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We extend the scalar sector of the neutrinophilic two-Higgs-doublet model, where small masses of Dirac
neutrinos are obtained via a small vacuum expectation value v, of the neutrinophilic SU(2);-doublet
scalar field which has a Yukawa interaction with only right-handed neutrinos. A global U(1)x symmetry
is used for the neutrinophilic nature of the second SU(2);-doublet scalar field and also for eliminating
Majorana mass terms of neutrinos. By virtue of an appropriate assignment of the U(1)x-charges to new
particles, our model has an unbroken Z, symmetry, under which the lightest Z,-odd scalar boson can

be a dark matter candidate. In our model, v, is generated by the one-loop diagram to which Z,-odd
particles contribute. We briefly discuss a possible signature of our model at the LHC.
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1. Introduction

It has been well established that neutrinos have nonzero
masses as shown in the neutrino oscillation measurements [1-6]
although they are massless particles in the standard model (SM) of
particle physics. Since the scale of neutrino masses is much differ-
ent from that of the other fermion masses, they might be gener-
ated by a different mechanism from the one for the other fermions.
Usually, the possibility that neutrinos are Majorana fermions is uti-
lized as a characteristic feature of the neutrino masses. The most
popular example is the seesaw mechanism [7] where very heavy
right-handed Majorana neutrinos are introduced. However, lepton
number violation which is caused by masses of the Majorana neu-
trinos has not been discovered. Thus it is worth considering the
possibility that neutrinos are not Majorana fermions but Dirac
fermions similarly to charged fermions.

The neutrinophilic two-Higgs-doublet model (VTHDM) is a new
physics model where neutrinos are regarded as Dirac fermions. The
second SU(2);-doublet scalar field which couples only with right-
handed neutrinos vg was first introduced in Ref. [8] for Majorana
neutrinos. Phenomenology in the model of Majorana neutrinos is
discussed in Refs. [9,10]. The neutrinophilic doublet field is also
utilized for Dirac neutrinos [11] where a spontaneously broken Z,
parity is introduced in order to achieve the neutrinophilic prop-
erty. Smallness of neutrino masses are explained by a tiny vacuum
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expectation value (VEV) of the neutrinophilic scalar without ex-
tremely small Yukawa coupling constant for neutrinos. Instead of
the Z, parity, the model in Ref. [12] uses a global U(1)x symmetry
that is softly broken in the scalar potential. The U(1)x symmetry
forbids Majorana mass terms of vg, and then neutrinos are Dirac
fermions.! We refer to the model in Ref. [12] as the vTHDM.

The new particle which was discovered at the LHC [13,14] is
likely to be the SM Higgs boson [15-18]. It opens the new era of
probing the origin of particle masses. Then it would be a natural
desire to expect that the origin of neutrino masses are also un-
covered. If the neutrinophilic scalars in the vTHDM exist within
the experimentally accessible energy scale (namely the TeV-scale),
decays of the neutrinophilic charged scalar into leptons can pro-
vide direct information on the neutrino mass matrix because it is
proportional to the matrix of new Yukawa coupling constants for
the neutrinophilic scalar field [12,19]. In such a case, the small-
ness of a new VEV which is relevant to Dirac neutrino masses is
interpreted by the smallness of a soft-breaking parameter of the
global U(1)x symmetry. It seems then better to have a suppres-
sion mechanism for the soft-breaking parameter by extending the
VTHDM with TeV scale particles including a dark matter candidate.
The existence of dark matter has also been established in cosmo-
logical observations [20,21], and it is an important guideline for
constructing new physics models.

1 Since the Majorana mass terms of vg can also be acceptable as soft breaking
terms of the U(1)x, the lepton number conservation may be imposed to the La-
grangian.
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The reason why the neutrino masses are tiny can be explained
by a mechanism that the interaction of neutrinos with the SM
Higgs boson is generated via a loop diagram involving a dark mat-
ter candidate in the loop while the interaction is forbidden at the
tree level [22-32]. Notice that smallness of neutrino masses in
such radiative mechanisms does not require new particles to be
very heavy. Similarly, if neutrino masses arise from a new VEV,
smallness of neutrino masses can be explained by assuming that
the VEV is generated at the loop level by utilizing a dark mat-
ter candidate [33]. In this Letter, we extend the vTHDM such that
the new VEV is generated at the one-loop level (see also Ref. [34])
where a dark matter candidate is involved in the loop.

This Letter is organized as follows. We briefly introduce the
VTHDM in Section 2. The vTHDM is extended in Section 3 such
that a small VEV is generated via the one-loop diagram which in-
volving a dark matter candidate in the loop. Section 4 is devoted
to discussion on phenomenology in the extended vTHDM. We con-
clude in Section 5.

2. Neutrinophilic two-Higgs-doublet model

In the vTHDM, the SM is extended with the second SU(2);-
doublet scalar field @, which has a hypercharge Y = 1/2 and
right-handed neutrinos v;, (i = 1-3) which are singlet fields un-
der the SM gauge group. A global U(1)x symmetry is introduced,
under which @, and Vig have the same nonzero charge while the
SM particles have no charge. Then, the Yukawa interaction with &,
is only the following one:

Ly-yukawa = _(yu)giL_ZiUZ (D"f Vig + h.c, (1)

where ¢{(=e, u, 7) denotes the lepton flavor and o; (i = 1-3) are
the Pauli matrices. Since Majorana mass terms (v;)vig are for-
bidden by the U(1)x symmetry, there appears an accidental con-
servation of the lepton number where lepton numbers of &, and
v;p are 0 and 1, respectively. When the neutral component #?
of @, develops its VEV v, (= +/2(¢Y)), the neutrino mass ma-

trix arise as (my)yi = vv(yv)gi/ﬁ. We have taken a basis where
V;p are mass eigenstates. Then the mass matrix m, is diagonal-

ized as UIANSmV = diag(my, my, m3), where m; (i = 1-3) are the
neutrino mass eigenvalues and a unitary matrix Upyns is the so-
called Maki-Nakagawa-Sakata (MNS) matrix [35]. Dirac neutrinos
are constructed as v; = (ZZ(UIANS)MWL’ v,.R)T. Smallness of neu-
trino masses is attributed to that v, is much smaller than v.

If the VEV v, is generated spontaneously, a CP-odd scalar ¢8i
becomes massless as a Nambu-Goldstone boson with respect to
the breaking of U(1)x, where ¢9 = (v, + ¢ +i¢%)/v/2. In ad-
dition, a CP-even neutral scalar ¢>8r has a small mass (x v, K V).
Therefore, the scenario of the spontaneous breaking of U(1)x is
not allowed by the measurement of the invisible decay of the Z
boson. The scalar potential in the vTHDM is given by

y (VTHDM) _ —Mél‘pT<D + ué2@3¢v - (Mfmzq)idﬁ +h.c)
+2.01(2T0) + 102 (0) D) + Ao12 (0T ) (2] 0))
215 (2T00) (@)). )

where Mélz can be real and positive by using rephasing of @,
without loss of generality; we take u%, >0 and u2, > 0. The
VEV of ¢9 is triggered by u2,, which softly breaks the U(1)x
symmetry. Since the term does not breaks the lepton number con-
servation, neutrinos are still Dirac particles. Taking v, /v <« 1 into
account, the VEVs are calculated as

Table 1
New particles which are added to the SM in our model.

+ +
o) (5) 7 7
SU@2). 1 2 2 1 1
Uy 0 1/2 1/2 0 0
Global U(1)x 3 3 3/2 1 12
2v
v~ Mot vy~ — Mo - 5 (3)
VA1 2Ugy + Ao12 +Agq2)V

If (. gy, ~ v, we have v, ~ /Lélz/v. Then, 4,/ v is required to be
small (~ 107 for y, ~ 1). Stability of the tiny v, is discussed in
Refs. [10,36]. In our model presented in the next section, f44q5/V
becomes small because “?1)12 is generated at the one-loop level.

3. An extension of the yTHDM

Since we try to generate N%mz at the loop level, it does not
appear in the Lagrangian. Then the U(1)x symmetry should be
broken spontaneously. For the spontaneous breaking, we rely on
an additional scalar 5(1) which is a singlet field under the SM gauge
group. Similarly to the singlet Majoron model [37] where a VEV
of a singlet field spontaneously breaks the lepton number con-
servation by two units, the Nambu-Goldstone boson from s(]) is
acceptable [37]; the Nambu-Goldstone boson couples first with
only neutrinos among fermions. If U(1)x-charges of &, and 5‘1) are

3 and 1, respectively, a dimension-5 operator (s(l’)3<1>lq5 is allowed

by the U(1)x symmetry although q)Lp is forbidden. Then, /'L<2p12 is
generated from the dimension-5 operator with the VEV of s?. In
this Letter, we show the simplest realization of the dimension-5
operator at the one-loop level where dark matter candidates are
involved in the loop.

Table 1 is the list of new particles added to the SM. In the ta-
ble, Vig and ¢, are the particles which exist in the vTHDM. The
U(1)x symmetry is spontaneously broken by the VEV of s?. We
take a scenario where n and sg do not have VEVs. Since their
U(1)x-charges are half-integers while the one for s? is an inte-
ger, a Z, symmetry remains unbroken after the U(1)x breaking.
Here, n and sg are Zp-odd particles. The Z, symmetry stabilizes
the lightest Z,-odd particle which can be a dark matter candidate.

The Yukawa interaction in this model is identical to those in
the vTHDM (see Eq. (1)). The scalar potential in this model is ex-
pressed as

V== |9+ ph s3] — uh @10 + ud 0ty + udny
— (15%*(s9)% + hc.) + (hsory sP*(s9) @y + hc)
+ (hso2y 9531 +hc) + - (4)

Only the relevant parts to our discussion are presented in Eq. (4).
The other terms are shown in Appendix A. Parameters (, As¢1y,
and A2y are taken to be real and positive values by rephasing of
scalar fields without loss of generality. At the tree level, v,, v, and
vs (= ﬁ(s?)) are given by

vy =0,
<V2> 2 ( 251 —)»51451) (M?m)
2 == 2 . (5)
Vs 4hs1Ap1 — }Lszml —Asto1  2A@1 25}
The Z,-odd scalar fields (1 and sg) result in the following parti-
cles: two CP-even neutral scalars (7—[‘1) and Hg), two CP-odd neutral
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