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In the type II seesaw mechanism, the neutrino mass generation could be tested experimentally if the
Higgs triplet is at the TeV scale and has a small cubic coupling to the standard model Higgs doublet. We
show such small triplet-doublet coupling and the cosmic baryon asymmetry can be simultaneously induced
by an additional seesaw mechanism involving a U(1),_, gauge symmetry. Meanwhile, three right-handed
neutrinos for canceling the gauge anomalies can form a stable Dirac fermionic dark matter besides an

acceptably massless fermion.
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I. INTRODUCTION

The atmospheric, solar, accelerator, and reactor neutrino
experiments have established the phenomenon of neutrino
oscillations. Three flavors of neutrinos thus should be
massive and mixed [1]. Moreover, the neutrinos should be
extremely light to fulfill the cosmological observations [1].
The tiny but nonzero neutrino masses call for new physics
beyond the standard model (SM). Currently, the best
explanation for the small neutrino masses seems to be
the famous seesaw [2] mechanism. In some seesaw models
[2,3], the interactions for generating the small neutrino
masses can also produce a lepton asymmetry stored in the
SM leptons [4—13]. The sphaleron [14] processes then can
partially convert the produced lepton asymmetry to a
baryon asymmetry. This means the cosmic baryon asym-
metry, which is another big challenge to the SM, can have a
common origin with the small neutrino masses.

The type II seesaw [3] has become one of the most
attractive seesaw scenarios. In the type Il seesaw models, the
Higgs triplet has a cubic coupling to the SM Higgs doublet. In
the presence of a small triplet-doublet cubic coupling, the
Higgs triplet can pick up a tiny vacuum expectation value
(VEV)evenifitis atthe TeV scale. Accordingly, the Yukawa
couplings of this TeV-scale Higgs triplet to the SM lepton
doublets can be allowed at a testable level [15,16]. Obviously,
the key of the testable type II seesaw is the small cubic
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coupling between the Higgs triplet and doublet. In an early
work [17], we introduced a global symmetry of lepton
number to simultaneously explain such small triplet-doublet
coupling and the cosmic baryon asymmetry. However, the
spontaneous breaking scale of the global lepton number is
quite arbitrary.

In this paper we shall realize a double type II seesaw
mechanism by resorting to a U(1),_, gauge symmetry
which forbids the Yukawa couplings of three right-handed
neutrinos to the SM. Through their Yukawa couplings to a
Higgs singlet for spontaneously breaking the U(1)gz_,
symmetry, the right-handed neutrinos eventually can form
a Dirac fermion to become a stable dark matter particle
besides a harmlessly massless state. Because of this
U(1)p_, symmetry breaking, two or more heavy Higgs
singlets can acquire their small VEVs to suppress the cubic
coupling between the usual type II seesaw Higgs triplet and
the SM Higgs doublet. Therefore, the left-handed neutrinos
can naturally obtain their tiny Majorana masses even if the
Higgs triplet with sizable Yukawa couplings is set at the
TeV scale. Our model can also accommodate a successful
leptogenesis mechanism through the heavy Higgs singlet
decays.

II. FERMIONS AND SCALARS

The SM fermions and scalar are denoted as follows,
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Here and thereafter the brackets following the fields
describe the transformations under the SU(3),. x SU(2), x
U(1)y x U(1)p_; gauge groups. For simplicity, we do not
show the indices of the three generations of fermions. In
order to cancel the gauge anomalies, we need some right-
handed neutrinos with appropriate U(1)g_; charges
[18,19]. In the present work, we shall consider the
following three right-handed neutrinos [18],

URl(l,l,O,—4), I/Rz(l,l,o,—4), UR3<1,1,0,+5). (2)

The Higgs doublet ¢ is responsible for the electroweak
symmetry breaking as usual. We then introduce a Higgs
singlet,

E(1,1,0,+1), (3)

for spontaneously breaking the U(l)z_, symmetry.
Moreover, the model contains other Higgs scalars including
a Higgs triplet,

A(1,3,+1,42), (4)
and two or more heavy Higgs singlets,

0, (1,1,0,=2),  (a=1,..n22). (5

For simplicity, we do not write down the full Lagrangian.
Instead, we only give the following terms,

LD~ = 2:(§1) — Iy "
— (U3 + AnETE+ Qpad* ) Tr(ATA)

n
- Z (M%JZG,I + Kaaad)TiTZAqb + /’tagagz)
a=1

1 - o
— [T inAlL = yulrivs + He. (6)
i=1.2

Note one of the four couplings «,, ., and y,, ., can always
keep complex after taking any phase rotations.

We could replace the heavy Higgs singlets o, in the
above model by some heavy Higgs triplets,

Q,(1,3,41,+1) or ¥,(1,3,41,0), (a=1....n>2).

(7)
The third line in Eq. (6) then should be modified by

L2 =) [MATr(QLQ,) + ko ¢T ity Qup + 1, ETr(ATQ,)]

a=1
+H.c, (8)

L= [MATH(WIW,) + pad” ita Vol + K, ETr(ATY,)]

a=1

+ H.c. )

Actually, the terms (8) was mentioned in our early work
[17], where a global symmetry of lepton number was
introduced rather than the U(1),_; gauge symmetry. In a
later work [20], the authors studied the terms (9) with only
one heavy Higgs triplet ¥;. In this simple case, it seemed
difficult to well motivate the small mixing [21] between the
heavy Higgs triplet ¥, and the TeV-scale Higgs triplet A
since a successful leptogenesis required at least two heavy
Higgs triplets ¥,. Moreover, the right-handed neutrinos for
canceling the gauge anomaly did not appear in their
demonstration.

In the following we shall focus on the model (6). The
alternative models (8) and (9) will be studied elsewhere.

III. NEUTRINO MASS

The U(1);_, symmetry breaking is expected before the
electroweak symmetry breaking. The Higgs singlet ¢ and
the Higgs doublet ¢ are responsible for spontaneously
breaking the U(1)g_, symmetry and the electroweak
symmetry respectively. When the U(1)g_;, symmetry is
spontaneously broken while the electroweak symmetry is
still conserved, we can minimize the scalar potential to be

8V 2 2 * *
o = (&) (2u3 + 42:(E)” + 2uq{oa) + 2p5(0))
—0, (10)
ov x —
(9<6:;> :M3<6a>+,ua<§>2_0' (11)

In the limiting case of (6,), (o) < (£), we can obtain

2
<§>21/—;—f§ for 2 <0, >0, (12)

as well as

_Hale)?
M;

(0a) =~

< (&) forM,zZu,, M,> (. (13)

We hence can obtain a cubic coupling between the Higgs
triplet A and the SM Higgs doublet ¢, i.e.,

LD —pdTity,A¢ +Hc. with p= Zpa = ZK’a<O'a>.

(14)
From this triplet-doublet coupling, the Higgs triplet A can
pick up a small VEV (A) after the Higgs doublet ¢ acquires

its VEV (¢) ~ 174 GeV for the electroweak symmetry
breaking,
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FIG. 1. The neutrino mass generation.
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<A>2_ M2 < <¢> for MA > p, Ma~<¢> (15)
A

Here the Higgs triplet mass M, is dominated by

M3 = pii + Aen(€)* + Aga (@) (16)

In the presence of the Higgs triplet VEV (A), the left-
handed neutrinos v; can obtain their Majorana masses,

1 C
LD —yMmIvL + H.c.

with m, = f(A). (17)
If the VEV (A) is at the eV scale, we can take the Yukawa
couplings f to be sizable and then yield the Majorana
neutrino masses m,, at a desired level. The diagram for the
neutrino mass generation is shown in Fig. 1.

For a numerical example, we first fix (§) = 21 TeV and
then input M, = 10'* GeV, u, = 2 x 10'? GeV, x, = 0.2.
Consequently, we can have p, = 18 eV. By further input-
ting M, = O(TeV), we can obtain (A) = O(0.1-1 eV)
and hence m, = 0(0.01-0.1 eV) for f = O(0.01 — 1).

The generation of the small Higgs triplet VEV (A) and
hence the tiny neutrino masses m,, is the so-called type II
seesaw. For inducing the small VEV (A), the Higgs triplet

A should have a suppressed cubic coupling p with the SM
Higgs doublet ¢ if the Higgs triplet A has a mass M, at
TeV scale. In the present work, the triplet-doublet coupling
p can be naturally achieved in an additional seesaw way,
where the heavy Higgs singlets ¢, are far above the
U(1),_; gauge symmetry breaking scale (£). Therefore,
we may name this two-step seesaw mechanism as a double
type II seesaw [17].

When the TeV-scale Higgs triplet A for the type II
seesaw has a tiny VEV, it can have the sizable Yukawa
couplings to the SM lepton doublets /;. Such Yukawa
couplings then could be sensitive to some lepton flavor
violating processes such as u — eee and u — ey. The
comprehensive analysis can be found in [15]. The TeV-
scale type II seesaw could be also systematically tested at
the LHC [16].

IV. BARYON ASYMMETRY

As shown in Fig. 2, the heavy Higgs singlets ¢, have two
decay modes,
o, > P*PTAT, 0, > &L (18)

As long as the CP is not conserved, we can expect a CP
asymmetry in the above decays,

o _ T (o0 = #"9°A") =Tl = gpA)

I,
_ e~ 5*5*)F i (it RS
where I’ is the total decay width,
Iy =T(o, = ¢*¢*A") + (0, — £°&)
=TI(o; = ¢pA) +T'(0; — &). (20)

We can calculate the decay width at tree level and the CP
asymmetry at one-loop level,
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FIG. 2. The heavy Higgs singlet decays.
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Here §,, is the relative phase among the parameters p,
and x, ;.

After the heavy Higgs singlets o, go out of equilibrium,
their decays can generate a lepton asymmetry L, stored in
the Higgs triplet A. For demonstration, we simply assume
the heavy Higgs singlet o; much lighter than the other
heavy Higgs singlets o, . In this case, the o, decays
should dominate the final L, asymmetry, i.e.,

Ly =—k, 23

A= (23)
with k¥ < 1 being a washout factor and g, = 122 being the
relativistic degrees of freedom (the SM fields plus the three
right-handed neutrinos v, the Higgs triplet A, the Higgs
singlet & and the U(1),_, gauge field.). To determine the k
factor, we need give and solve the Boltzmann equations.
We shall do with the Boltzmann equations in a future work
including the present model (6) as well as the alternative
models (8) and (9). In the present work, we shall simply
consider the weak washout case where the decay width I'
is required to fulfill the condition as below,

I
K=—|. 1. 24

Here and thereafter H(T') is the Hubble constant,

873g, 2 T2
90 ) Mp’

) = ( (25)

with Mp ~ 1.22 x 10! GeV being the Planck mass. In this
weak washout case, the heavy Higgs singlet o; can begin
their out-of-equilibrium decays when they become non-

relativistic, i.e., T~ M. The L, asymmetry then can be
well described by

ngl
LA’;’EI(i> Wlth

S/ lr=m,

M,T\? 27r
=7 T T3, 2
P R

where the symbol ng! is the equilibrium number density of
the heavy Higgs singlets ¢, while the character s is the
entropy density of the universe [22]. Comparing with
Eq. (23), the washout factor « is given by

N
ol O

K~ =0.11. (27)

19100

2xie

In the above estimations, the related U(1)yz_, gauge
interactions have been assumed to decouple before the
decays. For this purpose, we can take the heavy Higgs
singlet o; heavy enough and hence the processes involving
the gauge interactions can have a rate I'y smaller than the
decay width I'}, i.e.,

gB L eq
r,~=—~ <TI, (28)
T

with gp_; being the U(1),_, gauge coupling.

The cubic coupling between the Higgs triplet and
doublet can go into equilibrium at a temperature much
below the electroweak scale even if it appears before the
electroweak symmetry breaking. Actually, we can estimate
the interaction rate of the triplet-doublet coupling,

bE for T> M
As
Loppa ~ { |pT‘z (29)
M_A for T < MA’

and then require it to keep smaller than the Hubble constant
H(T) above the electroweak scale, i.e.,

Cypa < H(T) for T 2 100 GeV. (30)
The above condition can be achieved for |p| < O(keV) and
Mp = O(TeV). Therefore, the lepton asymmetry L,
stored in the Higgs triplet A will become a lepton
asymmetry stored in the SM lepton doublets I; before
the electroweak symmetry breaking, thanks to the fast
decays of the Higgs triplet into the lepton doublets. Below
the crucial temperature Ty, ~ 10'2 GeV, the sphaleron

processes then can partially transfer this lepton asymmetry
to a baryon asymmetry [23],

28
B=——1L,. 31
5L (31)

Here we have simply assumed the lepton asymmetry L, to
be induced at the very high temperatures 7T > T, ~
10'? GeV. Accordingly, the Yukawa interactions between
the SM left- and right-handed leptons have not been in
equilibrium so that we could safely ignore the so-called
flavor effect [8].

As a numerical example, we take M, = 10'* GeV,
lui| =2 x 10" GeV, k| = 0.2; My = 10" GeV, |u,| =
2 x 10" GeV, |k,| =0.2. The CP asymmetry &, then
should be £, = —6.2 x 107%sin §,,. Meanwhile, the weak
washout condition can be satisfied [22], i.e., K = 0.2.
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The baryon number hence can be approximately
given by [22]

28 28 ¢,
B — __LA
79 794,

sin o
0.11 = 10710 =212 ) 32
x <0.05 (32)

V. DARK FERMIONS

As shown in Eq. (6), the three right-handed neutrinos vy
have two Yukawa couplings with the U(1),z_, Higgs
singlet ¢, i.e.,

ﬁ D _[DRI DR2] |:y13:|IJ%3§ + H.c.

Y23

- 0
—[¢r )_(R][ ]v§3§+H.C. with
Y
Cp = Y23VR1 — V13VR2 _ Y13VRr1 1+ Ya3lg2
R B ek

=, XR =
Vs 5 Vs + 5
Yy = \/Vi3 + 3 (33)

So, the third right-handed neutrino vg; and the linear
combination yp of the two right-handed neutrinos vg; ,
can form a Dirac particle after the U(1)z_, symmetry
breaking, i.e.,

m, :y)(<§>'
(34)

LOiyy'0,x—m,yy with y= yp+1%;.

Meanwhile, the other linear combination {; of the two
right-handed neutrinos vg; , has no Yukawa couplings so
that it should be a massless state. In consequence, the
kinematics only allows the massive y can annihilate (rather
than decay) into the massless { through the mediation of
the U(1)z_, gauge boson. This is like that in the basis of
mass eigenstates, an SM fermion can only annihilate into
the other SM fermions through the neutral current inter-
action or the Yukawa interaction. An SM fermion can
decay into the other SM fermions only through the charged
current interaction, which is not available for the present
right-handed neutrinos vg. Furthermore, the U(1)p_;
gauge symmetry has protected the right-handed neutrinos
v from the other Yukawa couplings with the SM. So, the
massive eigenstate y of the right-handed neutrinos vp
cannot decay into the SM particles. This means we can
have a stable y.

Since the Dirac fermion y is stable, it can be expected to
serve as a dark matter particle. The dark matter annihilation
and scattering could be determined by the gauge interactions,

3

L DgB—LZ/;;—L{Z < d; iYudi + ujy,u; éiyuei_DLiYyULi>
i—1

—4(:“R7/”CR—12Tr[(8ﬂ )Y'A—H.c]
1
—52_(7”(9—75))(}- (35)

The gauge coupling gp_; then should have an upper bound
from the perturbation requirement, i.e.,

9 vV 167:
293L<V = 9p-1 < (36)

while the gauge boson mass M, should be
Mz, K = \ﬁgB—L (&). (37)

The Z_, contribution to the cross sections for e*e™ — ff
proceeds through an s-channel Z;_; exchange (when f = e,
there are also #- and u-channels). In the case that M, is
above 209 GeV (the maximum energy of LEP II), the bound
onthe U(1),_, symmetry breaking scale should be [24-27],

M
el > 7 TeV = (&) =5 TeV. (38)
9B-L

The thermally averaging dark matter annihilating cross
section can be computed by [28]

(OAVwl) = (olx+x° = f+f)va)
f=d;u;e; v Cr
+(o(y+ 1= A+ A%)vyg)
2835g3 L my
8t MY

Zp-1
2835 m; 2835 yy
2

n @ (39)

The dark matter relic density then can well approximate to

0.1 pb 327(E)
Q 1~ — 0.1 pb
) P> 3835m2
2 2
— 0.1 pb x % (40)
28352

It should be noted that Egs. (39) and (40) are based on the
assumption,

1 8 vV 8r
4ms, <<M%£H =y <<§g%_L <—=y, <5

21 (41)

By inserting the upper bound (41) into Eq. (40), we can
put a constraint on the VEV (&), i.e.,
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(& ~ <2835yi91h2>%

327z x 0.1 pb
1
Yx Qxh2>7
=61 TeV| —=£—
(azs) (o
Q. h¥\:
< 61 TeV(OI11 )2, (42)

besides the experimental limit (38). The dark matter mass,

32x(E)* \?
2835Q , h?

=4 TeV (2 1<i>ev>2 (3’;}112)%, (43)

thus should be in the range,
0.11\z 0.11\3
227 GeV( 2) <m, <34 TeV< 2)
Q,h Q,h

for 5 TeV < (&) < 61 TeV. (44)

m, ~ <0.1 pb x

The gauge interactions can also mediate the dark matter
scattering off nucleons. The dominant spin-independent
cross section is [29]

_Slgé—L I
 4n ME

Zp 1
81 U 2 u2 0.1 pb
167 <§>4 35 mi Qxhz

0;{N

= : (45)
Here y, = mym,/(my + m,) is a reduced mass with my

being the nucleon mass. As the dark matter is much heavier
than the nucleon, we can simply read

27011 (4 TeV\>
—29% 1074 em? | —F .
oy = 29> 1077 em (940 MeV) (Q/ﬂ)( m, >

(46)

To match the dark matter direct detection results [30,31]
into account, the dark matter mass should have a more
stringent low limit,

m, 4 TeV. (47)

So, the dark matter mass range (44) should be modified by

0.11\3 0.11\:z

X
for 21 TeV < (£) < 61 TeV.  (48)

Furthermore, the dark matter annihilation products in
Eq. (39) could be also constrained by the dark matter
indirect searches such as the gamma-ray observations of

dwarf galaxies from the Fermi-LAT satellite. We find our
dark matter fermion with the mass (48) and the annihilation
cross section (oav.) ~0.1 pb can be allowed by the
experimental results [32].

We also check if the massless { fermion can decouple
above the QCD scale to satisfy the BBN constraint on the
effective neutrino number. For this purpose, we need
consider the annihilations of the { fermion into the
relativistic species at the QCD scale,

or = Z

o(lr+ k= [+ /)

f=dus.epuu;
60 3
_ Y981 f = —% s (49)
T My 2= 3

with s being the Mandelstam variable. The interaction rate
then should be [11]

e P Deds 18T
7 =IGE

s
with K| being a Bessel function. By requiring

Iy =H(T), (51)

the decoupling temperature of the dark radiation {» can be
given by

r=yifom (). o

The contribution of the dark radiation { to the effective
neutrino number then should be [22]

(53)

2
AN, = [ 10.75 } 3

g*(TC)

We take ¢, (300 MeV) =~ 61.75 [22] and then find
T;~300MeV and AN,~0.098 for (£)=11TeV. (54)

So, the massless {r fermion should be harmless for the
parameter choice (48).

VI. CONCLUSION

In this paper we have shown a U(1),_, gauge symmetry
can provide the lepton number violation for the Majorana
neutrino mass generation, meanwhile, can predict the exist-
ence and guarantee the stability of the dark matter.
Specifically, because of their Yukawa couplings to the
Higgs singlet for spontaneously breaking the U(1)pz_,
symmetry, three right-handed neutrinos without any
Yukawa couplings to the SM can form a Dirac fermion
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besides a massless state. The massive right-handed neutrinos
can serve as a stable dark matter particle while the massless
one decouples safely. On the other hand, after this U(1),_,
symmetry breaking, two or more heavy Higgs singlets can
acquire their small VEVs to induce the cubic coupling
between the type II seesaw Higgs triplet and the SM
Higgs doublet. Therefore, the left-handed neutrinos can
naturally obtain their tiny Majorana masses even if the
Higgs triplet is at the TeV scale. Through the interactions
for generating the neutrino masses, the heavy Higgs singlets

can decay to produce a lepton asymmetry stored in the Higgs
triplet. The sphaleron processes then can partially transfer
this lepton asymmetry to a baryon asymmetry.
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