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Abstract

We propose that the extension of the Standard Model by typical vector-like SU(2)L doublet fermions and 
non-singlet scalar field can account for the observed 750 GeV diphoton excess in experimentally allowed 
parameter space. Such an idea can be realized in a typical topflavor seesaw model where the new resonance 
X is identified as a CP-even or CP-odd scalar emerging from a certain bi-doublet Higgs field, and it can 
couple rather strongly to photons and gluons through mediators such as vector-like fermions, scalars as 
well as gauge bosons predicted by the model. Numerical analysis indicates that the model can predict the 
central value of the diphoton excess without contradicting any constraints from 8 TeV LHC. Among all the 
constraints, the tightest one comes from the Zγ channel with σZγ

8 TeV � 3.6 fb, which requires σγγ
13 TeV � 6 fb

in most of the favored parameter space. Theoretical issues such as vacuum stability and Landau pole are 
also addressed.
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1. Introduction

Recently in the searches for new physics at the LHC Run-II with 
√

s = 13 TeV and 3 fb−1

integrated data, both the ATLAS and CMS Collaborations reported a diphoton excess with an 
invariant mass around 750 GeV [1,2]. Combined with the 8 TeV data, the favored rate of the 
excess is given by

σ 750 GeV
γ γ = (4.4 ± 1.1) fb (1.1)

in the narrow width approximation [3]. Although the local significances are not very high, which 
are only 3.9σ for ATLAS data and 2.6σ for CMS data, this excess is widely regarded as a hint 
of new physics beyond the Standard Model (SM).

Such an excess was explained in various models [3–15], and the gluon fusion process gg →
X → γ γ was usually considered as the source of the excess, where X denotes an assumed 
scalar particle with its mass around 750 GeV. According to these studies, the interactions of 
X with the SM particles other than gluons and photons should be significantly weaker than 
those of the Higgs boson in the SM, and consequently the rates of the X-mediated processes 
pp → X → ZZ, W+W−, hh, f f̄ are suppressed so that no significant excess of these channels 
was observed at the LHC Run-I [13]. Besides, X should interact with new charged and colored 
particles to induce the effective Xγγ and Xgg couplings through their loop effects. In order 
to explain the excess in an elegant way, the new particles should be light, and meanwhile their 
interactions with X must be moderately strong.

Among the new physics models employed to interpret the excess, the minimal theoretical 
framework is the extension of the SM by one gauge singlet scalar field and vector-like (colored 
as well as SU(2)L singlet) fermions [4]. This framework has been extensively discussed since 
it provides a very simple but meanwhile feasible explanation of the excess. However, as pointed 
out in [14], in order to account for the excess the needed Yukawa couplings of the fermions are 
usually large so that the electroweak vacuum state of the scalar potential becomes unstable at 
a certain energy scale, which implies that other new physics must intervene. This motivates us 
to go beyond the minimal framework. To accomplish this task, one may change the transform 
properties of the vector-fermions and/or the scalar under the SM gauge group. For example, 
one may choose the fermions to be SU(2)L doublets instead of singlet, and/or the scalar to be 
non-singlet of the SU(2)L. Contrary to naive expectations, these choices are still allowed by 
the LHC constraints on WW and ZZ channels. One may also change the interaction of X with 
the fermions. To be more specific, for the interaction λF XF̄F with F denoting a vector-like 
fermion, its contribution to the Xγγ coupling is determined by the ratio λF

MF
under the condition 

4M2
F � (750 GeV)2. If this interaction is also responsible for the fermion masses, one can get 

λF

MF
≡ 1

v
, where v is the vacuum expectation value (VEV) of X, and it also represents the scale of 

new particle in the theory. So in order to get an appropriate contribution to the excess, the value 
of v should be as low as possible, which makes the theory readily tested at the LHC. On the other 
hand, if the fermion acquires its mass in a complicated way, e.g. by typical seesaw mechanism, 
an effective negative contribution to the fermion mass can be generated. As a result, λF and MF

can become uncorrelated and their ratio may be much larger than 1/v. In this case, a large v
can still provide a sizable contribution to diphoton excess, and the resulting effective theory at 
the TeV scale contains only the scalar X and the fermions, which is quite similar to the minimal 
model.

In this work, we propose a model that incorporates the essential features of the two types 
of extensions. We are motivated by top-specific models, such as the top condensation models 
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[16,17] and the top seesaw model [18,19], and assume that the third generation fermions in the 
SM undergo a different SU(2) weak interaction from the first two generation fermions [20,21]. 
At the same time, we introduce new vector-like fermions and split their masses by seesaw mech-
anism. In this way, the particle X is identified as a CP-even or CP-odd scalar emerging from a 
bi-doublet Higgs, which triggers the breaking of the two SU(2) gauge symmetry into the SM 
SU(2)L symmetry, and its interaction with photons is induced by relevant fermions, scalars as 
well as gauge bosons predicted by the model. We emphasize that in such an explanation, the 
resonance X is naturally embedded in a scalar sector which is responsible for both the symmetry 
breaking and generating the masses of the new particles, and the popular seesaw mechanism for 
fermion sector is utilized to recover the minimal framework at TeV scale for the diphoton excess. 
Moreover, the stability of the vacuum in the theory can be improved in comparison with the min-
imal framework. So our explanation is physical and meanwhile economical in model building. 
We also emphasize that our model is somewhat similar to the topflavor seesaw model proposed 
in [22], so we dub it hereafter the topflavor seesaw model.

This paper is organized as follows. In section 2, we introduce the structure of the typical top 
flavor seesaw model, and list its particle spectrum. In section 3, we choose benchmark scenarios 
to study the diphoton excess. Subsequently we draw conclusions in section 4. We also present 
more details of our model in the Appendix.

2. The framework of the topflavor seesaw model

In this section, we recapitulate the structure of the typical topflavor seesaw model. This model 
is based on the gauge symmetry group SU(3)c ×SU(2)1 ×SU(2)2 ×U(1)Y , where the third gen-
eration fermions transform non-trivially under the SU(2)2 group, while the first two generation 
fermions transform by the SU(2)1 group. The breaking of the gauge group into the electromag-
netic group U(1)Q is a two-stage mechanism: firstly the SU(2)1 ×SU(2)2 ×U(1)Y group breaks 
down into SU(2)L ×U(1)Y group at the TeV scale, and subsequently the SU(2)L ×U(1)Y sym-
metry breaks down into the U(1)Q at the electorweak scale. These breakdown processes can be 
accomplished by introducing two Higgs doublets and one bi-doublet Higgs with the following 
SU(3)c × SU(2)1 × SU(2)2 × U(1)Y quantum numbers

H1 ∼ ( 1, 2, 1)−1/2 , H2 ∼ ( 1, 1, 2)−1/2 , � ∼ ( 1, 2, 2)0. (2.1)

In this model, we also introduce following vector-like quarks and leptons to couple with the 
bi-doublet Higgs �

VL ≡ (T ,B)L ∼ (3,2,1)1/6 , VR ≡ (T ,B)R ∼ (3,1,2)1/6 ,

V ′
R ≡ (T̃ , B̃)R ∼ (3,2,1)1/6 , V ′

L ≡ (T̃ , B̃)L ∼ (3,1,2)1/6 ,

ṼL ≡ (N ,E)L ∼ (1,2,1)−1/2 , ṼR ≡ (N ,E)R ∼ (1,1,2)−1/2 ,

Ṽ ′
R ≡ (Ñ , Ẽ)R ∼ (1,2,1)−1/2 , Ṽ ′

L ≡ (Ñ , Ẽ)L ∼ (1,1,2)−1/2 , (2.2)

and write down their mass terms as follows

−L ⊇ MH V̄LV ′
R + MH V̄RV ′

L + V̄L (λV �)VR + V̄ ′
L (λV �)V ′

R + (V,V′ → Ṽ, Ṽ′) + h.c.,

where the dimensionful coefficient MH may have a dynamical origin or just be imposed by hand, 
and its sign may be either positive or negative. In this work, we set it to be positive, and this choice 
does not affect our interpretation of the diphoton excess. With the vector-like extensions, we find 
that anomaly cancelation holds in our model.
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With the above field assignments, the remaining Lagrangian is given by

L ⊇ Lkin +LQ +LL − V (�) − V (H1,H2) , (2.3)

−LQ ⊇ Q̄3,L

(
H2yt tR + iτ2H

∗
2 ybbR

) + V̄L

(
H1yT tR + iτ2H

∗
1 yBbR

) + mV,QQ̄3,LVR

+ V̄ ′
L

(
H2y

′
T tR + iτ2H

∗
2 y′

BbR

)
+

2∑
i,j=1

Q̄i,L

[
H1(yu)ij uj,R + iτ2H

∗
1 (yd)ij dj,R

] + h.c. ,

−LL ⊇ L̄3,L

(
H2yντ ντ,R + iτ2H

∗
2 yτ τR

) + ¯̃
VL

(
H1yNντ,R + iτ2H

∗
1 yEτR

) +mV,LL̄3,LṼR

+ ¯̃
V ′

L

(
H2y

′
Nντ,R + iτ2H

∗
2 y′

EτR

)
+

2∑
i,j=1

L̄i,L

[
H1(yν)ij νj,R + iτ2H

∗
1 (yl)ij ej,R

] + h.c. ,

where V (�) represents the potential of the field �, V (H1, H2) corresponds to the potential of a 
general two Higgs doublet model, yα with α = t, b, · · · and y′

β with β = T , B, N, E are Yukawa 
coupling coefficients, and mV,Q and mV,L are dimensionful parameters. The general form of 
V (�) is given by [23]

V (�) = −μ2
1T r(�†�) − μ2

2

[
T r(�̃�†) + T r(�̃†�)

]
+ λ1

[
T r(�†�)

]2

+ λ2

[
T r(�†�̃)T r(�̃†�)

]
+ λ3

([
T r(�†�̃)

]2 +
[
T r(�̃†�)

]2
)

+ λ4

(
T r(�†�)

[
T r(�̃�†) + T r(�̃†�)

])
(2.4)

with �̃ = σ2�
∗σ2.

About the Lagrangian in Eq. (2.3), three points should be noted. First, just like the Higgs field 
in the SM, the filed � is responsible not only for symmetry breaking, but also for generating 
the masses for the vector-like fermions. We emphasize that we introduce the minimal number 
of the vector-like quark fields to realize the seesaw mechanism for the fermion masses. Second, 
since the field � may have a different dynamical origin from the fields H1 and H2, we neglect 
for simplicity the couplings between � and Hi (i = 1, 2) in writing down the scalar potential. 
These couplings should be small since they can induce the mixings between the Hi fields and �, 
and consequently alter the measured properties of the SM-like Higgs boson. Moreover, if the 
mixings are switched on, the particle X may decay into the SM-like Higgs pair, and the search 
for di-Higgs signal at the LHC Run-I has also required the couplings to be small [13]. Third, the 
third generation fermions in our model can in principle mix with the vector-like quarks. If any 
of the coefficients yβ , y′

β and mV is large, the flavor mixings of the fermions in the model may 
differ greatly from the SM case [22]. Although this situation may still be allowed by the precise 
measurements in flavor physics, we require all the coefficients to be sufficiently small to suppress 
the decay of the particle X into the t t̄ state. We will turn to this issue later.

In the following, we list the spectrum of the particles that we are interested in.
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2.1. Scalar sector

In the topflavor seesaw model, the bi-doublet Higgs field contains 8 real freedoms, and it can 
parameterized by

� = 1√
2

( √
2v + (ρ1 + iη1)

√
2V +

1√
2V −

2

√
2v + ρ2 + iη2

)
, (2.5)

where ρ1 and ρ2 are CP-even fields with 
√

2v being their common vacuum expectation value, 
η1 and η2 are CP-odd fields, and V +

1 and V −
2 denote charged fields. The non-zero v triggers the 

breaking of the group SU(2)1 × SU(2)2 into the diagonal SU(2)L group. In such a process, the 
field combinations η1 − η2 and V +

1 − (V −
2 )∗ act as Goldstone modes, and are absorbed by the 

gauge bosons of the broken symmetry (denoted by SU(2)H hereafter). Their orthogonal combi-
nations correspond to physical charged and CP-odd scalars respectively, which are given by

H+ = 1√
2

[
V +

1 + (V −
2 )∗

]
, (2.6)

A0 = 1√
2

[
η1 + η2

]
. (2.7)

As for the CP-even fields ρ1 and ρ2, they mix to form mass eigenstates h0 and H 0 in following 
way (

h0

H 0

)
= 1√

2

(
1 1

−1 1

)(
ρ1
ρ2

)
. (2.8)

With these physical states, the field � can be reexpressed by

� ≡ 1

2

(
2v + h0 − H 0 + iA0 H+

H− 2v + h0 + H 0 + iA0

)
. (2.9)

This form is helpful to understand our expansion result of the V (�).
From Eq. (2.4), one can get the minimization condition of the potential, 4κv2 = μ2

1 + 2μ2
2

with κ = λ1 +λ2 +2λ3 +2λ4, and the vacuum stability condition κ > 0, 2(λ1 +λ4)v
2 +μ2

2 > 0. 
One can also get the spectrum of the scalars as follows

m2
h0 = μ2

1 + 2μ2
2 = 4κv2, (2.10)

m2
H 0 = 2μ2

2 − μ2
1 + 4(λ1 − λ2 − 2λ3)v

2, (2.11)

m2
A0 = 2μ2

2 − μ2
1 + 4(λ1 + λ2 − 6λ3)v

2, (2.12)

m2
H+ = m2

H 0 . (2.13)

For the potential V (�), one may choose v, mh0 , mH 0 , mA0 , λ4 and x = 2(λ1 − λ2 − 2λ3) as 
independent input parameters, where the parameter x can be used to parameterize the h0H+H−
interaction (see Eq. (A.4)). From above argument, one can conclude that if the parameter λ3 is 
positively large, A0 can be significantly lighter than the other scalars. One can also conclude that 
for positive λ1, λ4 and μ2

2 which can be easily satisfied, the vacuum stability condition becomes 
the requirement κ > 0.

In a similar way, the two Higgs doublets H1 and H2 can be written as

〈Hi〉 =
(

H+
i ,

1√ (vi + H 0
i + iA0

i )

)
(2.14)
2
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with v2
1 + v2

2 ≡ v2
EW and tanβ ≡ v2/v1, and the non-zero vis break the SU(2)L × U(1)Y gauge 

symmetry into the U(1)Q symmetry. In this process, the alignment of the fields H 0
1 and H 0

2
forms a lightest CP-even scalar, which corresponds to the 125 GeV Higgs boson discovered by 
the ATLAS and CMS Collaborations at the LHC [24,25].

In our model, the particle X may be identified as h0 and/or A0. In this case, the Higgs sector 
for the electroweak symmetry breaking acts as a spectator of the excess, and consequently the 
electroweak vacuum is unaffected by the diphoton excess. This is different from the situation of 
the minimal framework discussed in [14]. In the following, we only need to discuss the stability 
of the vacuum for the potential V (�).

2.2. Gauge bosons

In our theory, the covariant derivative that appears in the kinetic term of � is given by

Dμ ≡ ∂μ − iḡ2W
a
1,μ(T a

1 ) + ig̃2W
b
2,μ(T b

2 ) + igY YBμ , (2.15)

where T a
1 and T b

2 with a, b = 1, 2, 3 are the SU(2) generators, Y is the hypercharge generator, 
and ḡ2, g̃2 and gY are gauge coupling coefficients. After the first step symmetry breaking, the 
SU(2)L coupling coefficient g2 is related with ḡ2 and g̃2 by

1

g2
2

= 1

ḡ2
2

+ 1

g̃2
2

, (2.16)

which implies ḡ2 = g2/ cos θ , g̃2 = g2/ sin θ with tan θ ≡ ḡ2/g̃2, and the gauge fields corre-
sponding to the broken generators (usually called flavorons and denoted by F i

μ hereafter) and the 
SU(2)L group (denoted by Wi

μ) are

(
F i

μ

Wi
μ

)
=

(
sin θ cos θ

− cos θ sin θ

)(
Wi

1,μ

Wi
2,μ

)
, (2.17)

with i = ±, 3. At this stage, the fields F±
μ and F 3

μ are degenerated in mass and their common 
squared mass is m2

F i
μ

= (ḡ2
2 + g̃2

2)v2 = 4g2
2v2(csc2 2θ). By contrast all the fields Wi

μ keep mass-

less.
After the second step symmetry breaking, the masses of the fields F±

μ keep unchanged, but 
the field F 3

μ mixes with the other neutral gauge fields to form mass eigenstates. In the basis 
(F 3

μ, W 3
μ, Bμ), the squared mass matrix is given by

h2

4

⎛
⎜⎜⎝

4v2 + s4
θ v2

1 + c4
θ v

2
2 sθ cθ (s

2
θ v2

1 − c2
θ v

2
2) − gY

4h
(s2

θ v2
1 − c2

θ v
2
2)

sθ cθ (s
2
θ v2

1 − c2
θ v

2
2) s2

θ c2
θ v

2
EW − gY

h
sθ cθv

2
EW

− gY

4h
(s2

θ v2
1 − c2

θ v
2
2) − gY

h
sθ cθv

2
EW

g2
Y

h2 v2
EW

⎞
⎟⎟⎠ , (2.18)

where h =
√

ḡ2
2 + g̃2

2 , sθ ≡ sin θ and cθ ≡ cos θ . This matrix can be diagonalized by a rotation 
matrix U to get mass eigenstates (Z′, Z, γ ). Consequently we have

(
Z′ ,Z , γ

) =
(
F 3

μ ,W 3
μ ,Bμ

)
UT . (2.19)
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2.3. Heavy fermions

After the first step gauge symmetry breaking, the mass matrix for the vector-like quarks V
and V ′ is given by

(V̄L , V̄ ′
L)

(
λV v1̂ MH 1̂
MH 1̂ λV v1̂

)(
VR

V ′
R

)
+ h.c., (2.20)

where 1̂ denotes a 2 × 2 unit matrix. The corresponding mass eigenstates are given by the com-
binations

Q1
L,R = 1√

2

(
VL,R − V ′

L,R

) ≡ (T 1,B1)L,R, (2.21)

Q2
L,R = 1√

2

(
VL,R + V ′

L,R

) ≡ (T 2,B2)L,R, (2.22)

and their masses are MT 1 = MB1 = λV v − MH and MT 2 = MB2 = λV v + MH .
In the basis (t, T 1, T 2), the mass matrix of the heavy up-type quarks at the weak scale is 

given by1

(
t̄L T̄ 1

L T̄ 2
L

)
⎛
⎜⎜⎜⎝

ytv2
1√
2
mV

1√
2
mV

1√
2
(yT v1 − y′

T v2) λV v − MH 0

1√
2
(yT v1 + y′

T v2) 0 λV v + MH

⎞
⎟⎟⎟⎠

⎛
⎜⎝

tR

T 1
R

T 2
R

⎞
⎟⎠ . (2.23)

This matrix can be diagonalized to get the mass eigenstates (t1, t2, t3). Since we are interested 
in the case that ytv2, mV , (yT v1 ± y′

T v2) � λV v − MH < λV v + MH , the mass eigenstate t2 is 
dominated by the field T 1 with mt2 
 λV v − MH , and similarly t3 is dominated by the field T 2

with mt3 
 λV v + MH . For this case, we note that the seesaw mechanism is mainly responsible 
for the mass splitting among the vector-like fermions, and it has little to do with top quark mass 
generation. This situation, although we still dub it as the topflavor seesaw model, differs from the 
original one proposed in [22] where the seesaw mechanism was fully responsible for top quark 
mass generation.

About the heavy up-type quarks, two points should be clarified. One is that the mixings be-
tween t and T i can induce h0 t̄1t1 and A0 t̄1t1 interactions with t1 corresponding to top quark 
discovered at Tevatron, and consequently the upper bound on the process pp → X → t t̄ from 
the LHC Run-I data, σ 8 TeV

mX=750 GeV ≤ 450 fb [26], has required the mixings to be moderately 
small in our explanation of the excess. This fact in return implies that the effect of the mixings 
on top quark mass is less important. Numerically speaking, for the typical parameters λV = 4, 
v = 5 TeV and λV V − mH = 1 TeV which are needed to explain the diphoton excess (see fol-
lowing discussion about Fig. 2), we find that top quark mass is predicted to be less than about 
15 GeV if yt or v2 is set zero. So in order to get the right top quark mass, the field H2 has to 
be introduced to generate the bulk of the mass by its Yukawa coupling.2 The other point is that 
in our following discussion of the diphoton excess, we assume for simplicity the mixings to be 

1 In order to simplify our discussion, we do not consider the small mixings between the third generation fermions and 
the first two generations.

2 We remind that due to the transform properties of top quark and H1 under the gauge group, there is no H1t t̄ Yukawa 
coupling in our model.
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sufficiently small so that Br(h0/A0 → gg) � Br(h0/A0 → t t̄ ). In this case, the contribution of 
h0/A0 → t1 t̄1 to the total width of h0/A0 can be safely neglected. We remind that even though 
the mixings are small, they are still able to induce the prompt decays of t2,3 like t2,3 → Wb, t1Z, 
and the LHC searches for vector-like fermions have required mt2,3 � 800 GeV [27].

In a similar way, one can discuss the characters of the down-type quarks and leptons. A minor 
difference from the heavy up-type quarks comes from the fact that the seesaw mechanism may 
be fully responsible for bottom or τ mass after considering the relevant constraints from the LHC 
Run-I. So it is fair to say that in our model, the seesaw mechanism is responsible not only for 
potentially large mass splitting among the vector-like fermions, but also for the partial or full 
mass generation for the third family fermions.

3. The diphoton excess

If the diphoton excess observed by both ATLAS and CMS Collaborations is initiated by gluon 
fusion, its production rate can be written as [13,28]

σ
γγ

13 TeV(pp → γ γ ) =
∑

i

σ
γ γ

13 TeV(pp → φi → γ γ )

=
∑

i

�φi→gg

�SM
H→gg

|mH 
750 GeV × σSM√
s=13 TeV(H) × Br(φi → γ γ ), (3.1)

where φi may be h0 and/or A0 in our model, H denotes the Higgs boson in the SM satisfying 
mH = 750 GeV, �φi→gg and �SM

H→gg = 6.22 × 10−2 GeV are the widths of φi → gg and H →
gg respectively, and σSM√

s=13 TeV
(H) = 735 fb represents the NNLO H production rate at the 

13 TeV LHC [29]. As pointed out in [3], after combining the diphoton data at the 13 TeV LHC 
with those at the 8 TeV LHC, the preferred rate for the excess at the 13 TeV LHC is

σ
γγ

13 TeV(pp → γ γ ) = (4.6 ± 1.2) fb. (3.2)

This rate can be translated into the requirement∑
i

�φi→gg

�φi,tot

× �φi→γ γ = (3.9 ± 1.0) × 10−4 GeV, (3.3)

where �φi,tot denotes the total width of φi , and in our model it is given by

�φi,tot = �φi→gg + �φi→γ γ + �φi→Zγ + �φi→W+W− + �φi→ZZ. (3.4)

In the appendix of this work, we present the calculation of the partial widthes appeared on 
the right side of Eq. (3.4), and the final results are summarized in Eq. (B.9) for φi = h0 case 
after neglecting W and Z masses. From the formulae in Eq. (B.9), one can infer that if these 
decays are induced mainly by the vector-like fermions (which is the case in our model to explain 
the excess, see discussion below), the decay mode φi → gg will be dominant. Eq. (3.3) is then 
approximated by∑

i

�φi→γ γ 
 (3.9 ± 1.0) × 10−4 GeV. (3.5)

In our discussion, we will use this approximation to estimate the favored parameter space for 
the diphoton excess. The formulae in Eq. (B.9) also indicate that the branching ratios for the 
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decays φi → W+W−, ZZ, Zγ are usually at least several times larger than that of φi → γ γ . As 
a result, the φi production can also generate sizable W+W−, ZZ and Zγ signals. Considering 
that the LHC Run I has imposed upper bounds on these channels, which are given by [13]

σ8 TeV(pp → X → Zγ ) ≤ 3.6 fb, σ8 TeV(pp → X → ZZ) ≤ 12 fb,

σ8 TeV(pp → X → W+W−) ≤ 37 fb, σ8 TeV(pp → X → gg) ≤ 1.8 pb, (3.6)

for mX = 750 GeV, we will use these channels to constrain the parameter space of our model.
In the following, we interpret the diphoton excess by taking either mh0 
 750 GeV or mA0 


750 GeV. We also briefly discuss the case that both h0 and A0 contribute to the excess.

3.1. h0 acting as the 750 GeV resonance state

In this case, the flavorons, the vector-like fermions as well as the scalar H+ contribute to the 
h0γ γ interaction through their loop effects. From the formulae in Eq. (B.9), one can learn that 
the involved parameters for the diphoton signal are

• the parameters in the scalar sector, which are mh0 = 750 GeV, v, x and mH+ = mH 0 .
• the parameter tan θ in the gauge sector, which determines the flavoron masses.
• the parameters in the fermion sector, which are λV and mH used to determine the fermion 

masses and their Yukawa couplings.

In order to illustrate our explanation of the excess in a concise way, we assume that the intermedi-
ate particles in the loops are significantly heavier than h0. Then by using Eq. (B.4) and Eq. (B.9), 
one can simplify Eq. (3.5) as follows

|−7

v
+ 8

3
(

λV

λV v − mH

+ λV

λV v + mH

)
4

3
+ x

3v
| 
 20.7 ± 2.8

TeV
. (3.7)

This equation reveals the following information

• The contribution from the flavorons interferes destructively with the fermion contribution. 
While for the scalar contribution, it may interfere either constructively (for x > 0) or de-
structively (for x < 0) with the fermion contribution.

• If mH 
 0, the contribution from each of the vector-like fermions is usually significantly 
smaller than the vector boson contribution, but the total fermion contribution in our model 
can cancel strongly with the vector contribution regardless the value of λV . On the other 
hand, if mH is sufficiently large so that λV v − mH � λV v or equally speaking λV /(λV v −
mH ) � 1/v, the fermion contribution may be dominant. This guides us to obtain the solution 
for the diphoton excess.

• For x ∼ 1, the scalar contribution is very small in comparison with the other contributions. 
However, if |x| � 1 which is somewhat unnatural but still possible by tuning μ2

1 and μ2
2 to 

get m2
H+ in Eq. (2.13), the scalar contribution can be important.

• For a large v, the contributions from the flavorons and the scalar H+ decrease quickly since 
they are proportional to 1/v2. By contrast, if one keeps the lighter vector-like fermions at 
TeV scale by requiring (λV v − mH ) ∼ 1 TeV, the vector-like fermion contribution can still 
be sizable even for a very large v. In this case, the effective theory of our model at TeV scale 
is quite similar to the minimal model mentioned in section 1.
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Fig. 1. Favored parameter space on the λV − v planes for the diphoton excess with different choices of x, which parame-
terizes the h0H+H− and h0H 0H 0 couplings. The regions shaded by the blue color are able to explain the excess at 2σ

level, and by contrast the regions covered by straw color are excluded by the upper bounds on Zγ signal at the LHC Run I. 
The blue lines correspond to σγγ

13 TeV = 4.4 fb, which is the central value for the diphoton excess, and the red lines, brown 
yellow lines and pink lines are the boundary lines of the Zγ , W+W− and ZZ signals at the 8 TeV LHC respectively. 
In getting this figure, we fix the masses of the lighter vector-like fermions at 1 TeV (i.e. mF1 = λV v − mH = 1 TeV), 
mH+ = m

H0 = v, and assume that only h0 is responsible for the excess. In this case, the effective theory of our model at 
1 TeV contains only the vector-like fermions and h0 for a sufficiently large v. Note that the Yukawa coupling coefficient 
for the h0F̄F interaction is λV /2, instead of λV . (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

• For v = 10 TeV, λV − mH = 1 TeV and x = 0, one can estimate by Eq. (3.7) that λV 

6.3 ±0.9 can explain the diphoton excess at 1σ level. The corresponding Yukawa coefficient 
for the h0 t̄2t2 interaction is about 3.1 ± 0.4, which is roughly 3 times the top quark Yukawa 
coupling. It is quite large, but still below the perturbative bound 

√
4π .

Throughout our discussion in this work, we fix tanθ = 1, mH+ = mH 0 = v, and λV v −mH =
1 TeV. In studying the h0 explanation of the excess, we fix mh0 = 750 GeV, and vary λV and v
to get the favored parameter region with x = 0, 20, 30, 40 at each time. The contours of σZγ

8 TeV =
3.6 fb, σZZ

8 TeV = 12 fb and σWW ∗
8 TeV = 37 fb in the λv − v plane are also plotted. The corresponding 

results are shown in Fig. 1, where the upper panels are for the results with x = 0, 20 respectively 
and the lower panels correspond to the results with x = 30, 40 respectively. From this figure, one 
can get following conclusions
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Fig. 2. Same as Fig. 1, but for the case that only A0 is responsible for the diphoton excess.

• The topflavor seesaw model can explain the diphoton excess without conflicting with the 
constraints from the data at the LHC Run I, and the central value of the excess can be ob-
tained even for v ∼ 10 TeV.

• Given a sufficiently large v, e.g. v � 6 TeV, λV 
 6 is needed to predict the central value of 
the excess. In this case, the corresponding h0t̄2t2 Yukawa coupling is about 3.

• For v 
 1 TeV and x = 40, which corresponds to a tuning of 1/x in getting the squared mass 
of H+, λV 
 4 is able to predict the central value of the excess. Especially, we note that λV

as low as 2.5 is capable to explain the excess at 2σ level.
• The LHC data at Run I have imposed rather tight constraints on our model. For the field 

configurations in our theory, the strongest constraint comes from the upper bound on the 
Zγ channel σZγ

8 TeV � 3.6 fb, and it has required σγγ

13 TeV � 6 fb. Alternatively, if one use 

σ
Zγ

8 TeV � 6 fb adopted in [3] as the constraint, we find that σγγ

13 TeV may reach about 10 fb.
• We emphasize that the perturbative bound λV �

√
4π may be stronger than the Zγ channel 

in constraining the parameter space that we are interested in.

3.2. A0 acting as the 750 GeV resonance state

In the case that A0 acts as the 750 GeV resonance state, only the vector-like fermions con-
tribute to the A0γ γ interaction. On condition that the fermions are significantly heavier than 
750 GeV, Eq. (3.5) can be rewritten as

|8

3
(

λV

λV v − mH

+ λV

λV v + mH

) × 2| 
 20.7 ± 2.8

TeV
, (3.8)

where we have used Eq. (B.10) and Eq. (B.12) for the expression of �A0→γ γ . Compared with 
Eq. (3.7) for the mh0 
 750 GeV case, Eq. (3.8) indicates that the A0 explanation usually needs a 
smaller λV for the excess because the involved loop functions satisfy AA

1
2
(τF ) > A 1

2
(τF ) in large 

τF limit, and also because there is no cancelation between the vector boson contribution and the 
fermion contribution.

In Fig. 2, we show the favored parameter space for the excess if only A0 is responsible for 
the diphoton excess. This figure indicates that in order to get the central value of the excess, 
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λV 
 4 is preferred for v ≥ 2 TeV, and among the constraints the tightest one comes from the 
Zγ channel at the LHC Run I, which is quite similar to the h0 explanation.

We emphasize that in the A0 explanation, one may choose a sufficient large κ ≡ λ1 + λ2 +
2λ3 + 2λ4 = m2

h0/v
2 (corresponding to a heavy h0) as an input parameter. In this case, the con-

tributions of the bi-doublet scalar particles to the β functions of the coefficients λis in V (�)

can be positively large to cancel the negative contributions of the vector-like fermions. As a re-
sult, κ > 0 can always be satisfied in the RGE evolution of the λis to guarantee the stability 
of V (�) vacuum.3 By contrast, in the h0 explanation, κ is equal to 7502/v2 and approaches 
zero for a large v. In this case, one must carefully choose the input parameters of the theory 
to keep the vacuum stable in the renormalization group running. Since the vacuum stability of 
V (�) involves many independent parameters such as λi with i = 1, 2, 3, 4 and various Yukawa 
couplings, we do not investigate such an issue in detail. Instead, we consider the Landau pole 
problem related to the Yukawa couplings of the vector-like fermions. In Appendix C we present 
one loop renormalization group equations (RGE) for all the Yukawa couplings in Eq. (2.3). From 
the first four equations of them, we roughly estimate the running of the Yukawa couplings for the 
vector-like fermions by neglecting the contributions from gauge couplings and the other Yukawa 
couplings, and also by assuming y�

V 
 y�
V ′ 
 y�̃

V 
 y�̃
V ′ in the RGE running. We find that for 

λV = 4, v = 5 TeV at the renormalization scale μ = 1 TeV, the Yukawa couplings will not reach 
its Landau pole below the scale 100 TeV.

We also study the case that both h0 and A0 contribute to the diphoton excess. The correspond-
ing favored parameter regions for the excess are shown in Fig. 3. This figure is somewhat similar 
to Fig. 1, and the main difference is that λV usually takes a lower value to predict the central 
value of the excess. The underlying reason is that in explaining the excess, h0 only needs to 
provide a part contribution to the diphoton events since A0 also contributes to the signal. About 
Fig. 1–3, we emphasize that they are obtained by fixing the lighter vector-like fermions at 1 TeV. 
If a lower common mass of the fermions is chosen, a decreased λV is enough to explain the 
excess.

Before we end this section, we point out that there are two ways to test our explanations in 
future LHC experiments. One is that in our explanations, all the decay modes of h0 and A0

proceed through loop effects which are mainly mediated by the vector-like fermions. As a result, 
the rates of these decays are correlated. For example, in the explanation with mA0 
 750 GeV we 
find that �A0→γ γ : �A0→gg : �A0→Zγ : �A0→ZZ : �A0→W+W− 
 1 : 204 : 3.1 : 6.9 : 21.8, and as 
to the h0 explanation, this correlation also holds for the parameter points in the blue lines of Fig. 1
and meanwhile satisfying v � 5 TeV. This fact implies that sizable Zγ , W+W− and ZZ signals 
are companied with the diphoton excess, and looking for them at the future LHC can verify our 

3 Generally speaking, the contributions of scalar particles to the β functions of the quartic couplings λi are positive if 
λi > 0, while those of fermions are negative [30]. In the minimal framework, λF = mF /vS if the interaction λF SF̄F

is fully responsible for mF . The condition of vacuum stability is 4λH λS − λ2
HS

> 0 for the scalar potential V (H, S) =
λH |H |4 + λHS

2 |H |2S2 + λS
4 S4 [14]. To explain the diphoton excess, λS 
 (750 GeV)2/(2v2

S
) with vS determined by 

the diphoton rate and the electric charge of F [14]. The value of λS at the renormalization scale μ 
 750 GeV, which acts 
as the initial input of the RGE, is tightly limited. Especially, it is correlated with λF by λ2

F
/λS 
 2m2

F
/(750 GeV)2 for a 

given mF (note that mF and λF = mF /vS are also the inputs of the RGE running). As a result, the negative contribution 
of λF to the β function always pushes λS to be negative for mF ∼ 1 TeV so that the vacuum becomes unstable [14]. In 
our model, however, λi and λV as the input of the RGEs are independent even though the low energy effective theory is 
similar to the minimal framework, and this brings us more freedom in choosing their values to keep κ > 0 in the RGE 
running.
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Fig. 3. Same as Fig. 1, but for both h0 and A0 responsible for the diphoton excess.

explanation (we note that studies in this direction was recently emphasized in [31]). The other 
way is that in our explanation, the diphoton rate is mainly determined by the rate λV /(λV v−MH )

for a large v, where λV v −MH represents the mass of lighter vector-like fermions. So for λV

2 � 3
which is favored by the perturbativity of the Yukawa couplings, the fermions can not be too 
heavy. As a result, the t2 pair production process at the LHC with t2 → tZ, bW or the b2 pair 
production process with b2 → tW, bZ may be detectable in future new physics searches.

4. Conclusion

In this work, we proposed to interpret the 750 GeV diphoton excess in a typical topflavor 
seesaw model. In our scheme, the new resonance X is identified as a CP-even or CP-odd scalar 
emerging from a certain bi-doublet Higgs field, and it may couple rather strongly with the vector-
like fermions, charged scalars as well as heavy gauge bosons introduced in the model. These new 
particles in return can induce sizable Xγγ and Xgg couplings, which makes it possible for the 
model to explain the diphoton excess in reasonable parameter regions. Numerical analysis indi-
cates that the model can predict the central value of the diphoton excess without contradicting 
any constraints from 8 TeV LHC, and among the constraints, the tightest one comes from the 
upper bound on the Zγ channel, σZγ

8 TeV � 3.6 fb, which requires σγγ

13 TeV � 6 fb in most of 
the favored parameter space. The phenomenology and some theoretical issues such as vacuum 
stability and Landau pole of the involved Yukawa couplings in explaining the excess are also 
addressed.
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We emphasize that there are at least three advantages of our model over the minimal frame-
work in explaining the excess. First, as we mentioned in section 1, the key factor λF /MF for the 
diphoton rate in the minimal model is equal to 1/v. As a result, in order to explain the excess v
should be as low as possible, which implies that the scale of the new physics behind the excess 
is not high. While in our model the factor λF /MF is much larger than 1/v since we propose a 
typical seesaw mechanism to generate an effective negative contribution to MF so that the simple 
relation MF = λF v is unleashed. Consequently a large v is still able to explain the excess. We 
remind that in the minimal model imposing a negative contribution to MF by hand lacks physical 
motivation, and that we introduce the minimal extension of the matter fields to realize the seesaw 
mechanism. Second, in our explanation the resonance X is naturally embedded in a scalar sector 
which, just like the Higgs sector in the SM, is responsible not only for the symmetry breaking, 
but also for generating new particle masses. In the minimal framework, however, the particle X
is imposed by hand. Third, in our model we take the A0 explanation as an example to briefly 
exhibit that the vacuum stability can not be spoiled by the large Yukawa couplings needed for the 
explanation. This, on the other hand, is an important problem of the minimal framework [14].

Note added: When we finished this manuscript at the end of 2015, we noted that some gauge 
group extensions of the SM had been considered to explain the excess [15]. For this type of 
explanations, the 750 GeV resonance comes from the scalar sector responsible for symmetry 
breaking, and is thus well motivated. Our work differs from these works mainly in following three 
aspects. First, previous literatures usually adopted a new U(1) or SU(3)L group to extend the SM 
electroweak sector, while we were motivated by the relatively large masses of the third generation 
fermions in the SM, and took a SU(2)1

⊗
SU(2)2 group. Second, in previous literatures the 

resonance was usually identified as a CP-even scalar which is responsible for the symmetry 
breaking. By contrast, in our explanation the resonance may correspond to a CP-odd scalar. 
Third, we incorporated seesaw mechanism in our model building to split the vector-like fermion 
masses, and consequently the minimal framework can be recovered from our model at the TeV 
scale. While in previous literatures, they simply introduced vector-like fermions to mediate the 
Xγγ and Xgg interactions.

We also noted that, in the very recent Conference “ICHEP 2016”, both ATLAS and CMS 
Collaborations released their new analyses of the diphoton signal based on the combined 13 TeV 
data collected in 2015 and in 2016 [32,33]. These analyses indicate that the significance of the 
excess has reduced to below 2σ . Confronted with such a situation, we have following comments 
on our model:

• Since the updated 95% upper bounds on the diphoton rate are about 1.5 fb for ATLAS 
analysis [32] and 2 fb for CMS analysis [33], the Yukawa coupling λV is no longer needed to 
be large. In this case, our theory becomes more safer from the vacuum stability and Landau 
pole problems, so the validity UV-cutoff of our theory can be extrapolate to much higher 
scale.

• Our model may be used to explain other diphoton excess observed at the LHC. For example, 
a diphoton excess with 2.4σ local significance at mγγ 
 1.6 TeV was recently reported by 
ATLAS Collaboration [32], and another excess was seen at mγγ 
 1.3 TeV with a local 
significance of 2.2σ by CMS Collaboration [33].

• Our model is still an useful attempt to speculate the form of new physics. Especially 
we provided the formulae for the RGE of the Yukawa couplings, and the expressions of 
h0/A0 → V V ′ induced by SU(2) doublet vector-like fermions, which may be adopted by 
others in similar studies.
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Appendix A. The couplings needed in our calculation

In the section, we enumerate the couplings needed in our calculation.

A.1. The couplings of h0 and A0

• The couplings of h0 to gauge bosons.
These interactions come from the kinetic term

L ⊇ T r
[
(Dμ�)†(Dμ�)

]
, (A.1)

and consequently, we have

L ⊇ (h2
1 + h2

2)v

2
(F 3

μFμ3 + 2F+
μ Fμ−)h0. (A.2)

• The couplings of h0/A0 to vector-like quarks.
These couplings are given by

L 
 −λV

2

[
h0(t̄2t2 + t̄3t3 + b̄2b2 + b̄3b3) + H 0(t̄2t3 + t̄3t2 + b̄2b3 + b̄3b2)

]

− λV

2
iA0(t̄2γ5t2 + t̄3γ5t3 + b̄2γ5b2 + b̄3γ5b3). (A.3)

Note that the vector-like leptons have same Yukawa couplings as the quarks, and the coupling 
coefficient of the h0 t̄2t2 interaction is −λV

2 instead of −λV .
• The couplings of h0 to heavy scalars

These couplings originate from the V (�) presented in Eq. (2.4). After tedious expansion of 
the V (�), we find that they take following forms

L ⊇ −2(λ1 − λ2 − 2λ3)vh0(H 0H 0 + 2H+H−)

≡ −x
m2

H+
v

h0(
1

2
H 0H 0 + H+H−), (A.4)

where in the last step we introduce a dimensionless quantity x = 2(λ1 −λ2 − 2λ3) to param-
eterize the interactions. From Eq. (2.13), one can learn that x = 1 if 2μ2

2 = μ2
1, and x > 1

(x < 1) if 2μ2
2 < μ2

1 (2μ2
2 > μ2

1).
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A.2. The couplings of W and Z bosons to the heavy scalars

These couplings originate from the kinetic term in Eq. (A.1), and the terms relevant to our 
discussion are given by

L ⊃ −ig2

[
(∂μH−)W+

μ H 0 − (∂μH 0)W+
μ H− + (∂μH 0)W−

μ H+ − (∂μH+)W−
μ H 0

+ (∂μH−)W 3
μH+ − (∂μH+)W 3

μH−]

+ 1

2
g2

2gμν
[
2(W 3

μW+
ν H 0H− + W 3

μW−
ν H 0H+)

− (W+
μ W+

ν H−H− + W−
μ W−

ν H+H+)

+ 2H+H−(W 3
μW 3

ν + W+
μ W−

ν ) + 2W+
μ W−

ν (H 0)2
]
. (A.5)

The corresponding Feynman rules are

• H−(p1) − H+(p2) − Z0
μ(p3) : −ig2 cos θW (p1 − p2)μ,

• H−(p1) − H+(p2) − Aμ(p3) : −ie(p1 − p2)μ,

• H 0(p1) − H+(p2) − W−
μ (p3) : −ig2(p1 − p2)μ,

• H 0(p1) − H−(p2) − W+
μ (p3) : ig2(p1 − p2)μ,

• H+ − H− − W+
μ − W−

ν : ig2
2gμν ,

• H 0 − H 0 − W+
μ − W−

ν : 2ig2
2gμν ,

• H+ − H− − Zμ − Zν : 2ig2
2 cos2 θWgμν ,

• H+ − H− − Zμ − Aν : 2ig2
2 sin θW cos θWgμν ,

• H+ − H− − Aμ − Aν : 2ie2gμν .

In getting the first four rules, we have defined the direction of the momentum as that pointing to 
the vertex.

A.3. The couplings of W and Z bosons to the heavy fermions

Denoting F to be any of the fermion fields t2, t3, b2, b3, τ2, τ3, ντ2 , ντ3 , we have following 
Feynman rules for W and Z bosons

• Zμ − F − F : −i
g2

cos θW
γμ(T 3

q − Qq sin2 θW ),

• W+
μ − ti − bj : −i

√
2

2 g2δij γμ,

• W+
μ − τi − ντj

: −i
√

2
2 g2δij γμ.

Moreover, we also find that the coupling of the F+F−Z interaction is same as that of the 
W+W−Z interaction in the SM, and the coupling of the F+W−F 3 interaction differs from that 
of the W+W−Z interaction by a factor of 1/ cosθW .
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Appendix B. Useful formulae for calculation

In this section, we list the formulae for the partial widths of h0 and A0, which are used to get 
the diphoton rate.

B.1. Partial widthes of the scalar h0

• The widths of h0 → γ γ, gg are given by

�h0→γ γ = α2m3
h0

1024π3

∣∣∣Ih0

γ γ

∣∣∣2
, �h0→gg = α2

Sm3
h0

32π3

∣∣∣Ih0

gg

∣∣∣2
, (B.1)

where Ih0

γ γ and Ih0

gg parameterize the h0γ γ and h0gg interactions, and their general expres-

sions are4

Ih0

γ γ = gh0V V

m2
V

Nc,V Q2
V A1(τV ) − 2gh0FF

mF

Nc,F Q2
F A1/2(τF ) − gh0SS

m2
S

Nc,SQ2
SA0(τS),

Ih0

gg = 1

2

gh0FF

mF

A1/2

(
4m2

F

m2
S

)
. (B.2)

Here the coefficient gh0PP with P = V, F, S represents the coupling of the h0P ∗P inter-
action with its explicit form given in last section, mP , Nc,P and QP are the mass, color 
number and electric charge of the particle P respectively, and τP = 4m2

P /m2
h0 . The involved 

loop functions are defined by [34]

A1(x) = −[2 + 3x + 3(2x − x2)f (x)] ,

A 1
2
(x) = 2x[1 + (1 − x)f (x)] ,

A0(x) = −x(1 − xf (x)) ,

f (x) = arcsin2
(

1√
x

)
, x ≥ 1, (B.3)

and in the limit x → ∞, we have

A1 → −7, A 1
2

→ 4

3
, A0 → 1

3
. (B.4)

Obviously, the three terms in Ih0

γ γ correspond to the contributions from vector bosons, 
fermions and scalars, respectively. In our model, V = F+

μ , F−
μ , F = t2, t3, b2, b3, τ2, τ3 and 

S = H+, H−.
• The width of h0 → Zγ can be obtained in a similar way to that of h0 → γ γ , and it is given 

by [13]

�h0→Zγ = G2
F m2

Wαm3
h0

64π4

(
1 − m2

Z

m2
h0

)3 ∣∣∣Ih0

Zγ

∣∣∣2
, (B.5)

4 We remind that the signs for the second and third terms in the expression of �
h0→γ γ

are opposite to those in [34]. 
This is due to the sign convention, and it does not affect the results in this work.
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where

Ih0

Zγ = mW

g2
2

[
gh0V V g′

ZV V

m2
V

Nc,V QV A1(τV ) − 2gh0FF g′
ZFF

mF

Nc,F QF A1/2(τF )

− gh0SSg′
ZSS

m2
S

Nc,SQSA0(τS)

]
(B.6)

with g′
ZPP (P = V, F, S) standing for the coefficient of the ZP ∗P interaction. Note that 

in getting this expression, we have neglected the Z boson mass appeared in the loop func-
tions since m2

h0, m
2
P � m2

Z , and consequently the involved loop functions can be greatly 
simplified.

• In the topflavor seesaw model, the decays h0 → ZZ, W+W− are also induced by loop ef-
fects. Their width expressions are slightly complex, but can be obtained in a way similar 
to that of h0 → γ γ if one neglects the vector boson masses appeared in the relevant loop 
functions. Explicitly speaking, we have [13]

�h0→V V ∗ = δV

GF m3
h0

16π
√

2

4m4
V

m4
h0

√
λ(m2

V ,m2
V ;m2
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2 + (p1 · p2)
2

m4
V

)

+ (AV B∗
V + A∗

V BV ) ×
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(p1 · p2)
3

m4
V

− p1 · p2

)

+ BV B∗
V ×

(
m4

V + (p1 · p2)
4

m4
V

− 2(p1 · p2)
2

)]
, (B.7)

where δV = 2(1) for V = W(Z), λ(x, y, z) = ((z − x − y)2 − 4xy)/z2 and p1 · p2 =
1
2

(
m2

h0 − 2m2
V

)
with mV = mW(mZ) for V = W(Z) respectively. The forms of AV and 

BV are

AV = α p1 · p2

4πm2
V δV

mW

g3
2 sin2 θW

×
[

g
h0Ṽ Ṽ

g2
V Ṽ Ṽ ′

m2
V

Nc,V A1(τṼ
)

− 2gh0FF g2
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mF

Nc,F A1/2(τF ) − gh0SSg2
V SS′

m2
S

Nc,SA0(τS)

]
,

BV = − AV

p1 · p2
, (B.8)

where the possible particles in the loops are Ṽ , Ṽ ′ = F+
μ , F 3

μ, F, F ′ = t2, t3, b2, b3, τ2, τ3, 
ντ2 , ντ3 and S, S′ = H+, H 0 respectively.

Since mW and mZ are much smaller than 750 GeV, one can further neglect the W and Z
masses in Eq. (B.5) and Eq. (B.7). In this case, we have

�h0→γ γ 
 α2m3
h0

1024π3
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v
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2
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 α2
s m

3
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3

∣∣∣2λV A 1
2
(τF1) +

2λV A 1
2
(τF2) ∣∣∣2

,

512π λV v − mH λV v + mH
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�h0→Zγ 
 α2m3
h0

512π3

1

sin2 θW
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v
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�h0→ZZ 
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512π3
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(B.9)

where we have defined

τF1 = 4(λV v − mH )2

m2
h0

, τF2 = 4(λV v + mH )2

m2
h0

, τV =
4m2

Fμ

m2
h0

, τS = 4m2
H+

m2
h0

,

∑
F

NF
ZZ ≡

[
3
(1

2
− 2

3
sin2 θW

)2 + 3
(−1

2
+ 1

3
sin2 θW

)2 + (−1

2
+ sin2 θW

)2 + 1

4

]
,

θW is the weak mixing angle and x is introduced in Eq. (A.4) to parameterize the h0H+H− and 
h0H 0H 0 couplings.

B.2. Partial widthes of the pseudo scalar A0

Different from the h0 case, only the vector-like fermions contribute to the decay A0 → V V ′. 
As a result, the expression of �A0→V V ∗ can be obtained from that of �h0→V V ∗ by following 
replacement:

mh0 → mA0 , A 1
2
(τF ) → AA

1
2
(τF ), A1(τV ) → 0, A0(τS) → 0, (B.10)

where the loop function AA
1
2
(τF ) is defined by

AA
1
2
(x) = 2xf (x) . (B.11)

In the limit x → ∞, AA
1
2

has following property

AA
1
2

→ 2. (B.12)

Appendix C. One loop RGE for Yukawa couplings

In this section, we present the one loop RGE running for all Yukawa couplings in Eq. (2.3)
and gauge couplings g3, ḡ2, g̃2 and g1, which correspond to the groups SU(3)c, SU(2)1, SU(2)2
and U(1)Y respectively.

The RGEs of the Yukawa couplings are given by



466 J. Cao et al. / Nuclear Physics B 911 (2016) 447–470
4π2 dy�
V

y�
V dt

= 1

2

[
(yT )2 + (yB)2

]
+ 7

2
(y�

V )2 + 1

2

[
3(y�

V ′)2 + (y�

Ṽ
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Ṽ
dt

= 1

2

[
(yN)2 + (yE)2

]
+ 5

2
(y�

Ṽ
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Ṽ
)2

]

−
(

9

4
ḡ2
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, (C.1)

where y�
V is the coupling coefficient for the V̄L�VR interactions, and y�

V ′ , y�

Ṽ
and y�

Ṽ ′ have 
similar definitions.

Above the vector-like fermion threshold, which is assumed to be λV v in this work, the β
functions of gauge couplings are given by

4π2 d

dt
g3 = −13

3
g3

3 , 4π2 d
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2
ḡ3

2

4π2 d

dt
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6
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15
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1 , (C.2)

with the standard normalization g2
1 = 3g2

Y /5. Below the threshold, the β functions of the gauge 
couplings are given by

4π2 d

dt
g3 = −7g3

3 , 4π2 d

dt
g2 = −3g3

2 , 4π2 d

dt
g1 = 7g3

1 , (C.3)

with g2 denoting the coupling of SU(2)L.
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