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Analysis of an extended scalar sector with S; symmetry
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We investigate the scalar potential of a general S5-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 # — yy and h — Zy 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 dark matter motivate 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 S5 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 S; 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 S; 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 S5
invariant three-Higgs-doublet model (S3HDM) scalar
potential. We also identify a decoupling limit in the context
of S3BHDM, where a CP-even Higgs with SM-like properties
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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. Il we 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 & — yy and h — Zy signal strengths.
Finally, we summarize our findings in Sec. VI.

II. THE SCALAR POTENITAL

S5 is the permutation group involving three objects,
{ta> Pp, P} The three dimensional representation of Ss is
not an irreducible one simply because we can easily construct
a linear combination of the elements, ¢, + ¢, + ¢., 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
1: ¢3:ﬁ(¢a+¢b+¢c)v (1)

v (¢a - ¢b)
2: <¢1> =, v2 . (1b)
) 7 (Pa + Pp —2¢.)
The elements of S for this particular doublet represen-
tation are given by

cosf sinf cos@ sind 2w
. ’ . 5 fOr H - 0, :t_ .
—siné@ cosé sinf —cos@ 3

2
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The most general renormalizable potential invariant under S5 can be written in terms of ¢5, ¢, and ¢, as follows [27-31]:

V(g) = Vo(9) + Va(), (3a)

where, V,(¢) = 3 (] + i) + 1dlebs. (3b)

V(@) = 1 (idy + §iha)? + da(dihr — pihr)?
+ 2 {(B]da + B3 + (D1 — D)}
+ {(B51) (Db + Pib1) + (932) (d] b1 — piha) + Hoc )}
+25(B5h3) (D11 + Piba) + A6 (D361) (D1 h3) + (D) (hiehs)}
+ {1 (D) + (i) (dlh) + Hoe} + Ag(hlehs ). 30

In general A4 and 47 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:

A >0, (4a)

Ag > 0, (4b)

A +43>0, (40)

20+ (I3 = 4) > |4 + 4], (4d)

As + 24/ Ag(A4 + 43) > 0, (4e)
s+ 26 + 2/ A5 + 43) > 2|], (4f)
Mt A+ A5 + A + 247 + Ag > 2[A4]. (4g)

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

X1 1 i1 1
G)-wll )G o
X2 \/E —i 1 b

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]

[
Va=2 G+ + 2 e 2+ Bt k)

%(¢§¢3)2+ﬁ5(¢§¢3)(ﬂ){1 +ir2)

+Bss i, o) s +Br{ () (dlxn) +Hee )
+ B BS ey +xax o) +Hee ) (6)

+

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

Pr=2A; Pa==2N; Pf3=44; fi=2;
Ps=l5i Ps=1s Pr=247: fy=—V2. ™
This mapping can be used to translate the constraints on As

into constraints on fs. 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:

wi
¢k: <1 h .
75(”k+ k +iz)

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 = \/v} + v + v3 = 246 GeV. The minimization con-
ditions for the scalar potential of Eq. (3) reads

> fork=1,2,3. (8)

p3 = =22, (v + v3) — 243(v? + v3)
— v3{64403 + (45 + A6 + 247)v3}, (9a)

i = =2 (v +03) = 245(v1 + 3)

— = A(v} = 13) = (As + A + 247)13.  (9b)

U3
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For the self-consistency of Egs. (9a) and (9b), two possible
scenarios arise':

14 - 0,
= \/§1)2.

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

(10a)

or, v; (10b)

PHYSICAL REVIEW D 89, 095025 (2014)
A. Case-1 (A4 = 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(M ), pseudoscalar(M ) and charged(M ) sectors
are simultaneously block diagonalizable by the following
matrix :

cosy —siny 0
X = | siny cosy with tany = ﬂ. ar)
v
0 0 :
For the charged mass matrix, we obtain:
mi, 0 0
XMZXT=| 0 —103(4¢ +247) Tos\/ v} + v3(A6 + 247) |, (12)

0

where, one of the charged Higgs (H{) with mass m, is
defined as:

H| = cosyw, —sinyw;, (13a)

mi, = {2/13sm2ﬁ + = (4¢ + 247)cos /3}1;2, (13b)

NL

U3

with, tanp = (13¢)

The second charged Higgs (H;) along with the massless
Goldstone (w™), which will appear as the longitudinal
component of the W-boson, can be obtained by diagonal-
izing the remaining 2 x 2 block:

(H;) B <cos/} —sinﬁ> (w’;)
ot sinf  cosp wy
with, w5 = sinyw] + cosyw;. (14)

The mass of the second charged Higgs is given by:

1
m3y = =5 (4 +249)0”. (15)
Similar considerations for the pseudoscalar part gives:

! Another possibility, v3 = 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.

%U3\/ U% + U%(ﬂ@ + 227)

— 5 (0] + v3) (46 + 247)

%mil 0 0
XMAXT=| 0 -3l v3\/ 3+ 034 |, (16)

0 v3\/vi+vik

where, the pseudoscalar state (A;) with mass eigenvalue
my; is defined as:

1)1+7J2 /17

A| =cosyz| —sinyz,, (17a)

m%, = =2{(, + A3)sin’B + A;cos’f}v?,  (17b)
where, tan § has already been defined in Eq. (13c). Similar
to the charged part, here also the second pseudoscalar (A,)
along with the massless Goldstone ({) can be obtained as

follows:
- sinﬁ) <Z/2 >
cos f 23

A\ cos f}
<c)<mﬂ

with, z, = sinyz; + cosyz,, (18a)
and, m3, = =207 (18b)
Finally, for the CP-even part we have

0 0 0
XMixT=10 A, -B,|. (192)

0 -By Cj
where, Ay = (4 + 43)(v3 + v3), (19b)

/ 1 2 2

B = ~5 031/ + v5(As + A6 + 247), (19¢)
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Cls = Agv3. (19d)

The massless state (4°), as also noted in [36], is given by
h® = cosyh, — sinyh,. (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 SO(2) symmetry for

/14 =0:
/ cosf —sinf
()= Gno o )(3) @
@ sind cosd b
Since SO(2) is a continuous symmetry isomorphic to U(1),

a massless physical state is expected. Other two physical
scalars are obtained as follows,

<h> (cosa —sina)(h’z) .
= | with,
H sina  cosa hy

hy, = sinyh; 4 cosyh,, (22a)

28!,
As—Cs

and, tan2a = (22b)

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

my = (Ay+ C) 1/ (As — C) +4BR. (23a)

m = (A + C5) — \/ (A5 — C5)? +4B2. (23b)

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

< R ) B <c9sﬁ —sinﬂ) <h’2>’ o
H° sinf  cosp hs

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

h = cos(f — a)R + sin(f — a)H°, (25a)

H = —sin(f — a)R + cos(f — a)H. (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 (k) to coincide with
H°. Then we must require

PHYSICAL REVIEW D 89, 095025 (2014)
cos(ff —a) ~ 0. (26)

In analogy with the 2HDM case [32], this limit can be taken
as the decoupling limit in the context of a 3HDM with an S5
symmetry. We must emphasize though, the term “decou-
pling limit” does not necessarily imply the heaviness of the
additional scalars. Considering Egs. (20) and (24), it is also
interesting to note that the state 4%, being orthogonal to H°,
does not have any trilinear A°VV (V = 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 4, = 0 is phenom-
enologically unacceptable and we shall not pursue this
scenario any further.

B. Case-II (v; = v/3v,)

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 same way
as done in the previous subsection.

The definitions for the angles, y and f, and the
digonalizing matrix, X, remain the same as before. Only
difference is that, due to the VEV alignment (v; = v/3v,),
tany (=+/3) and hence X is determined completely.
Now only two of the VEVs, v, and w»; (say), can be
considered independent and tan /3 is given in terms of them
as follows:

tang = 22 27)
U3

The charged and pseudoscalar mass eigenstates have the

same form as before; only the mass eigenvalues get
modified due to the presence of A,

5 1
m? = —{2/13sin2ﬁ+5/14 sinﬁcosﬂ+§(/16 +2/17)cos2ﬁ} v?,

(28a)

1
m3, = =3 {datanf+ (G +247)}0%. (28b)

5
mi, = —{2(/12 +3)sin?B + 5/14 sinfcosff + 2/170052/3} V2,
(28c)
(28d)

1
miz = — (5/14 tanﬁ —+ 2&7> 1}2.

In the presence of 14, analysis of the scalar part will be
slightly different:
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%m%lo 0 0
XMIXT=| 0 Ay -Bs |, (29a)
0 -Bg Cg

3
where, Ag = (4, + A3)v?sin?f + 1/14 v?sinfcos B, (29b)

1

3
Bs = 5 {Eﬂ4sin2/} + (A5 + 4¢ + 247) sin/}cos/}}vz,
(29¢)
A
Cy=— 14 v2sin?ftan f + Agvcos2f.  (29d)
The state, 4°, will no longer be massless; in fact,
2 9. 5.
My, = —5/141) sin #cos f3. (30)

The angle a, which was used to rotate from (%5, h3) basis to
the physical (H, h) basis, should be redefined as

2Bg

tan2a = ,
As—Cy

€2Y)

and corresponding mass eigenvalues should have the
following expressions:

my = (As + Cg) +\/(As — Cs)* +4B%,  (32a)

m} = (As + Cs) = \/(As — Cs)? +4B%. (32b)

The conclusion of the previous subsection still holds: in the
decoupling limit, cos(f—a) =0, h possesses SM-like
gauge and Yukawa couplings. It should be emphasized
that the Yukawa couplings of % 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 A
coincides with the corresponding SM expressions in the
decoupling limit :
m2 I’I/l2
Ezelf —_"h W= h

. 33
2v 82 (33)

Similar to the case described in the previous subsection, h°
will not have any wvv (v=Ww,2Z) couplings, but in the
present scenario, we may identify a symmetry which
forbids such couplings. Note that when the specified
relation between v; and v, is taken, there exists a two-
dimensional representation of Z,,

(b1} 35 0) o

PHYSICAL REVIEW D 89, 095025 (2014)

TABLE L
eigenstates.

Z, parity assignments to the physical mass

Physical states

hO’ Hli’ Al
HO’ R7 Hzi> A2

Transformation under Z,

Odd
Even

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 Z, symmetry.
This allows us to assign a Z, parity for different physical
states, and this should be conserved in the theory. The state
h° is odd under this Z, and this is what forbids it to couple
with the V'V 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 (4, 3 and Ay, g). #1 and p5 can be traded for v,
and v or, equivalently for v and tan 8. The remaining eight
As can be traded for seven physical Higgs masses and a.
The connections are given below:

1

i = gy s s
1
+ (m%+ - m%+0052ﬁ - §m%l0> }, (35a)
1
12 = 3 (it —min) = (m3, —miy)cos?6). - (35)
1 /4
b= o (g ko + mhecop =i, ). 350
2m? 1
=g, 35d
! 9 22 sinfBcosf (35d)
2 1 sinacosa( 5 A +1 m2, 56)
p— — m — m m - i
T2 Lsinpoosp T TR T cog
1 /1 m
T2 <§ coshQ(jB Mz = 2m%+>’ (35%)
1 (1 m3,
= 202 <§ cos’p a mfu) ’ (35g)

1 . 1
= 30eoig {(m%smza + m¥cos’a) — §mi0tan2ﬂ}.

(35h)
In passing, we wish to state that for the analysis purpose

we will always be working in the decoupling limit
with v; = V/30,.
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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 £ = 0 partial wave amplitude
(ap) 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, |ay| < 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
|

PHYSICAL REVIEW D 89, 095025 (2014)

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 E? 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:

laF|, |b;| <16z, for i=1,2,....6.  (36)
The expressions for the individual eigenvalues in terms of
As are given below:

As + 4 A As + 4
d?:: (/11—/124‘ 52 6>I|Z\/</11_/12+ 52 6) —4{(}«1—/12><%)—/1£}, (373)
c12i =ML +Ah+243+ %)+ \/(/11 + Ay + 24 +/18)2 —4{Ag(A; + Ay + 243) — 2/1%}, (37b)
22
013jE = (A=A + 243+ 4g) £ [ (A4 — Ay + 245 + Ag)* — 4{/18(/11 — A +213) —56}, (37¢)
+ }“5 /15 2 /15 2
ai = Al+ﬂz+§+ﬂ7 + /11+/12+5+/17 -4 (4 +4) 5+,17 — A5 (37d)

1
a = (54 — A + 223 + 325) £ \/(5/11 —Jy+ 25 +308)? - 4{318(5/11 ~ g +245) =5 (245 + 16)2}, (37¢)

+
dg

by = A5 + 2 — 617,
by = A5 — 215,

by = 2(A, = Sy — 23),

by =2k = A = 243),

b5 — 2(&1 + )Q - 2&3),

b6 :ﬂs —/16.

) A 2 )
= (zl +/12+4/13+75+/16+3/17> + \/</11 + Ao+ 425 +35+z(,+3/17> —4{(/1, +zz+4z3)<75+z(,+3/17) —913},

(376
(37g)

(37h)
(371)
(37))

(37k)

(371
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1500 —— 1500 —
1250 | 1 1250
1000 + {1 1000 |2
750 + {1 750}
500 + : 500 by
250 250

1500 T T . r
1250 |
1000 +
750
500
250

0

my, (GeV) —*=

-1 05 0 05 1 15 2
logo(tang) —

FIG. 1 (color online).
my > 80 GeV and My, Myy > My,

In passing, we remark that the perturbativity criteria,
|4;| < 4, 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 As do not appear in the quartic couplings
involving the physical scalars. Hence the combination of
As, that constitute the physical couplings, should be used
for this purpose and it does not necessarily imply that the
individual As should be bounded. We have presented here
the exact constraints on As 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 (m;, and m,,) 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 {tanp, myq, my, myy, my,,
myy,mo, } by varying tanf 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) tanp € [0.3,17],

(ll) myy < 870, mpy < 880, my; < 940, My, < 910,

my, <940, my, <910 GeV.

1500 ———————
1250 |
1000 +3
750 |
500 |
250

0

-1 05 0 05 1 15
log,o(tanB) —

[§5]

(Case-II) Regions allowed from unitarity and stability. We have fixed m,, at 125 GeV and taken m,,,

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 (k) 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, & — yy
and h — Zy, 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, k;(i = 1,2), in the following way:

2
_ogmyy
Gnwmy = Kimy o
w

(38)

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

2

> 3
alg> my 39

4 2
2103 012, FW+§ft+ZKi‘7:i+

i=1

[(h —yr) =

095025-7
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where, using the notation 7, = (2m,/m;)?, the expressions
for Fy, F,and F,; (i = 1,2) are given by

Fw =2+ 3ty + 3ty (2 — 7w) f(zw), (40a)
Fo= -2l 4 (1-2)f(z).  (40b)
Fiy ==t [l =7 f(7iy)]- (40c)

For the values of masses that we are dealing with, makes
7, > 1 for x = W, t, HF and then

f(2) = [sin”' (v/1/7)]%. (41)

The decay width for & — Zy is given by

a292 m3 2 2 M2\ 3
F(I’l—>Z}/):29—ﬂ3M—‘2}; AW+AZ+ZK1'A1'+ (l—m—g) y
i=1

(42)

where, using 7, = (2m, /M), the expressions for Ay, A,
and A, are given by [45],

Ay = cotd,, [4(tan2t9w - 3) L (tw, nw)

+ { (5 +%> - (1 +%>tanzaw}11(fw,nw)}

(43a)
4(L —4sin%0,,)
= h(ma) = Lzl @3b)
2sin% 6, — 1
i+ = gl (TissNis)- (43c¢)

- 1
sin@,, cos 6,

Hyy
800} ]

600}

my, (GeV)

200¢

200 400 600 800
my,(GeV)
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The functions /; and [, are defined as

m 2
Il(T’ 77) = 2(1’ — 7]) + 2(7,' _ ;7)2 [f(T) _f(rl)]
TZ
Al P _';’1)2 l9(z) = g(n), (44a)
o
L) = =5 s 6 - f) @)

where the function f has the same definition as in Eq. (41).
Since 7, n, > 1 forx =W, t, H f the function g takes the
following form:

g(x) = Vx = Isin™ (1/1/x). (45)

In the decoupling limit, the parameters, k;(i = 1,2), which
appear in Egs. (38), (39) and (42), are given by

2
K,._—<1+ mh). (46)

2
2mg,

In our case, the signal strengths y,, and iz, defined through
the equations,

_ olpp—=h)  BR(h—yy) @7
H = oM (pp — k) BRM(h > y)’
_ o(pp = h)  BR(h— Zy) 48)
Ky oM(pp — h) BRM(h - Zy)’
assume the following forms:
u = C(h—yr) _ \Fw +3F+ 2 kiFi 49)
MG ) FutiFE
Hzy
8001 0505 1
S 600}
(2]
<)
&
= 400}
2001

200 400 600 800
my,(GeV)

FIG. 2. Signal strengths for diphoton and Z-photon decay modes within the allowed range for charged Higgs masses.
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As the charged Higgs becomes heavy, the quantity F;,,
for example, saturates to % So the decoupling of charged
Higgs from loop-induced Higgs decay depends on how «;
behaves with increasing m;, . It follows from Eq. (46) that
k; = —1 if m;, > m,,. 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 charged Higgs masses within the allowed ranges
coming from unitarity and vacuum stability. We find that y,,
and pz, should lie within [0.42, 0.80] and [0.73, 0.93] for
my, € [80,950] and m,, € [80,950]. 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 the ATLAS data 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, v; = v/3v, in particular.

(i1) In this limit we find a Z, subgroup of S5 that remains
unbroken even after the spontaneous symmetry
breaking. The different scalar mass eigenstates
can then be assigned with appropriate Z, parity

PHYSICAL REVIEW D 89, 095025 (2014)

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

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.

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 f is likely to be in the
range [0.3,17] and all the nonstandard Higgs masses
lie below 1 TeV.

Regarding the decay of the SM-like S; 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 &7 — yy and h — Zy modes will certainly
disfavor the possibility of an SM-like Higgs arising
from an S3HDM.
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