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We study the possibility of generating nonzero reactor mixing angle 6,3 by perturbing the y —7
symmetric neutrino mass matrix. The leading-order y — 7 symmetric neutrino mass matrix originates from
a type I seesaw mechanism, whereas the perturbations to 4 — 7 symmetry originate from a type II seesaw
term. We consider four different realizations of 4 —  symmetry, bimaximal mixing, tribimaximal mixing,
hexagonal mixing, and golden ratio mixing, all giving rise to 83 = 0, 8,3 = 7 but different nonzero values
of solar mixing angle 6;,. We assume a minimal x — 7 symmetry breaking type Il seesaw mass matrix as a
perturbation and calculate the neutrino oscillation parameters as a function of type II seesaw strength.
We then consider the origin of nontrivial leptonic CP phase in the charged lepton sector and calculate the
lepton asymmetry arising from the lightest right-handed neutrino decay by incorporating the presence of
both type I and type II seesaws. We constrain the type Il seesaw strength as well as the leptonic CP phase
(and hence the charged lepton sector) by comparing our results with experimental neutrino oscillation
parameters as well as the Planck bound on the baryon-to-photon ratio. Finally, we extend our analysis on
lepton flavor violating decays like 4 — ey and u — eee due to the exchange of a TeV scale Higgs triplet
scalar within the low scale type Il seesaw framework. The branching ratios for these lepton flavor processes
are examined with the small type II perturbation term w, and the estimated values are very close to the

experimental bound coming from current search experiments.
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I. INTRODUCTION

The standard model (SM) of particle physics has been
established as the most successful theory describing all
fundamental particles and their interactions except gravity,
especially after the discovery of its last missing piece, the
Higgs boson in 2012. Despite its huge phenomenological
success, the SM fails to explain many observed phenomena
in nature. The origin of tiny neutrino mass and matter-
antimatter asymmetry are two of such phenomena that can
be explained only within the framework of some beyond
the standard model (BSM) physics. Neutrinos that remain
massless in the SM have been shown to have tiny but
nonzero mass (12 orders of magnitude smaller than the
electroweak scale) by several neutrino oscillation experi-
ments [1]. Recent neutrino oscillation experiments T2K [2],
Double ChooZ [3], Daya-Bay [4], and RENO [5] have not
only made the earlier predictions for neutrino parameters
more precise but also predicted the nonzero value of the
reactor mixing angle 8,5 as shown in Table I. Recent global
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fits for different oscillation parameters within their 3o range
taken from Refs. [6] and [7] are presented below in Table II.

Several BSM frameworks have been proposed to explain
the origin of tiny neutrino mass and the pattern of neutrino
mixing. Tiny neutrino mass can be explained by seesaw
mechanisms, which broadly fall into three types, type I [8],
type I1 [9], and type III [10], whereas the pattern of neutrino
mixing can be understood by incorporating additional
flavor symmetries.

The neutrino oscillation data before the discovery of
nonzero #y3; were in perfect agreement with the u —7
symmetric neutrino mass matrix. Four different neutrino
mixing patterns that can originate from such a py—7
symmetric neutrino mass matrix are bimaximal mixing
(BM) [11], tribimaximal mixing (TBM) [12], hexagonal
mixing (HM) [13], and golden ratio mixing (GRM) [14].
All these scenarios predict 0,3 = 45°, 0,3 = 0 but different
values of solar mixing angle 6,, = 45° (BM), 0,, = 35.3°
(TBM), 6, =30° (HM), and 6, =31.71° (GRM).
However, in view of the fact that the latest experimental
data have ruled out sin? ;3 = 0, one needs to go beyond
these p — v symmetric frameworks. Since the experimental
value of 6,5 is still much smaller than the other two mixing
angles, 4 — v symmetry can still be a valid approximation,
and the nonzero 6,5 can be accounted for by incorporating
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the presence of small perturbations to p —7 symmetry
coming from different sources like charged lepton mass
diagonalization, for example. Several such scenarios have
been widely discussed in Refs. [15,16], and the latest
neutrino oscillation data can be successfully predicted
within the framework of many interesting flavor symmetry
models.

Apart from the origin of neutrino mass and mixing, the
observed matter antimatter asymmetry also remain unex-
plained within the SM framework. The observed baryon
asymmetry in the Universe is encoded in the baryon-to-
photon ratio measured by dedicated cosmology experi-
ments like Wilkinson Mass Anisotropy Probe, Planck, etc.
The latest data available from the Planck mission constrain
the baryon-to-photon ratio [17] as

Y5 = (6.065 = 0.090) x 1071°. (1)

Leptogenesis is one of the most widely studied mecha-
nisms of generating this observed baryon asymmetry in
the Universe by generating an asymmetry in the leptonic
sector first and later converting it into baryon asymmetry
through electroweak sphaleron transitions [18]. As
pointed out first by Fukugita and Yanagida [19], the
out-of-equilibrium CP-violating decay of heavy Majorana
neutrinos provides a natural way to create the required
lepton asymmetry. The salient feature of this mechanism
is the way it relates two of the most widely studied
problems in particle physics: the origin of neutrino mass
and the origin of matter-antimatter asymmetry. This idea
has been implemented in several interesting models in the
literature [20-22]. Recently, such a comparative study was
done to understand the impact of mass hierarchies, Dirac
and Majorana CP phases on the predictions for baryon
asymmetry in Ref. [23] within the framework of left-right
symmetric models.

In the present work, we propose a common mechanism
that can generate the desired neutrino mass and mixing
including nonzero #;; and also the matter-antimatter
asymmetry. We extend the SM by three right-handed
singlet neutrinos and one Higgs triplet such that both
type I and type II seesaws can contribute to neutrino mass.
The type I seesaw is assumed to give rise to a y—7
symmetric neutrino mass matrix with 8,3 = 0, whereas the
type II seesaw acts as a perturbation that breaks the y — 7
symmetry resulting in nonzero €5. Similar works have
been done recently in which the type II seesaw was
considered to be the origin of 8,3 [24] as well as nonzero
Dirac CP phase 6 [25] by assuming the type I seesaw
giving rise to TBM-type mixing. Some earlier works
studying neutrino masses and mixing by using the interplay
of two different seesaw mechanisms can be found in
Refs. [26-28]. In this work, we generalize earlier studies
on TBM-type mixing to most general y — 7 symmetric
neutrino mass matrices and check whether a minimal form
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of the 4 — 7 symmetry breaking type II seesaw can give rise
to the correct value of reactor mixing angle 6;5;. We then
calculate the predictions for other neutrino parameters as
well as observables like the sum of absolute neutrino
masses  » ;|lm;| and effective neutrino  mass
m,, = |>_;U%m;|. We check whether the sum of absolute
neutrino masses obeys the cosmological upper bound
> ilm;| <0.23 eV [17] and whether the effective neutrino
mass m,, lies within the bounds coming from neutrinoless
double beta decay experiments. We also calculate the
lepton asymmetry by considering the source of leptonic
Dirac CP violation in the charged lepton sector. From the
requirement of generating correct neutrino parameters and
baryon asymmetry, we constrain type Il seesaw strength
and the Dirac CP phase, and at the same time discriminate
between neutrino mass hierarchies, different lightest neu-
trino masses, and different 4 — 7 symmetric mass matrices.

To that end, the lepton flavor violating decays like
u — ey and u — 3e with mediation of the TeV scale
Higgs triplet scalar has been carefully examined. In the
present work, we have considered the type II seesaw
contribution to light neutrino mass m, = f,v,, where v, =
foav?/V/2M? is the induced vacuum expectation value
(VEV) of the neutral component of the Higgs triplet scalar,
as a subdominant term (of the order of 0.001 eV) as
compared to the dominant type I seesaw contribution. If f,
is assumed to be taken at its natural value O(0.1-1.0), then
sub-eV scale light neutrino mass can be generated in a
twofold way: (i) either by a large Higgs triplet mass M, [9]
or (ii) by a small value of ug,. It makes the possibility of
probing the standard type Il seesaw mechanism at high-
energy accelerator experiments with large seesaw scale
M, > 10'3 GeV and the associated lepton flavor violating
(LFV) processes heavily suppressed. Alternatively, if the
type II seesaw mechanism is operative at the TeV scale,
then the resulting LFV processes are prominent, and same-
sign dilepton signatures are one of the prime focuses at the
LHC. Within the low scale type II setup, the seesaw relation
for Higgs triplet VEV is consistent with small trilinear mass
term pgp and the TeV scale Higgs scalar triplet mass. We
wish to examine the associated LFV processes that can
originate via the Higg triplet scale, and the corresponding
branching ratios for them are significant enough to be
probed at ongoing search experiments if the mass of the
triplet scalar is in the TeV range.

The plan of the paper is sketched in the following
manner. In Sec. II, we discuss the methodology of the
type I and type II seesaw mechanisms. In Sec. III, we
discuss the parametrization of different 4 — ¢ symmetric
neutrino mass matrices. We then discuss deviations from
u — 7 symmetry using the type II seesaw in Sec. IV. In
Sec. V, we discuss CP violation and outline the mechanism
of leptogenesis in the presence of the type I and type II
seesaws. In Sec. VII, we discuss our numerical analysis and
results and then finally conclude in Sec. VIIL

095020-2



PERTURBATIONS TO THE ... . I SEESAW MECHANISM
II. SEESAW MECHANISM: TYPE I AND TYPE II

The type I seesaw [8] mechanism is the simplest
possible realization of the dimension-5 Weinberg operator
[29] for the origin of neutrino masses within a renormaliz-
able framework. This mechanism is implemented in the
standard model by the inclusion of three additional right-
handed neutrinos (vh,i = 1,2,3) as SU(2), singlets with
zero U(1), charges. Being singlet under the gauge group,
bare mass terms of the right-handed neutrinos My are
allowed in the Lagrangian. On the other hand, in the type II
seesaw [9] mechanism, the standard model is extended by
inclusion of an additional SU(2), triplet scalar field A
having U(1), charge twice that of lepton doublets with its
2 x 2 matrix representation as

A < AT /\/E ATT )
A —AT/V2)
Thus, the gauge-invariant Lagrangian relevant for the
type I plus type II seesaw mechanism is given as

L= (D,®)"(D*®) + Tr(D,A) (DFA) — L5 — V(®, A),
(2)

with the leptonic interaction terms,

~ 1
,Cy = yijfi(I)I/R + fl]flTC(sz)AfJ + EU;;C—]MRI/R + h.c.
3)

Here, £, = (v,e)!, ® = (¢°,¢7)7, and C is the charge
conjugation operator. The scalar potential of the model
using the SM Higgs doublet ® and Higgs triplet scalar A;
is

V(®,A) = 07D + 4, (DTD)? + A Tr(ATA)
+ /12 [Tr(A*A)]Z + /13Det(A+A)
+ Ay (DT D)Tr(ATA) + A5(D17,®)Tr(ATr,A)
1
+ R
\/El’t(I)A

With the vacuum expectation value of the SM Higgs
(®%) = v/+/2, the trilinear mass term g, generates an
induced VEYV for the Higgs triplet as (A%) = v, /1/2 where
va = ppav?/V/2M?, and the resulting 6 X 6 neutrino mass
matrix after electroweak symmetry breaking reads as

e <m;L i ) .

mpg  Mgg

(®Tir,A®) + h.c. (4)

where m; r = y,v is the Dirac neutrino mass, m;; = f,va
is the Majorana mass for light active neutrinos, and mgy is
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the bare mass term for heavy sterile Majorana neutrinos.
Within the mass hierarchy Mg > m;r > my;, the seesaw
formula for the light neutrino mass is given by

m,=mp; =mp; +mi, (6)

where the formula for the type I seesaw contribution is
presented as

myy = —mppMgpmi g, (7)

where m; p is the Dirac mass term of the neutrinos that is
typically of the electroweak scale. Demanding the light
neutrinos to be of the eV scale, one needs M g to be as high
as 10'* GeV without any fine-tuning of Dirac Yukawa
couplings, whereas the type Il seesaw contribution to the
light neutrino mass is given by

milL = vaAv (8)

where the analytic formula for the induced VEV for a
neutral component of the Higgs scalar triplet, derived from
the minimization of the scalar potential, is

vy = (A0) = Hos?” ©)

In the low scale type II seesaw mechanism operative at the
TeV scale, barring the naturalness issue, one can consider a
very small value of the trilinear mass parameter to be

HeA = 10_8 GCV,

where the Higgs scalar triplet mass lies within the
TeV range, which gives the interesting phenomeno-
logical possibility of being produced in pairs at LHC. The
sub-eV scale light neutrino mass with type II seesaw
mechanism constrains the corresponding Majorana
Yukawa coupling as

M
f2<14x1075( =2 ).
1 TeV

Within the reasonable value of f, = 1072, the triplet Higgs
scalar VEV is v, = 1077 GeV, which is in agreement with
the oscillation data. It is worth noting here that the tiny
trilinear mass parameter p4, controls the neutrino overall
mass scale but does not play any role in the couplings with
the fermions, thereby making the lepton flavor violion
studies more viable.

III. ¢ — = SYMMETRIC NEUTRINO
MASS MATRIX

The y — v symmetric neutrino mass matrix is one of the
most widely studied neutrino mixing scenario in the
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literature. In this work, we consider four different types of
1 — 7 symmetric neutrino mass matrices: BM, TBM, HM,
and GRM. These scenarios predict 613 =0,0; =1,
whereas the value of 6, depends upon the particular
model. Since #;;3 = 0 has been ruled out by latest neutrino
oscillation experiments, the p —7 symmetry has to be
broken appropriately in order to account for the correct
neutrino oscillation data. We assume these four different
M — T symmetric neutrino mass matrices to originate from
the type I seesaw mechanism, whereas the type II seesaw
term acts as a perturbation that breaks g — 7 symmetry in
order to produce the correct neutrino oscillation parameters.

The u —7 symmetric BM-type neutrino mass matrix
originating from the type I seesaw can be parametrized as

A+B F F
F B A

This has eigenvalues m, :A+B+\/§F,m2:A+B—ﬂF,
and m; = A — B. It predicts the mixing angles as 6,3 =
01, = 45°and 0,53 = 0. It clearly shows that only the first
mixing angle 6,3 is still allowed from oscillation data,
whereas 6, =45° and 6,3 =0 have been ruled out
experimentally.

The p — 7 symmetric TBM-type neutrino mass matrix
originating from the type I seesaw can be parametrized as

A B B
B A+F B-F |, (11)
B B-F A+F

mpy =

which is clearly pg—7 symmetric with eigenvalues
m =A—-B, my=A+2B, and my=A—-B+2F. It
predicts the mixing angles as 0y, = 35.3°, 6,3 = 45°, and
013 = 0. Although the predictions for first two mixing
angles are still allowed from oscillation data, 613 =0
has been ruled out experimentally at more than 9¢
confidence level.

In the same way, the 4 — 7 symmetric HM-type neutrino
mass matrix can be written as

A B B
B 1(A+228+F) 1(a+2,/2B-F)
B 3(a+2\38-F) 1(a+2\/2+F)

(12)

This has eigenvalues m; = 1 (3A — V6B), m, = A + /6B,
and m3 = F . This predicts the mixing angles to be
0,3 = 45°,0,, = 30° and 6,3 = 0. Oscilation data still
allow 0,3 = 45° and 6,, = 30°, whereas 6,5 = 0 is ruled

mpy =
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out. For the GRM pattern, the y — 7 symmetric neutrino
mass matrix can be written as

A B B
my = | B F A+V2B-F |, (13)
B A++V2B-F F

giving the eigenvalues equal to m; = %(2A +v2B-
V10B),my =1(2A+ V2B + V10B), and m; = —A—
V2B + 2F. This gives rise to neutrino mixing angles as
0,3 = 45° 0,, = 31.71°, and 0,3 = 0. Apart from 6,3, the
other two mixing angles are still within the 36 range of
neutrino mixing angles.

IV. DEVIATIONS FROM u — © SYMMETRY

For simplicity, we assume the type Il seesaw mass matrix
to be of minimal form while ensuring, at the same time, that
it breaks the y — 7 symmetry in order to generate nonzero
015. The form of the neutrino mass matrix arising from type
IT seesaw only is taken as

0 —-w
m, =1 -w w 0 |. (14)
w 0 —-w

The structure of this mass matrix, although it looks ad hoc,
can, however, be explained within generic flavor symmetry
models like A,. Within the framework of the seesaw
mechanism, neutrino mass and mixing have been exten-
sively studied by many authors using discrete flavor
symmetries [30] available in the literature. Among the
different discrete flavor symmetry groups, the group of
even permutations on four elements A; can naturally
explain the p — 7 symmetric mass matrix obtained from
the type I seesaw mechanism. Without going into the
details of generating a 4 — 7 symmetric mass matrix within
A, models, an exercise performed already by several
authors, here we briefly outline one possible way of
generating the type Il seesaw mass matrix (14) within an
A, model. This group has 12 elements having 4 irreducible
representations, with dimensions n;, such that Y _;n? = 12.
The characters of the four representations are shown in
Table VII. The complex number  is the cube root of unity.
The group Ay has four irreducible representations, namely,
1,117, and 3. In generic A4, models, the SU(2), lepton
doublets I = (1,,1,.1,) are assumed to transform as triplet 3
under A,;, whereas the SU(2), singlet charged leptons
e, u¢, ¢ transform as 1,1’,1”, respectively. In type I
seesaw scenarios, the SU(2), singlet right-handed neutri-
nos v¢ transform as a triplet under A,. Since we are trying to
explain the structure of the type II term only, we confine our
discussion to the lepton doublets only. We introduce three
scalars {;, 5,3 transforming as 1,1’,1” under A,. The
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SU(2), triplet Higgs field A; is assumed to be a singlet

under A4. Thus, the type II seesaw term can be written as

LM = fLE + &+ EG)AL/A,

where A is the cutoff scale and f is a dimensionless
coupling constant.

The decomposition of the [I{;,; terms into the A4
singlet gives

gy = (L1, + 1,1 + 1.1,)¢,
g, = (lyly + lelr + lrle)§2
ey = (Ll + 11, + 1,1,)C5.
Assuming the vacuum alignments of the scalars as

(¢1) = 0,(&y) = A, (&3) = —A, we obtain the type II see-
saw contribution to neutrino mass as

0 —fe])  floR)
miy, = | =f(8])  f(5) o . (5
£(o%) 0 —f(oL)

which has the same form as (14) if we denote £(8?) = fuv;
as w. We adopt this minimal structure of the type II seesaw
mass matrix for our numerical analysis.

V. CP VIOLATION AND LEPTOGENESIS

Leptogenesis is one of the most widely studied mech-
anisms to generate the observed baryon asymmetry of the
Universe by creating an asymmetry in the leptonic sector
first, which subsequently gets converted into baryon

|

C12€13
Upmns =

is
$12823 = C12€23513€

where Cij = COSGij,Sl-/- = Sinel‘]‘,

is
—S812€23 — C12523513€
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asymmetry through B + L-violating sphaleron processes
during electroweak phase transition. Since quark sector CP
violation is not sufficient for producing observed baryon
asymmetry, a framework explaining nonzero 6,3 and
the leptonic CP phase could not only give a better
picture of leptonic flavor structure but also the origin of
matter-antimatter asymmetry.

In a model with both type I and type II seesaw
mechanisms at work, there are two possible sources of
lepton asymmetry: either the CP-violating decay of the
lightest right-handed neutrino or that of the scalar triplet.
Recently, such a work was performed in Ref. [23], where
the contributions of the type I and type II seesaws to baryon
asymmetry were calculated without assuming any specific
symmetries in the type I or type II seesaw matrices. In
another work [25], the type II seesaw was considered to be
the origin of the nonzero 6,5 and nontrivial Dirac CP phase
simultaneously, and baryon asymmetry was calculated
taking the contribution only from the type II seesaw term.
In the present work, both type I and type II seesaw mass
matrices are real, and hence the diagonalizing matrix U, of
neutrino mass matrix is also real, giving rise to trivial values
of the Dirac CP phase. Thus, the only remaining source of
CP violation in the leptonic sector is the charged lepton
sector. We note that the Pontecorvo—Maki—Nakagawa—
Sakata (PMNS) leptonic mixing matrix is related to the
diagonalizing matrices of neutrino and charged lepton mass
matrices U, U;, respectively, as

Upmns = U} U,. (16)

The PMNS mixing matrix can be parametrized as

—i6

$12€13 S13€
is
C12C23 — §128523513€ $23C13 | (17)
is
—C12823 — §12€23513€ C€23C13

and 0 is the Dirac CP phase. Our goal is to generate correct values of neutrino

mixing angles including nonzero 6,53 with the combination of type I and type II seesaws. Since, the neutrino mass
matrix is real without any phase, its diagonalizing matrix U, is also real and takes the form of Upyg after setting &
to zero. Thus, the charged lepton mass diagonalizing matrix U,, the only source of nonzero CP phase J, can be
written as

(1 —e)c1381302
(=1 +eP)eaasizsn |- (18)

2 2 (2 —i5 2
1y + 573523 + €70c3;3)

(1 —e™)c1381383
¢ty + 513(c33 + e7s3;)

(=1 +e™)exsizsn

¢y + eifsk,
U= | (=1 +e®)cizsizsn
(=1 +e®)eizs1363
We derive this form of U, such that U,T U, gives the desired form of the PMNS mixing matrix (17). If we assume that

this matrix U, also diagonalizes the Dirac neutrino mass matrix mp, the CP phase originating in the charged lepton
sector can affect the lepton asymmetry as we discuss below.
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In our work, we are considering CP-violating out-of-
equilibrium decay of heavy right-handed neutrinos into a
Higgs and lepton within the framework of the dominant
type I and subdominant type II seesaw mechanisms. In
principle, the decay of the Higgs triplet having masses a
few hundred GeV can contribute to the CP asymmetry in
the lepton sector having prominent gauge interaction
along with the as usual CP asymmetry due to heavy
(> 10° GeV) right-handed neutrino decays without having
any gauge interaction. The washout factors in the case of
CP asymmetry due to triplet decay are large, and thus the
net CP asymmetry is negligible. For simplicity, we
consider only the right-handed neutrino decay as a source
of lepton asymmetry and neglect the contribution coming
from triplet decay. The lepton asymmetry from the decay
of the right-handed neutrino into leptons and a Higgs
scalar is given by

g . (19)

M LNy - L, + H)+ T (N, = L; + H)

i

In a hierarchical pattern for right-handed neutrinos
M, ;> M, it is sufficient to consider the lepton asym-
metry produced by the decay of lightest right-handed
neutrino N; decay. In a type I seesaw framework where
the particle content is just the standard model with three
additional right-handed neutrinos, the lepton asymmetry is
generated through the decay processes shown in Fig. 1. In
the presence of the type II seesaw, N; can also decay
through a virtual triplet as can be seen in Fig. 2. Following
the notations of Ref. [21], the lepton asymmetry arising
from the decay of N, in the presence of the type I seesaw
only can be written as

1 1

8zv* (mZRmLR) 11

Y Im((m} ) 1 (m] gy )1 (myR) )9 (x;)
J=23
1 1

2
8zv (mZRmLR)Il

a
€]

1

X Z Im[(m] ) o1 (mZRmLR)jl (mLR)aj] 1% (20)

j=2.3 J

where v = 174 GeV is the VEV of the Higgs bidoublets
responsible for breaking the electroweak symmetry,

g(x):\/)_c<l+11 —(1+x)1n1+x>,

- X X

and x; = M7/M3. The second term in the expression for
€] above vanishes when summed over all the flavors
a = e, u,7. The sum over flavors is given by
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1 1 Zlm[(mZRmLR)%j]g(xj). (21)

€ = 2,
87 (mLRmLR)llj=2,3

After determining the lepton asymmetry €, the corre-
sponding baryon asymmetry can be obtained by

€
Yp=cxk— 22
p=oxs 22)

through electroweak sphaleron processes [18]. Here, the
factor ¢ is a measure of the fraction of lepton asymmetry
being converted into baryon asymmetry and is approx-
imately equal to —0.55. « is the dilution factor due to the
washout process that erases the produced asymmetry and
can be parametrized as [31]

—k =V0.1K exp[-4/(3(0.1K)%%)], for K > 10°
2L, for 10 < K < 10°
K(InK)6
1
=———— for0<K <10, 23
2VK*+9 )
where K is given as
K — Iy _ (migmig) uMi  Mp
H(T =M,) 8mv? 1.66,/g. M7

Here, I'; is the decay width of Ny, and H(T = M) is the
Hubble constant at temperature 7 = M. The factor g, is
the effective number of relativistic degrees of freedom at
T = M, and is approximately 110.

We note that the lepton asymmetry shown in Eq. (21)
is obtained by summing over all the flavors a = e, u, .
A nonvanishing lepton asymmetry is generated only
when the right-handed neutrino decay is out of equilib-
rium. Otherwise, both the forward and the backward
processes will happen at the same rate, resulting in a
vanishing asymmetry. Departure from equilibrium can be
estimated by comparing the interaction rate with the
expansion rate of the Universe. At very high temper-
atures (T > 102 GeV), all charged lepton flavors are
out of equilibrium, and hence all of them behave
similarly resulting in the one-flavor regime. However,
at temperatures 7 < 10'2 GeV (T < 10° GeV), inter-
actions involving tau (muon) Yukawa couplings enter
equilibrium, and flavor effects become important [32].
Taking these flavor effects into account, the final baryon
asymmetry is given by
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)+ o5

2flavor __

~12 151 344
Y3ﬂav0r — e [ 2V~ €u
375 [el”<179 m) ”(537 ”>
(3
€
537" ) |
where €, = ¢ + €\, my = m, +ni, M, = (mzk)zx/l(lmw)al.

The function 7 is given by

i) i, S (02107 6V <]
MMa) =1\ 825% 102 eV i, ‘

In the presence of an additional scalar triplet, the right-
handed neutrino can also decay through a virtual triplet
as shown in Fig. 2. The contribution of this diagram to
lepton asymmetry can be estimated as [33]

PR M, Zj=2,3lm[(mLR)lj(mLR)la(MzI/I*)ja] (24)
al 8v? > j—2al(mer) I

For the calculation of baryon asymmetry, we go to the
basis in which the right-handed Majorana neutrino mass
matrix is diagonal:

UM Uy, = diag(M,, My, M3). (25)

In this diagonal My basis, the Dirac neutrino mass matrix
also changes to

myg = mj pUp. (26)
where m{  is the Dirac neutrino mass matrix given by
mp = UmipU]. (27)

Here, md is the diagonal form of the Dirac neutrino mass
matrix in our calculation given by

mo0 0
mipg=10 2 0|my, (28)
0 0 1

where 1 = 0.22 is the standard Wolfenstein parameter and
(m, n) are positive integers. As mentioned earlier, U, is the
matrix that is assumed to diagonalize both the charged
lepton and Dirac neutrino mass matrices.

VI. LEPTON FLAVOR VIOLATION

It is known that neutrino flavor is violated in the neutrino
sector from the experimental observed oscillation phenom-
ena. In the previous sections, we have presented the model
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for explaining the nonzero values of reactor mixing angle
015, as revealed from a recent oscillation experiment, by
perturbation method. The idea is to take the type I seesaw
contribution as the leading term in the neutrino mass matrix
with the various choices for mixing matrices such as
bimaximal, tribimaximal, hexagonal, and golden ratio
types with uniquely predicting 8,3 = 0. In the second step,
the nonzero value for reactor mixing angle can be found by
adding a small perturbation matrix (type II seesaw term in
the present work) parametrized by @ to the leading-order
mass matrix (type I seesaw term). It is numerically
examined that the overall scale of the perturbation w is
derived to be the order of 0.001 eV.

The analytic expression for the Higgs triplet VEV
generated from the trilinear mass term pg, in the scalar
Lagrangian given in Eq. (4) is given as

Ua = M@sz/\/iM27 (29)

with v? =12 + 1% = (174 GeV)?. The resulting mass
formula for neutrino mass is m, = f,v,. The numerical
value of the perturbation term w = f, v, crucially depends
upon the Majorana coupling f,, trilinear mass parameter
Uon, and M, which is fixed around the TeV scale. Thus, the
required value of @ = 0.001 eV can be easily obtained by
choosing these parameters appropriately. We intend to
examine possible lepton flavor violation within the present
framework with the TeV scale scalar triplet.

Within the present framework having the type I 4 type 11
seesaw mechanism having the TeV scale Higgs triplet and
heavy right-handed Majorana neutrinos, there are various
Feynman diagrams contributing to the LFV processes like
u— ey, — eee, and u — e conversions inside a nucleus.
They are arising from exchange of (i) light neutrino
exchange, (ii) heavy neutrinos through light-heavy neutrino
mixing proportional to Mp/Mp, and (iii) charged Higgs
scalars. The light neutrino contribution is heavily sup-
pressed (Br(u — ey) = 107") and heavy neutrino contri-
bution is very much suppressed as well due to large mass
for a right-handed Majorana neutrino, My > 10° GeV.
Thus, the Higgs triplet scalar with TeV mass range can
contribute to various LFV processes as shown in Fig. 3 for
u — ey and Fig. 4 for u — eee,

. M * 2
Br;rfl:fr}, =0.01 x —ZVL (L;)zl
gL A++
4 ey |2
vt (mf!my "),
=001 x| TR RE L (30)
A A
where we have used My, =1/2g,v and m! =

o= (0(0.001) eV. Using vy =107 =107 GeV, v =
174 GeV, and a doubly charged Higgs scalar mass around

300 GeV, the model prediction for Br:fffiy is found to be
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Br(u = € +7)|ieory <42 x 1071, The current experi-
mental constraint on u — ey is

Br(u = € +7)|exp < 2.4 x 10712

at 90% C.L [34] Although the predicted value of the
branching ratio for LFV decays u — ey is beyond the
reach of current experimental sensitivity (for more
details, see Refs. [35,36]), it is hoped that it can be probed
at a future experiment [37] that is planned to reach
Br( — € +7) e = x1071°.

Another important LFV decay is u — 3e, shown in
Fig. 4, for which the branching ratio is found to be

4
Brtriplet ~ lMWL (ffT)IZ 2 ~ 11‘)_4 (mllllml{/IT>12 2 (31)
u=de gt Miz+ 20} Miz+

For numerical evaluation, consider v, = eV, f = 1073,
and M+ = (300-1000) GeV results Br(u — 3e)=
10~12-10716, which is accessible to the ongoing or future
planned search experiments. The present experimental
upper bound for the u — 3e process is Br(u — 3e) < 1.0 x
102 [38], while it is planned to reach Br(u — 3e) <
10716 [39].

VII. NUMERICAL ANALYSIS

To begin with, we write down the light neutrino mass
matrix m;; in terms of (complex) mass eigenvalues mi;, m,,
ms, and PMNS mixing matrix Upyns = U, working in a
basis in which the charged lepton mass matrix is already
diagonal, as

m, = U*diag(m;, m,, m3)U". (32)

The mixing matrix U is parametrized in terms of three
neutrino mixing angles 6,3, 01,, and 0,3 and a Dirac phase
0. The two Majorana phases are absorbed in mass eigen-
values m; instead in the mixing matrix U. Here, the two
Majorana phases are simply taken to be zero for subsequent
numerical analysis.

At the first step of numerical analysis, we have consid-
ered particularly four choices of U and m,, so that 8,3 = 0
and 6,3 is maximal with the general form of the mixing
matrix at leading order as

PHYSICAL REVIEW D 90, 095020 (2014)

C12 S12 0
U= | -sp/V2 cp/vV2 -1/V2 . (33)
—Slz/\/E Clz/\/§ 1/\/§

We start writing the relevant matrix form for light neutrino
mass satisfying ¢ — r symmetry and corresponding mixing
matrix having different values of 6, but consistent with our
earlier assumptions, i.e., 813 = 0 and maximal 6,3, as

A+B F F
mPm=| F A BJ,
F B A
V2 1/v2o0
Upm= | -1/2 172 =1/v2 . (34
-1/2  1/2  1/V2
with m; = A+ B+ V2F, my, =A+ B —+/2F,
my = A — B,
A B B
mPeu=|B A+F B-F|.

B B-F A+F

2/V6  1/V/3 0
U= | -1/v6 1/V3 —-1/v2 . (35)
-1/v6 1/V3 1/V2

withmy =A—-B,my =A+2B,andmy; =A—-B+2F. It
is clear from the BM and TBM types of mixing matrices
that

tan’ 6,3 = |U,43|2/|U13|2 =1

Similarly, there are two other types of the mass matrix
and mixing matrix that can reproduce 6,3 = 0 and maximal
0,3, and they are (i) hexagonal-type predicting 6, = z/6
and (ii) golden ratio type, for which 0, tan™!(1/¢) with
¢=(1+V5)/2,

TABLE I. Experimental value of reactor mixing angle from recent neutrino oscillation experiments.
Experimental data sin® 26,5 sin” 6,5

T2K [2] 0.11%015(0.14%02) 0.028%017,(0.036%9%% )
Double ChooZ [3] 0.086 + 0.041 = 0.030 0.022%015 s
Daya-Bay [4] 0.092 + 0.016 £ 0.005 0.024 + 0.005
RENO [5] 0.113 £0.013 £0.019 0.029 + 0.006
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A B

B %(A+2\/%B+F)

B %(A+2\/§B—F)

0
mz(f)|HM =

with mp :%(314—\/63),}712:14—*—\/63, and msy :F,

A B B
mloem = | B F A+V2B—F
B A++V2B-F F

TABLE II. The global fit values for the mass squared
differences and mixing angles as reported by Ref. [6] presented
by the second column and by Ref. [7] presented by the third
column.

Oscilation parameters Within 36 range  Within 3¢ range

(Schwetz et al. [6]) (Fogli et al. [7])

B
La+2,38-F) |

PHYSICAL REVIEW D 90, 095020 (2014)

g 40
Um=|-% ¥ -4
%(A+2\/%B+F) SV N
N N 0
5-v5 5+V5
_ | -2 V2 _1/\2
C Vew= | TR Ve V2
R R Y.
545 5-V5 /\/_

|
with m; =1(2A + V2B - V/10B),m, = 1(24 + V2B+
V10B), and m3 = —A — /2B + 2F.

For normal hierarchy (NH), the diagonal mass matrix of
the light neutrinos can be written as mgj,, =
diag(m,, /m? + Am3,,/m? + Am3,),  whereas  for
inverted hierarchy (IH), it can be written as mgj, =

Am3,[10-5 eV?] 7.00-8.09 6.99-8.18 diag(y/m3+Am3;—Am3, . \/m3+Am35,m;). We choose
|AmZ, (NH)|[1073 eV?] 2.27-2.69 2.19-2.62 two possible values of the lightest mass eigenstate
|Am3;(IH)|[1073 eV?] 2.24-2.65 2.17-2.61 and my for normal and inverted hierarchies, respectively.
sinz 01, 0.27-0.34 0.259-0.359 First, we choose mjgnes as large as possible such that the
s 03 0.34-0.67 0.331-0.637 sum of the absolute neutrino masses falls just below the
sin” 013 0.016-0.030 0.017-0.031 cosmological upper bound. For normal and inverted

TABLE III. Parametrization of the neutrino mass matrix for BM.

Parameters (BM) IH NH IH NH

A 0.023946 0.015114 0.0731646 0.0741

B 0.024946 0.0141142 0.00816462 0.00409996

F 0.00027118 0.0145033 0.000163019 0.00542086

ms 0.001 0.0497393 0.065 0.0858662

Ny 0.0492747 0.0087178 0.0815598 0.0705337

m 0.0485077 0.001 0.0810987 0.07

>oim; 0.0987824 0.0594571 0.22766 0.22639

TABLE IV. Parametrization of the neutrino mass matrix for TBM.

Parameters (TBM) IH NH IH NH

A 0.0487942 0.0035726 0.0812524 0.07017789

B 0.0002555 0.0025726 0.000153696 0.00017789

F —0.023769 0.0243546 —0.00804935 0.007798948

ms 0.001 0.0497092 0.065 0.0855979

m, 0.0493052 0.0087178 0.0815598 0.0705337

m, 0.0485387 0.001 0.0810987 0.07

>oim; 0.098844 0.059427 0.227657 0.226132
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TABLE V. Parametrization of the neutrino mass matrix for HM.

Parameters (HM) IH NH IH NH

A 0.048699 0.00292945 0.081214 0.0701334
B 0.00023485 0.00236308 0.000141179 0.000163405
F 0.001 0.0497393 0.065 0.0858662
ms 0.001 0.0497393 0.065 0.0858662
ny 0.0492747 0.0087178 0.0815598 0.0705337
m 0.0485077 0.001 0.0810987 0.07

>oim; 0.0987824 0.0594571 0.227658 0.2261957
TABLE VI. Parametrization of the neutrino mass matrix for GRM.

Parameters (GRM) H NH H NH

A 0.0487197 0.00305254 0.0812261 0.0701377

B 0.0002425 0.00234835 0.000145813 0.000157545
F 0.0250314 0.0270146 0.0732162 0.0775182
ms 0.001 0.047655 0.065 0.0846759
my 0.0492747 0.0084262 0.0815598 0.0704982
m 0.0485077 0.001 0.0810987 0.07

>oim; 0.0987824 0.057081 0.227658 0.225174

hierarchies, this turns out to be 0.07 and 0.065 eV,
respectively. Then, we allow moderate hierarchy to exist
between the mass eigenvalues and choose the lightest mass
eigenvalue to be 0.001 eV to study the possible changes in
our analysis and results. The parametrization for all these
possible cases are shown in Tables III, IV, V, and VL.

For our numerical analysis, we adopt the minimal
structure (14) of the type Il seesaw term as

0 —-w
mh =-w w 0 [, (36)
w 0 —-w

where @ denotes the strength of perturbation coming from
the type II seesaw mechanism.

We first numerically fit the leading-order u —z sym-
metric neutrino mass matrix (11) by taking the central
values of the global fit neutrino oscillation data [6]. We also
incorporate the cosmological upper bound on the sum of
absolute neutrino masses [17] reported by the Planck
collaboration recently. In the second step, we have to
diagonalize the complete mass matrix

TABLE VII. Character table of A,.

Class 7 7@ 7® 7@
C, 1 1 1 3
C, 1 10} ? 0
C; 1 * 0] 0
Cy 1 1 1 -1

0 ert
my = m" + mPY = ml + m!,

and as a result, there is a corresponding mixing matrix for
which the elements are related to the parameters of the
model plus the strength of the type II perturbation term.

After fitting the type I seesaw contribution to the
neutrino mass with experimental data, we introduce the
type II seesaw contribution as a perturbation to the y — 7
symmetric neutrino mass matrix. The strength of the type II
seesaw perturbation in order to generate the correct value of
nonzero 63 can be seen from Figs. 5-7, and 8. We also
calculate other neutrino parameters by varying the type II
seesaw strength and show our results as a function of
sin? @5 in Figs. 9—11, and 12 for BM mixing; Figs. 1315,
and 16 for TBM mixing; Figs. 17-19, and 20 for
Hexagonal mixing; and Figs. 21, 22, 23, and 24 for GR
mixing. We also calculate the sum of the absolute neutrino
masses »_;|m;| to check whether it lies below the Planck
upper bound. Finally, we calculate the effective neutrino
mass m,, = |>_;U%m,|, which can play a great role in
neutrinoless double beta decay. These are shown as a
function of sin® @5 in Figs. 25-31, and 32.

To calculate the baryon asymmetry, we first have to make
a choice of the diagonal Dirac neutrino mass matrix m¢ .
The most natural choice is to take m¢ , to be the same as the
diagonal charged lepton mass matrix. We check this
particular case and find that this corresponds to a three-
flavor leptogenesis scenario, and for all values of the Dirac
CP phase o, the resulting baryon asymmetry falls far
outside the observed range. As discussed in our earlier
work [23], here also we assume the parametric form of m¢
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FIG. 2 (color online). Right-handed neutrino decay.
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FIG. 3 (color online). Relevant Feynman diagram for y — ey
due to Higgs triplet exchange.
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FIG. 4 (color online). Relevant Feynman diagram for y — eee
due to Higgs triplet exchange.

as given in (28) and choose the integers (m, n) in such a
way that the lightest right-handed neutrino mass falls
either in the one-flavor or two-flavor or three-flavor
regime. We take m; = 8243 GeV and find that the
choice (m,n) = (1,1) keeps the lightest right-handed
neutrino in the one-flavor regime, that is, M; >

PHYSICAL REVIEW D 90, 095020 (2014)

Rk T

Nk Nj

N (©)

Right-handed neutrino decay.

10" GeV. For (m,n) = (3,1), the lightest right-handed
neutrino mass is in the range 10° < M, < 10'? GeV,
which corresponds to the two-flavor regime of lepto-
genesis as discussed in the previous section. Similarly, to
keep the lightest right-handed neutrino mass below
10° GeV, the three-flavor regime, we take (m,n) as
(5,3) in the Dirac neutrino mass matrix (28). The values
of the type II seesaw strength w and corresponding
neutrino neutrino mixing angles used in the calculation
of leptogenesis are shown in Table VIII. The results for
final baryon asymmetry are shown in Figs. 33 and 34 for
BM, TBM, and HM models. Since GRM models do not
give rise to correct neutrino parameters, we do not
calculate the baryon asymmetry for that case.

VIII. RESULTS AND CONCLUSION

We have studied the possibility of generating nonzero
0,3 by perturbing the y —7 symmetric neutrino mass
matrix using the type II seesaw. The leading-order y —
7 sSymmetric mass matrix originating from the type I
seesaw can be of four different types, bimaximal, tribi-
maximal, hexagonal, and golden ratio mixing, which differ
by the solar mixing angle they predict. All these four
different types of mixing predict 8,3 = 45° and 6,5 = 0.
We use a minimal g — 7 symmetry breaking form of the
type II seesaw mass matrix to perturb the type I seesaw
mass matrix and determine the strength of the type II
seesaw term in order to generate nonzero ;5 in the correct
30 range. We find that, except in the case of golden ratio
mixing with inverted hierarchy and m; = 0.001 eV, all
other cases under consideration give rise to correct values
of 615 as can be seen from Figs. 5-7, and 8. We then
calculate other neutrino parameters as we vary the type Il
seesaw strength and show their variations as a function of
sin®@,5. We find that bimaximal mixing with inverted
hierarchy, tribimaximal mixing with both normal and
inverted hierarchies, and hexagonal mixing with normal
hierarchy can give rise to correct values of neutrino
parameters as well as baryon asymmetry. The golden
ration mixing is disfavored in our framework for both
types of neutrino mass hierarchies. We have estimated
branching ratios for LFV decays like 4 — ¢ +y and p —
3e due to the presence of a few hundreds of GeV mass
scale doubly charged scalar triplet Higgs. The estimated
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FIG. 11 (color online). sin®#,; and sin? #;, with sin? 8,5 for BM with m, (m3) = 0.001 eV.
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FIG. 12 (color online). sin? 0,3 and sin® @, with sin? @5 for BM with m, (m3) = 0.07(0.065) eV.
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FIG. 13 (color online). Am3,, Am3,, and Am3, with sin® 0,5 for TBM with m; (m3) = 0.001 eV.
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FIG. 14 (color online).
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Am3,, Am3;, and Am3; with sin? 0,3 for TBM with m, (m3) = 0.07(0.065) eV.
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FIG. 15 (color online). sin® 6,3, and sin® @, with sin? @5 for TBM with m, (m3;) = 0.001 eV.
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FIG. 16 (color online).
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FIG. 18 (color online).
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FIG. 17 (color online). Am3,, Am3,, and Am3, with sin’ 0,3 for HM with m;(m3) = 0.001 eV.
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Am3,, Am3;, and Am3; with sin? 0,3 for HM with m, (m3) = 0.07(0.065) eV.
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HEX(IH) with m5=0.001 eV
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FIG. 19 (color online). sin?@,3 and sin? @, with sin? 8,3 for HM with m; (m3) = 0.001 eV.
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FIG. 20 (color online).
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sin? 0,3 and sin’ 0, with sin? 8,5 for HM with m, (m3) = 0.07(0.065) eV.
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FIG. 22 (color online).
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Am3,, Am3;, and Am3, with sin? 0,3 for GRM with m, (m3) = 0.07(0.065) eV.
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GRM(IH) with m3=0.001 eV
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FIG. 23 (color online). sin?#,; and sin 0, with sin’ 8,3 for GRM with m; (m3) = 0.001 eV.
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FIG. 24 (color online).
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with sin? 8,3 for GRM with m; (m3) = 0.07(0.065) eV.
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FIG. 25 (color online). >_;|m;| and |m,,| with sin® 8,3 for BM with m, (m3) = 0.001 eV.
BM(IH) with m3=0.065 eV BM(NH) with m;=0.07 eV
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FIG. 26 (color online). > ;|m;| and |m,,

with sin? 0,3 for BM with m, (m3) = 0.07(0.065) eV.
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TBM(IH) with m4=0.001 eV
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FIG. 27 (color online). >_;|m;| and |m,,| with sin> @5 for TBM with m; (m3) = 0.001 eV.
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FIG. 28 (color online). >_;|m,| and |m,,| with sin® 0,5 for TBM with m,(m3;) = 0.07(0.065) eV.
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FIG. 30 (color online).

Zi‘mi| and |mee

with sin? 8,5 for HM with m, (m3) = 0.07(0.065) eV.
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FIG. 33 (color online). Variation of baryon asymmetry with 6 for BM and HM.
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FIG. 34 (color online). Variation of baryon asymmetry with § for TBM.
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TABLE VIII. Parameters used in the calculation of baryogenesis.

Parameters TBM (IH) TBM (NH) BM (IH) HEX (NH)
w 0.004435 0.004575 0.00461 0.00461
sin? 0,5 0.01621 0.01672 0.01622 0.01621
sin? 0,5 0.4105 0.5918 0.4102 0.5937

TABLE IX. Values of § giving rise to correct baryon asymmetry.

Model

6 for 1 flavor (rad)

6 for 2 flavor (in rad)

TBM (IH), m; = 0.001
TBM (NH), m, = 0.001
BM (IH), m; = 0.001

HEX (NH), m, = 0.001

0.00329867-0.0043982297, 3.1376656-3.13860814
3.14269221-3.14300637, 6.282085749-6.282242829
0.000314159, 1.40711935, 4.8754376
3.182276-3.1981413, 6.28020079-6.2808291

3.14190681

0.0001570769

TABLE X. Summary of results. The symbol v (x) is used when the particular parameter in the column can (cannot) be realized within

a particular model denoted by the row.

Model Am%1 Am%Am%l

)
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TBM (IH) (m; = 0.001)
TBM (NH) (m; = 0.001)
TBM (IH) (m; = 0.065)
TBM (NH) (m, = 0.07)
HM (IH) (m; = 0.001)
HM (NH) (m, = 0.001)
HM (IH) (m; = 0.065)
HM (NH) (m, = 0.07)
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GRM (NH) (m; = 0.001)
GRM (IH) (m3 = 0.065)
GRM (NH) (m, = 0.07)

XX AXXXACAXXACANAXKS
N N N N N N N N NN NN

N N N N N N N N NN NN
XXX X LA AKAARARKK,

e I N NN I NENENENE I N
AN N N N S N N N NN
X X X X X X AX X XAAX X X
X X X X X X X X X X XXX XA

X X XXX X X X XXX X X X XX

value of the branching ratios are found to lie very close to
the experimental limit. Both the prediction of the LFV
process and origin of nonzero reactor mixing angle are
consistent with allowed strength of the perturbation term @
arising from the type II seesaw mechanism.

We summarize our results for all the models under
consideration in Table X. We also show the preferred values
of Dirac CP phase 6 for successful leptogenesis in
Table IX. More precise experimental data from neutrino
oscillation and cosmology experiments should be able to
falsify or verify some of the models discussed in this work.
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