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Higgs-flavon fields appear as a part of the Froggatt–Nielsen (FN) mechanism, which attempts to explain 
the hierarchy of Yukawa couplings. We explore the possibility that the 750 GeV diphoton resonance 
recently reported at the LHC13 could be identified with a low-scale Higgs-flavon field H F and find the 
region of the parameter space consistent with CMS and ATLAS data. It is found that the extra vector-
like fermions of the ultraviolet completion of the FN mechanism are necessary in order to reproduce 
the observed signal. We consider a standard model (SM) extension that contains two Higgs doublets 
(a standard one and an inert one) and one complex FN singlet. The inert doublet includes a stable neutral 
boson, which provides a viable dark matter candidate, while the mixing of the standard doublet and the 
FN singlet induces flavor violation in the Higgs sector at the tree-level. Constraints on the parameters of 
the model are derived from the LHC Higgs data, which include the search for the lepton flavor violating 
decay of the SM Higgs boson h → μ̄τ . It is also found that in some region of the parameter space the 
model may give rise to a large branching ratio for the H F → hh decay, of the order of 0.1, which could 
be searched for at the LHC.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Preliminary results of the LHC Run at 13 TeV showed surprising 
hints of a resonance in the diphoton channel with invariant mass 
of 750 GeV [1,2], which could represent a signal of physics be-
yond the standard model (SM). The ATLAS collaboration collected 
3.2 fb−1 of data and reports a signal with significance of 3.6 σ
(local), which becomes 2.3 σ (after LEE) [1], while the CMS collab-
oration collected an integrated luminosity of 2.6 fb−1 and reports 
a significance 2.6 σ (local) that became 2.0 σ (after LEE) [2]. As 
tentative as the signal could be, it has motivated a large number 
of studies that attempt to reproduce its profile (for some works 
see for instance [3]).

Several ideas have been proposed to address the flavor prob-
lem [4]. For instance, textures and GUT-inspired relations, flavor 
symmetries and radiative generation, etc. The flavor symmetry 
approach can be supplemented with the Froggatt–Nielsen (FN) 
mechanism, which assumes that above some scale M F there is 
a symmetry that forbids the appearance of Yukawa couplings; 
SM fermions are charged under this symmetry [which could be 
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of Abelian type U (1)F ]. However, the Yukawa matrices can arise 
through non-renormalizable operators. The Higgs spectrum of 
these models could include light Higgs-flavons, which could mix 
with the scalar bosons. In these models, the diagonal flavor con-
serving (FC) couplings of the SM-like Higgs boson could deviate 
from the SM, while flavor violating (FV) couplings could be in-
duced at small rates too, but still produce detectable signals. On 
the other hand, extending the Higgs sector of the SM opens up the 
possibility of including a scalar dark matter (DM) candidate, such 
as occurs with the well studied inert doublet model (IDM). There 
are important motivations to supplement this model with a com-
plex singlet, for instance to have extra sources of CP violation, as 
in the IDM with a complex singlet (IDMS) recently studied [5].

In this paper we explore the possibility that the 750 GeV dipho-
ton resonance [1,2], could be identified with a low-scale Higgs-
flavon field H F .1 We work within a SM extension of the IDMS-type 
that contains two Higgs doublets and one complex FN singlet. The 
mixing of the doublet and the singlet induces FV couplings in the 
Higgs sector at the tree-level, which can induce the lepton flavor 
violating (LFV) Higgs decay h → μ̄τ searched for at the LHC [6].

1 A different approach based on a flavor model has appeared recently [10].
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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2. The model

We consider a multi-Higgs model including one SM-like Higgs 
doublet �s , an inert-type doublet �n , and one FN scalar field (SM 
singlet S). The possibility of having light Higgs-flavon fields was 
studied in Ref. [7], and more recently in [8]. Besides breaking the 
electroweak symmetry, the �s doublet gives masses to the quarks 
and leptons. By imposing a discrete symmetry, the �n doublet will 
be of the inert-type and will contain a DM candidate [9].

In our model only the Z2-even fields �s and S F acquire vac-
uum expectation values v and u, respectively. We will use the 
following field decomposition around the vacuum state:

�s =
(

G+
1√
2

(
v + φ0 + iGz

) )
, �n =

(
H+

1√
2
(H + i A)

)
, (1)

S F = 1√
2
(u + s1 + ip1). (2)

The Higgs potential resembles that of the IDMS model studied 
in [5]. To reduce the free parameters, a U (1) symmetry identified 
with the flavor symmetry is invoked. Its breaking helps out to ad-
dress the hierarchy of the Yukawa couplings associated with the 
broad spectra of fermion masses. The scalar potential is invariant 
under CP and takes the form:
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We are left with U (1)-symmetric terms (m2
1, m2

2, m2
3, λ1−5, λs1, λss , 

and λsn) and a U (1)-soft-breaking term (m2
4). An extensive analy-

sis of the CP-violating version of this potential was presented in 
Ref. [5]. For the CP conserving case, imposing the minimization 
conditions for V results in the following relations:

m2
1 = v2λ1 + u2λss, (4)

m2
3 = −2m2

4 + 2u2λs1 + v2λss. (5)

Since we are considering a CP-invariant potential, the CP-even 
(real) and CP-odd (imaginary) components of the mass matrix do 
not mix. Thus, the mass matrix for the real components in the ba-
sis (φ0, H, s1) is given by:

M2
S =

⎛
⎝ λ1 v 0 λssuv

0 1
2 (−m2

3 + λ+v2 + λsnu2) 0
λssuv 0 2λs1u2

⎞
⎠ , (6)

where λ+ = λ3 + λ4 + λ5.
On the other hand, the mass matrix for imaginary components, 

in the basis (Gz, A, p1), reads:

M2
P =

⎛
⎝ 0 0 0

0 1
2 (−m2

3 + λ−v2 + λsnu2) 0
0 0 2m2

3

⎞
⎠ , (7)

where: λ− = λ3 + λ4 − λ5.
The neutral state H(A) arising from the inert doublet does not 
mix with φ0 nor s1 (p1), and the only massive charged state comes 
from the dark doublet, with M2

H+ = 1
2 (−m2

3 + λ3 v2 + λsnu2).
The real components of the Higgs (φ0) and Higgs-flavon fields 

(s1) do mix, and the mass eigenstates are obtained through the 
standard 2 × 2 rotation:

φ0 = cosαh + sinαH F ,

s1 = − sinαh + cosαH F . (8)

The mass eigenstates are h, which corresponds to the SM-like 
Higgs boson, with mh = 125 GeV, whereas H F and A F are the 
heaviest states. The properties of H F will depend on the proper-
ties of the SM Higgs boson due to the mixing. A F does not couple 
to the gauge bosons, but it does to the SM fermions, including both 
FC and FV interactions.

In the forthcoming analysis of the Higgs decays we will use the 
trilinear vertex H F hh, which is given by:

gH F hh = 1

2

[
λss(u cos3 α + v sin3 α) + 2u sin2 α cosα(3λs1 − λss)

+ v sinα cos2 α(3λ1 − 2λss)
]

� 1

2
λssu ≡ λu. (9)

The FN Lagrangian, which includes the terms that become 
Yukawa couplings after the U (1) flavor symmetry is spontaneously 
broken, is given by:

LY = ρu
i j

(
S F

	F

)nij

Q̄ id j�̃ + ρd
i j

(
S F

	F

)pij

Q̄ iu j�

+ ρl
i j

(
S F

	F

)qij

L̄il j� + H.c. (10)

where nij , pij , and qij denote the combination of Abelian charges 
for each fermion type. The Higgs-flavon field S F is assumed to 
have flavor charge equal to −1, such that LY is U (1)F -invariant. 
Then, the Yukawa couplings arise after the spontaneous break-
ing of the flavor symmetry, i.e. λx ∼ (<S F >

	F
)nx , where < S F >

denotes the Higgs-flavon vacuum expectation value, while 	F de-
notes the heavy mass scale, which represents the mass of heavy 
fields that transmit such symmetry breaking to the quarks and lep-
tons. For specific structures of Yukawa matrices for each fermion 
type, see [9].

In the mass eigenstate basis we have the following Lagrangian 
for the Higgs-fermion couplings

LY = 1

v
[Ū Mu U + D̄Md D + L̄Ml L](cαh + sα H F )

+ v√
2u

[Ū i Z̃ u U j + D̄i Z̃d D j

+ L̄i Z̃ l L j](−sαh + cα H F + i A F ). (11)

Here, the information about the size of FV Higgs couplings is con-
tained in the Z̃ f matrices. Thus, the (diagonal and non-diagonal) 
interactions of the scalar bosons (h, H F , A F ) to the fermions f i are:

( f̄ i f ih) = cα

v
M̄ f

ii − sα v√
2u

Z̃ f
ii

( f̄ i f jh) = − sα v√
2u
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( f̄ i f i H F ) = sα
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M̄ f
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2u
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ii
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2u

Z̃ f
i j
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5 (12)
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Table 1
Heavy quarks in the minimal FN mechanism.

Type SU (3)c SU (2)L U (1)Y N f

P ( P̄ ) 3 2 1
6 3 (3)

U (Ū ) 3 1 2
3 3 (3)

D (D̄) 3 1 - 1
3 3 (3)

Besides the Yukawa couplings, we also need to specify the 
Higgs couplings to the vector bosons, which we write as ghi V V =
χ

hi
V gSM

hV V , with the factor χhi
V given as: χh

V = cosα and χ H F
V = sinα. 

Moreover, since the Higgs couplings to the first generation fermions 
are highly suppressed, in order to study the FV Higgs couplings, 
which depends on the Z̃ f matrices, we will consider a 2nd–3rd 
family sub-system. Namely, for up quarks the Z̃ u matrix (in mass 
eigenstate basis), is given by:

Z̃ u =
(

Y u
22 Y u

23
Y u

23 2su Y u
23

)
, (13)

and similarly for down quarks and leptons. We find a relation 
among the parameters, such that we can express the ρu,d

i j coef-
ficients in terms of ratios of masses and the CKM angle V cb � s23. 
Namely, we define: ru = mc/mt , rd = ms/mb , ru

1 = Y u
22/Y u

33, and 
ru

2 = Y u
23/Y u

33. Similarly rd
1 = Y d

22/Y d
33 and rd

2 = Y d
23/Y d

33. Within this 
approximation we have: Ỹ f

33 � Y f
33 for f = u, d. Then, r f

1 = r f + r f
2 , 

and the ratios of Yukawa couplings must satisfy the following re-
lation:

ru
2 = rd

2
1 + rd

1 + ru
− s23

1 + ru
. (14)

Finally, it is worth mentioning that the FN mechanism can be 
ultraviolet (UV) completed via the introduction of heavy mirror 
fermions. The exact content depends on the specific model, as well 
as the desired Yukawa matrix. In general, one needs to introduce 
vector-like quarks, with the quantum numbers shown in Table 1. 
As will be discussed below, extra heavy vector-like quarks would 
be necessary to reproduce the signal for the 750 GeV resonance 
hinted at the LHC.

3. Scenarios for the Higgs-flavon couplings

We now turn to discuss the formula necessary to express all 
the relevant Higgs-flavon couplings, which will allow us to define 
some benchmark points:

1. FC Higgs couplings. Firstly, we will use LHC data to derive 
bounds on the Higgs-flavon couplings, following the analysis pre-
sented in Ref. [11]. The deviation from the SM Higgs couplings are 
assured to be small and are expressed as: gh X X = gsm

h X X (1 + εX ). 
The results obtained in [11] give the following allowed ranges with 
95% C.L.: εt = −0.21 ± 0.23, εb = −0.19 ± 0.3, and ετ = 0 ± 0.18; 
while for the W and Z gauge bosons it is found εW = −0.15 ±0.14
and εZ = −0.01 ± 0.13.

We will use the strongest constraints, which come from a com-
bination of εZ and εt , in such a way that the resulting constraint 
on the mixing angle is 0.86 < cosα < 1.0.

2. FV Higgs couplings to up-type quarks. As far as the couplings 
with up-type quarks are concerned, we will follow the method 
outlined in Ref. [9]. Namely, we will consider the following sam-
ple values: r2

d = 0.05, 0.1, and 0.3. Table 2 shows the values of the 
entries for the up-type quark Z̃ u matrix in the 2nd–3rd family 
scenario. We choose to focus on the up-quark sector because we 
want to obtain an estimate for the most relevant predictions of the 
model.
Table 2
Relevant elements of the matrix Z̃ u

i j for up-type quarks.

Scenario Z̃ u
33 Z̃ u

23 Z̃ u
22

X1 4 × 10−4 2 × 10−2 2 × 10−4

X2 1.4 × 10−2 1.2 × 10−1 7.2 × 10−3

X3 0.27 0.52 0.14

Fig. 1. Contour plot for the branching ratio of the flavor violating decay of the SM 
Higgs boson h → μ̄τ in the u − Z̃23 plane. For the parameter values we use sα = 0.4
and Z̃33 = 0.15.

3. LFV Higgs couplings. These couplings are written in terms 
of the parameters ρi j , which appear in the charged lepton mass 
matrix, and are of the order of O (1). Namely,

Z̃ l
33 = 2

√
2

mτ

v
� 1.95 × 10−2,

Z̃ l
23 = 4λ4ρl

23 � 10−2ρl
23,

Z̃ l
22 = 4.1 × 10−2ρl

23 + 2.41 × 10−3. (15)

We will consider values of ρl
23 = 0.25, 0.75.

An interesting probe of FV Higgs couplings is provided by the 
decay h → μ̄τ , which was initially studied in Refs. [12,13]. Sub-
sequent studies on the detectability of the signal appeared soon 
after [14–16]. Precise loop calculations with massive neutrinos, 
SUSY and other models were worked out in [17–20]. A search 
for this decay at the LHC Run I [21] observed a slight excess 
of signal events with a significance of 2.4 standard deviations. 
Several works appeared trying to explain that result [22]. How-
ever a recent report [23] rules out any excess and sets the limit 
B R(h → μ̄τ ) < 1.2 × 10−2 with 95% C.L. Such a bound is very 
loose and irrespectively of the dismissal of the excess, the search 
for LFV Higgs decays represents a great opportunity to find new 
physics at the LHC Run II. We show in Fig. 1 the contour plot 
for the branching ratio of the SM Higgs boson decay h → μ̄τ in 
the u − Z̃23 plane, with sα = 0.4 and Z̃33 = 0.15. We observe that 
values as large as 10−2 can be reached for u around 500 GeV 
and Z̃23 = 0.02. An improvement of the experimental limit on the 
h → μ̄τ would put strong constraints on the parameter values.

4. Higgs-flavon decay modes

The calculation of the two-body tree-level decays is straightfor-
ward and so is that of the two-body one-loop decays. To illustrate 
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Fig. 2. Branching ratios for the relevant decays of the Higgs-flavon state H F as func-
tions of MH F for the indicated set of parameter values.

the behavior of the Higgs-flavon decays we will consider two sce-
narios of interest, namely, a middle and a tiny value of the mixing 
angle sα . We first consider the following set of parameter values: 
sα = 0.4, u = 500 GeV, λ = 0.1, Z̃33 = 0.15, and Z̃23 = 0.01. The 
relevant branching ratios of the Higgs-flavon decays, as functions 
of the Higgs-flavon mass MH F , are shown in Fig. 2. We observe 
that in this scenario the decay modes H F → W W , and H F → Z Z
are the dominant ones, with branching ratios of the order of 0.7 
and 0.35, respectively. These decay channels remain the dominant 
ones even after the threshold of the H F → tt̄ decay, which in turn 
can reach a branching ratio of around 0.2 at most. We also notice 
that the decay H → hh could reach a branching ratio of the order 
of ten percent approximately, although such a value is highly de-
pendent on the value of the λ parameter. Such a branching ratio 
would open up the possibility for the search of this decay mode 
at LHC13. As far as the one-loop induced decays are concerned, 
they are very suppressed. In particular, the branching ratio of the 
H F → γ γ decay shows a large dip around 600 GeV, where it is 
negligible. For the parameter values used, the flavor changing de-
cays H F → μ̄τ and H F → c̄t can reach branching ratios of the 
order of 10−3–10−4 for a Higgs-flavon with intermediate mass.

We now turn to analyze the scenario with very small sα , 
namely, we take sα = 0.01 and use the same values as above 
for all the remaining parameters. The branching ratios for the 
decays of the Higgs-flavon change are shown in Fig. 3 as func-
tions of the Higgs-flavon mass. As expected due to the depen-
dence of the Higgs-flavon couplings on sα , there is a notorious 
change in the behavior of the decay widths. For an intermediate 
mass, the dominant decay channels are still those into a gauge 
boson pair, but the H F → hh decay becomes the dominant one 
after it is open and until the threshold of the H F → t̄t decay is 
reached. For a heavier Higgs-flavon, the H F → t̄t becomes domi-
nant, which is due to the extra term proportional to cα appearing 
in the associated coupling constant. The one-loop induced de-
cays have an enhanced branching fraction, but the H F → γ γ and 
H F → Zγ channels are still very suppressed. For a lower value 
of sα the H F → W W and H F → Z Z decay widths, though non-
vanishing, will become considerably suppressed, which means that 
the H F → gg and H F → t̄t channels would become the dominant 
ones, with the decay H F → γ γ having an enhanced branching ra-
tio. All other Higgs-flavon decays to light fermions would have 
a negligibly branching ratio. We will analyze below the scenario 
in which extra vector-like fermions from the UV completion of 
the Higgs-flavon model contribute at the one-loop level to the 
H F → gg and H F → γ γ decays. This could result in a significant 
change in the behavior of the Higgs-flavon decays.

It is worth analyzing more detailed the H F → hh decay. Fig. 4
shows that in the region of the parameter space enclosed by 
Fig. 3. Branching ratios for the relevant decays of the Higgs-flavon state H F as func-
tions of MH F for the indicated set of parameter values.

Fig. 4. Contour plot for the H F → hh branching ratio in the u − MH F plane. For the 
parameter values we use sα = 0.4, λ = 0.1, Z̃33 = 0.15 and Z̃23 = 0.01.

500 GeV < u < 3000 GeV and 250 GeV < MH F < 1000 GeV, the 
branching fraction B R(H F → hh) can be of the order of about 0.01, 
which seems amenable to be searched for at the LHC13.

5. The Higgs-flavon as the 750 GeV diphoton resonance

Besides extending the limits on new physics scale, the ATLAS 
and CMS collaborations have reported preliminary evidences for a 
new resonance at 750 GeV in the two-photon channel, which could 
come from either a new spin-0 or spin-2 particle. We will explore 
the possibility that such a resonance could be identified with the 
Higgs-flavon field H F . By studying the decays of this Higgs-flavon, 
we can identify the regions of the parameter space that would ac-
commodate the new 750 GeV signal. A summary of the profile of 
diphoton resonance at 750 GeV, shows the following:

1. ATLAS excess of about 14 events (with selection effi-
ciency 0.4) appears in at least two energy bins, suggesting a width 
of about 45 GeV (i.e. /M � 0.06). The best CMS fit has a narrow 
width, while assuming a large width (/M � 0.06) decreases the 
significance, which corresponds to a cross section of about 6 fb.

2. The anomalous events are not accompanied by significant 
missing energy, nor leptons or jets. No resonances at invariant 
mass 750 GeV are seen in the new data in Z Z , W +W − , or 
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j j events, and no γ γ resonances were seen in Run 1 data at √
s = 8 TeV, although both CMS and ATLAS data showed a mild 

upward fluctuation at mγ γ = 750 GeV. The data at 
√

s = 8 TeV
and 13 TeV are compatible at 2 σ if the signal cross section grows 
by at least a factor of 5.

3. For a spin-0 resonance produced from gluon fusion and de-
caying mainly into two photons, the signal rate is reproduced for

R g
 = γγ gg

MM
� 1.1 × 10−6 

M
� 6 × 10−8, (16)

with M the scalar boson mass.

4. When the resonance S is produced from bottom quark anni-
hilation, the signal is reproduced for

Rb
 = γγ bb

MM
� 1.9 × 10−4 

M
� 1.1 × 10−5. (17)

5. The combined data from ATLAS and CMS at 
√

s = 8 and√
s = 13 TeV result in the following production cross section for 

the diphoton channel

σ(pp → S → γ γ ) = 6.6 ± 1.3 fb. (18)

At the LHC the Higgs-flavon would be mainly produced via 
gluon fusion mediated by the triangle diagram carrying SM quarks, 
as shown in Fig. 5. The dominant contribution would arise from 
the top quark. We will consider that there are also contributions 
coming from the heavy vector-like quarks predicted by the UV 
completion of the Higgs-flavon model. Apart from reproducing the 
experimental data for the diphoton decay width at 

√
s = 13 TeV, 

the Higgs-flavon also must satisfy the experimental bounds set by 
the ATLAS and CMS collaborations (see Table 3) on the 

√
s = 8 TeV

cross section for the production of a scalar resonance decaying into 
gauge boson pairs, gluon pairs, etc. We will thus examine whether 
there is a region of the parameter space of the Higgs-flavon model 
that is in accordance with experimental data. A quick glance at 
Figs. 2 and 3 allows us to conclude that the following conditions 
are to be fulfilled: a very small sα to achieve small H F → W W
and H F → Z Z branching ratios, negligible FV couplings in order 
to suppress the tree-level decays H F → μ̄τ and H F → c̄t , and an 
increase of the Higgs-flavon diphoton production. The latter can 
only be achieved through an enhancement of the H F → γ γ de-
cay width along with an increase of the gluon fusion production 
mode, which requires the introduction of additional loop contri-
butions from charged/colored particles. Since the contribution of a 
singly charged scalar is rather suppressed, an enhancement of the 
H F → γ γ decay can be achieved with the addition of extra vector-
like fermions, which can also enhance the H F → gg partial width, 
so a pp → H F → γ γ cross section of the order of 1–10 fb can be 
reached at 

√
s = 13 TeV. Vector-like fermions are required to not 

to spoil the constraints on electroweak precision data. Within the 
context of our model these heavy quanta could be naturally identi-
fied with the heavy vector-like fermions that would arise from the 
UV completion of the FN mechanism.

A detailed discussion of the FN UV completion is beyond the 
purpose of this letter and we refrain the interested reader to [33]
and References therein. No matter the details of the specific vector-
like fermion model, for the purpose of our analysis is enough to 
consider an scenario with N degenerate vector-like quarks with 
the following effective interaction to the Higgs-flavon

L = i
C Q mQ

v
Q̄ Q H F , (19)

where C Q stand for the coupling constant that can be known 
once a specific model is considered. There are models that also 
Table 3
Experimental upper limits imposed by the CMS and ATLAS collaborations on the 
pp → S → X cross section at √s = 8 TeV with 95 % C.L. for a scalar resonance S
with a mass of 750 GeV.

X CMS bound [fb] ATLAS bound [fb]

W W 220 [24] 38 [25]
Z Z 27 [24] 12 [26]
t̄t 600 [27] 700 [28]
hh 52 [29] 35 [30]
gg 1800 [31] –
Zγ – 6 [32]
γ γ 1.3 [2] 10 [1]

Fig. 5. Feynman diagram for the leading order contribution to Higgs-flavon produc-
tion via gluon fusion. In the loop can circulate a SM quark (q) or a new vector like 
quark (Q ) of the UV completion of the Higgs-flavon model. A similar diagram in-
duces the H F → γ γ decay except that we need to include contributions from all 
other electrically charged particles.

predict vector-like leptons but they do not yield the necessary en-
hancement to the pp → H F → γ γ cross section to reproduce the 
observed signal and will not be considered here. As for the cou-
plings of the vector-like quarks to the SM gauge bosons, they can 
be written as:

L = eqQ Q̄ γ μ Q Aμ + gs Q̄ γ μ Q Gμ + g

cW
Q̄ γ μ(T3 − s2

W Q )Q Zμ.

(20)

So, the calculation of the fermion loop of Fig. 5 proceeds as usual. 
The result for the two-photon decay width, including contributions 
of charged fermions and the W gauge boson can be written as

(H F → γ γ ) = α2m3
H F

1024π3m2
W

∣∣∣∣∣∣
∑

s= f ,W ±
AH F γ γ

s (τs)

∣∣∣∣∣∣
2

, (21)

where τs = 4m2
s /m2

H F
and

AH F γ γ
s (x) =

⎧⎪⎪⎨
⎪⎪⎩

−∑
f

2mW gH F f̄ f Nc Q 2
f

m f
[2x(1 + (1 − x) f (x))] s = f ,

gH F W W

mW
[2 + 3x + 3x(2 − x) f (x)] s = W ,

(22)

with gH F f̄ f and gH F W W the respective coupling constants and

f (x) =

⎧⎪⎨
⎪⎩

[
arcsin

(
1√

x

)]2
x ≥ 1,

− 1
4

[
log

(
1+√

1−x
1−√

1−x

)
− iπ

]2
x < 1.

(23)

The contributions of a singly charged scalar boson is subdominant 
and can be neglected. For a heavy Higgs-flavon, the main contribu-
tion arises from the heaviest charged fermion. As for the H F → gg
decay, the respective decay width can be obtained from (21) by 
taking the quark contribution only and making the replacements 
α → αs and N Q 2 → √

2 [34]. Next-to-leading order contributions 
f
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Fig. 6. Area allowed in the C Q vs sα plane by the LHC constraints on the √s = 8 TeV pp → H F → X production cross section mediated by a 750 GeV Higgs-flavon for the 
indicated set of parameter values. We consider the addition of 3 vector-like quarks with mass mQ = 1000 GeV and charge 2/3 (left plot) and 5/3 (right plot). The area below 
each curve is the one allowed by the particular production mode at √s = 8 TeV (see Table 3) and the dark area represents the region where the √s = 13 TeV pp → H F → γ γ
cross section lies between 6.6 ± 1.3 fb.
have also been calculated and the results are summarized for in-
stance in Ref. [34]. The production cross section of a scalar reso-
nance decaying into the X channel is given by

σ(pp → H F → X) = σ(pp → H F )G F B R(H F → X), (24)

where σ(pp → H F )G F is the cross section for the production of a 
scalar resonance via gluon fusion at the LHC [34].

We will now consider a scenario with 3 degenerate vector-like 
charge 2/3 quarks Q (they can be introduced in the model as 
SU (2) singlets as shown in Table 1) and find the region in the 
C Q vs sα plane consistent with the LHC Run I bounds on the pro-
duction cross section of a scalar resonance decaying into a final 
state X , as shown in Table 3, for the following set of parameter 
values: u = 500 GeV, Z̃33 = 0.2, λ = 0.001, and Z̃23 = 0.001. It 
means that we are assuming that the H F → hh, H F → μ̄τ , and 
H F → c̄t decay channels have a negligible decay width. For the 
mass of the vector-like quarks we use mQ = 1000 GeV to fulfill the 
current experimental bounds. The results are shown in the left plot 
of Fig. 6, where the area below each curve is consistent with the 
LHC Run I data for the production cross section σ(pp → H F → X)

and the dark area is the one in which the diphoton cross section 
σ(pp → H F → γ γ ) lies between 6.3 ± 1.3 fb, thereby reproduc-
ing the observed diphoton anomaly. It is important to notice that 
we choose to use the strongest constraints of Table 3. To estimate 
the production cross section we implemented a code with the for-
mulas for the decay widths of a scalar Higgs boson as well as the 
gluon fusion cross section [34] and used the CT10 gluon parton 
distributions [35]. We note that the experimental data on the Z Z
and gg final states provides strong constraints on the Higgs-flavon 
couplings but there is a surviving tiny area in which the Higgs-
flavon model can reproduce the experimental data on the diphoton 
resonance while still being consistent with the experimental con-
straints on the pp → S → X production cross section. For (sα, C Q )

values lying inside the allowed area, the dominant decay modes 
are H F → gg and H F → t̄t . If a larger number of vector-like charge 
2/3 quarks are considered, the allowed area will shift downwards 
and lower C Q values will be allowed. While a large number of 
vector-like charge −1/3 quarks would be required to reproduce 
the diphoton signal, there is also the possibility of vector-like 
quarks of exotic charge. We consider an scenario with 3 vector-like 
charge 5/3 quarks, which can be introduced in a hypercharge 7/6
SU (2) doublet and will be accompanied by a vector-like charge 
2/3 quark. We take mQ = 1000 GeV and show the resulting con-
straints in the right plot of Fig. 6. In this scenario the allowed 
region not only has shifted downwards but also has shrunk consid-
erably. It is worth mentioning that the experimental limits on the 
b̄b, hh and Zγ final states provide no useful constraints. Also the 
Higgs-flavon decays into light quarks H F → q̄q pose no problem 
to satisfy the LHC dijet constraints as the corresponding coupling 
constants are proportional to sα and thus yield a negligible decay 
rate for very small sα . Furthermore, these vector-like quarks would 
not produce dangerous effects on the loop induced SM Higgs cou-
plings if there is a small mixing of the Higgs-flavon with the SM 
Higgs boson.

We now fix the mixing angle sα to the tiny value 0.001 and 
find the allowed region in the C Q vs Z̃33 plane. The results are 
shown in the left and right plots of Fig. 7 for the parameter val-
ues of the scenarios of Fig. 6. In this case the diboson channels 
H F → W W and H F → Z Z are considerably suppressed and the gg
and t̄t final states are the only ones that provide useful constraints. 
Furthermore, in this scenario the Higgs-flavon decay width is com-
pletely dominated by the H F → gg and H F → t̄t decay widths.

For typical values of parameter values lying inside the allowed 
area the total decay width of the Higgs-flavon is of order a few GeV 
at most. This seems to be in contradiction with the ATLAS data, 
which point to a large decay width of about 45 GeV. However, the 
CMS data hint to a narrow resonance with a decay width of a few 
GeVs. It is expected that these estimates change considerably once 
more data are available, provided that the diphoton resonance is 
confirmed. In such a case, a more detailed analysis of the scenario 
posed by the Higgs-flavon model would be in order.

6. Conclusions and outlook

In this work, we have studied a model including one Higgs dou-
blet that participates in the spontaneous symmetry breaking and 
an extra inert doublet, which contains a DM candidate, together 
with a FN scalar field. We have found that this model allows for 
an interesting phenomenology to be searched for at the LHC. For 
instance, mixing of the Higgs doublets with a Higgs-flavon field H F
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Fig. 7. The same as in Fig. 6, but for the area allowed in the C Q vs Z̃33 plane.
is included, which generates the Yukawa hierarchies and might in-
duce flavor violating Higgs couplings at non-negligible rates. Con-
straints on these couplings, derived from the Higgs searches at the 
LHC, and their implications for scalar anomalies were studied. It 
was found that this model allows for a region of the parameter 
space where a branching ratio of the SM Higgs decay h → μ̄τ can 
be at the level of the current experimental bound. We examined 
the possibility that the scalar Higgs-flavon H F could be identified 
with the 750 GeV scalar resonance preliminarily observed at the 
LHC13 in the two-photon final state, and found the allowed area 
of the parameter space consistent with the ATLAS and CMS con-
straints on the rate of the 

√
s = 8 TeV pp → S → X production 

cross section for a 750 GeV scalar resonance decaying into weak 
gauge bosons, gluons, and top quark pairs. In order to reproduce 
the diphoton signal, the parameter space of the model must be 
tightly constrained, though a tiny area consistent with the exper-
imental data still would survive. Furthermore, in this scenario the 
total decay width of the Higgs-flavon would be of the order of 
a few GeVs, as preferred by the CMS data, and decays channels 
such as H F → hh and H F → μ̄τ would be highly suppressed, with 
branching ratios below the 10−6 level. Another possibility is that 
a pseudoscalar Higgs-flavon A F predicted by the model could be 
identified with the 750 GeV resonance, but the analysis and con-
clusions would be rather similar. A definitive conclusion could be 
drawn once more data are available. We also examined another
scenario in which the Higgs-flavon is not necessarily identified 
with the 750 GeV resonance. In this case there is an area of the 
parameter space in which it is feasible that the decay H F → hh
could have a significant branching ratio, which would open up the 
possibility for its study at the LHC. A more lengthy and detailed 
study of the phenomenology of this model will be published else-
where.
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