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Connection between vn — vn reactions and n-nin oscillations
via additional Higgs triplet bosons

Yongliang Hao
Van Swinderen Institute for Particle Physics and Gravity, University of Groningen,
Nijenborgh 4, 9747AG Groningen, The Netherlands

® (Received 30 August 2019; accepted 27 February 2020; published 24 March 2020)

In this work, we investigate the connection and compatibility between vn — v reactions and n-n
oscillations based on the SU(3), x SU(2), x U(1) symmetry model with additional Higgs triplets. We
explore the possibility that the scattering process vn — ¥ 71 produced by low-energy solar neutrinos gives rise
to an unavoidable background in the measurements of n-7 oscillations. We focus on two different scenarios,
depending on whether the (B — L) symmetry could be broken. We analyze the interplay of the various
constraints on the two processes and their observable consequences. In the scenario where both (B + L) and
(B — L) could be broken, we point out that if all the requirements, mainly arising from the type-II seesaw
mechanism, are satisfied, the parameter space would be severely constrained. In this case, although the
masses of the Higgs triplet bosons could be within the reach of a direct detection at the LHC or future high-
energy experiments, the predicted n-7i oscillation times would be completely beyond the detectable regions of
the present experiments. In both scenarios, the present experiments are unable to distinguish a vn — v 7
reaction event from an n-i oscillation event within the accessible energy range. Nevertheless, if any of the two

processes is detected, there could be signal associated with new physics beyond the Standard Model.

DOI: 10.1103/PhysRevD.101.056015

I. INTRODUCTION

Baryon number (B) and lepton number (L) are usually
considered as accidental symmetries in three fundamental
interactions of the Standard Model (SM) [1]. Some non-
perturbative effects in the SM may violate the B, L, and
(B + L) symmetries, but the difference (B — L) is still
conserved [2-5]. B-violation, in particular, is one of the
three criteria suggested by Sakharov to explain the
observed matter-antimatter asymmetry in our Universe
[6]. Additionally, in order to generate the observed asym-
metry, the (B — L) symmetry must be conserved too, or else
the nonperturbative sphaleron process may smooth out
such asymmetry [7,8]. In some new physics models, such
as the left-right SU(3), x SU(2), x SU(2)xg x U(1)p_,
symmetry model [9-12], the grand unified SU(5) sym-
metry model [13], the partially unified SU(4), x SU(2), x
SU(2), symmetry model [14-16] etc., unlike B alone or L
alone, the difference (B — L) is implemented as a symmetry
in describing the interactions among quarks and leptons,
predicting the existence of the (B + L)-violating processes
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such as hydrogen-antihydrogen (H — H) oscillations
[17-19] and vn — v 71 reactions. In such models, symmetry
can be broken spontaneously to the SU(3), x SU(2), x
U(1) symmetry model, leading to n-i oscillations
[14,15,17-19] and neutrino Majorana masses [18]. In
cosmology, some leptogenesis scenarios are proposed to
explain the asymmetry between matter and antimatter, but if
the B-violating n-nn oscillations are observed, then the
leptogenesis models will be ruled out, assuming that it
occurs at the energy scale where n-ii oscillations are in
equilibrium [20,21]. Furthermore, previous studies [17-19]
show that it is possible to estimate the H — H oscillation time
by comparing it with the n-7 oscillation time, where a large
degree of uncertainty could be eliminated [17-19] and the
prediction power can be greatly improved. On the other
hand, it is considered that the (B + L) symmetry is anoma-
lous [22]. In some other extensions to the SM, the breaking
of (B + L) symmetry is also introduced as an important
feature [1,23]. Therefore, testing such global symmetries
could signal new physics beyond the SM [23,24].

The change of a neutron into an antineutron, namely
neutron-antineutron (n-n) oscillations, violates B, (B + L),
and (B — L) by two units (|AB| =2, |[A(B+ L)| =2, and
|A(B—L)| =2). The results of the searches for n-n
oscillations have been presented by numerous experiments
in different mediums [24] such as field-free vacuum, bound
states, as well as external fields. On the one hand, however,
no significant evidence has been observed for n-ii

Published by the American Physical Society
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oscillations so far. The lower limits on the n-7 oscillation
times for neutrons inside nuclei are reported by various
experiments, such as Irvine-Michigan-Brookhaven [25],
Kamiokande (KM) [26], Frejus [27], Soudan-2 (SD-2)
[28], Super-Kamiokande (Super-K) [29], and Sudbury
Neutrino Observatory (SNO) [30]. In field-free vacuum,
the present best lower limit on the n-7 oscillation time is
reported by the ILL experiment [31].

At the quark level, B, (B + L), and (B — L) violations
can only be described by high dimensional operators
associated with some large mass scales and thus the effect
is greatly suppressed and usually considered to be unde-
tectable at low energies [32]. The lower limits on n-n
oscillation times for neutrons in matter are derived from the
stability of nuclei [25-30]. However, the instability of
nuclei induced by external low-energy solar neutrinos has
not been excluded because of the detector thresholds. In the
presence of low-energy solar neutrinos, we will see that the
present detectors are unable to distinguish a vn — v
reaction event from an n-7 oscillation event. Therefore,
it is reasonable to assume that some of the reported n-n
oscillation candidates may actually be produced by low-
energy solar neutrinos in the scattering process vn — Ui as
depicted in Fig. 1. Following previous studies of the H — H
oscillations in Refs. [17-19], it is also possible to relate
vn — bn reactions to n-n oscillations, meanwhile elimi-
nating a large degree of uncertainty. In this work, we
explore the possible connection between n-ii oscillations
and vn — D7 reactions based on the SU(3),. x SU(2), x
U(1) symmetry model with additional Higgs triplets. As it
will be shown in the following sections, although, cur-
rently, there is no information available on the experimental
rate for the vn — Ui reaction process, the ratio of the
interaction rate for vn — U 7 reaction to the interaction rate
for n-n oscillation can be estimated from a theoretical point
of view by connecting the two processes using the Higgs
triplet and neutrino masses. In such an approach, some
parameters that appear both in the numerator and in the
denominator, such as the nuclear suppression factor, can be
eliminated, making it possible to place constraints on the
two processes and analyze their observable consequences
using the results of the searches for n-ii oscillations.
Throughout the paper, if not otherwise mentioned, we
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FIG. 1. A neutron is scattered by a neutrino changing into an
antineutron and an antineutrino (the vn — U i1 reaction process).
Here p; and p, are the four-momenta of the incoming neutrino
and neutron, respectively, and p, and p5 are the four-momenta of
the outgoing antineutrino and antineutron, respectively.

only consider the first generation of particles and anti-
particles, and thus all neutrinos under discussion are
electron-type neutrinos (v = v,).

II. THE MODEL

Figures 2(a) and 2(b) show the possible diagrams at the
quark level for n-n oscillations and vn — v# reactions,
respectively, mediated by Higgs triplet particles [17,18].
The two processes can be described by the interactions
based on the SU(3), x SU(2), x U(1) symmetry model
with enlarged Higgs sector, which can be embedded in
some grand (or partially) unified models with higher
symmetries. In this model, the fermionic fields take the
following conventional form [17,18]:

1 u v
o(23)=(5), moa=()),

4 2
MR(3’17§>’ dR<3,1,—§), eR(l,l,—Z). (1)

Here, the right- and left-handed spinors are defined as
Wr/L = Prjw, where Pg/; = (1 £ y°)/2 are the right and
left chiral projection operators. In addition to the SU(2),
Higgs doublet, two additional SU(2), Higgs triplets are
incorporated into the model as follows [17,18]:

®(1,2,1), Aq<6,3,—§>, A(1,3,2). (2)

Here, ® = (¢4, ¢)" is the Higgs doublet, while A, and A,
are the two newly added Higgs triplets, namely diquarks
and dileptons, which can be written in the following matrix

form [32-34]:
Aud A
- V2 dd
Aq B <Auu - Aud) ’ (3)

V2
d d d
U \\/ u \/ U,
A, L0 A, 10
"""<Auu> - -A--
Add: Add: v
d d d d
(a) (b)

FIG. 2. Possible diagrams for (a) n-n oscillations and
(b) vn — vn reactions mediated by additional Higgs triplets,
namely diquarks and dileptons.
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As argued in Ref. [18], in this model, the corresponding
Higgs potential can be chosen to preserve a discrete
symmetry so that the compatibility with the current
experimental constraints on the proton lifetime 7, 2 103! —
103 yr [35], which is model dependent, is assured.

The set of relevant operators, responsible for the two
processes depicted in Fig. 2, can be chosen as
[14,17,18,36,37]

O‘v = gaﬂQgLC_liaquQ/}L + f,,ﬁqngC_liO'ZAl‘PﬂL
+ ’IeikmejlnAfjjdASiiAZl,:'Aw +Hec. (5)

Here, i, j, k, I, m, n stand for SU(3),. indices, and a.f stand
for SU(2), indices. The parameters g,4, fo5, and A are the
vertex coupling constants in the Yukawa and gauge sectors.
C represents charge conjugation operator. Actually, the two
diagrams in Fig. 2 are not the only diagrams describing the
interactions responsible for the two processes, considering
that the interactions could also be possibly mediated by
other additional multiplet bosons including leptoquarks and
diquarks like the A,; boson [15,37-39]. For simplicity, in
the following discussions, without loss of generality, we
only focus on the interactions depicted in Fig. 2 but the
conclusions could be applied to the interactions mediated
by such additional multiplet bosons, if we assume that all
the additional multiplet bosons have the same mass.

Since the solar neutrinos have very low energies, it is
reasonable to describe the vn — U 71 reaction process using
an effective Lagrangian at the hadron level. The four-
fermion contact interaction was first proposed as an
effective field theory in describing f decay [40] at low
energies, where neutrons and protons are treated as point
particles. The solar neutrinos have an average energy of
around E, ~0.53 MeV [41], and the corresponding wave-
length is so long that in general they cannot probe the
structure of the nucleons. The degrees of freedom can be
chosen as neutrons and neutrinos. Therefore, in the energy
range of solar neutrinos, the contact interaction is supposed
to be applicable [42—44] without considering the structure
of the neutron.

We assume that the effective Lagrangian at the hadron
level, which describes the vn — pn reaction process
(depicted in Fig. 1) via scalar four-fermion contact inter-
actions, takes the following form:

—Lj" = Gyly, (0)[* (7°v) (#°n). (6)

Here, y,(0) is the quark wave function at the origin and
ly,(0)[> ~0.0144(3)(21) GeV? [45] is given by the lattice
QCD calculations, with the numbers in parenthesis being
statistical and systematic uncertainties. G, is the effective

coupling constant and will be discussed in more detail in
the following sections. The superscript ¢ represents charge
conjugation, and the scalar interaction couples states with
opposite chirality.

The constraints on nucleon instability can be determined
through the measurements of two decay modes, such as n-n
oscillations [25-30] and the dineutron decay nn — v v [46].
Such decay modes violate B and (B + L) but the dineutron
decay preserves (B — L). Both the n-n oscillation process
and the vn — Ui reaction process lead to the change of a
neutron into an antineutron, followed by antineutron
annihilation with the surrounding nucleons into pions
[22,24]. However, the nn — v process, which can be
realized after making Fierz transformations to Eq. (6), is
featured with the decay of nucleus into two back-to-back
energetic neutrinos, which are nearly invisible to detectors.
The experimental limits on the lifetimes for the decay mode
with electromagnetically or strongly interacting final states
are several orders of magnitude larger than the ones for the
decay mode with weakly interacting final states such as the
dineutron decay (nn — v D) [46]. For this reason, we focus
on the n-n process (and the vn — v n process) rather than
the nn — v v process in the following discussions.

Similarly, one could also construct the effective
Lagrangian with (B + L) violations for the charged baryon
and lepton sector [43,44,47]. The relevant processes are the
H — H oscillations: e"p — e*p and the diproton decay:
pp — eTet. A recent study shows that the determined
constraint on the pp — [TI" process has excluded new
physics below an energy scale of around 1.6 TeV [43] and
the bounds on the e~ p — e™ p process are weaker than the
ones on the pp — [T process [43].

At the hadron level, the differential cross section of the
vn — v n reaction process in the specific model given by
Eq. (6) in the center-of-mass frame can be written as [48]

doy(wn —vi) _ [My| |pyl
a0 64ns |p;|

(7)

where dQ = sin 0dfd¢ with 0 and ¢ being the scattering
angles. The Mandelstam variable s is defined in the usual
way. In this case, it is easy to see that the relation |p,| =

|p;| holds. The effective squared amplitude |M,|> can be
obtained by summing over all final spin configurations and
averaging over all initial spin configurations,

1
2
x Tr[(py + m,)(py —

M, [? = 2 (Golyg (O)1)*Tr[(py + my) (5 = )]

my)], (8)

where m,, (m,) is the neutron (neutrino) mass.

In this work, the cross section of the vn — v n reaction
process is calculated using the FeynCale package [49,50].
Since the solar neutrinos are mainly in the energy range
from a few keV to 10 MeV [51], which satisfy the condition
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m, < E, < m,, and thus, comparing with their energies,
the tiny neutrino mass could be ignored. The corresponding
cross section in the range m, <« E, < m,, can be written
down as follows:

Gilw, (0)PEZ
E)~—070 2 2 9
oy(E) =20 )
where E, is the solar neutrino energy. In the following
sections, we will illustrate that vn — ¥ 71 reactions produced
by high-intensity solar neutrinos could be considered as an
unavoidable background in search for n-7i oscillations.

III. CONNECTION BETWEEN vn — v i
REACTIONS AND r-n OSCILLATIONS

The solar neutrinos are produced from various nuclear
fusion reactions [52—54], such as the pp fusion chain, the
CNO cycle, etc. The corresponding fluxes can be predicted
by the so-called Standard Solar Model [52,55,56] and can
be found from Refs. [56-68]. Numerous experiments
[68—77] have been designed to detect solar neutrinos with
various thresholds (see, e.g., Ref. [78] or Table II). The
neutrino flavor oscillation has been confirmed and the
corresponding ratios of the observed to expected neutrino

TABLE L.

rates for solar neutrinos in particular have also been given
in various cases [67,68,73,79].

Considering neutrino flavor oscillations, the expected
number of the vn — U reaction events induced by solar
neutrino fluxes can be evaluated as follows:

S =eN,T, [Zpu / F
+ZP/3/F/3

eN T,G> |l//q

(P (Eu)dEv
o0 (E,)3(E, - Eﬂ)dEy]

i

+Zp,;/F/; VE2S(E, — Eﬂ)dE}

E,))E2dE,

1
EﬂeNnTnGﬂWq(O)‘gq)w (10)

where € is the detection efficiency. The index a refers to
continuum neutrino sources such as pp, N, %0, !"F, ®B,
and hep. The index f refers to monoenergetic neutrino
sources such as 'Be and pep. The factor p, (pp) stands for
the electron neutrino survival probability for the ath (fth)

Solar neutrino fluxes from various sources at the Earth and the corresponding signal fractions y; for

vn — vn reactions. Numbers in parentheses stand for the power of 10.

Neutrino

Parameter pp BN 150 7R

B hep "Be(384 keV) "Be(862 keV) pep

Flux (cm~2s~1) 5.98(10)" 2.78(8)" 2.05(8)" 5.29(6)* 5.46(6)" 7.98(3)*  5.30(8)° 4.4709)°  1.44(8)°
Survival 0.542°  0.528" 0.517° 0517° 0.384> 0.30° 0.537° 0.524°  0514°
probability
Signal 53.14% 1.71% 2.47% 0.06% 2.30% 0.01% 0.87% 36.23%  3.20%
fraction y;

aReference [56].
"Reference [68].
‘Reference [73].

TABLEII. Results of the searches for n-7 oscillations inside nuclei. Such information is used to put constraints on
the vn — v i reaction process.

Exp.
Parameter KM [26] Frejus [27] SD-2 [28] Super-K [29] SNO [30]
Exposure (neutron-yr) 3.0 x 10*? 5.0 x 102 2.19 x 103 2.45 x 103 2.047 x 1032
Candidates S, 0 0 5 24 23
Backgrounds B, 0.9 2.5 4.5 24.1 30.5
Efficiency e 0.33 0.30 0.18 0.121 0.54
Threshold (MeV) 7 200 100° 3.5 3.5°

aReference [76].
PReference [80].
Reference [81].
dReference [73].
“Reference [72].
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component of the solar neutrino sources and their values
can be found from Refs. [68,73]. F, (Fp) is the ath (fth)
component of the solar neutrino fluxes at the Earth, where
the experiments are carried out. 7, is the time of data
taking. N, is the number of neutron targets. Such infor-
mation is summarized in Tables I and II.

In this work, the predicted solar neutrino fluxes from the
B16 Standard Solar Model (B16-GS98) [56] are used for all
the solar neutrino sources except for the ‘Be neutrinos. The
"Be neutrinos have two monoenergetic lines with the
energy of 0.862 and 0.384 MeV, respectively [66,68],
and the corresponding fluxes are taken from Ref. [68].
The third monoenergetic neutrino source comes from the
pep reaction with the energy of 1.44 MeV [82].

We employ the Bayesian statistical method [83,84] to
evaluate the true number of the n-i1 oscillation events. The
probability for obtaining S, candidates can be written as
[83,84]

1 [eGi4BI(S, +B)%
P(51|So):N—/ ;0!1 ) 9(B1,By)dB;, (11)

where N, is the normalization constant. S; is the true
number of events. B is the number of background events
and B, is the expected number of background events.
9g(By,By) is the background prior probability density
function, which is assumed to be the standard normal
distribution. The limit on the true number of events at the
90% confidence level (C.L.) can be determined by the
following expression:

Smax
/ P(S,]S0)dS, = 90%. (12)
0

In Sec. IV, we will show that vn — U7 reactions are
unavoidable background noises in search for n-7 oscilla-
tions. It is, therefore, reasonable to assume that some of the
reported n-7 oscillation candidates are actually contributed
from vn — vn reactions produced by low-energy solar
neutrinos with the noise-to-signal ratio 7 (7 € [0, 1]). Using
Eq. (10), the derived upper limits on the effective coupling
constant G, for the vn — Ui reaction process at the
90% C.L. can be expressed as follows:

G, < 278 max -
eN, T, |y, (0)°®,

(13)

In order to quantify the noise-to-signal ratio #, besides
violation of the (B + L) symmetry, we need to focus on the
following two different scenarios, depending on whether
the (B — L) symmetry could be broken:

A. (B —L) is conserved.

B. (B — L) could be broken.

A. (B-L) is conserved

In this case, we assume that (B 4 L) could be broken
while (B — L) is unbroken, and thus vn — D 7 reactions are
allowed while n-n oscillations are forbidden. As it will be
explained in Sec. IV, the present detectors are unable to
distinguish a vn — U7 reaction event from an n-71 oscil-
lation event, and the reported n-71 oscillation candidates are
all produced by the solar neutrinos in the scattering process
vn > vn,ie,n=1.

In this case, the bounds on the effective coupling
constant G, can be directly evaluated from Eq. (13). At
the quark level, G, can be expressed as follows:

5
G, ~——, 14

b Mi ( )
where ¢ is the vertex coupling constant and we have
assumed that all the relevant vertex coupling constants
in Eq. (5) take similar values, i.e., A~ ¢g,, 2 guu=f, =9
For simplicity, we could choose a natural value g ~ 1 for the
vertex coupling constants in our calculation. We have also
assumed that all the components of the Higgs triplets have
the same mass [85], i.e., My, =My, =My =My. As
argued in Refs. [18,32], those relations can always be
satisfied by adjusting the vertex coupling strengths and
the masses of the Higgs triplets so that they are compatible
with the present limit on the stability of nuclei. The
constraint on the mass of the Higgs triplets M,, which
can be interpreted as the energy scale of new physics, takes
the following form:

VenN, T, lw,(0)3d,\ %

M. >
an ( 278 max

The bounds at the 90% C.L. on the masses of the Higgs
triplets M, and the cross sections of the vn — U7 reaction

10‘46L ---------
et
= I .-
I -
\? - '_.—’
c 10%E et s
> B et e
f. -
S I ’ o
L2 C . -
€ o 4 -
o 107 "
C2 E .-
c £ .’
i) = ’
s F .
) 49 Experiment
4 10 - = Super-K
o -- SD-2
&} - - Frejus
-- KM
10750 -=- SNO
i b b b b b by by by v vy

Neutrino energy EV (MeV)

FIG. 3. Upper bounds at the 90% C.L. on the cross sections of
the vn — U reaction process imposed by the n-i oscillation
experiments in the range m, < E, < m,, in scenario A.
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107 Signal fractions forvn — v n
10°%8 || — PP (53.14%) BN (1.71%)
0B B0 (2.47%) "F (0.06%)
s — 8B (2.30%) = hep (0.01%)
10 .. 7Be (37.11%) - - pep (3.20%)
>
[0]
=3
(9]
©
<
[}
>
L
u N

1 10
Neutrino energy EV (MeV)

FIG. 4. Upper bounds at the 90% C.L. imposed by the Super-K
data on the event rates of the vn — U i1 reaction process produced
by various solar neutrino sources in scenario A.

process can be obtained using the results of the searches for
n-i oscillations inside nuclei from various experiments listed
in Table II. As we will see in Sec. IV, the bounds on the cross
sections and the event rates of the vn — U i1 reaction process
are highly nontrivial and thus plotted in Figs. 3 and 4,
respectively.

In order to illustrate that the present detectors are unable
to distinguish if a particular event is an n-7 oscillation event
or a vn — Un reaction event, we characterize the signal
contribution from vn — vn reactions quantitatively in
terms of the signal fraction y;, which is defined as

1S

where §; is the number of the vn — U7 reaction events
contributed from the ith component of the solar neutrino
sources and the sum runs over all the solar neutrino sources.
The calculated signal fractions from various solar neutrino
sources are presented in Table I and Fig. 4.

(16)

B. (B—-L) could be broken

In this case, we assume that both (B + L) and (B — L)
could be broken, and thus both vn — U 7 reactions and n-n
oscillations are allowed. At the quark level, the n-n
oscillation process can be described by a dimension-nine
operator while the vn — Ui reaction process can be
described by a dimension-12 operator. It is expected that
the interaction rate for the vn — U7 reaction process is
much smaller than that for the n-7 oscillation process. The
noise-to-signal ratio arising from vn — v 7 reactions can be
evaluated as follows [86-88]:

~ Gb|l//q (O) |4Pv(0)

Galy,OF (17)

where the parameters G, and G, represent the coupling
constants of the n-n oscillation process and the vn — vn
reaction process, respectively. The parameter P(0) =
d,lw,(0)|* is the number density of solar neutrinos at
the origin where the interaction occurs. The dimensionless
parameter d, is the total number of neutrinos inside a
neutron and can be estimated very roughly as follows:

Anr3F
dyz%. (18)

Here, F is the total flux of solar neutrinos, r, ~0.86 fm
[35] is the neutron radius. The neutrino speed v, can be
replaced with the speed of light, because neutrinos travel
at a speed very close to the speed of light [89,90]. The
parameter |y, (0)|? is the probability density of finding
a solar neutrino at the origin. In what follows, we will
illustrate that it can be reasonably assumed to be
(a,,m,)3 /7, where a,, ~0.034 [91] is the weak interaction
strength. First of all, from Eq. (17), it is easy to see that the
parameter |y, (0)|* exhibits the cubic power dependence
on neutrino (Lorentz-invariant) mass m, Or neutrino
energy FE,, simply because the noise-to-signal ratio 7,
which is proportional to the number of the events resulting
from vn — vn reactions, should be a dimensionless
constant. Moreover, it is required by Lorentz invariance
that the only possible choice for the parameter |, (0)|? is
m3, rather than E>. Secondly, a plane-wave description of
neutrino faces the problem that the probability of finding it
is the same at any point of the whole space and thus leads
to an ill-defined parameter |y, (0)|>. To solve the problem,
a Gaussian wave packet approach has been widely
employed to model the neutrino production, interaction,
and detection processes in both nonrelativistic and rela-
tivistic regimes [92-95]. Nevertheless, such an approach
also has its own problems, one of which, for example, is
the difficulty in guessing the form and in quantifying the
size of the wave packet [92-95]. In this work, we assume
that the wave function of a solar neutrino can be modeled
by a wave packet, and its size can be determined by the
interaction between quarks and neutrinos. In the SM,
neutrinos only interact with quarks via weak interactions,
the strength of which can be characterized by the weak
interaction strength a,, [91]. A greater a,, causes the wave
packet to be more contracted on the origin, while a smaller
a,, causes the wave packet to be more diffuse. Therefore, it
is reasonable to assume that the probability density of
finding the neutrino at the origin obeys a power law
dependence on a,,. Finally, the expression can be deter-
mined by comparing it with the corresponding probability
density of finding an electron at the origin in the case of
H — H oscillations [18,19,32,85]. Very roughly, we obtain
the following expression:

P,(0) =d,ly,(0)

~ 4r2Ftot(awmv)3

3v,
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Although we have explained that (a,m,)*/x is a reason-
able approximation to |y, (0)|?> with the help of the wave-
packet assumption [92-95] and the Lorentz invariance
requirement, as a matter of fact, it can be obtained by a
direct replacement of electron mass (m,) and electromag-
netic fine structure constant () with the neutrino mass
(m,) and the weak interaction strength (a,,), respectively,
from the relevant expression used for H — H oscillations
in Refs. [18,19,32,85].

The vacuum expectation value of the A, field is defined
as (A,) =wa/V2. A nonzero v, breaks the (B —L)
symmetry spontaneously and can be related to the neutrino
mass by the following expression [18,96]:

m, = \/EfWUA' (20)

The n-n oscillation process depicted in Fig. 2(a) has been
intensively studied [14,15,19-21,39,97] and the corre-
sponding coupling constant can be given by [15,17,19—
21,37,39,85]

2 v
Ga ~ gu;gdd . A

21
AMLAMAdd ( )

Throughout this work, we assume that neutrinos only
have Majorana masses. However, it would be problematic,
if one assumes that neutrino acquires a Majorana mass
directly from the spontaneous breaking of the (B — L)
symmetry. To begin with, if the (B — L) symmetry breaks
down spontaneously at the energies above the electroweak
scale, then in order to generate tiny neutrino masses the
Yukawa coupling constant f,, should be much smaller than
the ones in the quark sector, which is considered to be
highly unnatural. Furthermore, the vacuum expectation
value v, contributes differently to the masses of the W
and Z bosons after the electroweak symmetry breaking, and
then it affects the p parameter [98—100] in the following
way:

2 2
p e M ’ (22)
vy + 4y

where vy is the vacuum expectation value of the
SU(2), Higgs doublet and satisfies the relation v% +
v~ (246 GeV)? [101,102]. The p parameter describes
the relative coupling strength between the Higgs bosons
and the gauge bosons, and can be precisely determined
from experiments. The upper bounds on v, imposed by
precision electroweak data, such as the measurements of
the p parameter, are approximately at the order of 1 GeV
[99,100,103-109]. The lower bounds on v,, arising from
the cosmological observations and the measurements
of the lepton flavor violating (LFV) processes (see, e.g.,
Ref. [110]), are approximately at the order of 1 eV
[33,34,104,106,107,111]. In this work, we therefore

reasonably require that the vacuum expectation value v,
satisfies the condition 1 eV < v, <1 GeV [33,34,99,100,
103-109,111]. Finally, a massless particle called Majoron
[112,113] can be produced from the spontaneous breaking of
the (B — L) symmetry but it has been ruled out by the precise
measurements of Z boson decay [35,114].

The above problems may be solved by the type-II seesaw
mechanism [115-118], which employs the following
potential in describing the interactions between the
Higgs doublet (@) and triplet (A;) [98,100,104,119-122]:

V(®,A) = -M3y®d + ’L—O (@'®)2 + M3 Tr(AA))
+ 4 (DTD)Tr(A]A) + A [Tr(A]A)
+ A3 Tr[(A]A)?] + A4 @TAA] ©
+ [u®"ic,A]® + H.c], (23)

where My is the mass of the Higgs doublet ® and M, are
the masses of the newly added Higgs triplet A; defined in
Sec. II. Here, we assume that all the components of the
Higgs triplets have the same mass, i.e., My ~M, =~
My, = M. The p term in Eq. (23) eliminates Majoron and
violates the lepton number by two units (|AL| = 2) [33]. In
the type-II seesaw mechanism, the following vacuum
expectation value v, can be obtained by minimizing the
potential V(®, A;) [33,101,106,111]:

UA >~ ”v%l
V2M3

Actually, the vacuum expectation value v, not only can be
given by Eq. (24) but also can be given by Eq. (20). In this
work, we employ Eq. (20) to evaluate v,, but we can
always adjust the parameter y [123], so that the value of v,
given by Eq. (24) also satisfies the bounds 1eV Sv, S1GeV
[33,34,99,100,103-109,111].

Similar to H — H oscillations [17-19,32,85,124-126],
the coupling constant for the vn — U7 reaction process
depicted in Fig. 2(b) can be written as

(24)

G ~ guuggzidfw}'
b= M2 M4 M2 :
A Agg™ A

w

(25)

un

Using the above equations, the noise-to-signal ratio
arising from vn — U7 reactions can be written as

3 3.3
~ 4rnFtOtfl/I/anl/ (26)
= 2

3v,0AM} |

It is reasonable to assume that the vertex coupling constants
take similar values, i.e., g,, ~ 9.4 = g for the quark sector
and f,, ~ f,, = f for the lepton sector. Moreover, consid-
ering the requirement of naturalness, throughout this work,
if not otherwise mentioned, we assume that the coupling
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constants in the lepton sector should be similar to the ones
in the quark sector, as well as to the ones in the gauge
sector, i.e., A~ g~ f. Similarly, it is also reasonable to
assume that, the Higgs triplets, namely the diquark and
dilepton fields, which are responsible for n-7 oscillations
and vn — 7 reactions, have the same mass M, [85], i.e.,
My, =My, ~My = M,. Again, the parameter My
represents the mass of the Higgs triplet bosons and can
also be interpreted as the energy scale of new physics. In
this work, we employ one of the popular ways of explain-
ing the small but nonzero neutrino mass by assuming that
neutrino only has a Majorana mass, which is generated
within the simplest type-II seesaw framework [96]. Under
such assumptions, the lower bound on the mass of the
Higgs triplets M, arising from the results of the searches
for n-7i oscillations presented in Table II can be written as

3g8vreNnTn<I>y|wq<0>|8>r&
8\/§”SmaerFtota\?vm12/ '

MA2< (27)

On the other hand, the direct search from the ILL
experiment shows that the n-7 oscillation time satisfies
the bound 7,,_; > 0.86 x 10® s [31] or, equivalently, 6m =
1/7,_7 <7.65x 1073 GeV (h = 1). Here, the parameter
om can also be written as

5m = Gl ()| (28)

The corresponding bound on M, arising from the direct
search can be expressed as a function of the parameter m,

g'm, |y, (0)*

Maz (W)é‘ @)

The bound on the n-7 oscillation time can be obtained from
Eq. (29),

V2fM§

Thoii 7 7
g'my|w,(0)]

(30)

Obviously, the n-71 oscillation time is sensitive to the vertex
coupling constants and the masses of Higgs triplet bosons.

In addition to the condition given by Eq. (29), an
additional condition given by Eq. (27) is obtained from
the measurements of n-n oscillations inside nuclei.
Equations (27) and (29) depend on the neutrino mass m,
in a different way but we could adjust the parameters, such
as g, f, and 6m, so that both of them can be incorporated
into the analysis in a compatible way. Meanwhile, the
bounds on the sum of neutrino masses have been reported
in various cosmological scenarios [127—-129]. Recently, an
upper bound of 0.12 eV on the sum of neutrino masses has
been established at a 95% C.L. by cosmological measure-
ments [128]. Throughout our analysis, we assume that the
neutrino mass satisfies the condition m, <> m, <
0.12 eV [128], where the sum runs over the three mass

eigenstates. The bounds on neutrino masses impose further
constraints on the parameter space. As we will see later,
since the Super-K experiment provides the most stringent
bounds, in practice we require that the constrained curve
arising from the Super-K experiment [29] intersects the
constrained curve arising from Eq. (29) at the neutrino mass
of around 0.12 eV [128]. In order to satisfy this require-
ment, the parameter 6m in Eq. (29) has to be adjusted. In
other words, Eq. (29) could be used to predict the n-n
oscillation time. In Figs. 5 and 6, the dashed curves
represent the constraints of Eq. (27) arising from the results
of the searches for n-n oscillations inside nuclei, while the
solid curve represents the theoretical prediction (TP) of
Eq. (29) on n-n oscillations. As it can be seen, the dashed

--KM --Frejus
--SD-2 --Super-K
. --SNO —TP
>
[}
=
§<l
(2]
(2]
©
£
ko
2
=
1.6
0.05 0.1 0.15 0.2 0.25 0.3
Neutrino mass m, (eV)
FIG. 5. Exclusion curves for the masses of the Higgs triplet

bosons M, (TeV) as a function of neutrino masses m, (eV) in the
scenario where the vertex coupling constant is 1073.

--KM --Frejus
--SD-2 --Super-K
--SNO —TP

A

Triplet mass M_(TeV)

0.05 0.1 0.15 0.2 0.25 0.3
Neutrino mass m, (eV)

FIG. 6. Exclusion curves for the masses of the Higgs triplet
bosons M, (TeV) as a function of neutrino masses m,, (eV) in the
scenario where the vertex coupling constant is 1072,
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TABLE IIl. Bounds on the masses of the Higgs triplet M, arising from the results of the searches for n-n
oscillations using acceptable vertex coupling constants.
Limits

Parameters KM [26] Frejus [27] SD-2 [28] Super-K [29] SNO [30]
Triplet mass M, (TeV)* 2.18 2.21 2.22 2.35 2.10
Neutrino mass m, (eV)" 0.076 0.084 0.085 0.120 0.061
VEV v, (V)" 53.7 59.2 60.0 84.9 43.4
Triplet mass M, (TeV)" 8.12 8.25 8.27 8.76 7.84
Neutrino mass m,, (eV)b 0.076 0.084 0.085 0.120 0.061
VEV v, (eV)° 54 5.9 6.0 8.5 4.3

“Represents the scenario where the vertex coupling constants are A~ g~ f = 1073,

bRepresents the scenario where the vertex coupling constants are A~ g~ f = 1072

and the solid curves intersect at the allowed neutrino
masses, i.e., m, <0.12 eV [128]. In the vicinity of the
intersections, a smaller neutrino mass than the one at the
intersection is forbidden by Eq. (27) while a greater
neutrino mass is forbidden by Eq. (29). The intersections
between the dashed and the solid curves provide the
minimum possible mass of the Higgs triplets. As mentioned
early, the naturalness consideration requires that the vertex
coupling constants in the lepton sector should be similar to
the ones in the quark sector, as well as to the ones in the
gauge sector, i.e., A~ g~ f. Furthermore, the bounds
on the vacuum expectation value, 1 eV v, <1 GeV
[33,34,99,100,103-109,111], should also be taken into
account. The above conditions severely constrain the
parameter space. The acceptable values of the parameters
on the two processes are presented in Table III, where the
vacuum expectation value v, is evaluated from Eq. (20).
The derived bounds on the mass of the Higgs triplet M, as
a function of the neutrino mass m, are plotted in Figs. 5
and 6 with the allowed vertex coupling constants 1073 and
1072, respectively.

IV. RESULT AND DISCUSSION

In the following discussions, we will focus on the two
different scenarios, depending on whether the (B — L)
symmetry could be broken. We will first illustrate that in
both scenarios due to the low-energy thresholds for
neutrino detection, the present experiments are unable to
distinguish if a particular event is an n-7 oscillation event or
a vn — v n reaction event. Moreover, we will also inves-
tigate the interplay of various conditions on the parameter
space and their observable consequences.

A. (B-L) is conserved

Table I summarizes the fluxes, survival probabilities, and
the corresponding signal fractions for (electron-type) solar
neutrinos from various sources. In this table, the probability
densities of the solar neutrino fluxes are taken from
Refs. [57,58,130,131] and the fluxes are normalized
according to Refs. [56,68]. It is remarkable that the low-

energy pp neutrinos make up more than 90% of the total
solar neutrino fluxes [70,132], but such neutrinos have very
low energies, which only cover the range below 420 keV
[64,132,133]. Our calculation shows that the p p neutrinos
make the largest contribution (~53.14%) to vn — vn
reactions because of its relatively higher intensity. Then,
it is followed by the "Be neutrinos with the signal fraction
of around ~37.11%. Therefore, vn — U n reactions are
dominated by the pp and "Be solar neutrinos with the
summed signal fraction of around ~90.25%. However, the
pp and "Be solar neutrinos have an energy range that is not
accessible to the detectors listed in Table II, because such
detectors can only detect neutrinos above an energy thresh-
old of around 3.5 MeV [78]. The calculation also shows
that more than 92.07% of the contribution to vn — v#
reactions comes from solar neutrinos with energies lower
than 1.0 MeV. Particularly, the contribution fraction within
energy range from 0.2 to 1.0 MeV is as high as 88.52%. At
such energies, the outgoing antineutrinos are completely
invisible to the detectors under discussion. Therefore, the
detectors listed in Table II are unable to distinguish between
an n-n oscillation event and a vn — U7 reaction event.
In this case, the derived upper bounds at the 90% C.L. on
the cross section of the vn — ¥ 71 reaction process is shown
in Fig. 3, where the shaded regions are excluded by the n-7
oscillation experiments. As it can be seen, the most
stringent constraint on the cross section is imposed by
the Super-K experiment. Figure 4 shows the derived
bounds on the event rate of vn — U7 reactions imposed
by the Super-K data, where the shaded region is visible to
the detectors under discussion. For a natural value of the
vertex coupling strength (A~g~ f=1), the derived
bounds on the masses of the Higgs triplets M, imposed
by the Super-K experiment is roughly ~3 GeV. Although
such bounds on the masses of the Higgs triplets, which are
model dependent, seem not very useful, the derived bounds
on the cross sections of the vn — U7 reaction process
are highly nontrivial. For example, the derived bound on
the cross section at the average neutrino energy from the
Super-K data is around 6.0 x 107! cm?, which is much
smaller than the ones given by the typical electroweak and
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some nonstandard neutrino-nucleon interactions [134—
136]. A reasonable interpretation of such results requires
further phenomenological studies using an appropriate
effective model.

In this case, since (B — L) is conserved, all the reported
n-n oscillation candidates are actually produced by solar
neutrinos in the scattering process vn — v i1, it would then
be possible to distinguish an n-7 oscillation event from a
vn — Ui reaction event. In order to distinguish such two
processes, it is essential to employ detectors with detectable
range covering the pp and 'Be solar neutrinos. On the
contrary, the B neutrinos, which are relatively more easy to
be measured in the Super-K detector [137], only contribute
a very small fraction (~2.30%) to the vn — v n reaction
signal. The future Hyper-Kamiokande (Hyper-K) detector
is designed to use 187 kton of water [138], corresponding
to 5.0 x 103 neutrons approximately. The expected event
rate of vn — v 7 reactions in Hyper-K is around 49 events
per year, which is roughly eight times higher than that in
Super-K, thus reducing the impact of backgrounds con-
siderably. Some other experiments such as GALLEX [139],
SAGE [140], LOREX [141], and Borexino [64] have been
sensitive to low-energy pp neutrinos. These experiments
also provide a good opportunity to study vn — U7 reac-
tions and might help distinguish an n-7 oscillation event
from a vn — v reaction event.

Besides the solar neutrinos, there are a number of other
neutrino sources [54,142,143], each of which has its own
spectrum with a particular shape of distribution [143,144].
Neutrinos from such sources cover a wide range of energies
from 10710 to 10 MeV [145-147]. According to Eq. (10),
different neutrino sources contribute differently to vn —
vn reactions. It is worth mentioning that the cosmic
neutrino background has an even higher intensity but only
has an average energy of around 107'° MeV [146] and thus
its contribution to vn — ¥ 71 reactions is not significant. The
supernova neutrinos are predicted to be evenly distributed
among the three flavors of particles and antiparticles
[148,149]. The summed flux of all neutrino types at the
Earth for a supernova at 10 kpc distance is about 10'> cm™
with an average energy of around 15 MeV [150]. The
expected number of events in the future Hyper-K is around
0.04 per supernova burst, much smaller than that produced
by the solar neutrinos. The fluxes of the rest neutrino
sources are much smaller than that of the solar neutrinos
and because of the limited statistics they also have very
little impact on wn — U7 reactions. Unlike the solar
neutrinos, the reactor neutrinos are mainly electron anti-
neutrinos. Detecting electron antineutrinos is relatively
easier than detecting electron neutrinos. The relevant
possible process leading to the instability of nuclei is the
on — v reaction process. Although such reaction pre-
serves the (B + L) symmetry, it violates the (B —L)
symmetry and thus contradicts our basic assumption in
this scenario.

B. (B-L) could be broken

In this case, both vn — U i1 reactions and n-n oscillations
are allowed according to the assumption. Comparing with
the n-n oscillation process, the vn — v 7 reaction process
can be described by higher-dimensional operators, and thus
the effects are strongly suppressed by appropriate powers of
energy scale associated with new physics, causing the
signal too small to be detectable. Obviously, in this case,
the detectors listed in Table II are still unable to distinguish
a vn — v n reaction event from the n-71 oscillation event.

We next explore the interplay of the following conditions
on the parameter space for the two processes within the
type-1I seesaw framework: (1) the condition given by
Eq. (27) arising from the results of the searches for n-n
oscillations inside nuclei should be satisfied; (2) the con-
dition given by Eq. (29), directly related to the n-n
oscillation time, should be satisfied; (3) the neutrino mass
should at least satisfy the experimental constraint on the
sum of the neutrino masses, i.e., m, <> m, S0.12 eV
[128]; (4) the naturalness criterion of the vertex coupling
constants should be fulfilled; (5) the vacuum expectation
values of the Higgs triplet bosons v, should satisfy the
bounds: 1 eV < v, <1 GeV [33,34,99,100,103—-109,1117;
(6) the mass of the Higgs triplet bosons should be in the
experimentally interesting range at the LHC or future high-
energy experiments [106,122,151-153]. Therefore, it is
expected that if all such requirements are satisfied, the
parameter space will be severely constrained.

Specifically, we are interested in the appealing scenario
where the mass of the Higgs triplet bosons is in the several
TeV range (1 TeV < M, < 10 TeV), which is expected to
lie within the reach of direct searches at the LHC or future
high-energy experiments [106,122,151-153]. For simplic-
ity, we have neglected the mass splitting of all the triplet
components by assuming M  ~My, ~ M, = M,. The
experimental lower bounds on the mass of the doubly
charged Higgs bosons set by the LHC data are approx-
imately in the range from 450 to 870 GeV [154-156].
Considering the detectable several TeV scale triplet mass
(1 TeV S M, <10 TeV) and the experimental bounds on
the neutrino mass (m, < 0.12 eV [128]), as well as on the
vacuum expectation value (1 eV Swv, <1 GeV [33,34,
99,100,103-109,111]), the parameter scan shows that the
vertex coupling constants (1 ~ g ~ f) are roughly restricted
in the range from the order of 1073 to the order of 1072, A
greater coupling constant (f = 107!) would lead to a too
small vacuum expectation value, which does not satisfy the
lower bound v, 2 1 eV [33,34,104,106,107,111], and it
would also give rise to a too large triplet mass
(M, z 10 TeV), which is probably beyond the reach
of a direct detection at the LHC. A smaller coupling
constant (f < 10™*) would lead to a too small triplet mass
(M, <700 GeV), which, in general, does not satisfy the
experimental lower bounds on the mass of the doubly
charged Higgs bosons set by the LHC data [154—156].
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Figures 5 and 6 show the bounds on the masses of the
Higgs triplet bosons M, as a function of neutrino masses in
the scenarios where the vertex coupling constants (1 ~ g ~ f)
are 1073 and 1072, respectively. The dashed curves in both
plots satisfy the constraints imposed by Eq. (27). The solid
curve in both plots satisfies the constraints imposed by
Eq. (29). The dashed vertical lines represent the experimental
lower and upper bounds on the sum of neutrino masses in the
cosmological scenario [127-129].

Table III presents the derived bounds on masses of the
Higgs triplet bosons, the neutrino masses (m,), and the
vacuum expectation values (v, ) using the acceptable values
of the vertex coupling constants (1~ g~ f). The param-
eters in the upper part of Table III correspond to the
coupling constant 1073, In this case, the bounds on the
masses of the Higgs triplet are approximately in the range
from 2.10 to 2.35 TeV, which can be accessible to a direct
detection at the LHC or future high-energy experiments
[106,122,151-153]. The parameters in the lower part of
Table III correspond to the coupling constant 1072, In this
case, the bounds on the masses of the Higgs triplet are
approximately in the range from 7.84 to 8.76 TeV, which
may still be within the reach of direct searches at the LHC
or future high-energy experiments [106,122,151-153]. As
can be seen from Table III, in both scenarios (1073, 1072),
the differences in the bounds on the masses of the Higgs
triplet from different experiments are less than 1.0 TeV.
This illustrates that the derived bounds on the masses of the
Higgs triplet, i.e., the energy scales of new physics depend
weakly on the reported number of candidate events due to
the fractional power dependence of Eq. (27). The existing
data from the Super-K experiment provides leading
bounds, ruling out the existence of new physics below
energy scale of 2.4 and 8.8 TeV, depending on the choice of
the vertex coupling strengths, respectively. For this reason,
we will give a special attention to the Super-K experiment
in the following discussions.

The n-n oscillation time can be easily estimated using the
acceptable parameters for the Super-K experiment in
Table III. If we choose f =~ 1073, M, ~2.35 TeV, m, ~
0.12 eV [128], we get the n-n oscillation time 7,; 2
6.3 x 10'® 5. Similarly, if we choose f=~1072, M)~
8.76 TeV, m, ~0.12 eV [128], we get the n-in oscillation
time 7,; = 1.7 x 10'° s. This illustrates that the n-2 oscil-
lation effects in both two cases are probably beyond the reach
of the present experiments. Therefore, if we assume that all
the requirements listed in Sec. IIIB are satisfied, n-n
oscillations are probably beyond the detectable regions of
the present experiments.

The above results are obtained based on various assump-
tions and requirements, mainly from considerations regard-
ing the type-II seesaw mechanism and the naturalness of
the vertex coupling constants. If we, however, loosen some
of these requirements and assume that neutrino acquires
Majorana masses directly from spontaneous breaking of the

(B — L) symmetry, then n-7 oscillations may be accessible
for the present experiments but the price we pay for such an
assumption is an appropriate treatment of the problems
arising from it, such as the existence of the massless
Majoron particle. For example, if we ignore Eq. (27) and
choose A~1073, g~1073, f~10""13, and M, ~2.35TeV,
then we get the n-ii oscillation time 7,; = 6.3 x 103 s,
which is much stronger than the present limit of the direct
search in the ILL experiment [31], but may still lead
to detectable effects in the present experiments. Similarly,
if we ignore Eq. (27) and choose 1~1072, g~ 1072,
f=~10"1, and M, ~8.76 TeV, then we get the n-ii
oscillation time 7,; > 1.7 x 10% s, which is more accessible
to direct searches. Moreover, under this assumption, it is
required that the breaking of the (B — L) symmetry occurs
spontaneously roughly at the energy scale of ~1 TeV,
which is lower than the ones (210 TeV) proposed in
previous studies, without invoking the type-II seesaw
mechanism [36,85].

V. SUMMARY AND OUTLOOK

To summarize, we have analyzed the connection and
compatibility between n-i oscillations and vn — v i reac-
tions described by the interactions based on the SU(3), x
SU(2), x U(1) symmetry model with additional Higgs
triplets. We have considered two scenarios of interest,
corresponding to whether the (B — L) symmetry could be
broken. In scenario A, since (B — L) is conserved, all the
reported n-i oscillation candidates are actually produced
by the solar neutrinos in the scattering process vn — v . In
scenario B, where both (B + L) and (B — L) could be
broken, only a small fraction of the reported n-7 oscillation
candidates is actually produced by the solar neutrinos in the
scattering process vn — vii. Comparing with the n-7ii
oscillation process, the vn — Ui reaction process is
described by higher-dimensional operators, and thus the
effects are strongly suppressed by appropriate powers of
energy scale associated with new physics, causing the
signal too small to be detectable. In both scenarios, we have
shown that the present detectors listed in Table II are unable
to distinguish an n-7 oscillation event from a vn — vn
reaction event within the accessible energy range.
Nevertheless, if any of the two processes is detected, there
could be signal associated with new physics beyond the
SM [23,24].

In scenario A where (B — L) is unbroken, we find that
vn — Uil reactions are dominated by the pp and "Be solar
neutrinos. The possible future availability of detecting the
low-energy solar neutrinos with energies from 200 keV to
1.0 MeV could offer an opportunity to carry out more
detailed and sensitive studies of the (B + L) violations.
Moreover, although the constraint on the energy scale,
which is model dependent, seems not very useful in this
scenario, the constraint on the cross section of the vn — v n
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reaction process is highly nontrivial. For example, the
derived bound on the cross section at the average neutrino
energy from the Super-K data is around 6.0 x 107! cm?,
which is much smaller than the ones given by the typical
electroweak and some nonstandard neutrino-nucleon inter-
actions [134-136]. A reasonable interpretation of such
results requires further phenomenological studies using an
appropriate effective model. Comparing with the solar
neutrinos, the contribution to vn — p7 reactions from
other neutrino sources, such as the cosmic neutrino back-
ground, the supernova neutrinos etc., are not significant.
In scenario B, where both (B + L) and (B — L) could be
broken, we find that vn — Dn reactions can serve to
provide an additional constraint on the masses of the
Higgs triplet bosons. Moreover, the prediction power can
be greatly improved by comparing it with n-7 oscillations
in a way similar to Refs. [17-19] due to the elimination of
large degree of uncertainty. We are interested in the
appealing scenario where the mass of the Higgs triplet
bosons is in the several TeV scale (1 TeV S M =S
10 TeV), which is accessible to a direct detection at the
LHC or future high-energy experiments [106,122,151—
153]. We have explored the interplay of various require-
ments on the parameter space mainly in the type-II seesaw
framework. It is expected that if all these requirements are
satisfied, the parameter space would be severely con-
strained. Our parameter scan shows that, in order to satisfy
all the requirements listed in Sec. III B, the vertex coupling
constant (1 ~ g ~ f) is roughly restricted in the range from
the order of 1073 to the order of 10~2. With the help of the

acceptable parameters, we have estimated the bounds on
the masses of the Higgs triplet bosons and have discussed
their accessibility for a direct detection at the LHC or future
high-energy experiments. The derived bounds on the
masses of the Higgs triplet bosons from various experi-
ments are approximately in the range from 2.4 to 8.8 TeV,
corresponding to two different scenarios with the vertex
coupling constant 10~ and 1072, respectively. The derived
bounds from different experiments are very close to each
other and only weakly depend on the reported number of
candidates, due to the fractional power dependence of
Eq. (27). If all the requirements are satisfied, although the
masses of the Higgs triplet bosons could be within the reach
of a direct detection at the LHC or future high-energy
experiments, the predicted n-n1 oscillation times would be
completely beyond the detectable regions of the present
experiments. If we, however, loosen some of these require-
ments and assume that neutrino acquires Majorana masses
directly from spontaneous breaking of the (B — L) sym-
metry, then n-ii oscillations may be accessible in the
present experiments but the price we pay is an appropriate
treatment of the problem arising from such an assumption,
for example, the existence of the massless Majoron particle.
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