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Recently realization of TeV scale inverse seesaw mechanism in supersymmetric SOð10Þ framework has

led to a number of experimentally verifiable predictions including low-massW�
R and Z0 gauge bosons and

nonunitarity effects. Using nonsupersymmetric SOð10Þ grand unified theory, we show how a TeV scale

inverse seesaw mechanism for neutrino masses is implemented with a low-mass Z0 boson accessible to

Large Hadron Collider. We derive renormalization group equations for fermion masses and mixings in the

presence of the intermediate symmetries of the model and extract the Dirac neutrino mass matrix at the

TeV scale from successful grand unified theory-scale parametrization of fermion masses. We estimate

leptonic nonunitarity effects measurable at neutrino factories and lepton flavor violating decays expected

to be probed in the near future. While our prediction on the nonunitarity matrix element ��� for

degenerate right-handed neutrinos is similar to the supersymmetric SOð10Þ case, we find new predictions

with significantly enhanced value of its phase ��� ’ 10�4–10�2 when partial degeneracy among these

neutrino masses is adequately taken into account by a constraint relation that emerges naturally in this

approach. Other predictions on branching ratios and CP-violating parameters are discussed. An important

distinguishing characteristic as another test of the minimal model is that the threshold corrected two-loop

prediction of the proton lifetime with maximum value ð�pÞmax ’ 1035 yrs. is accessible to ongoing search

experiments for the decay p ! eþ�0 in the near future. Simple model extensions with longer proton

lifetime predictions are also discussed.
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I. INTRODUCTION

Supersymmetric grand unified theories (GUTs) provide
a very attractive framework for representing particles and
forces of nature as they solve the gauge hierarchy problem,
unify three forces of nature, and also explain tiny neutrino
masses through seesaw paradigm [1] while providing pos-
sible cold dark matter candidates of the universe. An
evidence of supersymmetry at the Large Hadron Collider
(LHC) would be a landmark discovery which would
certainly change the future course of physics. But, in the
absence of any evidence of supersymmetry so far, it is
worthwhile to explore new physics prospects of nonsuper-
symmetric (non-SUSY) GUTs [2–4] and, particularly,
those based upon SOð10Þ which has grown in popularity
as it unifies all fermions of one generation including the
right-handed (RH) neutrino into a single spinorial repre-
sentation. It provides spontaneous origins of Pð¼ ParityÞ
and CP violations [5–7]. Most interestingly, in addition to
predicting the right order of tiny neutrino masses through
mechanisms called the canonical (� type-I) [8] seesaw and
type-II [9] seesaw, it has high potentiality to explain all
fermion masses [10,11] including large mixings in the neu-
trino sector [12] with type-II seesaw dominance [13–15].
In fact neither seesaw mechanism, nor grand unification
require supersymmetry per se. Although gauge couplings
automatically unify in the minimal supersymmetric standard

model [16], and they fail to unify through the minimal
particle content of the standard model (SM) in one-step
breaking of non-SUSY SUð5Þ or SOð10Þ, they do unify
once intermediate symmetries are included to populate the
grand desert in case of non-SUSY SOð10Þ [7,17–19]. In
addition, with intermediate gauge symmetries SOð10Þ also
predicts signals of new physics which can be probed at low
or accelerator energies.
A hallmark of SOð10Þ grand unification is its underlying

quark-lepton symmetry [2] because of which the canonical
seesaw scale is pushed closer to the GUT scale making it
naturally inaccessible to direct tests by low-energy experi-
ments or collider searches. The energy scale of type-II
seesaw mechanism in SOð10Þ is also too high for direct
experimental tests. In contrast to these high scale seesaw
mechanisms, an experimentally verifiable and attractive
mechanism that has been recently introduced into SOð10Þ
[20] is the radiative seesaw [21] where the quark-lepton
unification has no role to play and additional suppression to
light neutrino mass prediction occurs by loop mediation
proportional to a small Higgs quartic coupling that natu-
rally emerges from a Plank-scale induced term in the GUT
Lagrangian. The model predicts a rich structure of pro-
spective dark matter candidates also verifiable by ongoing
search experiments. It has been further noted that this
embedding of the radiative seesaw in SOð10Þ may have a
promising prospect for representing all fermion masses.
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A number of other interesting neutrino mass generation
mechanisms including type-III seesaw, double seesaw,
linear seesaw, scalar- triplet seesaw have been suggested
and some of them are also experimentally verifiable [1].

In the context of non-SUSY SOð10Þ in this work our
purpose is to explore the prospects of another neutrino
mass generation mechanism called the inverse seesaw
[22] which is also different from canonical or type-II see-
saw mechanism and has the potentiality to be experimen-
tally verifiable because of the low scale at which it can
operate although higher scale inverse seesaw models have
been suggested [23,24]. In a large class of models [25–28],
the implementation requires the introduction of fermionic
singlets under the gauge group of the model. Likewise, its
implementation in SOð10Þ introduces a new mass scale �S

into the Lagrangian corresponding to the mass matrix of
the additional singlet fermions of three generations and the
TeV-scale seesaw requires this parameter to be small.
There is an interesting naturalness argument in favor of
its smallness based upon exact lepton number conservation
symmetry [25,29]. Below the TeV scale, in the limit
�S ! 0, the corresponding Lagrangian has a leptonic
global Uð1Þ symmetry which guarantees left-handed
(LH) neutrinos to remain massless. The small value of
�S essentially needed to match the neutrino oscillation
data with the TeV-scale inverse seesaw formula may be
taken as a consequence of very mild breaking of the exact
global symmetry. Thus the small value of the parameter
protected by the exact lepton number conservation is
natural in the ’t Hooft sense [30]. However, in spite of
such interesting naturalness argument, there has been no
dynamical understanding of its origin so far, although an
interpretation using Higgs mechanism has been given in
the context of a model with extended gauge, fermion and
Higgs sectors [31]. In a different class of SOð10Þ models,
the small singlet fermion mass parameter has been gener-
ated radiatively [32] where more nonstandard fermions
have been found to be necessary. In SUSY SOð10Þ singlet
fermions have also been used to derive new forms of
fermion mass matrix while predicting standard fermion
mass ratios [33] and to obtain new seesaw formula for
neutrinos while explaining baryon asymmetry of the uni-
verse through leptogenesis [34]. While most of the inverse
seesaw models need gauge singlet fermions under the
SM gauge group or its extensions [22–29,31,32] and the
use of SOð10Þ-singlet fermions may point to the disadvan-
tages of the corresponding GUT-based models, extended
electroweak theory based upon SUð3ÞL � SUð3ÞR �Uð1Þ
gauge symmetry [35] contains such singlets in its
fundamental representations. To give some examples of
GUTs, one SOð10Þ-singlet fermion per generation is
automatically contained in the 27—dimensional fermion
representation of E6 [36] where 27¼16þ10þ1 under
SOð10Þ but 27 ¼ ð3; 3�; 1Þ þ ð3; 1; 3�Þ þ ð1; 3; 3�Þ under
SUð3ÞL � SUð3ÞR � SUð3ÞC and, in the latter case, an

additional discrete Z3 symmetry is needed to qualify it as
a trinification GUT model [37]. Interesting properties of
SUð3Þ3 gauge theory including experimentally verifiable
predictions at accelerator energies have been discussed
[38,39]. Gauge boson mediated proton decays are sup-
pressed in SUð3Þ3 type of models. In addition to the RH
neutrino and the other singlet fermion needed for inverse
seesaw, these models (SUð3Þ3 and E6) also contain 10
nonstandard fermions per generation and no experimental
data are yet available on their masses at low energies so as
to pursue the present bottom-up approach to derive the
Dirac neutrino mass matrix from fermion mass fits at the
GUT scale. The same argument holds against any other
model that may contain additional nonstandard fermions
beyond the RH neutrino and the singlet-fermion needed for
inverse seesaw.
Regarding the potentiality of SOð10Þ motivated inverse

seesaw in the visible sector, the same quark-lepton sym-
metry that forces the canonical seesaw scale to be far
beyond the experimentally accessible range, makes the
TeV-scale inverse seesaw predict observable nonunitarity
effects as new physics signals verifiable at low and accel-
erator energies and at neutrino factories [29].
Recently in a series of interesting investigations, using

inverse seesaw mechanism, Bhupal Dev and Mohapatra
[29] have shown that SUSY SOð10Þ, besides admitting a
low spontaneous breaking scale of SUð2ÞL � SUð2ÞR �
Uð1ÞB�L � SUð3ÞCð� G2213Þ gauge symmetry with right-
handed gauge bosons W�

R and Z0 accessible to LHC, is

also capable of fitting all fermion masses and mixings at
the GUT scale while predicting observable nonunitarity
effects. The model has been also shown to account for the
observed baryon asymmetry of the universe through lepto-
genesis caused due to the decay of TeV scale masses of the
pseudo-Dirac RH neutrinos [40]. Currently considerable
attention has been devoted to propose models with an extra
neutral Z0 gauge boson which may also emerge from Pati-
Salam or left-right gauge theories, or SOð10Þ and E6 grand
unified theories, or also from string inspired models [41].
Different from the supersymmetric SOð10Þ model of

Ref. [29], here we adopt the view that there may not be
any manifestation of supersymmetry at accelerator ener-
gies and that the actual parity restoration scale may be
high. Instead of both the W�

R and the Z0 boson masses

being low, there may be only some remnants of high scale
left-right symmetry or quark lepton symmetry manifesting
at low and accelerator energies as smoking gun signatures
such as the Z0 [41,42] gauge boson and the associated
nonunitarity effects of the TeV-scale inverse seesaw.
With this point of view in this work we show that a
non-SUSY SOð10Þ with SUð2ÞL �Uð1ÞR �Uð1ÞðB�LÞ �
SUð3ÞCð� G2113Þ gauge symmetry at the TeV scale and
left-right gauge theory at higher intermediate scale, with
or without D-parity, achieves precision gauge coupling
unification, and predicts a low mass Z0 making them
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suitable for implementation of TeV-scale inverse seesaw
mechanism. The model can also be verified or falsified
through its predictions on observable nonunitarity effects
and additional contributions to lepton flavor violations.
Another testing ground for the model could be through
the SOð10Þ prediction on gauge boson mediated proton
decay on which dedicated search experiments are ongoing.

We derive renormalization group equations in the pres-
ence of two intermediate gauge symmetries for running
fermion masses and mixings, and determine the Dirac
neutrino mass at the TeV scale from successful fits to the
fermion masses at the GUT scale. In this approach we find
a simple relation between the RH neutrino masses in the
model. We also point out a different type of relation in the
partial degenerate case that permits much lower values of
RH neutrino masses resulting in a CP-violating phase
increased by 2–4 orders larger than the degenerate case.
Some of our predictions include branching ratios for
� ! e� enhanced by 1–2 orders. Out of the two minimal
models, while the intermediate scale D-parity conserving
model is ruled out by proton decay constraint, the proton
lifetime for p ! eþ�0 in the intermediate scale D-parity
nonconserving model is predicted to be well within the
accessible range of ongoing search experiments. We have
also discussed simple extensions of the two models with
longer proton lifetime predictions. This method can also
be implemented using Pati-Salam model or left-right
models [2,5].

This paper is organized in the following manner. In
Sec. II we briefly discuss the model and carry out gauge
coupling unification and proton lifetime predictions in
Sec. III. With a brief explanation of inverse seesaw mecha-
nism in Sec. IV we summarize relevant formulas encoding
nonunitarity effects and lepton flavor violations. In Sec. V
we discuss renormalization group evolution of fermion
masses and mixings to the GUT scale in the presence of
nonsupersymmetric gauge theories G2113 and G2213 at
intermediate scales. In this section we also show how
fermion masses are fitted at the GUT scale and informa-
tion on the Dirac neutrino mass matrix is obtained.
Nonunitarity effects are discussed in Sec. VI with predic-
tions on the moduli of relevant matrix elements. In Sec. VII
we give predictions on CP-violating parameters and lepton
flavor violation where we also discuss possible limitations
of the present models. In Sec. VIII we provide a brief
summary and discussion along with conclusion. In the
Appendix A we provide beta function coefficients for
gauge coupling unification while in Appendix B we sum-
marize derivations of renormalization group equations
(RGEs) for fermion masses and mixings.

II. THE MODEL

There has been extensive investigation on physically
appealing intermediate scale models [6,7,17,19,43] in
non-SUSY SOð10Þ. Although in the minimal two

step-breaking of non-SUSY SOð10Þ models [19] we found
no suitable chain with a sufficiently low scale to implement
the inverse seesaw, the following chain with two inter-
mediate gauge symmetries appears to be quite suitable,

SOð10Þ !ðMUÞ
GI

!ðM
þ
R Þ
SUð2ÞL �Uð1ÞR �Uð1ÞB�L � SUð3ÞC½G2113�

!ðM
0
RÞ
SUð2ÞL �Uð1ÞY � SUð3ÞC½SM�

!ðMZÞ
SUð3ÞC �Uð1ÞQ; (1)

where we will consider two possibilities for GI.
As model-I GI ¼ SUð2ÞL � SUð2ÞR �Uð1ÞB�L �

SUð3ÞC½� G2213�ðg2L � g2RÞ is realized by breaking the
GUT-symmetry and by assigning vacuum expectationvalue
(VEV) to the D-parity odd singlet in 45H [6]. As the left-
right discrete symmetry is spontaneously broken at the
GUT scale, the Higgs sector becomes asymmetric below
� ¼ MU causing inequality between the gauge couplings
g2L and g2R. This model does not have the cosmological
domain wall problem. The second step of symmetry break-
ing takes place by the RHHiggs triplet�Rð1; 3; 0; 1Þ � 45H
whereas the third step of breaking to SM takes place by the
G2113-submultiplet �0

Rð1; 1=2;�1=2; 1Þ contained in the
RH doublet of 16H. It is well known that SM breaks to
low energy symmetry by the SMHiggs doublet contained in
the bidoublet (2, 2, 0, 1) underG2213 which originates from
10H of SOð10Þ. This is the minimal particle content for the
model to carry out the spontaneous breaking of GUT sym-
metry to low-energy theory. But a major objective of the
present work is to explore the possibility of observable
nonunitarity effects for which it is required to extract infor-
mation on the Dirac neutrino mass matrix (MD) from a fit to
the fermion masses at the GUT scale and this is possible
by including two Higgs doublets instead of one [29].
We assume these doublets to originate from two separate
bidoublets contained in 10aH (a ¼ 1, 2). Implementation of
inverse seesaw also requires the minimal extension by add-
ing three SOð10Þ-singlet fermions Si (i ¼ 1, 2, 3), one for
each generation [22].
As model-II, we treat the GUT symmetry to be broken

by the VEV of the G2213-singlet ð1; 1; 0; 1Þ � 210H which
is even under D-parity [6]. This causes the Higgs sector
below GUT-scale to be left-right symmetric resulting in
equal gauge couplings in GI ¼ G2213Dðg2L ¼ g2RÞ. For
the sake of simplicity we treat the rest of the symmetry
breaking patterns of model II similar to model I and we
assume the presence of three singlet fermions. We call
these two models, model I and model II, as minimal
models with two low scale Higgs doublets in each. We
now examine precision gauge coupling unification for
these two models.
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III. GAUGE COUPLING UNIFICATION AND
PROTON LIFETIME

In this section we examine gauge coupling unification
in the minimal model I and the minimal model II and
make predictions on proton lifetimes while we also
predict the corresponding quantities in their simple
extensions.

A. Unification in minimal models

It was shown in Ref. [7] that withG2113 gauge symmetry
at the lowest intermediate scale in SOð10Þ there is
substantial impact of two-loop effects on mass scale

predictions in a number of cases. The one-loop and the
two-loop beta-function coefficients for the evolution of
gauge couplings [44,45] for model I and model II with
two Higgs doublets for each case are given in Appendix A.
We have also included small mixing effects [43,46] due
to two Abelian gauge factors Uð1ÞR �Uð1ÞðB�LÞ in both

the models below the Mþ
R scale. Using sin2	WðMZÞ ¼

0:23116� 0:00013, 
�1ðMZÞ ¼ 127:9 and 
SðMZÞ ¼
0:1184� 0:0007 [47] we find that with MZ0 �MR0 �
1 TeV precision unification of gauge couplings occurs
for the following values of masses at one-loop and two-
loop levels for the model I,

Mol
U ¼ 1015:978 GeV; Mol

Rþ ¼ 1010:787 GeV; 
ol
G ¼ 0:02253; ðone-loopÞ;

MU ¼ 1015:530 GeV; MRþ ¼ 1011:15 GeV; 
G ¼ 0:02290 ðtwo-loopÞ:
(2)

The RG evolution of gauge couplings at two-loop level
is shown in Fig. 1 exhibiting precision unification at
MU ¼ 1015:53 GeV. In model II coupling unification
occurs with similar precision but at MU ¼ 1015:17 GeV.

The decay width of the proton for p ! eþ�0 is [48]

�ðp!eþ�0Þ

¼ mp

64�f2�

�
g4G
M4

U

�
jALj2j �
Hj2ð1þDþFÞ2�R; (3)

where R ¼ ½ðA2
SR þ A2

SLÞð1þ jVudj2Þ2� for SOð10Þ,
Vud ¼ 0:974 ¼ the (1, 1) element of VCKM for quark mix-
ings, ASLðASRÞ is the short-distance renormalization factor
in the left (right) sectors and AL ¼ 1:25 ¼ long distance
renormalization factor. MU ¼ degenerate mass of
24 superheavy gauge bosons in SOð10Þ, �
H ¼
hadronic matrix element, mp¼protonmass¼938:3MeV,

f� ¼ pion decay constant ¼ 139 MeV, and the chiral

Lagrangian parameters are D ¼ 0:81 and F ¼ 0:47. With

H ¼ �
Hð1þDþ FÞ ¼ 0:012 GeV3 estimated from lat-
tice gauge theory computations, we obtain AR ’ ALASL ’
ALASR ’ 2:726 for model I. The expression for the inverse
decay rates for both the minimal models is expressed as

��1ðp ! eþ�0Þ

¼ ð1:01� 1034 YrsÞ
�
0:012 GeV3


H

�
2
�
2:726

AR

�
2

�
�
1=43:6


G

�
2
�
7:6

Fq

��
MU

2:98� 1015 GeV

�
4
; (4)

where the factor Fq ¼ 2ð1þ jVudj2Þ2 ’ 7:6 for SOð10Þ.
Now using the estimated values of the model parameters
in each case the predictions on proton lifetimes for both
models are given in Table I where the uncertainties in
unification scale and proton lifetime have been estimated
by enhancing the error in
S to 3� level. It is clear that with
maximal value ð�pÞmax ¼ 7� 1034 Yrs, model I predicts

the proton lifetime closer to the current experimental lower
bound ð�pÞexptðp ! eþ�0Þ 	 1:2� 1034 Yrs. [49] which

is accessible to ongoing proton decay searches in the near
future [50]. On the other hand, model II is ruled out at
two-loop level as it predicts lifetime nearly two orders
smaller. The reduction of lifetime by nearly two-orders
compared to one-loop predictions in both cases is due to
the corresponding reduction in the unification scale by a
factor of ’ 1=3.
The fact that the model I admits a low (B� L) breaking

scale corresponding to a light Z0 accessible to accelerator
searches makes this non-SUSY model suitable to accom-
modate inverse seesaw mechanism. Unlike the SUSY
SOð10Þ model [29], here the W�

R bosons are far beyond
the LHC accessible range.
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FIG. 1 (color online). Gauge coupling unification in model I
with two-loop valuesMU¼1015:53 GeV andMRþ ¼ 1011:15 GeV
with a low mass Z0 gauge boson at MR0 � 1 TeV.
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B. Unification in simple model extensions

Although the minimal model I clearly satisfies the pro-
ton decay constraint to accommodate TeV scale seesaw, we
study simple extensions of both models to show that they
can evade proton lifetime constraint in case future experi-
ments show �p to be substantially longer than 10

35 Yrs. We

use an additional real color octet scalar C8ð1; 0; 8Þ � 45H
where the quantum numbers are under the SM gauge group
and allow its mass to vary between 1 TeV and the GUT
scale. Making it light would require additional fine tuning
of parameters. Recently such a light scalar has been used in
models with interesting phenomenological consequences
and if the particle mass is in the accessible range, it may be
produced at LHC with new physics signatures beyond the
standard model [51].

The presence of this scalar octet with lower mass makes
the evolution of 
�1

3c ð�Þ flatter thereby pushing the GUT

scale to higher values. In Fig. 2 we plot predicted proton
lifetimes in the extended G2213 and G2213D models as a
function of the octet mass m8. It is clear that such a simple
extension of the two models can easily satisfy proton
lifetime requirements in future experimental measure-
ments even if they are found to be much longer than the
current limit.

Then while the minimal model I can be easily chosen
for inverse seesaw, both the models with such simple

extension and possessing TeV scale Uð1ÞðB�LÞ breaking

scale qualify for the same purpose.

IV. INVERSE SEESAWAND FORMULAS FOR CP
AND LEPTON FLAVOR VIOLATIONS

For the phenomenological study of nonunitarity effects
we confine to the model I and all our analyses are similar
for model II. Introducing additional SOð10Þ-singlet fermi-
ons (S) for three generations, the Yukawa Lagrangian at the
GUT scale gives rise to the effective Lagrangian near the
second intermediate scale � ¼ M0

R � 1 TeV,

L Yuk ¼ Ya16 
 16 
 10Ha þ y�16 
 1 
 16Hy þ�S1 
 1
� ðYa �c Lc R�

a þ y� �c RS�
0
R þ H:c:Þ þ ST�SS;

(5)

where the first (second) equation is invariant under SOð10Þ
(G2113) gauge symmetry. The LH and the RH fermion
fields c Lð2; 0;�1=2; 1Þ, c Rð1; 1=2;�1=2; 1Þ with their
respective quantum numbers under G2113 are contained in
the spinorial representation 16 � SOð10Þ and the two
Higgs doublets �ð2;�1=2; 0; 1Þ � 10H � SOð10Þ. The
Lagrangian has a new mass scale �S corresponding to
the mass matrix of the SOð10Þ-singlet fermions. Denoting
the RH neutrino mass as MR ¼ y�v� where v� ¼ h�0

Ri
and the Dirac mass matrix for neutrino as MD ¼ Y�vu

where vu is the VEV of the up-type Higgs doublet,
Eq. (4) gives the mass part of the neutrino sector in the
Lagrangian in the flavor basis after the symmetry breaking
G2113 ! SM

L mass ¼ ð ��MDN þ �NMRSþ H:c:Þ þ ST�SS; (6)

which, in the ð�; N; SÞL basis, leads to a mass matrix
[22,29]

M� ¼
0 MD 0

MT
D 0 MR

0 MT
R �S

0
BB@

1
CCA: (7)

Denoting X ¼ MDM
�1
R , block diagonalization of Eq. (7)

under the condition MR � MD � �S leads to the inverse
seesaw formula for light neutrino mass matrix,

m� ¼ MDM
�1
R �SðMT

RÞ�1MT
D � X�SX

T: (8)

It is clear that the TeV-scale inverse seesaw formula
is tenable and appropriate to fit the light neutrino

5 10 15
log

10
(m

8
/ GeV)

32

34

36

38

40

42

lo
g 10

(τ
p/ Y

ea
rs

)

min G
2213

expt.

ext G
2213

ext G
2213D

FIG. 2 (color online). Variation of proton lifetime as a function
of color octet mass in simple extensions of model I (double dot-
dashed line) and model II (dashed line). The horizontal solid line
with error band is the prediction of the minimal model I while
the horizontal dot-dashed line is the experimental lower bound
for p ! eþ�0.

TABLE I. GUT scale, intermediate scale and proton lifetime predictions for nonsupersymmetric SOð10Þ models with TeV scale Z0
boson and two Higgs doublets as described in the text. The uncertainty in the proton lifetime has been estimated using 3� uncertainty
in 
SðMZÞ.
Model Mol

U (GeV) Mol
Rþ (GeV) MU (GeV) MRþ (GeV) 
�1

G AR �op (yrs.) �p (yrs.)

I 1015:978 1010:787 1015:530 1011:150 43.67 2.726 1:08� 1036�0:32 2� 1034�0:32

II 1015:56�0:08 1011:475 1015:17�0:08 1011:750 42.738 2.670 2:44� 1034�0:32 6:3� 1032�0:32
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masses provided�S is the smallest of the three mass scales
occurring in Eq. (7). Based upon symmetry, there exist
interesting naturalness arguments in the literature in favor
of smallness of �S. In the limit �S ! 0, a leptonic Uð1Þ
global symmetry is restored in the Lagrangian signifying
exact conservation of lepton number that guarantees left-
handed neutrinos to be massless [25,29,34]. In particular, a
small and nonvanishing value of �S can be viewed as a
slight breaking of the global Uð1Þ symmetry. Thus the
smallness of �S, desired in the TeV-scale inverse seesaw
mechanism, which is protected by the global symmetry in
the ’t Hooft sense [30], is natural even though there is no
dynamical understanding for such a small parameter. This
view for the naturally small parameter �S being followed
in the present work has been adopted in Ref. [29] and by a
number of authors earlier pursuing inverse seesaw mecha-
nism [25] although its interpretation through Higgs mecha-
nism has been discussed in a model with extended gauge,
fermion and Higgs sectors [31] and possibility of its radia-
tive origin has been explored [32].

The physics underlying nonunitarity effects have been
discussed at length in several recent papers [52–59] where
relevant formulas have been utilized. Although the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U di-
agonalizes the light neutrino mass matrix of three gener-
ations where

Uym�U
� ¼ diagðm1; m2; m3Þ � m̂�; (9)

the appropriate diagonalizing mixing matrix for the inverse
seesaw matrix of Eq. (8) is a 9� 9 matrix V,

VyM�V
� ¼ M̂ ¼ diagðmi;mRj

; m ~Rk
Þ;

ði; j; k ¼ 1; 2; 3Þ; (10)

and this can be expressed in block partitions,

V ¼ V3�3 V3�6

V6�3 V6�6

 !
; (11)

where the nonunitary V3�3 matrix now represents the
equivalent of the full PMNS matrix,

N � V3�3 ’
�
1� 1

2
XXy

�
U ’ ð1� �ÞU: (12)

Denoting the corresponding nine component eigenstate as
ð�̂i; Ni; ~NiÞT , the six component heavy eigenstate as PT ¼
ðN1; N2; N3; ~N1; ~N2; ~N3ÞT and K � V3�6 ’ ð0; XÞV6�6, in
the leading order approximation in X, the light neutrino
flavor eigenstate and the charged current Lagrangian in the
mass basis are

�T ¼ N �̂T þKPT;

LCC ¼ � g2Lffiffiffi
2

p �lL�
��W�

� þ H:c:

’ �g2Lffiffiffi
2

p �lL�
�ðN �̂T þKPTÞW�

� þ H:c: (13)

The parameter � ¼ XXy=2 characterizing nonunitarity of
the neutrino mixing matrix can have dramatic impact on
leptonic CP-violation and branching ratios for processes
with lepton flavor violation (LFV),

J ij

� ¼ ImðN 
iN �jN �


jN
�
�iÞ;

’ J þ �J ij

�; (14)

where J is the well-known CP-violating parameter due to
unitary PMNS matrix U

J ¼ cos	12cos
2	13 cos	23 sin	12 sin	13 sin	23 sin�; (15)

and the nonunitarity contributions are

�J ij

� ’ � X

�¼e;�;�

Imð�
�U�iU�jU
�

jU

�
�i

þ ���U
iU�jU
�

jU

�
�i þ ��


�U
iU�jU
�
�jU

�
�i

þ ��
��U
iU�jU

�

jU

�
�iÞ: (16)

Very recently sin	13 has been measured [60] to be small
and nonvanishing although no experimental information is
available on the leptonic CP-phase �. Even in the limiting
case of vanishing unitarity CP-violation corresponding to
sin	13 ! 0, or � ! 0, � for nonvanishing 	13 nonunitarity
effects caused due to � may not vanish. In the modified
charged current interaction in Eq. (13), the heavy neutrinos
contribute to LFV decays with branching ratios [61]

BRðl
 ! l��Þ ¼

3
ws

2
wm

5
l


256�2M4
w�


��������
X6
i¼1

K
iK�
�iI

�m2
Ri

M2
w

���������
2

;

IðxÞ ¼ � 2x3 þ 5x2 � x

4ð1� xÞ3 � 3x3 lnx

2ð1� xÞ4 : (17)

In Eq. (17) the total decay width �
 for lepton species
l
 with lifetime �
 is evaluated using �
 ¼ ℏ

�

where

�� ¼ ð2:197019� 0:000021Þ � 10�6 sec and �� ¼
ð290:6� 1:0Þ � 10�15 sec .
The matrix element ðKKyÞ
� / �
� may lead to sig-

nificant LFV decays in the TeV scale seesaw whereas LFV
decays are drastically suppressed in type-I seesaw in
SOð10Þ. The procedure for estimating these effects has
been outlined in Ref. [29] which we follow. The Dirac
neutrino mass matrix at the TeV scale which we derive in
the next section is central to the determination of non-
unitarity effects.

V. RG EVOLUTION OF FERMION MASSES
AND DETERMINATION OF MD

The determination of the Dirac neutrino mass matrix
MDðMR0Þ at the TeV seesaw scale is done in three steps
[29]: (1) Derivation of RGEs for the specific model and
extrapolation of masses to the GUT scale, (2) Fitting the
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masses at the GUT scale and determination ofMDðMGUTÞ,
(3) Determination of MDðMR0Þ by top-down approach.

A. RGEs and extrapolation to GUT scale

At first RGEs for Yukawa coupling matrices and fermion
mass matrices are set up from which RGEs for mass
eigenvalues and Cabibbo-Kobayashi-Moskawa (CKM)
mixings are derived in the presence of G2113 and G2213

symmetries. RGEs in dynamical left-right breaking model
has been derived earlier [62].

Denoting �1;2 as the corresponding bidoublets under

G2213 they acquire VEVs

h�1i ¼
vu 0

0 0

 !
; h�2i ¼

0 0

0 vd

 !
: (18)

Defining the mass matrices

Mu¼Yuvu; MD¼Y�vu; Md¼Ydvd;

Me¼Yevd; MR¼y�v�;
(19)

we have derived the new RGEs in the presence of non-
SUSY G2113 and G2213 gauge symmetries for matrices Yi,
Mi, i ¼ u, d, e, N, the mass eigenvalues mi, i ¼ u, c, t, d,
s, b, e, �, �, N1, N2, N3, and the CKM mixing matrix
elements as given in the Appendix B. We use the input
values of running masses and quark mixings at the elec-
troweak scale as in Refs. [47,63] and the resulting CKM
matrix with the CKM Dirac phase �q ¼ 1:20� 0:08

VCKM ¼
0:9742 0:2256 0:0013� 0:0033i

�0:2255þ 0:0001i 0:9734 0:04155

0:0081� 0:0032i �0:0407� 0:0007i 0:9991

0
BB@

1
CCA: (20)

We use RGEs of the standard model for� ¼ MZ toM
0
R ¼ 1 TeV. With two Higgs doublets at� 	 M0

R we use the starting
value of tan� ¼ vu=vd ¼ 10 at � ¼ 1 TeV which evolves to reach the value tan� ’ 6:9 at the GUT scale. Using the
bottom-up approach discussed earlier [63] and the RGEs of Appendix B, the resulting quantities including the mass
eigenvalues mi and the VCKM at the GUT scale are [64]

� ¼ MGUT:

me¼0:48MeV; m�¼97:47MeV; m�¼1:8814GeV; md¼1:9MeV; ms¼38:9MeV;

mb¼1:4398GeV; mu¼1:2MeV; mc¼0:264GeV; mt¼83:04GeV;
(21)

VCKMðMGUTÞ ¼
0:9748 0:2229 �0:0003� 0:0034i

�0:2227� 0:0001i 0:9742 0:0364

0:0084� 0:0033i �0:0354þ 0:0008i 0:9993

0
BB@

1
CCA: (22)

B. Determination of MD

With Higgs representations 45H, 16H, 10H, the dim. 6
operator [29]

fij

M2
16i16j10H45H45H; (23)

withM ’ MPl orM ’ Mstring, is suppressed by ðMU=MÞ2 ’
10�3 � 10�5 for GUT-scale VEV of 45H and acts as an
effective 126H operator to fit the fermion masses at the
GUT scale where the formulas for mass matrices are

Mu ¼ Gu þ F; Md ¼ Gd þ F;

Me ¼ Gd � 3F; MD ¼ Gu � 3F:
(24)

In Eq. (24) the matricesGk ¼ Yk:16:16h10kHi, k ¼ u, d and
F are derived from Eq. (23). Using a charged-lepton
diagonal mass basis and Eqs. (21) and (24) we get,

MeðMGUTÞ ¼ diagð0:0005; 0:098; 1:956Þ GeV;
Gd;ij ¼ 3Fij; ði � jÞ: (25)

Assuming for the sake of simplicity that the matrix F is
diagonal leads to the conclusion that the matrix Gd is also
diagonal. This gives relations between the diagonal ele-
ments which, in turn, determine the diagonal matrices F
and Gd completely

Gd;ii þ Fii ¼ mi; ði ¼ d; s; bÞ;
Gd;jj � 3Fjj ¼ mj; ðj ¼ e;�; �Þ;

(26)

F ¼ diag
1

4
ðmd �me;ms �m�;mb �m�Þ;

¼ diagð3:75� 10�4;�0:0145;�0:3797Þ GeV;
Gd ¼ diag

1

4
ð3md þme; 3ms þm�; 3mb þm�Þ;

¼ diagð0:0016; 0:0544; 1:6709Þ GeV; (27)

INVERSE SEESAW MECHANISM IN . . . PHYSICAL REVIEW D 86, 093004 (2012)

093004-7



where we have used the RG extrapolated values of Eq. (21). Then using Eqs. (24) and (27) and the assumed basis gives the
mass matrices Mu and Gu,

MuðMGUTÞ ¼
0:0153 0:0615� 0:0112i 0:1028� 0:2706i

0:0615þ 0:0112i 0:3933 3:4270þ 0:0002i

0:1028þ 0:2706i 3:4270� 0:0002 82:90

0
BB@

1
CCA GeV; (28)

GuðMGUTÞ ¼
0:0150 0:0615� 0:0112i 0:1028� 0:2706i

0:0615þ 0:0112i 0:4079 3:4270þ 0:0002i

0:1028þ 0:2706i 3:4270� 0:0002i 83:01

0
BB@

1
CCA GeV: (29)

Now using Eqs. (27) and (29) in Eq. (24) gives the Dirac neutrino mass matrix MD at the GUT scale

MDðMGUTÞ ¼
0:0139 0:0615� 0:0112i 0:1029� 0:2707i

0:0615þ 0:0112i 0:4519 3:4280þ 0:0002i

0:1029þ 0:2707i 3:4280� 0:0002i 83:340

0
BB@

1
CCA GeV: (30)

We then use the RGE forMD given in Appendix A to evolveMDðMGUTÞ toMDðMRþÞ and then fromMDðMRþÞ toMDðMR0Þ
in two steps and obtain,

MDðMR0Þ ¼
0:0151 0:0674� 0:0113i 0:1030� 0:2718i

0:0674þ 0:0113i 0:4758 3:4410þ 0:0002i

0:1030þ 0:2718i 3:4410� 0:0002i 83:450

0
BB@

1
CCA GeV: (31)

VI. NONUNITARITY DEVIATIONS IN LEPTON MIXING MATRIX

From Eq. (12) it is clear that any nonvanishing value of � is a measure of deviation from the unitarity of the PMNS
matrix. Using the TeV scale mass matrix for MD from Eq. (31) and assuming

MR ¼ diagðmR1
; mR2

; mR3
Þ; (32)

results in

� ¼ 1

2
X:Xy ¼ MDM

�2
R My

D

2
; �
� ¼ 1

2

X
k¼1;2;3

MD
k
M�

D�k

m2
Rk

: (33)

For the sake of simplicity assuming degeneracy of RH neutrinos masses mR ¼ mRi
(i ¼ 1, 2, 3) gives

� ¼ 1 GeV2

m2
R

0:0447 0:1937� 0:4704i 4:4140� 11:360i

0:1937þ 0:4704i 6:036 144:40� 0:0002i

4:4140þ 11:360i 144:40þ 0:0002i 3488:0

0
BB@

1
CCA: (34)

The deviations from unitarity in the leptonic mixing is
constrained, for example, by deviations from universality
tests in weak interactions, rare leptonic decays, invisible
width of Z boson and neutrino oscillation data. The bounds
derived at 90% confidence level from the current data on
the elements of the symmetric matrix are summarized in
Ref. [52],

j���j 
 2:7� 10�3; j���j 
 8:0� 10�4;

j�eej 
 2:0� 10�3; j�e�j 
 3:5� 10�5;

j�e�j 
 8:0� 10�3; j���j 
 5:1� 10�3:

(35)

In the degenerate case the largest element in Eq. (34) when
compared with j���j of Eq. (35) gives the lower bound on
the RH neutrino mass,

mR 	 1:1366 TeV; (36)

which is only 7% higher than the SUSY SOð10Þ bound
ðmRÞSUSY 	 1:06 TeV [29]. Using this lower bound for
other elements in Eq. (34) yields

j���j 
 4:672� 10�6; j�eej 
 3:460� 10�8;

j�e�j 
 3:938� 10�7; j�e�j 
 9:436� 10�6;

j���j 
 1:1178� 10�4: (37)

RAM LAL AWASTHI AND MINA K. PARIDA PHYSICAL REVIEW D 86, 093004 (2012)

093004-8



As in SUSY SOð10Þ [29], these predicted bounds are
several orders lower than the current experimental bounds
and they might be reached provided corresponding LFV
decays are probed with much higher precision. But com-
pared to SUSY SOð10Þ, in this model the upper bound is
nearly 2 times larger for j���j, 3 times larger for j���j,
and nearly 40% smaller in the case of j�e�j. It is interesting
to note that in the present non-SUSY SOð10Þ model while
some of the nonunitarity effects are comparable to the
results of Ref. [29], others are distinctly different as shown
in the next section.

We note in this model that when RH neutrino masses are
nondegenerate, they are also constrained by the experimen-
tal lower bound on ��� and the corresponding relation
obtained by saturating the bound is

1

2

�
0:0845

m2
R1

þ 11:8405

m2
R2

þ 6963:9

m2
R3

�
¼ 2:7� 10�3; (38)

where the numerators inside the square bracket are in
GeV2. Using partial degeneracy, mR1

¼ mR2
� mR3

leads

to the relation between the RH neutrino masses as given in
Table II. A plot of mR3

vs mRi
(i ¼ 1, 2) is shown in Fig. 3

exhibiting increase of mR3
with decrease of mRi

. The two

asymptotes in the hyperbolic curve are at mR1
¼ mR2

’
47 GeV and mR3

’ 1136:6 GeV.

VII. ESTIMATIONS OF CP AND LEPTON FLAVOR
VIOLATIONS AND DISCUSSIONS

Two important physical applications of inverse seesaw
are leptonic CP and flavor violation effects reflected
through the elements, both moduli and phases, of the
�-matrix and the relevant formulas have been discussed
in Sec. IV. The inverse seesaw formula of Eq. (8) has three
matrices out of which MD has been determined by fitting
the charged fermion masses and mixings, but since the
other two matrices, MN and �S, cannot be completely
determined by using the neutrino oscillation data alone,
we make plausible assumptions. In addition to the fully
degenerate case we also examine consequences of partial
degeneracy with mR1

¼ mR2
.

From Eq. (8), the nonunitary PMNS matrix N ¼
ð1� �ÞU and the relation m� ¼ N m̂�N T give

�S ¼ X�1N m̂�N TðXTÞ�1: (39)

We construct the unitary matrix U using standard parame-
trization,

U ¼
c13c12 c13s12 s13e

�i�

�c23s12 � c12s13s23e
i� c12c23 � s12s13s23e

i� c13s23

s12s23 � c12s13c23e
i� �c12s23 � c23s13s12e

i� c13c23

0
BB@

1
CCA; (40)

and the neutrino oscillation data at 3� level [60,65] and assuming hierarchical neutrino masses,

�m2
21 ¼ ð7:09–8:19Þ � 10�5 eV2; �m2

31 ¼ ð2:18–2:73Þ � 10�3 eV2;

sin2	12 ¼ 0:27–0:36; sin2	23 ¼ 0:39–0:64; sin2	13 ¼ 0:092� 0:06:
(41)

We take the leptonic Dirac phase � in theU matrix to be zero for which the predicted CP-violation from unitarity vanishes
irrespective of the values of 	13. We have also checked that inclusion of larger values of 	13 ’ 8

�
–9

�
[60] do not alter our

results significantly. Similar results are obtained with � ¼ �.

TABLE II. Variation of third generation RH neutrino massmR3

as a function of first or second generation RH neutrino mass in
the partially degenerate case mR1

¼ mR2
predicted by nonuni-

tarity through nonsupersymmetric SOð10Þ.
mR1;2

(GeV) mR3
(GeV) mR1;2

(GeV) mR3
(GeV)

48.0 5572.83 500.0 1140.66

50.0 3324.69 600.0 1139.11

100.0 1286.51 700.0 1138.18

150.0 1195.81 800.0 1137.57

200.0 1168.32 900.0 1137.16

300.0 1149.80 1000.0 1136.87

400.0 1143.53 1136.58 1136.58

0 50 100 150 200 250 300
m

R
1,2 

(GeV)

1000

2000

3000

4000

5000

m
R

3 
(G

eV
)

FIG. 3 (color online). Variation of the third generation RH
neutrino mass mR3

as a function of first or second generation

neutrino mass mR1
or mR2

in the partially degenerate case for

which mR1
¼ mR2

.
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Taking the light neutrino mass eigenvalues m1 ¼ 0:001 eV, m2 ¼ 0:0088 eV, m3 ¼ 0:049 eV, and the constructed U
matrix, we utilize the �matrix of Eq. (34) for the degenerate case and Eq. (12) to obtain the nonunitary matrixN . Using
Eq. (39) we also get the �S matrix. Once the matrices � and U are determined as discussed above and in Sec. IV, the
CP-violating parameters are computed using Eq. (16). Even thoughU has no imaginary part because of assumed vanishing
value of its Dirac phase, CP-violation would arise from the imaginary parts of the corresponding components of �matrix.
We also estimate branching ratios for different LFV decay modes using Eq. (17).

For the degenerate case with mR ¼ 1:1366 TeV we get

�S ¼
0:9932� 0:0124i �0:1908þ 0:0022i 0:0066� 0:0033i

�0:1908þ 0:0022i 0:0370� 0:0004i �0:0013þ 0:0006i

0:0066� 0:0033i �0:0013þ 0:0006i 0:00003� 0:00004i

0
BB@

1
CCA GeV;

�J 12
e� ¼ �1:3082� 10�6;

�J 23
e� ¼ �1:5573� 10�6;

�J 23
�� ¼ 1:5574� 10�6;

�J 31
�� ¼ 1:5572� 10�6;

�J 12
�e ¼ 4:0144� 10�6;

(42)

and the branching ratios

BRð� ! e�Þ ¼ 2:0025� 10�16;

BRð� ! e�Þ ¼ 2:1586� 10�14;

BRð� ! ��Þ ¼ 3:0290� 10�12:

(43)

Thus we find that in this non-SUSY SOð10Þ model
for the degenerate RH neutrino masses, like the SUSY
SOð10Þ prediction [29], although all the five CP violating
parameters are just one order smaller than the correspond-
ing parameter in the quark sector where J CKM ¼
ð3:05þ0:19

�0:20Þ � 10�5, there are certain quantitative differ-

ences. The magnitudes of predicted CP-violations for all
the five parameters in the non-SUSY SOð10Þ model are

reduced by nearly 50% compared to their corresponding
SUSY SOð10Þ values.
When compared with the predicted values in SUSY

SOð10Þ [29] the present results on branching ratios satisfy

BRð� ! e�Þsusy
BRð� ! e�Þnon-susy ’

3

2
;

BRð� ! e�Þsusy
BRð� ! e�Þnon-susy ’ 5;

BRð� ! ��Þsusy
BRð� ! ��Þnon-susy ’

2

3
;

(44)

which can be tested by next generation experiments on
LFV decays.
Our predictions for the partially degenerate RH neutri-

nos on different elements �
� and their phases are given in

Table III and those for CP-violating parameters �J ij

� and

branching ratios are summarized in Table IV.
Compared to the predictions in the degenerate case,

j���j ’ 10�4, ��� ’ 10�6, for the partially degenerate

case we find that while j���j is of the same order, but

TABLE III. Predictions of moduli and phases of nonunitarity parameters as a function of RH neutrino masses.

mR1
¼ mR2

(GeV) mR3
(GeV) j�e�j �e� j�e�j �e� j���j ���

1136 1136 3:938� 10�7 1.180 9:436� 10�6 1.20 1:118� 10�4 1:3� 10�6

500 1141 4:222� 10�7 1.071 9:576� 10�6 1.166 1:136� 10�4 2:0� 10�4

100 1286 1:848� 10�6 0.308 1:687� 10�5 0.563 1:691� 10�4 5:0� 10�3

50 3325 6:733� 10�6 0.172 4:806� 10�5 0.202 3:424� 10�4 1:0� 10�2

TABLE IV. Nonunitarity predictions of leptonic CP-violating parameters and branching ratios for lepton flavor violating decays
� ! e�, � ! e�, and � ! �� as a function RH neutrino masses.

mR1;R2

(GeV)

mR3

(GeV) BRð� ! e�Þ BRð� ! e�Þ BRð� ! ��Þ �J 12
e� �J 23

e� �J 23
�� �J 31

�� �J 12
�e

1136 1136 2:0� 10�16 2:1� 10�14 3:0� 10�12 �1:3� 10�6 �1:6� 10�6 1:6� 10�6 1:6� 10�6 4:0� 10�6

500 1140 2:0� 10�16 1:9� 10�14 2:7� 10�12 �1:3� 10�6 �1:6� 10�6 1:6� 10�6 1:6� 10�6 4:0� 10�6

100 1286 1:4� 10�15 2:2� 10�14 2:2� 10�12 �1:2� 10�6 �1:6� 10�6 2:2� 10�6 1:3� 10�6 4:1� 10�6

50 3325 1:1� 10�14 1:1� 10�13 5:5� 10�12 �1:0� 10�6 �1:8� 10�6 4:1� 10�6 7:4� 10�7 4:3� 10�6
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��� ’ 10�2, 10�3 and 10�4 for mR1;2
¼ 50 GeV,

100 GeV, and 500 GeV, respectively. These parameters
enter into the neutrino oscillation probability in the
‘‘golden channel’’ [53],

P�� ’ 4j���j2 þ 4s223c
2
23sin

2

�
�m2

31L

4E

�

� 4j���j sin��� sin2	23 sin

�
�m2

31L

4E

�
; (45)

leading to the CP-asymmetry,

A CP
�� ¼ P�� � P �� ��

P�� þ P �� ��

’ �4j���j sin���

sin2	23 sinð�m
2
31L

4E Þ
; (46)

when the first term in Eq. (45) is much smaller compared to
the other two terms. Our results in the partial degenerate
case satisfy the condition that gives Eq. (46) from Eq. (45).
The nonunitarity CP violating effects are predicted to be
much more pronounced by noting that the strength of the
third term in Eq. (45) is enhanced by 100–10,000 times
compared to the prediction in the degenerate case. Crucial
to this prediction is our constraint Eq. (38) between RH
neutrino masses which plays an important role in estimat-
ing the phase of ��� in the partially degenerate case that

takes into account the increasing behavior of mR3
for

decreasing values of mR1
¼ mR2

.

Among other significant differences in the model pre-
dictions are Brð� ! e�Þ values higher by two orders or
by one order for mR1

¼ mR2
¼ 50 GeV or 100–500 GeV

while Brð� ! e�Þ is predicted to be one order lower for
the RH neutrino masses mR1

¼ mR2
¼ 100–1180 GeV.

Presently the experimental limits on branching ratios
are Brð� ! e�Þ 
 2:4� 10�12 [66], Brð� ! e�Þ 

1:2� 10�7 [67], and Brð� ! ��Þ 
 4:5� 10�8 [67].
The projected reach of future sensitivities are up
to Brð� ! e�Þ � 10�9, Brð� ! ��Þ � 10�9, but
Brð� ! e�Þ � 10�14 [68,69].

In Table V we show predictions of mass eigenvalues of
the �S matrix that signifies masses of three fermion sin-
glets Si (i ¼ 1, 2, 3) for degenerate and partially degener-
ate cases of RH neutrino masses. These mass eigenvalues
are noted to vary starting from the lightest �1 eV to the
heaviest �1 GeV which may have interesting phenome-
nological consequences that need further investigation. It is
to be noted that the smallest mass eigenvalue is also

predicted directly by the inverse seesaw formula from the
TeV scale value of ðMDÞ33 � 100 GeV in a manner similar
to the type-I seesaw case.
We have also examined the consequences of quaside-

generate light neutrino masses expected to manifest
through tritium beta decay or neutrinoless double beta
decay searches. For example with m1 ¼ 0:09923 eV,
m2 ¼ 0:09965 eV, and m3 ¼ 0:111 eV, which are consis-
tent with neutrino oscillation data, the three eigenvalues of

the resulting�S matrix are�ðiÞ
S ¼ ð30:110 GeV; 1:2 MeV;

20:6 eVÞ with three pairs of heavy pseudo-Dirac neutrinos
having almost degenerate masses (1151.7, 1121.6) GeV,
(1139.5, 1139.5) GeV, and (1136.5, 1136.5) GeV. The
predictions for LFV decays, CP-violating parameters and
the nonunitarity effects are similar to the case of the
degenerate pseudo-Dirac neutrinos with hierarchical light
neutrino masses as discussed above. However, the heaviest
eigenvalue of the fermion singlet mass matrix increases to

�ð1Þ
S ’ 30 GeV compared to the corresponding value of

�ð1Þ
S ’ 1 GeV in the hierarchical case of light neutrinos

as shown in Table V.
The introduction of three additional fermion singlets

under SOð10Þ needed for the implementation of inverse
seesaw mechanism may be argued to be a limitation of the
related GUT models. For that matter, the other SOð10Þ
models of Refs. [23,24,29,33,34,40] have utilized these
singlets to obtain different interesting results. More re-
cently, the superpartners of two out of these three fermion
singlets have been demonstrated to be acting as compo-
nents of inelastic dark matter [70]. There is another
SOð10Þ—based radiative inverse seesaw model which
has been designed to explain the smallness of the �S

parameter with the symmetry breaking chain SOð10Þ !
SUð5Þ �Uð1Þ� ! SM�Uð1Þ� where more nonstandard

fermions and singlets have been found to be necessary
[32]. These indicate the popularity of SOð10Þ-singlet
fermion models in spite of the stated limitation.
In this respect the E6 [36] or SUð3Þ3 [37–39] type GUT

models do not have this limitation as they contain the
necessary fermion singlets within their fundamental repre-
sentations but they also contain a number of additional
nonstandard fermions. In the absence of any experimental
data on the masses of these additional fermions at low
energies, the determination of the Dirac neutrino mass
matrix from fermion mass fits at the GUT scale using the
bottom-up approach adopted here is not possible. As one
major objective of the present work is the prediction on the
lifetimes of gauge bosonmediated proton decay p ! eþ�0

on which dedicated search experiments are ongoing [49],
SUð3Þ3 type of GUTs do not serve this objective as the
corresponding decays are suppressed [37,38]. This model
may be important if, ultimately, proton decay search experi-
ments observe a very large lower limit on the lifetime.
It has been also argued that because of large size of

Higgs representations such as 210H and 126H needed in

TABLE V. Mass eigenvalues of �S signifying masses of sin-
glet fermions predicted by the inverse seesaw in SOð10Þ.
mR1;2

(GeV) mR3
(GeV) Mass eigenvalues �Si (MeV)

50 3324.7 (2.4583, 3:23� 10�3, 1:18� 10�6)

100 1286.5 (8.0423, 2:60� 10�3, 1:07� 10�6)

500 1140.7 (199:37, 5:29� 10�2, 1:05� 10�6)

1136.6 1136.6 (1030.0, 2:72� 10�1, 1:04� 10�6)
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SOð10Þ models employing type-I and type-II seesaw
mechanisms, GUT-threshold corrections may give rise
to larger uncertainties in sin2	W predictions and associ-
ated mass scale(s) [71]. Counterexamples of this result
in SOð10Þ having Pati-Salam intermediate symmetry
(SUð2ÞL � SUð2ÞR � SUð4ÞC �D � G224D) with unbro-
ken D-parity have been derived with exactly vanishing
GUT-threshold corrections on sin2	W as well as on the
intermediate scale [72]. It has been also shown how thresh-
old corrections can be reduced substantially in other
SOð10Þ models with naturally plausible constraint that all
superheavy components of a SOð10Þ Higgs representation
are degenerate in masses [18,19]. Noting that the Higgs
representation 126H is needed for the implementation of
the type-I and type-II seesaw mechanisms, and the inverse
seesaw needs comparatively much smaller Higgs represen-
tation like 16H, the possibilities of threshold uncertainties
are expected to be correspondingly reduced in our models.
In particular our minimal model I contains neither of the
larger Higgs representations 210H and 126H; it requires
only the smaller representations 45H, 16H and 10H1

, 10H2
.

Also in the case of the model II and its extension, the
GUT-threshold effects due to superheavy components
of Higgs representations 210H, 16H and 10H1

, 10H2
are

expected to be substantially reduced compared to the
SOð10Þ model of Ref. [19] with G2213D intermediate sym-
metry because of the absence of the large representation
126H. The maximal value of proton lifetime is found to
increase by a factor 2(4) due to GUT threshold effects in
our model I (model II) over the two-loop predictions.

Regarding other possibilities of inverse seesaw moti-
vated non-SUSY SOð10Þ, we find that the minimal
single-step breaking scenario to the TeV scale gauge sym-
metry, SOð10Þ ! G2113, is ruled out by renormalization
group and coupling unification constraints. One of the two-
step breaking chains, SOð10Þ ! G224D ! G2113 gives a
low value of the unification scale MU ¼ 1014:7 GeV
whereas SOð10Þ ! G214 ! G2113 also yields an almost
similar value, MU ¼ 1014:8 GeV where we have used
SUð2ÞL �Uð1ÞR � SUð4ÞC � G214. The third remaining
chain, SOð10Þ ! G224 ! G2113, where D-parity is broken
at the GUT scale, gives MU ¼ 1015:15 GeV. Thus all the
three minimal chains at two-loop level are ruled out by the
existing lower bound on proton lifetime [49]. As the large
representation 126H is absent in these models, the GUT-
threshold effects [19] are smaller in the corresponding
minimal models than the required values to make them
compatible with the lower limit on proton lifetime unless
the splitting among the superheavy components is too
large. In view of these, the minimal model I turns out to
be the best among all possible single and two-step break-
ing minimal models of SOð10Þ with the TeV scale G2113

gauge symmetry.
One of the appealing features which has been noted [6]

in SOð10Þ breaking chains under the category of model I is

that they do not have the cosmological domain wall prob-
lem [73] because of spontaneous breaking of D-parity
along with the gauge symmetry at the GUT scale. When
this criteria is included while searching for equally good
models, there are only two possible chains with three
step breakings and only one chain with four step breaking
to the TeV-scale symmetry G2113. However, if utilization
of large Higgs representations is excluded, the minimal
model I emerges to be unique from among all possible
SOð10Þ breaking chains. Investigation of prospects for
these longer symmetry breaking chains along with others
which is beyond the scope of the present work will be
addressed elsewhere.

VIII. SUMMARYAND CONCLUSION

We have investigated the prospects of inducting TeV-
scale inverse seesaw mechanism for neutrino masses into
nonsupersymmetric SOð10Þ grand unification and found
that it can be successfully implemented with a low-mass Z0
gauge boson accessible to experimental detection at
LHC and planned accelerators. By setting up RGEs in
the presence of G2213 and G2113 gauge symmetries we
have extrapolated fermion masses and mixings to the
GUT scale using bottom-up approach and determined the
Dirac neutrino mass matrix from a successful fit at
the GUT scale. We have found a relation between the
RH neutrino masses which, in the partially degenerate
case, predicts the third generation RH neutrino mass to
increase substantially with the decrease of first or second
generation RH neutrino masses. Although the predicted
branching ratios in the case of degenerate RH neutrinos
show less than one order variations from the corresponding
SUSY SOð10Þ predictions, in the partially degenerate case,
the branching ratio Brð� ! e�Þ is predicted to be larger by
1–2 orders while Brð� ! e�Þ is predicted to be lower by
one order for all values of allowed RH neutrino masses. For
the nonunitarity matrix element ��� an important model

prediction is its enhanced phase ��� larger by 2–4 orders

which is expected to play a dominant role in the experi-
mental detection of the nonunitary CP-violation effects at
neutrino factories. We have also shown that the models
accommodate quasidegenerate light neutrino masses rele-
vant for neutrinoless double beta decay or the tritium beta
decay searches with predictions on the LFV, CP-violation,
and nonunitarity effects similar to the case of hierarchical
light neutrinos and degenerate pseudo-Dirac neutrinos
while the heaviest mass of the fermion singlets increases

from �ð1Þ
S ’ 1 GeV to �ð1Þ

S ’ 30 GeV.
Interestingly, the two-loop prediction on proton life-

time in the minimal model (model I) turns out to be
½�pðp ! eþ�0Þ�max ¼ 7� 1034 Yrs. which increases by

a factor of 2 when GUT threshold effects are included.
While providing a possibility of verification of the under-
lying GUT hypothesis, this offers another opportunity for
testing the minimal model by ongoing search experiments
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regarding its validity or falsifiability. We have also identi-
fied this model to be the best among all involving single or
two-step breakings of SOð10Þ to the TeV scale gauge
symmetry G2113 which is essential for low mass Z0 and
prominent nonunitarity effects. But if utilization of large
Higgs representations is excluded, the minimal model I
emerges to be unique from among all possible SOð10Þ
breaking chains.

Too fast proton decay in another model (model II) has
been shown to be evaded by a simple extension where
some of the predictions on �p should be within the reach of

future experiments. On the other hand, if the actual proton
lifetime is too large, this is also shown to be accommo-
dated in model extensions along with associated nonun-
itarity and lepton flavor violation effects with the prospect
of detection of a color octet scalar at accelerator energies.

In conclusion we find that induction of TeV-scale inverse
seesaw mechanism into nonsupersymmetric SOð10Þ pre-
dicts pronounced nonunitarity and CP-violating effects
measurable at accelerator energies and neutrino factories
for hierarchical as well as partially degenerate spectra of
light neutrino masses. In the TeV scale inverse seesaw
mechanism motivated GUT model, these effects are
mainly due to predominance of the Dirac neutrino mass
matrix in SOð10Þ because of its underlying quark-lepton
symmetry and this holds even if only an experimentally

verifiable low-mass Z0 gauge boson is present as one of the
smoking gun signatures of asymptotic parity restoration.
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APPENDIX A

In the standard notation of two-loop evolution equations
for gauge couplings,

�@gi
@�

¼ 1

16�2
aig

3
i þ

1

ð16�2Þ2
X
j

bijg
3
i g

2
j ; (A1)

the one- and two-loop beta function coefficients are given
in Table VI. We have noted a small contribution of
Uð1ÞR �Uð1ÞB�L mixing effect [46] especially in the
case of model I.

APPENDIX B

Each of the two SOð10Þ models we have considered for
inverse seesaw has two types of nonstandard gauge sym-
metries, G2213 or G2213D and G2113. Here we derive RGEs
for running Yukawa and fermion mass matrices from

TABLE VI. One-loop and two-loop beta function coefficients for gauge coupling evolutions in
model I and model II described in the text taking the second Higgs doublet mass at 1 TeV.

MODEL Symmetry ai bij (GeV)

I, II G213 (� 19=6, 41=10, �7) 199=50; 27=10; 44=5

9=10; 35=6; 12

11=10; 9=2;�26

0
BB@

1
CCA

I, II G2113 (� 3, 53=12, 33=8, �7) 8; 1; 3=2; 12

3; 17=4; 15=8; 12

9=2; 15=8; 65=16; 4

9=2; 3=2; 1=2;�26

0
BBBBBB@

1
CCCCCCA

I G2213 (� 8=3, �13=6, 17=4, �7) 37=3; 6; 3=2; 12

6; 143=6; 9=4; 12

9=2; 27=4; 37=8; 4

9=2; 9=2; 1=2;�26

0
BBBBBB@

1
CCCCCCA

II G2213D (� 13=6, �13=6, 17=4, �7) 143=6; 6; 9=4; 12

6; 143=6; 9=4; 12

27=4; 27=4; 23=4; 4

9=2; 9=2; 1=2;�26

0
BBBBBB@

1
CCCCCCA
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which, following the earlier approach [63], we derive
RGEs for the mass eigenvalues and mixing angles. We
define the rescaled �-functions

16�2�
@Fi

@�
¼ �Fi

: (B1)

With G2113 symmetry the scalar field �dð2; 1=2; 0; 1Þ
through its VEV vd gives masses to down quarks and
charged leptons while �uð2;�1=2; 0; 1Þ through its VEV
vu gives Dirac masses to up quarks and neutrinos. These
fields are embedded into separate bidoublets in the
presence of G2213 and their vacuum structure has been
specified in Sec. IV. We have derived the beta functions
for RG evolution of Yukawa matrices (Yi), fermion mass
matrices (Mi), and the vacuum expectation values (vu;d).

The rescaled beta functions are given below in both cases,
G2113 symmetry:

�Yu
¼
�
3

2
YuY

y
u þ 1

2
YdY

y
d þ Tu �

X
i

Cq
i g

2
i

�
Yu;

�Yd
¼
�
3

2
YdY

y
d þ 1

2
YuY

y
u þ Td �

X
i

Cq
i g

2
i

�
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�Y�
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�
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2
Y�Y

y
� þ 1

2
YeY
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X
i

Cl
ig
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�
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�
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Y�Y
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X
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Cl
ig
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�
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�
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~Cq
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2
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�
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�
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(B2)

where the beta-functions for VEVs are

�vu
¼
�X

i

Cv
i g

2
i � Tu

�
vu;

�vd
¼
�X

i

Cv
i g

2
i � Td

�
vd;

(B3)

with

Tu ¼ Trð3Yy
u Yu þ Yy

�Y�Þ; Td ¼ Trð3Yy
d Yd þ Yy

e YeÞ:
(B4)

The parameters occurring in these equations, and also in
Eqs. (B9) and (B10) given below are

a ¼ 3

2
; b ¼ 1

2
; a0 ¼ b0 ¼ 0;

Cq
i ¼ ð9=4; 3=4; 1=4; 8Þ; Cl

i ¼ ð9=4; 3=4; 9=4; 0Þ;
~Cq
i ¼ ð0; 0; 1=4; 8Þ; ~Cl

i ¼ ð0; 0; 9=4; 0Þ;
Cv
i ¼ ð9=4; 3=4; 0; 0Þ; ði ¼ 2L; 1R; BL; 3CÞ:

(B5)

G2213 symmetry: Following definitions of Sec. IV in the
presence of left-right symmetry, the rescaled beta functions
for RGEs of the Yukawa and fermion mass matrices are

�Yu
¼ ðYuY

y
u þ YdY

y
d ÞYu þ YuðYy

u Yu þ Yy
d YdÞ þ TuYu

þ T̂1Yd �
X
i

Cq
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2
i Yu;

�Yd
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y
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y
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X
i

Cq
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2
i Yd;
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y
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X
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2
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¼ ðYuY
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d YdÞ

�X
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~Cq
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2
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where the rescaled beta functions for VEVs �vu
, �vd

are

the same as in Eq. (B3) with different coefficients Cv
i

defined below and functions Tu and Td are the same as in
Eq. (B4). Other two traces entering in this case are

T̂ 1 ¼ Trð3Yy
d Yu þ Yy

e Y�Þ; T̂2 ¼ Trð3Yy
u Yd þ Yy

�YeÞ:
(B7)

The parameters occurring in these equations and also in
Eqs. (B9) and (B10) given below are
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a ¼ b ¼ 2; a0 ¼ b0 ¼ 1;

Cq
i ¼ ð9=4; 9=4; 1=4; 8Þ; Cl

i ¼ ð9=4; 9=4; 9=4; 0Þ; ~Cq
i ¼ ð0; 0; 1=4; 8Þ;

~Cl
i ¼ ð0; 0; 9=4; 0Þ; Cv

i ¼ ð9=4; 9=4; 0; 0Þ; ði ¼ 2L; 2R; BL; 3CÞ:
(B8)

Then following the procedure described in Ref. [63], and using the definition of parameters in the two different mass
ranges, given above we obtain RGEs for mass eigenvalues and elements of CKM mixing matrix V
� which can be
expressed in the generalized form for both cases,

Mass eigenvalues:
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(B9)

CKM matrix elements:

�V
�
¼ X

�¼u;c;t;��
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Then using third generation dominance, the beta functions for all the 9 elements are easily obtained for respective mass
ranges where in addition to the parameters in the respective cases in Eqs. (B5) and (B8), a0 ¼ b0 ¼ 0 in the mass range
MR0 ! MRþ with G2113 symmetry, but a0 ¼ b0 ¼ 1 in the mass rangeMRþ ! MU with G2213 or G2213D symmetry and, in
the latter case, the nonvanishing traces T̂1;2 are easily evaluated in the mass basis.
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