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We interpret the 750 GeV diphoton excess recently found in the 13 TeV LHC data as a singlet scalar in
an extra dimensional model, where one extra dimension is introduced. In the model, the scalar couples to
multiple vectorlike fermions, which are just the Kaluza-Klein modes of SM fermions. Mediated by the
loops of these vectorlike fermions, the ϕ effective couplings to gluons and photons can be significantly
large. Therefore, it is quite easy to obtain an observed cross section for the diphoton excess. We also
calculate the cross sections for other decay channels of ϕ, and find that this interpretation can evade the
bounds from the 8 TeV LHC data.

DOI: 10.1103/PhysRevD.93.075033

I. INTRODUCTION

Recently, the ATLAS collaboration reported an excess at
∼750 GeV in the diphoton invariant mass distribution,
based on the 13 TeV LHC data with an integrated
luminosity of 3.2 fb−1 [1]. Assuming this excess is due
to a resonance, the local (global) signal significance is 3.9σ
(2.3σ). Avery preliminary fit showed that the resonance has
a broad width of ∼45 GeV. However, since the statistics of
the current data is not quite sufficient, the measurement
of the width should be treated as a hint rather than a final
conclusion. On the other hand, a similar excess at
∼760 GeV have also been found by the CMS collaboration
based on a data set of 2.6 fb−1, but the local (global)
significance is lower and just 2.6σ (1.2σ) [2].
These exciting results have stimulated lots of theoretical

interpretations [3–99]. Although some works suggested
this excess may be due to a spin-2 particle [49,50] or a spin-
1 particle1 [47,70,92,102], most of these works interpreted
it as a new scalar (ϕ) beyond the standard model (SM). New
scalars can be naturally introduced from the Higgs sector in
many SM extensions. However, since the observed cross
section for pp → ϕ → γγ is ∼Oð10Þ fb, ordinary two-
Higgs-doublet and supersymmetric models could not give
such a large production cross section without further
extensions [6,9,12].
As LHC is a pp collider, parton distribution functions

determine that gg fusion happens much more often than qq
annihilation. Besides, ϕ couplings to quarks are usually
proportional to quark masses in many models. Therefore,
gg fusion should be the dominant process for pp → ϕ

production. In order to increase the pp → ϕ → γγ
production rate, the ϕ couplings to gg and γγ, which
are generally induced by loop processes, need to be
significantly enhanced. This can be achieved by intro-
ducing multiple electrically charged and colored vector-
like fermions coupled to ϕ [6,20,42,73,87,93]. The
vectorlike feature is particularly appealing for avoiding
gauge anomalies.
It is well known that it is possible to extend the SM

with TeV-scale extra dimensions [103], which may induce
remarkable signals at the LHC. In this work, we give a
reasonable origin for such vectorlike fermions: they are
Kaluza-Klein (KK) modes of SM fermions in an SM
extension where just one compactified extra dimension
is introduced. We assume that there is a 5D CP-even singlet
scalar field Φ that couples to all 5D fermion fields and
generates their bulk mass terms by obtaining a nonzero
vacuum expectation value (VEV). Once nonzero bulk
masses are generated, the profiles of the zero modes will
be exponential functions so that the zero modes are
localized at either end of the interval of the fifth dimension.
The localization of fermions is especially attractive because
it can give an explanation to the fermion mass hierarchy
problem [104–108]. Consequently, although the 5D fer-
mions are born as vectorlike fields, their zero modes will be
chiral after imposing Dirichlet boundary conditions and
become the usual SM fermions, while higher KK modes
remain vectorlike.
Here this localizing feature is caused by the scalar VEV,

thus Φ is called the localizer [105]. We assume the
excitation around the VEV of the zero mode of Φ is the
observed 750 GeV scalar ϕ. ϕ automatically couples to
the KK modes of the fermions, which are vectorlike and
charged under the electroweak gauge symmetry. Therefore
ϕ can be produced through the gluon-gluon fusion process
induced by the KK quark loops and then decays into
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1In this case, the decay products of the resonance should

involve, besides two photons, at least one extra particle. Other-
wise it would contradict the Landau-Yang theorem [100,101].
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two photons induced by the KK quark and KK charged
lepton loops.
Rather than covering complicated setups, we fully

simplify the model and just focus on how to explain the
diphoton excess. Therefore, the gluon-gluon fusion process
is assumed to be the only source for pp → ϕ production.
After production, ϕ decays into gg, γγ, ZZ, γZ, andWþW−

through loops, as well as hh at the tree level, which would
be suppressed if the mixing between ϕ and the SM Higgs
is small. We will calculate the cross sections for these
processes and demonstrate that the model is consistent with
all existed bounds.
The paper is organized as follows. In Sec. II we briefly

introduce the model. In Sec. III we discuss the KK modes
of ϕ and the mixing between ϕ and the Higgs. Section IV
presents our interpretation to the 750 GeV diphoton excess
and shows that it is consistent with 8 TeV LHC bounds.
Section V gives the conclusion. In Appendix A, we list the
relevant interaction Lagrangians involved in our calcula-
tion. Appendix B gives a supplementary discussion on the
case that the Yukawa couplings of the singlet fermions have
the same signs as the doublet fermions.

II. THE MODEL

We discuss a quite simplified model, which is similar to
the one in Ref. [105]. We assume all fields corresponding to
SM particles are living in a flat 5D space-time. Rather than
considering a orbifold structure and orbifold boundary
conditions [109], we simply adopt a compactified interval
as the fifth dimension. The usual 4D coordinates and
the extra dimensional coordinate are denoted as xμ and
y ∈ ½0; πR�, respectively. As in universal extra dimensions
[110], we assume that the usual four-dimensional compo-
nents of gauge field zero modes have flat profiles
fgaugeðyÞ ¼ 1=

ffiffiffiffiffiffi
πR

p
while their fifth components vanish.

This can be obtained by imposing a Dirichlet boundary
condition on the fifth component Ay ¼ 0 at y ¼ 0 and
πR, and a Neumann boundary condition on the four-
dimensional components ∂yAμ ¼ 0 at y ¼ 0 and πR.
The Higgs doublet field distributes in the 5D spacetime

with a flat VEV, and its zero mode also has a flat profile.
Apart from the Higgs, a new 5D singlet scalar Φ is
introduced. We assume the VEV of Φ is flat, in order to
generate constant bulk masses for all fermions. The 5D
HiggsH and the new singlet scalarΦ are assumed to satisfy
the Neumann boundary conditions at both ends of the fifth
interval, and their mode decompositions will be given in
detail in Sec. III [see Eqs. (25) and (26)].
After solving the equation of motion with proper

boundary conditions on the fermions, we can obtain chiral
zero-mode fermions, which play the role of ordinary SM
fermions. The profiles of these zero modes are localized at
either end of the interval and exponentially spread into the
fifth dimension.

To be concrete, let us consider the action describing a
4-component 5D fermion Ψ coupled to Φ as

S ¼
Z

d5xΨðiΓMDM − ~yfΦÞΨ

¼
Z

d5xΨðiΓMDM − ~yfhΦi − ~yf ~ΦÞΨ; ð1Þ

where ΓM is the gamma matrices with the fifth matrix
defined as Γ5 ¼ iγ5. The covariant operator DM ¼
∂M − i~gAM, where AM is a gauge field and ~g is a gauge
coupling with a mass dimension of −1=2. After Φ develops
a VEV vϕ, the fermion acquires a bulk mass

Mf ¼ ~yfhΦi ¼ yfvϕ; ð2Þ

where yf ¼ ~yf=
ffiffiffiffiffiffi
πR

p
is a dimensionless Yukawa coupling.

~Φ is the excitation around the VEV. Note that in principle
one can also include a generic bulk mass term MΨΨΨ,
and then the total bulk mass would be no longer propor-
tional to the Yukawa coupling. As this term introduces one
more parameter, the interpretation to the diphoton excess
would be easier. For simplicity and as the first step of the
probe, below we neglect this term and show that the model
can well explain the excess even without it.
The kinetic and bulk mass terms in the action (1) give the

following equation of motion for a free fermion field:

� ∂y −Mf iσμ∂μ

iσμ∂μ −∂y −Mf

��
ΨL

ΨR

�
¼ 0: ð3Þ

Dirichlet boundary conditions will be imposed on either
the left-handed or the right-handed component of Ψ.
These two components can be decomposed in modes:

ΨL ¼
X∞
n¼0

χðnÞa ðxÞfðnÞðyÞ; ΨR ¼
X∞
n¼0

ξðnÞ† _aðxÞgðnÞðyÞ:

ð4Þ

Substituting the mode decomposition into Eq. (3), we
obtain

ð−∂y þMfÞfðnÞðyÞ ¼ mngðnÞðyÞ;
ð∂y þMfÞgðnÞðyÞ ¼ mnfðnÞðyÞ: ð5Þ

Thus the 4D field of each mode satisfies the Dirac equation.
The profile of a zero mode with a zero mass (m0 ¼ 0) is

fð0ÞðyÞ ∝ eMfy and gð0ÞðyÞ ∝ e−Mfy. Then if we impose
the Dirichlet boundary condition that ΨR ¼ 0 (ΨL ¼ 0) at
y ¼ 0 and πR, we will have gð0ÞðyÞ ¼ 0 (fð0ÞðyÞ ¼ 0),
which means that the zero mode is chiral as desired for SM
fermions. Note that the zero mode here does not have mass,
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which can be acquired from the ordinary Higgs mechanism
as we will see below.
On the other hand, the KK modes (n ≥ 1) are vectorlike,

i.e., their left-handed and right-handed components trans-
form as the same under a gauge symmetry. The profiles of
these KK modes can be exactly solved. If the boundary
condition is ΨR ¼ 0 at y ¼ 0 and πR, then

fðnÞðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=ðπRÞ
M2

f þ n2=R2

s �
n
R
cos

ny
R

þMf sin
ny
R

�
; ð6Þ

gðnÞðyÞ ¼
ffiffiffiffiffiffi
2

πR

r
sin

ny
R

: ð7Þ

The mass of the n-mode is given by m2
n ¼ M2

f þ n2M2
KK

(n ≥ 1), where MKK ≡ R−1. These profiles satisfy the
orthogonality conditions

Z
πR

0

dyfðmÞðyÞfðnÞðyÞ ¼ δmn;Z
πR

0

dygðmÞðyÞgðnÞðyÞ ¼ δmn: ð8Þ

In this model, we assume that the 5D fermion fields for
SUð2ÞL doublet fermions have this kind of boundary
conditions, so that their zero modes are left-handed. For
the 5D fermion fields for SUð2ÞL singlet fermions, we
impose the boundary condition that ΨL ¼ 0 at y ¼ 0 and
πR, and hence their zero modes are right-handed.
Substituting the mode expansion ofΨ into the action, we

can obtain the couplings between ~Φ and each mode of the
fermion. After integrating out the fifth dimension coordi-
nate, the effective 4D action of the Yukawa interactions
corresponding to a fermion with a left-handed zero mode
can be expressed as

SϕFF ¼
Z

d4x

�
−yf

X∞
n¼1

Mfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f þ n2M2
KK

q ϕðxÞFðnÞðxÞFðnÞðxÞ

−
2yfffiffiffi
π

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mf

e2πMf=MKK − 1

r X∞
n¼1

nM3=2
KK ½1 − cosðnπÞeπMf=MKK �

M2
f þ n2M2

KK
ϕðxÞ½FðnÞðxÞFð0Þ

L ðxÞ þ H:c:�

−
yf
π

X
m�n¼odd

4mn
n2 −m2

MKKffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f þm2M2
KK

q ϕðxÞ½FðnÞðxÞFðmÞ
L ðxÞ þ H:c:�

�
; ð9Þ

where the 4D scalar field ϕðxÞ corresponds to the zero
mode of ~Φ, and FðnÞðxÞ is the 4D n-mode Dirac fermion.
For n ≥ 1, FðnÞðxÞ is vectorlike. Note that there is no
ϕFð0ÞFð0Þ coupling in the action (9). With respect to the
fermion content of the SM, we should introduce three
generations of quark doublets Q, quark singlets U and D,
lepton doublets L, and lepton singlets E and N. The
interactions between the doublet fields and ϕ are just given
by Eq. (9) with F substituted by Q and L. The interactions
between the singlet fields and ϕ will be discussed in next
paragraph [see Eq. (12)]. The coupling in the first line of
Eq. (9) will contribute to the LHC production and decay of
ϕ through loop processes. If the bulk massMf vanishes, the
ϕFðnÞFðnÞ couplings would vanish as well, even in the case
that yf is nonzero and Mf is tuned to be zero by adding
another constant bulk mass to compensate ~yfhΦi. There-
fore, a nonzero bulk mass is necessary for loop production
and decay of ϕ in this model.
For simplicity, we assume that ~yq and ~yl are universal for

all quarks and leptons, respectively. For the SUð2ÞL

fermions, we assume that the singlet Yukawa couplings
to Φ are opposite to the corresponding doublet Yukawa
couplings. That is to say, the Yukawa terms for the quark
doublet Q and the lepton doublet L can be given by
−~yqΦQQ − ~ylΦLL, while those for the singlets U, D, and
E are þ~yqΦUU þ ~yqΦDDþ ~ylΦEE. Then the profiles of
the KK modes of a doublet has the forms of Eqs. (6) and
(7), while the profiles of the KK modes of a singlet are
given by

fðnÞs ðyÞ ¼ −
ffiffiffiffiffiffi
2

πR

r
sin

ny
R

; ð10Þ

gðnÞs ðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=πR
M2

f þ n2=R2

s �
n
R
cos

ny
R

þMf sin
ny
R

�
: ð11Þ

The corresponding interactions with ϕ are
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SϕF0F0 ¼
Z

d4x
�
−yf

X∞
n¼1

Mfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f þ n2M2
KK

q ϕðxÞF0ðnÞðxÞF0ðnÞðxÞ

−
2yfffiffiffi
π

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mf

e2πMf=MKK − 1

r X∞
n¼1

nM3=2
KK ½1 − cosðnπÞeπMf=MKK �

M2
f þ n2M2

KK
ϕðxÞ½F0ðnÞðxÞF0ð0Þ

R ðxÞ þ H:c:�

−
yf
π

X
m�n¼odd

4mn
n2 −m2

MKKffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f þm2M2
KK

q ϕðxÞ½F0ðnÞðxÞF0ðmÞ
R ðxÞ þ H:c:�

�
; ð12Þ

where F0 ¼ U, D, E, N. Note that the first lines of Eqs. (9)
and (12) have the same form. By making the signs of the

Yukawa couplings to be opposite, gðnÞs ðyÞ is the same as

fðnÞðyÞ in Eq. (6), and hence gðnÞs ðyÞ and fðnÞðyÞ are

orthogonal to fð0ÞðyÞ and gð0Þs ðyÞ, respectively. Thus, if
there are Yukawa couplings of the Higgs field to the
doublets and singlets, e.g. −~y0uQiσ2H�U þ H:c:, in the
effective 4D action the Higgs boson would only connect
the same modes:

− y0u

�
Qð0ÞðxÞiσ2Hð0Þ�ðxÞUð0ÞðxÞ

þ
X∞
n¼1

QðnÞðxÞiσ2Hð0Þ�ðxÞUðnÞðxÞ
�
þ H:c: ð13Þ

Consequently, a mixing mass term between the zero mode
of a singlet (doublet) and a KK mode of a doublet (singlet)
cannot be generated by the Higgs VEV due to this
orthogonality. Moreover, the Yukawa couplings between
the Higgs and fermion zero modes are the same as in the
SM, except for an effect due to the mixing between the
Higgs and ϕ. There is no decay process of ϕ like Fig. 1.
Therefore, ϕ can neither be produced from qq nor decay
into quarks and leptons. This setup is not mandatory, but it
forbids minor processes and maximally simplifies the
analysis. For completeness, in Appendix B we give a brief
discussion on the impact of the alternative assumption that
the singlet Yukawa couplings to Φ are the same as the
corresponding doublet Yukawa couplings.
Now we discuss how the fermion KK modes couple with

the gauge fields. The zero mode of a gauge field has a flat
profile, while its KK modes have profiles as

fðnÞgauge ¼
ffiffiffiffiffiffi
2

πR

r
cos

ny
R

: ð14Þ

Masses of these KK modes are nMKK, if we neglect the
contributions for W and Z from the Higgs VEV. From the
flat profile of the zero-mode gluon and the orthogonality
between different KKmodes, we can obtain the interactions
between the zero-mode gluon and quarks:

LgQQ ¼ gs
X∞
n¼1

ðQðnÞGQðnÞ þUðnÞGUðnÞ þDðnÞGDðnÞÞ

þ gsðQð0Þ
L GQð0Þ

L þ Uð0Þ
R GUð0Þ

R þDð0Þ
R GDð0Þ

R Þ:
ð15Þ

The interaction between the photon and fermions are
similar except that the gauge coupling is replaced by the
electric charge. In Appendix A, we explicitly write down
the relevant Lagrangian involved in our calculation.
The Feynman diagrams for gg → ϕ and ϕ → γγ are

shown in Fig. 2. The effective operators of ϕGG and ϕAA
couplings can be obtained by integrating out the fermion
loops. This is similar to the SM Higgs case. Adopting the
parametrization in Ref. [111], the effective operators are

L ⊃ κg
αs

12πvϕ
ϕGa

μνGaμν þ κγ
α

πvϕ
ϕAμνAμν; ð16Þ

where the factors κg and κγ come from loop integration and
are mainly contributed by fermion loops in our model:

FIG. 1. Nonexistent decay ϕ → Uð0ÞQ̄ð0Þ.

(a) (b)

FIG. 2. Feynman diagrams for gluon-gluon fusion to ϕ (a) and
ϕ → γγ decay (b) through the loops of fermion KK modes. Here
qðnÞ ¼ QðnÞ, UðnÞ, DðnÞ, while lðnÞ ¼ LðnÞ, EðnÞ.
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κg ¼
X
f

2CðrfÞκfAfðτfÞ; ð17Þ

κγ ¼
X
f

NcðrfÞQ2
f

6
κfAfðτfÞ; ð18Þ

where CðrfÞ and NcðrfÞ are the index and the dimension of
the SUð3ÞC representation where the fermion lives in,
respectively. Qf is the electric charge of the fermion.
The loop function AfðτfÞ is defined as

AfðτfÞ ¼
3

2τ2f
½ðτf − 1Þ arcsin2 ffiffiffiffiffi

τf
p þ τf� ð19Þ

with τf ≡m2
ϕ=4m

2
f ≤ 1. The factor κf corresponds to the

ϕFðnÞFðnÞ coupling

L ⊃ −κðnÞf
mn

vϕ
ϕFðnÞFðnÞ: ð20Þ

From the action (9), we can read off the factor as

κðnÞf ¼ y2fv
2
ϕ

m2
n
: ð21Þ

Combining all the results above, one can calculate the
gluon-gluon fusion production cross section for ϕ and
its diphoton partial decay width. Since there are three
generations of fermions with different KK modes, the
production rate for pp → ϕ → γγ would be significantly
increased.

III. THE KK MODES OF Φ AND
SCALAR MIXING

In this section, we discuss more details about the singlet
scalar Φ to justify the model.
First of all, let us show that the vacuum expectation value

of the Higgs and Φ are flat under certain parameter ranges.
The 5D action of the scalar sector is given by

Sscalar ¼
Z

d4x
Z

πR

0

dy

�
ðDMHÞ†DMHþ 1

2
∂MΦ∂MΦ

þμ2jHj2 þ 1

2
M2Φ2 − ~λjHj4−

~λϕ
4!

Φ4−
~λϕh
2

Φ2jHj2
�
;

ð22Þ

where ~λ, ~λϕ, and ~λϕh are dimensionful couplings. Following
the method used in Ref. [112], we can minimize the energy
density E ¼ Eder þ VðΦ; HÞ to determine the vacuum,
where

Eder ¼
Z

πR

0

dy

�
j∂yHj2 þ 1

2
ð∂yΦÞ2

�
; ð23Þ

VðΦ; HÞ ¼
Z

πR

0

dy

�
−μ2jHj2 − 1

2
M2Φ2 þ ~λjHj4

þ
~λϕ
4!

Φ4 þ
~λϕh
2

Φ2jHj2
�
: ð24Þ

We impose Neumann boundary conditions on H and Φ
at both ends of the interval, and therefore H and Φ can be
decomposed as

Hðxμ; yÞ ¼ 1ffiffiffiffiffiffi
πR

p Hð0ÞðxμÞ þ
ffiffiffiffiffiffi
2

πR

r X∞
n¼1

HðnÞðxμÞ cos
�
ny
R

�
;

ð25Þ

Φðxμ; yÞ ¼ 1ffiffiffiffiffiffi
πR

p ϕð0ÞðxμÞ þ
ffiffiffiffiffiffi
2

πR

r X∞
n¼1

ϕðnÞðxμÞ cos
�
ny
R

�
:

ð26Þ

Substituting Eqs. (25) and (26) into Eder, we find that

Eder ¼
X∞
n¼1

n2

R2
jHðnÞj2 þ 1

2

X∞
n¼1

n2

R2
ðϕðnÞÞ2; ð27Þ

which is only contributed by n ≥ 1 KK modes, since the
zero modes have y-independent profiles. Obviously,
the minimum of Eder is reached when hHðnÞi ¼ 0 and
hϕðnÞi ¼ 0.
The potential VðΦ; HÞ can be rewritten as

VðΦ; HÞ ¼
Z

πR

0

dy

�~λϕ
4!

�
ðΦ2 − ~v2ϕÞþ

6~λϕh
~λϕ

�
jHj2 − ~v2

2

��2

þ
�
~λ −

3~λ2ϕh

2~λϕ

��
jHj2 − ~v2

2

�
2

−
~λϕh
4

~v2ϕ ~v
2

−
~λϕ
24

~v4ϕ −
~λ

4
~v4
�
; ð28Þ

where constants ~v2 and ~v2ϕ are determined by matching the
mass terms:

~λϕh ~v2

2
þ

~λϕ ~v2ϕ
6

¼ M2;
~λϕh ~v2ϕ
2

þ ~λ ~v2 ¼ μ2: ð29Þ

The solutions are

~v2 ¼ 6~λϕhM2 − 2~λϕμ
2

3~λ2ϕh − 2~λ~λϕ
; ~v2ϕ ¼ 6~λϕhμ

2 − 12~λM2

3~λ2ϕh − 2~λ~λϕ
: ð30Þ
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If

~λϕ > 0; ~λ −
3~λ2ϕh

2~λϕ
> 0; ð31Þ

from Eq. (28) one can find that VðΦ; HÞ is minimized when
jHj2 ¼ ~v2=2 andΦ2 ¼ ~v2ϕ. This implies that both the VEVs
hHi and hΦi are y-independent, i.e., no n ≥ 1 KK mode
can obtain a nonzero VEV. This is the true vacuum, as it is
consistent with the minimization condition of Eder. The
vacuum stability requires that ~λϕ > 0 and ~λ > 0. Therefore,

if ~λϕh ≪ ~λϕ; ~λ, the conditions (31) would be satisfied and
thus only the zero modes of H and Φ develop non-
zero VEVs.
There is no mixing mass term between the zero modes

and the n ≥ 1 KK modes of H and Φ, since terms like
hϕð0Þi2Hð0Þ†HðnÞ, jhHð0Þij2Hð0Þ†HðnÞ, hϕð0Þi2ϕð0ÞϕðnÞ,
hϕð0ÞihHð0Þ†iHðnÞϕð0Þ, jhHð0Þij2ϕð0ÞϕðnÞ, μ2Hð0Þ†HðnÞ,
and M2ϕð0ÞϕðnÞ vanish after the integration over y.
Nevertheless, the mixing between the zero modes of H
and Φ is inevitable. Although more data are required to
increase the statistics, current LHC results suggest that the
Higgs couplings to SM particles are quite consistent with
the standard model. Thus it would be more safe to demand
a small mixing. The 4D potential involving the zero modes
ϕð0Þ ¼ vþ ϕ and Hð0Þ ¼ ð0; ðvþ hÞ= ffiffiffi

2
p ÞT is

VðHð0Þ;ϕð0ÞÞ ¼ −
μ2

2
ðvþ hÞ2 þ 1

4
λðvþ hÞ4

−
M2

2
ðvϕ þ ϕÞ2 þ λϕ

4!
ðvϕ þ ϕÞ4

þ λϕh
4

ðvþ hÞ2ðvϕ þ ϕÞ2; ð32Þ

where the dimensionless couplings and VEVs are
defined as

λ ¼
~λ

πR
; λϕ ¼

~λϕ
πR

; λϕh ¼
~λϕh
πR

;

v2 ¼ πR~v2; v2ϕ ¼ πR ~v2ϕ: ð33Þ

The minimization conditions of the potential give

λϕhv2

2
þ λϕv2ϕ

6
¼ M2;

λϕhv2ϕ
2

þ λv2 ¼ μ2; ð34Þ

which is just Eq. (29). According to the second
equation, for natural values vϕ ∼ 1 TeV and λϕhv2ϕ=2∼
Oðð100 GeVÞ2Þ, a small mixing coupling λϕh of Oð10−2Þ
is needed. Since λ ≈ 0.13 and the natural value for λϕ
is Oð0.1Þ −Oð1Þ, we have λ ≫ λϕh and λϕ ≫ λϕh as
needed.

The mass matrix for h and ϕ is

� m2
h λϕhvvϕ

λϕhvvϕ m2
ϕ

�
; ð35Þ

where m2
h ¼ 2λv2 and m2

ϕ ¼ λϕv2ϕ=3. The physical masses
are given by

m2
h1;2

¼ 1

2

h
m2

h þm2
ϕ ∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ϕ −m2
hÞ2 þ 4λ2hϕv

2v2ϕ

q i
: ð36Þ

If m2
ϕ ≫ 2λhϕvvϕ, they are essentially decoupled, and we

have m2
h1
≈m2

h and m2
h2
≈m2

ϕ.
Parametrizing the mixing matrix as

�
h1
h2

�
¼

�
cos α − sin α

sin α cos α

��
h

ϕ

�
; ð37Þ

we can find that

tan 2α ¼ 2λhϕvvϕ
m2

ϕ −m2
h

; ð38Þ

in the small α limit,

sin α ≈
λhϕvvϕ
m2

ϕ −m2
h

: ð39Þ

As mϕ ≈ 750 GeV ≈ 6mh, we have

m2
ϕ −m2

h ≈
35

6
mhmϕ ¼ 35

6

ffiffiffiffiffiffiffiffiffiffi
2

3
λλϕ

r
vvϕ:

Thus the small mixing condition corresponds to

sin α ≈
6

ffiffiffi
3

p
λhϕ

35
ffiffiffiffiffiffiffiffiffiffi
2λλϕ

p ≪ 1: ð40Þ

For instance, sin α ≈ 0.1 needs λhϕ < 0.17
ffiffiffiffiffi
λϕ

p
.

On the other hand, the value of λhϕ also affects the tree
level decay ϕ → hh, whose partial width is approximately
given by

Γðϕ → hhÞ ≈
ffiffiffi
2

p
mϕ

16π

λ2hϕ
λ2ϕ

: ð41Þ

If λhϕ ∼ λϕ, we would have Γðϕ → hhÞ ∼ 0.03mϕ. Then
this channel would be dominant and give a broad total
width. However, it would be easily excluded by the 8 TeV
LHC result σðpp → ϕ → hhÞ < 39 fb [113]. For these
reasons, below we will just consider the small mixing case
and fix λhϕ ¼ 0.01.
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IV. INTERPRETATION TO THE 750 GEV
DIPHOTON RESONANCE

In the model, the effective operators for ϕ couplings to
gluons and photons can be explicitly expressed as

Lϕgg ¼
αsvϕ
π

�Xn�
n¼1

y2qAfðτnÞ
y2qv2ϕ þ n2M2

KK

�
ϕGa

μνGaμν; ð42Þ

Lϕγγ ¼
α

π

�Xn�
n¼1

5

3

y2qvϕAfðτðnÞq Þ
y2qv2ϕ þ n2M2

KK
þ
Xn�
n¼1

y2l vϕAfðτðnÞl Þ
y2l v

2
ϕ þ n2M2

KK

�

× ϕAμνAμν; ð43Þ

where we have included all vectorlike fermion loops, and
n� is the maximum of n we consider. Note that the model
we discuss in this paper is actually an effective model, and
the perturbative unitarity could be violated for a large n�.
According to the unitarity arguments in Ref. [114], we have
n < 3 for this model. Thus we adopt n� ¼ 2 in the
following calculation to obtain an optimized enhancement
for the pp → ϕ → γγ production.
The free parameters in the model are vϕ,MKK, yq, and yl.

The Yukawa couplings yq and yl should not to be too large
to remain perturbative. The ϕ decay channels involved are
ϕ → gg, γγ, hh, Zγ, ZZ, andWþW−. The hh channel is the
only tree-level decay process and the rest are generated by
vectorlike fermion loops. We numerically calculate the
partial widths for the loop-induced channels using the code
FEYNCALC [115] and LOOPTOOLS [116].
Under the narrow width approximation, the cross section

for pp → ϕ → X1X2 can be computed by

σðpp → ϕ → X1X2Þ

¼
�
kgg
0.1

�
2

σrefðpp → ϕÞBrðϕ → X1X2Þ ð44Þ

with

kgg ¼
1 TeV
MKK

αsvϕ
πMKK

Xn�
n¼1

y2qAfðτnÞ
y2qv2ϕ=M

2
KK þ n2

; ð45Þ

where Brðϕ → X1X2Þ is the branching ratio of the ϕ →
X1X2 decay. We calculate σrefðpp → ϕÞ using MADGRAPH

5 [117] and FEYNRULES [118], and obtain σrefðpp → ϕÞ ¼
16.725ð3.783Þ pb at the 13 TeV (8 TeV) LHC.
In the following, we investigate which values of the

parameters can give a cross section of pp → ϕ → γγ
consistent with observation. In this model, the ϕ → gg
partial width is much larger than that of any other channel.
Therefore we can roughly estimate the branching ratio of
ϕ → γγ as

Brðϕ → γγÞ ≈ Γðϕ → γγÞ
Γðϕ → ggÞ ¼

8α2

9α2s
ð46Þ

for yl ¼ yq. Thus the cross section σðpp → ϕ → γγÞ at
13 TeV is

σðpp → ϕ → γγÞ ≈ 800α2

9π2
σrefðpp → ϕÞ v2ϕ

M2
KK

×

				X
n�

n¼1

y2qAfðτnÞ
y2qv2ϕ=M

2
KK þ n2

				2

≈ 9.2 fb ·
v2ϕ
M2

KK

				X
n�

n¼1

y2qAfðτnÞ
y2qv2ϕ=M

2
KK þ n2

				2:
ð47Þ

The diphoton excess signal at the 13 TeV LHC corresponds
to σðpp → ϕ → γγÞ ¼ 5 − 20 fb. Apparently, if vϕ ∼
MKK ∼ 1 TeV and yq ∼ 1, σðpp → ϕ → γγÞ at 13 TeV
would be around 9 fb, which is favored by current data.
On the other hand, there are some constraints for

resonances from LHC Run 1 data. Relevant 95% C.L.
bounds at the 8 TeV LHC include [113,119–124]

σðpp → ϕ → ZZÞ < 12 fb; ð48Þ

σðpp → ϕ → WþW−Þ < 40 fb; ð49Þ

σðpp → ϕ → ZγÞ < 4 fb; ð50Þ

σðpp → ϕ → jjÞ < 2.5 pb; ð51Þ

σðpp → ϕ → hhÞ < 39 fb: ð52Þ

In the model, ϕ could decay into SM quarks and leptons
through the mixing with the Higgs boson. However, since
we have chosen a very small mixing parameter, these decay
channels can be neglected. Therefore, the pp → ϕ → jj
process principally comes from the ϕ → gg decay, and the
pp → ϕ → lþl− process is irrelevant to the phenomenol-
ogy here.
Figure 3 shows the branching ratios of ϕ decay channels

as functions of yl, where the other parameters are fixed as
vϕ ¼ MKK ¼ 1 TeV and yq ¼ 1. We can find that the gg
channel is dominant, with a branching ratio larger than the
subdominant channelsWþW− and ZZ by about 2 orders of
magnitude. The diphoton channel has a branching ratio of
∼Oð10−3Þ, increasing as yl increases. The γZ channel is the
least important.
After calculation, it turns out that the pp → ϕ → jj, Zγ,

and hh searches at the 8 TeV LHC can hardly constrain the
relevant region of the parameter space. Note that although
the ϕgg coupling is dramatically enhanced by loops of
fermion KKmodes, the 8 TeV bound from the dijet channel
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is still quite weak. For instance, assuming a moderate value
of BRðϕ → γγÞ ¼ 0.004, for σðpp → ϕ → γγÞ ¼ 5–20 fb
at 13 TeV, the pp → ϕ → gg cross section at 8 TeV can be
estimated as

σ8 TeVðpp → ϕ → ggÞ ¼ σ8 TeV
ref ðpp → ϕÞ

σ13 TeV
ref ðpp → ϕÞ σ

13 TeV

× ðpp → ϕ → γγÞBrðϕ → ggÞ
Brðϕ → γγÞ

≈ 0.3–1.1 pb; ð53Þ

which is well below the 95% C.L. upper limit 2.5 pb from
the 8 TeV dijet resonance search.
Figure 4 shows the contours of σγγ ≡ σðpp → ϕ → γγÞ

at 13 TeV in the vϕ − yq;l plane for MKK ¼ 1 TeV
assuming yl ¼ yq. We can see that σγγ ¼ 5–20 fb

corresponds to a large region that is not excluded by the
8 TeV LHC searches for the pp → ϕ → ZZ,WþW−, dijet,
and γZ processes. This means that our interpretation to the
diphoton excess is consistent with the 8 TeV LHC data,
although a large yq;l ≳ 1 is demanded to give a sufficiently
large σγγ . A smaller vϕ would decrease the masses of
vectorlike fermions in loops, and hence increase the signal.
In order to investigate how large MKK could be, we fix

vϕ ¼ 1 TeV and demonstrate in Fig. 5 the contours of σγγ

FIG. 5. Contours of σγγ (red dashed lines) at 13 TeV and the
total width of ϕ (blue solid lines) in the MKK − yq;l plane for
vϕ ¼ 1 TeV assuming yl ¼ yq. The gray region is excluded at
95% C.L. by the pp → ϕ → ZZ search at the 8 TeV LHC.

FIG. 3. Branching ratios of ϕ decay channels as functions of yl
for vϕ ¼ MKK ¼ 1 TeV and yq ¼ 1.

FIG. 4. Contours of σγγ (red dashed lines) at 13 TeV in the
vϕ − yq;l plane for MKK ¼ 1 TeV assuming yl ¼ yq. The gray,
blue, pink, and yellow regions are excluded at 95% C.L. by the
pp → ϕ → ZZ,WþW−, dijet, and γZ searches at the 8 TeV LHC.

FIG. 6. Contours of σγγ (red dashed lines) at 13 TeV in the
yq − yl plane for MKK ¼ vϕ ¼ 1 TeV. The gray region is
excluded at 95% C.L. by the pp → ϕ → ZZ search at the
8 TeV LHC.
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in the MKK − yq;l plane assuming yl ¼ yq. We find that if
we can tolerate yq;l as large as 5.3, MKK can reach up to
5 TeV for an desired diphoton signal. On the other hand, if
we can just tolerate yq;l ∼ 2, thenMKK is bounded to below
2 TeV. We also plot the contours of the ϕ total decay width
Γtot in Fig. 5. We find that the predicted Γtot could reach up
to ∼1 GeV, which is still smaller than the favored value
45 GeV from the preliminary ATLAS analysis. If such a
broad width persists in the follow-up experiments, extra
decay channels might be needed to increase the total width.
For instance, ϕ may decay into a pair of DM particles and
this can be still consistent the 8 TeV bounds [4,66].
Finally, we study how σγγ depends on yq and yl, as

presented in Fig. 6, where MKK ¼ vϕ ¼ 1 TeV is fixed.
Since vectorlike quark KK modes both enter the ϕgg
and ϕγγ effective couplings while vectorlike charged lepton
KK modes only contribute to the ϕγγ effective coupling,
σγγ is more sensitive to yq. As yq decreases, yl should be
dramatically increased to enhance the γγ branching ratio for
compensating the signal. Although yl may be even allowed
to vanish, yq should be at least ∼0.5 for explaining the
diphoton excess.

V. CONCLUSIONS AND DISCUSSIONS

The 750 GeV diphoton excess recently found in the
13 TeV LHC data have drawn great attention of the high
energy physics community. In this work, we interpret it as a
singlet scalar ϕ in an extra dimensional model, where just
one compactified extra dimension is introduced.
We assume there is a 5D singlet scalar field Φ coupled to

multiple vectorlike 5D fermions through Yukawa inter-
actions. After Φ gets a VEV, its zero-mode excitation
around the VEV becomes the observed scalar ϕ, and the 5D
fermions acquire bulk mass terms, which localize the zero
modes of these fermions. By imposing appropriate boun-
dary conditions, the fermion zero modes become chiral and
play the roles of ordinary SM fermions, while the KK
modes remain vectorlike. ϕ can mix with the SM Higgs
boson. However, after considering the LHC measurement
of the Higgs couplings as well as the natural choices of
model parameters, a small mixing case is favored.
The vectorlike fermion KK modes have the same gauge

quantum numbers as the corresponding zero modes. As ϕ
couples them, they can induce significantly large ϕgg
and ϕγγ effective couplings through loop diagrams.
Consequently, this model can easily give an observed cross
section of Oð10Þ fb for the diphoton excess without
contradicting the 8 TeV LHC constraints.
Since the decay channels ϕ → gg, ZZ, Zγ, and WþW−

always exist along with the diphoton channel in this model,
follow-up experimental searches for ϕ through these final
states would be crucial to test the model. On the other
hand, if the vectorlike quark KK modes have masses of
∼Oð1Þ TeV, they could be accessible at the 13 TeV

and 14 TeV LHC. Once produced, they can decay into
ϕ and the corresponding zero-mode quarks and may lead
to distinguishable signatures. If they are heavier, say
∼Oð10Þ TeV, it would become a task for future higher
energy hadron colliders, such as SppC and FCC-hh.
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APPENDIX A: RELEVANT INTERACTION
LAGRANGIANS

The interaction Lagrangians relevant to the calculation
are listed below.
ϕFðnÞFðnÞ interactions:

LϕFF ¼ −yq
Mqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
q þ n2M2

KK

q ϕ
h
uðnÞ2 uðnÞ2 þ dðnÞ2 dðnÞ2

þ uðnÞ1 uðnÞ1 þ dðnÞ1 dðnÞ1

i
− yl

Mlffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

l þ n2M2
KK

q
× ϕ½νðnÞ2 νðnÞ2 þ eðnÞ2 eðnÞ2 þ eðnÞ1 eðnÞ1 �: ðA1Þ

AFðnÞFðnÞ interactions:

LAFF ¼ eAμ

�
2

3
uðnÞ2 γμuðnÞ2 −

1

3
dðnÞ2 γμdðnÞ2 þ 2

3
uðnÞ1 γμuðnÞ1

−
1

3
dðnÞ1 γμdðnÞ1 − eðnÞ2 γμeðnÞ2 − eðnÞ1 γμeðnÞ1

�
: ðA2Þ

ZFðnÞFðnÞ interactions:

LZFF ¼ g2
2cW

Zμ

��
1 −

4

3
s2W

�
uðnÞ2 γμuðnÞ2

−
�
1 −

2

3
s2W

�
dðnÞ2 γμdðnÞ2 −

4

3
s2Wu

ðnÞ
1 γμuðnÞ1

þ 2

3
s2Wd

ðnÞ
1 γμdðnÞ1 þ νðnÞ2 γμνðnÞ2

− ð1 − 2s2WÞeðnÞ2 γμeðnÞ2 þ 2s2We
ðnÞ
1 γμeðnÞ1

�
: ðA3Þ

WFðnÞF0ðnÞ interactions:

LWFF0 ¼ g2ffiffiffi
2

p ½Wþ
μ u

ðnÞ
2 γμdðnÞ2 þW−

μd
ðnÞ
2 γμuðnÞ2

þWþ
μ ν

ðnÞ
2 γμeðnÞ2 þW−

μ ν
ðnÞ
2 γμeðnÞ2 �: ðA4Þ
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GFðnÞFðnÞ interactions:

LGFF ¼ gsGa
μ½uðnÞ2 λaγμuðnÞ2 þ dðnÞ2 λaγμdðnÞ2

þ uðnÞ1 λaγμuðnÞ1 þ dðnÞ1 λaγμdðnÞ1 �: ðA5Þ

λa denote the Gell-Mann matrices. Note that the
subscripts 1 and 2 denote the fermion coming from a
singlet and a doublet, respectively. That is to say,
Q ¼ ðu2; d2ÞT, U ¼ u1, D ¼ d1, L ¼ ðν2; e2ÞT, and
E ¼ e1. Remember that there are three generations of
fermions.

APPENDIX B: AN ALTERNATIVE SETUP
OF YUKAWA COUPLINGS

In this appendix, we discuss an alternative setup that
the singlet Yukawa couplings to Φ are the same as the
corresponding doublet Yukawa couplings. The profiles of
a singlet fermion field become

fðnÞs ðyÞ ¼
ffiffiffiffiffiffi
2

πR

r
sin

ny
R

; ðB1Þ

gð0Þs ðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Mf

1 − e−2πMfR

r
e−Mfy; ðB2Þ

gðnÞs ðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=πR
M2

f þ n2=R2

s �
−
n
R
cos

ny
R

þMf sin
ny
R

�
;

ðB3Þ

while a doublet keeps the original profiles:

fð0Þd ðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Mf

e2πMfR − 1

r
eMfy; ðB4Þ

fðnÞd ðyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=πR
M2

f þ n2=R2

s �
n
R
cos

ny
R

þMf sin
ny
R

�
; ðB5Þ

gðnÞd ðyÞ ¼
ffiffiffiffiffiffi
2

πR

r
sin

ny
R

: ðB6Þ

Now gðnÞs ðyÞ (fðnÞd ðyÞ) is not orthogonal to fð0Þd ðyÞ
(gð0Þs ðyÞ). The Yukawa interactions like −~y0uQiσ2H�U þ
H:c: lead to the following 4D Lagrangian:

Lyuk ⊃ −
y0uffiffiffi
2

p 2πMq=MKK

eπMq=MKK − e−πMq=MKK
ðvþ hÞuð0Þ2 uð0ÞR

−
y0uffiffiffiffiffiffi
2π

p ðvþ hÞ
Xn�
n¼1

4ðnMqMKKÞ3=2ffiffiffi
n

p ðM2
q þ n2M2

KKÞ3=2

×
1 − cosðnπÞe−πMq=MKKffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − e−2πMq=MKK

p uðnÞ2 uð0ÞR þ H:c: ðB7Þ

The second line are mixing mass terms between the zero
mode of the singlet and KK modes of the doublet.
Consequently, Feynman diagrams like Fig. 1 exist, leading
toϕ decays into SM fermionpairs, whereϕ → tt is dominant.
The physical masses of the quarks can be found after

diagonalizing the mass matrices. The masses of the
SM-like quarks, which are the lightest ones, are given
by m2

q ≈m2
q;0 þm2

D;1 þm2
D;2 þ � � � with

mq;0 ¼
y0uffiffiffi
2

p 2πMq=MKK

eπMq=MKK − e−πMq=MKK
v; ðB8Þ

mD;n ¼
y0uffiffiffiffiffiffi
2π

p 4ðnMqMKKÞ3=2ffiffiffi
n

p ðM2
q þ n2M2

KKÞ3=2

×
1 − cosðnπÞe−πMq=MKKffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − e−2πMq=MKK

p v: ðB9Þ

For a large Mq=MKK, mq;0 is exponentially suppressed and
much smaller than mD;1, which is just power suppressed.
Thus, mq is dominated by mD;n. Matching mq with the
observed values, we will find that the Yukawa couplings of
the quark zero modes with the Higgs boson are signifi-
cantly suppressed. For instance, Fig. 5 implies that in order
to obtain a proper diphoton cross section σγγ ∼ 10 fb,
Mq=MKK should be ∼2, leading to a Yukawa coupling
of yhqq ¼ mq;0=v ≈ 0.03ySMhqq. The top Yukawa coupling
with such a small value would be incompatible with the
current measurement, as it greatly reduces the Higgs
production via gluon-gluon fusion. Therefore, this setup
is problematic.
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