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Abstract

We propose a minimal predictive inverse seesaw model based on two right-handed neutrinos and two
additional singlets, leading to the same low energy neutrino mass matrix as in the Littlest Seesaw (LS)
(type I) model. In order to implement such a Littlest Inverse Seesaw (LIS) model, we have used an Sy
family symmetry, together with other various symmetries, flavons and driving fields. The resulting LIS
model leads to an excellent fit to the low energy neutrino parameters, including the prediction of a normal
neutrino mass ordering, exactly as in the usual LS model. However, unlike the LS model, the LIS model
allows charged lepton flavor violating (CLFV) processes and lepton conversion in nuclei within reach of
the forthcoming experiments.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The existence of three fermion families, as well as their particular pattern of masses and
mixing angles is not explained in the Standard Model (SM), and makes it appealing to consider a
more fundamental theory addressing these issues. This problem is especially challenging in the
neutrino sector, where the tiny values of the neutrino masses and large mixing angles between
generations suggest a different kind of underlying physics than what should be responsible for
the quark mass and mixing pattern. Whereas the small quark mixing angles decrease from one
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generation to the next, in the lepton sector two of the mixing angles are large, and one mixing
angle is small.

The tiny neutrino masses might well originate from a type I seesaw mechanism [1-5], but in
general this is hard to test experimentally. A minimal version of the type I seesaw mechanism,
involving just two right-handed neutrinos (2RHN), was first proposed by one of us [6,7], where
we noted that the lightest neutrino is massless. Such a model with two texture zeros in the Dirac
neutrino mass matrix, proposed somewhat later [8], is consistent with cosmological leptogene-
sis [9-16], but not compatible with the normal hierarchy (NH) of neutrino masses, favored by
current data [15,16]. On the other hand the originally proposed 2RHN model with one texture
zero [6,7], actually predicts a NH.

The Littlest Seesaw (LS) model is a special case of 2RHN models with one texture zero, which
involves just two independent Yukawa couplings [17-24], leading to a highly predictive scheme
characterized by near maximal atmospheric mixing and CP violation, with an approximate © — ©
reflection symmetry [25,26] but with additional predictions arising from tri-maximal nature of
the first column of the PMNS matrix as well as a predicted reactor angle.

All type I seesaw models, including the LS model above, predict very tiny branching ratios
for the charged lepton flavor violating (LFV) decays, such as 4 — ey, T — py and v — ey,
several orders of magnitude lower than their corresponding projective experimental sensitivity.
These very tiny branching ratios for the charged lepton flavor violating (LFV) decays can be
significantly enhanced by several orders of magnitude if one considers low scale seesaw models
[27-32]. Thus if charged lepton flavor violating decays are observed in the future, it will provide
indubitable evidence of Physics Beyond the Standard Model and their observation will shed light
in the dynamics responsible for the smallness of neutrino masses and the nature of lepton mixing.

In this paper, motivated by such considerations, we propose a fusion of the LS model and
the inverse seesaw model [33], which we refer to as the Littlest Inverse Seesaw (LIS) model.
The neutrino mass matrix of the LIS model, which involves two right-handed neutrinos plus two
additional singlets, is given by:

03x3 mp  O3x2
My=| mb 0o M |, (1.1)

O3 MT
where 0,,x,, are n x m dimensional submatrices consisting of all zeroes and the other submatrices
in the flavor basis have the structure:

1 0 . 2
~ , w=e3 .
® 0 o

(1.2)

0 b

mp~\|a 3b |, M~<(1) O),
a b ¢

The light active neutrino mass matrix arising from the inverse seesaw formula m, =
—mD(MT)_l,u,M_lmg takes the same form as the usual LS model [17-24]:

0 0 O 1 3 1
my=my, |0 1 1 |+mpol|l3 9 3 (1.3)
01 1 1 3 1

The above mass matrix structures are motivated by the phenomenological success of the low
energy mass matrix in Eq. (1.3) which is identical to that of the usual LS model, involving two
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right-handed neutrinos, but in this case arising from the inverse seesaw model, including the two
additional singlets. Such an extension allows CLFV decays, such as & — ey, at observable rates,
since in the inverse seesaw model small neutrino masses are explained by the smallness of the u
matrix,! which allows Dirac masses to be large even for TeV scale values of M. This is the first
low scale seesaw model leading to a successful fit of the 6 physical observables of the neutrino
sector with only 2 effective free parameters. In our model the small masses for the light active
neutrinos are generated from an inverse seesaw mechanism. In order to achieve the above mass
matrices, we appeal to standard approaches to the flavor puzzle based on symmetries, as follows.

The flavor puzzle of the SM indicates that New Physics has to be advocated to explain the
observed SM fermion mass and mixing pattern. This is the so called flavor puzzle, which is not
explained by the SM and provides motivation for building models with additional scalars and
fermions in their particle spectrum and with extended symmetries which can be continuous or
discrete and their breaking produces the observed pattern of SM fermion mass and mixing pat-
tern. Several discrete groups have been employed in extensions of the SM to tackle SM fermion
flavor puzzle. In particular the discrete group Ss [35-58], together with the groups A4 [41,57,
59-98], T7 [99-108], A(27) [109-133] and T’ [134—155], is the smallest group containing an
irreducible triplet representation that can accommodate the three fermion families of the Stan-
dard model (SM). These groups have been widely used in several extensions of the SM since
they are particular promising in providing a viable and predictive description of the observed
SM fermion mass spectrum and mixing parameters. In the present article, we shall employ S4,
together with other auxiliary symmetries, in order to achieve the above mass matrices of the LIS
model, together with a diagonal charged lepton mass matrix.

The current article is organized as follows. In section 2 we explain our model. In section 3 we
present our results in terms of neutrino masses and mixing. The implications of our model in the
lepton flavor violating decays u — ey, T — wuy and t — ey and lepton conversion in nuclei are
studied in section 3. We conclude in section 5. A description of the S4 discrete group is presented
in Appendix A. The superpotential that determines the vacuum configuration for the S4 doublet
and triplet scalars of our model is presented in Appendix B.

2. The model

We consider an S4 flavor model for leptons where the masses for the light active neutrinos are
generated from an inverse seesaw mechanism [30,33,156—160]. The implementation of the in-
verse seesaw mechanism in our model relies in the inclusion of four gauge singlets right handed
Majorana neutrinos, which is the minimal amount of gauge singlet right handed Majorana neu-
trinos needed to implement a realistic inverse seesaw mechanism as pointed out for the first time
in Ref. [160]. The leptonic and scalar spectrum of our model with their assignments under the
Sax U (1) X Z3 x Zg X Zg x U (1) p symmetry are shown in Table 1.

The scalar spectrum of our model is composed of the SU (2);, Higgs doublets H,, H; and sev-
eral gauge singlet scalar fields, which are grouped into one Sy singlet, i.e., p, three S4 doublets,
i.e., ¢, ¢, n and five Sy triplets, i.e., x, &, oy, 07, 0.. The gauge singlet scalar fields o, o7, 0,
only participate in the charged lepton Yukawa interactions and whose inclusion is crucial to get a
diagonal charged lepton mass matrix. On the other hand, the remaining gauge singlet scalars, i.e.,

1 An example of a dynamical explanation for the smallness of the p parameter of the inverse seesaw and its connection
with Dark matter is provided in Ref. [34].
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©, ¢, n, x and & only appear in the neutrino Yukawa terms, which yield a viable and very predic-
tive mass matrix for light active neutrinos. Thus, the inclusion of these scalar fields is necessary
to have a highly predictive model for the lepton sector with only two effective parameters in the
light active neutrino sector that allows to successfully reproduce the six experimental values of
the physical observables of the neutrino sector, i.e., the two neutrino mass squared splittings, the
three leptonic mixing angles and the leptonic Dirac CP violating phase.

We additionally introduce several driving fields, which are grouped into eleven S4 singlets,
ie., Xg (k=1,2,---,11) and four Sy triplets, i.e., ®, A, ® and E. These driving fields are
crucial for determining the vacuum alignments of the S4 doublets and triplets in our model (to
be specified below) that give rise to a diagonal SM charged lepton mass matrix and to a highly
predictive and viable light active neutrino mass matrix, having only two free effective parameters.

In our model, the SM gauge symmetry is supplemented by the inclusion of the S4 x U (1) x
Z3 X Zg X Zg x U (1) symmetry. We choose Ss since it is the smallest non abelian group
having doublet, triplet and singlet irreducible representations, thus allowing us to naturally ac-
commodate the three families of the SM left handed leptonic fields into a Sy triplet and the four
gauge singlet right handed Majorana neutrinos into two Sy singlets and one S4 doublet, which
is crucial to have highly predictive model that successfully describes lepton masses and mix-
ings. The Z3 x Zg discrete symmetry allows to get a diagonal SM charged lepton mass matrix
and Dirac neutrino mass matrix that yields a predictive and viable light active neutrino mass
matrix. Thus, the leptonic mixing in our model arises from the neutrino sector. The Zg discrete
symmetry sets the SM charged lepton mass hierarchy. It is worth mentioning that despite its ex-
tended particle spectrum and symmetries, each introduced field and symmetry plays its own role
(described above) in predicting viable textures for the lepton sector that allows to successfully
reproduce the experimental values of the six physical neutrino sector observables with only two
effective parameters in the light active neutrino sector. This is achieved without the need to in-
troduce hierarchy between the Yukawa couplings. Furthermore, the spontaneous breaking of the
Sy x Z3 x Zg X Zg at very high energy, gives rise to the SM charged lepton mass hierarchy.
Besides that, the spontaneous breaking of the U (1) global symmetry, which is assumed to take
place at the TeV scale is crucial to generate a renormalizable and a non renormalizable mass
terms involving gauge singlet right handed Majorana neutrinos, required for the implementation
of the inverse seesaw mechanism that produce small masses for light active neutrinos. Note we
have introduced a U (1) symmetry under which the chiral supermultiplets containing the SM
fermions have charge equal +1, whereas the driving fields X (k=1,2,---,11), ®, A, ® and &
have U (1) g charge equal to 42 and the remaining scalar fields are neutral under this symmetry.
As a consequence of that U (1) charge assignment, the aforementioned driving fields can only
appear linearly in the superpotential and do not feature Yukawa interactions with SM fermions.
The inclusion of the aforementioned driving files, whose corresponding superpotential is given
in Appendix B, is necessary for achieving the following VEV configuration of the S4 doublets
and triplet scalars in our model:

<¢):v§0(lvw)ﬂ <¢>:U¢(O, 1)7 (n):UT](lsO)v (X):v)( (0119 l)v
(&) =ve (1,3, 1), (04) = vo,, (0, 1,0), (02) = v, (0,0, 1),
(oe) =g, (1,0,0), 2.1

2mi

where w =¢e 3 .
Since the spontaneous breaking of the S4 x Z3 x Zg x Zg discrete group gives rise to the
hierarchy of charged lepton masses, we set the vacuum expectation values (VEVs) of the different



6 A.E. Cdrcamo Herndndez, S.F. King / Nuclear Physics B 953 (2020) 114950

gauge singlet scalars with respect to the Wolfenstein parameter A = 0.225 and the model cutoff
A, as follows:

~ v, ~AA. (2.2)

T

Uy ~ vy ~ vy ~ O(1) TeV << vy ~ vg ~ Vg, ~ Vg, ~ Vg

Here, for the sake of simplicity, the VEVs vy, vy, vy, vp, vy, Ve, Vs, and v,, are assumed
to be real. As it will be shown in section 3, the assumption of Eq. (2.2) will allow to explain
the SM charged lepton mass hierarchy since it will relate the SM charged lepton masses with
different powers of the Wolfenstein parameter times O(1) coefficients. It is worth mentioning
that the model cutoff scale can be interpreted as the scale of the UV completion of the model, e.g.
the masses Froggatt-Nielsen messenger fields. Furthermore, notice that the gauge singlet scalar
fields ¢, n and ¢ are assumed to get VEVs at the TeV scale in order to have TeV scale sterile
neutrinos, thus allowing to have a model testable at colliders. Thus, the hierarchy in the VEVs of
the gauge singlet scalar fields shown in Eq. (2.2) is motivated in order to have TeV scale sterile
neutrinos and to explain the SM charged lepton mass hierarchy. Such two scale VEV hierarchy
can be explained by having appropriate relations between the different mass coefficients of the
bilinear terms of the scalar potential and the VEVs of such scalar fields. To show this explicitly,
we consider the simplified case of two singlet scalar fields S; and S>, whose VEVs satisfy the
hierarchy vg, >> vg,. The corresponding scalar potential involving such fields takes the form:

V=—u3, 15117 — 13, 127 + A1 [S11* + 221820 + A3 81715207 (2.3)

Its minimization yields the following relations:
13, =205, + A3vg,, 13, = 2005, + A35, - (2.4)

Consequently, the VEV hierarchy vs, >> vg,, can be justified by requiring Mé ~ 2u§1 and con-
sidering the case where the quartic scalar couplings satisfy A; ~ A (i =1, 2, 3). A straightforward
but tedious extension of the aforementioned argument will give rise to large a set of relations be-
tween the different mass coefficients of the bilinear terms of the scalar potential and the VEV's
of the large number of gauge singlet scalar fields of our model that will yield the VEV hierarchy
shown in Eq. (2.2).

With the above particle content, we have the following relevant charged lepton and neutrino
Yukawa terms:

8 4 2
—L£y =y" (ILHaov),, lm% + 33 (I Haoy), lzR% +yP (ZLHdGT)ll3R% Y He
(2.5)
W) _ o) (7 ot p
—Ly =y (lLHuX)l VIRF‘F)’Z (lLHug)l VZRF (2.6)
— c) | - C ~ . nC Hy,Hy
FYWNVIR (¢NR)1 A + Y2uNV2R (WNR)I + N (NRNR)2§0 e +H.c

3. Lepton masses and mixings

From the charged lepton Yukawa terms, we find that the charged lepton mass matrix is diag-
onal and the SM charged lepton masses are given by:
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() VeV (0,9 Y ) Voul 0,s v
e =M \/EAgde_al * \/E7 M= «/§A5de_a2 * \/E,
2
Vo, U v
_ 9 "p _a([)k3_ (31)

My =y, ——vg, = ,
T y3 \/§A3 Hy 3 ﬁ

where afl) , ag) and agl) are real O(1) dimensionless parameters and we have assumed that vy, ~

v/~/2, being v = 246 GeV the electroweak symmetry breaking scale.
Regarding the neutrino sector, from the Eq. (2.6), we find the following neutrino mass terms:

1 VL

—Limss =3 (vLC VR N_R> M, v,?c +He, 3.2)
NR

where the neutrino mass matrix is given by:

03x3 mp 0O3x2
My=| ml 0o M |, (3.3)
O3 MT

where 0,,x,,, are n X m dimensional submatrices consisting of all zeroes and the other submatrices
in the flavor basis have the structure:

0 »b 1 0
mp=vy, | a 3b ], M:mN(O >
a b <
__ YNVH,VH,Vp (1 O _ i
H’_ A2 (O w ’ w=e - ’
4 4
%V W), mY%Y% _ _w),s
a 1 T —)Cl A . b o) F —X2 A .
v
MmN = Y1uvN V¢, z=y2qu—". (3.4)
¢

The above mass matrices in Egs. (3.3), (3.4) have precisely the desired LIS structure given in
Egs. (1.1), (1.2) in Section 1.

As shown in detail in Ref. [161], the full rotation matrix that diagonalizes a neutrino mass
matrix of the form of Eq. (3.3) is given by:

R, RIRY)  RRY
_(RI+R)) (1=8) p()  (14S) p2)
R= Tﬁ’r Ry~ 5 Ry 7 R . (3.5)
_R-R) (=1=8) p(1)  (1=5) p2)
7 R =5 Ry 5 Ry
where
1 —1 1 * —1 1 *
N

The light active masses arise from an inverse seesaw mechanism and the physical neutrino
mass matrices are:
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-1 1 1
my =mp (MT) pMtmp, MY =2 <M+ MT) 3

m® -1 (m+m7) + L. 3.7)
2 2
where m,, corresponds to the active neutrino mass matrix whereas Msl) and MSQ’ are the exotic
neutrino mass matrices.
Note that the physical neutrino spectrum is composed of three light active neutrinos and four
exotic neutrinos. The exotic neutrinos are pseudo-Dirac, with masses ~ :I:% (M + M T) and a

small splitting . Furthermore, R, Rfvll) and Rj(é) are the rotation matrices which diagonalize
my, Mlsl) and M,Ez), respectively. Since in our model M‘Sl) and Mﬂz) are diagonal, R,(VII) and R/(VZI)
are equal to the 2 x 2 identity matrix, the rotation matrix R of Eq. (3.5) can be rewritten as
follows:

R, R, Ry
_(B}+B)) (1=  (1+S)
R= 72 R, 72 2 |- (3.8)
_BIB) B (1s) (=)
V2 v V2 V2
Furthermore, using Eq. (3.5) we find that the neutrino fields v; = (viz, v2r, V3L)T, vg =

(15, v$e) and NS = (N, N53) are related with the neutrino mass eigenstates by the following

relations:

R R R
c | Bty 1=  (J+S) 5
g | =R | -7 R Tm T [ e |
Ng (By—BY) 1-5 -5 | \ @@
R _ By by
N RO R L
QW
QL =|a? |. (3.9
o
where leL) (j=1,2,3), Q,(CZL) and Q,(i) (k =1, 2) are the three active neutrinos and four exotic

neutrinos, respectively.
Using Eq. (3.7), the light active neutrino mass matrix arising from the inverse seesaw mecha-
nism takes the form:

000 131 -~
my=my, |0 1 1 )|+mpo|3 9 3], muazz—uzz’
01 1 13 1 Yiun VA
b2zzva§1udev¢
Myp=—""%5 "5 5

SR o
The low energy neutrino mass matrix in Eq. (3.10) is of the highly predictive LS form given in
Eq. (1.3) which gives a good fit to low energy neutrino data using the parameter values discussed
for example in [23]. The neutrino mass squared splittings, light active neutrino masses, leptonic
mixing angles and CP violating phase for the scenario of normal neutrino mass hierarchy can be
very well reproduced with only two effective free parameters, whose values are given by [23]:
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Table 2
Model and experimental values of the light active neutrino masses, leptonic mixing angles and CP violating phase for
the scenario of normal (NH) neutrino mass hierarchy. The experimental values are taken from Refs. [162,163].

Observable Model bpf 10 [162] bpf 10 [163] 30 range [162] 30 range [163]
Am3, [1075eV?] 738 7.5510:20 7.3910:28 7.05 — 8.14 6.79 — 8.01
Am3, [1073eV?] 248 2.50 +0.03 2.52570:033 2.41 - 2.60 2431 —2.622
o) ) 34.32 34.5117 33.827078 31.5-38.0 31.61 —36.27
6% ) 8.67 8.45+0:16 8.6110:12 8.0 —8.9 8.22 — 8.98
o) ) 45.77 47,9710 49.7199 41.8-50.7 40.9 - 522
50, -86.67  —142138 217159 157 — 349 135 — 366
Myq = 26.57 meV, myp >~ 2.684 meV. (3.1
Thus, using the numerical value for m,,;, given by Eq. (3.11) and considering vy, ~ vy, ~ % ~

174 GeV, vy ~ vy ~1 TeV, yyy ~yny ~ 1, b~ A3, with A = 0.225 and v = 246 GeV, we
estimate our model cutoff as A ~ 3 x 10> GeV, in order to naturally reproduce the smallness of
the light active neutrino masses.

In addition, we find that the light active neutrino masses are:

m; =0, my = 8.59 meV m3 =49.81 meV. (3.12)

From Table 2, it follows that the neutrino mass squared splittings, i.e., Am%] and Am%l, the

leptonic mixing angles 91(12), 02([3), 91(13) and the Dirac leptonic CP violating phase are consistent

with neutrino oscillation experimental data for the scenario of normal neutrino mass hierarchy. It
is remarkable that our model relies on only two effective parameters in the light active neutrino
sector that allows to successfully reproduce six neutrino physical observables: neutrino mass
squared splittings, leptonic mixing angles and Dirac leptonic CP violating phase. Let us note
that, for the inverted neutrino mass hierarchy, the obtained leptonic mixing parameters are very
much outside the 30 experimentally allowed range. Consequently, our model is only viable for
the scenario of normal neutrino mass hierarchy.

4. Charged lepton flavor violating decays

In this section we will discuss the implications of our model in the lepton flavor violating
decays u — ey, T — uy and T — ey. As mentioned in the previous section, the physical sterile
neutrino spectrum of our model is composed of four TeV scale neutrinos, which are practically
degenerate. These heavy sterile neutrinos mix the active ones, with mixing angles of the order

of ﬁlm (mp);, (i =1,2,3 and n = 1,2). The admixture of the heavy sterile neutrinos in the
N

left-handed charged current SU>;, x Uyy weak interaction, gives rise to the [; — [y decay at
one loop level, whose Branching ratio takes the form [28,164,165]:

3.2 .5
Ay Sy,

2567 2m3, T G

Br(li—>lj)/)= |2

9

2 2

m
Gij= " (B),, (R) 4 Gy m—’%: :2(R1R1T>iij -
k
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¥
(m*DmD)ij my

= 2 Gyl—= ]

my My

2x3 4+ 5x% —x 3x3

- 7 — 7 Inx.

4(1 —x) 2(1—x)
Thus, the Branching ratios for the © — ey, t — py and v — ey decays in our model are
respectively given by:

, = 4.1

2
9a%vs2Wb4viIumZ m12V
Br(li—>€)/)=ﬁ Gy — ,
2567 “my, I'ymiy my,
2
9aa,s%vb4vﬁlum2 m%v
Br@—>un)=-——-=79 =] -
256w =my, I'emy miyy
3 2144 5 2\ |2
oy Syb Uy, M m
Br(t — ey) = 2—4: G, —2N , 4.2)
256 =my, I'rm’y my,

being I'), =3 x 1071? GeV and I'; = 2.27 x 107!2 GeV the total muon and tau decay widths,

respectively. Fig. 1 shows the allowed parameter space in the my — bvy, and my — xév) and
my — tan 8 planes consistent with the LFV constraints. The plots of Fig. 1 were obtained by
randomly generating the parameters my, bvy, and xév) (keeping in mind that b = xév))\s (see
Eq. (3.4))) in a range of values where the Branching ratio for the © — ey decay is below its
upper experimental limit of 4.2 x 10713, To choose the region where bv H, Was varied, we chose

a scenario where vy, = 200 GeV with the dimensionless coupling x;}) in the range 1 < xév) <

V47, where the upper bound of v/4r for xév) corresponds to the maximum value allowed by
perturbativity. In what regards the third plot of Fig. 1, we have set xé”) equal to unity and we
have varied tan 8 = z:: in the range 5 < tan 8 < 50 as done in Ref. [166].

As seen from Fig. 1, the obtained values for the branching ratio of the u© — ey decay are
below its experimental upper limit of 4.2 x 10™!3 since these values are located in the range
8 x 1071 < Br(u— ey) < 1.8 x 10713, for a large region of parameter space of our model.
Furthermore, let us note that the branching ratio for the © — ey decay has a low sensitivity with
tan 8 when it is varied in the range 5 <tan g < 10.

In the same region of parameter space, we found that the branching ratios for the T — py
and T — ey decays are in the ranges 2 x 10713 < Br (t — uy) <1.6 x 1072 and 2 x 10714 <
Br (t — ey) < 1.8 x 10713, respectively, which is well below their upper experimental limits
of 4.4 x 107 and 3.3 x 10™°, respectively. Consequently, our model is highly consistent with
the constraints arising from lepton flavor violating decays for a large region of parameter space.
Given that future experiments such as Mu2e and COMET are expected to measure or bound
lepton conversion in nuclei with much better precision than the radiative rare lepton decays,
we proceed to determine the constraints imposed by lepton conversion in nuclei on the model
parameter space. It is worth mentioning that the branching ratio for the ©~ — e~ conversion
takes the form [165]:

r (/L’ + Nucleus (A, Z) — e~ + Nucleus (A, Z))
r (;1,— + Nucleus (A, Z) — v, + Nucleus (A, Z — 1))

CR(u—e)= 4.3)
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: 1.8 : : 2 . ]
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Fig. 1. Allowed parameter space in the my — bvy,, my — xév and m — tan 8 planes consistent with the LFV con-

straints. In the third plot xév) has been set equal to unity. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)

Using an Effective Lagrangian approach for describing lepton flavor violating processes as done
in [167] and considering the low momentum limit where the off-shell contributions from photon
exchange are negligible with respect to the contributions arising from real photon emission, the
dipole operators dominate the conversion rate thus yielding the following relations [165,167]:

1 1
CR(MTi%eTi)zﬁBr(,ueey) CR (uAl—)eAl)zﬁBr(/L—way)
“4.4)

It is worth mentioning that the Effective field theory treatment used in [167], is valid for super-
symmetric models like the one discussed in this paper.

Fig. 2 shows the CR (uTi — eT'i) (left plot) and CR (wAl — eAl) (right plot) parameters
as function of the sterile neutrino mass my for different values of the dimensionless coupling
xév). The black horizontal line in the left plot corresponds to the expected sensitivity of ~ 1018
of the CERN Neutrino Factory that will use Titanium as target [168]. On the other hand, the
black horizontal line in the right plot corresponds to the expected sensitivities of ~ 10717 of
the next generation of experiments such as Mu2e and COMET [169], where the Aluminum will
be used as a target instead. In these plots we have set tan8 = 5. These plots show that the
next generation experiments where the Titanium and Aluminum will be used as targets, will

rule out the part of the model parameter space where xév) 2 0.2 and xév) 2 0.4, respectively,
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Fig. 2. CR (uTi — eTi) (left plot) and CR (wAl — eAl) (right plot) as function of the sterile neutrino mass my for

different values of the dimensionless coupling xév). The black horizontal line in each plot corresponds to the expected
sensitivities of the next generation of experiments that will use Titanium [168] and Aluminum [169] as targets, respec-
tively. Here we have set tan § = 5.

for sterile neutrino masses larger than about 300 GeV. Consequently, a precise measurement
of lepton conversion in nuclei by future experiments will be crucial to set constraints on the
active-sterile neutrino mixing angles, which will be crucial to determine the allowed region of
parameter space of inverse seesaw models. Finally to close this section, it is worth mentioning
that our results regarding the charged lepton flavor violating processes are not generic features of
low scale seesaw models. The S4 flavor symmetry and the different auxiliary cyclic symmetries
introduced in our model, allows to get defined predictions for the branching ratios for the lepton
flavor violating decays u — ey, T — uy and t — ey. Depending on the discrete symmetries
assignments one can have, for instance sizeable T — ey decay, but strongly suppressed u — ey
and T — py processes as shown in the A4 flavor model of Ref. [98].

Fig. 3 shows the correlations of the Branching ratio for the & — ey decay with the leptonic
mixing angles as well as with the leptonic Dirac CP violating phase. To obtain these Figures,
the lepton sector parameters were randomly generated in a range of values where the neutrino
mass squared splittings, leptonic mixing angles and leptonic Dirac CP violating phase are inside
the 30 experimentally allowed range. The plots in Fig. 3 show that the Branching ratio for the
u — ey decay increases when the reactor 613 and atmospheric 6,3 mixing angles as well as the
leptonic Dirac CP violating phase §¢ p take larger values. On the other hand, the Branching ratio
for the u — ey decay decreases as the solar mixing angle 0y is increased.

5. Conclusions

We have proposed a minimal predictive inverse seesaw model based on two right-handed
neutrinos and two additional singlets, which yields the same low energy neutrino mass matrix as
in the Littlest Seesaw (LS) (type I) model. The model is called the Littlest Inverse Seesaw (LIS)
model and yields the mass matrix structures as shown in the Introduction.

In order to implement the LIS model, we have used an S4 family symmetry, supplemented
by the U (1) x Z3 x Z¢ x U (1) g group. The charged lepton mass hierarchy is produced by the
spontaneous breaking of the S4 x Z3 x Z¢ discrete group at very high energies. The nature of the
inverse seesaw mechanism is guaranteed by renormalizable and non-renormalizable mass terms
involving gauge singlet right handed Majorana neutrinos. These terms are generated after the
spontaneous breaking of the U (1) global symmetry at the TeV scale.

The resulting LIS model proposed here is the first low scale seesaw model which incorpo-
rates the successful predictions of the LS model, including the prediction of a normal neutrino
mass ordering, all arising from only two effective free parameters. However there is one cru-
cial phenomenological difference between the LS and the LIS models: the LIS model allows
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Fig. 3. Correlations between Br (i — ey) and the different lepton sector observables.

charged lepton flavor violating (CLFV) processes within the reach of future experimental sen-
sitivity. In addition, we have studied the implications of our model in the lepton conversion in
nuclei. We have found that in order that our model’s predictions for the CR (uTi — eTi) and
CR (LAl — eAl) effective parameters be lower than the expected sensitivities of the next gen-
eration of experiments that will use Titanium and Aluminum as targets, the effective neutrino
Yukawa coupling xév) has to be lower than about 0.2 and 0.4, respectively, for sterile neutrino
masses larger than around 300 GeV.

In summary, the LIS model predicts branching ratios for the charged lepton flavor violating
processes:  — ey, T — uy and T — ey in the ranges 8 x 10714 < Br (u — ey) < 1.8 x
10783, 2x 107 B <Br(t —» uy) <1.6x 1072 and 2 x 1074 < Br (t — ey) <1.8x 10713,
which will all present a target for the forthcoming CLFV experiments.

Declaration of competing interest

We certify that we do not have affiliations with or involvement in any organization or entity
with any financial interest (such as honoraria; educational grants; participation in speakers’ bu-
reaus; membership, employment, consultancies, stock ownership, or other equity interest; and
expert testimony or patent-licensing arrangements), or non-financial interest (such as personal or
professional relationships, affiliations, knowledge or beliefs) in the subject matter or materials
discussed in this manuscript.

Acknowledgements

This research has received funding from FONDECYT (Chile), Grants No. 1170803, CON-
ICYT PIA/Basal FB0821. A.E.C.H thanks University of Southampton and Institute of Experi-



14 A.E. Cdrcamo Herndndez, S.F. King / Nuclear Physics B 953 (2020) 114950

mental and Applied Physics of the Czech Technical University in Praga for hospitality, where part
of this work was done. SFK acknowledges the STFC Consolidated Grant ST/L000296/1 and the
European Union’s Horizon 2020 Research and Innovation programme under Marie Sktodowska-
Curie grant agreements Elusives ITN No. 674896 and InvisiblesPlus RISE No. 690575.

Appendix A. S4 symmetry

The Sy is the smallest non abelian group having doublet and singlet irreducible representa-
tions. Sy is the group of permutations of four objects, which includes five irreducible representa-
tions, i.e., 1,1/, 2, 3, 3 fulfilling the following tensor product rules [170]

33=10203473, IRI=19203073, 33 =1q2939073,

(A.1)
22=1012, 23=303, 203 =333, (A.2)
3l =3, I®l =3, 21 =2. (A.3)
Explicitly, the basis used in this paper corresponds to Ref. [170] and results in
A5 .B (AyB;) [4yB:]
(A)3X(B)3:(A'B)1+<A-z*-3> + | {A:B} | + | [A:B:] | (A4)
2 \ABY 5 \[AB)] ),
A-X-B (AyB:) [AyB:]
Ay x (B)3 = (A-B)1 + " + | {A:B} | +| [A:B<] | (A.5)
A-*B), B
{ x y} [AxB_V] 3
A.5.B (AyB:) [4,B:]
(A)3X(B)3/=(A'B)1’+<_A-z*-13) +| {A:B} | + | [A:B] | . (A6
2 {AxBy} /5 [AXB)] 3
AyBy
(A2 x B2 ={A:Byh +[AcBy ], +( 5 ) (A7)
xXHPx 2
A By (Ax + Ay) By (Ax — Ay) By
(AX> x| By | =| @A +wA)By | +| (@A —wA)B, | , (A.8)
y/2 B, ), (wAx +w*A))B; /| (A, —@?Ay)B; | 5,
A Bx (Ax + Ay)Bx (Ax - Ay)Bx
(AX> x| By | =| (@A +0A)By | +| (@A —wAy)B, | , (A.9)
Y2 \ B )y \(wA+0?A)B. |, \(wA,—?A)B. ],
with
A-B=A.B.+A,By+A,B,
{AxBy}) = A;By + Ay By,
[AxBy]=AxBy — AyB,,
A-Z-B=A,B, +wA,B, +w’A B,
A-T*-B=A,B, +w’A,By + wA,B,, (A.10)

2mi/3

where w = e is a complex square root of unity.
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Appendix B. The S4 flavored superpotential

In order to obtain the VEV configuration for the S4 doublet and triplet scalars shown in
Eq. (2.1), we consider the following S4 x U (1) x Z3 X Zg invariant superpotential:

W =1 (nm)1 X1 + k2 (pd)1 X2 + k3 (0,07 ), X3 + k4 (0e07)1 X4

+ic5 (0e0) 1 X5+ % [(m)2 0], X6

+Ij\_7 [(XX)3 G}L]l X7+ % [(XX)3 6‘!]1 Xg + Ij\_9 [(Wp)z §0]1/ X9

+KAﬁ [(e101), 0], X10+ KAl [E©20]y Xi1 + K12 (040,,) 5 @

K1s o
13 (0701)3 A + k14 (0000)3 © + == [(xx)20¢]3 E
=2kcimmX1 + 229162 X2 + k3 (01,017 + 02,020 + 03,037) X3

+K4 (01017 + 02027 + 03.037) X4

Ke (2 2
+k5 (0101 + 0202 + 03003, ) X5+ N (772472 — 711¢1) X6

K7
+X (o1ux2x3 + 02 X1 X3 + 03, X1 x2) X7

K8 K9 (3 3
+X (o1 X2X3 + 020 X1 X3 + 03¢ X1 x2) Xg + — <§02 — <P1> X9

A
K10
+7 [(pz (olzﬂ + a)azzﬂ + a)zafu) + @1 (Glzﬂ + a)zazzu + a)%ﬂ)] X10
K11
+ [0 (67 + 082 +0%7) — o1 (&7 + 063 +087) | x11

+2k12 (02,03, P1 + 01,03, P2 + 01,02, P3)
+2K13 (02:03: A + 01703: Ag + 01:02; A3)

+2k14 (0200301 + 01,03.02 + 01,02.03)

K15 —
- [(xlz + wx3 + wzx%) — (xlz + %3 + wx%)] 01081
K15 —
+ [wz (xf + x5 + wzxf) - (xf + o’ X3+ wx?)] 02082
K15 —
o [a) ()(12 +wx; + 0)2)(32) — (xlz + x5 + wx%)] 03¢ E3 (B.1)

Notice that there are two scales for the VEVs of the gauge singlet scalar fields of our model, i.e.,
the TeV scale and the large scale & LA, with A = 0.225. The singlet scalar fields having TeV
scale VEVs are charged under the global U (1) symmetry, whereas the remaining scalar singlets
are neutral under this symmetry and do acquire VEVs at the large scale. Because of this reason
higher order terms in the superpotential will not affect the stability of the VEVs.

From the superpotential given above, we find the following potential minimum conditions:

Uy Uy, =0,
v¢| v¢2 = 0, (B.Z)
Vo1, Vxa Uxs Voo, Vi1 Vys + Vo3, Uy Uy = 0,

viz Vg, — v%l vg, =0, (B.3)
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Va1 Vya Uys F Voo, Uy Vs F Vo, Uy Uy =0, (B.4)
v"'lu. Vo, + v”Z;t Voy, + v”}p. Vo3, = 0’
3 3 _
Vg, = Vg, = 0, (B.5)
Vo1, Yoy, F Vo, Voy, + Vo3, Vo3, =0, (B.6)
Vo1, Vo1, + Voy, Vo, + Vo3, Vo3, =0, B.7)
Vg, (vgm + a)vgzﬂ + wzvé) + vy, (v(z,m + a)zvgm + wvéu) =0, (B.8)
Vg, (v?l + a)vgz + wzvé) — Vg, (vgl + a)zvsz2 + a)vé) =0, (B.9)
Uy Vg + VoV + Uy3 Vg3 =0,
Vg, Vgy + Vg, Vg, + Vg0 =0, (B.10)
UJZM Uglﬂ = 01
Vo3, Vo, = 0, (B.11)
UJI;L v03# = Os
Vs, Vo, =0, (B.12)
va3r vU2r = O’
Vo1, Vo, =0, (B.13)
[(v?“ + wv)2<2 + a)zv)z(s) — (v)z(l + a)zv)z(2 + a)v)zg)] Vg, =0, (B.14)
[a)2 (v)z(l + a)v)z(2 + w2v§3) —w (v)z(l + a)zv)z(2 + a)v)zg)] Vg, =0, (B.15)
2 2 2.2 2(.2 2.2 2 _
[a) (le + vy, to vX3) —w (le + w7y, +a)vx3)] Vg, = 0. (B.16)
Combining Eqgs (B.2) and (B.3) we find:
Uy, = Vg, =0, vy #0, vg, # 0, or U = Vg, =0,
vy, #0, vy, 70 (B.17)
Furthermore, from Eq. (B.5), we get:
Vg, = Vg, » Vg, = w*! Vg, » or Vg, = a)jtlv(p2 (B.18)

We proceed to choose the solution:

() =v, (1, 0), (@) =vy (0, 1), (m=vy(1,0). (B.19)
Then, using the above given VEV configuration for ¢, Egs. (B.8) and (B.9) take the form:

v2 +v2

Olp o3

=0, v;, — v, =0. (B.20)

Restricting to real solutions for the components of the VEV patterns for the Sy scalar triplets,
from Egs. (B.20), (B.11) and (B.12), we find:

(o1) = s, (0,1,0). (B.21)

Thus, replacing Eq. (B.21) in Egs. (B.6) and (B.7) yield the following VEV pattern for the S4
scalar triplet o,:
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(0e) = o, (1,0,0). (B.22)
Furthermore, from Eq. (B.20), we find:

(&) =vg (1,1, £1), or (&) =ve (L, 1, F1). (B.23)
We choose the following solution:

() =vg(1,3,1). (B.24)

Replacing the VEV pattern of the Sy triplet o, given by Eq. (B.21) in Egs. (B.5), (B.12) and
(B.13), we get:

(07) =0, (0,0, 1). (B.25)
Furthermore, combining Eqs. (B.3), (B.4), (B.21) and (B.25) yield the following relations:
Uy Uys =0, Vy Uy, =0, (B.26)
which implies one of the following solutions:
vy, =0, Uy, #0, Uy, 70, or Uy, = Uy, =Vy; =0. (B.27)

‘We choose the nontrivial solution:

vy, =0, Uy, #0, Uy; # 0. (B.28)
Besides that, from Eqs. (B.22) and (B.14), we find:
vy, — vy, =0. (B.29)

Consequently, the Sy triplet x has the following VEV configuration:
(x)=vy (0,1, 1). (B.30)

Thus, the potential minimum conditions yield the following VEV patterns for the S4 doublets
and triplet scalars of our model:

(p) =1y (1, 0), (#) =1y (0,1), (n =v,(1,0), (x)=v,(0,1,1),

(5)205 (15371)7 <U;.L>:U(TM (05170)7 (O—T>:Uo'f (0907 1),

(0e) =g, (1,0,0). (B.31)
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