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Lepton flavor violating Higgs decays can arise in flavor symmetry models where the Higgs sector
is responsible for both the electroweak and the flavor symmetry breaking. Here we advocate an Sy
three-Higgs-doublet model where tightly constrained flavor changing neutral currents are suppressed by a
remnant Z; symmetry. A small breaking of this Z; symmetry can explain the 2.40 excess of Higgs decay
final states with a uz topology reported recently by CMS if the new neutral scalars are light. The model
also predicts sizable rates for lepton flavor violating Higgs decays in the ez and eu channels because of

the unifying S, flavor symmetry.
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I. INTRODUCTION

Lepton flavor violating (LFV) Higgs decays have been
advocated as a harbinger of flavor symmetries explaining
the large amount of lepton flavor mixing [1-4]. Indeed,
substantial LFV Higgs couplings can arise quite naturally
in such models as a consequence of the maximal atmos-
pheric y — 7 mixing in the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix. To manifest itself in the physical
mass basis, a misalignment of the Higgs doublets, typically
utilized to yield a realistic symmetry breaking pattern, is
necessary. While the scalar sector in [1-4] decomposes into
a Standard Model (SM)-like Higgs doublet and new exotic
scalars experiencing LFV decays, in the following we
present an S, flavor model where these states mix, resulting
in sizable LFV decays of the SM-like Higgs boson. This is
particularly interesting after the recent report by the CMS
Collaboration of a 2.4¢ anomaly in the & — pz channel
with a best fit of Br(h — ur) ~0.84% [5], which as a
possible hint of new physics beyond the SM, has drawn
some attention [6—12].

Notably, the discrete group S, has been shown to be the
most natural flavor symmetry of the tribimaximal (TBM)
mixing scheme in the leptonic sector, with purely group
theoretical arguments [13—15], as well as in explicit flavor
models [16-18]. Furthermore, together with the groups A,
and A(27), the S, group is the smallest group containing an
irreducible triplet representation that can accommodate the
three fermion families of the SM. Nonsupersymmetric Sy
models based on TBM mixing but accommodating a large
015 have been discussed, e.g., in [19-21]. To evade bounds
from the tightly constrained radiative decays [, — lgy, we
consider the special case in which S, is broken down to a
residual Z; subgroup (see [2] in the context of the
symmetry groups A4, T, and A(27), referred to as lepton
flavor triality or LFT for short). This discrete Z; symmetry
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is obtained when scalar doublets in the irreducible triplet
representation 3’ of S, assume the specific vacuum align-
ment (1,1,1) [16]. If only the charged lepton sector is
considered, the distinct Z; quantum numbers prevent any
mixing of the physical scalars in this model. The Z;
symmetry is, however, broken to some degree by pertur-
bations arising from other scalar S, triplets required to
extend the model to quarks and neutrinos. These perturba-
tions enable mixing between the scalars and consequently
lead to LFV Higgs decays.

The measurement of & — ur can be translated into a
bound on the combination of Yukawa couplings [y,.|* +
| ym|2 [11]. These couplings directly affect predictions for
constrained LFV processes such as 7 — uy or 7 — 3u
which can be used to set bounds on the scalar masses in
our 3HDM.

The paper is structured as follows. In Sec. Il we develop a
model with LFT that leads to realistic fermion masses and
mixings. In Sec. III we analyze the breaking of the Z5 group
associated with LFT and its consequences for Higgs decays.
In particular we focus on the & — uz channel explaining
the recent 2.46 anomaly and summarize predictions of our
model for other rare LFV processes. The & — yy rate is
considered in Sec. IV and a summary is given in Sec. V.

II. THE MODEL
A. Charged leptons

In the following we use the charged lepton sector as a
starting point to introduce the relevant scalar content. Some
of the additional scalars needed to accommodate quarks
and neutrinos have an effect on the lepton phenomenology,
which we can exploit to explain the excess in h — ur
reported by CMS, as will be discussed in Sec. III. The
particle assignments relevant for the charged lepton sector
in the notation (S4, SU(2),Z,,) are
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L=(L.L,L): (3.2.1),  zp: (1.1,-0),
(enm: (21.6).
= (1.2, p3): (3.2,1), n: (1,1,3%),

n: (1/,1,e%”>. (1)

The scalar fields gbj( j=1,2,3) and the left-handed
fermion SU(2) doublets are both assigned to an S, triplet
representation 3'. The former break the electroweak (EW)
symmetry of the SM by spontaneously acquiring VEVs
at the EW scale. Such models are usually referred to as
three-Higgs-doublet models (3HDMs) and have been
extensively analyzed in the past, e.g., in [22,23].

To describe the hierarchy among the charged fermion
masses, we introduce two EW scalar singlets, 77; and #,. For
the VEVs of 5, we assume v, , = 1A with 1=0.22,
where A is a high scale deﬁmng ‘the breakdown of our
effective theory. By choosing suitable Z;, charges, we
ensure that the tau and muon mass arise from seven and
nine dimensional Yukawa terms, respectively. The small-
ness of the electron mass on the other hand is explained by
the destructive interference between the contributions
coming from the nine dimensional Yukawa operators
and by a small breaking of the universality of the
corresponding Yukawa couplings. The Z,,, therefore,
functions as a Froggatt—Nielson-like symmetry by creating
mass hierarchies in the lepton and quark sector with O(1)
Yukawa couplings [24].

As a consequence of the particle assignments given in
Eq. (1) the scalar potential V(¢) involving only the ¢ field
is the general S,-invariant scalar potential of a 3HDM [23].
Since the singlet scalars are assumed to be very heavy, the
mixing between ¢; and 7, , is suppressed. For simplicity
we also assume a CP-conserving scalar potential with only
real couplings as done in, e.g., [25]. The renormalizable
low-energy scalar potential is

2 ¢,+a<;df )
Y

ij=Li#j

b)) D)) + bl + 8(e )%
(2)

with the low-energy scalar content given by

b= [4)7% (%+ P+ id»‘;,)] (3)

It includes three CP-even neutral scalars % (j = 1,2,3)
and three CP-odd neutral scalars qb i, as well as three
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complex charged scalars (¢;F), of which three degrees of
freedom are absorbed by the W* and Z gauge boson
masses. The corresponding physical mass spectrum reads

v , v
My =T My = (3a + 2x),
m;?aw = —p35, m%b = —v*(k = p),
mégl =0, m;? =0, (4)

with k:=f +y + 0.
The mass eigenstates ¢, . are given by the following
linear combinations of the S, basis scalars ¢, ;:

ba 7(¢3 $2).
by 7(2¢1 by — b3),
¢c:%(¢l+¢2+¢3)' (5)

These equations hold for the charged, CP-even and
CP-odd components of ¢, and they imply that

(o) = (#p) =0 and (p.) = v. (6)

The fact that ¢, is the only mass eigenstate from the Sy
triplet acquiring a VEV proves essential for LFT. Along

with the degeneracy of the scalars ¢(()a’b) r Lcf. Eq. (4)], it

suggests that ¢° can be identified as the SM Higgs particle
found at the LHC with a mass of approximately 125 GeV.

Using Eq. (5) we obtain the three- and four-point vertices
of the physical scalars and the gauge bosons W, Z° and A
from the kinetic terms of the Lagrangian. In the case of the
three-point interactions, the only induced decay channels
are ¢° — WHW~ and ¢% — (Z°)2. Hence, the SM-like
Higgs ¢ is the only physical scalar giving masses to the
SM gauge bosons with SM couplings. As a consequence,
the masses of the neutral scalars q,’z?a’ p)r 4re not constrained
by the usual Higgs searches performed in the LEP and LHC
experiments [26,27].

The relevant S; ® Z,-invariant Yukawa terms for the
charged leptons,

3 2
m + €mn
L 3y1[L¢]1TR71 A 2

er \ 1} + enim + exmns
+ (L), < > l 1A25 ?
MR

77+5’7’7+8’777
+y3[L¢]z(ﬂ)2 S T g
R

AS

lead to the following mass matrix for charged leptons:
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1 vy (y2 = 33)4° 01 (2 +33)8 v
M, = ﬁ 0,0 (, = 53)8 00 + 7)) 05,47
030(9, = 53)2° 130 (5, +73)4° 035,47
(8)
| 1 1 1
=v—| @* o 1 |diag((3,—33)4, (F2+33)4°.514%).
V6 w o* 1

©)

2i7/3 and ¥y, 5, y3 given by

withv1:v2:v3:\/%,a):e

yi=(1+e&)y,

Yo = (L+e& +e)y.

¥3 = (1 + &3+ €4)ys, (10)
where the dimensionless couplings vy, 2, V3, €9, €15 €25 €3

and g4 are O(1) parameters. Consequently, the charged
lepton masses are

v
e — ) /15_7
m (Y2 = ¥3) NG
- - v
m, = (V2 +J’3)/15%,
. v
m; = Y1/137§‘ (11)

The mass hierarchy m,, m, < m,, therefore, is a natural
consequence of our model.

Equation (8) shows a characteristic feature of LFT that
the mass basis of the charged leptons coincides with the Z5
basis; i.e., the charged lepton fields can be identified as Z;
eigenstates e ~ 1, y ~ @?, 7~ o.

The structures for the couplings of the charged leptons to
the physical scalars ¢°p, %, and ¢°, are given by

0 m,w*  (=)mw
Y = ()—= | (=) 0 2
= (1 — s
(a)b 1}\/5 m,w m.w
m,w*  (=)m,w 0
. m, 0 O
Yo==—1 0 m, 0 [, (12)
v
0 0 m
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where the factors in parentheses apply only to the structure
of Y,. As can be seen from Eq. (12), ¢. only couples
diagonally to the charged leptons and, hence, should be
uncharged under Zs. This can be understood by expressing
the fields ¢, , . in terms of the Z; eigenstates,

b | 1 1 b1
=—|1 & o with
¢y \/§ ) ¢2
¢ I o o b3
Gey:~ 1,0, @?, (13)
and consequently realizing that
be = s
1
(;bb = _2 <¢y + ¢z)7
1
¢a = ﬁ (¢y - ¢z) (14)

Considering that ¢, is the only mass eigenstate from the
¢S, triplet that acquires a VEV [cf. Eq. (6)], Z3 remains
unbroken at this point.

B. Neutrino sector

To generate the neutrino masses via a type I seesaw
mechanism, we extend the SM particle content by two
heavy Majorana neutrinos Nz and N,z as well as four S,
triplets scalar fields y, &, o and £, which are singlets under
SU(2). Additionally, we employ two Z, symmetries to
enforce a specific mass pattern and decouple the scalars
from interactions with the other fermion sectors. The
corresponding S; ® Z, ® Z, @ Z,, assignments are

Nig: (1,-1,1,1),
x: (3.=1,1,1),
o: (3. -1,-1,1),

Nog: (1,=1,-1,1),
£ (3,-1,1,1),
¢ (3.-1,-1,1). (15)

Therefore, the relevant Sy ® Z, ® Z, ® Z;, -invariant
neutrino Yukawa terms read

¢ Y

14 v é v o 14
LD yg )[L¢]3’N1R%+ y(z)[L‘f’thRK + )’g )[L¢]3’N2RK + )’4(1 )[L¢}3N2RK + TL[¢I]3’N1R

) (v) v)
Y Y A c A c
S Lip&lyNig + —/7& L{go]yNog + —i L{¢llyNog + M N gNg + M;NogN5g. (16)

Y

Ly
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With the VEV patterns of the scalar fields y, &, o and ¢

(6) = v¢(1,0,0),

(17)
(6) = v4(0,1,0), (¢) = v£(0,1,0)
and the simplification
W=y =y =y =y, (18)

it follows that the full 5 x 5 neutrino mass matrix is

v 03><3 le/)
(Mv ) MR
where
0 AGY +3) =iy +3)
b v
M) = 4ﬂy<”> 0 %
0 AL+ ) +i0Y + 3]
0 ae”
s o |-Z
. 3’
0 ae™™ V3
M, 0
MR = N
0 M,
v V)\2 v V)\2
a=/1\/(y§) +3)2+ O )%
b =4iyW),
(v) (v)
tanz = —%. (20)
Y4 T Ve

Since (My);; > v, the light neutrino mass matrix arises
from a type I seesaw mechanism and is given by

02€2iT 0 (12 ,
MY =mPup Py = 0 p¥ o0 |
1 | 3m,
a2 0 a26—211
AT 0 A
-1 0o B 0 (21)
A 0 Ae
with
2 2
A=a>-"—  B=p-"_. (22)
3M, 3M,

It is worth mentioning that the neutrino mass matrix
depends only on three effective parameters, A, B and t,
of which A and B are inverse proportional to M, and M|,
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respectively. Furthermore, the smallness of the active
neutrino masses arises from their inverse scaling with
the large Majorana neutrino masses as well as from the
quadratic dependence of the neutrino Yukawa couplings,
which is a characteristic feature of the type I seesaw
mechanism. The right handed Majorana neutrinos obtain
large masses due to their Yukawa interactions with EW
scalar singlets, which acquire VEVs much larger than the
electroweak scale.

The squared mass matrix M\ (M) is diagonalized by
a unitary rotation matrix V, as follows [28-31]:

md 0 0
vim"m'v, = 0o m2 0 |. with
0 0 m
cosy 0 sinye
v, = 0 1 0 ,
—sinye® 0  cosy
w = i%, ¢ = 21, (23)
where y = 4z /4 and w = —x/4 correspond to the normal

(NH) and inverted (IH) mass hierarchies, respectively. The
light active neutrino masses for NH and IH are

NH: 1//:4—% my] :O’ }’ny2 :B, my3 :2|A|, (24)

n
TH: y/:—Z: m, =2|A

’ myz :B3

m,, =0. (25)

By combining Eqgs. (8) and (23), we obtain the PMNS
leptonic mixing matrix

ip-2x . 2ix _2im
cosy e’ 3siny e3

V3 V3 V3 V3

2L 2 2r
&S sing o3

U= VlTLvy = | cosy

(26)

which only depends on a single parameter ¢, whereas the
neutrino mass squared splittings are determined by the
parameters A and B.

Furthermore, we find that the lepton mixing angles are
given by

‘U€2|2 _ 2
1—|UsP 44 (cosgp—Bsing)’

sin’0;, = (27)
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TABLE L.
the case of normal hierarchy.

PHYSICAL REVIEW D 91, 116011 (2015)

Range for experimental values of neutrino mass squared splittings and leptonic mixing parameters, taken from Ref. [33], for

Parameter Am3, (1075 eV?) Am3 (1073 eV?) (CLECIPYIS ($in” 03) ey (5in® 013y,
Best fit 7.60 248 0.323 0.567 0.0234

lo range 7.42-7.79 2.41-2.53 0.307-0.339 0.439-0.599 0.0214-0.0254
20 range 7.26-7.99 2.35-2.59 0.292-0.357 0.413-0.623 0.0195-0.0274
30 range 7.11-8.11 2.30-2.65 0.278-0.375 0.392-0.643 0.0183-0.0297

sin2913 = |Ue3|2 = é [2:F(COS¢ - \/§Sin ¢)}7 (28)

|U,sl* 2F(cos¢ + V3 sing)

sin’6y; = = )
3 1—|Usl> 4+ (cos¢p—/3sing)

(29)

The Jarlskog invariant and the CP-violating phase are
given by [32]

1
= ——cos 2y,

63
8J

ins — . 30
O = 08 0,3 sin 20, sin 26,3 sin 26,3 (30)

J = Im(UelUuzUzzUjil)

Since w =+%, we predict /=0 and 6 =0, which
corresponds to CP conservation in neutrino oscillations.

In what follows we adjust the three free effective
parameters ¢, A and B of the light neutrino sector to
accommodate the experimental values of three leptonic
mixing parameters and two neutrino mass squared split-
tings, reported in Tables I and II for NH and IH, respec-
tively. We fit the ¢ parameter to adjust the values of the
leptonic mixing parameters sin® 6; j» whereas A and B are
given by

NH: m, = 0,

m,, =B =\/Am}; ~9 meV,

m,, = 2|A| = \/Am3}; ~ 50 meV; (31)

IH: m,, = B=\/Am3, + Am}; ~ 50 meV,
m,, =2|A| = \/Am}; =49 meV,

my, = 0, (32)

resulting from Egs. (24) and (25), the definition Am?j =
m; — mj3, and the best-fit values of Am7; from Tables I and
IT for NH and IH, respectively. '

By varying ¢ we obtain the following best-fit result:

NH: ¢ = —0.4537,

sin?6,; ~ 0.61,

sin’6,, ~ 0.34,
§in20; ~ 00232, (33)

H: ¢ = 0.546x,

Sin2923 ~0.61 s

Sin2€12 ~ 034,
sin?6,5 = 0.024. (34)

Comparing Egs. (33) and (34) with Tables I and II, we
obtain sin® @5 and sin’ #,3 in excellent agreement with the
experimental data, for both mass hierarchies, whereas
sin® @, deviates 26 away from its best-fit values.
Consequently, our predictions for the neutrino mass
squared splittings and leptonic mixing parameters are in
very good agreement with the experimental data on
neutrino oscillations. Furthermore, our model predicts
the absence of CP violation in neutrino oscillations.

C. Quark sector

To obtain realistic quark masses and mixings we add SM
scalar singlets, i.e., two S, triplets, p and ¢, and three S,
singlets, ©;, €, and Q3. Again we use a Z) symmetry to
decouple these scalars from the other fermion sectors,
whereas a Zg symmetry accounts for the top and bottom
mass hierarchy. The Sy ® Z) ® Zs @ Z;, assignments are

TABLE II. Range for experimental values of neutrino mass squared splittings and leptonic mixing parameters, taken from Ref. [33],
for the case of inverted hierarchy.

Parameter Am3, (1075 eV?) Am2,(1073 eV?) (CLECIPYIS ($in” 03) ey (5in® 013) ey,
Best fit 7.60 2.38 0.323 0.573 0.0240

lo range 7.42-1.79 2.32-2.43 0.307-0.339 0.530-0.598 0.0221-0.0259
20 range 7.26-7.99 2.26-2.48 0.292-0.357 0.432-0.621 0.0202-0.0278
30 range 7.11-8.11 2.20-2.54 0.278-0.375 0.403-0.640 0.0183-0.0297
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tre (1,1,1,1), cg: (1,1,1,1),

up: (1L1.1,—1),  bg: (1.1,-1.1),

sei (LL=11),  dg: (1.1,—1,—1),

0: 3.-1.1.1).  p: (3.-1.1.1),

o G.-1,1,1), @ (L1,1,0),

Q,: (1,—1,1,w%), Q,: (1,1,w%, 1) (35)

with the VEV patterns of the scalar fields p, ¢, Q;, Q,
and Q3,

() = 1,(i.0.0).
<Ql> = Vgq,,
The Z;, symmetry creates a hierarchy among the columns

of the quark mass matrices which leads to the quark mass
|

{#) = v,(1,0,0),

(Q) = ngei%’ (Q3) = vq,. (36)
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hierarchies observed in experiments without additional
fine-tuning. The relevant S; ® Z’2’ ® Zg ® Z,-invariant
Yukawa terms for the up- and down-type quarks are given
in Appendix C. Using the S, multiplication rules listed in
Appendix A, it follows that the quark mass matrices are
given by

C,e®n 0 0
M,=| Dye® Eje® F e
D,e%  Eg e F e
q=U,D. (37)

Then the quark mass matrices satisfy the following
relation:

C, e 0 0 C,e %4 Dye D, e
MMy = | Dye™® E e F e E % E e (38)
D e Ege%a  F e F, e F e %
C(ZI Cquei(61q+62q) Cquei(elq_HZq)
C,D e~ 1t0) D2 + E% + F2 D2e™2% 4 E2e™2i03 4 F2e™20 (39)
C,D, e %i=0) D220 4 E2e%0 4 F2 o0k D: + E% + F?
|
R J,RY = diag(—-m3 ,m% ,m2),
X Y, e Y, e A
q q q c s 0
. 4 q q
= | Y, e U Ve (40) s, c 1
Y e~ Y e=ife U q V2 V2 V2 |
q q q _ S S L
V2 V2 V2
where X, Y, V, and U, are real parameters. For the sake  where:
of simplicity we assume 6., = 0,, —0,,, so that the
relevant physical part of the quark mass matrices can be m2 —X m2 4+ X
rewritten as follows: Cg=1\|—a Sg =\ (43)
m’lz + mfh m‘iz + m‘ll

1 0 0
M My = P,J P}, P,=10 e 0 |,
0 0 e
Xq Yf] YCI
J, =Y, U, V.| (41)
YCI V‘I UCI

The matrix J, corresponds to a modification of the
Fukuyama-Nishiura texture proposed in [34] and is
diagonalized by an orthogonal matrix R, as follows:

with the quark masses

1
—myg, = B <Uq TV t+ X, - \/(Xq — U=Vl + 8Y%1)*

(44)

1
ma, =5 <Uq+ V,+X,+ \/(Xq -U, - vq)2+8yg>,
(45)

mfh =U,-V, (46)
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Furthermore, for the CKM quark mixing matrix we obtain

cycp + Ssysp(e?® + e'@)

—_NnT _ 1 i9 i
K = OUPUDOD = SuCp _zC'USD(el + e"’)

Lsp(e? — ei0)

where Pyp =P} Pp=diag(l,e?,¢), with 9 = 0, — 0,
and Q= ebU - HbD.

Using the values of the quark masses at the M, scale
shown in Table III and varying the parameters X p, 3 and ¢
we fit the magnitudes of the CKM matrix elements,
the CP-violating phase and the Jarlskog invariant J to the
experimental values shown in Table IV. The values of the
quark masses at the M scale have been taken from Ref. [35],
whereas the experimental values of the CKM magnitudes
and the Jarlskog invariant J are taken from Ref. [36].

Using the values

Xy = 2.90 x 1073 GeV2,
X, = 1.38 x 1074 GeV?2,

9=2879°, o=926 (48)

the obtained magnitudes of the CKM matrix elements, the
CP-violating phase and the Jarlskog invariant are in
excellent agreement with the experimental data.

TABLE III.
scale. [35].

Experimental values of the quark masses at the M,

Quark masses Experimental Value

my(MeV) 2.9703

m,(MeV) 5774183
my,(MeV) 282013
m,(MeV) 1457938
m.(MeV) 635+ 86
m,(MeV) 1721 £0.6 £0.9

TABLE IV. Experimental CKM magnitudes and Jarlskog
invariant compared with results obtained from our fit.

Observable Fukuyama like texture Experimental Value
IV .dl 0.974 0.97427 £ 0.00015
[V s 0.225 0.22534 £ 0.00065
Vs 0.00351 0.003511 055013
\¥ 0.225 0.22520 + 0.00065
[Vl 0.973 0.97344 + 0.00016
\2 0.0412 0.04128 5604

V.4l 0.00867 0.00867 30027
[Vl 0.0404 0.04040001

\2 0.999 0.999146 10 50002t

J 2.96 x 107 (2.961910) x 107
b 69.2° 68°
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CUSD . %SUCD(ei@ + ei()) %SU(ei'() _ ei())
susp +cyep(e® +e@) Jey(e@—e?) |,

C
%cD(eiQ _ ei&) %(8119 + eig)

I1I. Z; BREAKING

A. Scalar sector

The S4 symmetry of the model is broken down to a
residual Z; symmetry once the Sy triplet ¢ acquires VEVs
in the direction v(1, 1, 1). However, perturbations can arise
from other scalars without a mechanism to protect the
necessary VEV alignments, e.g., from a scalar triplet y
acquiring VEVs in the v,(1,0,0) direction to generate
neutrino masses and mixings [cf. Egs. (15)—(17)]. These
perturbations are caused by quartic interactions of the form
(") (") that appear in the scalar potential and cannot be
forbidden by a flavor symmetry since the combinations
¢'¢ and y'y are always invariant.

In our model the scalar triplet responsible for the charged
lepton masses is ¢ with (¢) = v(1, 1, 1), assigned to (3, 2)
under S, ® SU(2), whereas several scalars responsible for
mixings in the quark and neutrino sector cause deviations
from this alignment through quartic interactions with ¢. If
we assume a VEV hierarchy among those scalars to
simplify the discussion, i.e., v,,v, > v,, V¢, v,, v, the
perturbations coming from scalars involved in neutrino
interactions can be neglected. The remaining fields being

p: (3.1), ¢: (3,1)
(p) = 1,(i,0,0), () = v,(1,0,0).

Thus, the relevant cross couplings in the scalar potential are

with

Vied > (@'9)il4,(0'0); + 4, (@' 0) ). (49)
i=1233
where i=1,2,3,3 denotes the corresponding S,

contraction. Eventually only the 2-contractions, e.g.,
>3 ek 2l o = 1P lpil?, result in perturbations
of the Z3 conserving VEV alignment »(1, 1, 1) as the other
contractions are invariant under the Z; conserving
generator after the scalars p and ¢ acquire their VEVs.
Therefore we only need to consider the following terms in
the scalar potential to analyze the breaking of Z;

Vine 2 (#'$)2[4,(p0)2 + 2, (97 0)1] (50)

3

= Z |¢j|2[’1p(2|pj|2 - |Pk|2) + /1¢(2|€0j|2 - |(/’k|2)]-
Jk=1j#k

(51)
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Assuming for simplicity that the coupling constants are the
same order of magnitude, i.e., 4,~ 4, =~ 4, /2, the VEV
alignment of the triplet ¢ is approximately shifted by a
perturbation € in the following way,

() =v(l +2¢,1—-¢,1—¢€), (52)

where the contributions from p and ¢ are summarized in the
parameter €. Doing so, we adopt a similar approach as in
[10], who recently analyzed a triality model based on an A,
flavor symmetry.

As a consequence, one of the physical Higgs doublets
which was initially inert before the breaking of Zj,
(¢;) = 0, now acquires a small VEV depending on the
size of the perturbation parameter ¢

PHYSICAL REVIEW D 91, 116011 (2015)

From now onwards we will use the abbreviations sin f:=s,
and cos 0:=cy.

The breaking of Z; induces new mixing of the doublets ¢,,
and ¢, which were initially mass eigenstates. The CP-odd
neutral scalars ¢(()b,c), ; and the charged scalars ¢;c mix via

H* cg S 3
(e )=(5 2 =
7t —so ¢o) \ ¢
(4)) _ < o s9> (¢2,1) (55)
) =g co) \ ¢, )
where 7+ and 7Y are massless goldstone bosons. In the case

of the CP-even neutral scalars, the situation is more
complicated and the mixing results in a mass splitting of

0 —-L L o (14 2¢) the scalars which were initially degenerate in mass. The
(a) V2ooV2 V3 complete mass spectrum reads
() | = % _\/La _\/La NS 2 2 2 2
) 1 1 i (1 —¢) My, = My = ~V°0, myy = 0. (56)
¢ 1 1 1 % — a,
v3 } v 2 2 .2 _ 2 0 57
0 my. = my. = v*(k = ), m>. =0, (57)
=] V2e |. (53) 1
1 m2, = A 12(=2 + 2V 2¢ysg + s2)K, (58)
a.R
Following [10] we use the parametrization .
(b b)) = 0(0,5in0,c050),  (54) mj, =5 (e —m )+ 4,
where 6 is given by a combination of parameters from the m2 = l (Pa—m2, )—A (59)
scalar potential to account for the deviation from LFT. 2 P
|
: L 2 3
with A = ! 9(a + k)% + 3x59[2V2¢p(a + k) — 35g(5a + 3x)] + O(s3). (60)

Note that only the masses of the CP-even scalars depend on the perturbation parameter 6. Hence, Z3 breaking in this
direction does not affect the phenomenology of the CP-odd and charged scalars in our triality model. In the triality limit

.. . .. . . 6-0 6-0
0 — 0 the mixing vanishes and the original mass spectrum is recovered with m; —m?2, and m}—m?, = m>, .
c.R

b.R a,R

Therefore the scalar 4 should play the role of the SM-like Higgs with m;, = 125 GeV, whereas H will be a new heavy Higgs
as in regular two-Higgs-doublet models (2HDM). The mixing angle 9 between the CP-even neutral scalars is defined by

()= (2 )% o

4s9(V/2ks9 — 2c9(3a + K))
6(=1+2s3)a + (=6 — 2v/2cysy + 1155)x
with 9 — 0 for & — 0 in the unbroken triality limit. In terms of the scalar masses m,;, ~ 125 GeV and Mo =My this is

tan29 = — (62)

tan 29 = % with
A = sg(co(dmimis5(2 = Tsp) + dmij (4 + 4s5 = Tsj) — 8mg(2 = 5+ 3s3))
— 4V 2sg(4m} (2 = 353 + 53) + m2m3 (2 — Ts2 + 4sph) + mi(6 — 1953 + 1553))),
B =2m2m3 (4 — 1655 + 17sp + 4V 2cps — 7s§) + m} (=1 + 253)(4 + 4sj — Tsp + 4V 2¢psp(=2 + 53))

+ mi(—4 + 1252 — 1155 + 555 — 2V2cq50(4 — 1453 + 1355)). (63)
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Since the mass of the scalar / is fixed, the mixing angle 9 depends only on two parameters. Here we chose the perturbation
angle 6 and the mass of the exotic Higgs ¢2, - Through the relation m2 = v?a — (m%, + m2,) one can alternatively display
the results in terms of my, which is the heavy Higgs in our pseudo 2HDM.

B. Consequences for lepton mixing

As a consequence of the perturbed alignment v(0, sy, cy) the mass matrix of the charged leptons takes the form

(co+ V250) (32 = 33)2° (co+ V250) (32 + 33)4° (co+ V2s9)314°
p, = 2| 2@eo=V250) G2 =) 3(2c = V250) (52 + )@ 3 (200 = V259)1 8 (64)
=6 s it ~ ~ ~
V6 %(209 - ﬁsa)()’z - )’3)/1500 %(209 - ﬂsa)()’z =+ )’3)/150)2 %(209 - ﬁse))’ﬂp
N DA S
— LL @ o 1 59(32=73)4° c (~ +5 )/15 soI A2 (65)
\/§ \/§ V2 o\Y2 T Y3 |
o o 1 50(5’2\;%’3)/15 So(izj/rg.s)ﬁ‘s 69511/13

U(l)

hence with off-diagonal elements that vanish in the limit @ — O it is no longer diagonal in the Z; basis of the charged
leptons. The perturbed charged lepton mass matrix can be diagonalized to a good approximation by

Vi MV = diag(m,, m,. m,) (66)
with
_ V2sg(5-F3)  V2sp(52-F5) 4
! Brts) S —L 0
s9(Y2—V3 s9(V2+y3 ’ ~ —
Vg = % 1 —w . Vi =U,ROx(0)R"Oy(a,), R= \iﬁ \/% ol. (67)
\/E‘Yn(f;z—?a)ﬂz \/E‘Yn(}~’~2+5’3)12 1 0 0 1
Y1 Y1

where O;; are rotation matrices in the ij-plane and

S9(4\/§C39 + 12\/§C9 - 7S39 - 3S9)

tan 2a; =
L 106‘33 + 6C9 + 8\/5803

(68)

Using the rotation matrices [Eq. (67)] we find the charged lepton Yukawa couplings y,»(1,I' = e, u, 7) that eventually
lead to flavor violation in the lepton sector. With

(1:1,1_427[:3) = (l_‘e,I:ﬂ,I:T)VZ, (e, e, 63)T =Vg- (e,,u,r)T, (¢1:¢2»¢3)T =U- (¢a H, h)Tv (69)

0 P A 1 0 0
- | 11 _
where U, = -5 R % 0 cy Sg | (70)
1 _ 1 1 0 s9 ¢y
V2 NGYA

we can identify the coefficients of hl, [} as the Yukawas y,,. In leading order, i.e., m, < m, < m,, the dominant flavor
violating couplings are
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m

Yer = _7‘[ (CaL - Sal‘)Sngg, (71)
m‘[
Vir = - (Cap + 8a,)5910- (72)
m
Yeu = 4—5 (ZCS(CaL(CB - 2S02 - 1) - SaL<C6 - 2S02 + 1))
— 59(Cq, (co(4sg + V2) = 259 + V2)
+ Su, (—Co(dsp + V2) + 259 + V2))). (73)

The remaining off-diagonal couplings are negligibly small
and therefore irrelevant for the discussion
You L Yper (74)

Yee K Yers ype <<ye;47

which means that y,, dominates the 4 — ut decay channel
in our model. The perturbation of the VEV alignment has
an effect on the PMNS mixing matrix that is negligible for
sufficiently small values of 6. This extra contribution
modifies the charged lepton contribution to the PMNS
mixing matrix as follows

VL = UmWL Wlth
1 0 _30 0
V2o 4 V2
~ 9 36> [’
W= -%+2 1 & (75)
0 _ 0 1
V2 V2

As we will explain in Sec. III C the values required to
explain the h — ur measurement are in the region |6] <
0.10 @ 95% C.L. The leptonic mixing angles on the other
hand stay within their experimentally determined 36 ranges
for 8 < 0.08, but deviations in 6}, quickly become too large
for increasing values of 6. The full PMNS matrix and the
deviations in the mixing angles caused by the perturbation
0 are given in Eqgs. (D1) and (D2)—(D5) of Appendix D.

The breaking of Z5 also affects the Jarlskog invariant as
follows,

N cos(2y)

+ 1—126'(\/5 sin(2y) cos(¢p) — v/2sin(2y) sin(¢h))

+ %92(—3\/5 cos(2y) — sin(2y) sin() + V3), (76)

and therefore induces CP violation in neutrino oscillations.
By varying ¢, for 8 = 0.07, we obtain the following
best-fit result:
NH: ¢ = —0.446x,
Sinzelz ~ 0375, Sin2923 ~ 0586,
sin’6,5 ~ 0.0232, J~1.11 x 1072, (77)

PHYSICAL REVIEW D 91, 116011 (2015)

H: ¢ = 05537,
sin%6,, ~ 0.375,
§in26,3 ~ 0.0238,

Sin2923 ~ 0588,
J~1.10 x 1072, (78)

Since the obtained Jarlskog invariant for both NH and IH is
approximately 1072, the Z; symmetry breaking can gen-
erate a sizeable strength of CP violation in neutrino
oscillations for larger 6 values.

C. Flavor-violating Higgs decays

As stated in Sec. I, the measurement of h — ur is
equivalent to a bound on the off-diagonal Yukawa cou-
plings [11]

0.0019(0.0008) < 1/ [yel? + [

<0.0032(0.0036) @68%(95%)C.L.. (79)

where it is assumed that & — pz is the only additional
contribution to the SM Higgs decay width. The result
in Eq. (79) is well compatible with the current bounds
Br(z — py) < 4.4 x 10°8@90%C.L. and Br(z — ey) <
3.3 x 1078@90% [32]. However, while small compared
0 Yurs Yeu dominates i — e and is tightly constrained by
Br(u — ey) <5.7x 10713 [37], which consequently
restricts the allowed values of € and m, or my. The
corresponding diagrams mediating these processes in our
model are shown in Fig. 1. Analytically the branching ratio
of [ - I'y is given by [38]

5

Br(l — ') = L (e, P + [eg). (80)
7

where ¢; and cy are the Wilson coefficients. To calculate
¢y, and cp one-loop (cf. Fig. 1) and two-loop contributions
are taken into account, where the latter can dominate the
branching ratio in certain regions of the parameter space.
The full set of equations is shown in Egs. (E2)—(E11) of
Appendix E [38,39].

Using Eqgs. (63), (68) and (73) we determine numerically
the allowed values of € and my that can explain the 2.4¢0
anomaly in & — uz and at the same time respect the bound
on Br(u — ey), which constraints the y,, coupling.
Scanning the parameter space for negative and positive

h, H h, H

FIG. 1. One-Loop diagrams contributing to [ — ['y. Since
[yu| > |yprl, the left diagram is the dominating one.
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values of 0, we find that a window opens up for rather light
masses of the extra scalars H and 7 in the vicinity of the SM
Higgs mass, leading to overlap of the regions complying
with either Br(y — ey) or Br(h — uz), as shown in
Figs. 2a) and 2b). This is where the contributions of the
Higgs h to Br(u — ey) are partly canceled by the con-
tributions of the neutral scalars H and 7, allowing for larger
flavor violating Yukawa couplings in these regions. The
parameter space is practically symmetric around 6 = 0, i.e.,
at 68% C.L. (95% C.L.) and m, = 200 GeV

0.002(0.001) < & < 0.090(0.104),
126(126) GeV < my < 204(214) GeV,
—0.004(—0.001) > 6 > —0.082(—0.082),
127(126) GeV < my < 190(190) GeV. (81)

Using the determined 1o parameter ranges [Eq. (81)], we
can also make other predictions for rare decays, where by
far the strongest constraints come from the radiative decays
l - I'y. The flavor violating modes Br(z — 3u) <
2.1 x 1078, Br(r = 3e) <2.7x 107® and Br(u — 3e) <
1.0 x 107'2 [32] are approximately

2 5 12
T\ m
Br(l - 3!') = —ﬁ 1210gm—’%+29 + 6log4
X (leL? + lel?). (82)

assuming that loop diagrams in the spirit of Fig. 1 (y decays
into /717) dominate over the tree level exchange of a neutral
scalar field [38].

0.15

0.10

0.05

0.00L4

m,[GeV]
(a)

FIG. 2 (color online).

PHYSICAL REVIEW D 91, 116011 (2015)
Our predictions for 0.01 <0 <0.09, 126 GeV < my <
204 GeV(m, = 200 GeV),
Br(z — uy) € (03 -1.3) x 1078,
Br(r — ey) € (0.3 -1.3) x 1078,

(
(
Br(r — 3u) € (1.9 —-8.1) x 10717, (83)
Br(r — 3¢) € (0.9 — 4.1) x 10,
Br(h — er) € (04— 1.2) x 1072,
Br(h — eu) € (1.5 -4.2) x 1073,
and —0.08 <60 < —-0.01, 127GeV < my < 190 GeV,
Br(z — uy) € (0.3 -1.2) x 1078,
Br(z — ey) € (0.3 - 1.2) x 1078,
Br(z = 3u) € (20 -7.6) x 10710,
( ) € ( ) (84)
Br(z = 3e) € (1.1 —=4.1) x 107°,
Br(h — er) € (0.5 - 1.4) x 1072,
Br(h — eu) € (1.5—4.1) x 1075,

are throughout below the current bounds in these particular
parameter regions, but not too small to be out of reach for
future experiments. A measurement of the 7 — ez channel
using the newest LHC data should be the fastest way to rule
out this model in the near future, as our prediction for this
channel is unambiguously connected to h — uz and
expected to be the same order of magnitude,

0.00f ¢

—-0.05¢

—-0.10¢

—-0.15¢

150 200 250 300
m,[GeV]
(b)

Parameter values leading to | ym| required by CMS data on & — pz in brown (68% C.L.) and yellow (95% C.L.)

for (a) positive and (b) negative 6. Parameter regions shaded in blue are allowed by Br(u — ey) < 5.7 x 10~13. Solid (dashed) lines

mark the 16(30) intervals of |y,,

, where both regions overlap. Overlap occurs for 0.01 <6 <0.09, 126 GeV < my <204 GeV

(68% C.L.) and —0.08 <0 < —0.01, 127 GeV < my < 190 GeV (68% C.L.) allowing us to explain the excess in &7 — ut and at the
same time to comply with the tight bound on Br(u — ey)(m, = 200 GeV).
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Br(h - //”') N |ym’|2 ~ (CHL + SOIL)2
Br(h — e7)  |y..? (Cq, — sO,L)2 '

which is approximately 1 for small values of 6. Using
Egs. (30) and (76), we also predict a nonvanishing leptonic
CP phase 65p ~ 0.3 at @ = 0.07, the maximal value still in
agreement with the lepton mixing angle 6.

IV. CONSTRAINTS FROM h — yy

As shown in the previous section, small Z; breaking
perturbations allow to successfully accommodate the
experimental CMS data on the #h — ur excess.
Consequently and in order to make definite predictions,
it is reasonable to neglect these perturbations in the
computation of the Higgs diphoton decay rate. In the
SM, the & — yy decay is dominated by W-loop diagrams
which can interfere destructively with the subdominant top
quark loop. In our 3HDM, the h — yy decay receives
additional contributions from loops with charged scalars
gz’) (ab) 3 shown in Fig. 3, and therefore sets bounds on the
masses of these scalars.

The explicit form of the & — yy decay rate is [40-45]

2
QoM

25673 v?

/1h¢s¢¢v
+Zs ab 2m 2

L(h—yy) = ZfahffN O7F 12 (Br) + Fi(Bw)

2
Fo(ﬁ(pf)

(85)

Here f; are the mass ratios f; = MZ’ with M; = mg, My,

and Myt s o is the fine structure constant, N is the color
factor (N = 1 for leptons, No = 3 for quarks), and Qy is
the electric charge of the fermion in the loop. From the

fermion-loop contributions we consider only the dominant
top quark term. Furthermore, 4,,,:,+ is the trilinear cou-

pling between the SM-like Higgs and a pair of charged

w
————— W
h
w
5
AWy
+ s
¢"*b/' | d)ai.,b
————— 4/ iqbi ,//
h \\ : ab ;L 77777 \ .
‘:E\\ 1 S -
(pa,b N ¢ib
v
FIG. 3.
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Higgses, which in the case of an exact Z; symmetry is
given by

2 2(mj, — mii)
Angrgr =3 (Ba+2f—y = 8)v I%
s=a,b. (86)

The dimensionless loop factors F ;() and F,(f) can be
found in Egs. (F3)-(F4) of Appendix F.

In what follows we determine the range of values for the
charged Higgs boson masses m,: which are consistent

with the & — yy results at the LHC. To this end, we
introduce the ratio R,,, which normalizes the yy signal
predicted by our model relative to that of the SM:

o(pp = W)(h — yy)
U(PP - h)SMF(h - YY)SM
_p Llh=yy)
hnr(h - YV)SM ’

R

v

(87)

where ay,, is the deviation of the Higgs-top quark coupling
with respect to the SM. Here we set a,,, to be equal to one
as in the SM based on the fact that in our model single
Higgs production is also dominated by gluon fusion. The
normalization given by Eq. (87) for 7 — yy was also used
in Refs. [46—48].

The ratio R,, has been measured by CMS and ATLAS
with the best-fit signals [49,50]

RCMS =1. 14+0 26

ATLAS _
Zoo3 and R,

=1.17 £ 0.27, (88)
which are used to limit the charged scalar masses contrib-
uting to h — yy. Figure 4 shows the sensitivity of the ratio

R,, under variations of the charged Higgs masses m -

(s = a,b), between 200 GeV and 1 TeV. We consider
charged Higgs boson masses larger than 200 GeV to ensure

v

One-loop Feynman diagrams in the unitary gauge contributing to the & — yy decay.
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T T T T T T T T T T T T T

1.20

1.18

Yy

116

L4t
[

L
200 400 600 800 1000
m 1+ (GeV)

¢ a,b

FIG. 4 (color online).  The ratio R,, as a function of the charged
Higgs masses my: (s =a,b) for a;, =1. The horizontal
lines are the R, experimental values given by CMS and
ATLAS, which are equal to 1.14703% and 1.17£0.27,
respectively [49,50].

they are in the region above the W*h threshold, as done in
Ref [51]. The ratio R,, slowly increases when the charged
Higgs boson masses are increased. Requiring that the 7 —
yr signal stays within the range 1.14 <R, < 1.17 (the
central values of the recent CMS and ATLAS results,

respectively), yields the bound 200 GeV Sm(ptb <

205 GeV for the charged Higgs boson masses. However,
considering the experimental errors of the measurements,
the parameter space consistent with the Higgs diphoton
signal becomes larger, i.e., masses in the range 200 GeV <

My < 1 TeV can successfully account for the &7 — yy rate

observed at the LHC. The scalar sector can be constrained
further from the analysis of the T and S parameters, for
details see Appendix B.

V. CONCLUSIONS

In summary, we have presented a 3HDM with LFT,
where strongly constrained FCNCs are suppressed by
virtue of a residual Z; symmetry. A small breaking of
the Z; symmetry can give rise to LFV Higgs decays,
occuring naturally in our model due to SU(2) singlet
scalars in the scalar potential. Furthermore, a small break-
ing of the Z; symmetry also gives rise to CP violation in
neutrino oscillations. We obtain a sizable branching ratio
particularly in the flavor violating h — uz¢ channel,
accounting for the 2.4¢ deviation from the SM as indicated
by recent CMS results. This is a consequence of mixing
between an SM-like Higgs with a nonstandard neutral
scalar that can decay into flavor violating final states. If
the extra neutral scalars are light, they can partly cancel
Higgs loop contributions to [ — ['y, allowing for large
flavor violating Yukawa couplings. We thus also expect
large branching fractions for &7 — ey and h — et in our
model, where the latter will be a decisive measurement

PHYSICAL REVIEW D 91, 116011 (2015)

for its exclusion. Furthermore, the & — yy rate measured
by ATLAS and CMS favors charged Higgs boson
masses of less than 205 GeV, but the large experimental
uncertainties still allow for masses of up to 1 TeV in
our model.
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APPENDIX A: S, SYMMETRY

S, the group of permutations of four objects, contains

five irreducible representations 1,1’,2,3,3 obeying the
following tensor product rules [52]:
33 =1920303,

I3 =1920393,

33 =1920303,

2Q2= 16162,

2®3 =303,

2@3 =3®3,
31 =3,
¥R =3,
2@1 =2. (A3)

Explicitly, the basis used in this paper corresponds to
Ref. [52] and results in

A-S.
<A>3x<B>3—<A-B>l+( ”)2

A-X-B
By (18]
+ | {AB.} | + | [A.B)] | . (A4)
ay), \ma)),
A-Z-B
A s = aemy (50
{A,B_} [A,B.]
sl sy | sl | @
s)), \nsl),
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A-Z-B
A B);=(A-B),
W x By = e (70
{A,B.} [AB,]
+ | {ABS | + | [AB] [, (A6)
s )\ )
A,B,
(A)Z X (B)Z = {AxBy}l + [AxBy]l/ + AB 27 (A7)
4 B, (A, +A,)B,
()& ] - (02 - )5
"2 \B./, (a)A +w?A,)B. / 4
L
L= @ A B, ¥
B, A, +A,)B
Ay
<A> x| B, | = (2A+a)A)
V72 BZ 3 (Cl)A —+ w A ) 3
(Ax _Ay) x
+| (0?A, - wA,)B, | . (A9)
(wA, — w*A\)B, ] ,
with
A-B=AB, +AB, +A_B, (A10)
{AB,} = A,B, +AB,. (A1)
A,B,] = AB, — A,B,. (A12)
A-X-B=AB, +0AB, +0AB, (Al3)
A3 B=AB, +0AB, +0AB,. (Ald)
where @ = ¢*"/3 is a complex square root of unity.

APPENDIX B: T AND S PARAMETER
CONSTRAINTS

The inclusion of the extra scalar particles modifies the
oblique corrections of the SM, the values which have been
extracted from high precision experiments. Consequently,
the validity of the different flavor models that we are
considering depends on the condition that the extra
particles do not contradict those experimental results.
These oblique corrections are parametrized in terms of
the two well-known quantities 7 and S. The T parameter is
defined as [53-56]
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I133(0) — 11, (0)

T=——=
M%Vaem (mZ)

, (B1)
where I1;;(0) and II33(0) are the vacuum polarization
amplitudes at g> =0 for loop diagrams having gauge
bosons W,, W, and W, W, in the external lines,
respectively.

In turn, the S parameter is defined by [53-56]

B 4Sin29W g dH30(q2)

Rem (mZ) gl qu q2=0’

(B2)

where T134(g?) is the vacuum polarization amplitude for a
loop diagram having Wf, and B, in the external lines.

The Feynman diagrams contributing to the 7 and S
parameters are shown in Figs. 5 and 6.

We can split the T and S parameters as T = T\ + AT
and S = Sgy + AS, where Tgy; and Sg); are the contribu-
tions from the SM, while AT and AS contain all the
contributions involving the extra particles

3 m?
Toy = ————In( ),
SM 167cos*0y, n(m%,)

1 m2
Sgm = —=—1In{ —£ B3
o = 371021 (83)
1
AT =——
1677.'21)206,”(1112)
X Z m? prl m;i_)
e !
+ H( /,0 ) miov )= H(””?[,OR’ m{z/,fi)} (B4)
K(m B5
1271' Z fR ‘/’ ) ( )
f=a.b
where we introduced the following functions [57]:
2,2 2
2 ooy M, mj
o) = ()
lim H(m2,m3) = m3. (B6)

my—m,

1 4 m}
=————<m{(Bm}—m?)n <1)
(m3 = m3)? { T

m
—mi(3m? —m2)In( —2
mz( m] mz) n(m2>

1
- g 2T = ) + S(m )] .

K(m3, m3, m3)

The experimental results on 7" and S restrict AT and AS
to lie inside a region in the AS-AT plane. At the 95% C.L.
(confidence level), these regions are the elliptic contours
shown in Fig. 7. The origin AS = AT = 0 corresponds to
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FIG. 5. One-loop Feynman diagrams contributing to the 7" parameter.
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FIG. 6. One-loop Feynman diagrams contributing to the S parameter.
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FIG. 7 (color online). The AS-AT plane, where the ellipses denote the experimentally allowed region at 95% C.L. taken from [58—-60].
The origin AS = AT = 0 corresponds to the SM value, with m;, = 125.5 GeV and m, = 176 GeV. Figures (a), (b) and (c) correspond
to two different sets of values for the masses of the neutral non-SM Higgs bosons, as indicated. The mass My of the charged Higgs
bosons varies between 130 GeV < m(/,t <196 GeV [Fig. 7(a)], 600 GeV < m(/,t <672 GeV [Fig. 7(bﬁ 925 GeV < m4,A <
990 GeV [Fig. 7(c)]. The lines orlglnatlng in the center of the plot and running up towards the ellipses correspond to the obtained vafles
of the AT and AS parameters in our model, as the charged Higgs boson masses are varied in the aforementioned ranges.

the SM value, with m;, = 125.5 GeV and m, = 176 GeV. Mo =My = 1 TeV, the masses of the charged scalars
One can consider a scenario in which the heavy neutral CP- range) betwe(aér; 925 and 990 GeV. In Figs. 7(2)-7(c) we

even and neutral CP-odd scalars are degenerate. Fpr a mass show the allowed regions for the AT and AS parameters,
of Mgl or = M0 00 = 130 GeV, consistency with the T g o three sets of values of my and my previously
and § parameters confines the masses of the charged scalars ;. 4. o4 The line going upwards inside the ellipses

to 130 GeV < My < 196 GeV, whereas for corresponds to the several (AS, AT) points of the model

mgo = Mg = = 600 GeV, the charged scalar masses  when the charged scalar masses are varied inside the

are in the range 600 GeV < mys < 672 GeV while for  interval previously specified.

|
APPENDIX C: QUARK MASSES AND MIXINGS

The relevant S, ® Z) ® Z¢ ® Z;, -invariant Yukawa terms for the up-type quark sector are

(1) (1)

W (1 [Q(ﬁ]th/p\ yA Qlplytr + )’3 [Q¢]3’tR i + yA Oloplytg

X o A
+x[0g]s tRA — Qlewlyix + 2 [0g]5 stry o Clowlyix
() (c)
+ 31 10dlyer S+ 2= 0lplyer + 34 [Qdlyer S+ 2 Qldplyc

( ( 3

Q5
+ 1 [0¢lsen s+ 72 ldalyer + 21 [0f)ser s + = Qlbglyer + x4 (0 ur -3
u Q u Q " Q (u) 92
g )[Q¢]3’MR % + yé )Q[¢P}3’“R A_é + yg )[Q¢]3’MR % + y% Olpplyur A_;
Q (c) Q.2
[Q¢]3’”R I +x2 [¢€0]3'”R A'; +x3 [Q¢]3”R§p\ xA Olpplyug A31 (C1)

and for the down-type quarks
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3

(D) QS (b pQ’% y‘(‘
L [Q¢]3’bR_+—Q[¢/)]3’bR +)’3 [Q¢]3’bR—+—Q[¢P]3’bR
) 3 % 3
(,pQ3 Q P8 Q3
V101br T3+ T Qllsba s+ 1001:0x T + T\ Oldwlybe s
(b) 3 (b) 3
s Py Q b PR3y Q
91 100ysk =5 + 5 Qlolyse 3 + 38 10lysn 57 + T Qldplyse 3
Q3 ( ) Q qu X(S) 3
—|—x, [Q¢]3SR LQ[W/’]WR e —|—x; [QflﬂgSR A 3+ %Q[¢¢]3’SRA_;
Q Q,Q3 Q.03 Q,Q3
100],dr 22252 1 30 104)yd Z2 4 ¥ Qlpplydn i + 3 0]y
AS A A A
(d) 3 3
y Q P Q QQ
+ = Olplydg /1\5 XY” Q)5 dpg Al5 3 4 x(zd)Q[¢(ﬂ]3/dR %

Q Q 93
[Q¢] dR —|—x4 Q[‘f’(ﬂ]ydR 5 (C2)

APPENDIX D: PMNS MATRIX AFTER Z; BREAKING

The PMNS matrix receives corrections caused by the perturbation of the VEV alignment. These are approximately

given by
igp—2L i _2in .
cosy &% sin v ﬁ ¢ cos v e siny
V3 V3 V3 V3 V3
in 2in .
U = cosy _ e ¢+? siny e_% eéﬂcosy/+e"‘7’siny/
V3 V3 V3 V3 V3
cosy _ e siny 1 cosy/+e‘i¢’siny/
V3 V3 V3 V3 V3
2cosy + ¢ s siny e siny 1 _F _Hoosy oy 20=ib gin
LA V6 V6T V6 Ve T Ve T V3 v
it ip-2z . 2ix _2in
10 e?siny "3 siny Ll e 3 cosy _ cosy
V6 V6 NS V6 V6
2 e 2%” smy/ '¢+3 siny '% 2% e¥ cosy e_¥ cos Yy 2 i)
2 _ e e 3 3 2 i o
\ﬂcosy/ 7 7 7 +\/6 NG + 7 +4/5¢7 " siny
1 ip+EE 1 iz 1 2z 1 —i oi
3cosa//——\/_e¢ 3 siny Z\/ge 3 Z\@w cosu/—i—zx/ge ¢ siny
211 ip— 1 1 ~2z 1 —ip o
+0 \/_e‘/ ¥sing —1V3cosy —1v3e¥ —1\3eFcosy —1v3e P siny | (D1)
0 0 0

whereas the deviations in the mixing angles caused by the perturbation @ are accounted for by

0, = F ot ;>2f?9:’§¢¢)§ez ~3 D) | o)
sin0rs = <<_‘ V36° - ﬁ - 7—) s(w) + (@ - \/ge + %) sin(y) cos(¢)) 2
+ <<3§2 - 2% - %) s(w) - <g - \@9 + %) sin(y) sin(¢)> . (D3)

116011-17



MIGUEL D. CAMPOS et al. PHYSICAL REVIEW D 91, 116011 (2015)

(432~ 4 /30 - 51 cos) + (5 — L) siny) cos())”

sin6,, =
» 0. 9)
. 2
. (£ = 5% + 1) cos(w) — (5 = 5%) sin(y) sin(4))) i)
f(0.w.9)
1 0 V362 2 1 2
0w, ) =2 [ —=V30> ——— — ) cos +< \/:9+—>Sin cos }
f(0.y. ) {( 2 e 23 W 2 Y W cos
3° 0 1 V30? \F 1 2
S it YT )20+ — ) sinysi 1. D5
(5 -tg-o (2 o] o1
APPENDIX E: COMPUTATION OF RADIATIVE DECAYS I — I'y
The branching ratio of [ — [y is
5
Br(l - I'y) = LS (10,12 4 |eg ), (EI)
64r

where the Wilson coefficients ¢; x are calculated up to order two. Because of the strong hierarchy in the Yukawa couplings
in our model |y;;|> |y;y| the contributions from ¢; to Br(l — I'y) can be neglected. The one-loop expressions
corresponding to the diagrams in Fig. 1 are given by [38]

I i :
- / S(1—u—v—w) vzwm,y, i+ (et )mlyl o 7 dudvdw (E2)
am; Jo wm? —vwm? + (u+ v)m? — uvg

with s = h, H,3;, @, g, $a. Specifically in the case of y — ey the two-loop contributions with a top quark and a W boson
running in the loop have to be taken into account as they can dominate the cross section in certain regions of the parameter
space [38,39]. The top-loop analytical expressions are

‘ 8 :
Clg = _EK ym[Re(J’tt)f(Zts) —itm(y;)g(zs)] (E3)
1-4 1-852 ~
C;QZ = _4K( S]96W)2( 2 3 SHW)Uym[Re(ytt)f(Zm) - iIm(ytt)g(Zts)] (E4)
Sow Coy
with 0y, = 28.74° and
11 —=2x(1 — 1-
O e (E3)
1 1 1-
g(z)z%/o x(l—x)—legX( : x)dx, (E6)
oz 1 1 b4 x(1 —x)
h(z)—il (=) [1+z—x(1—x)10g . dx, (E7)
Fly) = yf_(X) +Xf_(y), 3. y) = ygix) +x9£y)’ (ES)
y—x x=Yy y—x x-y
2
z,,—% and K—ﬁG mﬁl (E9)
J
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The W-loop expressions on the other hand are

4

R = oo e+ (543 ) aews) + e +

2

PHYSICAL REVIEW D 91, 116011 (2015)

1 —4s2 1 ~ 1 -
cpt = K——5"Yur |:— (5- léw)f(zm Zwz) + 5 (7- 31%W)Q(Ztsv Zwz)

2
4s9W

4

The corresponding diagrams of these loop contributions
can be found in, e.g., Fig. 12 of [38].

APPENDIX F: LOOP FACTORS FOR £ — yy

The dimensionless loop factors F (/) and F(f) (for
spin-1/2 and spin-1 particles in the loop, respectively)
appearing in Eq. (85) are given by [43,45]

Fip(p) =2[p+ (8= 1)f(B)Ip. (F1)

3 3 1
+ = 9(z4) + 1 h(z) + iz,

3 f(Z S) - g(z s)
4 . ZZWs . :| ’ (EIO)
(1= 2 )Pl 2wz) — 2 sz>>] . (E11)

[

Fi(p) =-02p+38+328-1)f(B)IB~>.  (F2)

Fo(B) ==[B—f(B)IB>. (F3)
with
arcsin®+/p, for p< 1
B =9 [1n<1+\/ﬁ—”1> ~ iﬂ]z for o 1 (F4)
4 1—/1-p"" ’ ’
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