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RADION PRODUCTION IN HIGH ENERGY PHOTON COLLISIONS
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Abstract. We study the Higgs-radion mixing and photon collisions. We consider the radion pro-
duction in high energy photon collisions to search for the radion in the Randall-Sundrum model.
Numerical evaluation gives observable cross-section in the future colliders.
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I. INTRODUCTION

The gauge hierarchy problem is one of theoretical drawbacks of the Standard model (SM).
The Randall-Sundrum (RS) model is one of many attempts to extend the SM and solve the hierar-
chy problem [1]. The RS setup involves two three-branes bounding a slice of 5D compact anti-de
Sitter space taken to be on an S1/Z2 orbifold. Gravity is localized UV brane, while the Standard
Model fields are supposed to be localized IR brane. The separation between the two 3-branes leads
directly to the existence of an additional scalar called the radion (φ ), corresponding to the quantum
fluctuations of the distance between the two 3-branes [2]. The radion mass is considered in the
range of O (10 GeV) ≤ mφ ≤ O (TeV) [3]. The common origin of the radion and Kaluza-Klein
gravitons means a sensitive to brane curvature terms. The radion couples with the matter via the
trace of the energy momentum tensor. Therefore, the structure of the coupling of the radion with
the SM fields is similar to that of the Higgs boson. Because the Higgs search is one of the main
goals of the future collider experiments, the mixing of Higgs with another particle is of major
importance, if it will change the Higgs production or decay patterns. General covariance allows a
possibility of mixing between the radion and the Higgs boson. The mixing of radion with Higgs
will modify the Higgs and radion phenomenology significantly [4]. In Ref. [5], authors show that
Higgs-dominated state at 125 GeV, where the Higgs signal is discovered by the ATLAS and CMS
collaborations [6, 7], is the preferred one to the radion-dominated state at 125 GeV. Additionally,
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the associated production of Higgs bosons with the radion was also studied in Ref. [8-12].
In this paper, we study the radion production, which has been proposed as an option of

photon collisions. The layout of this paper is as follows: we review the RS model in Section 2 and
the mixing of the Higgs and the radion, carrying the same quantum numbers as the Higgs boson,
in Section 3 mostly cited on [1, 2, 12]. Section 4 is devoted to the creation of radion and Higgs in
high energy photon collisions through the φ ,h propagators. Finally, we summarize our results and
make conclusions in Section 5.

II. A REVIEW OF RANDALL - SUNDRUM MODEL

The RS model is based on a 5D spacetime with non - factorizable geometry [1]. The single
extradimension is compactified on an S1/Z2 orbifold of which two fixed points accommodate two
three-branes (4D hyper-surfaces): the UV brane and the IR brane. S1 is a sphere in one dimension
and Z2 is the multiplicative group {−1,1}. The fundamental action is

S = SH +SM =
∫

d4x
∫

π

−π

dφ
√
−G

(
2M3

5 R−Λ
)
, (1)

where M5 is the fundamental 5D mass scale, R is the 5D Ricci scalar and G is the determinant of
the five-dimensional metric, Λ is the 5D cosmological constant [2].

The background metric reads:

ds2 = e−2krc|φ |ηµνdxµdxν + r2
c dφ

2 −π ≤ φ ≤ π, (2)

with xµ(µ = 0,1,2,3) the coordinates on the 4D hyper-surfaces of constant φ , rc the compact-
ification radius and k the bulk curvature. The four dimensional effective action is obtained by
integrating out the extra dimension.

The Higgs action can be shown as

SH =
∫

d4x

[
η

µνDµH̃+DνH̃−λ

(
H̃+H̃−

(
e−krcπ

υ

)2
)2
]
, (3)

where υ is a mass parameter, the Higgs field H = ekrcπH̃.
The physical Higgs mass can be written

m = e−krcπm0, (4)

where m0 is of Planck scale. If the value of m0 is of the order of 1019 GeV, m' 1 TeV. The physical
mass is warped down to the weak scale. Since the scale of weak interactions MW ' 10−16MPl , the
applicable value for size of the extra dimension is assessed by

krcπ ' 35. (5)

The compactification radius, rc is arbitrary and is treated as a free parameter in the theory. Conse-
quently, the hierarchy problem is addressed.

When the backreaction of the metric background due to the scalar field is small, the wave-
function is

F(x, φ) =
ϕ(x)
Λφ

e2krc(φ−π), (6)
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where Λφ =
√

6MPle−krcπ is the vacuum expectation value (VEV) of the radion. The mass of
radion depends on the mass of the bulk scalar and can be smaller than 1 TeV [2].

The gravity-scalar mixing is described by the following action

Sξ = ξ

∫
d4x
√

gvisR(gvis)Ĥ+Ĥ, (7)

where ξ is the mixing parameter [13–16], R(gvis) is the Ricci scalar for the metric gµν

vis =Ω2
b(x)(η

µν +

εhµν) induced on the visible brane, Ωb(x) = e−krcπ(1+ φ0
Λφ

) is the warp factor, φ0 is the canonically

normalized massless radion field, Ĥ is the Higgs field in the 5D context before rescaling to canon-
ical normalization on the brane. With ξ 6= 0, there is neither a pure Higgs boson nor pure radion
mass eigenstate. There are four independent parameters Λφ , mh, mφ , ξ that must be specified to
fix the state mixing parameters. We consider the case of Λφ = 5 TeV and m0

MP
= 0.1, which makes

the radion stabilization model most natural [17].

III. THE MIXING OF THE HIGGS BOSON AND THE RADION

The radion coupling to the gauge boson differs from the coupling of the gauge bosons to
the Higgs. In case of massless gauge bosons, along with the tree level coupling, the effects of the
localized trace anomalies on the TeV brane are also included, and these are proportional to the
β -function coefficient of the light fields localized on the TeV brane [18,19]. The interaction terms
of the Higgs and the radion with gamma couplings in the mixing scenario are given by [2]

L γγ

h =
h

4υ
{
[

a
αs

2π
bh

QCD + γc
(

1
krcπ

+
αs

2π
bR

QCD

)]
Ga

µνGaµν

+

[
a

α

2π
bh

EM + γc
(

1
krcπ

+
α

2π
bR

EM

)]
FµνFµν},

(8)

L γγ

φ
=

φ

4υ
{
[

b
αs

2π
bh

QCD + γd
(

1
krcπ

+
αs

2π
bR

QCD

)]
Ga

µνGaµν

+

[
b

α

2π
bh

EM + γd
(

1
krcπ

+
α

2π
bR

EM

)]
FµνFµν},

(9)

where αs and α are the strong and the electromagnetic coupling constants, G,F are the gluon and
the photon field functions, respectively. The parameters a,b,c,d define the mixing between the
ξ = 0 states and the ξ 6= 0 mass eigenstates [12]

a = cosθ +
6ξ γ

Z
sinθ ,b = sinθ − 6ξ γ

Z
cosθ ,c =

−sinθ

Z
,d =

cosθ

Z
, (10)

bh
QCD = τ f (1+(1− τ f ) f (τ f )) , (11)

bh
EM =

8
3
[ττ (1+(1− τ f ) f (τ f ))]− [2+3τW +3τW (2− τW ) f (τW )] , (12)

bR
QCD = 7+ τ f (1+(1− τ f ) f (τ f )) , (13)

bR
EM =−11

3
+

8
3
[ττ (1+(1− τ f ) f (τ f ))]− [2+3τW +3τW (2− τW ) f (τW )] , (14)
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f (τ) =
(

sin−1 1√
τ

)2

( f or τ > 1), (15)

f (τ) =−1
4

(
log

η+

η−
− iπ

)2

( f or τ < 1), (16)

η± = 1±
√

1− τ, τi =

(
2mi

ms

)2

. (17)

mi is the mass of the internal loop particle and ms is the mass of the scalar state, h or φ . Here, τ f =(
2m f
ms

)2
,τW =

(
2mW
ms

)2
denote the squares of fermion and W gauge boson mass ratios, respectively.

Z2 = 1+ 6γ2ξ (1− 6ξ ) = β − 36ξ 2γ2 is the coefficient of the radion kinetic term after undoing
the kinetic mixing, γ = υ/Λφ ,υ = 246 GeV. The mixing angle θ is

tan2θ = 12γξ Z
m2

h0

m2
h0
(Z2−36ξ 2γ2)−m2

φ0

, (18)

where mh0 and mφ0 are the Higgs and radion masses before mixing. The couplings for two Higgs
bosons with radion are given by

L hh
φ =

φ

Λφ

{[
−a2d

(
∂µh∂

µh+2m2
hhh
)]

+4abcm2
hhh
}

−3
m2

h
2υ

(
a2bφh2)− 3ξ

Λφ

[(
a2dh2�φ +2abch�hφ

)]
−6ξ

υ

Λφ

[(
acdh2�φ +(ad +bc)ch�hφ

)]
.

(19)

IV. RADION PRODUCTION IN PHOTON COLLISIONS

IV.1. The scattering amplitude
In this section, we consider the collision process in which the initial state contains γ cou-

pling, the final state contains the couple of radions or a pair of radion and Higgs boson through
φ ,h propagator

γ(p1)+ γ(p2)→ φ(k1)+X(k2). (20)
Here pi,ki (i = 1,2) stand for the momentums, X stands for the radion or Higgs. There are three
Feynman diagrams contributing to reaction (20), representing the s,u, t-channels exchange de-
picted in Fig. 1.

We obtain the results in the s,u, t-channels

Ms =−

[
Cγφ

gφφX

q2
s −m2

φ

+Cγh
gφhX

q2
s −m2

h

]
εα(p1)

[
(p1 p2)η

αβ − pβ

1 pα
2

]
εβ (p2), (21)

Mu = iCγφCγX
1
q2

u

[
(p2qu)η

ν
ρ − p2ρqν

u

]
εν(p2)

[
(p1qu)η

µρ − pρ

1 qµ
u
]

εµ(p1), (22)

Mt = iCγφCγX
1
q2

t

[
(p1qt)η

µ

σ − p1σ qµ

t
]

εµ(p1) [(p2qt)η
νσ − pσ

2 qν
t ]εν(p2). (23)
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where Cγφ ,Cγh,gφφh,gφφφ ,gφhh,gφhφ are given by [12], qs = p1 + p2 = k1 + k2,qu = p1− k2 =

k1− p2,qt = p1− k1 = k2− p2 and s = (p1 + p2)
2 is the square of the collision energy.

Fig. 1. Feynman diagrams for γγ → φX . X stands for the radion or Higgs.

IV.2. The differential and total cross sections
From the expressions of the differential cross-section [20]

dσ

d(cosψ)
=

1
32πs

|
−→
k |
|−→p |
|M f i|2, (24)

where M f i is the scattering amplitude, we assess the number and make the identification, evaluation
of the results obtained from the dependence of the differential cross-section dσ by cosψ (ψ-the
angle between momenta of the initial photon and the final radion), the total cross-section σ fully
follows the collision energy

√
s.

We choose mh = 125 GeV (CMS), Λφ = 5 TeV, ξ = 1/6 [12], mφ = 110GeV [2]. We give some
estimates for the cross-sections as follows:

Fig. 2. The differential cross-section in photon collisions as a function of cosψ at
√

s = 3TeV.

i) In Fig. 2, we plot the differential cross-section as the function of cosψ at the fixed colli-
sion energy,

√
s= 3TeV (CLIC). We show that the differential cross-sections are nearly unchanged

when cosψ changes from -1 to 1. The ability of search the radion is nearly the same to every di-
rection. However, the differential cross section in γγ → φh is about 17 times as large as that in
γγ → φφ .
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ii) In Fig. 3, we plot the total cross-section as a function of the collision energy
√

s. We
show that the total cross-section increases gradually in the region 1TeV <

√
s < 5TeV . The total

cross section in γγ → φh is also about 17 times as large as that in γγ → φφ .

Fig. 3. The total cross-section in photon collisions as a function of the collision energy
√

s.

V. CONCLUSION

In this paper, we have evaluated the radion production in the RS model at the high energy
photon - photon colliders. The result shows that cross-sections of radion - Higgs are much bigger
than that pair production of radion in the same conditions. Additionally, the ability of search the
radion is nearly the same to every direction.
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