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Abstract

The influence of the scalar unparticle and anomalous couplings at muon colliders in final
states with multiple photons in the Randall-Sundrum model is evaluated in detail. The results indi-
cate that with fixed collision energies, the total cross-sections for the production of multiple photons
depend strongly on the polarization of the muon beams, the parameters of unparticle physics (the
scaling dimension dU , operator OU , the energy scale ΛU ) and also the strength of anomalous cou-
plings. Numerical evaluation shows that the cross-sections for the production of four photonn in
finale states with the contribution of scalar anomalous couplings are much larger than that of the
unparticle under the same conditions. In the Higgs-radion mixing, the cross sections achieve the
maximum value at the radion-dominated state, mϕ = 125 GeV, in which the cross-section is much
enhanced and can be measurable in current experiments.

Keywords: photon production, scalar unparticle, muon colliders, scalar anomalous couplings.

I Introduction

The Standard model (SM) is the successful model in describing the elementary particle picture.
Recently, Higgs signal at 125 GeV is discovered by the ATLAS and CMS collaborations [1, 2], which
has completed the particle spectrum of the SM. Although the SM has been considered to be successful
model, the model suffers from many theoretical drawbacks. In 1999, Lisa Randall and Raman Sun-
drum suggested the Randall-Sundrum (RS) model to extend the SM and solve the hierarchy problem
naturally [3]. The RS setup involves two three-branes bounding a slice of 5D compact anti-de Sitter
space. Gravity is localized UV brane, while the SM 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 [4].
Phenomenology of scalar particles in RS model has been intensively studied in [5–14].

At TeV scale, the scale invariant sector has been considered as an effective theory and that if
it exists, it is made of unparticle suggested by Geogri [15, 16]. Based on the Banks-Zaks theory [17],
unparticle stuff with nontrivial scaling dimension is considered to exist in our world and this opens a
window to test the effects of the possible scalar invariant sector, experimentally [18]. The effects of
unparticle on properties of high energy colliders have been intensively studied in Refs. [19–30]. The
discovery of unparticle could have far-reaching implications for particle physics and cosmology [31–36].
Bounds from LEP on unparticle interactions with electroweak bosons are investigated in Ref. [37].
Moreover, the multiphoton signals at LHC through the unparticle self-interaction have been studied
in detail in Ref. [38]. Recently, the possibility of the unparticle has been studied with CMS detector
at the LHC [39–41].

In the high energy collisions, new scalar particles produced can decay directly into the SM light
particles, so the signature of multiple leptons/photons in final states is considered as one of the golden
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channels to discover new physics at the LHC. Searchs for new physics in final states with multiple
leptons in high energy collisions are considered in detail [42]. Recently, the search for the exotic decay
of the Higgs boson into two light pseudoscalars with four photons in final states at the high energy
colliders has been presented [43]. In this work, we will evaluate the influence of scalar unparticle
and scalar anomalous couplings on production of multiple photons in final states at multi TeV- muon
colliders in the Randall-Sundrum model. The layout of this paper is as follows. In Section II, we
introduce the mixing of Higgs-radion and the scalar unparticle in the RS model. The influence of the
scalar unparticle and anomalous couplings on the production of mutiple photons is given in detail in
Sections III. Finally, we summarize our results and make conclusions in Section IV.

II The mixing of Higgs - radion and the scalar unparticle in Randall-
Sundrum model

II.1 The mixing of Higgs - radion

The RS model is based on a 5D spacetime with two three-branes: the UV brane and the IR brane.
All the SM and dark matter (DM) fields, excepted for gravity, are assumed at IR brane. Gravity lives
on the second three-branes. The RS model consider a non-factorizable 5-dimensional metric in the
form

d2s = e−2σηµνdx
µdxν − r2cdy

2, (1)

where σ = krc|y|, k is the curvature along the 5th-dimension, rc is the length-scale which is related to
the size of the extra-dimension. For σ = krc ∼ 10 the RS scenario can address the hierarchy problem.
The action in 5D is:

S = Sgravity + SIR + SUV. (2)

where SIR, SUV are the brane actions for the two branes.
The possibility of mixing between gravity and the electroweak sector can be described by the

following action

Sξ = ξ

∫
d4x

√
gvisR(gvis)Ĥ

+Ĥ, (3)

where ξ is the mixing parameter [10, 14], R(gvis) is the Ricci scalar for the metric gµνvis = Ω2
b(x)(η

µν +

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

) is the warp factor, Λϕ is the vacuum

expectation value (VEV) of the radion field, ϕ0 is the canonically normalized massless radion field, Ĥ
is the Higgs field in the 5D context before rescaling to canonical normalization on the brane. With
ξ ̸= 0, there is neither a pure Higgs boson nor pure radion mass eigenstate. The Tµν is the energy-
momentum tensor, which is given at the tree level [5]

Tµν = TSMµν + TDMµν , (4)

where

TSMµν =

[
i

4
ψ̄ (γµDν + γνDµ)ψ − i

4

(
γµDνψ̄γµ +Dµψ̄γν

)
ψ − ηµν

(
ψ̄γµDµψ −mψψ̄ψ

)
+

+
i

2
ηµν∂

ρψ̄γρψ

]
+

[
1

4
ηµνF

λρFλρ − FµλF
λ
ν

]
+
[
ηµνD

ρH†DρH + ηµνV (H)+

+DµH
†DνH +DνH

†DµH
]
,

(5)

and

TDMµν = (∂µS) (∂νS)−
1

2
ηµν (∂

ρS) (∂ρS) +
1

2
ηµνm

2
SS

2, (6)
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Tµµ = Σfmfff − 2m2
WW

+
µ W

−µ −m2
ZZµZ

µ + (2m2
h0h

2
0 − ∂µh0∂

µh0) + ... (7)

The states that diagonalize the kinetic energy and have canonical normalization h and ϕ are given
by [7] (

h0
ϕ0

)
=

(
1 6ξγ/Z
0 −1/Z

)(
cos θ sin θ
− sin θ cos θ

)(
h
ϕ

)
=

(
d c
b a

)(
h
ϕ

)
, (8)

where Z2 = 1 + 6γ2ξ (1− 6ξ) = β − 36ξ2γ2 is the coefficient of the radion kinetic term after undoing
the kinetic mixing, γ = υ/Λϕ, υ = 246 GeV. The parameters a, b, c, d define the mixing between the
ξ = 0 states and the ξ ̸= 0 mass eigenstates [12].

The mixing angle θ is

tan 2θ = 12γξZ
m2
h0

m2
h0

(Z2 − 36ξ2γ2)−m2
ϕ0

, (9)

where mh0 and mϕ0 are the Higgs and radion masses before mixing.
The new physical fields h and ϕ in (8) are Higgs-dominated state and radion, respectively [11]:

m2
h,ϕ =

1

2Z2

[
m2
ϕ0 + βm2

h0 ±
√

(m2
ϕ0

+ βm2
h0
)2 − 4Z2m2

ϕ0
m2
h0

]
. (10)

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 [6]. It is the worth noting that the γγ final state is of particular
importance for constraining the model when ξ is near the conformal limit of ξ = 1/6 [14].

II.2 The scalar unparticle

The effects of unparticle on properties of high energy colliders have been intensively studied in
Refs. [19–25,28–30]. In the rest of this work, we restrict ourselves by considering only scalar unparticle.
The scalar unparticle propagator is given by [15,16]

∆scalar =
iAdU

2sin(dUπ)
(−q2)dU−2, (11)

where

AdU =
16π2

√
π

(2π)2dU

Γ

(
dU +

1

2

)
Γ(dU − 1)Γ(2dU )

, (12)

(−q2)dU−2 =

{
|q2|dU−2e−dUπ for s-channel process, q2 is positive,

|q2|dU−2 for u-, t-channel process, q2 is negative.
(13)

The effective interactions for the scalar unparticle operators to fermion and Higgs boson are
given by

λff
1

ΛdU−1
U

ffOU , λhh
1

ΛdU−2
U

H+HOU . (14)
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Feynman rules for the couplings of the scalar unparticle in the RS model are showed as follows [26]

gffU = igffU = i
λff

ΛdU−1
U

, (15)

gUhh = −igUhh = −i λhh

ΛdU−2
U

, (16)

gUϕϕ = −igUϕϕ = −i
λϕϕ

ΛdU−2
U

. (17)

Using the above formulas and Feynman vertex for the couplings of Higgs/radion given in detail
in Appendix A, we will study the influence of the scalar unparticle and anomalous couplings at muon
colliders in final states with multiple photons.

III The influence of the scalar unparticle and anomalous couplings
on the production of the multiple photons

Bounds from LEP on unparticle interactions with electroweak bosons in which four photon
signals are investigated in Ref. [37]. The multi - photon signals at LHC through the unparticle self-
interaction have been studied in detail in Ref. [38]. Searchs for new physics in final states with multiple
leptons in high energy collisions are considered in detail [42]. Recently, the search for the exotic decay
of the Higgs boson into two light pseudoscalars with four photons in final states at the high energy
colliders has been presented [43]. The new physical phenomenology concerning the lepton colliders is
presented in detail in Refs. [44–48]. In this work, we will evaluate the influence of the scalar unparti-
cle and anomalous couplings at muon colliders, which shows that cross-section for the production of
multiple photons in the final states provides an important signature for new phenomena in the Randall-
Sundrum model. To be consistent with current experiments, the collision energies in our calculations
are fixed in range of 7 TeV to 14 TeV as in Refs. [38, 40,43].

III.1 The µ+µ− → hh/ϕϕ → γγγγ collisions

Now, we investigate the phenomenology of a pair of Higgs boson or radion at muon collider,
followed by scalar particle decaying into a pair of two photons. The collision process is considered as

µ−(p1) + µ+(p2) → X(k1) +X(k2). (18)

Here, pi, ki (i = 1,2) stand for the momentums, respectively. X stands for Higgs or radion. Feymann
diagram is given in Figure.11 (Appendix B). The transition amplitude representing s-channel is given
by

Ms = −i

(
gµµϕgϕXX
q2s −m2

ϕ

+
gµµhghXX
q2s −m2

h

+ gµµUgUXX
AdU

2sin(dUπ)
(−q2s)dU−2

)
v(p2)u(p1). (19)

The transition amplitude representing u-channel is

Mu = −igµµXgµµXv(p2)
(/qu +mµ)

q2u −m2
µ

u(p1). (20)

The transition amplitude representing t-channel is

Mt = −igµµXgµµXv(p2)
(/qt +mµ)

q2t −m2
µ

u(p1). (21)
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Here, gϕhh, ghhh, gµµϕ, gµµh, ghϕϕ, gϕϕϕ are given by [7]. From the formula 19, we can see that there is
the contribution of the scalar unparticle propagator in s-channel, which is important in our calculations.
The total cross-sections for the production of four photons in final states are calculated as follows

σhh = σ(µ−µ+ → hh)× 2Br(h→ γγ), (22)

σϕϕ = σ(µ−µ+ → ϕϕ)× 2Br(ϕ→ γγ). (23)

where
dσ(µ−µ+ → XX)

dcosψ
=

1

32πs

|
−→
k 1|

|−→p 1|
|Mfi|2 (24)

is the expressions of the differential cross-section [49]. Based on the above formulas, with the model
parameters are chosen as Λϕ = 5 TeV, mh = 125 GeV, mϕ = 110 GeV [13], λµµ = λhh = λϕϕ = λ0 = 1,
ΛU = 1 TeV, 1 < dU < 2 (in case of the scalar unparticle [25]), we give estimates in detail for the
cross-sections as follows

i) The total cross-sections depend on polarization coefficients shown in Fig.1. Here, Pµ− , Pµ+
are the polarization coefficients of the muon and antimuon beams, respectively. The scaling dimension
of the unparticle operator has been taken to be dU = 1.1. From the figure we can see that the total
cross-sections achieve the minimum value in case of Pµ− = Pµ+ = ±1 and the maximum value in case
of Pµ− = −1, Pµ+ = 1 and vice versa.

ii) The total cross-sections depend on the VEV of the radion field are shown in Fig.2 which
shows that cross-sections decrease fast in the region 1 TeV ≤ Λϕ ≤ 2 TeV. From the figure we can see
that the cross sections are flat when Λϕ > 2 TeV.

iii) In Fig.3, we plot the total cross-sections as the function of dU in the cases Pµ− = 0.8, Pµ+ =
−0.3 [50,51]. From the figure we can see that the cross-sections increase as dU increases.

iv) In Fig.4, we plot the total cross-sections as the function of ΛU . From the figure we can see
that the cross-sections increase as ΛU increases. With dU = 1.1, ΛU = 1 TeV, the total cross-section
for production of four photons is consistent with the result in Ref. [38].

III.2 The µ+µ− → Uh/Uϕ → Uγγ collisions

Next, we study the µ−µ+ → Uh/Uϕ → Uγγ processes in which the initial state contains muon
and antimuon, the final state contains a pair of unparticle and the scalar particle (Higgs/radion) which
decay into two photons.

µ−(p1) + µ+(p2) → U(k1) +X(k2), (25)

Here, X stands for Higgs or radion, pi, ki (i = 1,2) stand for the momentums, respectively. Feynman
diagram is shown in Figure.12 (Appendix B). The transition amplitude representing s - channel is
given by

Ms = i
gµµXgUXX
q2s −m2

X

v(p2)u(p1). (26)

The transition amplitude representing u - channel is

Mu = −i
gµµXgµµU
q2u −m2

µ

v(p2)(/qu +mµ)u(p1). (27)

The transition amplitude representing t-channel is

Mt = −i
gµµXgµµU
q2t −m2

µ

u(p1)(/qt +mµ)v(p2). (28)

5



The total cross-sections are given by

σUh = σ(µ−µ+ → Uh)×Br(h→ γγ), (29)

σUϕ = σ(µ−µ+ → Uϕ)×Br(ϕ→ γγ). (30)

Now we give some estimates in detail for the cross-sections as follows
i) With the parameters are chosen as in Fig.1, the total cross-sections depend on polarization

coefficients shown in Fig.5. From the figure we can see that the cross-sections achieve the maximum
value in case of Pµ− = Pµ+ = ±1 and the minimum value in case of Pµ− = 1, Pµ+ = −1 and vice versa.

ii) In Fig.6 we plot the total cross-sections as the function of dU in case of fixed polarization
coefficients, Pµ− = 0.8, Pµ+ = −0.3. From the figure we can see that the cross sections decrease rapidly
as dU increases and they are flat when dU > 1.4.

iii) Cross-sections depend on the ΛU shown in Fig.7 which shows that cross-sections decrease as
ΛU increases. It is the worth noting that the behavior of the cross-section in the figures 6, 7 is contrary
to the results obtained from the figures 3, 4 in previous process, respectively.

III.3 The µ+µ− → Zh/Zϕ → γγγγ collisions

Finally, we consider the collision process in which the initial state contains muon and antimuon,
the final state contains the four photons through scalar anomalous couplings

µ−(p1) + µ+(p2) → Z(k1) +X(k2). (31)

Here, X stands for Higgs or radion. In the final state, Zh/Zϕ decay into four photons. Feynman
diagram with the contribution of scalar anomalous couplings is given in Figure.13 (Appendix B). The
transition amplitude representing s-channel can be written as follows

Ms =MZ +Mγ , (32)

where

MZ =
ḡZZX
q2s −m2

Z

v̄(p2)γ
µ
(
vµ − aµγ

5
)
u(p1)

(
ηµβ −

qsµqsβ
m2
Z

)[
ηβν − 2gZϕ

(
ηβνk1qs − qνsk

β
1

)]
ε∗ν(k1), (33)

Mγ =
−CγZX
q2s

v̄(p2)γ
µ
(
vµ − aµγ

5
)
u(p1)ηµβ

[
ηβνk1qs − qνsk

β
1

]
ε∗ν(k1). (34)

The transition amplitude representing u-channel is given by

Mu =
−igµZgµµX
(q2u −m2

µ)
ε∗µ(k1)v(p2)γ

µ(vµ − aµγ
5)(q̂u +mµ)u(p1). (35)

The transition amplitude representing t-channel is given by

Mt =
−igµZgµµX
(q2t −m2

µ)
ε∗µ(k1)v(p2)γ

µ(vµ − aµγ
5)(q̂t +mµ)u(p1). (36)

Here, gZZh, gZZϕ, CγZh, CγZϕ are given by [14]. The total cross-section for the above processes is
written as follows

σZX = σ(µ−µ+ → ZX)×Br(Z → γγ)×Br(X → γγ). (37)

Using the model parameters as in the previous sections and branching ratio of Z boson in
Ref. [52], we have estimates in detail for the cross-sections as follows
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i) The total cross-sections depend on typical polarization coefficients is shown in Fig.8. The
total cross-sections achieve the maximum value in case of Pµ− = Pµ+ = ±1 and the minimum value in
case of Pµ− = 1, Pµ+ = −1 and vice versa. This result is similar to the previous processes.

ii) The total cross-sections depend on the Λϕ are shown in Fig.9. From the figure we can see
that the total cross-sections decrease fast in the region 1 TeV ≤ Λϕ ≤ 2 TeV, gradually in the region
2 TeV ≤ Λϕ ≤ 10 TeV.

iii) In Fig.10, we plot the total cross-sections as the function of the radion mass mϕ in the cases
µ+µ− → Uϕ → Uγγ and µ+µ− → Zϕ → γγγγ collisions, respectively. From the figure, we can see
that the cross sections achieve the maximum value at the radion-dominated state, mϕ = 125 GeV.

iv) Some typical values for the total cross-sections with the different collision energy values are
given in detail in Table 1 and Table 2.

The numerical values from Table 1 show that with the contribution of scalar unparticle, the
cross-sections for the production of four-photons are much larger than the associated production of
two-photons with the scalar unparticle. This is due to the scalar unparticle propagator in the s-channel
gives main contribution on the considered processes. The numerical values in the processes without
the unparticle interaction are shown in Table 2. From results, we can see that the cross-sections for
the production of four photons with the contribution of scalar anomalous couplings are much larger
than that of unparticle under the same conditions. It is the worth noting that the branching ratio
of Higgs boson is larger than that of radion [53, 54], so the total cross-sections through hh, Uh,Zh
production are much larger than that through ϕϕ, Uϕ,Zϕ, respectively. In the four-photons final state,
the cross-sections through Zh/Zϕ are much larger than that through hh/ϕϕ, due to the strength of
the scalar anomalous couplings γZh/γZϕ.

Table 1: Some typical values for production cross-sections of multi - photons with the different values√
s. The parameters are chosen as Pµ− = 0.8, Pµ+ = −0.3, ξ = 1/6, Λϕ = 5 TeV, mϕ = 125 GeV,

ΛU = 1 TeV, λ0 = 1.

√
s (TeV) 7 8 13 14

σµ+µ−→Uϕ→Uγγ(10
−5fb) 0.00272 0.00208 0.00078 0.00068

σµ+µ−→Uh→Uγγ(10
−5fb) 0.00831 0.00635 0.00240 0.00207

σµ+µ−→ϕϕ→γγγγ(fb) 0.00087 0.00054 0.00009 0.00007

σµ+µ−→hh→γγγγ(fb) 0.00214 0.00132 0.00023 0.00018

Table 2: Some typical values for production cross-sections with the different values
√
s without the

unparticle interaction. The parameters Pµ− , Pµ+ , ξ, Λϕ, mϕ are chosen as in Table 1.

√
s (TeV) 7 8 13 14

σµ+µ−→ϕϕ→γγγγ(10
−6fb) 0.015 0.012 0.007 0.006

σµ+µ−→hh→γγγγ(10
−6fb) 2.891 2.890 2.889 2.888

σµ+µ−→Zϕ→γγγγ(10
2fb) 137.861 137.876 137.905 137.907

σµ+µ−→Zh→γγγγ(10
2fb) 482.481 482.531 482.632 482.64

7



IV Conclusion

In this paper, we have evaluated the influence of the scalar unparticle and anomalous couplings
at muon colliders in final states with multiple photons in the Randall- Sundrum model. The results
indicate that with fixed collision energies the total cross-sections for the production of multiple pho-
tons depend strongly on the polarization of the muon beams, the parameters of unparticle physics
(the scaling dimension dU , operator OU , the energy scale ΛU ) and also the strength of anomalous cou-
plings. Numerical evaluation shows that with the contribution of scalar unparticle, the cross-sections
for the production of four-photons are much larger than the associated production of two-photons
with the scalar unparticle. The cross-sections for the production of four photons in finale states
with the contribution of scalar anomalous couplings are much larger than that of the unparticle under
the same conditions. In the Higgs-radion mixing, the cross sections achieve the maximum value at
the radion-dominated state, mϕ = 125 GeV, in which the cross-section is much enhanced and can be
measurable in current experiments. With the integrated luminosity L = 120fb−1 [47], one expects
several thousand events.

Finally, we note that in this work we have only considered on a theoretical basis, other prob-
lems concerning experiments for production of multiple photons, the reader can see in detail in
Refs. [38,40,43]. The other processes concerning anomalous couplings in the RS model will be studied
in our future works.
Acknowledgements: The work is supported in part by the National Foundation for Science and
Technology Development (NAFOSTED) of Vietnam under Grant No. 103.01-2023.50.
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(a) (b)

Figure 1: The total cross-section as a function of the polarization coefficients of muon and antimuon
beam in (a) µ+µ− → hh → γγγγ, (b) µ+µ− → ϕϕ → γγγγ collisions. The parameters are chosen as√
s = 8 TeV, dU = 1.1, mϕ = 110 GeV, Λϕ = 5 TeV, ΛU = 1 TeV.

(a) (b)

Figure 2: The total cross-section as a function of the Λϕ in (a) µ+µ− → hh → γγγγ, (b) µ+µ− →
ϕϕ → γγγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3,

√
s = 8, dU = 1.1,

mϕ = 110 GeV, ΛU = 1 TeV.
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(a) (b)

Figure 3: The total cross-section as a function of dU in (a) µ+µ− → hh→ γγγγ, (b) µ+µ− → ϕϕ→
γγγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3,

√
s = 8 TeV, mϕ = 110 GeV,

Λϕ = 5 TeV, ΛU = 1 TeV.

(a) (b)

Figure 4: The total cross-section as a function of ΛU in (a) µ+µ− → hh→ γγγγ, (b) µ+µ− → ϕϕ→
γγγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3,

√
s = 8 TeV, mϕ = 110 GeV,

Λϕ = 5 TeV.
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(a) (b)

Figure 5: The total cross-section as a function of the polarization coefficients of muon and antimuon
beam in (a) µ+µ− → Uh → Uγγ, (b) µ+µ− → Uϕ → Uγγ collisions. The parameters are chosen as√
s = 8 TeV, dU = 1.1, Λϕ = 5 TeV, ΛU = 1 TeV.

(a) (b)

Figure 6: The total cross-section as a function of dU in (a) µ+µ− → Uh→ Uγγ, (b) µ+µ− → Uϕ→
Uγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3,

√
s = 8 TeV, mϕ = 110 GeV,

Λϕ = 5 TeV, ΛU = 1 TeV.
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(a) (b)

Figure 7: The total cross-section as a function of the energy scale ΛU in (a) µ+µ− → Uh → Uγγ,
(b) µ+µ− → Uϕ→ Uγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3, dU = 1.1,√
s = 8 TeV, mϕ = 110 GeV.

(a) (b)

Figure 8: The total cross-section as a function of the polarization coefficients of muon and antimuon
beam in (a) µ+µ− → Zh → γγγγ, (b) µ+µ− → Zϕ → γγγγ collisions. The parameters are taken to
be

√
s = 8 TeV, mϕ = 110 GeV, Λϕ = 5 TeV.
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(a) (b)

Figure 9: The total cross-section as a function of Λϕ in (a) µ+µ− → Zh→ γγγγ, (b) µ+µ− → Zϕ→
γγγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3,

√
s = 8 TeV, mϕ = 110 GeV.

(a) (b)

Figure 10: The total cross-section as a function of mϕ in (a) µ+µ− → Uϕ→ Uγγ, (b) µ+µ− → Zϕ→
γγγγ collisions. The parameters are taken to be Pµ− = 0.8, Pµ+ = −0.3,

√
s = 8 TeV, Λϕ = 5 TeV.
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APPENDIX A: Feynman vertex for the couplings of Higgs/radion and scalar anomalies in
Randall-Sundrum model

Feynman rules for the couplings of Higgs and radion are showed as follows

V (h, µ+, µ−) = igµµh = −i gmµ

2mW
(d+ γb) , (38)

V (ϕ, µ+, µ−) = igµµϕ = −i gmµ

2mW
(c+ γa) , (39)

V (h, h, h) = ighhh =
i

Λϕ

[
bd
(
(12bγξ + d(6ξ + 1)) (k21 + k22 + k23)− 12dm2

h0

)
− 3γ−1d3m2

h0

]
, (40)

V (ϕ, ϕ, ϕ) = igϕϕϕ =
i

Λϕ

[
ac
(
(12aγξ + c(6ξ + 1)) (k21 + k22 + k23)− 12cm2

h0

)
− 3γ−1c3m2

h0

]
, (41)

V (ϕ, ϕ, h) =igϕϕh

=
i

Λϕ

[(
6aξ(γ(ad+ bc) + cd) + bc2

)
(k21 + k22)+

+ c (12abγξ + 2ad+ bc(6ξ − 1)) k23 − 4c(2ad+ bc)m2
h0 − 3γ−1c2dm2

h0

]
,

(42)

V (ϕ, h, h) =igϕhh

=
i

Λϕ

[(
6bξ(γ(ad+ bc) + cd) + ad2

)
(k21 + k22)+

+ d (12abγξ + 2bc+ ad(6ξ − 1)) k23 − 4d(ad+ 2bc)m2
h0 − 3γ−1cd2m2

h0

]
,

(43)

Feynman vertex for the scalar anomalous couplings is given by

V (h, γµ(k1), γν(k2)) = iCγh [(k1k2)η
µν − kν1k

µ
2 ]

= −i α

2πυ0

(
(d+ γb)

∑
i

e2iN
i
cFi(τi)− (b2 + bY +

4π

αkb0
)γb

)
× [(k1k2)η

µν − kν1k
µ
2 ] ,

(44)

V (ϕ, γµ(k1), γν(k2)) = iCγϕ [(k1k2)η
µν − kν1k

µ
2 ]

= −i α

2πυ0

(
(c+ γa)

∑
i

e2iN
i
cFi(τi)− (b2 + bY +

4π

αkb0
)γa

)
[(k1k2)η

µν − kν1k
µ
2 ] ,

(45)

V (h, γµ(k1), Zν(k2)) = iCγZh [(k1k2)η
µν − kν1k

µ
2 ]

= −i α

2πυ0

(
2γb

(
b2

tanθW
− bY tanθW

)
− (d+ γb)(AF +AW )

)
[(k1k2)η

µν − kν1k
µ
2 ] ,

(46)

V (ϕ, γµ(k1), Zν(k2)) = iCγZϕ [(k1k2)η
µν − kν1k

µ
2 ]

= −i α

2πυ0

(
2γa

(
b2

tanθW
− bY tanθW

)
− (c+ γa)(AF +AW )

)
[(k1k2)η

µν − kν1k
µ
2 ] ,

(47)

where b3 = 7, b2 = 19/6, bY = −41/6 are the SU(2)L ⊗U(1)Y β-function coefficients in the SM.
The auxiliary functions of the h and ϕ are given by

F1/2(τ) = −2τ [1 + (1− τ)f(τ)], (48)

F1(τ) = 2 + 3τ + 3τ(2− τ)f(τ), (49)
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with

f(τ) =

(
sin−1 1√

τ

)2

(for τ > 1), (50)

f(τ) = −1

4

(
ln
η+
η−

− iπ

)2

(for τ < 1), (51)

η± = 1±
√
1− τ , τi =

(
2mi

ms

)2

. (52)

mi is the mass of the internal loop particle (including quarks, leptons and W boson), ms is the mass

of the scalar state (h or ϕ). Here, τf =
(
2mf

ms

)2
, τW =

(
2mW
ms

)2
denote the squares of fermion and W

gauge boson mass ratios, respectively.
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APPENDIX B: Feynman diagrams for the considered process

Figure 11: Feynman diagrams for µ+µ− → XX → γγγγ collisions. X stands for the Higgs or radion.
The figures (a), (b), (c) representing the s, u, t-channel exchange, respectively.

Figure 12: Feynman diagrams for µ+µ− → UX → Uγγ collisions. X stands for the Higgs or radion.
The figures (a), (b), (c) representing the s, u, t-channel exchange, respectively.

Figure 13: Feynman diagrams for µ+µ− → ZX → γγγγ collisions. X stands for the Higgs or radion.
The figures (a), (b), (c) representing the s, u, t-channel exchange, respectively.
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