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Motivated by the new observed scalar boson of 126 GeV at ATLAS and CMS, various phenomena in
the two-Higgs-doublet model are investigated broadly in the literature. For considering the model that
possesses a solution to the massive neutrinos, we study the simplest extension of conventional type-II
seesaw model to two Higgs doublets. We find that the new interactions in the scalar potential cause
the sizable mixture of charged Higgses in a triplet and doublets. As a result, we have a completely different
decay pattern for doubly charged Higgs (57F); even the vacuum expectation value of a Higgs triplet is
at GeV level, which is limited by the precision measurement for the p parameter. For illustrating the
new characters of the model, we study the influence of new interactions on the new open channels
5 = (Hf W H} H) with Hi being the lightest charged Higgs. Additionally, due to the new mixing
effect, the triplet charged Higgs could couple to quarks in the model; therefore, the search for §* via
5t > tbW* — bbW*W* by mediated H, becomes significant.
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The recent observation of a new scalar particle at
126 GeV by ATLAS [1] and CMS [2] shows that the
Higgs mechanism is a right direction not only for the origin
of masses of gauge bosons but also for the masses of quarks
and charged leptons in the standard model (SM). By this
point of view, the most mysterious observed phenomenon
in particle physics is the masses of neutrinos. Besides the
undetermined mechanism of neutrino masses, we also
know nothing about their mass ordering, which is classified
by normal ordering, inverted ordering, and quasidegener-
acy in the literature [3].

Before the observations of neutrino oscillations, numer-
ous mechanisms for generating the neutrino masses had
been proposed. For instance, the type-1 seesaw [4] mecha-
nism introduced the heavy right-handed neutrinos, while
the type-1I seesaw mechanism [5,6] extended the SM by
including a SU(2) Higgs triplet. Additionally, other pos-
sibilities were also investigated such as adding the new
triplet fermions [7], radiative corrections [8-10], etc.
Because of the similarity in the mass generation mechanism
between the type-IlI seesaw and Higgs mechanism, we
focus the study on the simplest extension to the type-II
seesaw model.

The characters of the type-Il seesaw model with one
Higgs doublet and one Higgs triplet can be briefly
summarized as follows. First, doubly charged Higgs decays
to the same sign charged gauge bosons (WW) and leptons
(Z?), where the former coupling is associated with vacuum
expectation value (VEV) of the triplet denoted by wp
and the latter is related to the multiplication of Yukawa
couplings and v,. The involved parameters are limited to
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be small by the observed neutrino masses. Second, for
achieving the small v,, one needs to require either a small
massive coupling for the H” i, ATH term or a heavy mass
scale for the Higgs triplet; we will see this point later. If we
adopt the mass scale of the Higgs triplet to be of
0(100) GeV, it is then inevitable to have a hierarchy in
the massive parameters of the Lagrangian. For instance, if
one requires leptonic decays of a doubly charged Higgs to be
dominant, because of the requirement of vacuum stability,
the coefficient u of the H'iz,A'H term in the scalar
potential has to be u ~ v, < 10~ GeV. Third, the singly
charged Higgs of the triplet does not couple to quarks.
From a theoretical viewpoint, the two-Higgs-doublet
model (THDM) was proposed for solving the weak and
strong CP problems [11,12]. Despite the original motiva-
tion, the THDM itself provides rich phenomena in particle
physics. By the new discovery of the 126 GeV scalar boson
at ATLAS and CMS, the phenomenology of the THDM
has been further investigated broadly in the literature,
e.g., Refs. [13-15]. Since the THDM does not have the
mechanism to generate the masses of neutrinos, according
to the discussions on the conventional type-1I seesaw model
(CTTSM), the massive neutrinos indeed could originate
from a Higgs triplet with a nonvanished VEV. Therefore,
in this paper, we study the extension of the CTTSM by
including one extra Higgs doublet, i.e., the two-Higgs-
doublet (THD) and one Higgs triplet model. We find that,
unlike the case in the CTTSM, the couplings p; of
HJTisz"'H  terms in the scalar potential could be as large
as the electroweak scale when the small v, is satisfied.
Moreover, the u; terms cause new large mixing effects in
singly charged Higgses and new decay channels for doubly
and singly charged Higgses. Consequently, these new
effects will change the search of doubly charged Higgs
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at colliders [16-28] and affect the rare decays in low-energy
physics, such as b — sy, B - v, B - DWWz, etc. [29].

To better understand the new characters of the extended
model, in the following, we briefly introduce the model.
The involved Higgs doublets and triplet are denoted by H; ,
and A, respectively. Their representations in the SU(2)
group are chosen as

o R
b (”1+P1+i771)/\/§’

ol (R

(v +p2+im)/V2)

< 5+/\/§ 5++ ) O
(va++i®)/V2 —5t/vV2 )

where v, stand for the VEVs of neutral components
of Hy, H,, and A respectively. As is known, the general
THDM will cause flavor-changing neutral currents
(FCNCs) at tree level in the Yukawa sector. For avoiding
the FCNC effects, we impose a Z, symmetry at the Yukawa
interactions. Under the symmetry, the transformations of
matter fields are given by

H; — —H,, Ugr = —Up, (2)
with Uy being the right-handed up-type quarks. The other
fields are unchanged in the Z, transformation. Accordingly,
the Yukawa couplings are written by

—L:y = QYdDRHl + QY“URIN{Q + I:YffRHl

1
=+ 5 [LTChllszPLL =+ H.C.], (3)

where we have suppressed all flavor indices; Q7 = (u,d);
and LT = (v,¢), are the SU(2), doublets of quarks and
leptons; (Dg, Ug, £g) in turn denotes the SU(2), singlet
for down-type, up-type quarks, and charged leptons; and
H= iooH*, with o, being the second Pauli matrix. The
detailed discussions for the Yukawa couplings could refer
to Ref. [29]. Since the signal of the doubly charged Higgs is
clearer and unique in the type-II seesaw model, in this
study, we will focus on the decays associated with §**. By
Eq. (3), the relevant interactions with leptons are given by

1
,C(;;tiff - 5 fTChPLf5++ + H.C.,

_ d f
h = —— Upynsm, " Upyxs- (4)
VA
Here, md® is the diagonalized neutrino mass matrix,

and Upyns 1s the Pontecorvo—Maki—Nakagawa—Sakata
(PMNS) matrix [30,31]. From Eq. (4), one can see that
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the typical coupling of 5** to the lepton pair is proportional
to m, /v, . Consequently, if we take the masses of neutrinos
as the knowns that are determined by experiments, the
partial decay rate for 5+ — #*£7 strongly depends on the
value of v,.

Besides the leptonic couplings, 5°* also couples to a
charged gauge boson, and the couplings could be read from
the gauge-invariant kinetic terms of Higgs fields. Hence,
we write the kinetic terms as

Lyt = (D*H,)"(D,H,) + (D"H,)"(D,H,)
+ Tr[(D,A)"D*A]. (5)

The covariant derivatives of the associated fields are
expressed by

. g S
DMH1(2) = <8M—I(W;T++WﬂT )

V2
. g9 .
- IC_Z”(T3 - S%;Q) - leA”Q>H1(2>,
w

9

D,A=9,A— iﬁ(w;[ﬁ, Al + W, [T, A)),
—i%Zﬂ([TM] — $2[0, A]) — ieA, [0, A],

(6)

where the W/jf, Z,, and A, stand for the gauge bosons in
the SM; ¢ is the gauge coupling constant of the SU(2);
e is the electromagnetic coupling constant; Sy (Cy) =
sin @y, (cos By ), with @y, being the Weinberg angle; T+ =
(6! +ic?)/2 and T? =6°/2 are defined by the Pauli
matrices ¢'; and Q is the electric charge operator. After
electroweak symmetry breaking (EWSB), the masses of
W* and Z bosons are obtained by

2,2 2
A 205

with v = (12 + v3)"/2. As a result, the p parameter at tree
level could be obtained as

. m?, :1+21)2A/112
miey, 1 +4vy /v

(8)

Taking the current precision measurement for the p param-
eter to be p = 1.0004790%03 [3], we get vy < 3.4 GeV when
20 errors are taken into account. By Egs. (1), (5), and (6), the
interactions of 5** with W¥ are found by
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Lyeys = —ig(8,67F)6 W + igs*+ (9,67 )W+
1
+5 (V26P0,)8T W, W+ + Hec. (9)

We see clearly that the coupling of 67 to W™ W~ is
proportional to v,. In the CTTSM, the value of v,
determines which decaying channel is the dominant mode,
the ¢ or WW channel. Since 5%+ and 6% belong to the same
multiplet and get the masses from m, before EWSB, the
possible mass difference mg:: — mg: is at most of O(my,).
Therefore, for mgs—+ > mg-, the decay 6™ — W§" is
suppressed by the phase space. However, by the first two
interactions in Eq. (9), where the couplings are independent
of v,, the three-body decay 67+ — 6" W+ (- #*v) indeed
|
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can be significant [24-27]. Nonetheless, when a new
charged Higgs is introduced, we will show that the new
interactions in the scalar potential will lead to a different
decay pattern for a doubly charged Higgs.

In the following, we give detailed discussions on the
scalar potential, which is the origin of the crucial effects in
our model. The scalar potential of the THD and triplet in
SU(2), x U(1)y symmetry is expressed as

V(H\,Hy,A) = Vg g, +Va+ Vi (10)
where Vi 5, and V, stand for the scalar potential of the

THDM and of a pure triplet and V4 is the interaction
among H,, H,, and A. Their expressions are given by

Vi, = miH H| +m3H3Hy — mby (H{Hy + Hee.) + A\ (H H))? + Ay (H3Ho)? + A H H HYH, + A H HyHYH,

A
+ 35 [(H{H,)? +H.cl,

Vy = miTrATA + Ao (TrATA)? + 210 Tr(ATA)?,

Vu 1,

= (//llH’{szATHl —+ ,l/tzHgl.TzATHz + ﬂ3H{iT2ATH2 + HC) + (16H'{H1 + ZﬁH;Hz)TrATA

+ H](AAAT 4 2gATA)H, + HY(A,AAT + I5ATA)H,. (11)

We note that the imposed Z, symmetry is broken sponta-
neously. To make sure the ultraviolet divergences of higher-
order effects are under control, as usual, we keep the Z, soft
breaking terms m3,H|H, and u3H'ic,A H, in the scalar
potential, in which the former is mass dimension 2 while
the later is mass dimension 3; however, the Z, hard
breaking terms are suppressed. Since we will not discuss
the CP-violating effects, hereafter, we take all couplings
in the potential as real values. By Eqgs. (10) and (11), the
VEVs of neutral scalar fields could be determined by the
minimal conditions O(V)/0v; 5 o = 0. As aresult, we have

oV
V) ~ m%vl - m%zvz —|—/111J% —|—/1L1}%vl ~ 0,
87)1
oV
V) ~ mivy —miyvy + v 4+ A viv, R0,
81}2
oy L1 ,

R mpavy ———=(v] +puy + 050y + V10
N AUA \/§( 1T H 2H2 10243)

e + A g + 2
+ 6; T2 6; T2 vy ~0, (12)

where the terms associated with v, in the first two
equations and v3A in the third equation have been ignored
due to vp < v ,. From the last equation, the VEV of the
neutral triplet is obtained by

|
e L 07 + 03 + H3V10)
ATV2mE + (s + 27)03/2 + (G + A7) v3/2

(13)

By this result, we see that with y, = p3 = 0 the small v,
indicates the small u; or large m, in the CTTSM.
However, when the u, and p; effects are introduced,
the necessity of small v, could be accommodated by the
massive parameters i ,3 and m,, which can be in the
same order of magnitude. Hence, the magnitude of v,
indeed could be adjusted by the free parameters of the
new scalar potential without introducing a hierarchy to
the massive parameters.

By counting the physical degrees of freedom, we have
three CP-even neutral particles, two CP-odd pseudoscalar
bosons, two singly charged Higgses, and one doubly
charged Higgs in the model. The new interactions such
as pyo3 terms in Vi yoa could cause interesting effects
on the couplings of SM-like Higgs, pseudoscalars, charged
Higgses, and doubly charged Higgs; moreover, their
producing and decaying channels are also modified. For
illustrating the features of this model, we concentrate on
the new mixing effects of singly charged Higgses and
on the new decaying channels of the doubly charged
Higgs. The complete analysis of the model will be given
elsewhere.

We have shown the couplings of 5% to leptons and the
W-gauge boson in Egs. (3) and (9). For discussing the
singly charged Higgs effects, like the conventional THDM,
we combine both doublets H; and H, to be
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_ . B G*

h =cospH| + sin fH, = ((v+h0+iG0)/\/§>’

_ _ H*

H = —sinfH, + cos fH, = ((Ho—l—iAO)/\/E)’ (14)

where only the doublet 4 has the VEV after EWSB and
sin B(cos B) = v,/v(v,/v). As is known, in the THDM, A°
and H° are the CP-even scalars, and they are not physical
states; A° is the physical CP-odd scalar boson; and H™ is
the physical charged Higgs particle. When the SU(2) triplet
A is included to the model, 8°, #°, and 6% of the SU(2)
triplet will mix with (h°, H?), A%, and H*, respectively. In
this study, we will concentrate on the new mixing effects of
charged Higgses and their implications. For simplifying
numerical analysis and preserving the requirement of
vp K vy, Uy, we adopt the relation

2
me-5+ =0,
2
m2 — 2 my
HHY =

My = =
H* " sinfcosf’

, v
H™3" " 2in fcos

2 2
mis o =mi =mj +%(2,16 ) +%(2,16 + A7 + Ag).

The null elements in Eq. (16) arise from the neglect of small
v, that has been used in Eq. (12) for minimal conditions.
Since sz, s+ 1s also proportional to v, for self-consistency,
the v, terms should be dropped. As a result, we get
m¢,_s. ~0;ie., GT are the Goldstone bosons and decouple
with H* and §*. With this approximation, we find that the
3 x 3 mass square matrix in Eq. (16) could be reduced to
be a 2 x 2 matrix. The physical charged Higgs states could
be regarded as the combination of H* and 6%, and their

mixture could be parametrized by

(Hf)_(cosé’i siné’i)<Hi) (8)
Hf) \ —sinf, cos6. 5t )

The masses of charged Higgs particles and their mixing
angle are derived as

1 1

(me2)2 zi(mﬁi +m%~1i):F5Km§i _mzi)2 +4m4;1_6+]1/2’
2m?,_
ms. —my.

Here, H is identified as the lighter charged Higgs.
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2 2
Uit )
U10;

(15)

H3 ~

For completeness, we also show the mass matrices of
CP-odd and CP-even Higgs bosons in the Appendix.
Hence, in terms of the triplet representation in Eq. (1),
doublet representations in Eq. (14), and scalar potentials in
Eq. (11), the mass matrix for G, HT, and §* is written by

0 0 mé_ 5 GT
(GHS) 0 mi_ . m, HT |, (16)
mé,5+ m%rw mgvﬁ &t
where the elements of the mass matrix are found by
s o Matis
mi = m12 — 3 V10Vy,
dp i _ ) 2
108" — posin® i + (uy — o )sinfeos?f].
(17)

I

Besides the couplings of 5%+ that exist in the CTTSM,
the scalar potentials in Eq. (11) provide new couplings to
H*. The relevant interactions could be found as

—_—

—Eéii(Hx,(;x) —_ = (2//!1 + 2/42)(3++H_H_

o

1
_E(ﬁlIODA)6++6757
- o
+”S‘: 'B{(/17—/18)—(/17—/18)}6++H*5*

+Hec., (20)
where the first and third terms on the rhs do not exist in the
CTTSM. If the charged Higgs H* is much lighter than 5*+,
we see that the new decay channel 5%+ — HTH™ will be
opened. Unlike the Feynman rules for the interactions
of 677¢¢ and §T"W~W~, the new interactions are not
suppressed by m, /v, or v,. In other words, the decay rate
of the H"H™ mode is much larger than that of 7" and
W+WT; therefore, the current limit on the mass of the
doubly charged Higgs may be relaxed. Furthermore, the
new decay channel 5++ — H*W*" now is also allowed
through the mixing angle 6.

Next, we discuss the numerical analysis for 7 decays.
According to the earlier discussions, the relevant free
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FIG. 1 (color online).
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The mixing effect | sin @, | of H* and §* as a function of y with my= = 100 GeV and mgz= = 250 GeV. The left

panel is for scheme I, while the right panel is for scheme II. The dotted, dashed, and dotted-dashed lines stand for tan # = 1, 10, and 30,

respectively.

parameters are angle f, 4¢3, /_16,7,8, A4y H12s U, Vp, m%z,
and m,. For reducing the free parameters and simplifying
the numerical analysis, we take v ~ 2my, /g as an input and
assume mp ~ mge= ~ mg=. The involved parameters that
we use for presentation are set to be angles 3, myz«, ma, va,
and y, ,. Since the parameters ., , are the important effects
in our model, we adopt two different schemes for numerical
discussions: (I) p; = p, = p and () pu; = —p, = p. We
note that by Egs. (17) and (19) the mixing angle 8. is not a
free parameter but is determined. Because of the tiny
neutrino masses, the value of v, is much less than 1 GeV.

of 6 to the physical states Hy, and W= in Table I. From
the table, we see that the involved free parameter for the
vertex 5TE-HT-W¥ is only the angle .. Although the
coupling for the vertex §*-H{ -H| could be comparable
with that for 5*%-HT-W, due to phase space suppression,
the decay rate for the H] H mode usually will be smaller
than that for H W¥ mode, except in the case with tanf = 1
and the case constrained by the kinematic requirement.
Applying these interactions, the partial decay rates for
5t - Hi, X (X = HjE Wi) could be formulated by

For understanding how the mixing angle 6, depends F( st  fE Wi)
on the free parameters, we plot |sinf.| as a function of 1(2)
u in Fig. 1, where we have used mpy: = 100 GeV and 2 3
my = 250 GeV; the left (right) panel denotes scheme I (IT); B 92m§+ Sin20, (cos20. ) | 4 m, mH,*(z) (21
the dotted, dashed, and dotted-dashed lines stand for " 16wm3, * + mi. " mi. ’
tanf =1, 10, and 30, respectively; and the horizontal
line corresponds to |6.| = z/4. For scheme I, due to
m3,_s. =0 at tan # = 1, the mixing angle vanishes; there- F(éii N Wi*)
fore, we only have two curves in the left panel. By the 1(2)
plots, we see that when the value of u is taken toward to 2
0(100) GeV the mixing effect is approaching the maxi- 9g4m " §in?0, (c0s20,)G m?, mHT@) (22)
mum. The value of u cannot be arbitrarily large; otherwise, 12872° * * mi. mi. |
the mass square of the lighter charged Higgs Hy in Eq. (19)
will become a negative.
Now, it is known that the magnitude of the mixing effect 4o L et
of H* and &% strongly depends on the values of . F<5 - H1(2)H1(2))
We believe that the interactions arisen from u jHJTiATH ; (1 +m)? -
(G =1, 2) could lead to a new decay pattern for a doubly = MTCOS 0 (sin*0..) 5+- 4mH+( . (23)
charged Higgs. For more clarity, we present the couplings Ui
TABLE 1. The couplings of 6** to Hi, and W*.
Vertex Coupling Vertex Coupling
SHEHIW —igcos 0y (pss+ — ppz), SHEHTWS —igsin0y(ps= — Pu7),
S H, H 2(uy + po)cos?f, (sin?6,) STEHTHT 2(uy + po)cos @, sin @,
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TABLE II. Selected benchmark points in scheme I.
ma My tan 3 U M M |sind, |
BP1 250 GeV 100 GeV 1 100 GeV 250 GeV 100 GeV 0
BP2 500 GeV 400 GeV 10 100 GeV 579 GeV 274 GeV 0.57
BP3 500 GeV 400 GeV 30 50 GeV 628 GeV 124 GeV 0.62
BP4 120 GeV 80 GeV 10 5 GeV 133 GeV 56 GeV 0.47
TABLE III.  Selected benchmark points in scheme II.
my My tan U My My |sind, |
BP5 500 GeV 250 GeV 1 100 GeV 503 GeV 243 GeV 0.13
BP6 150 GeV 100 GeV 1 40 GeV 167 GeV 68 GeV 0.48
['(6** — HEHY) (BRs) for the decays 6+ — (¢#7¢+, H{ H]) in Fig. 2(a).
In this paper, we use the normal ordering for neutrino
(o + 1) ., ) m12q]+ m%g masses to estimate the decay rate of 57" — £7£". By the
= At sin“ 0, cos” 0,4 |4 (T» B ) . (24) plot, it is clear that the new open channel always dominates
Mg Mgy My

where W** expresses the off-shell W boson and the
functions A(x,y) and G(x,y), which are, respectively,
associated with momenta of final particles and three-body
phase space integration, are found as [19]

Ax,y) =1+ x> +y*—2xy —2x —2y

G(x,y) = 117)) {Z(x —1)? = 9(x* —x)y + 6(x — 1)y?

+6(1+x—y)yy/—A(x.y)

=314 (x—y)? —Zy}ylogx}

(25)

Since the doubly charged Higgs boson does not mix
with other scalar bosons, the formulas for §++ — #+¢+
and §%F — W*W=* decays are the same as those in the
CTTSM. Their explicit expressions could be found from
Refs. [19,27].

Since there are still four new free parameters involved in
our assumption, in order to illustrate the characters of 6+
in this model, we adopt several benchmark points (BPs) for
the numerical analysis, and they are given in Table II (III)
for scheme I (I). In the tables, we regard the values of
mp g+, #, and tan f as inputs; then, My and sinf, are
determined accordingly. '

In the following, we describe the characteristic of each
BP and display the associated results in Fig. 2. In BP1,
we consider the case for mg++ > 2mpy and set tanf = 1.
Because of 6. =0, the decay 6" — H{ W' is sup-
pressed. For comparison, we show the branching ratios

in the displayed region of v,. We note that in any
circumstance, comparing to the new decay channel, the
WW mode is very small and negligible. Hereafter, we will
not mention the results of the WW mode. In BP2 and BP3,
we select a heavier my and Am = my — my+ = 100 GeV.
From Table II, we find that if we use u ~ O(Am) the
mixing effect is O(1), and the mass splitting between m HE
and m HE is significant. Additionally, with a larger value of
tan 5, we see that the mixing angle and mass splitting are
enlarged. We plot the BRs of 67" decays for BP2 and BP3
in Figs. 2(b) and 2(c). Since ms++ < 2mH1+ in BP2, only
£T¢" and Hf W' modes in Fig. 2(b) are allowed. From
Figs. 2(b) and 2(c), we confirm the previous inference for
BR(6"" - H[H)<BR(§"" > HW"). In BP4, we use
a lower mass for mgs+ =120GeV and my+ =80 GeV.
In this case, we find that the allowed value of x4 cannot
be over 7.7 GeV; otherwise, mfﬁ will be negative. Because
of the kinematic requirement, either W' or H{ in the
HW* mode should be off shell. Since the couplings of
H* to quarks and leptons are related to the masses of
fermions, for lighter charged Higgs decays, the decay rate
for 5" — H{ (= f,f,)W™ is suppressed by the masses
of lighter fermions. Therefore, we present the BRs for
5T = (¢T¢T HTH ,HfW*") in Fig. 2(d). Because of
the phase space, we see BR(67" — H{ H{) > BR(6"+ —
H{W™") in this case. Moreover, we also find that the
decay 5t — £7¢" could become dominant when v, is of
order of 107°.

For scheme II, the selected values of parameters are
categorized in BP5 and BP6. Since the coupling of
5TTHyHy vanishes in this scheme, the decay 67" —
H{ H{ is suppressed. Additionally, the results with tan f =
10 and 30 for 6" — Hf W™ are similar to those in
scheme I; therefore, we will not repeatedly discuss the

075008-6



TWO-HIGGS-DOUBLET TYPE-II SEESAW MODEL

1.000 ==
0.500F

Hi HY () ]

0.100
0.050

Brt)

0.010
0.005

L

0.001 .
10710 1078 107° 107 0.01 1

va[GeV]

Brt)

Hi Hi ]
et

0.001 :

va[GeV]
Hf W

Brt)

(+ [+ 4

10710 1078 107° 1074 0.01 1
va[GeV]

FIG. 2 (color online).

cases but focus on the case with tanf = 1. Hence, we
present the BRs for 6™ — (£*#*, Hf W") in Figs. 2(e)
and 2(f), where both BP5 and BP6 have similar behavior
but the turning point of the leading decay mode occurs at a
different value of v,.

It is known that the neutrinos get their masses at tree
level in the type-II seesaw model. However, the neutrino
masses could be also generated by loop corrections, e.g.,
the two-loop effects that are similar to the Zee model [32].
The loop corrections in the CTTSM are actually negligible
due to y; ~ v5 < v. Since we claim that the y; could be as
large as the VEV v, here it is worth discussing the loop
effects in our model. By an order of magnitude estimate, the
two-loop effects are roughly expressed by

10710 1078 107° 107 0.01 1
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BRs for 67 decays. The (a)—(f) plots, respectively, stand for BP1-6, defined in Tables II and III.

1 mZm?
My, ~ @2 v’ (h)gpp115, (26)

where we only consider the contribution of the u; term,
1/(4x*)* denotes the two-loop effect, m?2,m2 /v? is from the
vertex of LH,/; in Eq. (3) and the mass insertion in
charged lepton propagators, (h),, is the Yukawa coupling
of the Higgs triplet in Eq. (3), and I, stands for the loop
integration. Using (h),, ~m,/v,, numerically we have
m,, ~ 1072 (uy /vs)(m2m2/m¥)m,I,. Thus, by choosing
proper value of v,, the radiative corrections to neutrino
masses with y; ~ O(v) could be still much smaller than the
contributions from the tree level.
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Although our analysis focuses on the situation for which
the Higgs triplet is heavier than Higgs doublets, the reverse
case should be also interesting and worth further studying.
In the case of reversed mass ordering, the heavier doublet
Higgs bosons can decay into a doubly charged Higgs
through charged Higgs decay Ht — W~51" or through the
cascade decay of neutral Higgs H° —» H*W~ —
StTW-W~. Like SM Higgs, the heavier neutral Higgs
would be produced by gluon fusion and have a sizeable
production cross section at the LHC. Thus, it is interesting
to search for the signal of the process pp — H° —
HT™W~ — §T"W~W~ that represents the specific signature
of the model. Further studies of the collider signals are left
as our future work.

Finally, we give a remark on the couplings of triplet
particles to quarks. As it is known, 5* belongs to the SU(2)
triplet and cannot couple to quarks directly. However, the
interactions of 5* with quarks are built in our model through
the mixing of 6% and H*, which arises from the y; terms of
the scalar potential. Consequently, we open not only a new
channel for the search of 5%+ but also a new way to look for
it. For instance, if mg++ ~ 250 GeV and My ~ 180 GeV,
the signal for the existence of 67" could be read via the
decay 67" — H}m W+ > thW* — bbW*+ W+, ie., 2b-jet +
W*WT in the final state, where the signal of 67" becomes
completely different from the CTTSM.

In summary, we have studied the new interactions in a
two-Higgs-doublet type-II seesaw model. We find that the
small VEV of the Higgs triplet could be satisfied by
accommodating the free parameters in the new scalar
potential, i.e., yy 53, Mp, v;,, etc., where these massive
parameters could be the same order of magnitude. By
neglecting the contributions of wv,, the charged Higgs
mixing could be described by one mixing angle 0,. The
mixing angle is dictated by the parameters y;, and tan .
We have demonstrated that by taking proper values of y; »
and tan § the new decay channels 5" — (H{ W, H{ HY)
are dominant in 67" decays, except at very tiny v,. Since
the decay pattern of §** is different from that in the
CTTSM, the search for 6=+ and the limit on its mass should
be further studied at the colliders. It will be interesting to
see the new phenomena in the model at the LHC.
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Sciences (NCTS) for supporting the useful facilities.

APPENDIX: MASS MATRICES FOR CP-ODD
AND CP-EVEN HIGGS BOSONS

Using the potentials in Eq. (11) and the basis of the
Higgs doublets in Eq. (14), the mass matrix for the CP-odd
components G°, A%, and #° is written by

PHYSICAL REVIEW D 90, 075008 (2014)

| GO\T 0 0 méo,,o GO
5 Al 0 mﬁvo mﬁono A° |, (Al)
0
n méo i mio i miono nO

where the elements of the mass matrix are obtained as

2
my, — Asvqv
2 2 12 — 450102
Moy 0 = M5y = ——————=
A%A° A cos f3sin 3
) v
m -
A% /2 cos psinf
X [p1cos*f — ppsin®f + () — ) cos?Psin’f]
2
v

2
1} —_ —_
mzono = mio =m3 + ?1 (A6 +47) + ?2 (de +47).  (A2)

The null elements in Eq. (A2) arise from the neglect of
small v, as in the charged Higgs case. By using Eq. (15),
we get sz(,no x va. Like the discussion on mf,_., for
self-consistency, we should drop the v, effect and take
mzcﬂno ~ 0. Thus, the mass matrix could be reduced to a

2 x 2 matrix. Consequently, the physical states of CP-odd
Higgses could be parametrized by one mixing angle,

defined by
A? cosf, sinf A°
() = Cane, o) ()
A —sinf, cosby n
The masses of CP-odd Higgs particles and the mixing
angle are derived as

1

(mA‘l’Az)z = B (mivo + mioﬂo)

1
+ E \/(mivo - mrzluno)z + 4(mA0,70)4,

2m?
AO}’]U
2 2
nm —m
A0A0 ”O,]O

tan20, = (Ad)

where A? is identified as the lighter CP-odd Higgs.
For CP-even Higgs bosons, first we transform the 4° and
HO states to & and H states by

ho cosa sina h
(H()) N <—sina cosa)(H)’ (AS)

where h and H usually are the physical mass eigenstates in
the THDM and «a is the mixing angle. With Eq. (14), we
write p;, in terms of 4 and H as

()= (e ey (1), i
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In this basis, the mass matrix becomes

N7 /[ m,
1
- | H 0
2
&0

The elements of the mass matrix and tan2a are given by

2
My m

2 2 2
s Myg Mgz

PHYSICAL REVIEW D 90, 075008 (2014)

2
mhﬁo h

H

1 )
m%{H’hh =3 [m?,(tan § 4 cot ) + 2(A;cos*B + A,sin’f)v?]

1
+ 5 \/[m%z(tanﬂ —cotf) + 2(A,cos?f — Aysin?B)v?]? + 4(m?, — Azy50* sin fcos B)2,

mimo = \% (1 cotp — p, tan f) sin(a — f3),

2

= 75 (ot — g an ) cos(ar = ).

m

2(—m?, + Au50” sin fcos f)

(A8)

tan 2a =

m3,(tan B — cot ) + 2(A;cos?f — Apsin®f)v?’

where we have used Eq. (15) and 4345 = 43 + 14 + 5. Since mi s 1s not suppressed by v, the 3 x 3 mass matrix in general
cannot be further reduced. However, for the case with sin(a — ) ~ —1 where A is the SM-like Higgs particle, due to
mi s ~ 0, the mass matrix then could be reduced to a 2 x 2 mass matrix. In summary, because of the y; terms, large mixing
effects between triplet and doublet particles occur in our model.
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