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We consider a brane world model with the interbrane distancestabilized by a bulk scalar field and

assume that this field is coupled to the Higgs field on the negative tension brane. This interaction

naturally leads to spontaneous breaking of the SM gauge symmetry and to a Higgs-radion mixing.

We estimate this mixing.
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1. Introduction

It is a common knowledge that in QFT fields with the same quantum numbers can mix,if there
is an interaction between them. A canonical example is the mixing of the weak hypercharge U(1)
gauge filed and the neutral component of the SU(2) gauge field, which gives rise to the electromag-
netic field and the field of the Z boson. In extensions of the SM additional fields can mix with the
fields of the SM, if they have the same quantum numbers.

In the present contribution we consider an extension of the SM based on the Randall-Sundrum
model with two branes stabilized by a bulk scalar field [1, 2]. A characteristicfeature of this model
is the presence of a massive scalar radion field, which describes the fluctuations of the branes with
respect to each other. This field has the same quantum numbers as the neutral Higgs field. Thus,
the radion field can mix with the Higgs field, if they are coupled.

Originally, a Higgs-radion coupling in the unstabilized Randall-Sundrum model arising due to
a curvature term on the brane was put forward in [3]. Then such a coupling and the resulting Higgs-
radion mixing in the case of the stabilized model were discussed in paper [4] without taking into
account the KK tower of higher scalar excitations. In what follows we discuss a model, where such
a coupling naturally arises due to a mechanism of spontaneous symmetry breaking on the brane
involving the stabilizing scalar field. Unlike the mentioned papers our approach takes into account
the influence of the KK tower of higher scalar excitations on the parameters of the Higgs-radion
mixing, which turns out to be of importance.

2. The model

Let us denote the coordinates in five-dimensional space-timeE = M4 × S1/Z2 by {xM} ≡
{xµ ,y}, M = 0,1,2,3,4, µ = 0,1,2,3, the coordinatex4 ≡ y, −L ≤ y ≤ L parameterizing the
fifth dimension. It forms the orbifold, which is realized as the circle of the circumference 2L with
the pointsy and−y identified. Correspondingly, the metricgMN and the scalar fieldφ satisfy the
orbifold symmetry conditions

gµν(x,−y) = gµν(x,y), gµ4(x,−y) =−gµ4(x,y), g44(x,−y) = g44(x,y), φ(x,−y) = φ(x,y). (2.1)

The branes are located at the fixed points of the orbifold,y = 0 andy = L.
The action of the stabilized brane world model can be written as

S = 2M3
∫

d4x
∫ L

−L
dyR

√−g −
∫

d4x
∫ L

−L
dy

(

1
2

gMN∂Mφ∂Nφ +V (φ)
)√−g − (2.2)

−
∫

y=0

√

−g̃λ1(φ)d4x +
∫

y=L

√

−g̃(−λ2(φ)+LSM−HP +Lint(φ ,h))d4x.

Here the signature of the metricgMN is chosen to be(−,+,+,+,+), g = detgMN , V (φ) is a bulk
scalar field potential andλ1,2(φ) are brane scalar field potentials, ˜g = detg̃µν , with g̃µν denoting
the metric induced on the branes. The LagragianLSM−HP is the SM Lagrangian without the Higgs
potential that is replaced by the interaction Lagrangian

Lint(φ ,h) =−λ (|h|2−ξ φ)2. (2.3)
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The parameterξ in this formula has dimensionm1/2 and will be specified later. We would like
to note here that one can also take interaction Lagrangian (2.3) withφ2 in the brackets. A similar
coupling of the Higgs field to the dilaton field is discussed in [5].

The background solution for the metric and the scalar field, which preserves the Poincaré
invariance in any four-dimensional subspacey = const, looks like

ds2 = e−2A(y)ηµνdxµdxν +dy2 ≡ γMN(y)dxMdxN , φ(x,y) = φ(y), (2.4)

ηµν denoting the flat Minkowski metric, whereas the background solution for the Higgs field is
standard

h =

(

0
v√
2

)

, (2.5)

all the other SM fields being equal to zero.
If one substitutes this ansatz into the equations of motion corresponding to action (2.2), one

gets a relation between the vacuum value of the Higgs field and the valueφ2 of the fieldφ on the
brane aty = L, φ2 = v2/(2ξ ), and a rather complicated system of nonlinear differential equations
for functionsA(y),φ(y) (′ ≡ d/dy):

dV
dφ + dλ1

dφ d(y)+ dλ2
dφ d(y−L) =−4A′φ ′+φ ′′ (2.6)

12M3(A′)2+ 1
2(V − 1

2(φ
′)2) = 0

1
2

(

1
2(φ

′)2+V +λ1δ (y)+λ2δ (y−L)
)

=−2M3
(

−3A′′+6(A′)2
)

To find an analytic solution to this system we use the results of papers [1, 6].Let us consider
a special class of potentials, which can be represented as

V (φ) =
1
8

(

dW
dφ

)2

− 1
24M3W 2(φ).

It is easy to check that if we put

φ ′(y) = sign(y)
1
2

dW
dφ

, A′(y) = sign(y)
1

24M3W (φ), (2.7)

then equations (2.6) are valid everywhere, except for the branes. Inorder the equations of motion
be valid everywhere, one needs to finetune the brane potentialsλ1,2(φ).

Let us takeW (φ) to be
W = 24M3k−uφ2, (2.8)

so thatV (φ) is a quartic potential. Finetuned potentials on the branes can be chosen as follows:

λ1 =W (φ)+β 2
1 (φ −φ1)

2, λ2 =−W (φ)+β 2
2 (φ −φ2)

2. (2.9)

The parameters of the potentialsk,u,φ1,2,β1,2, when made dimensionless by the fundamental five-
dimensional energy scale of the theoryM, should be positive quantities of the orderO(1), i.e. there
should be no hierarchical difference in the parameters.

For such a choice of the potentials the solution of the equations of motion looks as follows [1]

φ(y) = φ1 e−u|y|, A(y) = k|y|+ φ2
1

48M3 e−2u|y|. (2.10)
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The interbrane distance is defined by the boundary conditions for the fieldφ and is expressed in
terms of the parameters of the model by the relationL = ln(φ1/φ2)/u. Thus, we see that the brane
separation distance is stabilized.

It turns out that, with the functionA(y) given by (2.10), it is impossible to find exact solutions
for modes other than the zero one. For this reason in paper [7] an approximationuL ≪ 1 was put
forward, which is rather general and physically interesting. Keeping inA only the terms linear in
y, we get

A(y) = k̃|y|, k̃ = k− φ2
1

24M3 u. (2.11)

Thus, in this approximation the metric of the stabilized model coincides with that of the unstabilized
model, where a substitutionk → k̃ was made. In this case the equations of the model can be solved
exactly, and the corresponding formulas for eigenfunctions and eigenvalues were discussed in detail
in [8].

Now the linearized theory is obtained by representing the metric, the scalar and the Higgs
fields as

gMN(x,y) = γMN(y)+
1√
2M3

hMN(x,y), φ(x,y) = φ(y)+
1√
2M3

f (x,y), (2.12)

h(x) =

(

0
v+σ(x)√

2

)

(2.13)

substituting this representation into action (2.2) and keeping the terms of the second order inhMN ,
f andσ . The resulting Lagrangian is the second variation Lagrangian of the stabilized model found
in [2] supplemented by the terms

[

−1
2

∂µσ∂ µσ − 1
2

2λv2σ2+
2λvξ√

2M3
f σ − λξ 2

2M3 f 2
]

δ (y−L). (2.14)

3. Higgs-radion mixing

It is not difficult to find that the part of the Lagrangian relevant to the Higgs-radion mixing is
[

− 1
2M3(β

2
2 +λξ 2) f 2+

2λvξ√
2M3

f σ − 1
2

2λv2σ2
]

δ (y−L). (3.1)

First let us neglect the interaction of the fieldsf andσ . In this case we can, in the standard way,
find the mass spectrum and the wave functions of the excitations of the fieldf ; they coincide with
those found in [2], if one replaces thereβ 2

2 → β 2
2 +λξ 2, the second term coming from potential

(2.3). Then we expand the fieldf in these modes, substitute this expansion into the second variation
Lagrangian and integrate overy. As a result, we get a four-dimensional Lagrangian, in which there
is an interaction between the modes and the Higgs field coming from the term 2λvξ f σ/

√
2M3.

This term can be transformed as follows. In paper [2] it was shown that there exists the
gauge conditiong′ = exp(−2A)φ ′ f/(3M3), relating the fieldf to the scalar fieldg = exp(−2A)h44,
coming from the metric. Using the mode decomposition ofg(x,y) and the boundary condition for
the mode wavefunctiongn(y) at y = L we have:

f (L)
3M3 =

g′e2A

φ ′ |y=L =
g′

φ ′ |y=L =−g′(L)
uφ2

=−
∞

∑
n=1

µ2
n

(β 2
2 +λξ 2−u)uφ2

gn(L)φn(x).
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Thus, the interaction of the modesφn(x) with the Higgs field looks like

−3M32λvξ√
2M3

∞

∑
n=1

µ2
n

(β 2
2 +λξ 2−u)uφ2

gn(L)φn(x)σ(x).

As we already mentioned,ξ is a free parameter that can be chosen arbitrarily. But it is more
interesting to construct it form the other parameters of the model, since in so doing we spare a free
parameter. Here we will pursue this idea and takeξ = u2/

√
2M3, because this combination of the

model parameters has the right dimension and order of magnitude. In this case the termλξ 2 in the
denominator is negligibly small and can be dropped. Then we get the interaction Lagrangian

− 3λuv

(β 2
2 −u)φ2

∞

∑
n=1

µ2
n gn(L)φn(x)σ(x).

Let us denote
3λuv

(β 2
2 −u)φ2

µ2
n gn(L) = a2

n.

If we take the parameters of the model that correspond to the radion massµ1 = 200GeV [7], we
approximately havea2

1 = 2λ (30)2 GeV 2, i.e. a2
1/µ2

1 ≪ 1, if the Higgs mass also does not exceed
200GeV . Since the boundary values of the wave functions of the modes decreasewith n, we also
havea2

n/µ2
n ≪ 1. Thus, the mass matrix is

M =





























2λv2 a2
1 a2

2 · · · a2
n · · ·

a2
1 µ2

1 0 · · · 0 · · ·
a2

2 0 µ2
2 · · · 0 · · ·

. . . · · · . · · ·

. . . · · · . · · ·
a2

n 0 0 · · · µ2
n · · ·

. . . · · · . · · ·

. . . · · · . · · ·





























.

It is not difficult to find that

det(M − tI) =

(

2λv2− t −
∞

∑
n=1

a4
n

µ2
n − t

)

Π(µ2
n − t).

Sincea2
n/µ2

n ≪ 1 we can expect that the eigenvalues of the matrix are close to 2λv2 andµ2
n ,

but the original masses are not the eigenvalues. Then, denoting∆2 = ∑∞
n=2

a4
n

µ2
n
, we approximately

get for the Higgs mass

m2
H = 2λv2−∆2− µ2

1 −2λv2+∆2

2

(
√

1+
4a4

1

(µ2
1 −2λv2+∆2)2

−1

)

and for the radion mass

m2
1 = µ2

1 +
µ2

1 −2λv2+∆2

2

(
√

1+
4a4

1

(µ2
1 −2λv2+∆2)2

−1

)

.
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Thus, we see that ifµ2
1 ≥ 2λv2, this coupling always makes the radion heavier and the Higgs boson

lighter. If this is not the case, a special analysis is needed to find out how the masses alter.

The normalized eigenvectors of the matrixM corresponding to these eigenvalues can be ap-
proximately found by the standard technique. We note that the eigenvectorsof the scalar modes
with n ≥ 2 are exactly orthogonal to the Higgs and the radion eigenvectors, and orthogonal to

each other up to terms of ordera2
k

µ2
k

a2
n

µ2
n
≪ 1. However, in the approximation under consideration the

Higgs and the radion eigenvectors are not orthogonal, which is not good. For this reason we find a
new approximation for the radion mass that makes the eigenvectors orthogonal. Namely, denoting
ρ = ∑∞

n=2
a4

n
µ4

n
, we demand that

1+ρ +
a4

1

(µ2
1 −m2

H)(µ2
1 −m2

1)
= 0,

which ensures the orthogonality and gives for the radion mass

m2
1 = µ2

1 +
a4

1

(µ2
1 −m2

H)(1+ρ)
,

a value that does not differ much from the one found above. In what follows we will use this value
for the radion mass.

Since the matrixM is symmetric and real, it is diagonalized by an orthogonal transformation,
and the kinetic terms of the mass eigenstate fields are also diagonal. These masseigenstate fields
are expressed in terms of the original fields as

σ̃ = NHσ −NH
a2

1

µ2
1 −m2

H

φ1−NH

∞

∑
n=2

a2
n

µ2
n

φn

φ̃1 = N1σ −N1
a2

1

µ2
1 −m2

1

φ1−N1

∞

∑
n=2

a2
n

µ2
n

φn

φ̃k =
a2

k

µ2
k

σ +φk, k ≥ 2.

where

NH =

(

1+ρ +
a4

1

(µ2
1 −m2

H)
2

)− 1
2

, N1 =

(

1+ρ +
a4

1

(µ2
1 −m2

1)
2

)− 1
2

.

The Yukawa couplings of the mass eigenstate fields to fermions look like

Γψ̄ψ

(

NH σ̃ +N1φ̃1−
∞

∑
n=2

a2
n

µ2
n

φ̃n

)

and to the trace of the energy-momentum tensor

− 1√
32M3

(

C0σ̃ +
∞

∑
n=1

Cnφ̃n

)

T µ
µ ,
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where the constants are defined by

C0 = −NH
a2

1g1(L)

µ2
1 −m2

H

−NH

∞

∑
n=2

a2
n

µ2
n

gn(L)

C1 = −N1
a2

1g1(L)

µ2
1 −m2

1

−N1

∞

∑
n=2

a2
n

µ2
n

gn(L)

Ck = gk(L), k ≥ 2.

Thus, we see again that though the interaction of the individual higher excited scalar states
may be weak, their cumulative effect on the Higgs-radion mixing may be observable due to their
noticeable contributions to the values of parameters∆2 andρ and lead to certain changes in the
collider phenomenology of the Higgs boson. A similar contribution of the directlyunobservable
tensor KK modes to scattering processes was discussed in [9], where it was shown that this contri-
bution is of the same order as that of the lowest modes and for this reason should be always taken
into account.
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