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We investigate the scalar potential of a general S3-symmetric three-Higgs-doublet model. The outcome
of our analysis does not depend on the fermionic sector of the model. We identify a decoupling limit for the
scalar spectrum of this scenario. In view of the recent LHC Higgs data, we show our numerical results only
in the decoupling limit. Unitarity and stability of the scalar potential demand that many new scalars must
be lurking below 1 TeV. We provide numerical predictions for h → γγ and h → Zγ signal strengths, which
can be used to falsify the theory.
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I. INTRODUCTION

The newly observed boson at the Large Hadron Collider
(LHC) [1,2] fits very well to the description of the Higgs
scalar in the Standard Model (SM). The SM relies on the
minimal choice that a single Higgs doublet provides masses
to all particles. But unexplained phenomena like neutrino
masses and existence darkmattermotivate us to contemplate
other avenues beyond the SM (BSM). Majority of these
BSM scenarios extend the SM Higgs sector predicting a
richer scalar spectrum. One of them—the S3 flavor model—
stems from an effort to answer the aesthetic question as to
why there are precisely three fermion generations [3].
Keeping the fermions in appropriate S3 multiplets, it is
possible to reproduce all the measured parameters of the
CKM and PMNS matrices as well as make testable pre-
dictions for the unknown parameters of the PMNS matrix
[4–24]. But one needs at least three Higgs doublets to
achieve this goal [6]. However, the S3 invariant scalar
potential contains some new parameters which are difficult
to constrain phenomenologically. Although some lower
bounds on the additional scalar masses can be placed from
the Higgs mediated flavor changing neutral current (FCNC)
processes [25], these bounds rely heavily on the Yukawa
structure of the model. In this paper we will present some
new bounds on the physical scalar masses which do not
depend on the parameters of the Yukawa sector. To achieve
this, we will employ the prescription of tree unitarity, which
is known to be able to set upper limits on different scalar
masses [26]. Although various aspects of the S3 scalar
potential have been discussed in the literature [27,28], to the
best of our knowledge, this is the first attempt to derive the
exact unitarity constraints on the quartic couplings in the S3
invariant three-Higgs-doublet model (S3HDM) scalar
potential. We also identify a decoupling limit in the context
of S3HDM,where a CP-evenHiggswith SM-like properties

can be obtained. Since the recent LHC Higgs data seem to
increasingly leaned towards the SM expectations, our
numerical analysis will be restricted to this limit.
The paper is organized as follows: in Sec. IIwe discuss the

scalar potential and derive necessary conditions for the
potential to be bounded from below. In Sec. III we minimize
the potential and calculate the physical scalar masses. In this
section we also figure out a decoupling limit in which one
neutral CP-even physical scalar behaves exactly like the
SM Higgs. In Sec. IV we derive the exact constraints ari-
sing from the considerations of tree level unitarity and use
them to constrain the nonstandard scalar masses. In Sec. V
we quantitatively investigate the effect of the charged scalar
induced loops on h → γγ and h → Zγ signal strengths.
Finally, we summarize our findings in Sec. VI.

II. THE SCALAR POTENITAL

S3 is the permutation group involving three objects,
fϕa;ϕb;ϕcg. The three dimensional representation of S3 is
not an irreducible one simply becausewe can easily construct
a linear combination of the elements, ϕa þ ϕb þ ϕc, which
remains unaltered under the permutation of the indices. We
choose to decompose the three dimensional representation
into a singlet and doublet as follows :

1∶ ϕ3 ¼
1ffiffiffi
3

p ðϕa þ ϕb þ ϕcÞ; (1a)

2∶
�
ϕ1

ϕ2

�
¼
 1ffiffi

2
p ðϕa − ϕbÞ

1ffiffi
6

p ðϕa þ ϕb − 2ϕcÞ

!
: (1b)

The elements of S3 for this particular doublet represen-
tation are given by

�
cosθ sinθ

−sinθ cosθ

�
;

�
cosθ sinθ

sinθ −cosθ

�
; for

�
θ¼ 0;�2π

3

�
:

(2)
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The most general renormalizable potential invariant under S3 can be written in terms of ϕ3, ϕ1 and ϕ2 as follows [27–31]:

VðϕÞ ¼ V2ðϕÞ þ V4ðϕÞ; (3a)

where; V2ðϕÞ ¼ μ21ðϕ†
1ϕ1 þ ϕ†

2ϕ2Þ þ μ23ϕ
†
3ϕ3; (3b)

V4ðϕÞ ¼ λ1ðϕ†
1ϕ1 þ ϕ†

2ϕ2Þ2 þ λ2ðϕ†
1ϕ2 − ϕ†

2ϕ1Þ2
þ λ3fðϕ†

1ϕ2 þ ϕ†
2ϕ1Þ2 þ ðϕ†

1ϕ1 − ϕ†
2ϕ2Þ2g

þ λ4fðϕ†
3ϕ1Þðϕ†

1ϕ2 þ ϕ†
2ϕ1Þ þ ðϕ†

3ϕ2Þðϕ†
1ϕ1 − ϕ†

2ϕ2Þ þ H:c:g
þ λ5ðϕ†

3ϕ3Þðϕ†
1ϕ1 þ ϕ†

2ϕ2Þ þ λ6fðϕ†
3ϕ1Þðϕ†

1ϕ3Þ þ ðϕ†
3ϕ2Þðϕ†

2ϕ3Þg
þ λ7fðϕ†

3ϕ1Þðϕ†
3ϕ1Þ þ ðϕ†

3ϕ2Þðϕ†
3ϕ2Þ þ H:c:g þ λ8ðϕ†

3ϕ3Þ2: (3c)

In general λ4 and λ7 can be complex, but we assume them
to be real so that CP symmetry is not broken explicitly. For
the stability of the vacuum in the asymptotic limit we
impose the requirement that there should be no direction in
the field space along which the potential becomes infinitely
negative. The necessary and sufficient conditions for this is
well known in the context of two Higgs-doublet models
(2HDMs) [32]. For the potential of Eq. (3), a 2HDM
equivalent situation arise if one of the doublets is made
identically zero. Then it is quite straightforward to find the
following necessary conditions for the global stability in
the asymptotic limit:

λ1 > 0; (4a)

λ8 > 0; (4b)

λ1 þ λ3 > 0; (4c)

2λ1 þ ðλ3 − λ2Þ > jλ2 þ λ3j; (4d)

λ5 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ8ðλ1 þ λ3Þ

p
> 0; (4e)

λ5 þ λ6 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ8ðλ1 þ λ3Þ

p
> 2jλ7j; (4f)

λ1 þ λ3 þ λ5 þ λ6 þ 2λ7 þ λ8 > 2jλ4j: (4g)

To avoid confusion, we wish to mention that an equivalent
doublet representation,

�
χ1

χ2

�
¼ 1ffiffiffi

2
p
�

i 1

−i 1

��
ϕ1

ϕ2

�
; (5)

has also been used in the literature. In terms of this
new doublet, the quartic part of the scalar potential is
written as [33–35]

V4¼
β1
2
ðχ†1χ1þχ†2χ2Þ2þ

β2
2
ðχ†1χ1−χ†2χ2Þ2þβ3ðχ†1χ2Þðχ†2χ1Þ

þβ4
2
ðϕ†

3ϕ3Þ2þβ5ðϕ†
3ϕ3Þðχ†1χ1þχ†2χ2Þ

þβ6ϕ
†
3ðχ1χ†1þχ2χ

†
2Þϕ3þβ7fðϕ†

3χ1Þðϕ†
3χ2ÞþH:c:g

þβ8fϕ†
3ðχ1χ†2χ1þχ2χ

†
1χ2ÞþH:c:g: (6)

It is easy to verify that the parameters of Eq. (6) are related
to the parameters of Eq. (3c) in the following way:

β1¼ 2λ1; β2 ¼−2λ2; β3¼ 4λ3; β4 ¼ 2λ8;

β5¼ λ5; β6¼ λ6; β7¼ 2λ7; β8 ¼−
ffiffiffi
2

p
λ4: (7)

This mapping can be used to translate the constraints on λs
into constraints on βs. In this paper we opt to work with the
parametrization of Eq. (3).

III. PHYSICAL EIGENSTATES

We represent the scalar doublets in the following way:

ϕk ¼
� wþ

k
1ffiffi
2

p ðvk þ hk þ izkÞ
�

for k ¼ 1; 2; 3: (8)

We shall assume that CP symmetry is not spontaneously
broken and so the vacuum expectation values (VEVs) are
taken to be real. They also satisfy the usual VEV relation:
v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22 þ v23

p
¼ 246 GeV. The minimization con-

ditions for the scalar potential of Eq. (3) reads

μ21 ¼ −2λ1ðv21 þ v22Þ − 2λ3ðv21 þ v22Þ
− v3f6λ4v2 þ ðλ5 þ λ6 þ 2λ7Þv3g; (9a)

μ21 ¼ −2λ1ðv21 þ v22Þ − 2λ3ðv21 þ v22Þ

−
3v3
v2

λ4ðv21 − v22Þ − ðλ5 þ λ6 þ 2λ7Þv23; (9b)

μ23¼ λ4
v2
v3
ðv22−v21Þ−ðλ5þλ6þ2λ7Þðv21þv22Þ−2λ8v23: (9c)
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For the self-consistency of Eqs. (9a) and (9b), two possible
scenarios arise1:

λ4 ¼ 0; (10a)

or; v1 ¼
ffiffiffi
3

p
v2: (10b)

In the following subsections we shall discuss each of the
above scenarios separately.

A. Case-I (λ4 ¼ 0)

Since CP symmetry is assumed to be exact in the scalar
potential, the neutral physical states will be eigenstates
of CP too. We find that the mass-squared matrices in the
scalar(M2

S), pseudoscalar(M2
P) and charged(M2

C) sectors
are simultaneously block diagonalizable by the following
matrix :

X ¼
0
@ cos γ − sin γ 0

sin γ cos γ 0

0 0 1

1
A with tan γ ¼ v1

v2
: (11)

For the charged mass matrix, we obtain:

XM2
CX

T ¼

0
B@

m2
1þ 0 0

0 − 1
2
v23ðλ6 þ 2λ7Þ 1

2
v3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
ðλ6 þ 2λ7Þ

0 1
2
v3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
ðλ6 þ 2λ7Þ − 1

2
ðv21 þ v22Þðλ6 þ 2λ7Þ

1
CA; (12)

where, one of the charged Higgs (Hþ
1 ) with mass m1þ is

defined as:

Hþ
1 ¼ cos γwþ

1 − sin γwþ
2 ; (13a)

m2
1þ ¼ −

�
2λ3sin2β þ

1

2
ðλ6 þ 2λ7Þcos2β

�
v2; (13b)

with; tan β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
v3

: (13c)

The second charged Higgs (Hþ
2 ) along with the massless

Goldstone (ωþ), which will appear as the longitudinal
component of the W-boson, can be obtained by diagonal-
izing the remaining 2 × 2 block:

�
Hþ

2

ωþ

�
¼
�
cos β − sin β

sin β cos β

��
w0þ
2

wþ
3

�

with; w0þ
2 ¼ sin γwþ

1 þ cos γwþ
2 : (14)

The mass of the second charged Higgs is given by:

m2
2þ ¼ −

1

2
ðλ6 þ 2λ7Þv2: (15)

Similar considerations for the pseudoscalar part gives:

XM2
PX

T ¼

0
BB@

1
2
m2

A1 0 0

0 −v23λ7 v3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21þv22

p
λ7

0 v3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21þv22

p
λ7 −ðv21þv22Þλ7

1
CCA; (16)

where, the pseudoscalar state (A1) with mass eigenvalue
mA1 is defined as:

A1 ¼ cos γz1 − sin γz2; (17a)

m2
A1 ¼ −2fðλ2 þ λ3Þsin2β þ λ7cos2βgv2; (17b)

where, tan β has already been defined in Eq. (13c). Similar
to the charged part, here also the second pseudoscalar (A2)
along with the massless Goldstone (ζ) can be obtained as
follows:

�
A2

ζ

�
¼
�
cos β − sin β

sin β cos β

��
z02
z3

�

with; z02 ¼ sin γz1 þ cos γz2; (18a)

and; m2
A2 ¼ −2λ7v2: (18b)

Finally, for the CP-even part we have

XM2
SX

T ¼

0
B@

0 0 0

0 A0
S −B0

S

0 −B0
S C0

S

1
CA; (19a)

where; A0
S ¼ ðλ1 þ λ3Þðv21 þ v22Þ; (19b)

B0
S ¼ −

1

2
v3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

q
ðλ5 þ λ6 þ 2λ7Þ; (19c)

1Another possibility, v3 ¼ 0, while mathematically consistent,
is unattractive. This is because, in some S3 structure of the
Yukawa sector, the S3-singlet fermion generation will the remain
massless.

ANALYSIS OF AN EXTENDED SCALAR SECTOR WITH … PHYSICAL REVIEW D 89, 095025 (2014)

095025-3



C0
S ¼ λ8v23: (19d)

The massless state (h0), as also noted in [36], is given by

h0 ¼ cos γh1 − sin γh2: (20)

But we wish to add here that the appearance of a massless
scalar is not surprising. One can easily verify that the
potential of Eq. (3) has the following SOð2Þ symmetry for
λ4 ¼ 0: �

ϕ0
1

ϕ0
2

�
¼
�
cos θ − sin θ

sin θ cos θ

��
ϕ1

ϕ2

�
: (21)

Since SOð2Þ is a continuous symmetry isomorphic toUð1Þ,
a massless physical state is expected. Other two physical
scalars are obtained as follows,

�
h

H

�
¼
�
cos α − sin α

sin α cos α

��
h02
h3

�
with;

h02 ¼ sin γh1 þ cos γh2; (22a)

and; tan 2α ¼ 2B0
S

A0
S − C0

S
: (22b)

We assume H and h to be the heavier and lighter
CP-even mass eigenstates, respectively, with the following
eigenvalues:

m2
H ¼ ðA0

S þ C0
SÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA0

S − C0
SÞ2 þ 4B02

S

q
; (23a)

m2
h ¼ ðA0

S þ C0
SÞ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA0

S − C0
SÞ2 þ 4B02

S

q
: (23b)

At this stage, it is worth noting that we can define two
intermediate scalar states, H0 and R, as�

R

H0

�
¼
�
cos β − sin β

sin β cos β

��
h02
h3

�
; (24)

with the property that H0 has the exact SM couplings with
the vector boson pairs and fermions. H0 does not take part
in the flavor changing processes as well. Of course,H0 and
R are not the physical eigenstates in general but are related
to them in the following way:

h ¼ cosðβ − αÞRþ sinðβ − αÞH0; (25a)

H ¼ − sinðβ − αÞRþ cosðβ − αÞH0: (25b)

In view of the fact that a 125 GeV scalar with SM like
properties has already been observed at the LHC, we wish
the lighter CP-even mass eigenstate (h) to coincide with
H0. Then we must require

cosðβ − αÞ ≈ 0: (26)

In analogy with the 2HDM case [32], this limit can be taken
as the decoupling limit in the context of a 3HDMwith an S3
symmetry. We must emphasize though, the term “decou-
pling limit” does not necessarily imply the heaviness of the
additional scalars. Considering Eqs. (20) and (24), it is also
interesting to note that the state h0, being orthogonal toH0,
does not have any trilinear h0VV (V ¼ W, Z) coupling.
But, in general, it will have flavor changing coupling in
the Yukawa sector. This type of neutral massless state
with flavor changing fermionic coupling will be ruled out
from the well measured values of neutral meson mass
differences. This means that the choice λ4 ¼ 0 is phenom-
enologically unacceptable and we shall not pursue this
scenario any further.

B. Case-II (v1 ¼
ffiffiffi
3

p
v2)

This situation has recently been analyzed in [37]. We,
however, use a convenient parametrization that can provide
intuitive insight into the scenario and additionally, we also
discuss the possibility of a decoupling limit in the sameway
as done in the previous subsection.
The definitions for the angles, γ and β, and the

digonalizing matrix, X, remain the same as before. Only
difference is that, due to the VEV alignment (v1 ¼

ffiffiffi
3

p
v2),

tan γ (¼ ffiffiffi
3

p
) and hence X is determined completely.

Now only two of the VEVs, v2 and v3 (say), can be
considered independent and tan β is given in terms of them
as follows:

tan β ¼ 2v2
v3

: (27)

The charged and pseudoscalar mass eigenstates have the
same form as before; only the mass eigenvalues get
modified due to the presence of λ4,

m2
1þ¼−

�
2λ3sin2βþ

5

2
λ4 sinβcosβþ

1

2
ðλ6þ2λ7Þcos2β

�
v2;

(28a)

m2
2þ ¼ −

1

2
fλ4 tan β þ ðλ6 þ 2λ7Þgv2; (28b)

m2
A1 ¼−

�
2ðλ2þ λ3Þsin2βþ

5

2
λ4 sinβ cosβþ 2λ7cos2β

�
v2;

(28c)

m2
A2 ¼ −

�
1

2
λ4 tan β þ 2λ7

�
v2: (28d)

In the presence of λ4, analysis of the scalar part will be
slightly different:
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XM2
SX

T ¼

0
B@

1
2
m2

h0 0 0

0 AS −BS

0 −BS CS

1
CA; (29a)

where; AS ¼ ðλ1 þ λ3Þv2sin2β þ
3

4
λ4v2 sin β cos β; (29b)

BS ¼ −
1

2

�
3

2
λ4sin2β þ ðλ5 þ λ6 þ 2λ7Þ sin β cos β

�
v2;

(29c)

CS ¼ −
λ4
4
v2sin2β tan β þ λ8v2cos2β: (29d)

The state, h0, will no longer be massless; in fact,

m2
h0 ¼ −

9

2
λ4v2 sin β cos β: (30)

The angle α, which was used to rotate from ðh02; h3Þ basis to
the physical ðH; hÞ basis, should be redefined as

tan 2α ¼ 2BS

AS − CS
; (31)

and corresponding mass eigenvalues should have the
following expressions:

m2
H ¼ ðAS þ CSÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAS − CSÞ2 þ 4B2

S

q
; (32a)

m2
h ¼ ðAS þ CSÞ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAS − CSÞ2 þ 4B2

S

q
: (32b)

The conclusion of the previous subsection still holds: in the
decoupling limit, cosðβ − αÞ ¼ 0, h possesses SM-like
gauge and Yukawa couplings. It should be emphasized
that the Yukawa couplings of h in this limit, resembles that
of the SM, do not depend on the transformation properties
of the fermions under S3. Also, the self-couplings of h
coincides with the corresponding SM expressions in the
decoupling limit :

Lself
h ¼ −

m2
h

2v
h3 −

m2
h

8v2
h4: (33)

Similar to the case described in the previous subsection, h0

will not have any h0VV (V ¼ W, Z) couplings, but in the
present scenario, we may identify a symmetry which
forbids such couplings. Note that when the specified
relation between v1 and v2 is taken, there exists a two-
dimensional representation of Z2,�

1 0

0 1

�
;

1

2

�
1

ffiffiffi
3

p
ffiffiffi
3

p
−1

�
; (34)

which was initially a subgroup of the original S3 symmetry,
remains intact even after the spontaneous symmetry break-
ing; i.e., the vacuum is invariant under this Z2 symmetry.
This allows us to assign a Z2 parity for different physical
states, and this should be conserved in the theory. The state
h0 is odd under this Z2 and this is what forbids it to couple
with the VV pair. In fact, using the assignments of Table I,
together with CP symmetry, many of the scalar self-
couplings can be inferred to be zero.
In connection with the number of independent param-

eters in the Higgs potential, we note that there were ten to
start with (μ1;3 and λ1;2;…;8). μ1 and μ3 can be traded for v2
and v3 or, equivalently for v and tan β. The remaining eight
λs can be traded for seven physical Higgs masses and α.
The connections are given below:

λ1 ¼
1

2v2sin2β

�
ðm2

hcos
2αþm2

Hsin
2αÞ

þ
�
m2

1þ −m2
2þcos

2β −
1

9
m2

h0

��
; (35a)

λ2 ¼
1

2v2sin2β
fðm2

1þ −m2
A1Þ− ðm2

2þ−m2
A2Þcos2βg; (35b)

λ3 ¼
1

2v2sin2β

�
4

9
m2

h0 þm2
2þcos

2β −m2
1þ

�
; (35c)

λ4 ¼ −
2

9

m2
h0

v2
1

sin β cos β
; (35d)

λ5 ¼
1

v2

�
sinαcosα
sinβ cosβ

ðm2
H −m2

hÞþ 2m2
2þ þ 1

9

m2
h0

cos2β

�
; (35e)

λ6 ¼
1

v2

�
1

9

m2
h0

cos2β
þm2

A2 − 2m2
2þ

�
; (35f)

λ7 ¼
1

2v2

�
1

9

m2
h0

cos2β
−m2

A2

�
; (35g)

λ8 ¼
1

2v2cos2β

�
ðm2

hsin
2αþm2

Hcos
2αÞ − 1

9
m2

h0tan
2β

�
:

(35h)

In passing, we wish to state that for the analysis purpose
we will always be working in the decoupling limit
with v1 ¼

ffiffiffi
3

p
v2.

TABLE I. Z2 parity assignments to the physical mass
eigenstates.

Physical states Transformation under Z2

h0, H�
1 , A1 Odd

H0, R, H�
2 , A2 Even
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IV. CONSTRAINTS FROM UNITARITY

In this context, the pioneering work has been done by
Lee, Quigg and Thacker (LQT) [26]. They have analyzed
several two-body scatterings involving longitudinal gauge
bosons and physical Higgs in the SM. All such scattering
amplitudes are proportional to Higgs quartic coupling in
the high energy limit. The l ¼ 0 partial wave amplitude
ða0Þ is then extracted from these amplitudes and cast in
the form of an S-matrix having different two-body states as
rows and columns. The largest eigenvalue of this matrix is
bounded by the unitarity constraint, ja0j < 1. This restricts
the quartic Higgs self-coupling and therefore the Higgs
mass to a maximum value.
The procedure has been extended to the case of a 2HDM

scalar potential [38–41]. We take it one step further and
apply it in the context of 3HDMs. Here also same types
of two-body scattering channels are considered. Thanks to
the equivalence theorem [42,43], we can use unphysical
Higgses instead of actual longitudinal components of the

gauge bosons when considering the high energy limit. So,
we can use the Goldstone-Higgs potential of Eq. (3) for this
analysis. Still it will be a much involved calculation. But we
notice that the diagrams containing trilinear vertices will be
suppressed by a factor of E2 coming from the intermediate
propagator. Thus they do not contribute at high energies,
only the quartic couplings contribute. Clearly the physical
Higgs masses that could come from the propagators, do not
enter this analysis. Since we are interested only in the
eigenvalues of the S-matrix, this allows us to work with the
original fields of Eq. (3c) instead of the physical mass
eigenstates. After an inspection of all the neutral and
charged two-body channels, we find the following eigen-
values to be bounded from unitarity:

ja�i j; jbij ≤ 16π; for i ¼ 1; 2;…; 6: (36)

The expressions for the individual eigenvalues in terms of
λs are given below:

a�1 ¼
�
λ1 − λ2 þ

λ5 þ λ6
2

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
λ1 − λ2 þ

λ5 þ λ6
2

�
2

− 4

�
ðλ1 − λ2Þ

�
λ5 þ λ6

2

�
− λ24

�s
; (37a)

a�2 ¼ ðλ1 þ λ2 þ 2λ3 þ λ8Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 þ λ2 þ 2λ3 þ λ8Þ2 − 4fλ8ðλ1 þ λ2 þ 2λ3Þ − 2λ27g

q
; (37b)

a�3 ¼ ðλ1 − λ2 þ 2λ3 þ λ8Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2 þ 2λ3 þ λ8Þ2 − 4

�
λ8ðλ1 − λ2 þ 2λ3Þ −

λ26
2

�s
; (37c)

a�4 ¼
�
λ1 þ λ2 þ

λ5
2
þ λ7

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
λ1 þ λ2 þ

λ5
2
þ λ7

�
2

− 4

�
ðλ1 þ λ2Þ

�
λ5
2
þ λ7

�
− λ24

�s
; (37d)

a�5 ¼ ð5λ1 − λ2 þ 2λ3 þ 3λ8Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð5λ1 − λ2 þ 2λ3 þ 3λ8Þ2 − 4

�
3λ8ð5λ1 − λ2 þ 2λ3Þ −

1

2
ð2λ5 þ λ6Þ2

�s
; (37e)

a�6 ¼
�
λ1þ λ2þ4λ3þ

λ5
2
þ λ6þ3λ7

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
λ1þ λ2þ4λ3þ

λ5
2
þ λ6þ3λ7

�
2

−4

�
ðλ1þ λ2þ4λ3Þ

�
λ5
2
þ λ6þ3λ7

�
−9λ24

�s
;

(37f)

b1 ¼ λ5 þ 2λ6 − 6λ7; (37g)

b2 ¼ λ5 − 2λ7; (37h)

b3 ¼ 2ðλ1 − 5λ2 − 2λ3Þ; (37i)

b4 ¼ 2ðλ1 − λ2 − 2λ3Þ; (37j)

b5 ¼ 2ðλ1 þ λ2 − 2λ3Þ; (37k)

b6 ¼ λ5 − λ6: (37l)
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In passing, we remark that the perturbativity criteria,
jλij < 4π, coming from the requirement that the leading
order contribution to the physical amplitude must have
higher magnitude than the subleading order, may have
some ambiguity in this context. This is due to the fact the
individual λs do not appear in the quartic couplings
involving the physical scalars. Hence the combination of
λs, that constitute the physical couplings, should be used
for this purpose and it does not necessarily imply that the
individual λs should be bounded. We have presented here
the exact constraints on λs which should be satisfied for
unitarity not to be violated.
Equations (4) and (37) can be used to put limits on the

physical Higgs masses. For this purpose, we work in
the decoupling limit taking the lightest scalar (h) to be
the SM-like Higgs that has been found at the LHC and
we set its mass at 125 GeV. We also assume the charged
scalars (m1þ and m2þ) to be heavier than 80 GeV to
respect the direct search bound from LEP2 [44]. To
collect sufficient number of plot points we have generated
fifty million random sets of ftan β; mh0; mH;mA1; mA2;
m1þ; m2þg by varying tan β from 0.1 to 100 and filter
them through the combined constraints from unitarity and
stability. The sets that survive the filtering are plotted in
Figure 1. The bounds that follow from these figures are
listed below:

(i) tan β ∈ ½0.3; 17�,
(ii) mh0 < 870, mH < 880, mA1 < 940, mA2 < 910,

m1þ < 940, m2þ < 910 GeV.

It is interesting to note that if the observed scalar at the LHC
has its root in the S3HDM, then there must be several other
nonstandard scalars with masses below 1 TeV.

V. IMPACT ON LOOP-INDUCED HIGGS DECAYS

As already has been pointed out, in the decoupling limit
the lightest scalar (h) couples with fermions and gauge
bosons exactly in the SM way. Consequently, the produc-
tion cross section as well as tree level decay branching
ratios will not alter from their respective SM values.
However, the loop induced decay modes like, h → γγ
and h → Zγ, will pick up additional contributions due to
the presence of nonstandard charged scalar loops. Note that
the change in total Higgs decay width will be negligibly
small as the branching fractions of such decays are tiny.
To display the contribution of the charged scalar loops

to the decay amplitudes in a convenient form, we define
dimensionless parameters, κiði¼ 1;2Þ, in the followingway:

ghHþ
i H

−
i
¼ κi

gm2
iþ

MW
: (38)

The standard expression for the diphoton decay width is
given by [45]

Γðh → γγÞ ¼ α2g2

210π3
m3

h

M2
W

����FW þ 4

3
F t þ

X2
i¼1

κiF iþ

����2; (39)

FIG. 1 (color online). (Case-II) Regions allowed from unitarity and stability. We have fixed mh at 125 GeV and taken m1þ;
m2þ > 80 GeV and mH;mh0 > mh.
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where, using the notation τx ≡ ð2mx=mhÞ2, the expressions
for FW, F t and F iþði ¼ 1; 2Þ are given by

FW ¼ 2þ 3τW þ 3τWð2 − τWÞfðτWÞ; (40a)

F t ¼ −2τt½1þ ð1 − τtÞfðτtÞ�; (40b)

F iþ ¼ −τiþ½1 − τiþfðτiþÞ�: (40c)

For the values of masses that we are dealing with, makes
τx > 1 for x ¼ W, t, H�

i and then

fðτÞ ¼ ½sin−1ð
ffiffiffiffiffiffiffi
1=τ

p
Þ�2: (41)

The decay width for h → Zγ is given by

Γðh→ZγÞ ¼ α2g2

29π3
m3

h

M2
W

����AW þAtþ
X2
i¼1

κiAiþ

����2
�
1−

M2
Z

m2
h

�
3

;

(42)

where, using ηx ¼ ð2mx=MZÞ2, the expressions for AW,At
and Aiþ are given by [45],

AW ¼ cot θw

�
4ðtan2θw − 3ÞI2ðτW; ηWÞ

þ
��

5þ 2

τW

�
−
�
1þ 2

τW

�
tan2θw

�
I1ðτW; ηWÞ

�
;

(43a)

At ¼
4ð1

2
− 4

3
sin2θwÞ

sin θw cos θw
½I2ðτt; ηtÞ − I1ðτt; ηtÞ�; (43b)

Aiþ ¼ ð2 sin2 θw − 1Þ
sin θw cos θw

I1ðτiþ; ηiþÞ: (43c)

The functions I1 and I2 are defined as

I1ðτ; ηÞ ¼
τη

2ðτ − ηÞ þ
τ2η2

2ðτ − ηÞ2 ½fðτÞ − fðηÞ�

þ τ2η

ðτ − ηÞ2 ½gðτÞ − gðηÞ�; (44a)

I2ðτ; ηÞ ¼ −
τη

2ðτ − ηÞ ½fðτÞ − fðηÞ�; (44b)

where the function f has the same definition as in Eq. (41).
Since τx, ηx > 1 for x ¼ W, t, H�

i , the function g takes the
following form:

gðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
x − 1

p
sin−1ð

ffiffiffiffiffiffiffiffi
1=x

p
Þ: (45)

In the decoupling limit, the parameters, κiði ¼ 1; 2Þ, which
appear in Eqs. (38), (39) and (42), are given by

κi ¼ −
�
1þ m2

h

2m2
iþ

�
: (46)

In our case, the signal strengths μγγ and μZγ , defined through
the equations,

μγγ ¼
σðpp → hÞ

σSMðpp → hÞ ·
BRðh → γγÞ

BRSMðh → γγÞ ; (47)

μZγ ¼
σðpp → hÞ

σSMðpp → hÞ ·
BRðh → ZγÞ

BRSMðh → ZγÞ ; (48)

assume the following forms:

μγγ ¼
Γðh → γγÞ

ΓSMðh → γγÞ ¼
jFW þ 4

3
F t þ

P
2
i¼1 κiF iþj2

jFW þ 4
3
F tj2

; (49)

FIG. 2. Signal strengths for diphoton and Z-photon decay modes within the allowed range for charged Higgs masses.
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μZγ ¼
Γðh → ZγÞ

ΓSMðh → ZγÞ ¼
jAW þAt þ

P
2
i¼1 κiAiþj2

jAW þAtj2
: (50)

As the charged Higgs becomes heavy, the quantity F iþ,
for example, saturates to 1

3
. So the decoupling of charged

Higgs from loop-induced Higgs decay depends on how κi
behaves with increasing miþ. It follows from Eq. (46) that
κi → −1 if miþ ≫ mh. Consequently, the charged Higgs
never decouples from the diphoton or Z-photon decay
amplitudes. In fact, it reduces the decay widths from their
corresponding SM expectations. These features have been
displayed in Fig. 2, where we have made a contour plot by
varying the chargedHiggsmasses within the allowed ranges
coming from unitarity and vacuum stability.We find that μγγ
and μZγ should lie within [0.42, 0.80] and [0.73, 0.93] for
m1þ ∈ ½80; 950� and m2þ ∈ ½80; 950�. We must admit,
though, this nondecoupling of charged scalar is not a unique
feature of a S3HDM as it is also known to be present in the
context of 2HDMs [46–49]. Currently theATLASdata favor
an enhancement, whereas the data from CMS favor a
suppression in the diphoton decay channel [50]. Thus a
precise measurement of the diphoton and Z-photon
signal strengths can pin down the difference between the
SM Higgs and a SM-like Higgs arising from an extended
scalar sector.

VI. CONCLUSIONS

In this paper we have analyzed in detail the scalar sector
of an S3HDM. Our findings are listed below:

(i) The minimization of the scalar potential leads to a
specific relation between the VEVs of the first two
doublets, v1 ¼

ffiffiffi
3

p
v2 in particular.

(ii) In this limit we find aZ2 subgroup of S3 that remains
unbroken even after the spontaneous symmetry
breaking. The different scalar mass eigenstates
can then be assigned with appropriate Z2 parity

which can help us understand why certain couplings
do not appear in the theory.

(iii) Additionally, we have identified a decoupling limit
for this model where the lightest CP-even scalar has
the exact same coupling as the SM Higgs with the
other SM particles.

(iv) We have also derived the exact tree-unitarity con-
straints and exploited them, in the decoupling limit,
to put new bounds on the physical nonstandard
Higgs masses, which we consider to be an important
development in the multi-Higgs context.

(v) From unitarity and stability tan β is likely to be in the
range [0.3,17] and all the nonstandard Higgs masses
lie below 1 TeV.

(vi) Regarding the decay of the SM-like S3 Higgs, we
have observed that the charged Higgs never decou-
ples from the diphoton or Z-photon decay modes.
The additional contributions from the charged Higgs
loops to the decay amplitudes actually reduces the
signal strengths of these modes. Although this
depletion may not be a unique property of this
scenario, but any statistically significant enhance-
ment in h → γγ and h → Zγ modes will certainly
disfavor the possibility of an SM-like Higgs arising
from an S3HDM.
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