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Chang and Mohapatra have observed that the implementation of the seesaw mechanism explain-
ing small neutrino masses in left-right-symmetric or SO(10) models requires the parity- (P-) and
SU(2)g-breaking scales to be widely separated (Mp >>Mpy ). In this paper we show how the mecha-
nism operates naturally even though the two scales are identical. The gauge group immediately
preceding the standard model emerges to be its minimal extension based upon
SU3)¢ XSUQ2), XU(1)g XU(1)z_, with a second neutral Z-boson mass M3 =~300-10° GeV. An
embedding in the partial unification scheme leads to observable rare kaon decays. In the two
symmetry-breaking chains investigated in SO(10) with parity broken either at the unification scale
(Mp=My), or at an intermediate scale (M, 2 10! GeV), proton decay is predicted with lifetime
near the observable limit; but, in the former case, rare kaon decays are also predicted near the ob-
servable limit when an intermediate gauge group SU(2); XU(1)g XSU(4). survives down to the
scale M~ 10° GeV provided sin’6,, ~0.24. The criterion for naturalness turns out to be wide sepa-
ration between P- and U(1); _; -breaking scales.

I. INTRODUCTION

Out of several methods proposed to explain small neu-
trino masses, the seesaw mechanism"? has been widely
exploited in partially unified or grand unified theories
(GUT’s) of strong, weak, and electromagnetic interac-
tions. Recently Chang and Mohapatra®* have made an
important observation on the general validity of the
mechanism"? as a viable theory for neutrino masses.
They found that the implementation of the mechanism in
the left-right-symmetric’ (LRS) model or SO(10) GUT®
needs a wide separation of parity- (P-) and SU(2)g-
breaking scales. Starting with LRS models or GUT’s
such as SO(10), SU(16), or SU(8), XSU(8), it has been
demonstrated earlier that a wide separation between P-
and SU(2)g-breaking scales can be realized in the pres-
ence of suitable Higgs representations,’ or specific spon-
taneous symmetry-breaking patterns.® In the case when
the P- and SU(2),-breaking scales are identical, the
present bound on neutrino masses does not permit the
right-handed gauge bosons to be light
(My, =Mz =My=Mp> 108-10' GeV), thus leaving
no other testable signatures at lower energies. In the
latter situation the mechanism™? has no role in explain-
ing neutrino masses. The main objective of this paper is
to demonstrate that the seesaw mechanism is natural in
certain models even if the two scales are identical. This is
achieved in spontaneous symmetry breaking (SSB) of a
LRS gauge group or a GUT to the standard model in
several steps such that SU(2), —U(1)g in the first step.
In a subsequent step of SSB, U(l); combines with the
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U(1)p ; present in the intermediate gauge group to form
U(1)y. We provide two examples in SO(10) GUT where
the proton lifetime is predicted to be within the observ-
able limit of the second generation experiments. In all
cases the neutral current exhibits an admixture of ¥V + 4
structure corresponding to a low-mass Z, boson mani-
festing itself in the SSB of the minimally extended gauge
group based upon

SU(2)L XU(l)R XU(I)B‘L XSU(3)C (562“3) .

That a seesaw formula different from the usual lore exists
in the G,;;3 model was first noted in Ref. 9, but the left-
handed triplet A; carrying B —L =2 was taken to be
light for the sake of convenience, which spoils the natu-
ralness of the mechanism. In all models leading to G,;;;
considered in this paper, the condition of minimal fine-
tuning of parameters requires all the components of A,
to be much heavier than the U(1)p _, -breaking scale
which renders the mechanism to be natural.

This paper is organized in the following manner. In
Sec. II we review the work of Chang and Mohapatra il-
lustrating the naturalness of the seesaw mechanism in
gauge models with a wide separation between P- and
SU(2)-breaking scales. In Sec. III we show how the nat-
uralness criterion operates with identical P- and SU(2),-
breaking scales using the LRS model and partial
unification scheme. In Secs. IV and V we show how such
models can be embedded in two different scenarios of
SO(10) grand unification. Section VI is devoted to sum-
mary and discussions.
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II. NATURAL SEESAW MECHANISM
WITH SEPARATE P- AND SU(2); -BREAKING SCALES

In this section we summarize the work of Chang and
Mohapatra® establishing the ‘naturalness of the seesaw
mechanism in left-right gauge models and GUT’s with a
wide separation between P- and SU(2)g-breaking
scales.”® For convenience we discuss the conventional
mechanism in the context of LRS models’® based upon the
gauge group

SU(2), XSU(2)g XU(1)5_; XSU(3)o X P

(=Gy3p 820 =82r) >

where the quarks (Q;,Qr) and leptons (¢, ) of each
generation, and Higgs scalars (¢,A; ,Ag), possess the fol-
lowing transformation  properties under
¥ (2,1,—1,1), Pr(1,2,—1,1), 0,(2,1,3,1),
Or(1,2,1,1), $(2,2,0,1), A;(3,1,2,1), Ag(1,3,2,1). In
order to drive the SSB, and implement the seesaw mecha-
nism in the chain

Gose

(A% =vg
Gsp - SU(2), XU(1)y XSU(3)(=Gy,)
R
(6% =k
—— U(1)(z, XSUB3)¢ (=Gy3), (1)
MW

the scalars are assigned the following vacuum expectation
values (VEV’s):

k O
0 k'

0
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0
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>

leading to the neutrino mass term in the Lagrangian:

) - mpp, Mg v
’Cmass_(v N7 Mg Mgr T N|’ 3)
where N=C(w), my =hyV,, mrg=h;Vg,

mygr =hk +h,k’, and h;’s are Yukawa couplings. Un-
der the condition Vg >>k >>V; ,k’, the generalization of
Eq. (2) to three generations leads to small ( large) mass ei-
genvalues for the left- (right-)handed neutrinos v, (N, ):

D)Z

(m

m., >~

VI. MR 1) 2’ 3 b (4)

» my=Mp, i=
My being the mass of Wx and Z bosons where P and
SU(2), break simultaneously. The Dirac mass in (4) has
been chosen to be the charged-lepton mass’ (m?Zme,
m§)=m“, m¥®=m_) leading to m, ~0.2 eV, m, ~10
e H
keV, and m, ~4 MeV. SO(10) breaks into Gy 3p
through the Higgs representation 210 at the unification
scale (M), and the other scalars needed for (1) are con-

tained in the representations 126 and 10 C SO(10). Also,
SO(10) can break directly into G, through the scalar rep-

resentations 45, and 126CSO(10). Using the
quark masses mP=m,, mP=m, mP=m,~80
GeV and My=M,=10"® GeV, the Gell-

Mann-Ramond-Slansky'— type spectrum is
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m, ~107" eV, m, ~107° eV, and m, ~1072 eV.
3 " T

Such a feature of the mechanism as obtaining small v;

masses simultaneously with small mixing angles was con-

sidered very natural until Chang and Mohapatra®* ob-

served that the presence of the terms

2
Vi= 2 A;Tx( AL ¢iAg 72¢f7'2) (5)
hj=1
in the Higgs potential, where ¢, =¢ and ¢,=1,0*7,, leads
to much larger induced values of (A% ) and the left-
handed Majorana mass through Fig. 1,
kv,
=, ©)
My

mpy =Mhy

even though one has (A% ) =0 to start with. Here A is a
function of scalar couplings and M, is the mass of A, .
Thus, the seesaw mechanism"? meant to explain small
neutrino masses holds provided values given by (4) dom-
inate over those in (6), which requires

AV3
M3

(7)

hy

For the maximum values of M, =M, =M, obtained for
V; =0 using extended survival hypothesis, the fine-tuning
needed to satisfy (7), or A <<(h,/h3)? is arbitrary since
the standard-model Yukawa coupling 4,~107°, and
there is no reason for 4; to be small. Without arbitrary
fine-tuning, (6) dominates over (4) and the bound on neu-
trino masses needs M, =Mp =My ~10'°-10'" GeV con-
sistent with m, = 1-10 eV, i=1,2,3. In such a situation
the proposed mechanism!? does not explain neutrino
masses.

Introducing P-odd singlets of scalars in LRS, or using
D-odd singlets already present in SO(10) (D =a discrete
symmetry defined in Ref. 7) in the representations 45 and
210, P and SU(2); breaking were decoupled earlier with
the possibility M, ~Mp >>My. Then mf; in Eq. (6) is
made negligible compared to Eq. (4) and the seesaw
mechanism provides a natural explanation for neutrino
masses even for low values of Mp. A number of
symmetry-breaking patterns including two-loop effects
have been worked out in SO(10) and found to be con-
sistent with Mp >>Mpy. In these new SO(10) models the
seesaw mechanism is natural.”!® In GUT’s of higher
rank such as SU(8); XSU(8)z or SU(16) specific SSB pat-
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FIG. 1. Induced values of left-handed Majorana mass term
that spoils the seesaw mechanism.
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terns were found that generate asymmetry in the G, ;3
gauge group or partial unification scheme with g,; g,z
(Ref. 8) and wide separation between P and SU(2), break-
ings. Similar arguments permit the seesaw mechanism to
be natural in these GUT’s.

III. NATURAL SEESAW MECHANISM
IN MODELS WITH IDENTICAL
P- AND SU(2); -BREAKING SCALES

In this section we demonstrate how the seesaw mecha-
nism is natural in other gauge models with identical P-
and SU(2)g-breaking scales. In popular models LRS is
associated with the gauge group G,,,3p, Or

SU(2)L XSU(2)R XSU(4)C(EG224P, gor =g2R) .

GUT’s such as SO(10), E4 SU(8), XSU(8)g, or SU(16)
contain these as subgroups. B —L forms a diagonal gen-
erator of SU(4).. In the alternate class of models exhibit-
ing a natural seesaw mechanism, although P and SU(2),
break at the same scale, SUQ2)y XU(l)g_, or
SU(2)g XSU(4)c breaks to U(1)y in more than one steps.
In the first step U(1); _; or SU(4)s must remain unbro-
ken but SU(2); —U(1), to generate wide separation be-
tween Mp and Mg _;, where My _; is the breaking scale

of U(l)g_,;. This is achieved through the following
chains in the two models:
Mp=Mg M)
(1) Gypup —— Gaiz —— Gy,
(x%=0 (A% )#0
) Mp=Mg M MY
(iia) Gyyp G Gos Gy »
(X0 (£%)+#0 (A% )#0
Mp=Mg =M, MY
(iib) Gjygp — Gy — Gy,
(a®)#0 (A% )0

where G,, =SU(2); XU(1)g XSU(4)c. In order to un-
derstand the naturalness of the seesaw mechanism it is
necessary to know the order of the masses of Higgs sca-
lars occurring as left-handed and right-handed triplets
which carry B —L =2. In case (i) the neutral component
of the right-handed Higgs scalar triplet with B —L =0
transforming as X (1,3,0,1) under G,,3p gets a VEV at
the scale Mg >>Mpg to yield the minimally extended
gauge group G,;;;. In the second step the neutral com-
ponent of the right-handed Higgs scalar triplet carrying
B —L =2 and transforming as A% (1,—1,2,1) under
G,13 gets a VEV to break G,;;;3—G, at the scale
M3 >>M,,. In this case W,}‘L gauge-boson masses are of
order My whereas the right-handed neutral gauge-boson
mass ~M3Y. It may be noted that in the first step both P
and SU(2); break at the same scale (u=Mp=Mg ) but
U(1)g XU(1)p _; remain unbroken, which in turn break
to form U(1)y at the lower scale MR =My _, <<Mg
=Mp. In (iia) G,yup—G,4 by the VEV of the neutral
component of the Higgs scalar transforming as X(1,3,1)
under G,,4. In the second stage G,;,— G,;3 due to the
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VEV of the neutral omponent of the Higgs scalar trans-
forming as £(1,1,15) under G,,, with Mg >>M.. In the
case (iib) the SSB G,,,p— G, 13 is achieved by the neu-
tral component of the Higgs scalar transforming as
o(1,3,15) under G,y,. The symmetry breaking
G,113— G, proceeds in the same manner as in case (i)
through the VEV (A% )50. In the cases (i) and (ii) the
final stage of SSB is achieved by the standard doublet of
Higgs scalars. Thus compared to the seesaw mechanism
envisaged in Sec. II new types of Higgs scalars are needed
in certain cases to drive the SSB in the models. In the
light Higgs-scalar sector there are two neutral particles:
the standard Higgs scalar with mass M # ~My, and the
neutral component of the right-handed triplet with mass
Mo ~M3. Since LRS is maintained at scales u>>My,

the Higgs sector must be left-right symmetric for such
values of u. Using extended survival hypothesis, the
charged components Ay, Ax ", and Az~ in the triplet
AR(1,3,2,1) under G,,;3 in case (i) acquire masses of order
M,;*. The left-handed counterpart of Ay, i.e., A;(3,1,2,1)
under G,,;; does not contribute to the SSB at any stage.
Its role is to maintain LRS and, according to extended
survival hypothesis, masses of all the components in Ay
is of the order M. In the cases (iia) and (ii b) the right-
handed triplet is contained in the G,,, representation
Ag(1,3,10), whereas the left-handed triplet is contained in
A, (3,1,10). Only the neutral component of A% acquires a
mass =M} but all other components of Ag and A, have
masses of order M7 . In the case (iia) all other com-
ponents of £(1,1,15) under G,,, have masses ~Mg ex-
cept the neutral component which acquires a mass
M2=Mc. All the components of X(1,3,1) under Gy,
have masses =My . In the case (i b) all the components
of 0(1,3,15) under G,,, have masses Mz =M.

Now using the seesaw mechanism and adding the in-
duced mass term due to Fig. 1, we obtain, for the neutri-
no mass of ith generation,

D)2

AR MpMR o (m,
gt Mg Mg

m , i =e,u,T, (8)

where the first (second) term is the induced (seesaw mech-
anism) contribution and g is the appropriate gauge cou-
pling. The dominance of the second term over the first,
desired by the naturalness criterion, requires
0
D MWMR
mp >>————,
My
or
RmP>>M,, i=eu,7, 9)

where R =M /M3 and we have used AhY /g3~1,
i =e,u,7. Inequality (9) is our new naturalness condition
in order that the seesaw mechanism provides a meaning-
ful theory for Majorana neutrino masses. If we use the
charged-lepton masses for m”, then R >>10° for the first
generation. This automatically guarantees naturalness
for the second and third generations since
m_>>m,>>m,. If V+ A4 structure of neutral currents
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TABLE 1. Some predictions of the partial unification model

Gzzw——;—»Gm —;—»sz with M3 =1 TeV as described in
M

R c
the text.
M, Mg=M,

(GeV) (GeV) sinQy,
10° 5% 10 0.230
107 0.225
10° gx10'° 0.220
2X 10 0.230
8Xx10'° 0.235

are desirable at low energies along with the detection of
Zp at the supercolliders, it is necessary that My ~1 TeV,
which implies that the mechanism is natural if
My =M, >>10% GeV. A very interesting feature of the
new class of models specified in (i) and (ii) is the natural-
ness of the mechanism with the minimally extended
gauge group G,;;3; at lower energies. Using
renormalization-group equations (RGE’s) it is easy to
satisfy the condition Mg >>M9 in the case (i) and the
constraint arising out of K; —K mass difference as ob-
served in Ref. 9. In fact RGE’s do not constrain
Mp=My as there are three unknown gauge coupling
constants g,; =g,r» gpr» and g5 for u> M =Mp. But
in cases (ii a) and (ii b) there are two unknown gauge cou-
pling constants, g,; =g, and g4¢, for u= Mg =Mp one
of which can be eliminated using the fine-structure con-
stant matching at u=M,. For the case (ii a) the relation
between sin’0y, and the mass scales can be expressed in-
cluding one-loop corrections as

- In — In , (10)

where a=a(My)=e*(My,)/47 and as=g3(My)/4m.
The corresponding equation for case (iib) is obtained
from Eq. (10) by using Mg =M,=M_. Solutions to the
RGE’s in cases (ii a) and (ii b) have been obtained with the
QCD parameter Ayg==0.2 GeV, where MS denotes the
modified minimal subtraction scheme, sin20W ~0.22
—0.24 and for values of M ~(3X 10*~10°) GeV, some of
which are presented in Tables I and II. For the case (iia)
we found 7X10" GeV=<Mg =M, <2X10" GeV for

|

210 45 126 10
SO( 10) M ’ GZZIBP T G2113 Gst
u Mp=Mp Mg=Mp_, My
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TABLE II. Some predictions of the partial unification
scheme G4p —— G113 —— G-
Mp MY
M3 Mpy=M =My
(GeV) (GeV) sin%6y,
10° 8X 10" 0.235
1.4x10" 0.230
10° 10" 0.235
1.6 X 10" 0.230

10'° GeV >> M >>10° GeV. In this case, in addition to
predicting the low-energy gauge group to be G,j;
beyond the standard model, the rare kaon decays are also
predicted to be observable, corresponding to M=~ 10°
GeV. In the case (iib) the solutions are consistent:
Mp=M =My ~10'? GeV—5X10"® GeV with a low-
mass Zp boson. The parameter R =My /M2 >10" in
both cases and is found to guarantee the naturalness con-
dition. The neutrino mass spectrum for lower values of
M ~300 GeV-1 TeV is of the type eV-keV-MeV for the
three generations. In such cases m, and m, would

violate the cosmological bound. One rl;lethod of evading
the cosmological bound is to make v, and v, unstable
against Majoron emission as discussed in Sec. VI. In the
next section we examine embeddings of models (i) and (ii)

in SO(10) grand unification.

IV. IMPLEMENTATION IN SO(10) WITH G,,,3» AS AN
INTERMEDIATE SYMMETRY

In this section we show how the new seesaw mecha-
nism operates in an SO(10) scenario where G,,;3p and
G,;13 occur as the two intermediate symmetries. The
well-known problem in such a GUT scenario is the pres-
ence of undesirable domain walls!! and inadequate
baryon asymmetry'? of the Universe if M,=My <<10!!
GeV. On the other hand if Mp,=My >10'! GeV the
baryon asymmetry is compatible with the observed value
and the domain walls created in the early Universe might
have been removed by inflation. Our analyses in this pa-
per demonstrate that the RGE’s permit such solutions.
We discuss the embeddings of these groups in SO(10) and
find solutions to the unification mass (M, ),sin6,,, and
intermediate scales including renormalization effects on
gauge coupling constants up to two loops and superheavy
Higgs scalar effects.!>” !> The case (i) mentioned in Sec.
III can be embedded in SO(10) grand unification as fol-
lows:

G13 ’ (11)

where the Higgs scalars mentioned in (i) are contained in the respective SO(10) representations: X C45, A, C126,
¢C10. In addition, the GUT symmetry breaks down to G,,,3p when the neutral component of the Higgs scalar trans-
forming as (1,1,0,15) under G,;3p and contained in 210 acquires VEV =M. In order to make GUT predictions using
the effective gauge theory approach,'>!> the superheavy components in different Higgs representations needed for SSB
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in case (i) are noted below along with their masses and transformation properties under G,,,;:'°
10D My (1,1,v/34,3)+ My (1,1,—1/14,3)

—1/31,6) +My (1,3, Vv34,3)

V13D

-2 3,3)+MH (2,2,4/3%,3) +My (2,2,0,8),

126D My (3,1,7/34,3)+ My (3

+My (1,3, \/23,6)+MH (1,1,4/34,3)+ My (1,1,

+M; (2,2,0,1)4+M;
H, Hyg (12)

45D M; (1,1, —1V/323,3)+ M (1,1,7/32,3)+ M5 (1,1,0,8)+M; (2,2,1/34,3)+ M (2,2, —/313)

210D M§1(3,1 —1V/33,3)+ M5, (3,1,4/32,3)+ M5, (3,1,0,8)
+Mg, (1,3, —/3%,3)+ Mg (1,3,4/33,3)+ M, (1,3,0,8)+M§ (2,2,9/3,D)+M;s,(2,2,4/34,3)
+M§9(2,2, 34,60+ Mg (2,2,0/3, 1)+ Mg, (2,2,0/34,3)+M;_(2,2,—1/34,6) .

If the component masses are taken to be arbitrarily nondegenerate, the model loses its predictive power on the proton
lifetime (7,) and sin?0y,. We examine their impact on GUT predictions by assuming the masses to be (a) degenerate, (b)
nondegenerate but not arbitrary as they are constrained by a Coleman-Weinberg-type condition in that a nondegenera-
cy factor up to 10 might be generated among different component masses in a single GUT representation. 14 In all cases

(p —e T7°) is predicted near the observable limit. In order to constrain masses under condition (b), we maximize 7,

usmg the RGE for In(My, /My, ), which leads to

o= ! o= !o= = = !o= I o= ! = ! = ! = ! = = (+)
My =My =Mj =My =Ms =M =M =M; =M =M =M5 =Mg =M"),

(13)

MHI :MszMfrlz =1\4‘95 =M;16 =M;110 =M§3 :Mée: :Mélz :Msl =M52=MSJ =M.

Using a minimal number of Higgs scalars and three fermion generations we have computed the one- and two-loop
coefficients in the equations for In(M, /M) and sin’0,, given below:

+ MO

My 3701 8 My R
lnM—W:E —(;—Ea— —'%ln-‘j‘—l—;—f‘%lnMW“%(—271nxi-27lnx§/]¢+6741anUL—'¥lnx§IC
s
M(+) M(—)
+2ZInxg; +21nx 3 + Ynx; — LInx jo + ©Inx )+ Linx 9, — LInx )+ 4 210" —28In— ,
U U
(14)
+ 0
9  Ra, Mg 50 . Mg
2 —_
O =L+ -
SO = ST 29a, 877 | My, | 587 my
—29 (nxd) — 87 1nx Y +D1nx §; + Blinx §- + Sinx g
+ B 1nx % + Plnx,; + 12 lnx3c+‘x‘gjlnx0+3°7lnx2,_+‘ Inx$c)
a M(+) M(')
— 331 —441 ,
1747 > " My, "My (15)
where
a,(My) a,(Mg) a;(M2) )
iuzf_i, xt= 1; . x0= &) anda,«(u)zg'—#-
a,-(MR ) ai(MR) a,(Mw) 41T

[

tions are summarized in Table III.
At the one-loop level, neglecting superheavy-scalar
effects, the model predicts My=~10"" GeV and

Using an iterative convergence procedure that ensures
fine-structure constant matching'® at u=My we have

computed My, 7,, and sin0y, as a function of Mg for
the degenerate and nondegenerate cases as shown in Flgs
2 and 3, respectively, while keeping Z light (M ~1
TeV), where '*'=InM'*'/M,,. Some interesting solu-

sin’6y, ~0.225 for Ajz=~250 MeV and Mp=Mj ~10"
GeV. This is consistent with (7,),,~ 10 yr, where we
have included an uncertainty factor of 103 in 7, arising
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027 ———1—— 11— 027 ——r—— 11—t
/ n k23025, =-2.3025
026 r : 7 0.26 rl(+)=-2.3025,r\“’=-4,505 7]
(+) -
0.25 1 4 0.25 - n "0»"[( )--2.3025 |
. (+)_ (=)
M=o
024 r 4 0.24 - ]
& 023 | ] _023r .
NE / MU D MP MU
® o022t — Ne 022 F i
w
-~ — —one loop ' N one loop
o021 F_ __. AL N | 1 o2 F |
ws 0250V ). A= 0.6 GeV
°.10°Gev A o 3
020 Mr orn 020 I M2 =10°Gev .
SO(10) My 622|3p Mp= Mi G2||3 M% 213 SO(lO)W 622|3p TAP-—M{)G2”3 -;‘—5962'3
0.19 [ SRS S SR S T SR T SR S 0.19 oy oy R
’ 5 7 9 1 13 15 17 19 3 5 7 ] I 13 15 17
Ioglo(M/lGeV) Ioglo(MllGeV)
FIG. 2. Predictions of the symmetry-breaking pattern FIG. 3. Same as Fig. 2, but for nondegenerate superheavy

SO(10)— G,13p—> G4 13 as described in the text with MZR ~1
TeV with and without degenerate superheavy-Higgs-scalar con-
tributions. The dot-dashed curve is for Agg=0.250 GeV, others
are for Ajg=0.160 GeV.

out of uncertainties in the estimation of the proton-decay
matrix elements, branching ratios, and Ar\TS'IG'” Includ-
ing contributions up to two loops and no superheavy-
Higgs-scalar effects, 7, decreases by two orders corre-
sponding to the curve ' 7’=%'""=0 in Fig. 2 for which
Ajs=160 MeV. Including the superheavy Higgs scalars
lighter than M, by a factor 10 (50) increases the two-loop
computation of 7, by 2 (3) orders for Ayzz=160 MeV,
and the decrease in sin%0y, is only 0.0015. Allowing the
possibility of Aj5=~250 MeV and the superheavy scalars

lighter by a factor 50 from M,, we find

scalar masses under a Coleman-Weinberg-type constraint, and
for Azz=0.160 GeV.

(7)) )max=10*-10% yr, with M,=M >10'"" GeV and
sin’6y, =0.220-0.227 as shown in Fig. 2 and Table III.
Increasing M3 from 1 TeV to 100 TeV does not have a
significant impact on the GUT predictions. In the case of
nondegenerate superheavy components, restricting
Mp=My >10"" GeV and sin’0, ~0.22-0.23, 7, is
found to increase over the one-loop predictions by nearly
2 orders if M'"’=M, and M'"'=M_, /10. In this case
7,~10%7_10% yr, with Mg =M,=10""-10" GeV
and sin%6, =~0.22-0.225. For larger values of nondegen-
eracy factor, 7, could be larger as shown in Fig. 3. The
allowed values of the low mass of the Zp boson (300
GeV -1 TeV) are consistent with the eV-keV-MeV type of
mass spectrum for the neutrinos of the three generations

when we choose m?=m,, m2D=mH, and mP=m_, as a

M

M
TABLE III. Some predictions of the model SO(10) — = G35 ——> Gy,13 on sin®0y, and 7, with M3 =1 TeV, Ags=0.16 GeV,
and different values of the parity violating scale (M), including superheavy-Higgs-scalar effects.

Mi=M,

My Tp
7't n) (GeV) (GeV) sin%6y, ag! (yr)
—2.30 —2.30 8% 108 2X10'3 0.240 36.1 1.2 10%2%3
5.6X10° 1.4X 10" 0.235 35.7 3x1031+3
2.5x 10" 710" 0.225 32.0 1.5 103043
—3.45 —3.45 4.5%X10° 2X 10" 0.235 32.4 103243
2X 10" 1.2X10" 0.226 31.6 103143
—2.3 —4.6 1.6 10" 2.4X 105 0.230 31.1 2x 103243
10" 1.8X 10" 0.225 30.8 103243
6.3 10" 1.3X 10" 0.221 30.4 1.4 X 103143
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consequence of natural seesaw mechanism.

One difficulty in having masses of the order of keV and
MeV for v, and v, is the violation of the cosmological
bound. The difficulty is removed by making them unsta-
ble with respect to decay into v, by the emission of a Ma-
joron,'® which is obtained by introducing an additional
global U(1); (I =lepton number) symmetry in the theory
and breaking it spontaneously at a scale M >>M3. The
RGE’s also permit solutions with larger values of
MR=Mz ~10°—10° GeV. When M, =My ~10""-10"
GeV, R ~10°-10 for such larger values of M2, which
satisfies the naturalness criterion. In this case
m, <m, <m, = 1-10 eV and there is no conflict with
theccosm(l)llogical bound. The weak-interaction phenome-
nology with such large Z; mass is indistinguishable from
the standard-model predictions.

J

54+45, 45, 126
SO(10)
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V. IMPLEMENTATION IN SO(10)
WITH G,;, AS AN INTERMEDIATE SYMMETRY

In this section we show how the seesaw mechanism can
be implemented naturally with G,,4 as one of the two in-
termediate symmetries occurring in an SO(10) scenario.
Compared to the case discussed in Sec. IV, this has the
novel feature that both SU(2); and P break at the GUT
scale that is experimentally constrained as My > 10"
GeV. The question of domain-wall problem does not
arise in this case; in addition, the proton decay rate could
be close to the observable limit if RGE’s permit
My~10" GeV. For case (iib) we have found the
unification mass too low to be allowed by proton-lifetime
measurements unless additional fine-tuning is permitted.
On the other hand, case (ii a) is promising in the context
of the GUT scenario:

(16)

G214 G2113

U c My

G213 .

The Higgs scalars mentioned in Sec. III for case (ii a) are contained in various SO(10) representations: X (1,3,1)C45,,
£(1,1,15)C45,, Agx(1,3, 10)C 126, #(2,2,1)C10 where the transformation properties mentioned are under G,,,. Note
that both 54 and 45, are needed for the SSB at u~ M ;. The masses of superheavy components of different Higgs repre-
sentations needed for SSB in the case (16) are noted below with their transformation properties under G,;,:

10O My (2, —%,IH-MHZ(I,O,G) ,
1263M,’,1(1,0,6)+M,',2(3,0,1—0)+M},3(1,0,10)+M}14(1,—1,10)+M,’1 (2,7,15)+M},6(2,—%,15) )
4513MS'1(3,0,1)+M§2(1,O,15) , (17)
4523M51(3,0,1)+M52(1,1,1)+M53(1,0,1)+MS (L, =1L, 1D)+M;_ 2,2,6)+M5 (2,—1,6),
54DM§'] (3,1,1)+M§'2(3,O,1)+M§'3(3 1, )+M§' (1,0, 20)+M§' (2,4, +MS"6(2,-—%,6) .
Méximization of 7, leads to the following constraint on the superheavy-component masses:
My =My, =My =Mg =Mg =M =M; =M; =Ms =Mg =M =M =Mg, =Mg, =M'"",
My, =My =My =My =My =Mg =M, =M, s

Using three generations of fermions with masses p1 <M,, minimal number of Higgs scalars at various stages of SSB,
and the super heavy-Higgs-scalar effects near =~ M we compute InM, /My, and sin?8y, up to two loops as

My  6r |1 8 2 M, 5 My
In—=—|—————|[———=In +—In
My, 67 |a 3ag 67 M, 67 My
— 2 (Ynx §; + %Inx [ — ZInx [, + LInx §; +21Inx [z + ZInx §; — 96lnx3c-0-“°1n.7c0-§- BInx9, —LInxy,)
1 M(+) M("‘)
+— |281 —291 , 19
7 n M, 291n M, (19)
sin2o, — 35 6la _437a, M.  35a Mk
" 134 20la, 4027 M, = 4027 My
— 67 (Winx §; +480nx [ — B8 Inx ¥ + Llinx § + 421nx {3
c o M) M)
+ nx§ + 421nx §, + 35 1nx, + M nx 9, +23nx ), 804 —16331n M, +9281In M, |’

(20)



2358
T T T T T T T T
025 L M !
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FIG. 4. Predictions of the symmetry breaking pattern
SO(10)—G,,4,—>G5;;3 as described in the text including
superheavy-Higgs-scalar effects for MZR=1 TeV and

Asis=0.16 GeV.

a;(M,) 0 a;(My)
X =, Xy =, and x;=——— .
a; a;(Mg) o, (My)
Following the iterative convergence approach to solve
two-loop renormalization group equations and using
plausible values of superheavy component masses, our
solutions for the intermediate scale and My for Mg ~1
TeV are shown in Figs. 4 and S for Ajs=0. 160 GeV, and

0.350 GeV, respectively (Ref. 17) where
7 =In(M'*'/M,). Some of the interesting solutions
are also presented in Table IV. At the one-loop level

with Agz5=0.350 GeV the predicted value of 7, is found

to be very close to the observed experimental limit for
M:=10"" GeV and sin®6, ~0.235, but 7, is found to be
1-2 orders less than the experimental limit for
Ags=0.160 GeV. When superheavy-Higgs-scalar effects
are included in two-loop calculations, we find

7,=102"3-10%" yr, sin’0,,~0.230, M-~10" GeV

My
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026 . . , . T T T . r T
n*=23025,n'"=—2.3025 !
025} =0, A7 =-4a.605 'I )
rI(+1=|.\("-(> :
o024l nl+)=,‘(')=—3.45 .’ l
!
0.23 | |
\MU
0.22 |
z M°R =10%Gev
NC
= o2l — ———one loop
020k /\H'S =0.16 GeV i
olgp  SOUOI >G4 G213 2”023 1
ore s ) ) ) | . L . L

|
5 6 7 8 9 10 I 12 I3 14 15
Ioglo(MHGeV)

FIG. 5. Same as Fig. 4 but for Aj5=0.35 GeV.

with Agg~=160 MeV if the heavier (lighter) components
differ by a factor 10 from the unification mass. For larger
values of Ay or nondegeneracy factors, 7, is found to in-
crease further. We find that this SO(10) model permits
observable rare kaon decays corresponding to M, =~ 10°
GeV provided sin?0,, ~0.24. In all allowed solutions in
this model Mg =M;=Mp~10"" GeV. With M ~1
TeV, R =10'2, and the naturalness criterion is easily
satisfied. As in Sec. II, the low-mass Z, boson yields the
neutrino-mass spectrum as eV-keV-MeV for the three
generations. The violation of the cosmological bound by
the v, and v, masses is avoided by making these neutri-
nos unstable against Majoron emission through the intro-
duction of an additional global lepton-number symmetry
U(1), (Ref. 18). But the RGE’s also permit M3 ~10°-10°
GeV as the Zgz-boson mass for  which
m, < m,, <m, = 1-10 eV as a consequence of the natu-

ral seesaw mechanism with R =10°-10'°, and this is con-
sistent with the cosmological bound with stable neutri-
nos. In this case the predicted weak-interaction phenom-
enology at low energy cannot be distinguished from the
standard-model predictions.

C

TABLE IV. Some predictions of the model SO(10) —— G;4 — G5 for two values of Ay on sin’0y, and 7, with Mg =1 TeV
and different M including superheavy-Higgs scalar-effects as described in the text.

Axss M. My T
(GeV) 7't n') (GeV) (GeV) sin’6y ag! (yr)
0.16 2.3 —2.3 4x%10° 103 0.240 48.3 1.7X 103143
3% 10° 10% 0.235 47.6 1.4 % 103'%3
0 —4.6 3% 10° 1.3x10% 0.240 42.5 2.5%103%3
1.6 X 10° 1.1X10% 0.230 40.8 1.5 X 103'+3
0.35 2.3 —2.3 10° 2.4X 10" 0.24 48.8 4.3x10%2%3
5.6X10° 2.2X 10" 0.230 47.4 2.9 10%2%3
0 —4.6 5.6X10° 2.7X 10" 0.235 41.7 5% 103243
4x107 2.5X 10" 0.230 41.0 3.8x 103243
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VI. SUMMARY AND DISCUSSION

In this paper we have suggested the new possibility
that the seesaw mechanism for neutrino masses could be
natural in the context of the left-right-symmetric gauge
group, partial unification scheme, and GUT’s even if the
scales of P and SU(2), breakings are identical. In these
models, the P-breaking scale is the same as the W,%
gauge-boson mass (Mp=Mp ) and the U(1), _ -breaking
scale is the same as the Zg-boson mass (M3). The cri-
terion which guarantees naturalness has been derived and
is found to depend upon the largeness of the ratio
R =My /M3 >>10°. At the critical value of the ratio
R ~10°, the induced and seesaw mechanism contribu-
tions are comparable, but for larger values of R the in-
duced neutrino mass becomes smaller.

In the LRS model based upon the gauge group G,;;3p,
it is very easy to implement the mechanism as there is not
much restriction on Mp =M} . In the partial-unification
scheme with one intermediate symmetry G,,;3, the RGE
permits Mp=Mg ~M,=107-5X10"" GeV with
MR=M2R=3OO GeV-10° GeV [case (iib)]. However,

with two intermediate symmetries G,;4, and G,;;; [case
(iia)] the solutions allow Mp,=My ~7X103-10" GeV
for 10 GeV > M, > 10° GeV, predicting rare kaon de-
cays to be observable by low-energy experiments besides
a low-mass Z boson.

In the SO(10) model, implementation of the natural
seesaw mechanism has been found to be possible with
parity (P) surviving down to an intermediate scale
Mp=Mg ~10"" GeV or broken at the GUT scale
Mp=My=Myg > 10" GeV. With G,,;p and G,,; in-
termediate symmetries, RGE’s up to two loops, with
superheavy-Higgs-scalar masses lighter than M, by a
factor of 10—50, are found to allow the intermediate P-
breaking scale M,=~10''-10!2 GeV, observable proton
decay by the second generation of experiments with
7,~102-10" yr, and a low-mass Zp boson
(M2 =~300-103 GeV). In this case there is the possibility
that the domain walls created in the early Universe might
have been removed by inflation. In this context it is to be
noted that the large P-violating scale can be associated
with the breaking of Peccei-Quinn symmetry invoked to
solve the strong CP problem and can be generated by the
principle of geometric hierarchy from M ~10" GeV
and MZR:IO3 GeV, or My,. Further, it has been ob-

served that while embedding a LRS gauge group as an in-
termediate symmetry in SO(10), the generation of an ade-
quate baryon asymmetry of the Universe needs such a
large P-violating scale.!? In the other interesting SO(10)
scenario with G,;, and G,;;; as the two intermediate
symmetries, superheavy-Higgs-scalar masses differing by

a factor 10 (lighter or heavier) from the unification mass
allow (7, )yax = 10% yr with the possibility of observable
rare kaon decays and a low-mass Zz boson. In the two
SO(10) models discussed here G,;; is allowed to be the
gauge symmetry beyond the standard model with the per-
mitted values of a Zg-boson mass varying over a wider
range: 300-10° GeV.

The weak-interaction phenomenology at low energy
does permit a low-mass Z; boson (Mg ~300 GeV-1
TeV) in the G,;;; model which yields fits to the neutral-
and charged-current data similar to the standard-model
predictions.”!” When such values of M} are used in the
natural seesaw mechanism, the neutrino masses are of the
order eV, keV, and MeV for the first-, second-, and
third-generation neutrinos, respectively, out of which the
latter two violate the cosmological bound. The cosmo-
logical bound can still be respected with low-Z; masses
by making v, and v, unstable with respect to the emission
of a Majoron which is a massless scalar carrying 2 units
of lepton number, and it is created when an additional
global symmetry U(1); (I =lepton number), attached to
the models, breaks spontaneously.!® With the other al-
lowed possibility, Mp~10° GeV, m,, <m, <m, >1
—10 eV, there is no violation of the cosmological bound.
The weak-interaction phenomenology at lower energies is
then indistinguishable from the standard-model predic-
tions within the available experimental accuracies. How-
ever, one novel feature in the partial-unification scheme
and SO(10) model with G,;, and G,,,; intermediate sym-
metries is the prediction of observable rare kaon decays
such as K; —upe. The analyses carried out here in SO(10)
can be easily implemented in other GUT’s such as
SO(2N).(N >5), E¢, and SU(16) with similar predictions.
However, in SU(8), XSU(8); while all other low-energy
predictions are similar, it is possible to have a more stable
proton since the gauge-boson-mediated interaction corre-
sponding to the proton decay is absent.

Finally from the investigations carried out in this pa-
per we conclude that scenarios different from those dis-
cussed by Chang and Mohapatra in Ref. 3 and worked
out earlier’® do exist in LRS models, partial unification
schemes, and GUT’s in which the seesaw mechanism can
provide a natural explanation for small Majorana neutri-
no masses even if the P- and SU(2),-breaking scales are
identical.
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