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Recent results from the experimental collaborations at LHC give hints of a resonance in the diphoton
channel at an invariant mass of 750 GeV. We show that such a scalar resonance would be possible in an
Uð1Þ extension of the standard model where the extended symmetry is hidden and yet to be discovered. We
explore the possibilities of accommodating this excess by introducing a minimal extension to the matter
content and highlight the parameter space that can accommodate the observed diphoton resonance in the
model. The model also predicts new interesting signals that may be observed at the current LHC run.
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I. INTRODUCTION

Recent results from the ATLAS and CMS Collaborations
have shown the data from LHC run II with center of mass
energy

ffiffiffi
s

p ¼ 13 TeV [1,2]. Interestingly, the ATLAS data
shows an excess in the diphoton channel with 3.2 fb−1 data
giving about 14 events (with selection efficiency 0.4 [3]) at
an invariant mass of ∼750 GeV. The local significance is
slightly northward of 3.5σ. On a lesser significance of
about 2.6σ, a similar feature is exhibited by the CMS data
with integrated luminosity of 2.6 fb−1, giving about 10
events, peaked at an invariant mass of 760 GeV. The above
rates with aforementioned efficiency correspond to a rough
order of magnitude cross section of ∼10 fb for the
pp → X → γγ. Although this can be a mere fluctuation
in the early observations of the data at the upgraded energy
run of LHC, the fact that both the collaborations observe it
makes it an intriguing prospect for new physics signals.
This naturally has led to a plethora of ideas explaining the
excess [3–86].
In this work we show that a simple extension to the

standard model (SM) gauge symmetry with a minimal set
of new particles can easily accommodate the excess with-
out invoking a large enough scale for new physics. In
addition the model predicts some interesting signals that
could show up as more data is accumulated in the run II of
LHC. We consider an extra hidden Uð1Þ symmetry [87] in
which all the SM particles are neutral. Only new exotic
quarks, and an electroweak (EW) singlet Higgs boson can
couple to this extra Uð1Þ gauge boson and the Uð1Þ
symmetry is broken at the EW scale by the vacuum
expectation value (VEV) of the EW singlet Higgs boson.
In addition to this we extend the spectrum further by
introducing an extra scalar which is a singlet under SM as
well as the extra Uð1Þ symmetry [88]. We show that this
scalar can be easily used to accommodate the observed

diphoton excess with all particles of the model having
masses within the TeV scale. In addition, we highlight new
exotic decay modes of the vectorlike quark in the model
that could give interesting signals at the LHC as well as a
light sub-TeV Z0 not constrained by existing experimental
constraints.

II. MODEL

The gauge symmetry in our model [87] is the usual SM:
SUð3ÞC × SUð2ÞL ×Uð1ÞY supplemented by an extra
Uð1Þ symmetry, which we call Uð1ÞX. We introduce two
exotic quarks xqL and xqR which are color triplets but
singlets under the SUð2ÞL gauge symmetry. They carry
charge under the Uð1ÞY which decides whether they mix
with the up-type or down-type SM quarks. We denote the
gauge boson for the Uð1ÞX by Z0. We introduce a
complex Higgs field S1 which acquires a VEV v1 and
breaks the Uð1ÞX. Therefore this scalar is a color and
EW singlet, and has a charge q0 under the Uð1ÞX.
We also introduce a real scalar S2 which is a singlet under
SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞX.
The EW gauge interaction Lagrangian for the exotic xq

quark is given by

L ¼ xqiDxq ð1Þ

where the covariant derivative is defined as

Dμ ¼ ∂μ − i
g0

2
YBμ − igXYXZ0

μ; ð2Þ

and YX is the charge of the matter field under the new gauge
group Uð1ÞX while Z0 represents the new gauge boson.
The scalar potential, with the usual SM Higgs doubletH,

and two new scalars, namely, the EW singlet S1 and the real
singlet S2, is given by
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VðH;S1;S2Þ¼−μ2HðH†HÞ−μ2S1ðS†1S1Þ−μ2S2S
2
2

þλHðH†HÞ2þλHS1ðH†HÞðS†1S1ÞþλS1ðS†1S1Þ2
þλS2S

4
2þλHS2ðH†HÞS22þλS1S2ðS†1S1ÞS22

þσ1S32þσ2ðH†HÞS2þσ3ðS†1S1ÞS2 ð3Þ

where the parameters μH; μS1 ; μS2 ; σ1; σ2, and σ3 have mass
dimensions while λH; λHS1 ; λS1 ; λS2 ; λHS2 , and λS1S2 are real
dimensionless couplings. The EW symmetry is sponta-
neously broken when the neutral component of the Higgs
doublet H gets a VEV while the additional Uð1Þ symmetry
gets broken through the VEV of S1. Then, in the unitary
gauge, we can write the H; S1, and S2 fields as

H¼ 1ffiffiffi
2

p
�

0

vhþH

�
; S1¼

1ffiffiffi
2

p ðv1þS1Þ; S2¼ v2þS2

ð4Þ

where vh; v1, and v2 are VEVs of corresponding scalar
fields while H;S1, and S2 are the physical scalars in the
gauge basis. Note that the terms in the above scalar
potential with coefficients (λHS1 ; λHS2 ; λS1S2 ; σ2, and σ3)
lead to a mixing between the three physical neutral scalars
in the gauge basis, which we then choose to call h; hs, and s
in the mass basis, once the fields have acquired the VEV.
We discuss the minimization conditions on the scalar
potential, including constraints on the various coupling
parameters (μi; λi; σi) and the corresponding mass matrix
relevant for this work in the Appendix.
After the neutral scalar fields have acquired VEVs, the

SM gauge bosons (Z;W�) get mass through the symmetry
breaking via hHi ¼ vh=

ffiffiffi
2

p
∼ vEW and the Z0 gets mass via

hS1i ¼ v1=
ffiffiffi
2

p
. We can also write a mass term for the

vectorlike quark,

Lmass ¼ MxxqLxqR: ð5Þ

Note that the new exotic vectorlike quark xq has color,
hypercharge, and an extra Uð1ÞX interaction, but no
SUð2ÞL interaction. Since this new xq quark is vectorlike
with respect to both Uð1ÞY as well as Uð1ÞX, the model is
anomaly free. Without any other interaction, the xq quark
will be stable. As none of the SM particles are charged
under the newUð1ÞX symmetry, the new symmetry remains
hidden from the SM, provided the gauge-kinetic-mixing
terms are strongly suppressed. However, its gauge quantum
numbers allow flavor changing Yukawa interactions with
the SM quarks via the singlet Higgs boson S1.

LYextra
¼ YxqxqLqiRS1 þ H:c: ð6Þ

where qiR can be either the up-type or down-type quarks
depending on the hypercharge we assign to xq for the above

Lagrangian to be hypercharge singlet. We consider only
mixing with the third generation quarks such that the
hypercharge of both xqL and xqR must be equal to that of
either tR or bR. This also requires that the Uð1ÞX charge
(YX) for the exotic quark xq must satisfy YX ¼ q0. Such a
term in the Lagrangian leads to mixing between the top
(bottom) quark with the new exotic vectorlike quark xq,
giving rise to EW decay modes for the heavy quark. In
addition we can also write interaction terms for the new
scalar S2 with the xq given by

L ¼ −fXxqxqS2: ð7Þ
Note that the vectorlike quark gets a bare mass as well as a
mass from its Yukawa interaction with the singlet Higgs S2,
once S2 gets a VEV. Note that using the above Lagrangian,
the mass eigenstates from the mixing matrix for the q and
xq [where q ¼ tðbÞ and xq ¼ xtðxbÞ] along with their left
and right mixing angles (θL; θR) can be determined using
biunitary transformations.
Expressing the gauge eigenstates for the mixing quarks

as q0 and xq0, the mass matrix in the (q0; xq0) basis is
given by

M ¼
�

yqvh=
ffiffiffi
2

p
0

Yxqv1=
ffiffiffi
2

p
Mxq

�
; ð8Þ

where yq is the usual Yukawa coupling of the SM quark
with the Higgs doublet H while Mxq ¼ Mx − fXv2. This
matrix can be diagonalized with a biunitary transformation
Mdiag ¼ OLMO†

R, where OL and OR are unitary matrices
which rotate the left-chiral and right-chiral gauge eigen-
states to the mass eigenstates respectively. The interaction
of the physical mass eigenstates (q; xq) can then be
obtained by writing the gauge basis states as

q0i ¼ qi cosθi þ xqi sinθi; xq0i ¼ −qi sinθi þ xqi cosθi;

ð9Þ

while the rotation matrices Oi are given by

Ri ¼
�

cos θi sin θi
− sin θi cos θi

�
; where i ¼ L;R: ð10Þ

The corresponding mixing angles for the left- and right-
handed fields follow from diagonalizing the matrices
MM† and M†M.
For our purposes, we can safely assume the mixings to

be very small. However, it must be noted that such mixing,
although small, would still ensure that the vectorlike quarks
decay to SM quarks and bosons, i.e., xq → q0W; qZ; qh. As
the mixing angles θL and θR are constrained1 by

1A detailed description on vectorlike quarks and mixing can be
found in Ref. [89].
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observables involving t, b quarks, in interactions within the
SM as well as the entries in the Cabibbo-Kobayashi-
Maskawa matrix, the small values would help in avoiding
any such constraints easily. We also note that the model has
three neutral scalars which also mix when H; S1, and S2
acquire VEVs. We must make the 125 GeV Higgs [90,91]
to be SM-like and therefore dominantly the doublet
component which therefore is unaffected in its properties
by the presence of the exotic quark and scalar singlets. We,
however, can try and allow significant mixing amongst the
singlet scalars (see the Appendix). For simplicity we shall
restrict our choice of the parameter space in the model, such
that the mixing angles remain small.
A few comments are in order here:
(i) A quick look at the scalar potential [Eq. (3)] tells us

that the mixing between the singlets and the doublet
is related once the minimization conditions are
imposed, as discussed in the Appendix.

(ii) One must also note that when the real singlet S2 does
not get a VEV, it is not possible to make the singlet-
doublet (H − S2) mixing vanishingly small while
making the two singlets (S1 − S2) mix substantially,
as the mixing terms in the off-diagonal entries in the
mass-squared matrix (M2

13;M
2
23) in Eq. (A3) are of

equal strength [by Eq. (A1) as v2 ¼ 0 and vh ∼ v1],
written in the (H;S1;S2) basis. Note that H − S1

mixing is independent of this and can be made
negligibly small.

(iii) One can therefore achieve almost minimal mixing of
the doublet with singlets while large mixing between
the two singlets, once S2 gets a VEV.

III. ANALYSIS

Thus, in our framework, we consider the most simplified
scenario where the xq≡ xt has the same hypercharge as tR
and therefore mixes with the top quark. Note that although
the mixing angles (θL; θR) can be arbitrary and small, it
ensures a mixing which shall make the xt decay. Again,
small mixings, if allowed in the scalar sector betweenH; S1
and S2, also ensure that xt, which had a dominant coupling
with S2, now also couples to the different scalar mass
eigenstates (h, s, and hs). Here the h is identified to be the
SM-like Higgs boson. Therefore the vectorlike quark
(VLQ) can decay through several modes if kinematically
allowed.
We must point out that the new Uð1Þ gauge boson mass

is given by MZ0 ¼ gXq0v1 where v1 is the VEV of S1 that
breaks Uð1ÞX and q0 is the Uð1ÞX quantum number of S1.
Since this Z0 only couples to top quarks, it is not possible to
produce this directly at colliders and therefore existing
bounds on such a Z0 are very weak. The possible produc-
tion channels for such a top-phillic Z0 would be via
associated production with tt̄, and xtx̄t or it can have
loop-induced productions:

pp → tt̄Z0; xtxtZ0; Z0 þ jðloopÞ: ð11Þ

Note that in the absence of any kinetic mixing of the new
Uð1Þ with SM Z, the Z0 will have a four-body decay

Z0 → bWþb̄W−

when 2mb þ 2mW < mZ0 < mt þmb þmW , while Z0 will
have the three-body decays

Z0 → tb̄W−; t̄bWþ

when mt þmb þmW < mZ0 < 2mt. A detailed phenom-
enological account of such a top-phillic Z0 can be found in
Refs. [92,93]. Note that in our model, the Z0 has an
additional mode of production which may become signifi-
cant for lighter VLQ masses as well as the strength of the
Uð1ÞX gauge coupling, gX. So the Z0 can be much lighter
than the heavier scalar mass eigenstates s and hs as well as
the VLQ. Thus xt can have quite a few possible decay
products through the channels:

xt → bWþ; th; tZ; ts; ths; tZ0 ð12Þ

provided the mass states of s; hs; Z0 are lighter than xt. The
additional decay modes would lead to new signals for the
VLQ which can be produced at the LHC through strong
interactions. As the existing bounds on such VLQ rely on
its decay via bWþ; th; tZ modes only [94,95], the addi-
tional decay modes are expected to dilute the existing
bounds on their mass and therefore one can have signifi-
cantly lighter toplike VLQ still allowed by the experimental
data. Signals for a VLQ with new decay modes to light
neutral scalar have been considered before, for example in
Ref. [88]. However, as we want to scan over the VLQ mass
to fit the diphoton excess, there would be regions of
parameter space where the VLQ becomes lighter than
some of the above mentioned states, namely, hs; s, or Z0
which would disallow its decay to them. Since we set the
mass of s to be 750 GeV, lighter xq can still decay through
the remaining channels listed in Eq. (12). A much detail
analysis of the VLQ and Z0 signal at LHC in this model,
which is interesting in itself is planned as future work.
For our current analysis, we shall consider the spectrum

where s is dominantly composed of S2 with a mass of
around 750 GeV. Just like the VLQ, the scalar s can also
decay via new channels other than a pair of SM particles
including the Higgs boson (h). Namely, the new modes can
be summarized as

s → Z0Z0; hshs; xtt̄; txt; hhs; ð13Þ

again the decay being possible, depending on the mass of
the decay products. The important thing to note here is
that s would decay to gluon pair as well as diphoton via
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one-loop diagrams very similar to the SM Higgs boson,
with the dominant contribution coming from xt in the loop
(since S2 couples to xt directly with a coupling strength fX,
which can be large). Thus, the production of this 750 GeV
scalar is determined by the mass of xt and the size of the
coupling strength fX. The other decay channels for s can
help in increasing the decay width of the resonance.2 The
loop-induced decay of the s to the massless gauge boson
pairs gg is given by the effective Lagrangian

LsGG ¼ −λsggsGμνGμν ð14Þ

where λsgg ¼ αsfXF1=2ðτxqÞ=ð16πMxqÞ. We choose the
definition of the loop function F1=2ðτxqÞ as given in
Ref. [96]. We neglect the mixing effects here which can
be justified by assuming that they are small enough to be
negligible for the production rates but relevant to ensure the
new decay modes for s and xq. However, as the new decay
modes can reduce the branching fractions of the s → γγ, in
order to fit the excess data, the mixings would be con-
strained to a great extent. For example,

(i) As the s → Z0Z0; hhs; hshs decays happen when
S1 − S2 mix, this mixing has to be taken small
when the above decays are kinematically allowed for
lighter Z0; hs so as not to suppress the diphoton
mode significantly. In the current analysis we shall
assume this mixing to be suppressed. Note that
s → hh is disallowed by our choice of negligible
mixing of the singlet scalars with the doublet Higgs
as discussed in the Appendix.

We use the above interaction to calculate the production
rates for the scalar s at the LHC run II and show the
dependence of the cross section on the mass Mxq normal-
ized to the coupling fX. To do this we have implemented
the effective vertex given by Eq. (14) in the event generator
CalcHEP [97] and also include running of the strong
coupling constant αs calculated at ms ¼ 750 GeV in our
estimates. The rates for the process shown in Fig. 1 is then
simply given by the product of the production rate
multiplied to the diphoton branching fraction which is
naively α2em=α2sðmsÞ≲ 0.7% at most if no additional decay
modes of s are present.
In Fig. 2 we plot the leading-order (LO) production cross

section for s with mass ms ¼ 750 GeV through the gluon-
gluon fusion at the LHC with

ffiffiffi
s

p ¼ 13 TeV as a function
of the VLQ mass (Mxq). The cross sections are shown to be
normalized with the coupling strength squared given by f2X.

We find that with only a single VLQ and without including
any QCD corrections to the production, the production is as
large as 46 fb forMxq ¼ 500 GeV and drops to about 10 fb
whenMxq ¼ 1 TeV with fX ¼ 1. We also find that with xt,
the branching fraction for s → γγ is about 0.6% which falls
dramatically down to 0.04% if the VLQ is xb [due to the
additional suppression from electric charge ðQ2

d=Q
2
uÞ2 ≡

1=16 to the partial width] for all values of Mxq. Note that
the production cross section for the s is independent of this
choice and therefore, quite clearly xt helps in enhancing the
diphoton rates compared to xb. Assuming that fX ≃ ffiffiffiffiffiffi

4π
p

is
taken at its perturbative limit, the production rates for s are
enhanced by a factor of ∼12.57 which means that a
resonant diphoton cross section with the toplike VLQ
can be ≃10 fb with Mxt ≃ 375 GeV while achieving it
with the bottom type VLQ will be clearly impossible. Of
course one must note here that the QCD K factors for the
gg → s production should not be very different from that of
the SMHiggs. Including the QCD corrections can therefore
simply double the production cross section (KNNLO ≃ 2),
thus pushing the upper limit on Mxq to about 450 GeV to
get ∼10 fb diphoton rate. For values of the VLQ mass less

FIG. 1. Feynman diagram representing the diphoton resonant
production through the scalar s at LHC.

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

σ(
gg

→
 s

) /
 f X

2  (
fb

)

Mxq (GeV)

FIG. 2. The on-shell production cross section of s through
gluon-gluon fusion at LHC with

ffiffiffi
s

p ¼ 13 TeV as a function of
the VLQ mass (Mxq). Note that we have normalized the cross
section with the coupling strength squared (f2X).

2Awider resonance can also be realized (∼45 GeV) with both
physical singlet masses ðms;mhsÞ being close to around
∼750 GeV and separated by a small mass splitting. As both
can contribute to the diphoton final state signal, it would be
possible to explain the large width observed by the experimental
collaborations without each scalar resonance being very wide
itself.
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than ms=2, the tree-level decay mode, s → x̄qxq opens up.
This would completely dominate over all other decay
channels making it practically impossible to fit the dipho-
ton excess. Thus, Mxq > ms=2 provides a lower bound to
our choice of the VLQ mass. Quite clearly, one must resort
to nonperturbative coupling strengths fX for heavier VLQ
mass to get the required cross section in the diphoton
channel when including a single VLQ in the particle
spectrum.
We, however, must point out that adding more gener-

ations of xq can easily alleviate this tension on the mass of
the VLQ and the coupling fX. Working within a single
generation of VLQ, one can also include the bottom-like
partner (xb) with the same Uð1ÞX charge as the top partner
(xt) as the minimal matter content in the model. This
actually helps in increasing the production cross section by
a factor of 4, assuming Mxb ¼ Mxt and fxb ¼ fxt.
However, the s → γγ branching in this case drops to
0.25% which still effectively gives an enhancement of
about 5=3 to the diphoton rates. This rate can be further
enhanced by adding much lighter and less constrained
vectorlike charged leptons (xτ) that could enhance the
photon branching significantly, thus easing the tension on
the VLQ masses. In fact we find that for a single xτ with
mass of about 400 GeV, the s → γγ branching fraction
peaks and goes up by a factor of ∼9 to about 4.5%,
provided fxτ ∼ 3, while fxq ¼ 1 andMxq ¼ 600 GeV. This
would satisfy the 10 fb limit for the diphoton cross section
with just xt as the VLQ with Mxt ≃ 775ð1050Þ GeV
without (with) K factors, thus easily meeting the current
limits on the VLQ mass. Notably, adding more vectorlike
particles charged under the Uð1ÞX gauge symmetry also
enriches the Z0 phenomenology of the model with addi-
tional production and decay channels. We leave these
interesting possibilities to be taken up in a future work.
To show the relative dependence of including different

set of vectorlike fermions in the particle spectrum, we plot
the LO cross section of the diphoton signal at LHC withffiffiffi
s

p ¼ 13 TeV in Fig. 3 as a function of the vectorlike
fermion mass while keeping their Yukawa couplings with
the singlet s to be equal (fX ¼ 1), which essentially
represents the normalization condition (1=f2X) that we have
put for the cross section. The Mxq has been varied between
400–1500 GeV. We can see that with just xb, it would be
hard to achieve the observed diphoton signal. However, in
all other scenarios, it is quite easy to observe a signal of
1–10 fb for the diphoton rate with perturbative values for
fX. As observed earlier, the inclusion of a vectorlike
charged lepton with Mxτ ¼ 400 GeV allows the required
signal rate, where VLQ masses are as high as 1.5 TeV. Note
that a wide range of coupling and mass for the VLQ can
easily accommodate the observed resonant signal. To
summarize the plots, we note that the limit is around
700 GeV in the only toplike case. If both toplike and
bottomlike VLQ are included, a little higher values in the

mass of VLQ, i.e., around 900 GeV are achievable as the
gg → s production cross section becomes 4 times that of
only the toplike VLQ case. By including a 400 GeV
vectorlike charged lepton, it is possible to push the vector-
like quark masses above 1 TeV. Independent of the exotic
fermion content, fX values below 0.5 are not allowed as
long as the limit for the diphoton production rate is between
1–10 fb (at LO).
Thus, we find that within our model framework and a

minimal extension of the matter particles by a single
generation we can easily accommodate the diphoton excess
without reverting to nonperturbative couplings or a very
high new physics scale. However, as already mentioned
earlier, in our model we have new decay modes [Eq. (12)]
for the VLQ that not only relaxes the current limits on their
masses but also leads to interesting signatures at the LHC
which we leave for future analyses. We also expect that
with more data collected by the experiment, the dijet
resonance may show up at the same invariant mass for
which the diphoton signal is observed (since the branching
of s → gg can be significantly large for most of the
parameter space), unless the other aforementioned decay
modes of s become large. In addition, a very interesting
signature in the model could be the production of light Z0
through decays of the primarily produced VLQs.

IV. SUMMARY

In this work we show that a simple Uð1Þ extension to the
SM gauge symmetry with a minimal set of new particles
can easily accommodate the excess without invoking a
large enough scale for new physics or nonperturbative
couplings. We argue that with a high new physics scale,
explaining the diphoton excess may lead to large non-
perturbative coupling strengths for particle interactions. We
show that a required low scale can be very easily realized
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FIG. 3. The diphoton production rate for different exotic
fermion scenarios with

ffiffiffi
s

p ¼ 13 TeV as a function of the
VLQ mass (Mxq). Mxτ ¼ 400 GeV has been taken.
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within the context of our “hidden symmetry” model, thus
keeping all couplings perturbative as well as complying
with experimental constraints on the new physics scale.
We show that in our model the observed diphoton excess

also highlights some new interesting signals that should
show up as more data is accumulated in the run II of LHC.
We perform a simplistic scan on the relevant parameters to
show the compatibility of the resonant diphoton data with
our model predictions. We also highlight the possibility of a
very light Z0 in the model with sub-TeV mass that can
appear in decay cascades of the heavier particles such as the
VLQ produced at the LHC. We leave the phenomenologi-
cal analysis of such possibilities in our model as future
work.
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APPENDIX: SCALAR MASS AND MIXINGS

We discuss the scalar potential of our model in some
detail here. To find the minimum of the potential we use the
following extremization conditions given by ∂V

∂H ¼ 0,
∂V
∂S1

¼ 0, and ∂V
∂S2

¼ 0which give us the following equations,
respectively:

λHv3h þ
1

2
λHS1v

2
1vh þ λHS2v

2
2vh þ σ2v2vh − μ2Hvh ¼ 0;

λS1v
3
1 þ

1

2
λHS1v1v

2
h þ λS1S2v1v

2
2 þ σ3v1v2 − μ2S1v1 ¼ 0;

λHS2v2v
2
h þ λS1S2v

2
1v2 þ 4λS2v

3
2 þ 3σ1v22 þ

1

2
ðσ2v2h þ σ3v21Þ − 2μ2S2v2 ¼ 0: ðA1Þ

Note that for the potential to be bounded from below we have

λH > 0; λS1 > 0; λS2 > 0: ðA2Þ

Using Eq. (A1) we can substitute for μH; μS1, and μS2 in the scalar potential. Then the mass square matrix for the three
neutral scalars in the gauge basis (H;S1;S2) becomes

M2 ¼

0
BB@

2λHv2h λHS1v1vh ðσ2 þ 2λHS2v2Þvh
λHS1v1vh 2λS1v

2
1 ðσ3 þ 2λS1S2v2Þv1

ðσ2 þ 2λHS2v2Þvh ðσ3 þ 2λS1S2v2Þv1 1
2v2

ð2ð8λS2v2 þ 3σ1Þv22 − σ2v2h − σ3v21Þ

1
CCA: ðA3Þ

For the point ðH ¼ 0;S1 ¼ 0;S2 ¼ 0Þ to be a minima of the potential, the matrixM2 should be positive definite, which is
possible if its 3 upper left determinants are positive. The corresponding conditions are given below

2λHv2h > 0;

���� 2λHv2h λHS1v1vh

λHS1v1vh 2λS1v
2
1

���� > 0 ⇒ 4λHλS1 − λ2HS1
> 0; jM2j > 0: ðA4Þ

For simplicity we have assumed that the mixing ofHwith S1 and S2 is vanishingly small and we shall set it to be zero. Note
that such a choice not only imposes the condition that the scalarH≡ h is a pure doublet component but also that it will have
the exact properties of the SM Higgs boson with mass mh ¼

ffiffiffiffiffiffiffiffi
2λH

p
vh ≃ 125 GeV. A quick look at the mass matrix then

gives the conditions λHS1 ¼ 0 and σ2 þ 2λHS2v2 ¼ 0 for nonzero vh and v1.
We can now consider the two remaining singlet scalars independent of the doublet component H. The reduced mass

square matrix for the S1 and S2 sector becomes

M ¼
 

2λS1v
2
1 ðσ3 þ 2λS1S2v2Þv1

ðσ3 þ 2λS1S2v2Þv1 1
2v2

ð2ð8λS2v2 þ 3σ1Þv22 − σ2v2h − σ3v21Þ

!
: ðA5Þ

The fields ðS1;S2Þ can now be expressed in terms of mass eigenstates ðhs; sÞ where
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S1 ¼ hs cos β − s sin β; ðA6Þ

S2 ¼ hs sin β þ s cos β: ðA7Þ

The mixing angle β is given by

tan 2β ¼ 2M12

M11 −M22

ðA8Þ

and

sin 2β ¼ 2M12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM11 −M22Þ2 þ 4M2

12

p ; ðA9Þ

where Mij is the ði; jÞth element of M in Eq. (A5).
The mass eigenvalues for the two scalars s and hs are

then given by

m2
1 ¼

1

2
ðM11 þM22 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM11 −M22Þ2 þ 4M2

12

q
Þ ðA10Þ

and

m2
2 ¼

1

2
ðM11 þM22 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM11 −M22Þ2 þ 4M2

12

q
Þ: ðA11Þ

For our analysis we have mh ¼ 125 GeV, ms ¼
750 GeV while mhs is a free parameter which we can vary
in the model. Note that it is possible to make hs lighter than
s as well as the vectorlike quarks by choosing parameters
such that M11 < M22. In the absence of mixing with the
Higgs doublet, the hs then decays to SM quarks through
mixing of the VLQ with SM quarks.
Note that while the condition for the nonmixing of the

doublet with either of the singlets may not forbid the
couplings of the singlet s with h, it shall prevent the decay
of s to any SM particle pair arising out of such mixings in
the scalar sector. In fact the condition σ2 þ 2λHS2v2 ¼ 0

leads to the exact cancellation of an interaction vertex
between h − h − s arising from the terms in the scalar
potential given by þλHS2ðH†HÞS22 þ σ2ðH†HÞS2. This is
crucial in avoiding the possible decay of the 750 GeV
singlet scalar to SMHiggs pair which is constrained by data
[3]. Similarly, the decay of hs to h pair is also forbidden due
to the mixing suppression. The relevant vertices for the
interactions within the scalar sector can be easily deter-
mined for the mass eigenstates and are given by

h hs hs ∶ − 2λHS2vhsβ
2

h hs s ∶ − 2λHS2vhcβsβ

h s s ∶ − 2λHS2vhcβ
2

hs hs s ∶ ð6cβ2sβλS1v1 − 24cβsβ2λS2v2 − 2ð2 − 3sβ2ÞsβλS1S2v1
∶ − 2ð1 − 3sβ2ÞcβλS1S2v2 − 6cβsβ2σ1 − ð1 − 3sβ2Þcβσ3Þ

hs s s ∶ − ð6cβsβ2λS1v1 þ 24cβ2sβλS2v2 þ 2ð1 − 3sβ2ÞcβλS1S2v1
∶ − 2ð2 − 3sβ2ÞsβλS1S2v2 þ 6cβ2sβσ1 − ð2 − 3sβ2Þsβσ3Þ

where cβ ¼ cos β and sβ ¼ sin β.
A few benchmark points can be identified which give possibilities of a spectrum wherems ∼ 750 GeVwhilemhs is either

heavier, lighter or has mass close to s. For example:

ðσ1; σ3Þ ¼ ð−150; 65Þ GeV; ðλS1 ; λS2 ; λS1S2 ; λHS2Þ ¼ ð1; 0.2;−0.04; 0.05Þ; ðvh; v1; v2Þ ¼ ð246; 750; 760Þ GeV;

gives mhs ¼ 1.06 TeV while ms ¼ 749.1 GeV with a very small mixing (j sin βj ∼ 5.6 × 10−3). Similarly,

ðσ1; σ3Þ ¼ ð−150; 65Þ GeV; ðλS1 ; λS2 ; λS1S2 ; λHS2Þ ¼ ð1; 0.2;−0.05; 0.05Þ; ðvh; v1; v2Þ ¼ ð246; 450; 750Þ GeV;

gives mhs ¼ 636.4 GeV while ms ¼ 746.2 GeV with again a suppressed mixing angle (j sin βj ∼ 1.5 × 10−2). However a
slight variation in the model parameters also gives for

ðσ1; σ3Þ ¼ ð−130; 90Þ GeV; ðλS1 ; λS2 ; λS1S2 ; λHS2Þ ¼ ð1; 0.19;−0.05; 0.1Þ; ðvh; v1; v2Þ ¼ ð246; 531; 760Þ GeV;

mhs ¼ 758.7 GeV while ms ¼ 747.8 GeV with a not so suppressed mixing angle (j sin βj ∼ 0.54) which can give the
possibility of two resonances that look like a single wide resonance, as observed by the ATLAS Collaboration.
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