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Recently realization of TeV scale inverse seesaw mechanism in supersymmetric SO(10) framework has
led to a number of experimentally verifiable predictions including low-mass Wy and Z’ gauge bosons and
nonunitarity effects. Using nonsupersymmetric SO(10) grand unified theory, we show how a TeV scale
inverse seesaw mechanism for neutrino masses is implemented with a low-mass Z’ 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 7, for
degenerate right-handed neutrinos is similar to the supersymmetric SO(10) case, we find new predictions
with significantly enhanced value of its phase §,,, = 107#-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 (7,)y,x = 103 yrs. is accessible to ongoing search
experiments for the decay p — e*7r* 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 (GUTSs) 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 SO(10) 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 P(= Parity)
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
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model [16], and they fail to unify through the minimal
particle content of the standard model (SM) in one-step
breaking of non-SUSY SU(5) or SO(10), they do unify
once intermediate symmetries are included to populate the
grand desert in case of non-SUSY SO(10) [7,17-19]. In
addition, with intermediate gauge symmetries SO(10) also
predicts signals of new physics which can be probed at low
or accelerator energies.

A hallmark of SO(10) 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 SO(10) 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 SO(10)
[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 SO(10) may have a
promising prospect for representing all fermion masses.

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.86.093004

RAM LAL AWASTHI AND MINA K. PARIDA

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 SO(10) 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 SO(10) introduces a new mass scale ug
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 U(1) 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 SO(10) 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 SO(10) 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 SO(10)-singlet fermions may point to the disadvan-
tages of the corresponding GUT-based models, extended
electroweak theory based upon SU(3), X SU(3)g X U(1)
gauge symmetry [35] contains such singlets in its
fundamental representations. To give some examples of
GUTs, one SO(10)-singlet fermion per generation is
automatically contained in the 27—dimensional fermion
representation of Eg [36] where 27=16+ 10+ 1 under
SO(10) but 27 = (3,3, 1) + (3,1,3%) + (1, 3,3") under
SUB); X SU@B)g X SU3)c and, in the latter case, an
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additional discrete Z; symmetry is needed to qualify it as
a trinification GUT model [37]. Interesting properties of
SU(3)? gauge theory including experimentally verifiable
predictions at accelerator energies have been discussed
[38,39]. Gauge boson mediated proton decays are sup-
pressed in SU(3)? type of models. In addition to the RH
neutrino and the other singlet fermion needed for inverse
seesaw, these models (SU(3)? and E4) 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 SO(10) 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 SO(10), besides admitting a
low spontaneous breaking scale of SU(2); X SU(2)g X
U(l)g_; X SUQB)c(= Gay13) gauge symmetry with right-
handed gauge bosons W and Z' 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 Z' gauge boson which may also emerge from Pati-
Salam or left-right gauge theories, or SO(10) and E¢ grand
unified theories, or also from string inspired models [41].

Different from the supersymmetric SO(10) 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 Wy and the Z’ 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 Z' [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 SO(10) with SU(2), X U(1)g X U(1)(g—p) X
SUQB)c(= Gyy13) 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 Z' 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 SO(10) 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
pm — ey 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 — e* 7" 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 G,113 and Gaoq3 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 SO(10). Although in the minimal two
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step-breaking of non-SUSY SO(10) 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,

s010)™q,

(%)SU(Z)L X UDg X UD)g_p X SUB)[Gr113]
YWsu(2), x U(1)y x SUG)ISM]

WsuG)e x u(1),, (1)

where we will consider two possibilities for Gj.

As model-l G; =SUR);, X SUR)g X U(1)z_; X
SUQB)c[= Ga3l(gar # gor) is realized by breaking the
GUT-symmetry and by assigning vacuum expectation value
(VEV) to the D-parity odd singlet in 45, [6]. As the left-
right discrete symmetry is spontaneously broken at the
GUT scale, the Higgs sector becomes asymmetric below
Mm = My causing inequality between the gauge couplings
g>r and g,p. This model does not have the cosmological
domain wall problem. The second step of symmetry break-
ing takes place by the RH Higgs triplet ax(1, 3,0, 1) C 454
whereas the third step of breaking to SM takes place by the
G, 3-submultiplet x%(1,1/2, —1/2,1) contained in the
RH doublet of 164. It is well known that SM breaks to
low energy symmetry by the SM Higgs doublet contained in
the bidoublet (2, 2, 0, 1) under G,, 3 which originates from
105 of SO(10). 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 (M p) 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 10%, (a = 1, 2). Implementation of
inverse seesaw also requires the minimal extension by add-
ing three SO(10)-singlet fermions S; (i = 1, 2, 3), one for
each generation [22].

As model-II, we treat the GUT symmetry to be broken
by the VEV of the G, 3-singlet (1, 1,0, 1) C 2105 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 G; = Gy 13p(g2r = gor)- 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 with G,; 3 gauge symmetry
at the lowest intermediate scale in SO(10) there is
substantial impact of two-loop effects on mass scale

Mg} = 10'5978 GeV,
My = 101550 GeV,

The RG evolution of gauge couplings at two-loop level
is shown in Fig. 1 exhibiting precision unification at
M, = 1033 GeV. In model II coupling unification
occurs with similar precision but at M;; = 1017 GeV.
The decay width of the proton for p — et 70 is [48]

I(p—eta°)

_ my (86 215 |2 2
647Tf37<M‘)j)|AL| a1+ D+FRXR, (3)
where R = [(A3z + A3 +|V,4I*)?] for SO(10),
Via = 0.974 = the (1, 1) element of Vg for quark mix-
ings, Agr (Agr) is the short-distance renormalization factor
in the left (right) sectors and A; = 1.25 = long distance
renormalization  factor. M = degenerate mass of
24 superheavy gauge bosons in SO(10), ay =
hadronic matrix element, m, = proton mass =938.3MeV,
f» = pion decay constant = 139 MeV, and the chiral

Oci_l(ll)

0 i L L L L
2 4 6 8 10 12 14 16
log((W/GeV)

FIG. 1 (color online). Gauge coupling unification in model I
with two-loop values M, = 1013 GeV and M+ = 10'115 GeV
with a low mass Z' gauge boson at My ~ 1 TeV.

I — 10.787
M. = 101978 GeV,
Mg+ = 10'M15 GeV,
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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 U(1)g X U(1)3_) in both
the models below the M} scale. Using sin’fy (M) =
0.23116 £ 0.00013, a~'(M;) =127.9 and ay(My) =
0.1184 = 0.0007 [47] we find that with Mz ~ Mpo ~
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,

all = 0.02253,
ag = 0.02290

(one-loop), )
(two-loop).

Lagrangian parameters are D = 0.81 and F = 0.47. With
ay = ay(l + D+ F) = 0.012 GeV? estimated from lat-
tice gauge theory computations, we obtain Ap =~ A; Ag, =
A;Agr = 2.726 for model 1. The expression for the inverse
decay rates for both the minimal models is expressed as

I'(p— et a0

— (101 X 1034 Yrs)<0012 GGV%)2<2726>2

ay Ag
2 4
ag F,/\2.98 X 10 GeV

where the factor F, = 2(1 + |V,4|*)* = 7.6 for SO(10).
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 a5 to 3o level. It is clear that with
maximal value (7). = 7 X 10°* Yrs, model I predicts
the proton lifetime closer to the current experimental lower
bound (7,)expe(p — e 7%) = 1.2 X 10 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 Z’ accessible to accelerator
searches makes this non-SUSY model suitable to accom-
modate inverse seesaw mechanism. Unlike the SUSY
SO(10) model [29], here the W bosons are far beyond
the LHC accessible range.
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TABLE 1.
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GUT scale, intermediate scale and proton lifetime predictions for nonsupersymmetric SO(10) models with TeV scale Z’

boson and two Higgs doublets as described in the text. The uncertainty in the proton lifetime has been estimated using 3¢ uncertainty

in as(Mz).

Model M‘Z} (GeV) M;’;+ (GeV) My (GeV) Mg+ (GeV) a[;l Ag 7 (yrs.) 7, (yrs.)

1 1015.978 1010.787 1015.530 10114150 43.67 2.726 1.08 X 1036i0.32 2 X 1034t0.32
11 1015564:0‘08 1011475 1015174:()‘08 10]1.75() 42.738 2.670 2.44 X 103445()‘32 6.3 X 10324:()‘32

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 7, to be substantially longer than 10% Yrs. We
use an additional real color octet scalar Cg(1, 0, 8) C 45,
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 «3!(u) flatter thereby pushing the GUT
scale to higher values. In Fig. 2 we plot predicted proton
lifetimes in the extended G,,13 and G,y 3p models as a
function of the octet mass myg. 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

42
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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 — e 70,

extension and possessing TeV scale U(1)—,) breaking
scale qualify for the same purpose.

IV. INVERSE SEESAW AND 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 SO(10)-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 u = M% ~ 1 TeV,

Lyy =Y16-16-104 +y 16 - 116,41 + sl -1
D (Y pr®P + y, rSxh + He) + ST s,
&)

where the first (second) equation is invariant under SO(10)
(G1113) gauge symmetry. The LH and the RH fermion
fields ,;(2,0,—1/2,1), ¢x(1,1/2, —1/2,1) with their
respective quantum numbers under G,;q3 are contained in
the spinorial representation 16 C SO(10) and the two
Higgs doublets ®(2, £1/2,0,1) C 105 C SO(10). The
Lagrangian has a new mass scale wg corresponding to
the mass matrix of the SO(10)-singlet fermions. Denoting
the RH neutrino mass as Mg = y, v, where v, = (x%)
and the Dirac mass matrix for neutrino as M, = Y,v,
where v, 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
Ga113 — SM

Lo = (PMpN + NMgS + Hee.) + STugS,  (6)

which, in the (v, N, §); basis, leads to a mass matrix
[22,29]

0 Mp, O
M,=| M5 O Mg (7
0 M; ws

Denoting X = MMy, block diagonalization of Eq. (7)
under the condition Mz > Mp > g leads to the inverse
seesaw formula for light neutrino mass matrix,

m, = MpMy' us(Mp)~'Mj, = XpugX'. (€))

It is clear that the TeV-scale inverse seesaw formula
is tenable and appropriate to fit the light neutrino
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masses provided p g 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 ug. In the limit ug — 0, a leptonic U(1)
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 wg can be viewed as a
slight breaking of the global U(1) symmetry. Thus the
smallness of ug, 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 u g 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

Utm,U* = diag(m,, my, my) = i, 9)

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

VIM, v* = M = diag(m;, Mg, mg ),
(i, j,k=1,273), (10)
and this can be expressed in block partitions,
V. %
V= ( 3x3  V3x6 ) an
Vexs  Vexe

where the nonunitary V3y3; matrix now represents the
equivalent of the full PMNS matrix,

N =Viy = (1 — %XXT)U =~ (1 — n)U. (12)

Denoting the corresponding nine component eigenstate as
(#;, N;, N;)T, the six component heavy eigenstate as P7 =
(N}, N3, N3, Ny, Ny, N3)T and K = Vg = (0, X) Ve, in
the leading order approximation in X, the light neutrino
flavor eigenstate and the charged current Lagrangian in the
mass basis are

vl = NpT

Lccz_gill"y VW + H.c.

7

gj%zwﬂ(wy + KPHW, +He.  (13)

+ XPT,

PHYSICAL REVIEW D 86, 093004 (2012)

The parameter n = XXt /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),

T = Tm(N N NG N,
=T+ AT, (14)

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

J = c0s6,c08%03 cosBy; sinf, sinf,3 sinf,; sind,  (15)
and the nonunitarity contributions are

ATlg=~ Y Im(n,,U,UsUs;Up;

y=e,u,T
+ Ny UniUy Us Ul + 0y UiUp U U,
+ 0y, UpgiUpgUs; U, (16)

Very recently siné;; has been measured [60] to be small
and nonvanishing although no experimental information is
available on the leptonic CP-phase 6. Even in the limiting
case of vanishing unitarity CP-violation corresponding to
sinf3 — 0, or 6 — 0, 7 for nonvanishing 6,3 nonunitarity
effects caused due to n may not vanish. In the modified
charged current interaction in Eq. (13), the heavy neutrinos
contribute to LFV decays with branching ratios [61]

3.2

BR(l, — lg,) = —— "t la_ S, ’
By 256w MAT, «i% ( ) ’
233 + 5x2 — x 323 Inx

I(x) = — 7)

4(1 — x)* 2(1 — x)*
In Eq. (17) the total decay width I, for lepton species
l, with lifetime 7, is evaluated using I', = % where

= (2.197019 = 0.000021) X 107% sec  and
(290.6 = 1.0) X 1071 sec.

The matrix element (K K1), g & Map May lead to sig-
nificant LFV decays in the TeV scale seesaw whereas LFV
decays are drastically suppressed in type-I seesaw in
SO(10). 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.

T, =

V. RG EVOLUTION OF FERMION MASSES
AND DETERMINATION OF M/,

The determination of the Dirac neutrino mass matrix
Mp(Mpgo) 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 of M p(Mgyr),
(3) Determination of Mp,(Mgo) 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 G,i13 and Gz
symmetries. RGEs in dynamical left-right breaking model
has been derived earlier [62].

Denoting @, as the corresponding bidoublets under
Gy, 13 they acquire VEVs

@y — [V 0 B,y = 0 0 "
o=(v o) w=(y o) as

0.9742
—0.2255 + 0.0001:
0.0081 — 0.0032i

Verm =

PHYSICAL REVIEW D 86, 093004 (2012)

Defining the mass matrices

Mu=YuvuJ MD=YVUL¢’ Md=ded’

(19)
M,=Y, v, Mp =V Vy

we have derived the new RGEs in the presence of non-
SUSY Gj;3 and Gy(3 gauge symmetries for matrices Y;,
M,;,i = u,d, e, N, the mass eigenvalues m;, i = u, c, t, d,
s, b, e, u, 7, Ni, Ny, 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 67 = 1.20 = 0.08

0.2256 0.0013 — 0.0033i
0.9734 0.04155 . (20)
—0.0407 — 0.0007i 0.9991

We use RGE:s of the standard model for u = M, to M% = 1 TeV. With two Higgs doublets at u = M% we use the starting
value of tan8 = v, /v, = 10 at u = 1 TeV which evolves to reach the value tanB = 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 m; and the Vi at the GUT scale are [64]
m = Mgur:

m,=0.48MeV, m, =97.47TMeV, m,=1.8814GeV, m;=19MeV, m;=389MeV,
21
my,=1.4398GeV, m,=12MeV, m,.=0.264GeV, m,=83.04GeV, @D

0.9748 0.2229 —0.0003 — 0.0034i
VermMgur) = | —0.2227 — 0.0001: 0.9742 0.0364 . (22)
0.0084 — 0.0033; —0.0354 + 0.0008: 0.9993
[

B. Determination of M, M, (Mgyr) = diag(0.0005, 0.098, 1.956) GeV, )

With Higgs representations 45, 164, 10y, the dim. 6
operator [29]

% 16;16;10545545y, (23)

with M = Mp; or M = My, is suppressed by (M /M)?* =
1073 — 107 for GUT-scale VEV of 45, and acts as an
effective 126y operator to fit the fermion masses at the
GUT scale where the formulas for mass matrices are

M,=G,+F,
Me=Gd_3F’

Md:Gd+F,
MD=GM_3F'

(24)

In Eq. (24) the matrices G, = Y;.16.16¢10%), k = u, d and
F are derived from Eq. (23). Using a charged-lepton
diagonal mass basis and Egs. (21) and (24) we get,

Gd,ij = 3Fij’ (l + J)

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

Gy + Fij = m,,

Gd,jj - 3Fj> = mj,

(l = d: S, b))
(.] = e’ M’ T),

(26)

1
F = diagz(md — Mg, My — My, My, — M),
= diag(3.75 X 1074, —0.0145, —0.3797) GeV,
1
G, = diag1(3md + mg, 3mg + m,, 3my, + m,),

= diag(0.0016, 0.0544, 1.6709) GeV, 27
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where we have used the RG extrapolated values of Eq. (21). Then using Egs. (24) and (27) and the assumed basis gives the
mass matrices M, and G,

0.0153 0.0615 — 0.0112i 0.1028 — 0.2706i
M,(Mgyr) = | 0.0615 + 0.0112i 0.3933 3.4270 + 0.0002i | GeV, (28)
0.1028 + 0.2706i 3.4270 — 0.0002 82.90
0.0150 0.0615 — 0.0112i 0.1028 — 0.2706i
G,(Mgyr) = | 0.0615 + 0.0112i 0.4079 3.4270 + 0.0002i | GeV. (29)
0.1028 + 0.2706i 3.4270 — 0.0002i 83.01
Now using Egs. (27) and (29) in Eq. (24) gives the Dirac neutrino mass matrix M, at the GUT scale
0.0139 0.0615 — 0.0112i 0.1029 — 0.2707i
Mp(Mgyr) = | 0.0615 + 0.0112i 0.4519 3.4280 + 0.0002i | GeV. (30)

0.1029 + 0.2707i 3.4280 — 0.0002i 83.340

We then use the RGE for M, given in Appendix A to evolve M p(Mgyrt) to Mp(Mg+) and then from M p(Mg+) to M p(M go)
in two steps and obtain,

0.0151
0.0674 + 0.0113i
0.1030 + 0.2718i

0.0674 — 0.0113i
0.4758
3.4410 — 0.0002i

0.1030 — 0.2718i
3.4410 + 0.0002i
83.450

Mp(Mo) = GeV. 31)

VI. NONUNITARITY DEVIATIONS IN LEPTON MIXING MATRIX

From Eq. (12) it is clear that any nonvanishing value of 7 is a measure of deviation from the unitarity of the PMNS
matrix. Using the TeV scale mass matrix for Mp from Eq. (31) and assuming

MR - diag(le, mRz, mR3), (32)
results in

1 MpMz*M}, 1 Mp, M},

p=-Xxxt="22TRTD g =y T D (33)
2 2 p 2,(:%,3 m},
For the sake of simplicity assuming degeneracy of RH neutrinos masses mg = mg. (i = 1, 2, 3) gives
| GeV2 0.0447 0.1937 — 0.4704i 4.4140 — 11.360i

= i 0.1937 + 0.4704i 6.036 144.40 — 0.0002i (34)

mg

4.4140 + 11.360i 144.40 + 0.0002i 3488.0

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],

In,,] =2.7x1073,
[7,.] =2.0X%X1073,
[7.,] =80X1073,

17l = 80X 1074,
1700l =3.5X 1075,
17l =5.1x 1073

(35

In the degenerate case the largest element in Eq. (34) when
compared with |7n,,| of Eq. (35) gives the lower bound on
the RH neutrino mass,

mp = 1.1366 TeV, (36)
which is only 7% higher than the SUSY SO(10) bound
(mg)susy = 1.06 TeV [29]. Using this lower bound for
other elements in Eq. (34) yields
17l = 4.672 X 1076,
7., = 3.938 X 1077,
[7,.] = 11178 X 1074

|700] = 3.460 X 1078,
19,,] =< 9.436 X 1079,
(37)
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TABLE II.  Variation of third generation RH neutrino mass my,
as a function of first or second generation RH neutrino mass in
the partially degenerate case mg = myg, predicted by nonuni-
tarity through nonsupersymmetric SO(10).

mp, , (GeV) mpg, (GeV) mp,, (GeV) mg, (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

As in SUSY SO(10) [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 SO(10), in this model the upper bound is
nearly 2 times larger for [7,,,|, 3 times larger for 7|,
and nearly 40% smaller in the case of |7,,|. It is interesting
to note that in the present non-SUSY SO(10) 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 7., and the corresponding relation
obtained by saturating the bound is

170.0845 = 11.8405 = 6963.9
—[ 5 5 5 ] =27X1073, (38)
2L my, my, Mg,

where the numerators inside the square bracket are in
GeV?. Using partial degeneracy, mg, = mg, # mg, leads
to the relation between the RH neutrino masses as given in
Table II. A plot of mg, vs mg_ (i = 1, 2) is shown in Fig. 3
exhibiting increase of mpg, with decrease of myg.. The two
asymptotes in the hyperbolic curve are at mg, = mp, =
47 GeV and mp, ~ 1136.6 GeV.

C13€12
— _ _ io
U= €23812 — C12813823€"

_ i5
$12823 = C12813C23¢€

PHYSICAL REVIEW D 86, 093004 (2012)
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FIG. 3 (color online). Variation of the third generation RH
neutrino mass mg, as a function of first or second generation
neutrino mass mg, Or mg, in the partially degenerate case for

which mg = myp,.

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
n-matrix and the relevant formulas have been discussed
in Sec. I'V. The inverse seesaw formula of Eq. (8) has three
matrices out of which Mp has been determined by fitting
the charged fermion masses and mixings, but since the
other two matrices, My and ug, 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 mp = mg,.

From Eq. (8), the nonunitary PMNS matrix N =
(1 — n)U and the relation m, = N, NT give

ws = X VN7, NT(XT) L. (39)

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

—i8
C13812 S13€
_ i5
C12€23 — S12813823¢€" c13823 | (40)
_ _ i8
C12823 = €23813512€ C13C23

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

Am2, = (7.09-8.19) X 1075 V2,
sin26,, = 0.27-0.36,

Am2, = (2.18-2.73) X 1073 eV?,
sin?6,; = 0.39-0.64,

(41)
sin?6 3 = 0.092 = 0.06.

We take the leptonic Dirac phase § in the U matrix to be zero for which the predicted CP-violation from unitarity vanishes
irrespective of the values of #,5. We have also checked that inclusion of larger values of 6,3 =~ 8°-9" [60] do not alter our
results significantly. Similar results are obtained with 6 = .
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Taking the light neutrino mass eigenvalues m; = 0.001 eV, m, = 0.0088 eV, m; = 0.049 eV, and the constructed U
matrix, we utilize the 7 matrix of Eq. (34) for the degenerate case and Eq. (12) to obtain the nonunitary matrix JV". Using
Eq. (39) we also get the wg matrix. Once the matrices i and U are determined as discussed above and in Sec. IV, the
CP-violating parameters are computed using Eq. (16). Even though U 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 7 matrix.
We also estimate branching ratios for different LFV decay modes using Eq. (17).

For the degenerate case with mp = 1.1366 TeV we get

0.9932 — 0.0124i  —0.1908 + 0.0022i  0.0066 — 0.0033i

ms =1 —0.1908 + 0.0022i  0.0370 — 0.0004i  —0.0013 + 0.0006i | GeV,
0.0066 — 0.0033;  —0.0013 + 0.0006i 0.00003 — 0.00004i
I
AJR = —1.3082 X 107°, reduced by nearly 50% compared to their corresponding
’ 6 SUSY SO(10) values.
AJeu = —1.5573 X107°, When compared with the predicted values in SUSY
A ‘_7%37 = 1.5574 X 1076, (42)  SO(10) [29] the present results on branching ratios satisfy
AT = 15572 X 107, BR(u — e¥)asy 3
AT = 40144 X 1076, BR(1 = ¢Y)omsusy 2"
BR(7 —
and the branching ratios (7= Yy =5, (44)
16 BR(T - ey)non—susy
BR(/.L — e’y) = 2.0025 X 10 , BR(T N Iu”y)susy N%
BR(’T g 6’)/) = 2.1586 X 10_14, (43) BR(’T — /Ly)non-susy - 3,

BR(7 — py) = 3.0290 X 1012,

Thus we find that in this non-SUSY SO(10) model
for the degenerate RH neutrino masses, like the SUSY
SO(10) prediction [29], although all the five CP violating
parameters are just one order smaller than the correspond-
ing parameter in the quark sector where Jcxv =
(3.05%915) X 1073, there are certain quantitative differ-
ences. The magnitudes of predicted CP-violations for all
the five parameters in the non-SUSY SO(10) model are

which can be tested by next generation experiments on
LFV decays.

Our predictions for the partially degenerate RH neutri-
nos on different elements 7,4 and their phases are given in
Table I1I and those for CP-violating parameters A 7"/ g and
branching ratios are summarized in Table IV.

Compared to the predictions in the degenerate case,
|7, =1074, 8, =107, for the partially degenerate
case we find that while |n,,| is of the same order, but

TABLE III. Predictions of moduli and phases of nonunitarity parameters as a function of RH neutrino masses.
le = mRz (GGV) mR3 (GGV) Ine,u,l 6ep, |7767-| 567’ |77;”| 6/.1,1'
1136 1136 3.938 X 1077 1.180 9.436 X 1076 1.20 1.118 X 107* 1.3Xx107°
500 1141 4.222 X 1077 1.071 9.576 X 1076 1.166 1.136 X 1074 2.0x 1074
100 1286 1.848 X 1076 0.308 1.687 X 1073 0.563 1.691 X 1074 50X 1073
50 3325 6.733 X 107 0.172 4.806 X 107 0.202 3.424 X 1074 1.0 X 1072

TABLE IV. Nonunitarity predictions of leptonic CP-violating parameters and branching ratios for lepton flavor violating decays
m— ey, T— ey, and T — w1y as a function RH neutrino masses.

mg R mg

(GeV) (GeV) BR(su—ey) BR(r—ey) BR(r—puy)  AJR2 AT, AT, AT AR
1136 1136 2.0x107'¢ 21x107" 3.0x1072 —-13X10° —-1.6X107°% 1.6X107° 1.6XxX107® 4.0X%x10°°
500 1140 20X1071° 19x1074 27x10712 —-13%X10"°% —1.6%X10% 1.6X107% 1.6 X 107® 4.0x 1076
100 1286 1.4X10715 22x107% 22xX10712 —-12%X107® —1.6%X107%® 22X107° 13X 107® 4.1x1076
50 3325 L1X107™ 1.1 x1078B 55%X10712 —10X107°® —1.8X107% 41X10° 74x1077 43X%x10°°
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8,-=1072, 107> and 107* for mpg , =50 GeV,
100 GeV, and 500 GeV, respectively. These parameters
enter into the neutrino oscillation probability in the
“golden channel” [53],

o (AmE L
P, = 4|77M|2 + 45%3c%3sm2(4—21)

2

Am3, L
, 45
50

— 4|n ;| sind ,, sin26,; sin(

leading to the CP-asymmetry,

P,,—P,- —4|n,,|sind,,
Ace —Pur=Par 17,07 Wur @6
P/“- + P/ZT' Sin2623 Sin( 'Z%l )

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 7,, in the partially degenerate case that
takes into account the increasing behavior of mg, for
decreasing values of mp = mp,.

Among other significant differences in the model pre-
dictions are Br(u — e7y) values higher by two orders or
by one order for mg, = mg, = 50 GeV or 100-500 GeV
while Br(7 — evy) is predicted to be one order lower for
the RH neutrino masses mpg = mg, = 100-1180 GeV.
Presently the experimental limits on branching ratios
are Br(u — ey) =24 X102 [66], Br(r—ey) =
1.2 X 1077 [67], and Br(t — uy) =4.5X 1078 [67].
The projected reach of future sensitivities are up
to Br(r—ey)~10"°, Br(r— uy)~10"°, but
Br(u — ey) ~ 10714 [68,69].

In Table V we show predictions of mass eigenvalues of
the pg matrix that signifies masses of three fermion sin-
glets S; (i = 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

TABLE V. Mass eigenvalues of wg signifying masses of sin-
glet fermions predicted by the inverse seesaw in SO(10).

mpg,, (GeV)  mg, (GeV) Mass eigenvalues g (MeV)

50 33247  (2.4583,3.23 X 1073, 1.18 X 107%)
100 1286.5  (8.0423, 2.60 X 1073, 1.07 X 107°)
500 11407 (199.37,5.29 X 1072, 1.05 X 1079)
1136.6 1136.6  (1030.0, 2.72 X 1071, 1.04 X 107%)

PHYSICAL REVIEW D 86, 093004 (2012)

predicted directly by the inverse seesaw formula from the
TeV scale value of (Mp)s3 ~ 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 m; = 0.09923 eV,
my = 0.09965 eV, and my = 0.111 eV, which are consis-
tent with neutrino oscillation data, the three eigenvalues of

the resulting u ¢ matrix are ,U,(S’) = (30.110 GeV, 1.2 MeV,
20.6 eV) 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

,ugl) =~ 30 GeV compared to the corresponding value of

,ugl) =~ ] GeV in the hierarchical case of light neutrinos
as shown in Table V.

The introduction of three additional fermion singlets
under SO(10) 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 SO(10)
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
SO(10)—based radiative inverse seesaw model which
has been designed to explain the smallness of the ug
parameter with the symmetry breaking chain SO(10) —
SU(5) X U(1), — SM X U(1), where more nonstandard
fermions and singlets have been found to be necessary
[32]. These indicate the popularity of SO(10)-singlet
fermion models in spite of the stated limitation.

In this respect the E4 [36] or SU(3)? [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 boson mediated proton decay p — et 7°
on which dedicated search experiments are ongoing [49],
SU(3)? 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 2105 and 1264 needed in
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SO(10) models employing type-I and type-Il seesaw
mechanisms, GUT-threshold corrections may give rise
to larger uncertainties in sin’6y, predictions and associ-
ated mass scale(s) [71]. Counterexamples of this result
in SO(10) having Pati-Salam intermediate symmetry
SUQR), X SUR)g X SUA)c X D = Gypup) with unbro-
ken D-parity have been derived with exactly vanishing
GUT-threshold corrections on sin?y, as well as on the
intermediate scale [72]. It has been also shown how thresh-
old corrections can be reduced substantially in other
SO(10) models with naturally plausible constraint that all
superheavy components of a SO(10) Higgs representation
are degenerate in masses [18,19]. Noting that the Higgs
representation 1264 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 164, 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 2105 and 1264; it requires
only the smaller representations 45, 16y and 104 , 104,.
Also in the case of the model II and its extension, the
GUT-threshold effects due to superheavy components
of Higgs representations 210y, 16 and 104, 104, are
expected to be substantially reduced compared to the
SO(10) model of Ref. [19] with Gy, 3p intermediate sym-
metry because of the absence of the large representation
126y. 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 SO(10), we find that the minimal
single-step breaking scenario to the TeV scale gauge sym-
metry, SO(10) — G,3, is ruled out by renormalization
group and coupling unification constraints. One of the two-
step breaking chains, SO(10) — Goup — G153 gives a
low value of the unification scale M, = 1047 GeV
whereas SO(10) — G,14 — G,;13 also yields an almost
similar value, My, = 10'*% GeV where we have used
SUQ2), X U(1)g X SU(4)¢c = Gyy4. The third remaining
chain, SO(10) — Gay4 — G, 13, Where D-parity is broken
at the GUT scale, gives M, = 10'>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 126y 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 SO(10) with the TeV scale G, 3
gauge symmetry.

One of the appealing features which has been noted [6]
in SO(10) breaking chains under the category of model I is

PHYSICAL REVIEW D 86, 093004 (2012)

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 G,q13. However, if utilization
of large Higgs representations is excluded, the minimal
model I emerges to be unique from among all possible
SO(10) 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. SUMMARY AND CONCLUSION

We have investigated the prospects of inducting TeV-
scale inverse seesaw mechanism for neutrino masses into
nonsupersymmetric SO(10) grand unification and found
that it can be successfully implemented with a low-mass Z’
gauge boson accessible to experimental detection at
LHC and planned accelerators. By setting up RGEs in
the presence of G,13 and G,;j3 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 SO(10) predictions, in the partially degenerate case,
the branching ratio Br(u — ey) is predicted to be larger by
1-2 orders while Br(7 — evy) is predicted to be lower by
one order for all values of allowed RH neutrino masses. For
the nonunitarity matrix element 7, an important model
prediction is its enhanced phase &, larger by 24 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 pul =1 GeV to u{ =30 GeV.

Interestingly, the two-loop prediction on proton life-
time in the minimal model (model I) turns out to be
[7,(p = ¢ 7)]nax = 7 X 10** 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 SO(10) to the TeV scale gauge
symmetry G,;;3 which is essential for low mass Z’' 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 SO(10)
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 7, 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 SO(10) 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 SO(10) because of its underlying quark-lepton
symmetry and this holds even if only an experimentally

PHYSICAL REVIEW D 86, 093004 (2012)
verifiable low-mass Z' 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,

pag; 1

ou 1672

1
3 § 3,2
aigi + (1677'2)2 ; bl]gzg]J (Al)

the one- and two-loop beta function coefficients are given
in Table VI. We have noted a small contribution of
U(l)r X U(1)g_; mixing effect [46] especially in the
case of model L.

APPENDIX B

Each of the two SO(10) models we have considered for
inverse seesaw has two types of nonstandard gauge sym-
metries, Goy13 Of Gy13p and G,qq3. Here we derive RGEs
for running Yukawa and fermion mass matrices from

6,143/6,9/4,12
27/4,27/4,23/4,4

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 b;j (GeV)
LI Gy3 (= 19/6, 41/10, —=7) 199/50,27/10,44/5
9/10,35/6, 12 )
11/10,9/2, —26
LI Goi13 (—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
I Gz (—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
I Gi3p (= 13/6, —13/6, 17/4, =17) [ 143/6,6,9/4, 12 )

9/2,9/2,1/2, =26
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which, following the earlier approach [63], we derive
RGEs for the mass eigenvalues and mixing angles. We
define the rescaled B-functions

oF;

167 ,U«m—,BF B1)

With G,;;3 symmetry the scalar field ®4(2,1/2,0,1)
through its VEV v, gives masses to down quarks and
charged leptons while ®,(2, —1/2,0, 1) through its VEV
v, gives Dirac masses to up quarks and neutrinos. These
fields are embedded into separate bidoublets in the
presence of Gyyy3 and their vacuum structure has been
specified in Sec. IV. We have derived the beta functions
for RG evolution of Yukawa matrices (Y;), fermion mass
matrices (M;), and the vacuum expectation values (v, 4).
The rescaled beta functions are given below in both cases,
G2113 symmetry:

3 1
By, =[Sl 3l + 1, - St

3 T 1 T q 2
Br, = |3 Ya¥a * ¥l + Tu = 3 Clat Vo

3 T 1 1 1 52
Br, = |3V Yo 45V Y+ T, ~ Zc Y,,

3 1 . 2
ﬁYﬂ: EYYe +§YVY1/ C Yer

By vt Ly vt S e,2 ®2
Bu, = EYuYM +§Yde _Zcigi M

- i

_[Byyt iyt 79,2

Bu, = EYde +§YuYu - Zcigi Mg,

_ ! i
Bu, = 5YVMYI + EYeYJ - ZCfg%]MD,

- i

_ 1 i
Bu. = |3 YuY! + 5YVYi — gcggl?]M
where the beta-functions for VEVs are

B = | Xcrer 1. o,
’ (B3)

- Td:lvd,

Bo, = [Z_Cfg?
with

T,=Tr3Y Yy, + vly,),  T,=TiGBYly,+ vlv,).

(B4)

The parameters occurring in these equations, and also in
Egs. (B9) and (B10) given below are
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1
b=3.
C?=1(9/4,3/4,1/4,8), Cl=(9/4,3/4,9/4,0),
? (0,0,1/4,8), = (0,0,9/4,0),

=(9/4,3/4,0,0), (i=2L,1R,BL,3C).

3
a=sz a=b =

G135 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

By, = (Y, Y§ + v, Y)Yy, +v,(vly, + Yiv,) + 1,7,
+ 1Y, — ZC?ngYw
i

By, = (XX} + v, YOy, + v,(¥iv, + ¥iv) + 1,7,
+ 157, — Zc?g?ydy
i

By, = (v, Y5 +v.yhy, +v,(vly, + vlv,) + 1,7,
+ 7&IYe - ZC{gleV,
i

By, = (v, Y  + v, YDy, + v (¥iv, + YiY,) + T,7,
+ TZYV - ZCfglee,
i

Bu, = VY1 + Y YDM, + M, (YTY, + Y]V,
- ZC’;’g?Mu + T tanBM,,
i

By, = (Yo¥} + v, YHM, + My(Yiy, + Yiv,)

A

. 7
- > CigM, + —2M,,
- lgl] d tanB u

Bu, = Y,uYi + Y YHOM, + Mp(YLY, + iy,
— ZC’fg%MD + T, tanBM,,
i

By, = (Y. Y& + v, yhm, + M (Yly, + YiY,)

/\

_ Cl
Z ﬂ

(B6)

where the rescaled beta functions for VEVs B,, , B,, are
the same as in Eq. (B3) with different coefficients C}
defined below and functions 7, and T, are the same as in
Eq. (B4). Other two traces entering in this case are

Yiy,).
(B7)

T, =Tr3Y}Y, + ¥iy,), T, = Tr3Y} Y, +

The parameters occurring in these equations and also in
Egs. (B9) and (B10) given below are
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a=b=2, a=>b=1,
—(9/4,9/4,1/4,8),  C.=(9/4,9/49/40, 7= (0,0,1/4,8), (BS)
=(0,0,9/4,0), CY =(9/4,9/4,0,0), (i =2L,2R, BL,3C).

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,g which can be
expressed in the generalized form for both cases,

Mass eigenvalues:

[ ~ T tan .
B = _chjpg% + ay? +2b z IV, 1292 + a/l% Z [V, [>m jlml, i=uct
L% j=d,s,b m; b
B, = —Zc<q>g2 tay? +2b Y VP b ——— N |V, m; ] i=d,s b,
j=u,.c,t lj u,c,t (B9)
B - fz .
Bm, = _ch)g% + ay? +2b Z y? + b tan,B_m Z mj]ml-, i=e u,T,
-k J=N1,Np,N3 L j=N,Ny,N3
T, tanB
I 1 .
Bmi — _Zc()g +Cly +a . z mj:lm,-, l:N],Nz,N3.
L j=epT
CKM matrix elements:
T, tanB b m2, + m?
Br,= T [ I VRV eyt T VI [V
y=u,c,t;y*a My ny vd e m?’
T b m% + m? N
- z Vay[b’—z_( V)yﬁ H(V*MﬁV)yﬁ]. (B10)
v Tyt tanB(m, — mg) v2 my — mg

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 Egs. (B5) and (B8), a’ = b’ = 0 in the mass range
Mpo — Mg+ with G,y 13 symmetry, but a’ = b’ = 1 in the mass range Mg+ — My with G153 or Gy,13p Symmetry and, in
the latter case, the nonvanishing traces flyz are easily evaluated in the mass basis.
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