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of three light neutrinos v; (for i =1, 2, 3), but also on those of Ni. Assuming the mass of N; to lie in the
range 200 GeV-1 TeV, we figure out the generous interference bands for the contributions of v; and N;
to B(H* — I;fl;): J/IsinBig sinfjs| ~ 10~8-10>, where 6;4 and 0j4 measure the strength of charged-

PACS: current interactions of Nq. We illustrate some salient features of the interference bands by considering
14.60.Pq three typical mass patterns of v;, and stress that it is very difficult to distinguish the type-II seesaw
13.10.+q model from the triplet seesaw model in such a parameter region at the Large Hadron Collider.

25.30.Pt © 2008 Elsevier B.V. All rights reserved.

1. Introduction

The effort to build neutrino mass models at the TeV scale has recently revived [1], simply because this new energy frontier will soon
be explored by the Large Hadron Collider (LHC). A naive but reasonable argument is that possible new physics, if it exists at the TeV scale
and is responsible for the electroweak symmetry breaking, might also be responsible for the origin of neutrino masses. The latter is a kind
of new physics which has been conceivably established by a number of neutrino oscillation experiments in the past decade [2].

Among many possibilities of generating tiny neutrino masses, a natural one is to extend the standard model by introducing a few
heavy right-handed Majorana neutrinos [3] and (or) one Higgs triplet [4]. The gauge-invariant neutrino mass terms can then be written as

_ . 1— 1- .
—Limass =LYy HNR + ENEMRNR + EILYA Alozlf + h.c,, (1)
where My is the mass matrix of right-handed Majorana neutrinos, and
_( H =V2H°
A= (ﬁH__ V2H ) @)

denotes the Higgs triplet. After the spontaneous gauge symmetry breaking, one obtains the neutrino mass matrices Mp = Y, v/+/2 and
My =Yava, where (H) =v/+/2 and (A) = v, correspond to the vacuum expectation values of the neutral components of H and A. To
minimize the degrees of freedom associated with My, Mp and Mg, we may assume that there is only a single heavy Majorana neutrino
(denoted as Nq) in the model. This assumption implies that Mg and Mp become 1 x 1 and 3 x 1, respectively, but M| remains to be 3 x 3.
Such a simple seesaw scenario is phenomenologically viable and can be referred to as the minimal type-Il seesaw model [5]. Its simplicity
makes it interesting and instructive to reveal the salient features of the type-II seesaw mechanism. Therefore, we shall concentrate on this
model in the present Letter.

Our purpose is to investigate the dileptonic decays of doubly-charged Higgs bosons in the minimal type-II seesaw model. Such
decays can naturally happen because A is allowed to couple to the Standard Model Higgs doublet H and thus the lepton number is
violated by two units [4]. If the mass scale of A is of O(1) TeV, then H** can be produced at the LHC via the Drell-Yan process
qG — y*,Z* — HtTH=~ or through the charged-current process qj’ — W* — H**HF. Note that the masses of H** and H* are
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expected to be nearly degenerate in a class of seesaw models [4,6,7], so only H¥* — l(fljgt (for a, B =e, u, T) and H** — W+ W= modes
are kinematically open. Note also that the dileptonic channels H¥* — l‘fllf become dominant when vap <1 MeV is taken [7]. Therefore,

we focus our interest on the same-sign dilepton events of H¥*, which signify the lepton number violation and serve for a clean collider
signature of new physics beyond the standard model [8]. The rates of H¥* — l§l§ decays are given by

2
r(H* - zgzg) = m“m)aﬁ\ Mpyz, (3)

from which one obtains the branching ratios [7]
FHS =G 2 (Mol
Y po THEE S B~ (1 48p) ¥ o |(MD) o2

B(H** — [fI}) (4)
where the Greek subscripts run over e, p and 7. It becomes obvious that the magnitudes of B(H** — l(fl;—;) are only relevant to the
matrix elements of My.

We find that the branching ratios B(H** — l(flg) depend not only on the masses (my, my, ms3), flavor mixing angles (612, 613, 623) and
CP-violating phases (812, 813, 823 ) of three light neutrinos vy, vy and vs, but also on the mass (M1) and mixing parameters (614, 624, 034 and
814, 824, 834) of the heavy Majorana neutrino N1. When the former contribution is negligibly small, we can reproduce the case discussed in
Ref. [6]; but when the contribution of N; is negligibly small, our results for B(H** — loillgt) can simply reproduce those obtained in the
triplet seesaw model [9,10]. The new and most interesting case, which has not been analyzed before, is the competition or interference
between the contributions of light and heavy Majorana neutrinos. Typically assuming M1 ~ 200 GeV-1 TeV and taking three possible mass
patterns of v; as allowed by current neutrino oscillation data, we figure out the generous interference bands of v; and N1 contributions
to B(H** — l;tlg): /IsinBigsinBjq| ~ 1078-107> (for i, j =1, 2, 3). We stress that both constructive and destructive interference effects
are possible in this parameter region, in which it is very difficult to distinguish the type-II seesaw model from the triplet seesaw model
at the LHC. We present some detailed numerical calculations of B(H** — l(fl;F) in the interference bands. Although our numerical results
are subject to the minimal type-Il seesaw model, they can serve as a good example to illustrate the interplay between light and heavy
Majorana neutrinos in a generic type-Il seesaw scenario.

2. Interference bands

After the spontaneous electroweak symmetry breaking, we rewrite Eq. (1) as

1——= M]_ MD Ve
_L;‘“ASSZE(”LNE)<MS MR)(N];( +he (5)

We assume the existence of only a single heavy Majorana neutrino N in the type-II seesaw scenario. The 4 x 4 neutrino mass matrix in
Eq. (5) is symmetric and can be diagonalized by the following unitary transformation:

v R\'(M, Mp\(V R\ (M, 0 (6)
s u)\Ml MgJ\s uJ “\o M)
where M, = Diag{m1, my, m3} with m; being the masses of three light neutrinos v;, and M; denotes the mass of N. After this diagonal-
ization, the flavor states of three light neutrinos v, (for « =e, i, T) can be expressed in terms of the masses states of both three light

Majorana neutrinos v; (for i =1, 2,3) and the heavy Majorana neutrino Ni; namely, vy, = V4iVi + Rq1N1. Then it is straightforward to
write out the standard charged-current interactions between v, and « in the basis of mass states:

~Lec = %[(EMT)LVV“ (Vz) W, + (BMf)LRV”NuW;} +hec (7)
3/ L

We see that V describes the flavor mixing of three light neutrinos and three charged leptons, while R determines how strong the heavy
Majorana neutrino interacts with three charged leptons. In other words, V and R are responsible for neutrino oscillations of v; and collider
signatures of Np, respectively. Note that V itself is not unitary, because VVT + RRT =1 holds as a consequence of unitarity of the 4 x 4
transformation matrix in Eq. (6). The correlation between V and R can be parametrized as [11]

Cia 0 0 €12€13 57,013 555
v=| —548, €24 0 —S12€23 — 12813853 C12C23 —57,51385; 13535 |,
—514€2453,  —52483, C34 512823 —C12513C23  —C12523 — §7,513C23  C13C23
S14
R= C14§§4 s (8)
€14C248%,

where c;j = 6;j, sjj = sin6j; and §;; = e"‘siis,-j with 6;; and §;; (for 1 <i < j <4) being the rotation angles and phase angles, respectively. If
the heavy Majorana neutrino N is decoupled (i.e., 614 = 624 = 634 = 0), V will become a unitary matrix and take the standard form as
advocated in Refs. [2,12]. Hence non-vanishing R measures the non-unitarity of V.

Now we make use of Eqs. (6) and (8) to reconstruct Mi, which determines the branching ratios of H** — lgfl;f decay modes. We
obtain

My =VM,vT + M{RRT. (9)
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Then the explicit expressions of (ML)qg can be given in terms of the relevant neutrino masses, mixing angles and CP-violating phases. In
view of current experimental constraints sy3 < 0.16 [13] and s;4 S 0.1 (for i =1, 2, 3) [14], we may simplify the exact results of (My)qpg by
taking cq3 & cj4 ~ 1. This good approximation allows us to arrive at

(Mp)ee = TTHC%Z + ngg + m3§T§ + M1§ﬁ,

(Mp) e = M18%5C35 + mact, 3y + m383s + M1833,

(Mp)zr =m138%,8%; + mycd,8%; + maca; + Mi533;

(ML)ep = —m1€12812C23 + M2C12875C23 + M3873553 + M187483,

(ML)er =mqc12812523 — M2aC1287,523 + M3875023 + M157,53,,

Mppr = —m1§%2C23§23 — mch2C23§z3 + m3C23§§3 + M1§§4§§4. (10)

As a consequence,

Z|(1V1L)po |2 = (m% + m% +m§) + M% (3%4 + 354 +S§4)2 +2my My Re[(c12§14 — 512023524 + §12§23§34)2]
0,0

+2my M1 Re[ (375514 + C12€23824 — €12823834)% ] + 2m3 M1 Re[ (893514 + 835824 + 23834)%]. (11)

By combining Eqs. (10) and (11) with Eq. (4), we are then able to calculate the branching ratios B(H** — l§l§). There are two extreme
cases.

(1) If the heavy Majorana neutrino N; is essentially decoupled (i.e., i ~ 0 for i =1, 2, 3), the unitarity of V will be restored. In this
case, the results of B(H** — lﬁlf) are the same as those obtained in the triplet seesaw model [9,10].

(2) If the contribution of Ny to (Mp)qp is dominant, one may simplify Egs. (10) and (11) by neglecting the terms proportional to m;
(for i =1, 2, 3). In this case,

4
s
B(Hiiaeiei) N 214 CRYL
(574 + 554 +534)
B(H:t:k_> + i)% S5
W) G e
14 15341534
B(H* - t¥1%) ~ S34 .
(2, + 52, + 522"
14 T 534 1534
2 2
B(H:t:t_)eiﬂi) ~ 2574594
2 .2 2.2’
(574 + 554 +534)
2 2
B(H* - e*1¥) ~ 2514534
2 . 2 22’
(5741534 +534)
2 2
2554554

B(H* —» p*t¥) ~ (12)

(574 + 534 +53)2
which only rely on the mixing angles 64 (for i =1, 2, 3). Given si4 ~ 0, possible signatures of H¥* — u*u*, u*r* and ¥+ modes at
the LHC have been analyzed in Ref. [6].

Here let us explore the third interesting case, in which the contributions of v; and Ny to (ML)qg are comparable in magnitude and may
give rise to significant interference effects on the branching ratios of H** — loiélg decays. To be explicit, we take Am3, ~8.0 x 107> eV?

and |Am%2| ~ 2.5 x 1073 eV? [13] as the typical inputs and assume M; to lie in the range 200 GeV—1 TeV. There are three possible
patterns of the light neutrino mass spectrum: (1) the normal hierarchy: m3 ~ 5.1 x 1072 eV, my ~ 8.9 x 10~3 eV, and m; is much smaller
than mjy; (2) the inverted hierarchy: my ~ 5.0 x 1072 eV, m; ~4.9 x 1072 eV, and m3 is much smaller than my; (3) the near degeneracy:
mq ~my ~ms3~ 0.1 eV to 0.2 eV, which is consistent with the cosmological upper bound m; + my + m3 < 0.61 eV [13]. In each case,
the contributions of v; and Nj to (ML)qp in Eq. (10) will be of the comparable magnitude if the mixing angles 6;4 satisfy the following
condition':

max{my, myp, ms}

My

where i, j =1,2,3. In view of this rough estimate, which is essentially compatible with a more careful numerical analysis, we can
generously set ,/SizSjs ~ 1078-10> as the interference bands of B(H** — l§l§) for M1 ~ 200 GeV-1 TeV. Because the CP-violating
phases 8;4 are completely unrestricted, they may cause either constructive or destructive effects in the interference bands. We shall
numerically calculate B(H¥* — lil;) in the subsequent section to illustrate the interference effects for different patterns of the light
neutrino mass hierarchy.

If M1 < O(1) TeV and the values of si4 lie in the interference bands obtained above, it will be impossible to produce and observe N
at the LHC. The reason is simply that the interaction of Ny with three charged leptons is too weak to be detected in this parameter space.
Given the integrated luminosity to be 100 fb~!, for example, the resonant signature of N; in the channel pp — u®N; with Ny > u=W+F

5,'45]4"’ ~ 10_14'“]0_12, (13)

1 Here we have taken account of 615 ~ 34°, 613 < 10° and 6,3 ~ 45° given by a global analysis of current neutrino oscillation data in the unitary limit of V [13].



P. Ren, Z.-z. Xing / Physics Letters B 666 (2008) 48-56 51

at the LHC has been analyzed and the sensitivity of the cross section o (pp — utut*W¥) ~ o (pp - u*N1)BN; - u*W7F) to the
effective mixing parameter S, ~ 524/(514 + 524 +s34) has been examined in Ref. [15]. It is found that S, > 7.2 x 10~* (or equivalently,
324 > 2.1 x 1073 for s14 ~ Sg4 ~ s34) is required in order to get a signature at the 2o level for M > 200 GeV. This result illustrates that
there will be no chance to probe the existence of Ny in the interference bands at the LHC.

Nevertheless, it is possible to produce H** at the LHC provided My++ < O(1) TeV, and it is also possible to observe the signatures of
H*E - Ioi(l? decays [6,7,9,10]. In this case, however, the measurements of B(H** — l§l§) themselves are very difficult to tell whether

the existence of H¥* is due to a pure triplet seesaw model or due to a (minimal) type-II seesaw model.
3. Numerical examples

For the sake of simplicity, here we take 61, = arctan(1/+/2) &~ 35.3°, 613 = 0° and 6,3 = 45°, implying that V takes the well-known
tri-bimaximal mixing pattern [16] in its unitary limit (i.e., 64 = 0). In addition, we switch off the CP-violating phases §12, 813 and 823 so
as to clearly examine the role of new CP-violating phases 8;4 in B(H** — ljfl/:;). We fix Am3, =8.0 x 1075 eV?, |Am2,| =2.5 x 1073 eV?
and M; =500 GeV in our numerical calculations. To further reduce the number of free parameters, we shall consider two special cases
for the mixing angles 6j4: () 614 = 624 = 634 and (b) 614 = 0 and 64 = 034; and two special cases for the CP-violating phases §is:
(a) 814 = 824 = 834 = 0 and (b) 814 = 824 = 834 = /2. Our discussions can be classified into three parts according to three possible
patterns of the light neutrino mass hierarchy.

3.1. Normal hierarchy

We simply take mq = 0, such that mp ~ 8.9 x 103 eV and m3 ~ 5.1 x 1072 eV can be extracted from the given values of Am%1 and
|Am§2|. For chosen values of 612, 613, 623 and 812, 813, 823, Egs. (10) and (11) can now be simplified to

1
(Mp)ee = §m2 + M1514,
(ML)[LM =

1 1 %2
§m2 + §m3 + M55,

1 1
(Mp)7r = §m2 + 2m3 + M1534a
1 ok a
(ML)GIL = §m2 + M1574554,
1 A A%
(ML)er = _§m2 + M15T4534,

1 1 A
M) pr = _§m2 + §m3 + M15§45§4, (14)

and

2
Z|(ML),OJ‘ (m3 +m3) + M2 (s2, +s3, +S34) + 3m2M1 Re[ (814 + $24 — $34)2] + m3M Re[ (824 + $34)%]. (15)

Our numerical results for the branching ratios B(H** — lilj) are shown in Fig. 1. Some comments and discussions are in order.

Fig. 1(a) is obtained by taking 014 = 024 = 634 = 0 and 814 = 834 = 834 = 0. We see that B(H** — e*u*) and B(HT* — e*1¥) are
approximately equal beyond the interference band (3 x 10~7 <O<S2x 10-5), but their near degeneracy is lifted in the interference band.
In contrast, B(H** — u*u*) = B(H** — t*t%) holds in the whole parameter space.

Fig. 1(b) is obtained by taking 614 = 624 = 634 =6 and 814 = 324 = 834 = /2. One can see more obvious interference effects for
6 changing from 10~7 to 1078, In particular, B(H** — e*t%) is strongly enhanced, while B(H** — pu*u®), B(H** — p*t*) and
B(H** — t*1%) are strongly suppressed at 6 ~2x 1077,

Fig. 1(c) is obtained by taking 614 =0, 624 = 634 = 6 and 824 = 834 = 0. In this case, there is little interference between the contributions
of v; and N; to B(H** — I‘flj). It is straightforward to observe that B(H** — e*e®), B(H** — e*pu*) and B(H** — e*1¥) are
considerably suppressed due to the vanishing of 614.

Fig. 1(d) is obtained by taking 614 =0, 64 = 634 =0 and 84 = §34 = 7r /2. In this case, all the decay modes involve significant inter-
ference effects around 6 ~ 2 x 10~7. Note that B(H** — u*t*) undergoes both a minimum and a maximum, which result from the
minimums of its numerator and denominator, respectively. So do B(H** — pu*u*) and B(H** — t*t%). In comparison, the branching
ratio of H** — e*e®*, e* 1 * or e*t* only undergoes a maximum, because its numerator does not have an appreciable minimum in the
interference band.

3.2. Inverted hierarchy

We simply take ms =0, such that m; ~ 4.9 x 1072 eV and my ~ 5.0 x 1072 eV can be extracted from the given values of Am%1 and
|Am%2|. For chosen values of 613, 613, 623 and 812, 813, 823, Egs. (10) and (11) can now be simplified to

2 1 a%x2
(Mp)ee = §ml + §m2 + M1575,

1 1 ax2
—mq + §m2 + M1533,

(ML)/,LM, = 6
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Fig. 1. Branching ratios of H*E loi(li decays for the normal hierarchy of m; with my =0: (a) 614 =624 =634 =60 and 814 = 824 = 834 = 0; (b) 014 = 624 = 034 =6 and
814 =024 =10834=7/2; () 014 =0, 624 =034 =0 and 824 =34 =0; (d) 614 =0, 624 =634 =6 and 624 =834 =77/2.

1 1 Ax2
(Mp)7r = gm + 3M2 + M153%;

1 g A
(M) = 3(mz = m1) + M183,834,

1 g A
(Mp)er = g(ml —my) + M157,83,.

1 1 ok oX
My pr = —éml — §m2 + M1554534, (16)
and
2 2 1 R . N 2 N R R
Z‘(ML),OU‘ = (m% +m3) + M3 (534 +534+534) + §m1M1 Re[(2814 — 524 + 534)2] + §m2M1 Re[($14 + 824 — 534)2]- (17)
0,0

As a consequence of mq ~my, the contributions of vy and v, are approximately canceled in (M), and (ML)er. Our numerical results for
the branching ratios B(H** — l§l§) are shown in Fig. 2. Some comments and discussions are in order.

Fig. 2(a) is obtained by taking 614 = 634 = 634 =60 and 814 = 834 = 834 = 0. We see that B(H** — e*u*) and B(H** — et1¥) are
essentially degenerate in the whole parameter space, so are B(H** — pu*u*) and B(H** — t*t*). Different from other branching
ratios, B(H** — p*t*) undergoes a minimum just because of the minimum of |(ML),| at § ~2 x 1077.

Fig. 2(b) is obtained by taking 614 = 624 = 634 =6 and 814 = 24 = 834 = 7r /2. In this case, the contribution of N; to B(H** — lilj)
flips the sign such that B(H** — pu*t*) undergoes a maximum because of the minimum in its denominator. Due to the appearance of a
minimum in its numerator, the branching ratio of H** — e*e*, u*u* or t*t% undergoes a minimum when 6 varies in the interference
band.
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Fig. 2. Branching ratios of H*E Iﬂ*(li decays for the inverted hierarchy of m; with m3 = 0: (a) 614 =624 =034 =6 and 814 = 824 =834 = 0; (b) 014 =624 =634 =6 and
814 =108240=10834=7/2; () 014 =0, 624 =034 =0 and 834 =834 =0; (d) 614 =0, 64 =634 =6 and 624 =834 =7/2.

Fig. 2(c) is obtained by taking 614 = 0, 624 = 634 = 0 and 84 = 834 = 0. In this case, the contributions of N; to B(H** — e*e®),
B(H* — e*p®) and B(H* — e*t¥) are vanishing as a consequence of 614 = 0. Hence B(H** — eTp¥) and B(H** — e*1¥) are
strongly suppressed in the whole parameter space, so is B(H** — e*e*) for § > 1076,

Fig. 2(d) is obtained by taking 614 = 0, 024 = 634 = 0 and 834 = 834 = 7w /2. We see that the results of B(H** — eFe®), B(HT* —
e*p®) and B(H** — e*t¥) in this case are essentially the same as those in Fig. 2(c). Because the contribution of Ny flips the sign, now
B(H** — u*u®) = B(H** — t*t%) undergoes a minimum while B(H** — p*1*) undergoes a maximum in the interference band.

3.3. Near degeneracy

We assume m; &~ my ~m3 ~ 0.1 eV. Then my —m; ~ 4.0 x 1074 eV and m3 —my ~ +1.25 x 10~2 eV can be extracted from given values
of Am%l and |Am§2|, respectively. For chosen values of 613, 613, 623 and 812, 813, 823, Egs. (10) and (11) can now be simplified to

(Mp)ee & my + M1833,

1 R
Mp)pp =my + §(m3 —mp) + M]Sﬁ,
1 R
(Mp)zr ®mq + E(m3 —my) + M]Sﬁ;
~ 1 Ak Ak
(Mp)ep =~ g(mz —my) + Mq57,55,,

1 ax A
(Mp)er = g(ml —my) + M15)1k45§4,
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Fig. 3. Branching ratios of H*E loitli decays for the near degeneracy of m; with ms > mjy: (a) 614 =024 =634 =6 and 814 = 24 =834 =0; (b) 014 =624 =634 =6 and
814 =024 =034 =7/2; (c) 014 =0, 624 =034 =0 and 834 =834 =0; (d) 614 =0, 624 =634 =6 and 624 =834 =77/2.

1 A A
(Mp)pr ~ E(m3 —my) + M15§45§47 (18)

where we have neglected the small terms proportional to my —myq in (Mp)ee, (ML) ppur (ML)ue and (Mp)¢<. In addition,

2 2 1 . A R . . . n o
Z|(1\/1L)pa| ~3mi + M2(s2, + 53, +534)" + §m1M1 Re[(2814 — 324 +834)% + 2(514 + 824 — 834)? + 3524 + 834)%], (19)
0.0

where we have omitted the small mass differences of v;. We fix m3 > my in our numerical calculations. The results for the branching
ratios B(HT*+ — l(fl?) are shown in Fig. 3. Some comments and discussions are in order.

Fig. 3(a) is obtained by taking 614 = 64 = 634 = 6 and 814 = 824 = 834 = 0. In this case, the near degeneracy of B(HT* — e*p¥),
B(H** — e*t*) and B(H*™ — pu*1¥) is just because of the smallness of my —m; and ms —mjy. A small discrepancy between B(H** —
etet) and B(H** — pu*ru*) = BH* — t3t®) for <7 x 1077 is due to the small terms proportional to m3 —my in (Mp),, and
(Mp)7z.

Fig. 3(b) is obtained by taking 614 = 624 = 634 =0 and 814 = 24 = 834 = 7 /2. We see some mild interference effects in all the decay
channels. Among them, the branching ratio of H¥* — e *, e*t* or u*r* undergoes a maximum, while the branching ratio of H*¥* —
ete®, utu* or t*t* undergoes a minimum.

Fig. 3(c) is obtained by taking 614 = 0, 64 = 034 = 0 and 84 = 834 = 0. In this case, B(H** — e*u®) and B(HT* — e*t*) are
strongly suppressed in the whole parameter space. We see no obvious interference in other decay modes.

Fig. 3(d) is obtained by taking 614 =0, 64 =634 =6 and 84 = 834 = 7 /2. One can see that B(H** — e*e®) undergoes a maximum
in the interference band, so does B(H** — p*t*). In comparison, B(H** — pu*u*) = B(H*¥ — t*1*) undergoes a minimum. The
interference effects in this case are more significant than those in Fig. 3(b).
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4. Summary

We have studied the dileptonic decays of doubly-charged Higgs bosons H** in the minimal type-II seesaw model with only one heavy
Majorana neutrino and one Higgs triplet. Their branching ratios B(H** — lli;l?f) depend not only on the masses, flavor mixing angles
and CP-violating phases of three light neutrinos v; (for i =1, 2, 3), but also on the mass (M1) and mixing parameters (0;4 and §8;j4) of the
heavy Majorana neutrino N;. We have focused our attention on the interference bands of B(H** — lgléf), in which the contributions
of v; and Ny are comparable in magnitude. Assuming M1 ~ 200 GeV-1 TeV and taking three possible mass patterns of v; as allowed by
current neutrino oscillation data, we have figured out the generous interference bands /| sin6j4 sin6j4| ~ 1078-107> (for i, j=1,2,3) and

presented a detailed numerical analysis of B(H** — loitl;).

We stress that both constructive and destructive interference effects are possible in the interference bands of B(H** — loillj), and thus
it is very difficult to distinguish the (minimal) type-Il seesaw model from the triplet seesaw model in this parameter space. Although our
numerical results are subject to a simplified type-II seesaw scenario, they can serve as a good example to illustrate the interplay between
light and heavy Majorana neutrinos in a generic type-II seesaw framework. The latter involves more free parameters, so the corresponding
interference bands of B(H** — lojflg) will be in a mess.

It is worth pointing out that the lepton-number-violating decays of singly-charged Higgs bosons H* are also important for testing
the gauge triplet nature of the Higgs field. For example, the observation of H — I ¥, and H™ — I vy (for a =e, u, ) decays will be
particularly useful to determine the mass spectrum of three light Majorana neutrinos [10] because these processes are independent of the
unknown Majorana phases in the triplet seesaw model. A similar study of the lepton-number-violating H* decays can be done in the
type-1l seesaw model, where heavy Majorana neutrinos exist, although the interference bands of B(H* — IF7y) and B(H™ — I;v,) are
expected to be different from those of B(H** — loitlg). We shall carry out a systematic analysis of both H** decays and H* decays in
the minimal type-II seesaw scenario elsewhere [17].

It is certainly a big challenge to identify the unique or correct seesaw mechanism of neutrino mass generation, if such a mechanism
really exists, at the upcoming LHC and the future International Linear Collider. In particular, the collider signatures of both the Higgs triplet
and heavy Majorana neutrinos will have to be experimentally established before a claim of having verified the type-II seesaw mechanism
can be made. While the running of the LHC itself might be very difficult to help us pin down the true flavor dynamics of leptons and
quarks, we hope that it would at least shed light on what this dynamics looks like at the TeV energy scale.
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