation of motion

[35(@235) + mi] fn(1'5) =0 (4.7)

2. The orthonormality condition

L
| 505t = b0 (48)
3. The UV boundary conditions:
85fg,n(0) =0 a= 17 27 3
fha(0)=0 i=12
5205 [32(0) + 205 fxn(0) = 0 5y = —= L
V9% + 9%
3 _ _ 9Rr

—Cafpn(0) + $2fxn(0) =0 ¢ = —F——= (4.9)

which break SU(2)g x U(1)x down to U(1)y.!

4. The IR boundary conditions

05 fxn(L)
gRaE)fg,n(L) + gLaf)f]%n(L)

910518 2(L) — grds f2 (L) = — (g2 + g2)a7? Li(gn 12 (L) — gr (L))

0
0

4
fr(f = ;/37 (gLfg,L(L) - ngg,R(L)) (4.10)

Finally, the Goldstone profiles are determined by the gauge profiles,

fn(x5) = m7_1185fn(x5), for my, 7& 0
fa =0, for m,, =0 (4.11)

To calculate the explicit form of the profiles f,, we solve the equation of motion such
that it satisfies the conditions (2)-(4). Instead of solving it in a specific background it is
more convenient to proceed in a background independent fashion. The equation of motion is
second order so it has two independent solutions that correspond to warped trigonometric

2

functions C(z5,m,) and S(zs,m,).© We have freedom to choose them such that they

'The linear combination B, = szRi + ¢z X, survives on the UV brane and its zero mode is identified
with the hypercharge gauge boson. B, couples to matter with the coupling gy = gxgr/+/ 9% + 9% and the
hypercharge depends on the SU(2)r x U(1)x quantum numbers via Y = t3 + X.

2The properties of warped sines S and cosines C' are discussed at more length in E In the flat space
they are the well-known trigonometric functions, while in AdSs they can be expressed as combinations of
Bessel and Neumann functions, see eq. (@)



satisty C'(0,my) =1, S’(0,m,) = my,, C'(0,m,) = S(0,m,) = 0. Then the profiles can be
succinctly written:

La(zs) = af ,Clxs,mn)
on(@5) = g, S(x5,mn)
f%n(xg,) = anpsC(x5,my) — ap e S(xs, my)
fxn(zs) = anncClas, my) + app sz5(z5,my) (4.12)

In this way, the profiles satisfy the UV boundary conditions ([L.9). Inserting these
expressions into the IR boundary conditions (.1() we obtain relations between the nor-
malization constants «,. We also obtain the quantization condition that factorizes as
Fyw (m)F,(m)Fz(m) = 0. This gives rise to three separate classes of solutions that we refer
to as the W, v and Z towers (because the lightest solution will be identified with the W,
the photon and the Z, respectively). The quantization conditions for these three towers
read:

0 = S"(L,mwn)C" (L, mw.)

ap*Lv’ (2.5 (L, mwn) O (L myw) + 638 (L myw)C' (L miwi) (4.13)
0= C'(L,myn) (4.14)
0 = S'(L,mzn)C'(Limz.n) (4.15)
aZQLf)Q

+ (915" (L,mzn)C(L,mzy) + g8S(L,mz,)C (L, mz,) +mzna;gy)

4

We give the exact profiles in B, In the main body of the paper we restrict ourselves
to approximate expressions that are sufficient for our purposes.
4.2 Scales

From the quantization conditions ([.13)-(f.15) we can extract the mass spectrum. The
model contains a tower of resonances starting at ~ Mgk where?

T Faiy)

There are two exceptions. Firstly, as U(1)en, is unbroken, there is always a massless

MKK ~ ﬂa/(L) (416)

vector boson - the photon. Secondly, there can be further states with masses parametrically
below Mgk that are identified with the W and Z bosons. In eq. (JA.H) we calculate their
masses by expanding the warped trigonometric functions in eq. (:13), ([E15) at small m.

From these general results, we now consider two explicit limiting cases. First consider
the limit where ¥ > Mxkx. In this case the quantization conditions (f.13) and (f.17) are
dominated by the second term. In such a limit we obtain

(9% + g2 ) f}
4

2 £2
91.f
m%/V%—Lh m2Z%

7 (4.17)

3The scale Mk gives the parametric dependence of the mass of the lightest vector resonances. In 5D
Minkowski the first KK photon mass is exactly equal to Mkk, while in AdSs it is approximately 0.8 Mk .



where the scale fp, called the Higgs decay constant, is fixed by the geometry of the 5th
dimension: 4
fi= - (4.18)
L(g7 + 9%) Jo a™2(y)

Thus in this limit v =~ f;, and, as we will see later, g, = 0. Therefore the Higgs plays no

role in unitarising the gauge boson scattering, though it remains in the spectrum.?* We
refer to this limit as the Higgsless limit.
If we take gr, ~ gr, we get:

AM2, L Ldw)
w2y ar,

GLfE~ (4.19)

We have introduced the geometric factor V that we call the volume factor. In the
Higgsless limit we need the volume factor to be large, otherwise there is no separation
between v and Mkyk. Such a case is ruled out by searches for light resonances. In flat
space we get ¥V = 1. In contrast, within the Randall-Sundrum AdSs setup it is V = kL ~
log(Mpy/Mxkx) ~ 30. As discussed in [[[J], we expect V to be large if the 5D set-up is to
solve the hierarchy problem.

The volume factor could be made arbitrarily large by an educated choice of the 5D
geometry. Note however that consistency arguments set an upper bound, V < 167w. Oth-
erwise, the resonance scale would be pushed above 1TeV and the gauge boson scattering
would get strong before the vector resonances set in to restore unitarity.

Now consider the opposite limit in which & < Mxkg.® In this case g, ~ 1 and the
Higgs boson is SM-like. We refer to this limit as the Higgs limit. Once again, this allows us
to obtain the desired scale separation v < Mkk. For o/Mgk < 1 the electroweak gauge
boson masses are approximately given by

9%272 9%272

2 2
R = N 4.20
mw 4 M2 Y eos? Ow (4.20)

Thus, the electroweak scale in the Higgs limit is simply v ~ ©. More precisely, the relation

2~ 21— ji—i
h

this relation is the one defined by eq. (.1§). Although in the Higgs limit f), enters in a

rather intricate way, it will turn out to play an important role in describing the W and Z

between the two scales is of the form v The scale fj that appears in

scattering.

Summarizing, the following three scales have emerged: the electroweak scale v, the
Higgs decay constant f;, and the resonance scale Mkk. The separation between f; and
Mxkyk is set by a geometric quantity we call the volume factor. In the Higgs limit the
electroweak scale can be adjusted to be smaller than f3, while in the Higgsless limit v and
fn coincide.

4Generically, in this limit we expect the Higgs boson to be heavy, ms ~ ¥, but if its self-coupling is very
weak it may remain light.

5The condition ¥ <« Mxk is a postulate, but in general this input is a consequence of some unspecified
dynamics that gives rises to the boundary Higgs potential. We take v/Mxkxk as a free parameter and set it
to be small but getting to generate 9/Mxx < 1/4m would typically require fine-tuning.

,10,



4.3 Goldstone bosons

The important input for calculating gauge boson scattering amplitudes are the profiles of
the Goldstone bosons G, G~ and G® that are eaten by the physical W*, W~ and Z
bosons respectively. In general, they are linear combinations of Ls, Rs, X5 and G. The
exact profiles are given in eq. (B.H). To leading order in my /Mkxk, these profiles can be
concisely described in a background independent way. With the help of eq. (A.§) we find

1

fiJ/V ~ —ﬁmwxg;a*Q(:Cg))
7 1 gr .
fll'?,W ~ ﬁg—meLa 2($5)
fiy ~ 2 (4.21)
v
73 L —2
ftz =~ —ﬁmw%a (x5)

1 gr _
fTI?i?,Z ~ T (s2z5 +C§L) mya2(zs)
_ tan 6 _
fxz ~ ¢ \/ZW (x5 — L)mwa 2(335)

Bl (4.22)
v

In the Higgs limit, v ~ ¥ and the Goldstones reside mostly on the brane. In the Higgsless
limit, ¥ > v and the Goldstones live mostly in the bulk, though for warped metrics they
are still sharply localized at the IR brane due to the a=2(z;) profile.

With this information, we can read off the quartic self-couplings of the Goldstones and
the Higgs-Goldstone couplings. We find

2 2

g a g a a
Los = —(ﬁ(a“a )2G? + 6%(6“@ G*)? (4.23)
Loy, = %’lh(aﬂaa)? (4.24)

where g, = v3/93. Thus, g5 ~ 0 in the Higgsless limit, while g, ~ 1 in the Higgs limit, as
indicated before.
4.4 Couplings of resonances

To calculate the total gauge boson scattering amplitude we need to calculate the coupling
of the Goldstone bosons to the resonances. The Goldstones interact with the charged and
neutral resonances via the triple vertices:

ACG’?A = —z'((?ﬂG*G’ — (%G*G*)gN,nAMn
+{-i(0,GG® = 0,G*G " )gca Wi, + hc.} (4.25)

where N stands for neutral bosons v, Z and C stands for the charged W. The resonance
couplings g, can be found by inserting the Goldstone and resonance profiles into the inter-
action terms in the 5D action. In order to somewhat simplify the resulting expressions we

— 11 —



set g, = gr. Furthermore, the Goldstone profiles are localized toward the IR brane. This
results in the factor a=2(y) showing up in the integrals. Therefore the integrals are domi-
nated by the IR region and it is a good approximation to replace y = L in the integrands.
This allows us to approximate the resonance couplings as

L
INn = ngI%VLg/2/O a72(y) {fg,n(y) + f]g%,n(y)}

’U2
VTS 3 D) + T w0

L
gwin ~ grmiy L /0 a2 () {fLn() + frn®)}
2 . .
+5VEgL S (FhnE) + (D)) (.27

The first term within the integral dominates the Higgsless limit, v <« o, when the Gold-
stones live in the bulk. The second term dominates the Higgs limit, when the Goldstones
live on the brane. For n corresponding to the e12ect12"oweak gauge bosons we recover the

Standard Model couplings go: gw =~ %, gz W gy = e. For n corresponding the

heavy resonances the results are collected in eq. (B.9).

In order to estimate the resonance couplings we can employ the approximation (A.g) to
the profiles of resonances. The simple pattern that emerges is that all resonance couplings,
gn, are parametrically enhanced with respect to the SM ones by a common factor:

gn ~ Va0 (4.28)

where V is the volume factor defined in eq. (JL.19) and gy is the SM coupling relevant for
the given tower: gw, gz or g,. Since V ~ MI%K/f,f, we get frgn ~ Mgkgo. For gg ~ 1 this
coincides with the relation advertised in eq. (1) of ref. [ff.

To make the discussion more quantitative, consider first the couplings of the charged
resonances in the Higgs limit. In this case the quantization condition for the W tower
([E13) reduces to C'(L, mw,n)S (L, mw.,) =~ 0. Thus, the mass eigenstates in the W tower
split into Neumann-Neumann (NN) and Dirichlet-Neumann (DN) modes (B.1):

; C(xs, mwy, ,
(NNt Jla o~ —— (x5, mw.n) 5 C(Lm,) =0 (4.29)
(S 10 mwa)2)
(DN):  fh, ~ S(@s, miwn) S'(L, mwn) =0 (4.30)

L

For warped metrics, the UV boundary conditions are not relevant for the behaviour of
the resonance profiles in IR (they only affect the light modes that are delocalized). More
precisely, we have the relations

C(L,m)~—mLS(L,m) C'(L,m) ~ —mLS'(L,m) (4.31)
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that hold for m ~ Mkk. In consequence, the NN and the DN modes have approximately
the same masses and, from eq. (f.27), couple with approximately the same strength to
the electroweak Goldstone bosons. Thus, at the scale of the first resonance the Goldstone
bosons couple to two almost degenerate charged vector states. Moreover, using the methods
of [[I4], one can prove some remarkable sum rules A profile satisfying the DN boundary
condltlons has the integral representation fy(y) =m32 [ a™? f L fn(y”). Thus

an an / 2/ Fny") :/ -2 (4.32)

where we have used the completeness relation ) fn(x)fn(y) = 6(x—y). For NN modes we

get approximately the same sum rule, once the contribution of the SM W boson is omitted
in the sum. Using these results we easily obtain

2
9w, 1
S D (4.33)

n>0 mW,n fh

This sum rule is typically dominated by the first two terms, so we find

2
2 2 Mw
gw,i ~ 9wz =~ 2f2
h

This is in accord with the parametric estimate ({.2§).

(4.34)

The Higgsless limit, although qualitatively similar, differs in several details. The W

tower splits now into the vector and axial modes:

] L5, MW.n i i
f}an ~ ( . = ) 1/2 fR,n ~ fL,n C/(L’mW,n) =0
(2hCwmwa)2)
' L5, MWn i i
fi,n ~ ( oW ) fR,n ~ _fL,n S(LamW,n) =0 (435)

(2 fo (y, mw,n)]? >1/2

From eq. ({.27), only the vector modes couple to the electroweak Goldstones. The sum
rule now becomes

2
Iw, 1
E LN =5 (4.36)

2
n>0 mW,n 3f h
At the scale of the first resonance only one vector state appears in the Goldstone scattering
amplitude. Its coupling can be estimated as

2
9 myyq
Py o WL (4.37)

so that it is slightly weaker than in the Higgs limit.
To complete the picture let us discuss the cutoff scale where the 5D theory becomes
strongly coupled. From the parametric dependence of the resonance couplings we conclude

the cutoff is fixed by the volume factor. We can estimate:
47
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We see the volume factor should not be larger than ~ 167w. Otherwise, the first resonance
would already be strongly coupled and the 5D description would not be meaningful.

5. Holographic pseudo-Goldstone Higgs

We move to another, closely related higher-dimensional setup. We consider a 5D SU(3)¢ X
SO(5) x U(1)x gauge theory broken to SU(3)c x SU(2);, x U(1)y on the UV brane, and
to SU(3)c x SO(4) x U(1)x on the IR brane [fJ]. The larger symmetry group of the bulk
allows us to accommodate the Higgs field as the 5th component of the gauge bosons. The
Higgs field is massless at tree level due to 5D gauge invariance, but it acquires a potential
at one loop. Thus, the origin of the light Higgs field is addressed in this set-up (rather
than postulated, as in the previous one). In a fully fledged theory the Higgs field would
acquire a vev dynamically through minimization of the Coleman-Weinberg potential. Here
however, we will not study the dynamics that produces the vev, but simply assume it
exists. Holographically, this setup again corresponds to the Standard Model coupled to a
strongly interacting sector that breaks electroweak symmetry. The global symmetry of the
strong sector is SU(3)¢ x SO(5) x U(1)x. SO(5) is spontaneously broken to SO(4) by the
strong dynamics. The resulting pseudo-Goldstones are identified with the Higgs field.

We concentrate on the SO(5) x U(1)x part with the gauge fields Ay = A$,T“ and
Xar. The dimensionful bulk gauge couplings are denoted as gv/L and gxvL. The 5D
action is

L 1 1
Ssp = /d4x/ dzs+\/g (—ZTI“{AMNAMN} - ZXMNXMN> ; (5.1)
0

5.1 Mass eigenstates

We employ the mass eigenstate formalism for the KK expansion. We want to arrive at
the quadratic action of the form ([f.q) which is diagonal in the KK index in the presence
of electroweak symmetry breaking. In contrast to the previous section there is an added
complication of the As vev which affects the quadratic terms in the action. The changes
can, however, be simply taken into account by replacing Js5 with the covariant derivative
D5 = 85 — Zg\/Z[<A5>, ]

We perform the KK decomposition, in the presence of the A5 vev:

Ap(z,25) =Apn(x) fr(2s, (A5)) As(x, x5) = (As(25)) + Gn(x) fo(s, (45))

Xu(z,25) =Apn(®) fxn(Ts, (As5)) Xs(z, x5) = Gn(x) fxn(ws, (A5)) (5.2)

where f, = foT We split the SO(5) generators as T = (T2, T&,T%), a = 1...3,
a = 1...4, corresponding to SU(2);, and SU(2)r subgroups and the SO(5)/SO(4) coset.

Accordingly, we also split the gauge field Ay = (Las, Ry, Car) and the profiles f, =
(fL,n7fR,nafC,n)-

Diagonalization is achieved when the profiles satisfy the following conditions:

1. The equation of motion in the As background:

Ds(a®Ds fr) + m2 fn = 0
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Ds fn = Osfn — igVL[{As(25)), fa] (5-3)
[:X satisfies the same equation with D5 — 5.

2. The normalization condition:
L
| AT (A Ao (D] + FX e A (D =1 (59

3. IR boundary conditions:

fén(L,(A5)) = 0
Ds f1n(L, (A5)) = 0
Ds [ (L (As)) = 0
95fxn(L,(A5)) =0 (5.5)
that break SO(5) x U(1)x to SO(4) x U(1)x-
4. UV boundary conditions:
05 12.,(0, (A5)) = 0
frn(0,{45)) =0 i=12
Sma5f13~)2,n(0’ (45)) + C:vafifX,n(O’ (45)) =0 Sy = S
V9 + 9%
o fRn (0, (A5) + 8o fxa0.(A5)) =0 e = <=
V9% + 97
fE,00,(45) =0 a=1...4 (5.6)

that break SO(5) x U(1)x to SU(2);, x U(1)y, the hypercharge being a linear com-
bination of SU(2)g x U(1)x. The SM gauge couplings are g;, = g and gy = —£Z

V9% +g?

The Goldstone profiles are chosen accordingly:

fa(@s, (A5)) = my, ' Ds fr (s, (As)) (5.7)

In general, the profiles in the A background are related to the profiles at (As) = 0 by
a rotation via the Wilson-line matrix,

fal@s, (As)) = 0™ (x5, (A5)) fa2s)w (25, (45)), (5.8)
where w = Pexp <—ig\/fTa/0 (Ag‘)) (5.9)

and fX(zs5, (A5)) = fX(x5). The profiles f,(z5) satisfy the “normal” equation of motion,
05(a0s f) + m2 f,, = 0. Similarly, for the Goldstone profiles

fa(@s, (A5)) = my 'w™ (@5, (A5))05 fo (25 )w(@s, (As)) (5.10)
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In the following we choose the basis such that the vev resides in only one direction in

the group space:
a”*(zs5)

VI a2(y)

(Ady = B (5.11)

The profiles at zero vev can be written as

fin(zs) = a7C(x5,mp)

f§7n(x5) = a (:U5,mn) 1=1,2

fin(@s) = ans,Clas,my) — ap S (w5, my)

fxn(w5) = aneC(x5,mn) + ap $2:5(25, my)

fén(xs) = o (x5,mn) (5.12)

They satisfy the UV boundary conditions (p.6]). The constants are obtained by imposing
the IR boundary conditions. The solutions can be organized into two towers W, W,
of charged gauge bosons, and four towers vy, Z,, Zn, H, of neutral ones. We list all the

profiles in [J. Here we content ourselves with the quantization conditions:

1 -
(LS Lomi) + st (£) =0 8'(Lomg,) =0 6.13)
h
cos? Oy C' (L, mzn)S(L,mz,) + %mz,na22 sin? <f£> = S'(L,mz,)=0 (5.14)
h
C'(L,mypn) =0 S(L,mg,) =0 (5.15)

Only the masses in the W and Z towers are sensitive to electroweak symmetry breaking.
The scale fj is once again defined in terms of geometric quantities:

2
fi= I
giL fy a™
This definition coincides with eq. (.1§), once g, = gr. In the present model f;, appears

as the symmetry breaking scale at which the global SO(5) is broken to SO(4). Its role in
the W and Z scattering will turn out analogous as in the previous model.

(5.16)

5.2 Scales

The tower of heavy resonances begins at ~ Mgk (defined in eq. ({.16)). In addition the
setup can accommodate light vector states identified with the electroweak gauge bosons.
There is always the photon with m, = 0. The lightest massive vector states in the W and
Z tower are identified with the W and Z bosons and can be parametrically lighter than
Mxxk. Finally, there are no light states in the remaining towers. Expanding the warped
trigs in eq. (5.13) and eq. (p.I4) for small masses we find the W and Z masses:

miy, ~ gL fh sin (f%) (5.17)
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2, 2 ~
my ~ Mf,% sin? <£> (5.18)
4 Jn

Thus we identify the electroweak scale as v ~ fj, sin(0/f3). The separation between the
electroweak scale and the resonance scale can be achieved in two separate limits. In the first
case we assume a separation between the Higgs vev and the decay constant, sin(v/f) < 1.
This is the Higgs limit. sin(v/fy) is a free parameter until we specify the dynamics that
gives rises to the Higgs potential. One should be aware, however, that getting ¢/ f;, smaller
than 1 typically requires fine-tuning. In the other limit, sin(v/f,) ~ 1. This corresponds
to the Higgsless limit. Once again we need to separate f from Mgkk. The separation
frn < Mgy is obtained in the 5D background with a large volume factor V.

Summarizing, the three scales v, f, and Mgk have emerged again. In the Higgsless
limit v &~ fj. In fact, in this limit the quantization conditions for the W and Z tower
masses are exactly the same as in the previous model. The physics in the Higgsless limit
is indistinguishable in these two models.

5.3 Goldstone bosons

To calculate the gauge boson scattering amplitudes we need to calculate the Goldstone bo-
son profiles corresponding to W, Z. The exact profiles are written in eq. ([C.15). Expanding
these profiles in powers of m%/V and mQZ we find, at lowest order:

ﬁ,W ~ —%mwxg,a (x5)

f}{w R LLmWLa 2(1‘5)

o = =2 (519
fg,z ~ —%mwxg,aQ(m)

f%z ~ % (Si.%’g, + ciL) mywa~2(xs5)

fx,z = Cp ta\r;%w (z5 — L) mwa72(:c5)

1 V2cos(0/ fn)

. »
fC,ZN\/z S5/ 7) Lmya™*(z5) (5.20)

Compared to the previous model, there are no boundary Goldstones. Instead their
role is taken over by C¥. The parameter controlling the distribution of the Goldstones is
now sin(v/f). In the Higgs limit the electroweak Goldstone bosons are mainly composed
of C§. In the Higgsless limit the electroweak Goldstones flow to L§ and Rg. In all cases
the Goldstones are sharply localized on the IR brane with the profile behaving as a=2. The
self-interactions of the non-linearly defined Goldstones and the triple vertex with the Higgs
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boson are described by eq. ([.24) with g;, = cos(9/f3,).% In the Higgsless limit the physical
Higgs decouples from the Goldstones but it remains in the physical spectrum.

5.4 Couplings to resonances

The couplings of the electroweak Goldstone bosons to the resonances are given in [Jd. In the
following discussion we again make the assumption that the warp factor is steep enough
close to the IR brane, so that we can replace y — L in all integrals. In such a case, the
coupling of the vertices defined in eq. (f.25) can be written as

L
dom ~ gL mdy /0 a2 {fi+ fin) (5.21)

L
avm ~ gL ?my / a2 {3 ) (5.22)
0

where C = W, W stands for charged, while N = Z, Z,~ stands for neutral (the vector
bosons from the H tower do not couple to the electroweak Goldstones). The Standard

2 2
Model gauge bosons couple to the electroweak gauge bosons as gy ~ g1./2, gz ~ I Iy

23/ 93493’
gy = e. The resonance couplings depend on their profiles which we collected in [(J. Para-
metrically, we again observe an enhancement of the resonance couplings

gn ~ Va0 (5.23)

where gg is the coupling of the corresponding Standard Model gauge boson. Moreover, the
couplings of the W and Z towers are also proportional to cos(?/f), so that they decouple
from the electroweak Goldstones in the Higgsless limit.

Consider first the couplings of the charged resonances in the Higgs limit. In this case the
quantization condition in the W tower (f.13) reduces to C'(L, mw,,,)S(L, mw,) =~ 0. Thus,
the mass eigenstates in the W tower split into Neumann-Neumann (NN) and Dirichlet-
Dirichlet (DD) modes:

(NN) : fh o W) (g, gy, = 0
(Jy' e mwa)l?)

(DD) : fi,, ~ S(@s, mw.n) o S(Lmw) =0 (5.24)
(18t mwa)?)

From eq. (5.21)), only the NN modes couple to the electroweak Goldstone bosons. The W
tower has the profile of the DN type

5(1'5, mW,n)
(Ftsm )

As discussed before the NN and the DN resonances have approximately the same profiles

(DN) : frp ~

S'(L,myy,,) =0 (5.25)

and masses, therefore they couple with approximately the same strength to the electroweak

6Suppression of the WWh and ZZh vertices by cos(@/ f,) was also pointed out in ref. [@]
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Goldstone bosons. Thus, at the scale of the first resonance, there are two degenerate
charged vector states. Moreover we obtain the following sum rules:

2 2
Iwn an 1
E R g N —— 5.26
m? m2 6fﬁ ( )

n Wn n Womn

The sum rules are typically dominated by the first term, so we get

9w s ¥ g (5.27)

With respect to gauge boson scattering, the Higgsless limit is indistinguishable from
the previous model. The W tower decouples from the electroweak Goldstone bosons. The
W tower splits now into the vector and axial modes:

; C(xs, mwn ; ;
f}an ~ ( . = ) 1/2 fR,n ~ fL,n C/(LamW,n) =0
(25 O, mwa)
' L5, MWn i i
fi,n ~ ( oW ) fR,n ~ _fL,n S(LamW,n) =0 (528)

(2 fo (y, mw,n)]? >1/2

From eq. (5.21)), only the vector modes couple to the electroweak Goldstones. The sum
rule now becomes

2
9w, 1
S M (5.29)

2
n mW,n 3fh
Thus, at the scale of the first resonance effectively only one vector state appears in the

Goldstone boson scattering amplitude. On the other hand, its coupling is stronger than in
the Higgs limit by the factor ~ v/2:

2
9 M1

~— 5.30

9.1 357 (5.30)

6. Gauge boson scattering amplitudes

We come back to discussing the scattering of longitudinally polarized electroweak gauge
bosons. In the following we discuss the specific case Wi Z;, — W Z;. The other scattering
processes follow precisely the same logic. Quite generally, in the 5D models the scattering
amplitude of the corresponding Goldstone fields has the form

2 49
gr tm t—s t—u
Meargigras = —2—L5 =N g2, <u “mz ) (6.1)
n

2 2 2 2
vet —my ms o S—m;

The sum runs over all charged vector boson states and gc, denotes the couplings of the
electroweak Goldstone bosons with the charged vector resonances. The first term comes
from the self-interactions of the Goldstones and triple vertices with the physical Higgs
boson, as in eq. (4.24). In the 5D models we consider, the quartic coupling is always
correlated with that of the Higgs-Goldstone coupling and is given by g}QL Jv2.
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From the Goldstone amplitude we can extract the dominant term in the scattering
amplitude WrZ;, — WrZ;. At energies above the my mass, but below the Higgs mass
and the resonances scale, the amplitude contains the term that grows quadratically with

energy:

m
n>0 n

2 2

9h gC,n
M - ~ |2 +3 t t < 6.2
GHGBG+G3 (UQ +3) ) mp (6.2)
The second term is the contribution of the heavy charged resonances (the light W is omitted
in this sum) that, at low energies, induce an effective four-Goldstone vertex. In fact, at this
order the behaviour of the amplitude below the Higgs mass follows from the low energy
theorems [[Ld], M ~ t/pv?. In our 5D models, p ~ 1 + O(v?/MZy) due to the custodial
symmetry. We thus conclude that the amplitude must grow like ¢/v2. This tells us that the
contribution of the resonances should adjust appropriately and there should be the sum

rule ,

g 1—g?

) s (6.3)

2
m v
n>0 "

There should also be an analogous sum rule involving neutral resonances. In several limiting
cases, we have derived these precise sum rules through analytical calculations in 5D.

At energies above the Higgs mass, the first term in eq. (B.1]) does not contribute to
the quadratic growth. The effective contribution of the heavy resonances remains. The
amplitude can be approximated:

1— 2
MG+G3—>G+G’3 = UQght my < B <mq (6.4)

If g, < 1 the amplitude still grows quadratically, but slower (unless we are in the Higgsless
limit where g, = 0). The quadratic growth is further softened around the first resonance
mass. We can approximate

2
1-g? 9o 9 t—s t—u
Ma+asgras = 5 —3—5— | t—gc 7+ 3 (6.5)
v mé u—meg,  S—mg,

E~m1

Above the first resonance the coefficient of the growing terms is diminished by 3¢7 /m?.

In the model of section f] with the Higgs on the brane we found g, = (v/9)%. This
implies that (1 — g7)/v? ~ 3/f? in the Higgs limit, and (1 — ¢7)/v* = 1/v* ~ 1/f? in the
Higgsless limit. Thus the growth of the amplitude below the resonance scale is controlled
by the scale f3, although the coefficient varies depending on which limit we consider. In
the model of section ] with a pseudo-goldstone Higgs boson we found gj, ~ cos(9/f;). This
implies (1 — g7)/v? ~ 1/f# both in the Higgs limit and in the Higgsless limit.

In both models, unitarity is restored by resonances at the scale Mkk. How efficiently
the restoration proceeds, depends on the coupling strength of the lowest lying resonance(s),
which is clearly model dependent. Nevertheless, in the 5D models we have studied we were
able to find useful approximations for these couplings. The results for general backgrounds
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were given in section [£.4] and section p.4. In order to get some feeling about validity of our
estimates we now present the exact results for numerical calculations in AdSs.

We take the Planck/TeV hierarchy between UV and IR brane corresponding to azl =
10'°. The volume factor is then V ~ kL ~ 35, the KK scale Mgk ~ mkay, the decay
constant gr, f, ~ 2kar,/v/V.

In the model of section ] the masses of lightest resonances are found as

mw,1 ~ 0-77MKK mw,2 ~ 0.78MKK (6.6)
in the Higgs limit and
mw,1 ~ 0.78MKK mw,2 ~ 1-22MKK (67)

in the Higgsless limit. In the Higgs limit we find the couplings gw,1 ~ 8.2gw, gw,2 ~ 8.3gw .
Thus, at the resonance scale there are two almost degenerate vector states with comparable
couplings to the electroweak Goldstone bosons. These two states saturate 66% of the sum
rule (#.33). In the Higgsless limit the couplings are gw1 ~ —8.1lgw, gwz =~ 0.lgw,
resulting in 96% of the sum rule ([.36) being saturated by the first resonance. Thus the
estimate below eq. () perfectly captures the coupling of the first resonance. Ws is the
axial resonance and it approximately decouples from the electroweak Goldstone bosons.
Avoiding violation of unitarity in the Higgsless limit requires Mgx < 1.5TeV (that is
mw,1 S 1.2TeV). Since Mgk ~ W\/l_/mw ~ 1.5TeV, the bound is saturated with the
current choice of the hierarchy parameter aZl ~ 101°,

In the model of section ] we find the masses of the lightest resonances
mw,1 ~ O.SMKK mw,l ~ 0.8MKK mw,2 ~ 1-2MKK (6.8)

where these masses are independent of the limit we consider.

In the Higgs limit we find gw1 ~ —gy ;1 & —5.7gw while gw2 ~ 0. In the Higgsless
limit the coupling gw,1 ~ —8gw, while gy, ; = 0. In both cases, 95% of the respective sum
rule is saturated by the first resonances.

The picture that emerges in both models is that the scattering amplitude is almost
entirely unitarized at the scale of the first resonance. A distinctive feature of the Higgs limit
this is that there are two almost degenerate resonances that contribute to unitarisation,
while in the Higgsless limit just one resonance does most of the job.

7. Conclusions

New strong interactions as a cut-off to the SM are an interesting alternative to supersym-
metry as an explanation of the origin of the electroweak scale. Before the LHC experiment
tells us more about what nature has chosen, it is important to investigate the possible
ways strong interactions could manifest themselves in the scattering of longitudinally po-
larised vector bosons. This is necessary for staying tuned in to the experimental analysis
for various options.
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We have studied models of electroweak breaking formulated in 5D warped space. By
relying on the heuristic link to strongly interacting theories in 4D, or simply referring to
5D models of electroweak symmetry breaking, we have a technical, perturbative, means to
investigate the detailed dynamics of the longitudinally polarised electroweak gauge bosons.

In this paper we have studied the dynamics of gauge bosons in two, previously pro-
posed, 5D models of electroweak symmetry breaking. Using the powerful mass eigenstate
technique in a general background [[3, [J] we have calculated the mass spectrum of the
vector resonances and their couplings, as well as the couplings of the physical ‘composite’
Higgs boson to the Goldstone bosons eaten by the W and Z gauge bosons. Using this in-
put we calculated scattering amplitudes of the longitudinally polarised vector bosons using
the equivalence theorem. This allowed us to discuss the role of various contributions in
unitarising these scattering amplitudes.

The picture that emerges from the 5D models we studied is somewhat different from the
expectations based on simple unitarisation procedures of the effective chiral Lagrangians
(EChL) [[7]. In the EChL approach, unitarisation is generally achieved through both vector
and scalar resonances. In the 5D models we consider, unitarisation is completed entirely by
vector resonances, whose number and properties are quite constrained. Moreover, scalar
resonances are not present in the spectrum at all, which is a consequence of the particular
realization of electroweak symmetry breaking in our 5D models: by an IR brane field in the
case of SU(2)z, x SU(2)g or by the fifth component of the gauge field in the case of SO(5).
In the holographic language, this can be interpreted as a limit in which the condensates
that break symmetries of the strongly coupled sector are composite operators of infinite
scaling dimension. Therefore the models we have considered here should be compared to
the subset of EChL scenarios in which only vector resonances appear.

On the other hand, in 5D models in which the electroweak symmetry is broken, at
least in part, by a vev of a bulk scalar field, the KK modes of that scalar do play a role
in unitarization. However, as long as the 5D setup is not fine-tuned, the bulk Higgs vev
must be sharply peaked towards IR, so that the effective description by symmetry breaking
on the IR brane should be accurate and the role of the scalar resonances in these more
general models is not expected to be prominent. Models with a bulk Higgs field are much
more complicated at the technical level and we postpone their quantitative study for future
publications.

Our explicit calculation in two very different models allows us to extract quite general
features, hopefully common to any strongly interacting cut-off to the SM that incorporates
vector resonances. These are, first of all, physical scales that emerge and characterise
the gauge boson dynamics. We have identified four such scales: the electroweak scale
v, the Higgs boson decay constant or equivalently the Higgs boson composite scale fj,
the resonance scale Mkk and finally the cut-off scale A of the strongly interacting sector
itself. Particularly interesting are the relative values of the scale v versus f3, and f; versus
Myxk which fully determine the unitarity violation and restoration in the gauge bosons
scattering amplitudes. We have found that resonances can appear over a broad range of
energies, primarily determined by the geometry of the fifth dimension. However constraints
from electroweak precision tests generally require these resonances to be heavy (2 3 TeV).
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Another interesting common feature of the two models is that they smoothly inter-
polate between the composite Higgs limit and the Higgsless limit, depending on the rela-
tive magnitude of the scales mentioned above. Thus we have explicit examples in which
the strong dynamics is not as simple as is usually assumed in Higgsless models based on
SU(2) x SU(2) — SU(2) and the gauge boson dynamics may lie between the composite
Higgs and Higgsless limits. It is interesting by itself that in the Higgsless limit we have
identified a new class of Higgsless models where the scalar particle does not play any role
in the unitarisation of the scattering amplitudes but remains in the spectrum.

The question of whether the effects of the linear growth of the longitudinal scattering
amplitude and its unitarity restoration can be detected at the LHC is vital. Providing a
rigorous answer is certainly a hard task, given difficult QCD backgrounds. Unfortunately,
the existing studies are not conclusive as they employ the language of chiral lagrangians [[L7]
and they concentrate on the resonant effects. No studies of the signal and backgrounds
have been done in a 5D framework where resonances are realized in a fully consistent way.
Furthermore, since vector resonances in realistic models are expected to be quite heavy,
2 3TeV, because of electroweak precision tests, it would be important to investigate if
the strong scattering effects can be also detected away from the resonant regions. Initial
results [@] suggest that this may be possible and the results of a more complete analysis
promise to be very interesting. To truly understand the experimental signature of the 5D
models we consider would require a detailed Monte Carlo analysis. We leave this for a
future work.
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A. Warped trigonometry

The equation of motion
D5 (a(5)3s f (x5)) + 2* f (a5) = 0 (A1)

has two independent solutions. Denote them C(z5,2) and S(x5,z). We choose them such
their boundary conditions as

C(0,2) =1 C'(0,2) =0 S(0,2) =0 S'(0,2) = 2 (A.2)
so that in flat space they reduce to the familiar cosine and sine. The Wronskian relation
S (x5, 2)C(x5,2) — C' (x5, 2)S (x5, 2) = za"2(x5) (A.3)

is the warped analog of sin® 4 cos? = 1.
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Integrating eq. (A.1]) twice, we obtain the integral representation of the warped trigs
5 Y
Clas.s) =1-2 a2 [t
0 0
T5 x5 Yy
Sse) =2 [ o) -2 [ a2 [ 569 (A4)
0 0 0

from which follows the expansion at small z:

x5 x5 v ry
C(xs,2) = 1—22/0 ya?(y)+z4/0 a2(y)/0 /0 y'a*(y") + ...

S(ws,2) = 2 /O P y) - /0 " a2y) /O ’ /0 T (A.5)

For z and y such that 22/a? > 1 we have another useful approximation.

C(xs,2) =~ ail/z(%)oz cos(z /;5 a t(y) + da)
S(ws,2) ~ —a¥as)Beos(s [ a7 ) +09) (A6)

where the four real parameters o, 3, ¢n, ¢p are bound to satisfy Basin(gg — ¢o) =
1. Moreover, for metrics highly warped toward the IR brane we have an approximate
relation C(L, z) ~ —2LS(L, z), C'(L,z) ~ —zLS'(L, z) that follows from the perturbation
expansion (@), with y — L in the integrals.

Let us see the warped sines and cosines in some particular, solvable backgrounds.

For flat space, a(z5) = 1, we get the familiar trigonometric functions:

C(x5,2) = cos(zxs) S(zs, z) = sin(zxs) (A.7)

For AdSs5 we insert a(zs) = e %5 and almost as easily solve eq. (A1) in terms of Bessel
functions. The solution is a=!Z1(m/ka) (note also that [a='Z;(m/ka)] = za=2Zy(m/ka))
and we pick up the following combinations

z

o) = Gt [0 (1) 4 (gt ) = ()7 (i)
S(ws,z) = g—za—l(m5) [—Yl (%) i <m> s (%) Y, <%>} (A.8)

Another solvable background is that with a power law warp factor a(x5) = (1 — %)
For v — oo we recover the exponential warp factor of the RS model. The solutions to

eq. (AJ) can be written, similarly as in the AdSs case, in terms of the Bessel functions,

_ ek z Ny (2 2
Clas,2) = Qk‘a ” [Y2w12 <k:) J;_:/% <kzal_l> J2w172 <k‘> Yg_;% <kzal_l>]

v Y

_mnd [y (2 : : :
Stas.2) = g% | Ve, (7) T (1) + 72 () Y ()]

' (A.9)
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B. SU(3). x SU(2)r X SU(2)r X U(1)x: profiles and couplings

We collect here various technical details concerning the model of section 3. We list the
profiles that follow from solving the boundary conditions on the IR brane. For the W tower

fz,n = OZW,nC(CCE), mWn)

Fin gL " S’(L7 mw,n)

L 2 / 2
_ g C'(L,mw,
oot = [ ar{cmun + 2 (G stumn | 0
59 s n

S(xs, mwn)

For the photon tower

ffn = sinOw oy, C (x5, Mmy)
fl%i,n = 55 08 Oy nC (x5, mp)

[xn = ¢z cosbyay ,C(xs,my,)

(0 = [ O, (B2)
For the Z tower
fin = cosOwaznC(zs,mzy) (B.3)
fl?f?,n = —spsinbwoaz,C(zs,mzy) — gsin Hwaz,ng:((é:i;né:))kg(m,mz,n)
fxn = —czsinbwaz,C(zs, my) + cg sin HWaZ’ngt((ijiZLLZZ::))S(xE” mzn)

_ L . C'(L,mzn)\>
(azm) 2:/0 dy{CQ(x5,mZ7n)—i—S—251n29W <ﬁ> 52(x5,mz7n)

T

The quantization conditions are given in eqs. (%.13), (U.14)), (M.15). Expanding C' and
S at small m allows to estimate the masses of W and Z. Including corrections of order
v? /M2 we find

my ~ gi f <1+— |:9LL / / ya () - g7 /Lya2(y) —g?«zL/OLaz(y)D
my ~ (9L+9Y)~42<1+Z|:9L+9Y / / ‘a3
—g7 /OL ya~*(y) —Q%L/O a?(y) + gv /OL /Oy a‘Q(y’)D (B4)

From dimensional analysis one would expect the integrals in the above expression to be of

order 1 /MI%K However, some of the integrals scale linearly with L, therefore they can be
enhanced when the volume factor is large. In such a case, the corrections turn out to be

O(v?/ f2) rather than O(v?/MZ).
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The Goldstone profiles corresponding to W and Z are given by

ftw = awmy!C' (x5, mw)
gr C (L mw)

frw =— 92 VS L) ™ my S (x5, mw)
_ 9
fiv = —awia%Cl(L,mW) (B.5)
mW\/_gLU

fgz = cos Hwazmglc"(xg,, myz)

2 C'(L
ﬁiZ = —5,sin Hwazmglc"(xg,,mz) - Z—zsin Gwazﬁm;y(m,mz)
- C'(L
fxz = —cgsin HwazmglCl(m,mz) + ¢ sin Hwaz(i’mz)m;S'(m,mz)
’ S/(L,mz)

f3=- a3 C'(L,mz) (B.6)

mzx/_\/gL + g3

The expansion of these profiles for small masses can be done with the help of eq. (A.5). To
lowest order in my, mz, we derive eq. ({.21)).

The profiles serve to establish the couplings of the Goldstones to the resonances. Work-
ing out the relevant terms in the 5D action the couplings to the neutral gauge bosons are
given by

gN, \/— y y g y s y , y

9gr

2
+%¢f%ﬂuﬁm@0+mﬁ%ALD (B.7)

while those to the charged gauge bosons

gom = %/L dya—>(y) {gLnyi (y) + @L(SQ%LCQL)fi (y)}
n \/Z 0 L.n g% T T Rn
2 . .
5 VIS (911 a(E) + g fia(L) (B3)

Due to the a=2 factor, the integrals are dominated by the behaviour of the profiles near
the IR brane. Therefore it is sane to replace y — L under the integrals. Moreover, we set
gr, = gr for simplicity. This yields

IWn = gL\/Z/OL a 2(y) { Lv? —0(L) + miy, La™> }

2 92

"(Lymw.n
C(yvmWn) S/(L mxn))s(yvmWn)

L (Lmn) \ 2 1/2
[fo dy{CZ(y,mn (S/(Lmjj S2(y, my H
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L 1 U2
") {ﬁaw) T m%VLa2<y>}

C'(Lmzy)
S'"(L,mz ) )

1/2
[fo dy {02(y, my) + cos 20y <S,((L mn))) S2(y, mn)}]

L
Gy = Qex/Z/ a2
0

C(yamZ,n) (yamZ,n)

C(y, myn)
1/2
foL C2(y, mvn)]

0 {3500 + miyLa) ) [ (B9)

C. SU(3). x SO(5) x U(1)x: profiles and couplings

We move to the holographic model of a pseudo-Goldstone Higgs boson. Choosing the
direction of the Higgs vev as <Aé1> = va"2/y/ fOL a—2(y), the Wilson-line matrix is given by

(100 0 0
010 0 0 fL ()
. 001 0 0 0 ¢
w(zs,0) = flzs) = . C.1
(s ) 000 cos <f(25)> —sin( (2 )) ( #) gﬁfo a 2(?/) ( )
0 00 sm( (25)) cos( (%)) |
This yields the link between the profiles with zero and non-zero vev:
fian,0) = 2SO gy 4 220 gy 4 SO
it 1) = =50 gy 4 T2 gy - 22O g
fetas,7) = ““%f Lt + UL fitas) + cos(o/ ) e o)
félws,0) = fé(xs)
fx (@) = fx(xs) (C.2)

Inserting this into the IR boundary conditions we can find the mass eigenstates.

Charged. The charged gauge bosons are combinations of L’ RZ and CZ In the charged

sector we have two towers. In the one referred to as the W tower the masses do not

depend on ©. The quantization condition is simple:

S'(Lymyg ) =0 (C.3)
This tower has the profiles:
fhn = oy V2c08(0/ fr)S (x5, My )
fem = —aw ,sin(0/ fr)S (s, myy )
()2 = (1 +cos*(0/ fn))? /OL[S(yvmw,n)]z (C.4)
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In the other tower, referred to as the W tower, the masses do depend on ©. The

quantization condition is

C'(L,mw.n)S(L, mw,) + %mw,nazz sin? (f%) =0 (C.5)
The corresponding profiles are
ftn = awnC(zs, mw,)
fhn = _aW,ng,’:((é:imS(x&mW,n)
o= o

-2 _ B 2 _ C/(L,me)C(L,mw,n) m 2
() = [ 1O = G 5y )P | (Co)

There is a light solution of the quantization condition proportional to f; sin(v/f). This is
the W boson.

Neutral. The neutral gauge bosons are combinations of Lf;,Rz and 03’4 and X,,. Three
of them have v-independent masses. One is along the same group space direction as the
Higgs vev, hence we refer to it as the Higgs tower. The quantization condition:

S(L,mn) = 0 (C.7)
The profile
L
fh o = omnS@smuy)  (ama) = / [S(y, )] (C.8)
0

There is no light (mode) in this tower.
Another is called the photon tower. The quantization condition:

C'(L,myp) =0 (C.9)
The profiles

fén = sinbfw o, ,C(x5, M~y )
f%n = 5508 Oy, C (25, My )

fX,n = Cg COS HWa'y,nC(xEn m'y,n)

L
(0yn) 2 = /0 (C oy n)? (C.10)

The photon tower includes a massless eigenvector: the photon.
There is the Z tower, which is similar to the W tower and has no light mode. The
quantization:
S'"(L,mgz,) =0 (C.11)
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The profiles

fl%,n = —C$a27n\/§COS(1~)/fh)S(1‘5,mzm)
fxm = 8207 ,V2008(0/ fr)S (25, m7.,)

fn = coaz,sin(0/ fr)S(xs,mz,,)

L
(az,) 2 = (1+cos®(0/fr) — 57 SinQ(@/fh))z/0 [S(y, mz ) (C.12)

Finally there is the Z tower, where masses are sensitive to v. The quantization

condition is very similar to that of the W-tower,

1
cos? Oy C' (L, mz,)S(L,mz,) + §mz,na22 sin? (%) =0 (C.13)
h

the difference being the cosine of the Weinberg angle. The profiles

ff,n = cosbwayz,C(xs,mzy)

f%n = —sgsinbwazn,C(xs,mz,) — 2 cos Ow oz g:((ll':: :j:)) S(xs,mzp)
fxn = —czsinbwaz,C(rs,mzy)+ cxsinbwazy, g,l((éj :;Lj:)) S(xs,mzn)
i = = costhyaz, LB SO ) g
0z = [ {Cwman - GEmECE ) 5, 2] (o

The Z boson is the lightest solution of the quantization condition with the mass propor-
tional to f sin(v/ fy).
We move to discussing the profiles of the Goldstones corresponding to the electroweak

gauge bosons. The Goldstone profiles at zero vev are simply related to the corresponding
gauge profiles, see eq. (p.10). The Goldstones eaten by W and Z have the following profile

frw =
frw =
few =
-
fiz =
73
TRz =
fxz =

o~
fez =

awmy!C' (x5, mw)
C/(L,mw)

~ ST mw)
V2cos(0/fr) C'(L,mw) 1.

—oWw bln(’f)/fh) S,(L,mw) mWS (x57mW)

cos Oyrazmy, C' (x5, mz)

m;VlS'(m,mW)

— 5, Sin HwazmglC'(m, myz) — ci cos by az

C'(L
e sin Hwozzm}lc,(%’ Mmzn) + g sin HWO[ZS’((L#WZ

V2cos(/ fn) C'(L,mz)

S0/ ) SLomg)” E5M2) (C.15)

—cosbOyaz
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Expanding the warped trigs for a small m yields the approximate expressions (p.19).
These approximate profiles allow us to determine the resonance couplings. The general
formula for the charged ones is

L
. , . 1, .
scn =V [ Ll ol + fraFhofion + 5 Fhn+ fia) Rl
1 . . 1., . _
+§fé’,n (f%z + JFIS%,Z) few — §f67n (fZL,W + f}z%,w) fg’j,z}
(no summing over ¢ here). For the neutral ones,
i = VI [ S Fhaw i + TS P
0
L 3 \FFi 3 (F Fi Fi
+§ (fL,n + me) fewfewfen (ff,w + fﬁz,w) flc,w}

Inserting the approximate Goldstone profiles and the exact profiles of vector resonances
we obtain the couplings

_ C'(Lmyy . n,
or VI I3 a72@) {Cly.miwn) — Gmsad Sy, muw,n) (1 - s2(1 - y/L) }

. C.16
SR T T T P— L
o~ g_\/% 1(;(?5(@/2f}i) VL [y a2 (y)S(y,myg ) - (C.17)
VIF o0/ 18 am2(y)] [ 1 52(w.my, )]
9% (C.18)

9zn ~
24/9% + 9%

"(Lymg n 2 cos? (D
VL[5 a2 () {Clymzn) = GEmZ S(y.man) (1~ 2= 50 (1 -y /1)) L
X

97,9y
C'(Lymz n)C(Lmz pn 1/2
o) [ Cumaw) — GRS S .m0
cos (/) VL [y a”2(y)S(y,my,)

%

C.19)

9.

V2 /T4 cos2(0/ fr) — s2sin>(0/ fr) [ I af2(y)] [IOL 52<y7m2n>] w

VI [y a2 y)Cy.my)

Gyn = € I L 12
[ /i a*2(y)] [fo CQ(y,mv,n)]

The Higgs tower does not couple to the electroweak Goldstones.

(C.20)
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