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Abstract We consider an S3 flavor symmetry model, and by imposing this global discrete
symmetry in the scalar potential we observe some interesting decay signatures of a light scalar
and a pseudo-scalar which might be buried in the existing collider data.

2.1 Introduction

Discrete flavor symmetries are often used to explain the masses and mixing of quarks and lep-
tons [1H4]. These scenarios predict nonstandard decay signatures involving scalars and gauge
bosons, and flavor changing neutral currents (FCNC). The flavor group S3 was introduced
early in Ref.[5] and has since been used in many different scenarios [6H16]. Our analysis is
based on the realization in Ref. [17]. The group structure of S3 favors maximal atmospheric
mixing angle which still gives a good fit after the recent measurements of non-zero 613 [18-20].
S3 has three irreducible representations: 1, 1/, and 2. The invariants 1 can be constructed
using the multiplication rules 2®@2 =16 1'®2 and 1’ ® 1’ = 1. We take the particle
assignments [17], which we have followed also in Ref. [21} 22]:

(L'LIILT)ezl Le, eCIIJC€1, 'TCG]./,
(Q2,03)€2, Q1,u5cds“el, b tel’, (2.1)
(¢1,92) €2, p3€l.

The fields Q1/2/3 and Le/y/7 are the quark and lepton SU(2) doublets of the three generations.
This assignment was motivated in Ref. [17] to have a reasonably successful reproduction of
quark and lepton masses and mixing. All the three scalar SU(2) doublets ¢1,2,33 take part in
electroweak symmetry breaking. The general structure of the model allows for tree-level FCNC
due to the absence of natural flavor conservation [23], although those are too suppressed
by the Yukawa couplings to cause any problem even for scalar masses of the electroweak
scale [21] 22] [24]. However, in models where the flavor symmetry does not apply on Yukawa
couplings, the scalar masses are pushed beyond the TeV scale [25]. In our analysis [21} 22]
we observe noteworthy decay properties of a scalar and a pseudo-scalar: (i) Two of the
three scalars hp  have standard model (SM)-like gauge and Yukawa couplings, and they
can dominantly decay into the third absolutely non-SM-like scalar hq; (if) The scalar (pseudo-
scalar) hq (Xq) has no (ha/Xqa)V V-type vertices, where V = W%, Z; (iii) ha/Xq has only flavor
off-diagonal Yukawa couplings with one fermion from the third generation. We have included all
scalar degrees of freedom: three CP-even neutral scalars, two CP-odd neutral scalars and two
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sets of charged scalars. The special features of our analysis are: (i) determination of the mass
spectrum of the neutral scalars/pseudoscalars and the charged scalars following an improved
potential minimization method, (i) calculation of their gauge and Yukawa couplings, and (iii)
identification of a novel decay channel of a scalar (pseudoscalar) which can be experimentally
tested.

2.2 Mass spectrum

The explicit form of the general S3 invariant scalar potential, which we do not give here
for brevity, is given in Refs. [21] 22, 26]. It has eight dimensionless couplings A; and two
mass-squared dimensional parameters m? and m3.
The replacement ¢; — (hfr vi+h;+ ixi)T is done, assuming v1 = V2 = v and V3, which
allow for maximal atmospheric neutrino mixing, where 2v? + vg = véM has to hold with
vsm = 246 GeV. After diagonalizing the mass matrices the physical CP-even, CP-odd and
charged scalars are denoted by hq p,c, Xa,p and h:;, p» respectively.

Note that by imposing v1 = V3 on the potential m? and mg are related to the couplings A; and
the VEVs v and v3. To make sure that this point is actually a minimum of the potential, the
determinant of the Hessian has to be positive, which is equivalent to imposing the condition of
positive squared scalar masses. As a first step towards potential minimization, we first try to
provide an analytical feel. We identify some simple-looking relations of the coefficients that
keep the potential always bounded from below. To do this we factorize the scalar potential into
a simplified polynomial in ¢1, ¢ and ¢3. Three distinct types of terms emerge with power four:
¢, ¢l.2¢j2 and ¢?¢;¢k, where i, j, k = 1... 3. Of the nine terms, only six have independent

coefficients, which we call c{1...6}:

C197+C105 +Co93+C30705 +Cadi 03 +Cad305+C5010203 + 5010503+ Cod102¢3
(2.2)
It follows that

C1=A1/2+A2/2, C2=A4/2, C3=A1—A2+A3, Ca=As+Ag, C5=2Ag, Cg=2A7.

(2.3)
By inspection, the following conditions emerge:

C1,C2 >0, 2C3,2C4 = —C1, 2C3,2C4 =2 —C2, 2C4 2= -—C1,, 04

—-1/2c1 <cs5,c6<C1, —-1/2c; <cs,Cc6<C3. @4

Then we get an acceptable mass spectrum for all types of scalars, and the potential turns
out to be globally stable. However, this method overlooks a large part of the otherwise valid
parameter, and an uncomfortable feature is that none of the masses exceeds 300 GeV when
|)\{1...8}| <.

Now we propose a better method for ensuring global stability. We transform Eq. (2.2) into
spherical coordinates (p, 6, ¢), which splits the potential into a radial and an angular part.
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Figure 2.1: Scatter plots of masses of hq, hp, he and Xq, fixing vi/v = 0.6. The lines give
the window between 114 — 130 GeV. The highlighted strip in the middle plot is
disfavored by LHC which disfavors a second SM-like Higgs within 550 GeV.

Global stability then means the positivity of the angular part:

sin® 6{(2c1—c3)cos(4¢)+6c1+c3}+8c2 cos? 6+sin2(29)(2c4 sin® ¢+ce sin(2¢))
+8c4cos? psin®6cos? 6 +4cssin(2¢)sin®6cosH(sing +cosg) >0 (2.5)

As it is a transcendental inequality, no simple-looking analytic solutions emerge by solving
Eq. (2.5). We therefore check the positivity of this function numerically at each point of the
parameter space. This method allows us to explore the so-far inaccessible territory of the
stable parameter space that could not be reached by Eq. (2.4). Interestingly, the heavy scalar
and pseudoscalar masses can be pushed well above 300 GeV even for |A{1,_,8}| <T.

We express the physical pseudo-scalar (x) and scalar (h) states denoted by roman alphabets
as subscripts in terms of their weak eigenstates distinguished by hindu numerals:

X12) = (V/vsm) G° F (1/\/5) Xa— V3/ (\/EVSM) Xb, X3 =(V/vsm)G® + \/E(V3/VSM)XIO;

hi12)=U1i2) hp +U12)c hc F (1/\/5) ha, h3 = Usp hp + Usc he,

(2.6)
where Ujp and U;c are complicated functions of the A{1...8}, v and v3. The corresponding
mixing relations for h , are obtained by substituting x — h* and G — G* in Eq. (2.6). The

a,
masses for the CP-even scalars are [21] 22]

mza =4Xyv? —2A3v? —v3(2A7Vv3 + 5A8V),

h
m2 = L [4A1V2V3 + 2X3V2 V3 + 2A4V3 — 2AgV3 + 3AgVV2 £ Am?] &7)
hoo = 2v3 1 3 3 3 4V3 8 gVV3 ,
where Am?3 is a complicated expression of the A; and the VEVs given in Refs. [21] [22].
The pseudo-scalar squared masses are
2 _ 2 _ 2
m, = —9AgVvvs3, ml = =Vgy (2A7 +AgVv/v3), (2.8)
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while the charged scalars’ squared masses are

mZ, = =2A3v? — v (Ae + A7) + 5AgVvs, mf‘+ =-vg, (A6 +A7+A8V/v3). (2.9)
b

a

The allowed ranges for the masses obtained by varying A¢1...83 € [—7, m] and keeping the
ratio v3/Vv fixed to 0.6 (chosen in Ref. [21] [22] for compatibility with the quark masses) are
shown in Fig. 1. In view of the recent LHC results [27, 28] that claims discovery of a Higgs-like
boson at around 125 GeV with a large excluded region above and below, the mass spectrum
in this model fits well with the following scenario:

1. hp is identified with the 125 GeV Higgs boson [27,28]. The Yukawa and gauge couplings
of hp and h. are like those of the SM Higgs. h is somewhat heavier than hy.

2. hq and x4 have nonstandard interactions that hide them from standard searches.

3. All other masses, including the charged scalars, can be above 550 GeV, although from
the experimental point of view the charged scalars need not be that heavy.

2.3 Couplings

| hEWT | hf W7 | xaZ | XbZ | WEW7T | 2Z | h*W7 | hy W+
ha [ v — v [ - — — Xa | -
hp - N - Vv N v Xb - N
hc - v - | v v v

Table 2.1: 3-point vertices with at least one h (or x) and W/Z boson. A checkmark means that
the vertex exists.

The couplings involving h, do not depend on the scalar potential parameters, while those of of
hp and h. do and that too in a complicated way, which we refer by putting checkmark signs in

Tables [2.1|and [2.2| without displaying their expressions explicitly. The hqXxqZ coupling is le ,
294u

where G = v/ g? + g’? and g, is the momentum transfer. Since neither hq nor x4 couples
to pairs of gauge bosons via the three-point vertex, their masses are not constrained from
direct searches at LEP2 or by electroweak precision tests. In fact, the conventional LHC Higgs
search strategy would not apply on them either. Now we come to Yukawa interaction, whose
explicit form is given in Refs. [21} [22].

The scalars are rotated to their physical basis { hq, hp, hc}, and we obtain the Yukawa matrices
Y{a,nb,cy- The individual mixing matrices for up- and down-type quarks contain large mixing
angles as a consequence of S3 symmetry and the particle assignments [17]. Specifically, the
doublet representation of S3 generates maximal mixing when we set v1 = v;,. Now, the CKM
matrix involves a relative alignment of those two matrices which yields small mixing for quarks.
Similarly, the PMNS matrix is given by the relative orientation of the mixing matrices for the
charged leptons and neutrinos. Since we assume that the neutrino mass matrix is diagonal
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hq - v Vv - - Vv - - Vv
hp N - - v N - v v -
h N - - N N - N v -

Figure 2.2: Feynman graphs for dominant sources of hq production and decays which might
be relevant at the LHC.

being generated by a type-ll seesaw mechanism, the large mixing angles in the lepton sector
survive. There are two generic textures of Yukawa couplings in our model [21} 22]:

0 0 VYis Y11 Yi2 O
Ya= 0 0 Y3 |, Ype=|Y21 Y22 O ) (2.10)
Y31 Y32 O 0 0 Y33

Here Y, symbolically describes the Yukawa couplings for hg, Xq and h;, while Yp, describe

the couplings for hp, he, Xp and h7, and the pattern holds both for leptons and quarks. The off-
diagonal couplings in Y - are numerically small and can be controlled by one free parameter
which keeps dangerous FCNC processes under control. The largest off-diagonal coupling
in Yq is (ha/Xq)ct ~ 0.8; it leads to viable production channel of hq via t decays. The next
largest couplings are (ha/Xq)sb =~ 0.02 and (ha/Xq)UT ~ 0.008. The xouT coupling leads
to an interesting decay channel that can lead to observable signatures at the LHC.

2.4 How to search for h, at the LHC?

If kinematically allowed, h, can be produced e.g. through t — hqc [Fig.[2.2(a)]. After that, if
Mp, < My,, hq decays dominantly into b and s quarks, or into T and u [see Fig. b)]. The
branching ratio (BR) for t — hqc is 0.17(0.06) for mp, = 130(150) GeV. Then hq = uT
occurs with a BR of 10% and hy — bs with 90%.

We stress on a spectacular channel that opens up when hy — x4Z is kinematically accessible
[Fig. [2.2c)]. The corresponding BR is almost 100% since gauge couplings dominate over
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Figure 2.3: Different branching ratios involving the production and decay of h,. In all cases,
my, = 20 GeV is assumed.

the light fermion Yukawa couplings. Then xq — Tu proceeds with a BR of 10%, and Z — uu
occurs with a BR of 3%. If two hq are produced from tt pairs, this could lead to a characteristic
signal with up to six muons with the taus used as tags. The relevant BRs are plotted in

Figs. [2.3(a)—(c). Throughout we have assumed that my, = 20 GeV.

2.5 Conclusions and outlook

We have analyzed the complete scalar/pseudoscalar sector of an S3 flavor model. We
simultaneously handle three CP-even, two CP-odd and two sets of charged scalar particles.
We followed a novel technique of potential minimization which allowed to us to explore the
parameter space better. The scalar hpy mimicks the standard Higgs-like object weighing around
125 GeV, while hg and x4 evade conventional collider searches at LEP/Tevatron/LHC and
hence can be rather light. The other scalars/pseudoscalars can stay beyond the current LHC
reach (e.g., 550 GeV). We stressed on a promising channel for h, search at LHC involving
up to six muons in the final state to be searched with the tau tags. We urge our experimental

colleagues to look for this channel.
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