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We construct a model realizing the inverse seesaw mechanism. The model has two types of
gauge singlet fermions in addition to right-handed neutrinos. A required Majorana mass scale
(keV scale) for generating the light active neutrino mass in the conventional inverse seesaw can
be naturally explained by a “seesaw” mechanism between the two singlet fermions in our model.
We find that our model can decrease the magnitude of hierarchy among the mass parameters
by O(10%) from that in the conventional inverse seesaw model. We also show that a successful
resonant leptogenesis occurs for generating the baryon asymmetry of the universe in our model.
The desired mass degeneracy for the resonant leptogenesis can also be achieved by the “seesaw”
between the two singlet fermions.

Subject Index B40, B54

1. Introduction

Small neutrino masses are observed in neutrino oscillation experiments. One simple mechanism
to generate the small neutrino masses is the conventional Type-I seesaw mechanism [1,2,4-7,9],
in which right-handed neutrinos N 5& (i denotes the generation) are introduced to the standard
model (SM). The masses of light active neutrinos are described by M, ~ —M DMEIME when
|(Mp)ail < [(MR);jl, where o denotes the flavor, Mp is the Dirac neutrino mass matrix given by
the Yukawa coupling matrix of neutrinos Y,, and the vacuum expectation value (VEV) of the Higgs v
(Mp = Y,v),and My is the Majorana mass matrix for Ng. When one takes the magnitude of the neu-
trino Yukawa couplings as O(1), like the top Yukawa coupling, the typical size of the right-handed
neutrino Majorana mass becomes Mg ~ 0(1014) GeV to generate the light active neutrino masses
as my, ~ ((0.1) eV. On the other hand, right-handed neutrinos with electroweak (EW)-scale masses
require relatively small Mp of O(10™%) GeV to realize the active neutrino mass scale of O(0.1) eV
in the Type-I seesaw mechanism.

There are several extensions of the Type-I seesaw model. One extension is the inverse (double)
seesaw mechanism [8-10] with additional singlet fermions S. In a basis of (v, Ng, ) T with three
flavors (generations), a neutrino mass matrix is given by

0 Mp O
M=|M), 0 Ms]|. (1
0 MST 7
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When one assigns the lepton number one unit to vy, Ng, and S (S has an opposite lepton number
with respect to that of Ng), the Majorana mass terms of S do not conserve the lepton number. Note
that the absence of (M)3 and (M)31 in Eq. (1) are ensured by a field redefinition. Assuming p <
Mp < Mg, one can describe the neutrino mass as M), >~ ,uM% / M§ by diagonalizing the above mass
matrix. For Mp = 10GeV and Mg = 1 TeV, u >~ 1keV is required for generating the small active
neutrino mass scale. In this model, one obtains heavy Majorana neutrinos with masses Mg + /2.
Thus, when < M, such neutrinos are degenerate in mass and can realize the resonant leptogenesis
mechanism to generate the baryon asymmetry of the universe (BAU) [11-14]. The explanations of
neutrino experimental data and dark matter in the generic class of the inverse seesaw model have
been discussed in Refs. [15] and [16], respectively.

In this work, we will discuss the inverse seesaw model realized by a “seesaw” mechanism in the
TeV-scale physics. Our model has two kinds of new gauge singlet fermions S; and S, in addition
to Ng, which corresponds to the n = 2 multiple seesaw mechanism in Ref. [17]. We will find that
our model can naturally induce a very small mass difference between heavy (~ TeV-scale) neutrino
states, which can also be responsible for a successful resonant leptogenesis.

2. Inverse seesaw from “seesaw”

We discuss a realization of the inverse seesaw from the “seesaw” mechanism. The relevant
Lagrangian is given by

.~ — — M, —
— L =Y,HLNg + Y5, ®1 NS + Y5, 225> + 7”5532 + h.c., 2)

where H =i oo H*, H is the SM Higgs doublet, L is the left-handed lepton doublet, Ny are the
right-handed neutrinos, ®; and &, are gauge singlet scalars under the SM gauge groups, S; and
S are gauge singlet fermions, and M, is the Majorana mass of S>. Note that S is added to the
original inverse seesaw mechanism. Here, details of additional symmetries in our model are not
specified, but discussed later. In order to reproduce two (solar and atmospheric) mass scales of the
active neutrinos, one must introduce at least two generations for the right-handed neutrino or the
gauge singlet fermions. We omit the generation and flavor indices for fermions in Eq. (2). After
spontaneous gauge symmetry breaking, one can describe a neutrino mass matrix as

0 Mp O O
ML 0 Mg 0

0 M{ 0 M|’

0o 0 M{ M,

M = 3)

in the basis of (1§, Ng, Si, SQ)T, where Mp = Y, (H), Ms, = Ys,(®1), Ms, = Ys,(®7), and these
are described by matrices.! If one adds three generations for each singlet fermion, the neutrino mass
matrix M is a 12 x 12 matrix.

When we assume that the values of all the matrix elements of M, are much smaller than those of
M, ((Ms,) jx < (My)im), we can diagonalize the lower-right 2 x 2 sub-matrix (integrate out the >

' A similar structure for the mass matrix has been discussed in the three active and two sterile neutrinos
model for the liquid scintillator neutrino detector anomaly [18].
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field), i.e., utilize a “seesaw” mechanism. Then, block diagonalization gives

M 0
M . 4
NE »
with
0 Mp O
M~ ML 0 Mg |, My>~M,, p~—MsM;'M{, (5)
0 MST1 N

in a basis. Notice that M takes the same form of the original inverse seesaw as in Eq. (1), and the
smallness of u can be naturally realized by the “seesaw” mechanism, u >~ —Mg, M, 1MSTZ.
The mass matrix for the three active neutrinos M, can be obtained after the inverse seesaw as

~ _ T ! —124T =1 ,.T
M, ~ —Mp ( Mg, Ms,M,;" Mg, (Ms,)™ Mp, (6)

in the flavor basis of active neutrinos. The magnitude of the matrix elements of the active neutrino is

M 2/ M, N2/ M 20 M, \7!
M, ~ D 51 52 2 0.1eV. 7)
10 GeV 1 TeV 30 MeV 1 TeV

In the conventional (TeV-scale) inverse seesaw mechanism, one should require p in the mass matrix
of Eq. (1) of the O(1) keV scale. On the other hand, the realization of the inverse seesaw from
“seesaw”, Eq. (3), needs Mg, of the O(10) MeV scale instead of keV scale. Therefore, the mass
hierarchy among the singlet fermions in our model becomes small compared to the usual inverse

realized as

seesaw model. Considering that light quarks and leptons have MeV-scale masses, the scale could be
usable as a parameter of the model.

3. Leptogenesis

Next, we discuss the generation of the BAU. Our model includes several singlet Majorana fermions,
and the masses of some of them can be taken as O(1) TeV. Thus, resonant leptogenesis [19] might
be possible in the model.

We start from the mass matrix, Eq. (5). Since the typical size of the matrix elements of My, is much
larger than that of u, the mixing angle for block diagonalization of the lower-right 2 x 2 sub-matrix
of Eq. (5) is almost maximal. Thus, M is rotated as

0 Mp(1+€)/v/2 Mp(l+e€)/v2
M—> M = Mp(1+e)T/V2 Mg — /2 0 : (8)
Mp(1+e)T /2 0 Mg, + /2

up to the order of O(w) in a basis of (vz, X_, X+)T, where € ~ M/(2\/§MS1), and the eigenstates
X are described as X+ = (crNg F c1rS1 F ¢152)/v/2 with cg =~ c1g = 1, where ¢ is estimated
as a typical ratio of matrix elements of Mg, and M, ¢ =~ O(MS2 /M u)- The relevant Lagrangian
for the resonant leptogenesis is given from Eq. (2) as

MS1 +un/2

~LOYNALX_+YSHLX, + 5

XX 4+

Ms, — /2 —
SIT“/ XSX, +he, (9
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for the eigenstates of X . Note that the typical size of the matrix elements of ¥¥ and Y3 is of the same

order as that of ¥, in Eq. (2), ¥V =~ ¥ =~ (cg/+/2)Y, at the leading order. Hereafter, we assume

that the 33 matrices M, and u are diagonal matrices, for simplicity. We also assume a hierarchical

structure for Mg, as mg, = (Ms,)11 < (Ms,)22, (Ms,)33 so that the BAU can be induced by the

decays of the first generation of X+ (= x+), whose masses are obtained as m,, = mg, £ /2.2
The lepton asymmetry from the decays of x_ and x is calculated as [11,24]

Yo [Pt = Lo+ H) = T(xx > LS + H)]

€L = .
Yo [Pt = Lo+ H*) + T'(x+ = LG + H)|
Im (YVNTYUSYVNTYE) .
= 87 A Ry (19
+ re+Te/my.
where
my, — my 2p Sty S NiyN
[ — G A+:(YUTYU> , A_:<YVTYU> , (11)
My My ms, 1 "

and I't = Aim,, /(8m) is the decay width of x4. The baryon asymmetry is given by the lepton

asymmetry as
28 0.3¢ +

79 goKi(InKL)06’ (12
where g, = 106.75 is the relative degree of freedom and Kyt = Fi/(2H(T))|T:mXi with the
Hubble constant H(T) = 1.66\/§T2 /mp;. Note that the baryon asymmetry is enhanced for
(mx+ - mxf) ~Ty/2.

In order to obtain the baryon asymmetry by the decays of x., the x+ should be decoupled at
T ~ my,, whichis realized for the Yukawa couplings (Ylf\’)ol1 and (sz)al , being < 0(10*6). Under
these conditions, the appropriate order of r in Eq. (11) for the resonant leptogenesis is r ~ 1077,

np =

which can also be naturally realized in our model. Regarding the masses of additional scalars @ 7,
these must be larger than the masses of x4 of O(1) TeV. If these masses are smaller than the TeV
scale, x+ decay into scalars. As a result, the lepton asymmetry cannot be produced. On the other hand,
the VEV of ®; should be larger than O(10) MeV to realize the inverse seesaw when Y5, < O(1).
Such a hierarchy between the mass and VEV can be realized in the neutrino-philic Higgs model [25]
(see also Refs. [26,27]). The relevant scalar potential for the realization is, e.g.,

Ad Ad
VD—m%p]|d>1|2+m%b2|d>2|2—mz(fb’fsz+d>§fb1)+71|d>1|4+72|d>2|4
21 12 2, As e 22 . 22
33101 2@ + 0 01022 + 2 [ (0702)” + (0301)°] (13)

where me, ,, m, Lo, ,, and A3 45 are all assumed to be real and positive, for simplicity. The sta-
tionary conditions dV /d(®() =0 and aV/3(P,) = 0 lead to |(D;)| =~ mcpl/\/E and |($,)| ~
m?| (d>1)|/m%b2, respectively, where we assume Ao, , A3.4.5 < O(1) and Ao, [(P2) 1 <« m%bz. In addi-
tion, when one introduces the symmetry, which forbids the term m? (¢T<I>2 + d>1CI>§) in Eq. (13),
the hierarchy m < me, , seems to be natural. As aresult, [($2)| < [(P1)| can be realized, where an
2

assumption A, |(P2)|* K méz is consistent with this realization. Thus, one can have a hierarchy

2 Such a hierarchical mass structure among singlet Majorana fermions can be realized by several models
[20-23].

4/8

Downl oaded from https://academ c. oup. con ptep/article-abstract/2015/11/113B03/ 2606833/ A- nodel -r eal i zi ng-i nver se- seesaw and- r esonant
by Shi mane University user

on 25 Septenber 2017



PTEP 2015, 113B03 M. Aoki et al.

5x107°f

2x107°+
1x107%}

|’]B| 5% 10—10 L

2x10710¢
1x10°10t

100 200 500 1000 2000 5000 1x10*
HleV]

Fig. 1. Baryon asymmetry as a function of w.

between the VEVs, [(®D})| ~ MQ;I/\/E 2 O(1) TeV and (P;) = O(10) MeV, when one takes
m = O(10) GeV and the masses of 12 as O(1) TeV. Here we assume that the masses of @
are larger than the masses of y.+. The above calculation is valid in this case. In our model, the other
singlet fermions (=~ ) can also decay into L and H through the mixing between S; and S,. However,
the process cannot generate a sufficient magnitude of lepton asymmetry because S is not degenerate
with the Ng and S states. Note that one does not need fine tuning between the masses of Majorana
fermions to realize the BAU, as seen below.

Figure 1 shows the baryon asymmetry as a function of .. We assume hierarchical structures for the
Yukawa couplings Y, and ¥ so as to realize the nature of x+ as being out of thermal equilibrium at
T~ My }(YUN)otl
shown by the horizontal line in Fig. 1. In the calculation, we take (Yjv )0[1 =(1.040.1i) x 1076,

(sz)al = (1.0+0.3i) x 107%, and Mg, = 1 TeV as reference values. It is seen that the observed
baryon asymmetry can be realized at u =~ 1keV. The case of u >~ O(1) keV is consistent with the

, (Yf)ﬁl‘ < O(107%). The observed baryon asymmetry g = 6 x 10~ isalso

realization of the small active neutrino mass in our model, i.e. © >~ Mg, M " lMST2 ~ O() keV.

As discussed above, the favored scale of u for the active neutrino mass can be realized by the “see-
saw” between S > fermions. In addition, the first generations of S; and N (those mass eigenstates
are x+) play arole in generating the BAU via resonant leptogenesis. In this case, the required size of
the mass degeneracy between x4 for the resonant leptogenesis, u >~ (1) keV, can also be realized
by the “seesaw” between S; ». Both realizations are non-trivial results in our model.

4. Signatures for the LHC experiment

We discuss signatures of this model in the LHC experiment. This model can induce lepton-number-
violating processes. One interesting process is like-sign dilepton production, ¢g’ — £F¢FWT,
where the lepton-number conservation is violated by two units, AL = 2, due to the Majorana
nature of the neutrinos. References [28—35] explore this process at the LHC experiment in the SM
with right-handed Majorana neutrinos (see also Ref. [36] for a review of the collider phenomenol-
ogy with right-handed and sterile Majorana neutrinos).> According to Ref. [31], it is found that
there is 20 (50) sensitivity for the u®u* modes in the mass range of a Majorana neutrino of
10 GeV <m, < 350 (250) GeV at the 14 TeV LHC experiment with 100 fb~!. Regarding the

3 An analysis of this process is given in Ref. [37] for the inverse seesaw model in the context of the next-to-
minimal supersymmetric SM.
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inverse seesaw case, the singlet neutrinos and fermions are pseudo-Dirac neutrinos due to a small
Majorana mass i, and the neutrinos contain tiny Majorana states. The ratio of the Majorana state is
typically determined by /Mg, ~ 1keV /1 TeV =~ O(107?). Thus, since the like-sign dilepton pro-
duction process in the inverse seesaw case is suppressed by (11/Ms,)? >~ O(10~'8) compared with
the results of Refs. [28-31], the signatures of the process in the inverse seesaw case cannot reach the
sensitivity of the LHC experiment.

Similarly, for other singlet fermions (~ S,) with the lepton-number-violating Majorana mass of
O(1) TeV in our model, the result of the analysis in Refs. [28-31] cannot simply be adopted. Since
the like-sign dilepton production process is induced through the mixing between S and S, in addition
to the mixing of the pseudo-Dirac states of Ng and S| mentioned above, the amplitude is typically
suppressed by (Ms,/M,,)>(11/Ms,)? =~ (10 MeV/1 TeV)?(1 keV/1 TeV)? =~ O(10~28). Therefore,
the collider signatures of these singlet fermions in our model also cannot reach the sensitivity of the
LHC experiment.

The above discussion can be generalized to multiple seesaw models [17]. For the n = 2k 4 1
(k =0,1,2,...)multiple seesaw models (k = 0 is the conventional inverse seesaw model), the active
neutrino mass matrix in the n = 2k + 1 (k > 1) multiple seesaw models is given by

k k T
Mv = MD |:1_[ <M§:2i71> l MSZI':| <M£k+|> 1 MM (MS2k+l)_1 |:l_[ (ML;I‘;F]) 1 MSZij| Mg’

= i=1 (14)
where n denotes the number of gauge singlet fermions S without the number of generation (flavor)
and M, is the lower-right element of the (n 4+ 2) x (n 4 2) generalized neutrino mass matrix. The
like-sign dilepton production process is suppressed by (M, /M 5”)2 in all models of n =2k + 1
multiple seesaw with M, >~ O(1) keV « Mg, >~ --- >~ Mg, ,. On the other hand, for the n = 2k
(k = 1,2, ...)multiple seesaw models (the k = 1 case is our model), the active neutrino mass matrix
can be given by

k k

T
My = —Mp [l_[ (ML) Msb} ! {l_[ (mE,)" M&} Mho o as)

i=1 i=1

The amplitude of the like-sign dilepton production process is suppressed by (MS,1 / M,L)2 X
(1 keV/Ms,)? in all models of n = 2k multiple seesaw with Mg, <« M, >~ Mg, >~ --- >~ Mg, ,.
Note that, since the n = 2k multiple seesaw model is reduced to the inverse seesaw model, there is
an additional suppression (Ms, /M, M)Z in the n = 2k cases compared with the n = 2k + 1 multiple
seesaw models.*

5. Summary

We have discussed the inverse seesaw model realized by a “seesaw” mechanism. The conven-
tional inverse seesaw model requires a lepton-number-violating Majorana mass of u >~ O(1) keV
to achieve the light active neutrino mass scale when the Dirac masses are taken as Mp = 10 GeV
and Mg =1 TeV (see Eq. (1)). The hierarchy among mass scales in the conventional inverse

41n Refs. [38—40], the authors discussed the Higgs signatures via large Yukawa couplings in the inverse see-
saw model at the LHC. The second and third generations of X 1. in our model might be adopted in the discussion,
although the first-generation Yukawa couplings are too small to lead to a sufficient signal magnitude.
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Table 1. Charge assignment [17] for our model where ws = €™/3.
L H Ng SR SR Nl @,
Ui, +1 0 +1 -1 +1 0 0
Zg we +1 we w? w; wp wg

seesaw model is given by Mg/ ~ ©(10°). On the other hand, in our model, the Majorana mass
is M, =~ O(1) TeV for the Dirac masses of Mp = 10GeV, Mg, =1 TeV, and Mg, = 30 MeV
(see Egs. (3) and (7)). Thus, the magnitude of mass hierarchy in the model can be decreased to
M, /Ms, ~ O(10%), which is due to the “seesaw” mechanism between S| and S» singlet fermions.

We have also considered a leptogenesis scenario with a mass degeneracy for generating the BAU,
the so-called resonant leptogenesis. The scenario can be realized by the keV-scale mass degeneracy
between the first generations of the right-handed neutrino and one of the singlet fermions. We have
shown that such mass degeneracy can also be realized by the “seesaw’ in our model, and thus success-
ful resonant leptogenesis is achieved. Regarding the signatures of g’ — £*¢*WT processes in the
LHC experiment, our model cannot reach the sensitivity of the LHC due to significant suppression
by mixings between the singlet fermions.

Finally, we comment on a realization of our model. One simple way to obtain our model is to
introduce a symmetry. In Ref. [17], the global U(1) x Z,y symmetry for realizing multiple seesaw
models was discussed. Following that, our model (the n = 2 multiple seesaw model) can be obtained
by imposing the global U (1) x Zg symmetry. Here, the global U (1) symmetry is identified with the
lepton number, U (1)1, and a charge assignment under the symmetry is given in Table 1. Note that
the Majorana mass term (M, / 2)S_§S2 induces lepton-number violation.
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