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INVESTIGATIONS BEYOND THE STANDARD MODEL

ABSTRACT

The investigations carried out under this thesis can be
broadly classified i1nto two categories: (A} The impact of certain
higher—-dimensional operators on the predictionzs of SU((S) and
80{10) grand unified thearies, {B! Natural seesaw mechanism for
neptrino masses in 3 new class aof models with  i1dentical parit;
{(F)—and SU(E)R—breaklng scales. While the Chapters II-V have beer
devoted to the analysiz of the type (A), Chapter VI 15 devoted t-o
obtain results of the type (E}. Chapter I provides a general
introduction while the summary and conclusions are stated 1n
Chapter VII.

Although superstring theories offer an exciting possibility
of un:ficatzon of all i1nteractions, the extension of the original
Kaluza-tlein type of unification with gravity by the introduction
of extra spatial dimensicons 1s also a very attractive one. The
impact of such a unification scheme on grand unified theories
(BUT "5} need special attention 1n the context of divect and
indirect experimental signatures at low ar accelerator energles.
When ertra dimensions are compactified, besides the usual GUT
Lagrangian of the effective four—dimensi1onal theory,
nonrenarmalicable terms 1nveolving certain higher—-dimensional
operator{s) and scaled by suitable powers of the compactificatior
mass iﬁai usually ooccur as residual effects of compactification.
Although the presence of such terms makss the GUT Lagrangian
nonrenormalizable;, a very attract:ve feature 13 that they ave
absorbed as renormalizable terms of the Lagrangiran of the

effective theory at the lower scale {(u « MU), once the 6UT
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symmetry breals spontaneously. For example, the effective theory
below the uwunification mass 10 SU{E) 1z the standard theor,
Bat=SU(2)LxU(1}YxSU(3}C. The effect of such Tive-dimensional
operators on  SU(5) and certain 50{10) predictions have been
investigated by a nunmker of authors who have noted that such an
operator might alsoc originate from effects of gquanitam gravity 1~
four dimensions especially with ﬁG o~ Mp1=101qeev. We have enamined
the modifTications caused by the five- and six~—cimensional
operators on SUHS) and the relevant five-dimensional operatars 1~
the effective chains of S0{10)Y 1leading to very attracti.=
predictions for low-energy euperiments not obtained earlier.

In Chapter 11 we show that the combined effects of ths
five-and siv—dimensional gperators lead to large enhancement of

proton lifetime (rp} in 5U{5) with TpZIO Syr for the p —» e+n

L4

c

3
mode and 51n‘6w ~ 0.22-0.24,
In Chapter III we found that even with a single i1nterms=diats

HU MC

symmetry 1n the chain 80(1g3)—» SU’E)LXU(i}RxSU(4)

C ’Gst’

guark—lepton unification scale 15 allowed to be as low as

195—166899, when the effect of the relevant five-dimensionsl

th

m

operator 115 1included in the renormalization—group equations
(REBE 's). Such a scale leads toc the ochservable rare-laon deca;
(HL———’ ; e} and small neutrino masses.

In contrast to the chain made by Rizzo few yesars earlier thsat

+
the low—mass N% —gauge bosons are predici=zd 1n the scenario,
MU MR

80110y —» SU{Z 12) t1 SU{I} (=6 E—
{ }LXSU g }B—LXHL CXP =654 P) » Bat’

where F stands for parity, leading tc MR ~ 10DEeV, we find that

e

the modifications to the boundary conditions of the RGE's have not



{31
been calculated correctly. When this 1s  dons, the lowest
permissible value turns out to be HR ~ IDSBEV, invalidating the
earlier claim. Interestingly enough, when we adopt the method of
decoupling P- and SU{E}H—breakzngs with the same 1ntermediate
symmetry, but excluding F (g:L S QER}, the effect of tne
five-dimensional operator permits ﬁR ~ S00GeY — few TeV., Thus =z
very 1nteresting and new result of Chapter IV 1s the demonstratio-
of the existence of low—-mass Né and ZR—gauge bosons 1 500170

without cbservable parity restoration.

In Chapter ¥ we 1investigate the effect of the revelart

el
ot
m

five-dimensional gperator on 56(10) predictions with the sin

SU(E)LxSUtE}RxEU(Q)E€EGHT4) intermediate symmetry with and withourx

{(P}. In the case of Bﬂ74P intermediate symmetry, the quarli-leptcr

unification mass MC and grand unification scale HU are found tc o=

as large as M. o~ 1014BEV and HU ~ 1QIBBEU, respectively leading tc

& very stable proton and no cosmolog:ically problematic domai-

walls. With 67”4 intermediate symmetry, 1t yields
)

MC=MN 2195—10 GeVY leading to observable predictions of n-
14

)

oscillation, and kL » u & decay and small Majorans neutrino

|
MASSes.
All i1nvestigations in Chapter Y1 are made without introducing

any higher-dimens:onal operator. We find that 1n models of the

following class,

My HP=M;
S0 (10) ;DGEEISF T SUR) | <UD U | xSU(D) (=6, L0
R
R > B, i
MM M M&
S0(10) — G., —> G — 5

=14 2113 st?
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the seesaw mechanism for generating small Majorana neutrino masses

Dt AN

NN g

can be implemented in a very natural manner 1n  that the 1induced
contributions are negligible for certain large value of the rat:ico

M /M2

r’ Mg permissible by the solutions to RGE’'s. In these models the

low-snergy gauge group could be a minimally extension of the
standard group predicting the existence of a low-mass ZR boson. At
several stages of the thesis, other predictions of different model
have been noted and the method of circumventing the cosmological
bound on neutrino masses has been discussed.
The following papers have bheen produced under this thesis,
1. "Gravity—induced large grand-un:ification mass 1n SU(3) with
higher—dimensional operatogrs.”
M.t .Farida, F.t.Fatrs, angd A.k.Mcochanty, Fhys.Rev.D 39,
T146£(198%).
2. "Spontaneous compactificat:on effects, low—energy signatures
of guark-lepton uniftication, and =mall neutrino masses 1n

soiior.m

M.k.Parida and F.h.Patra, Fhys.Rev.D39, 203C(198%).

'JJ

. “Spontaneous compactification effects 1n S0(10) with
lov—mass wé—gauge boson=s without cbservable parity restoraticon .
M.t .Farida and P.K.Patra, Fhys.Lett.234B, 45(1990}.

4., "Spontaneous compactification effects on S0(10) grand
unitfication with 8U£2)Lx5u52)RxSU(4)C intermediate symmetry®
P.k.Patra and M.} .Parida, submitted to Phys.Rev.D.

5. “Models with natural seesaw mechanism for neutrino masses

with 1dentical pariiy—and SU(E}R—breaklng scales.”

M.t .Faraida, PF.t.Fatra, and C.C.Hazra, Fhys.Rev.D 43, (1991 .



INVESTIGATIONS BEYOND THE STANDARD MODEL

P. K. PATRA

DEPARTMENT OF PHYSICS
SCHOOL OF PHYSICAL SCIENCES

A THESIS
SUBMITTED IN FULFILMENT OF THE REQUIREMENT OF
THE DEGREE OF

DOCTOR OF PHILOSOPHY

To

THE NORTH-EASTERN HILL UNIVERSITY
SHILLONG - 793 001

INDIA
1991






Fnone }

North-Eastern Hill University
Bijni Complex
Bhagyakul, Shillong-793003 ( Meghalaya )

Dr M.K. Parida

Readgr ing
Department of..” . . ystes

This is to certify that the thesis
entitled ‘Investigations bBeyond the standard model’
subkbmitted by Sri Prasanta Kumar Patra for the -
fulfilment of the degree of Doctor of Philosophy
of the North~Eastern Hill University, Shillong,
embodies the record of an original investigation
carricd out by him under my supervision. He has
been duly recgistered énd the théis submitted is
worthy of being considered for tne award of the
Ph.D. degree.

This work has not been submitted
for any other degree.to any other University or
Institution.

[N

(Dr M.K. Parida)

Supervisor.
Reeder In Physice

NEHU
Shillong. 793003

Geams {1 00



ACKNOWLEDGEMENT

It is my immense pleasure to express my deepest sense
of gratitude to my respected teacher and supervisor
Dr.M.K.Parida, Department of Physics, North-Eastern Hill
University, Shillong for introducing me to this subject and
giving me constant encouragement and help throughout the
course of this work.

I thank Professors A.L.Verma, C.S.Shastry, Y.S.T.Rao,
P.Shukla, and Dr.P.N.Pandita, Dr.Satish Kumar,
Dr.S.K.Srivastav for their encouragement.

I am also thankful to my colleagues at NEHU, SASRD,
Medziphema, Nagaland and my friends at Bijni Campus, NEHU,
Shillong.

Words are inadequate to express my heartfelt gratitude
to my relatives Dr.B.C.Jena, Sri C.Pradhan, Mr.S.K.Rout, and
Sri P.K.Swain who have inspired me for research.

Finally I take this opportunity to express my heartfelt
gratitude to my parents for their penance in bringing me up

to what I am.

Shillong

The 22nd February, 1991 P.K.Patra



CHAPTER I.

CHAPTER 1II.

II.l-

II.2.

IX.3.

IX.4.

11.53.

CHAPTER III.

IIX.1.

IIl - a.

I11.3.

I1I.4.

I11.S5.

I1I1.6G.

CONTENTS

LIST OF PUBLICATIONS

INTRODUCTION

GRAVITY-INDUCED LARGE GRAND-UNIFICATION MASS
IN SWS) WITH HIGHER-DIMENSIONAL OPERATORS
Introduction

Derivation of the formulas for unification
mass, electroweak mixing angle, and GUT
coupling

Solutions with five-dimensional operators
New solutions with five- and six—dimensional
aperators

Summary and Conclusion

SPONTANEOUS COMPACTIFICATION EFFECTS, LO¥W-
ENERGY SIGNATURE OF QUARK-LEFPTON
UNIFICATION, AND SMALL NEUTRINO MASSES 1IN
S0C10)

Introduction

Derivation of the formulas for unification
mass, electroweak mixing angle, and GUT
coupling

Solutions with 5214 intermediate symmetry
without five—-dimensional operator
Solutions with 6214 intermediate symmetry
with five-dimensional operator

Fredictions on Majorana neutrino masses

Summary and Conclusion

FPage

12

17

19

29

32-50

32

35

38

40

47



CHAPTER 1V.

Iv.1.

Iv‘ 2.

iv.2.1.

iv.2.2.

Iv.3.

IV.4.

Iv.8.

IV.6.

Iv.7.

Iv.8.

CHAPTER v.

V.l.

v. 2.

Y.2.1.

[iil
SPONTANEOUS COMPACTIFICATION EFFECTS 1IN
SOC10) WITH LOW-MASS W--GAUGE BOSONS
WITHOUT OBSERVABLE PARITY RESTORATION
Introduction

Modifications of gauge—coupling constants

and BUT boundary conditions

Modifications with 52213P intermediate
symmetry
Modifications with 66213 intermediate
symmetry

Formulas for electroweak mixing angle,

unification mass, and GUT coupling

New predictions with 62213P 1ntgrmedlate
symmetery

New predictions with 82213 intermediate
symmetry

Predictions on neutrino masses

Constraints on W§~mass

Summary and Conclusion
SPONTANEQUS COMPACTIFICATION EFFECTS ON

SOC10) GRAND UNIFICATION WITH SUCE)LXSUIZ)R

xSU(4Dc INTERMEDIATE SYMMETRY

Introduction

Modifications of gauge coupling constants
and BUT boundary conditions

Madifications with G intermediate

224F

symmetery

51 -70

51

55

56

57

59

60

64

8

8

71 ~90

71

73

73



v. 2- e.

Y. 3.

V.3.1.

v.3.2.

v. 4.

V.5,

v.86.

CHAPTER VI.

vi.1.

vI.i.

ﬂ.a.

CHAPTER VII.

Modifications with G intermediate
symmetry

Formulas for unification mass, electroweak
mixing angle, and GUT coupling

Formulas with 8224P intermediate symmetry

Formulas with Bz intermediate symmetry

24
New predictions with 6224P intermediate
symmetry
New predictions with 8224 intermediate
symmetry

Summary, Discussion, and Conclusion

MODELS WITH NATURAL SEESAW MECHANISM FOR
NEUTRINO MASSES WITH IDENTICAL P- AND
SUKE)R-BREAKING SCALES

Introduction

Natural seesaw mechanism with separate P- and
SU(Q)R~breaking scales

Natural seesaw mechanism in models with

identical P-and SU(E}R—breaking scales

Implementation in S0{(1Q) with B2213P as an
intermediate symmetry
Implementation in S50{(10) with ©B§ as an

214

intermediate symmetry
Summary and Discussion
SUMMARY AND CONCLUSION

REFERENCES

74

706

78

79

79

82

g1-121

g1

Q93

a7

101

112

118

122-127

128-134



[iv}

LIST OF PUBLICATIONS

The following papers have been produced under this thesis:
*Gravity—-induced large grand-unification mass in SU(S) with
higher-dimensional operators."

M.K.Parida, P.K.Patra, and A.K.Mohanty, Phys.Rev.D39,

3146(1989).

“Spontaneous compactification effects, laow-energy signature

of quark~lepton unification, and small neutrino masses in
sa(10)."

M.K.Parida and P.K.Patra, FPhys.Rev.D39, 2000(1989).

"Spontanecus compactification effects in 8S0(10) with
low—mass Wg-gauge bosons without abservable parity restoration®.
M.K.Parida and P.K.Patra, Phys.lLett.234B, 45 (1990).
"Spantaneous compactification effects on 8D(10) grand
unification with SU(2)

xSU(Z)RxSU(4) intermediate symmetry"

L C
P.K.Patra and M.K.Parida, submitted to Phys.Rev.D.
"Madels with natural seesaw mechanism for neutrino masses

with identical parity-and SU(Z)R—bPeaking scales.”

M.K.Parida, P.K.Patra, and C.C.Hazra, Phys.Rev.D43, (1991).


http://Phys.Rev.D39
http://Phys.Rev.D39
http://Phys.Lett.234B
http://Phys.RBv.D43

1)

INTRODUCTION

The standard model1 of strong, weak, and electromagnetic

interactions based upon SU(3) ) has been proved

xSU(Z)LxU(l)Y (Eﬁst

c
by numerous experimental facts? From the experimental point of
view, there is no compelling reasaon at present to go beyond the
standard model. But, despite its success, the standard model has
certain difficulties, which advocate that the model may not be the

ultimate theory of basic interactions. Some of the arguments

against the standard model and possible alternatives are discussed

below.
Iin the standard model there are three different coupling
constants, Qzpy 9 v and 9y associated with the gauge subgroups

SU(S)C, SU(2)L, and U(i)Y respectively. Therefore, the theory is

not truly unified. On the other hand, if the three gauge subgroups

of Gst are allowed to emerge from a grand unified theory (GUT)?nb

at least the three basic forces, strong, weak, and electromagnetic

can be unified at a high scale (2 IOISBQV). Certain grand unified

theories (GUT 's) with N=1 supergravity manifest as effective low

7

enerqgy theories predicted by the superstring theory (55T} which

seems to be highly promising for the unification of all elementary
forces including gravity. Although string theories offer very
attractive possibilities, earlier, unification with gravity
independent of SST has been shown to be passible by extending the

8,9

Kaluza-Klein frame work appropriately tao higher dimensions.

Then GUT’'s in four dimensions appeat as a result af

campactification of extra dimensions%o’11
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The standard model does not explain the origin of parity-{(P)

and CF{C=charge conjugation)-violations in weak interactions.
Although the observed CP-violation in weak interaction is
parametrized in the standard model frame work through the
Kobayashi-Maskawa (Kﬂ)lz approach, the model does not offer an
origin of CP-violations. Similarly the standard model does not
explain why P-violation is confined to the weak interactions only.
Besides in the KM model, one needs atleast three fermiaon
generations to get CP-violation. 0On the other hand, a more
interesting idea would be to start with a P or CP conserving
Lagrangian and to obtain the derived violations after spontaneous
symmetry breaking (S5B) leading to the standard model.
Left-right-symmetric {(LRS) models with or without incorporating
the possibility of quark-—-lepton unifications, based upon the local
3 or SU(2) x

<P (8o =Gop? (5655,p) L

13 e
SU(Z)Rx U(I)B_Lx SU(E)CXP(gangzﬂ)(:Bzzisp) offer such exciting

poassibilities where P- and CP-viclations can be assigned

gauge groups SU(2)LxSU(2)RxSU(4)

spontaneous origins. A special interesting feature of the models
as compared to the KM approach is that the CP-violation can be
realized even with two fermion generations. An additional
aesthetically appealing feature of the LRS models is that CP-and
P-violations can be linked to each other.

The present experimental upper bound on the neutrino masses

are m < 18eV, m, < 280keV, and m, < 35Mevl4. There exists a limit

e 7, T

of about 1leV on the Majorana mass15 of ve. Thus it is evident from

the experimental bounds that if the neutrino has a mass,it is much

less than the corresponding masses of the charged lepton and
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gquarks. On the other hand, in the standard model, the neutrino is
massless and the model prediction for the neutrino magnetic moment

M, is much smaller as might be needed for explaining fluxes from
e

the sun and supernova. The masslessness of the neutrino is due to
the absence of right-handed neutrino (vR) in the standard model.

However, if a Ve is added to the standard madel the neutrina gets
a large Dirac mass which is of the same order as the corresponding
quark or charged lepton mass. Such a large mass is ruled out by
the available experimental limits and the modern big-bang
casmology. Experimental measurements involving neutrinoless double
p-decay, neutrinoc oscillations,and the observation of neutrinos
emitted from the sun and the 1987A supernova explosion are
consistent with small neutrino masses. Thus, the neutrino masses,
it they are nonvanishing, might provide a compelling reason for
looking into gauge models beyond the standard one. The massive
neutrinos can be achieved by the gauge models based upon the
left-right symmet_ry gauge group G2213P or 6224P and/or BUT‘s. In
LRS models, since both left— and right-handed helicities of the
neutrino are included, the neutrino can naturally have a Dirac
mass. On the other hand, if neutrinos are Majorana particles,
there could be suitable Higgs representation with ¢two units of
B-L, which can also generate small Majorana neutrino masses by
seasaw mechanism.lb’l7

The standard maodel contains a large number of parameters to
explain physical phenaomena including fermion masses. They arela

the 3 gauge coupling constants, & parameters for the & quarks plus

three generalized Cabibba angles, 1 CP-violating phase, 2
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parameters for the Higgs potential, and either 3 ar 10 mass,
mixing,and phase parameters for the leptons (corresponding to
massless or massive neutrinos), faor a total of 18 or 25
independent parameters. In addition, there can, in principle, be 2
QQCD arFp’ associated with SU(3)C

and SU(Z)L. But an aesthetically appealing alternative theoretical

CP violating vacuum angles, and &
model would be the one requiring fewer number of parameters which
can be achieved by invoking additional symmetries at higher mass
scales. This is achieved in suitable GUT's to a certain extent.
Extensive investigation has been carried out in GUT's with a
view to predicting proton lifetime (rp), sinzew, and other
possible low energy signatures. Minimal SU(3) has been ruled aut
as it predicts e several orders lower than the experimental
limith for the p—» e+nn maode. In 50{10) and other GUT's 1like
SU(B)LxSU(B)R,SU(lb),SO(IB), and E6 etc., the renormalization
group constraints easily permit a low—mass second neutral gauge
boson corresponding to the existence of the minimally extended

gauge group SU(2) xU(l)xU(l)'xSU(E)C as the next higher symmetry

L
above the electroweak unification scale (MN)' But when the
conventional method atf LRS breaking is adopted, where

SU(Z)R—breaking scale is identical to the parity breaking scale,

the scale of 62213P—breaking or 6224P—break1ng turng out to be

very large (2 loloﬁeV). This rules out almost all the testable low
+
enerqgy signatures of WE—gauge bosons, V+A structure of charged

currents, or quark-lepton unification through 8SU({(4)_—gauge-boson-—-

c

mediated interactions. On the other hand if LRS has any role to

+
play in CP-and P-violations, the NR‘-gauge boson must be within
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TeV range?o S8uch an objective of obtaining low 62213~or
6224—breaking scales has been achieved by implementing the naovel
mechanism of decoupling P- and SU(Z)R—breakin9521_23 in these

BUT 's. Besides, the mechanism has successfully removed the well
known domain-wall pr‘oblemz4 while generating the observed baryon
asymmetry of the universezs. Recently superheavy- Higgs—scalar
effects have been fuund26 to significantly 1lower the 62213
breaking scale in 50(10) bringing down the w§~mass to the TeV
range even with two intermediate symmetries. In all the GUT's
discussed here unification of strong, weak, and electromagnetic
interactions are envisaged without supersymmetry and leaving out
unification with gravity. If superpartners are eventually detected
at collider energies, phenomenclogy of 88T would attract
considerable global attention. In the absence of any
experimentally compelling signautres in favour of a particular
model beyond the standard one, it is worth while to explore more
and more testable predictions in various possible interesting
theories.

Extending the Kaluza—Klein framework to still higher
dimensions, unification of nonabelian gauge theories with gravity
has been achieved by a number of authorsll. When extra dimensions
are compactified 1leaving out grand unifying symmetries in
four-dimensional sSpace, certain residual effects of
compactification influence the four-dimensional theory in a very
significant manner. One such term contributing to important
modifications of the conventional SU(5) and S0(10) predictions has

27,28

been noted to be due to a five-dimensional operator involving
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the gauge and Higgs fields. Although this term appears to be
nonrenormalizable at the level of the GUT, an attractive feature
is that, after spontaneous symmetry breaking (SSB), this term is
completely absorbed into the renormalizable gauge-field-kinetic
energy term of the effective standard or intermediate gauge
symmetry. The five-dimensional operator bringing about significant
changes might originate from effects of guantum gravity28 in four
dimensions. A major abjective of this thesis in Chapters 1I -V is
to demonstrate the possibilities of very drastic modifications of
SU(3) predictions in the presence of five- and six-dimensional
operators and certain scenarios of S0(10) with single intermediate
symmetries in the presence of the corresponding five-dimensional
gperators.

Neutrino mass is a very intriguing problem that has attracted
considerable attention over the decades?9 The classic seesaw

16,17

formula for generating small Majorana neutrino masses is

frequently used in model building. As a very significant
development in this direction Chang and Mohapatra3o have recently
demonstrated the naturalness of the formula in the LRS models with

separate P-and SU(2)_-breaking scales. As a new development in

R

this regard we demonstrate, in Chapter V1, the existence of a class
aof models where the seesaw mechanism is natural even though the P-

and SU(Z)R—breaking scales are identical.

The thesis is organized in the following manner. In Chapter

I1 we show that the SU(S) predictions are modified due to certain

five—-and six— dimensional operators leading to Tp P 1038yr with

sin29w ~ 0.22-0.24.
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In Chapter 111 we demonstrate that due to a five-dimensional
operator in the nonrenormalizable S0(10) invariant Lagrangian, the

single intermediate symmetry 5U(2)LxU(1)RxSU(4)C(§ 6214) can

survive down ¢to a scale as low as 105— 10669V leading to

experimentally observable branching ratios for the rare—kaon
decays KL———b ;e and small neutrino masses. The main distinctive

feature is that without the presence of the five-dimensional

operataor this scale is large (MCZ 10118eV) without leaving any

interesting low-energy signature for SU(4)_ gauge unification.

C
In Chapter IV we demonstrate that the S50(10) model with the

. . . *
single intermediate symmetry 62213P does not lead to low—mass NR

gauge bosons in the presence of the corresponding five-dimensional
operator. This observation is in contrast to the earlier claim
made by Ri22031 implementing the conventional LRS breaking in the

BUT taking into the modification introduced by the

five—dimensional operator. We note that M + > IOBGEV as against

Rizzo's claimof M+t = 100 GeV in such a scenario. One new

We

exciting feature of our investigation is that when the wmechanism
of decoupling P- and SU(Z)R— breakings 21 are implemented with P
broken at the GUT scale (HP=HU, Mp=parity breaking scale, ™

unification scale) the single intermediate symmetry G

u

2213 9y *
+

ng) leads to low—-mass WR gauge bason (thz 3006eV-10TeV) provided
R

the contribution of the corresponding five-dimensional operator is

included in modifying the GUT coupling constants.

In Chapter V we study the impact aof the relevant

five-dimensional operator on S0(1Q) with the & or

22ap (92 %92g’
6224(92L #QZR) intermediate symmetry. Here we note that the
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modification intraoduced by the higher—dimensional agperators to

sin29 vanishes for the chain with ©6 intermediate symmetry

W 224F

whereas the madification to rp vanishes with 5224 intermediate

symmetry. In the former case; besides the solutions of the type

obtained by Shafi and Wetterich (SN)%7 we find new solutions to

-
the renormalization —-group equations (RGE's)S‘ leading to a very

stable proton, large 62°4P breaking scale circumventing the well

knawn domain—wall problem24 and small neutrino masses. Mare
interesting predictions with 6224—breaking srale as low as
105—1066ev leading to observable predictiaons aof KL*—“' ;e, n-n
oscillation, and experimentally measurable neutrino masses are

found in the other case.
As the other objective of this thesis we establish in Chapter

VI that the seesaw mechanisml6’17

for generating Majorana neutrine
masses is natural in a certain class of models with identical
P-and SU(E)R -breaking scales. In such cases SU(E)RxU(I)B_L or

SU(E)Rx SU(4)C has to break spontaneously in more than one steps.
Such models belong to a new class as the earlier investigation by
Chang and HohapatraSo has revealed only one class of models with
separate F- and SU(Z)R~ breaking scales. The new class of models
predict a low—-mass right-handed neutral gauge bosons detectable at
the collider energies. The investigation in this Chapter has been
carried out in conventional SO0(1 taking into account

. 58, 26
superheavy—Higgs—scalar effects

and without introducing
additional modifications due to spontanecus compactification.
Finally the results of this thesis has been summarized and

conclusions are stated in Chapter VII.
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GRAVITY-INDUCED LARGE GRAND-UNIFICATION MASS IN SUC5) WITH

HIGHER-DIMENSIONAL OPERATORS

IX.1. Introduction

One of the most exciting consequence of grand unified
theories (GUT 's) is that it can predict baryon—-number
nonconserving processes such as proton decay. The present
experimental limit on proton lifetime (TP) for the p—» e+n° mode
and the electroweak mixing angle (si029 ) derived from neutral

W
current data arez’lq

T2 3x10°2 yr, sine =0.230£0.005. (2. 1)
Although the minimal grand unification bhased upon SU(5) [Ref.31]
explains the quantization of electric charge and unification of
coupling constants of the standard model, it is ruled out as it

predicts (r about one order of magnitude 1less than the

P)max

experimental limit19 and sin29 below the present world averagez.

W

One possible reason for such discrepancy betuween the minimal
BUT3 predictions and the existing experimental data could be that
the gravitational forces are left out of the minimal grand
unification scheme of the other three basic interactions. A very
exciting possibility aof unification with gravity is through the
introduction of N=1 supergravity which emerges as low-energy
manifestation of superstring theories. Such models need the
existence of superpartners of fermions, gauge bosons, and Higgs
scalars which should he detected within the TeV range at the

collider energies. Leaving aside the underlying solution of the

gauge hierarchy problem to some unknown deeper origin (other than
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supersymmetry), unification with gravity can be achieved following
the conventional Kaluza-Klein appraoach by introducing higher
dimensions. In such theories the isometries of the
higher-dimensional space is related to the gauge fields of the
four-dimensional effective theory. That the observed universe at
prasent appears to be four-dimensional could be due to the
possibility that the extra dimensions are compactified to very
small spatial extensions not detectabile by the present
experiments. While carrying out compactifiction af extra
dimensions leading to the effective GUT's in four dimensions,
there exists certain freedom in the choice of the metric which can
contain the gauge and scalar fields of the GUT. In many cases the
compactification leads to the occurrence of higher—-dimensional
operators involving the gauge and the Higgs fields but scaled by
the compactification mass?7 as nonrenormalizable terms in the GUT
lLagrangian. A highly appealing feature of such terms is that after
spontaneous symmetry breaking of the GUT these are completely
absorbed as the renormalizable terms by a suitable rescaling of
the gqauge fields corresponding to the surviving residual
symmetry(e.q., the standard symmetry in the case of SU(S5)). It has
been argued by some authors that such higher—-dimensional operators
might arise as effects of gquantum gravity in four dimensionsze,
even without invoking the presence of higher dimensions and their
compactification.

The main reason for the drastic modifications introduced by
such operators is that the symmetry breaking at the GUT scale and

the consequent rescaling of the relevant gauge fields changes
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boundary conditions to the renormalization—group equations (RGE’'s)

at HU' The solutions of the RGE's wunder such new boundary

conditions then lead to very different predictions on and

Pi
sinzew.

The impact of five-dimensional operators induced by gravity
on the minimal S5U(3) model has been studied by a number of
authors. Ellis and Baillard33 have examined the impact of such

five-dimensional operators on the guark to lepton mass ratio md/mE

2
predicted by the minimal SU(5) model. Hill“B has studied the

effect of five-dimensional operators, scaled by Planck mass (M_.),

pl
on the minimal SU(S) and supersymmetric SU(5) GUT's. In the latter

case, he obtained a significant modifications to e and sinzew,

although such modifications in the former case are ruled out.
Including five—dimensional operators, scaled by the

compactification mass (MB), in the minimal SU(5) and S0(10) GUT's,

Shafti and Wetterich 27 have investigated modifications of the

conventional prediction on Tp and sinzew.

The purpose aof this Chapter36 is to investigate the impact of

higher—-dimensional (d 2 9) operators, scaled by powers (MG)—(d—4)

consistent with BUT symmetry. We note that the madifications by
the d=5 operator alone, taken to be making minimal SU((S)

compatible with the experimental data on T are now ruled out as

F”

these solutions require sinze significantly below the accepted

W
world average, even if MB=1017GeV. Next, we examine the

modifications caused by d=5 and d=& operators and arque that only

permissible values of the unification mass (MU) is of the oarder

where M_ could be anywhere in between 1017Gev and 1019

(0.1-1) Mg, 5
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BeV, satisfying the currently accepted value of sinzewz 0.22-0.24.
Besides this, we find that the bare—grand-unification coupling
(aG) could be 2 aorders of magnitude smaller than the earlier
results. High values of Muz (0.1~1)HG and small values of the GUT
coupling then lead to a very stable proton with T 2 1038yr_ Such
results have never been envisaged earlier in the context of other
conceivable modification of 8U(5) excluding supersymmetry. We also
agbtain perturbative and positivity bounds on certain parameters aof
the model and mention a new relation among them.

This Chapter is organized in the following manner. In Sec.
I11.2 we obtain general formulas for the unification mass,
electroweak mixing angle, and GUT coupling constant including
higher—-dimensional aoperators in the GUT Lagrangian. In Sec.II.3 we
discuss the earlier results due to Shafi and Netterich?7and Hill?8
with five-dimensional operators. In Sec.lIlI.4 we report our
numerical analysis including five—- and six—-dimensional oaperators.
A brief summary of the chapter is given in Sec.1I1.S.
I11.2. Derivation of the formulas for unification mass,

electroweak mixing angle, and GUT coupling

In this section we derive the general formulas for the
unification mass(ﬂu), electraovweak mixing angle (sinzew), and grand
unification coupling constant (aG), adding nonrenormalizable
terms (aNR) of dimension d 2 S5, scaled by pawers of
(MB)—(d“4), to the normalizable GUT Lagrangian (aR). These
nonrenormalizable higher-dimensional operators which are usually

generated in theories with spontanecus compactification, contain

gauge and Higgs fields. Even without invoking the idea of
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dimensional reduction, such operators scaled by the powers of HPI
can also be present as the gravity-induced corrections to the GUT
Lagrangian%sThe form of these nonrenormalizable operators is
dictated by the appropriate local and glaobal symmetries.
In the minimal SU(S5) model, the necessary stages of symmetry

breaking are given by

28
S - -
S5U(S) n, P SU(3) xSL(2) xU1), (= B_,)
2
", P SU) XU (= 6, ). (2.2)

The first stage of symmetry breaking is achieved by giving
vacuum expectation value (VEV) to the Bst—singlet component of the
24-dimensional irreducible representation (denoted by &) and the
secaond stage through the VEV ta the neutral component aof the
standard doublet contained in the 3S-dimensional (denoted by H)

representation. The SU(S)-invariant normalizable gauge boson

kinetic energy term can be written as

I uv
A= > Tr(va F77), (2.3Fa)
whetre
va=apAv—6vA“—1g[A“,Av], {2.3b)
a_,i a
(A“)b—hp(hi/Z)b {(2.3c)
1
Tr(xikj)=—; 6ij . (2.3d)

In Eq. (2.3}, va is the gauge invariant field-strength tensor, A‘J

is the vector gauge field, g is the B8U(S5) gauge coupling,
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i=1,2y...., 24 is the gauge field index, a,b=1,2,....,5 are the
matrix indices, and hi's are the generators of SU(S) GUT.
We introduce the following SU(S)-invariant nonrenormalizable

{d25) interaction term36

MR = Zot:‘g), (2.4a)

n=1,2....

(n)

(n) 1 n n 7]
= - — Tr(F_ & FHY)y (2.4b)
n v (24)
2 M
6
where & .. denotes the Higgs 24-plet and 2™, n=1,2,..., are the

dimensionless unknown parameters. In Refs.27 and 28, the case with

five-dimensional operator corresponds to n(l)#o and n(n)=0 for

nz2. 1t may be noted that the expression for bhigher—-dimensional
aoperators given in Eq.{(2.4b) is not the most general one,
especially when nz2. For example, with n=2, other gauge-invariant
operators not covered by (2.4b) are Tr(§2

(24)
¥

H .
Tr(F#v§(24))Tr(F 5(24)) the latter being more troublesome for

computations of the physical quantities of interest. We confine to

YTr(F F*Y)  and
[e:y

the choice (Z2.4b) for the sake of convenience. Thus the modified

Lagrangian becomes

a=qR+&NR

{n)
1 1 n
= - Tr(F F*Yy - —— — Tr(F 3" FHY)
2 My 2 - HY C (28)
6
n
(2.9
When the Higgs field 6(24) gets VEV
<§(24)>=(1/15)1’2§0d1a9(1,1,1,-3/2, -3/2), (2.&)

the grand unifying symmetry is broken and the higher—dimensional

terms are absorbed in the renormalizable gauge field kinetic
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energy of the residual gauge group. As a consequence, we obtain

the modifications in the coupling constants Qxpr Oy s and 9y of

SU(3)C, SU(Z)L, and U(l)Y gauge groups, respectively, at the
unification scale "U in the following manner,
Q§C(HU) —b gic(MU)(1+53C),
ggL("U) —p ggL("U)(1+52L)’
2 2
gvtﬂu) —_——b gv(MU)(1+sY), (2.7)
where
e = e(n)
3C '
n=1,2.....
_ 3 {1} ? (23 27 (3)
£2L - & + = - & +.---’
2 4 8
1 7 13
sy = - £(1) + 5(2) _ 5(3) o .
2 4 8

(2.8
The ellipsis in Eq.(2.8) includes the effect of operators d > 7,

and

PR o 2™, n=1,2,.... (2.9

/13 "G

Using aasgg /4, where 9, is the bare-GUT coupling and the

relation
1/
8 _=[6/(Smag) 1] znu \ (2.10
Eq.(2.9) can be rewritten as
n
1/2 .
25 M
U ( 8 ] 8 PRLL (2.11)
2 "U

In order to achieve unification of strong, weak, and
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electraomagnetic interactions for 2M the OGUT condition is

U,
imposed through the equations

2 2 - _ 2 -
9=zp SC)SQZL 2L)~QY(MU)(1+5Y) g9,- (2.12)

Thus, the presence of the nonrenormalizable term (2.4b) modifies

(HU)(1+S (HU)(1+€

the boundary conditions of the coupling constants which are

usually 93C=92L=QY at scale MU.
With the boundary conditions madified as in Eq.(2.12), we
sclve the one—-loop renormalization-group equations(RBE's)32 for the

Chain (2.2),
b | i a,
= + — ln—E”—, i=y, 2L, 3C, (2.13)
o (M) o, (M) 2n My,

where ai(p)=gf(y)/4n, a, iz the one-loop caoefficient. For the

minimal number of Higgs scalars and three fermion generations

aY=41/10, =—19/4, 33C=—7. Using Egs. (2.13) and (2.12), and the

e B

one—~loop coefficients we obtain the following equations for

unification mass(ﬂu), sin 6 and GUT coup11ng constant (a v

M, 1 Se +35 (5)
In—— = =—— +{1+ | e, - A ] - — — in — ,
M, D

(2.14a)
19 1 41 o 9Q5 o
sin29w= sinzew(s’— — £3C 4 — (21 - — )52L+ _— av /D
134 &7 2 o 402 o
S S
(2.14b)
1 41 3 11 7
-—= ——5 = — i —— /D, (2.14c)
Xg 9, &7 3as o
1
D=1+ ;; (Ilssc + EISEL + 355Y) ’ {(2.14d)
(3) . 2 (5 . X
where M and sin ew denote the one—-loop predictions of the

minimal 5U{(5) model, without gravity—induced effects, including

only one set of 24 + § of Higgs fields and three generations of
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fermions:
N(S) & 8 a
In —= — 1- —— - .
Mw &7a 3 ag
23 109 o
sinzew(5)= + . (2.15)
134 201 o

In Eqgs.{(2.14a)-<(2.14d), we note that the effects of all
higher—-dimensional operators are contained in the parameters £y
o and £xp as illustrated in Eq. (2.8). Thus, Eq.(2.14) is the

general formula for minimal SU{S) model when gravity-induced

&

corrections due to higher—-dimensional operators are added to the
GUT Lagrangian.
II.3. Solutions with five-dimensional operators

In this sectiaon we will review the earlier solutions obtained

by Shafi and Netterich27, and Hillze, with d=5 operator and see

2,19

how they are ruled out because of experimental constraints on

. 2 .. 428
e and sin ew. As Hill

MG ~ Mpl’ we, therefore, discuss Shafi and Wetterich27 solutions
7

with MG ~ 101 GeV where S5U(5) has been stated to survive the then

existing data. We aobtain the required equations for ln(MU/"N)’
2)

has already reached such conclusion with

sinzew, and g for five-dimensional operators by using &

5(3)=....=0 in our general formula (2.14). Imposition of the above

conditions in Eqs. (2.9) and (2.8) yields

s(l) = i §° e, = ~- ‘ Epy &= — — and & = g
Yism. Y 2 A 2 sc )
G

(2.16)

Now, using Eq. (2.16) in Eqs. (2.14a)-(2.14d), we obtain



"U & 1

8 7 1
In = -+ - 4+ — }r & ’
"W {(67-38£) ] o 3o 3a o

s S
1 23 109 a 116 a
sin ew = + _—— 41 + & ,
(67-38¢) 2 3 ag 3 g
(2.17b)
.-.1 -‘1
1 (11aS +21 a )
- = . (2.17c)
g {&7-38¢)
38¢
D= 1 - —— , (2.17d)
67
The values of the "U’ sinzsw, and og are computed by using

different assumed values of the parameters ¢ as has been done
before.Now, using Eqgqs. (2.11) and (2.17c), the basic parameter 9

which occurs in the Lagrangian becames
172

2571 &7 - 38¢ "G

n = 1 -

]

3 — £ . (2.18)
2 lia "+21a
-1 U

From Eq. (2.17c), we can find ocut the lower and upper bound of the

€ parameters by using positivity and perturbative constraints on

. . &7
Ag- The positivity of g (aG >0) suggests that ¢ < 38 1.76,
whereas the perturbative constraint (qB < 1) yields, ¢ >-71.38,
. -1
with asc(ﬂw)=a5 0.1088 and o (Hu) 127.54. Thus,
~71.38 < € < 1.76. (2.19)

The lower bound is dominated by a-l(Hw) and does not vary
significantly in the allowed range of O corresponding to ﬂﬁg

=0.160% 0.100 GeV where MS denotes the modified minimal

subtraction scheme.

We compute numerical solutions for the unification mass,

sinzew, a—é, Tp? and y» for different values of the < parameter
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which are presented in Table 1. For calculating p, the value obf
17

the compactification scale has been taken toc be MGa 107 6eV as
-+
before27. The uncertainty by a factor 10“3 in e arises due to the
+ O

uncertainties in the matrix element for P—» e n and the QQCD

param&ter34. From Table 1, we can see that in order to have o

agrees with the experimental limit, TPZ 3x1032yr, it is clear that

£>0.02 which needs sinzew 4£0.199, even though MB is allowed to be
17

as low as 10 "GeV. Thus, the modifications with five-dimensional
aperatgrs in the minimal GUT seem to be ruled out as they require

sin29w €0.199 which is much less than the recent world averagez

sinzeu =0.230%0.005, in arder ta yield TP23x1032yr' for P—> e n°.

11.4. New solutions with five~ and six~dimensional operators
As the modifications due to five-dimensional operators alone
are ruled out, we investigate the possible modifications including
other higher—-dimensional operators to see whether the predictions
of e and sin29u are consistent with available experimental data
or not. We find that the most natural and plausible solutions for
e and sinzew corresponding to the logical values of the

parameters in the Lagrangian, belong to d=5 and d=6 operators.

Here, the allowed values of the parameter g, yield MU ~ (0.1-—1)MB

~ lOib—lol?GeV, and sin26w= Q.22-0.24, for each value of MU. In
this case the relation between £ parameters are
2 3
e, = > + — g ’ (2.20a)
Y 5 3C 5 2L
9 4
5(1) = f5p T T 4y o (2.20b)
15 1s -
2 4
(2)
£ = — £ + — g - (2.20c)
5 3C 15 2L
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Table 1. Modifications of the minimal GUT predictions with d=35

operator. The parameter 7 has been calculated with

M =10""Bev.
& Mu sinzew aéi Tp n
(GeV) tyr)
0.005 a.32x10'% 0.208 21.40 3.58x10°°%°  1.10
0.010 5.80x101% 0.205 41.72 1.16x10°1F 1 46
0.015 7.78x101% 0.203 21.85 3.77x10°113 1. 84

0.020 1.05x10° 0.199 41.95 1.25x10°2%3 1.84
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It may be noted that the relation (2.20a) is also valid in the d=35
case.

From Eq. (2.5), we can see that the basic parameters of the
Lagrangian are the 7n parameters rather than the &£ parameters. The
thearetical constraint on the 7 parameters seem to be only due ta
the positivity and perturbative constraint on £, as discussed in
Sec.II.3. But, in order that the modified Lagrangian makes some
sense, the following general criteria on the parameters need to be
satisfied: (i) The wmagnitude of n(n), n=1,2... is not very large;
(ii) Although the individual values of the »n parameters may
differ, one possibility is that they are of the same order; (iii)
If the gravity-induced corrections might be acting as the terms in
a perturbation series, for reasons hitherto unknown to us, the
other possibility might be that ln2| < [nll. Thus, we would take
the accepted solutions are those, for which either criteria (i)
and (ii}, or (i) and (iii) are satisfied. In the earlier work27’28
as the solutions are obtained with five-dimensional operators,
there is only one parameter 1. The values of 7n are taken
differently by different authors in order to obtain allowed
solutions. Shafi and Netterich27 have obtained the modified
sglutions with n . 1, whereas Hill28 has investigated over a wide
range of parameters 1n=—20-20. In Hill’'s case, with the maximum
allowed 1 ., 10, no plausible solutions have been obtained for the
nonsupersymmetric minimal SU(S); but, in the supersymmetric SU(S),
significant and acceptable modifications have been aobtained for

n=—2-2. For the d=3 aoperator, Shafi and Wetterich have found that

[ P 1017Gev is necessary in order to obtain n ., 1 whereas M

6 g ~
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1018—1019 GeV gives n=10-100, for MU ~ IOISGeV with the same value

of £. Thus, besides the smaller values of sin26 the larger value

w!

of n prevents M_ . M for the d=5 operator in the minimal GUT. In

pl
the present case, however, we will find the criteria (i)} -—(iii)

can clearly rule out sclutions with MU ~ 1015 GeV, but allow only

those with high unification masses which depend on the value of

"B' Here, we first compute the values of €oy and Exn and hence £y
2

for which M, = 10!° Gev and sin“e, = 0.22-0.24, and the

corresponding value of the BuUT coupling Ag by using

Eqs. (2.14a)-(2.14d) and (2.20a). Then by wusing Eqgs.(2.20b) and

(1) (2)
a £

(2.20c), we compute the numerical values of ¢ nd . Some of

these solutions are presented in Table 2 for the different values

of Mu and sinze“. In the next step, to test whether all such

solutions are acceptable i.e., fulfil the criteria (i)-—-(iii), we

compute the values of the basic parameters n(l) and n(z) by using

Eq. (2.11), with the calculated values of s(l), 5(2), G and HU

from Table 2 and several reasonable values of "B existing in the
literature. Our new solutions are given in Tables 3 and 4. On the
basis of criteria (i)-(iii) we find that all the numerical
solutions for "U and sin26w can be classified into the following

categories.

A MU « MG

Here the inequality is used to mean values of M. less than M

u
. (1) (2) .
by 2 or more orders. Since & and ¢ are af the same order, it
is clear from Eq. (2.11) that if MU« HB, |n‘2)| » In(l)l. For
15 (1) (2) 2

example, with M =10""GeV, we aobtain (y s N ) =~ (-4,05,-107),

u
-20.5, -10"),and (-205.6, -10%),for M= 10'7, 10'®, ana 10'7Gev,
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Table 2. Parameters Exp1 €op v Sy s(l), and 5(2) computed using
one—-loop renormalization-group equations and corrections
due to d=3 and & operators. Relations among £
parameters are given in Eq. (2.20).

£ ] £ s(l) 3(2) M sin29

2L ic Y u W s

-0.9841 ~0.9833 -0.9838 -0.3276 -0.6558 1017 0.2305 3.905x10 7

-0.9913 ~0.9899 -0.9907 —-0.3296 —0.6603 10'® 0.2320 2.220x10™%

—0.9945 —-0.9930 —~0.9939 -0.33046 -0.6424 1017 0. 23920 1.461x10-4

~0.9957 ~0.9940 -0.9950 ~0.3309 -0.6631 10'® o.2380 1.188x1074

~0.9944 —0.9945 ~0.9956 ~0.3310 —0.64635 1019 0.2320 1.0,':»"9><1(:'f”4
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(1) (2)

Table 3. Values of the parameters 7y and 7 and the ratio
72 /Y| for the class (A) solutions.
n, M winZo SN (2 (2 0 (1)
G W
(GeV) (GeW)
1017 ~4.056  ~1.005x10% 24.778
1013 1018 o.230% -40.568 -1.005x10% 2.477x10°
1017 -405.68 -1.005x10° 2.477x10°
18
10 -3.077  -57.564 18.707
1016 0.232
1017 ~Z0.774  ~5.756x10° 1.870x10%
1017 1017  o.239 -2.504  -38.00 15.1757
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Table 4. Same as Table 3, but for class (B) solutions satisfying

criteria (i) and (ii), or (i) and (iii) as described in

the text.

M "u sinze o {1} () n(2) n(l)

(6eV) (BeV)

1017 101¢  o.232 2.22x10°%Y  —0.3077 -0.5756 1.870
17 -4
10 0.239 1.461x10 ~0.0250 -0.0038 0.1520
10'8 1017 o0.239 1.461x10° Y  -0.2504 -0.3800 1.5175
i8 -4
10 0.238 1.188x10 ~0.0226 —0.0030 0.1327
1017 1018 o.238 1.188x10°% -0.2260 -0.3094 1.369
19 4

10 0.232 1.039x10 -0.0211 ~-0.0027 0.1279
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respectively. Further, the combinatian (ﬂu, MB)=(1016, IOIB)BEV,

(1017, 1019)Bev, and (1016, 1019)699, correspond to the basic
parameter values (nl, n2)=(—3.07, -57.36), (-2.%0, -38), and
(-30.7, -5.7x103), respectively. Thus, from the above value, we

can see that if M is lower than M_ by more than one order, the

U ]
magnitude of the basic parameters become large and so also their
ratio ln(z)/n(l)l, which are not allowed in order to make the
Lagrangian some sense. Alsag, the values of (n(l), n(z)) and their
ratio (0?01’ | are further magnified it M . My and My
1015—10168ev. The reason for such large values of the ratio can be
seen from Eq. (2.11), which gives |72 /4| « M./M . Such large

values of the ratio clearly violate criteria (ii) and (iii) when
"U is several orders less than HG. Thus, from the above facts, we
conclude that if the addition of five- and six— dimensional

operators are going to make some sense, the solutions with M

u
several order smaller than "G are not acceptable. Again for the
values of HG ~ "pl' as used by Hillza, the lower compactification
masses, "U ~ 1015—1017Bev, are clearly ruled out.

B "U - (O.1—1)MG

In constrast to class (A) solutions, Table 3 contains other
solutions which satisfy either ln?/nil ~ 1 or lnzlnll ~ O0-.1. When

M O.1M we find that the criteria (i) and (ii) are satisfied.

u -~ G’
F 16 17 i8
or example, for MU ~" Ou1 "G ~ 10773 107, and 10 "GeV, the values

of the basic parameters correspond to (ni, )~ (~O0.307, -0.3573),

"2
(-0.25, -0.38), and (-Q.226, —-0.309) and the corresponding ratio

ln2/n1|31.87, 1.51, and 1.36, respectively. Thus, combining
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criteria (i) and (ii) yields allowed values of high unification
masses MU -~ O.IMB. But, as mentioned earlier, criterion (iii), an
alternative to (ii), could also be possible, if the
nonrenormalizable terms act like perturbation on the normalizable
Lagrangian. We can see that such solutions satisfying criteria (i)
and (iii) are possible on the minimal SU(3) model by including
gravity—induced effects. For example, high unification mass

MU=MB=1017, 1018, and 10196ev correspond to (n(l),n(z))

2 (~0.025,-3.8x10 ), (~0.0226,-3.09x10 °),

—2.7x10_3), and the ratio |n(2)/n(1)

and (-0.0211,
| > 0.152, 0.133, and 0.128
respectively. For every allowed value aof MU ~ O.IMB, satisfying
criteria (i) and (ii), or HU ~ MG' satisfying (i) and (iii), the

value of sinze is found to be in the range 0.22-0.24. Some of our

allowed solutions belonging to class (B) and satisfying criteria
(i) and (ii), or (i) and (iii) are presented in Table 4. From

Table 4, we can see that for the possible values of

M =1017—101963V, the high values of unification mass are found to

G
. 16 i9
cover a wider range, Mu w (0.1-1) Mezlo -10" "GeV. Another

interesting new feature of the present solutions is the smallness

of the bare GUT coupling constant, Qg ~ 10 4, as compared to all
earlier results existing in the literature. Such a small numerical
value of ag can be understood from Eqs. (2.14c)-(2.14d) and (2.20a)

by noting that

1 1

ag=167+25c +42¢,, )/(lla; +21a ) , (2.21)

3C L

where the numerator tends to be small as szcz sZL—————’ -1. The

small value of %G decreases the proton decay rate resulting in a

very significant increase in 7 Thus, according to our present

P
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observations, the enhancement in Tp bccurs due to two factors: (a)

largeness of the unification mass, and (b) smallness of the OGUT

corresponding to the lowest

1038yr, where a factor

coupling. The minimum value of e
16
allowed Huz 10" BeV, turns out to be Tp ~

+
of 104 enhancement due to smallness of aG and a factor of 10“3

uncertainty due to proton decay amatrixz element and the &CD
parameter34 have been included. In the present case, for the most

general expectation value of the compactification scale M

B e
nplsxolqéav, the GUT does not seem to have unification
8

significantly belaw M, . 1018Gev.

It is evident from Table 2 that £'2 /&‘Y? _ 2, where ¢ is
related to the basic parameter n(n) by Eq. (2.11). This might give
the impression that the expression for Eyr €9 and £330 expressed

in Eq. (2.8} are not converging. But, in this chapter, we have used
only the first two terms corresponding to the five- and
six~dimensional operators out of a large number of terms in the
series in Eq. (2.8) tao show they fully account for the available

data on sinze and large values of "U' This implies that, so far

“’
as the available values of sinzew and allowed values of e
{(n)

concerned, ¢ N O for n > 2, thus guaranteeing convergence of the

are

series and the self-consistency of the method for MU ~ (O.I-I)MG.

Another way of looking into the convergence of expansions is
the following. Since the first two terms are capable of explaining

the available experimental values of sinzew, for MU in the range

101é—1019sev, it is certainly true that at least the same values

of sin26w and M are possible by taking large number of terms such

u
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that ’£(n+1){ <« Is(n)(, for n 2 2; this guarantees convergence of

the series and self-consistency of the method used.
II.8. Summary and Conclusion

The minimal SU(S5) model is ruled out as it predicts proton
lifetime about one order of magnitude 1less than the observed

experimental lower limith and sinzew ~ 0.21 which is much less
F’

than the present world average” sin26w=0.23010.005. By introducing

five-dimensional operators, induced by gravity, scaled by the

compactification mass although Hill28 obtained quite lower values

of sinzew, and, hence, ruled ocut any modifications with HG ~ "pl’

Shafi and Hetterich27 found that the minimal BUT could be saved by

19 .
5 1210 GeV, which

is atleast possible within certain Kaluza-Klein—-type theories35.

such operator praovided M_ is 2 order less than Mp

But, as we have noted here, these solutions can be consistent with
experiments provided sin29w<0.19? which seems to disagree with the
present world averagez.

In aorder to obtain the impraoved soclutions in the wminimal
SU(S) model by spontaneous compactification effects, we have
investigated with five—-and six-dimensional operators, which are
allowed in principle, atleast, and in the same gpirit. 0Out of
atleast, three different possible forms for the six—dimensional
operatar, we have chosen only one form for the sake of simplicity
and convenience and obtained modifications to GUT predictions
within the constraint expressed by Eq.({(2.20a). Although our
computation in Table 2 indicates sinzeN ~ 0.23-0.24, we have

checked that with slight change of & and £o the allowed range

3C

is sinzew >~ 0.22-0.24. In Table 2 it seems, as if all numerical
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solutions with MU= 1015—1019 GeV and sin29w=0.22—0.24 are allawed.
(2) .

But when we computed the basic parameter n(l) and n and their

ratio {n(Z)/n(l)l, where n(l)(n(z)) occurs as the coefficient of

(1)
the five—(six-) dimensional operators ,we found that ln(z)l»in 1 |

for those solutions for which HUSIO~ZHB, with HB=1017—101962V. As

the Lagrangian does not make any sense with such parameters, the

carresponding solutions with low unification masses Mua IOISBeV

S

are ruled out. This criterion, ruling out M 101 GeV is found to

Uz
be strongly vaild if the compactification oaccurs at the most

generally acceptable scale, Mﬁgnpl' Next, we examined the other

solutions following the criteria (i)—-(ii), which are stated in

Sec.II.4 and found such allowed solutions are possible when ™ ~

u
16 19 . . 2
(0.1—1)"6 n 1077107 "GeV with sin ew ~ 0,22-0.24 for every "U'

such a case the values of the n parameters are found tc be small

in

and the ratio (n2/n1$ ~ 1 for those solutions with M., O.1M but

B!

(nzlnli w 0«1 for aothers with M M Although such parameters

u~ "6
with tn2/n1| ~ 1 are generally expected in unified gauge theories,
the other values with tnz/nlt ~ 0.1 suggest that the successive
terms containing higher-dimensional operators might be acting as

perturbation upon the renormalizable Lagrangian. Using the most

we found that the solutions with ™M ~

general value, HB & Mpl’ u

1015~1017Bev are ruled out and the gravity-induced effects permit
anly MU ~ 1018*101969V. For the First time, we found a grand
unified theory with a GUT coupling constant as small as o 10—4.

B'\a

In our case, the enhancement of the proton lifetime occurs due to
two factors (a) largeness of the unification mass and (b)

smallness of the BUT coupling constant. Thus, if the addition of
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five—and six- dimensional operators to the GUT Lagrangian is going
to make sense, the predictions of minimal SU(S) with an unstable
proton and 5in29 < 0.215 are modified to be consistent with an

W
extremely stable proton (rP >1039yr) and sin29w x~ 0.22-0.24.



CHAPTER III
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SPONTANEOUS COMPACTIFICATION EFFECTS, LOW-ENERGY SIGNATURE OF

QUARK-LEPTON UNIFICATION, AND SMALL NEUTRINO MASSES IN S0C10)

III.1. Introduction
Including gravity—-induced contributions, although the SU(5)
maodel can be consistent with a very stable pr-oton36 and the

accepted values of sinze ~ 0.22-0.24, there exists a grand desert

W
in between the electroweak unification scale Hw x 10263V and the
grand unification scale MU 2> 10156ev. However, if some new physics

are discovered between these energy qgaps in foreseeable future,
the SU(S) model can be ruled out. Also neutrino is massless in the
SU{S) model discussed in Chapter II. Any experimental evidence for
non vanishing neutrino mass would also question the validity of
the model. A very attractive GUT, which can provide new physics
populating the grand desert is the S0(10) mode14. Some of the
attractive features of the S0(10) GUT compare to many other GUT's
are described below. It is the minimal left-right-symmetric
extension of SU(S), and contains all known fermions (plus the
right—-handed neutrino) of one generation in a single spinorial
representation. It can explain the origins of parity-(P) and
CP-violations which arise spontaneously as a result of symmetry
breaking. It can provide massive neutrinos over a wide range of
values in order to solve the soclar neutrino puzzle via the so
called Mickhayev-Smirnov—-Wolfenstein (MSW) mechanism37 or eV-keV-
MeV energy spectrum of neutrinos, near their present experimental

1imitsl4. Using the mechanism of decoupling P- and SU(Q)R—
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breakingszl, it is posible to have a natural solution to the
domain-wall prnblem24. The introduction of one or more
intermediate symmetries in S0(10) promises experimental
verification of interesting theoretical ideas such as the
quark—lepton unification based upon SU(4)C and left-right
symmetryzz, besides explaining the observed proton stability.

After the discovery aof SO0(10) mnde14, several attempts have

been made to obtain a low SU(4)_—-breaking scale (M) in the

C c
presence of the gauge groups SU(2)LxSU(Z)RxSU(4)C(56224) or
5 -} .
SU(Z)LxU(l)RxSU(4)C (56214). Such a 1low MC " 107-107GeV, is

expected tao provide the low-energy signature of quark—-lepton
unification through rare-—kaon decays (KL———’ ne) and small

Majorana neutrino masses. In addition the existence of such scale
for 6224—breaking would predict the experimental abservation of
phenomenon such as n-n oscillatiunse. Due to the nonavailability
of the free neutron sources, as the neutron aoscillation
experiments are very difficult, it might be useful to search a BUT
where the consequences of SU(4)C—breaking can be testified by a

relatively easier class of experiments, such as the rare—kaon

decay539 only. Even with two intermediate symmetriesbs in the

s0(10} BUT,

M M 2

u c "r My
S0(10) —» 6214———-"b 62113 1 4 Bst » 613 ' (3.1)
where 621135 SU(Z)Lxutl)RxU(I)B_LxSU(3)C, it has not been possible
to abtain MC=105—10662V, for the presently accepted values2 of

sin26“=0.230t0.005. Al though, two or more intermediate symmetries

papulating the grand desert provide possibilities of richer
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physical structure, the prediction with single intermediate
symmetry are very appealing because of the minimal nature of the
GUT scenario.
In this Chapter‘o we note that the conventional S0(10) B8UT,

with the single 6214 intermediate symmetry, is ruled out as it

predicts a proton lifetime Ilower than the Irvine—Michigan-

o

Brookhaven (IMB) limith for the p — e+n made. On the other

hand for the first time we find that, when the effects of a

27,28

five-dimensional operator is included in the B6UT Lagrangian

corresponding to the single intermediate symmetry, in the chain

24 +A5 126 io
——_-—_-.’ I ——— -»
sS0(1G5) . 6214 o » Gst " » 813 ’ (3.2)
u C W
it is possible to have M_ . IOS—IOIIGQV, ﬂu ~ 1015—1017Gev, for

) 6

sin29 ~ 0.22-0.24. For M 10"-10"6eV, corresponding to

W c =~
observable rare—kaon decayssq, some of the Majorana neutrino
masses could be measured in the laboratory. In this chain the
proton lifetime is found to be significantly larger than the IMB
limit19 (rp(p‘°—-1 e+no)2 3x1032yr) depending upon the values of

7 11

sinzew and M.. For still larger values of M 10" -10" "GeV,

C C ~
carresponding to undetectable rare—kaon decays, Majorana neutrino
masses decrease further and the proton lifetime also decreases,
saturating the IMB limit for M. . 10llgev.

This Chapter is organized in the following manner. In
Sec.111.2 we derive modified GUT-boundary conditions, formulas for

unification mass, electroweak mixing angle, and the GUT coupling

constant including the effects of the five-dimensional operator.
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In Sec.lll1.3 we discuss the solutions with single 8214
intermediate symmetry without gravity—-induced effect. In Sec.III.4

we report our new results with single 6 intermediate symmetry

214
by including the effects of the five-dimensional operator.
Majorana neutrino masses of various ranges have been predicted in
Sec.Il1.5. A brief summary and conclusion of the Chapter are
stated in Gec.l1l.6.
III.2. Derivation of the formulas for unification mass,
electroweak mixing angle, and GUT coupling

In this section we derive the formulas for the unification

mass (HU), electroweak @mixing angle (sin29 ) I and grand

W
unification coupling (aB). For chain (3.2), it is usually stated
that the vacuum expectation value (VEV) of the Higgs field
x(1,0,1) < 45 <« 80(10), where the transformation property of y is

under G might achieve the spontaneous symmetry breaking (S5B)

214°
at the first stage. But, according to the observations made by
Yasua41 several years ago, both 534 and 43 are needed to break
80(10) ——» 6214. In this case, as 435 is antisymmetric, it does
not contribute to the gravity—-induced corrections through the
tive-dimensional operator; but the necessary presence of 354 is
sufficient to induce significant modifications to the 6UT
predictions through the five-dimensional operators. Following the

similar techniques of Refs.27 and 28, the nonrenormalizable

five—dimensional operator can be written as

n

- v
R - Tr [F 8 o, F0, (3.3
6
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where

7%

a i a
(Ay)b = A“(ki)b,

TriA 2 )=(1/2)6, . . (3.4)
1 13

F =8A-4a4hA-ig A, A1,
MY v ou B v

3

In Eqgqs. (3.3)—-{3.4) A“‘s are the gauge field matrices, xi's

are the SO0(10) generators, n is an unknown parameter, "G iz the

compactification scale, and & is the scalar field B4 < S0(10}.

(54)

54) 2cquires a nonzero VEV

&
(=]
<@ F=
(54) (30)1/2

the presence of the nonrenormalizable term (3.3) modifies the

When Q(

diag(1,1,1,1,1,1,-3/2,-3/2,-3/2,-3/2), (3.5)

usual gauge kinetic energy terms,

- M
aR=( 1/2) Tr(va Fy, {3.56)
of the SU(Q)L, U(I)R, and SU(4)C gauge fields which can be written
as
1 3 1 3
o= ~ — 1= — & Tr(F(ZL) F(EL)yv)_ —_— - — g F(lR)F(lR)pv
2 2 g 3 2 }H
1 (4C) _(4C) 1o
- = {(1+£)Tr{F F ) (3.7)
2 oy
where
1 n &
o
£= - (2.8
s 12
G
The superscripts (2L), (1R), and (AC) stand for the SU(Z)L,
UII)R, and SU(4)C, respectively. Now rescaling of the gauge fields

changes their coupling constants as

2 Mmr— g2 M1 = 2 (My—— g2 (M1 =
9 My 9o "My - £ 4r'My 9r""U - £1

2 2 3
g4c(HU) — g4c(ﬂu) {(1+g), (Z.9?
where QEL(”U)’ glR(HU), and 94C(MU) denote the coupling constants

of SU(E)L, U(I)R, and SU(4)C, respectively, without gravity-
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induced corrections. As the three coupling constants are equal at
the scale u 2 HU for achieving unification, the GUT condition is

imposed through the equations

3 3
92 (HU) 1- — ¢ =92 MIril- — g =g§C(MU) (1+g)= 92, (3.10)
2L 2 iR U > o
. 32
where 9, is the bare-BUT coupling constant.The one-lcop RGE's

for the chain (3.2) are given by

My < 0 S M

= + —*~jn— , i=vY, 2L, 3C, (3.11)
o, (M) o ) 2 My
Mc = u = Mua )
1 1 a’, H
= + —d-1p— , j= 2L, 1R, 4C, (3.12)
aj(ﬂc) aj(p) 2 MC

where ai(aa) is the one~-loop coefficient in the lower (higher)
scale. Confining to the minimal fine—-tuning conditions the Higgs

scalars, needed far SSB in the two different mass ranges are MW <

n = HC’ £(1,2,1) under SU(3)CXSU(2)LXU(1)Y, Mc < u = Mu,

$(1,1/2,1) and AR(I,I,lO) under SU(Z)L x U(I)R x SU(4)C. With the

minimal number of Higgs scalars and the three fermion generations,

the values of the one-loop coefficients are a_,=41/10, a

Y =-19/b,

2L

a, =7, =-19/6, =15/2, and a$_.=-29/3.

L R ac
Using Egs. (3.10)-(3.12) and the combinations o (M .)—(8/3)

W
-1 -1 -1 -1 ~1 ~1
ago M)y ol TIMD=(B/3) ag (M), o (MI=(5/3da,” (M) + oy (M),
2

obtain the following equations for the unification mass, sin @

3C

we

N'!

and the BUT coupling constant (a. = g§/4n):

(5]

Mu b 1 8 7 1 4-3b6e "C
1n = ——- 4+ { — 4+ — F | + in ’
3a5 3&5 o 71-74¢ MN

(3.13)
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M
i 9 38 a a 243 C
sinzewa +{19- —™ g} - 53} - — — —170e }ln —{,
71-74¢ 2 3 ag n 3 M“
(3.14)
1 1 29 19 226 'C
- 3
ag 71-74¢ a 3&5 014 H“
- 2 _ 2
where ag= asc(ﬂw) = QSC(HN)/4n and a(Mw) e (M“)/4n.
III.3. Solutions with 6214 intermediate symmetry without
five-dimensional operator
Fram Eq. (3.10}), it is clear that =0 corresponds ta the
absence of gravity-induced effects. Substituting £ = O in

Egs. (3.13)—-(3.15), we aobtain

HU & (1 a8 4 MC
ln—/— = — ¢~ - — + — In— , (3.18)
Hw 71 o SaS 71 Mw
Ly
> 1 4 a 245a C
sfin aw = — + 19 - In —}, (3.17)
71 2 g 30 MN
M
1 1 29 19 224 C
— =} = - = - = 1n —. (3.18)
% 71] a SaS 3n HN
Now using as=0.1088 (Aﬁg = 160 MeV), a—l(Mw) = 127.54, we compute

the numerical solutions for ”C’ HU, and sinzew. Some of our
solutions are presented in Table 5. It is clear from Table S5 that
with a purely renormalizable Lagrangian (3.6), the chain (3.2)

yields a maximum Mu25x10146ev for the allowed value of

sin26w=0.22—0.24. For the maximum ”U’ the corresponding proton

+
lifetime tpzlozq‘syr, which is significantly less than the IMB

+
limitl?. Here the uncertainty 10'3 in rp arises due to the
uncertainties in the proton decay matrix element and the GCD

parameter34. Thus, purely renormalizable S50(10) model with single
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Table S. One-loop solutions for S0(10) with single intermediate

symmetry, SU(2) xU(l)RxSU(4) in the absence of

L

gravity-induced corrections.

C!

HC Mu sin26N
(GeV) (GeV)

10° 9.2x101% 0.273
107 1.2x101% 0.260
107 1.5x10*? 0.247
10!t 2_ox10'? 0.233
1013 2.57x10%% 0.220

14

10 2.95x104 0.214
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6214 intermediate symmetry is ruled out.

I11.4. Solutions with 6214 intermediate symnmetry with

five-dimensional operator
To see whether the effects of the five-dimensional operator
improves the predictions, we compute the salutions using
Eqs. (3.13)-(3.15) with the same input parameters as in Sec.IIl.3.
In this case, interesting solutions are obtained for allowed

n

regions for MC(EIO “y and & within the available experimental

constraint (Refs.2 and 19) on Mu and sinzew. Some of our allowed
solutions obtained with ¢ > O are presented in Tables & and 7 and
Figs. 1-3. At first, Fig.1 is plotted using Eq.(3.13), and Fig.2
using Eqg. (3.14). In Fig.1 the horizontal lines are the IMB and the
Planck limits on the unification mass. The projection of the line
PR onto Fig.2 has been denoted as the IMB limit in the latter. The
horizontal lines in Fig.2 represent the 20 1limits of the world
averagez, sin29w=0.230:0.005. The projection of the Flanck 1limit
from Fig.1 onto Fig.2 does not provide any useful boundary for the
allowed region. But, a much better limit exist539 from the
experimentally observed bounds on the rare-—-kaon decay mode, KL—D
;e, corresponding to HCZ 3x10589V. Specifying the four sides of

the quadrilateral in Fig.2 in this fashion, the allowed solutions

are shown by the shaded area.

-1
W’ and G are shown
5 7 i1

in Table & for MC=10 -IObGeV and, in Table 7 for MC=10 -10" "GeV.

For chain (3.2), we find that the modification due to

The numerical value of HC, £, Hu, 5in26

five-dimensional operator permit 10°< HCS IOIIEEV for allowed

values of M. and sinzew. For severy M the parameter £ and the

U c?



1411

Table 4. Predictions for MU' sinzew, and values of M
corresponding to observable rare—-kaon decay, as
function of &, in the presence of gravity-induced
corrections, for the same chain as Table 5. The proton
lifetime is for the P—» e+n° excluding
uncertainties.

, 2 -1

"C £ Mu sin 9w s Tp

(GeV) (GeV) {yr)

0.10 1.3x10t7 0.225 54,564 a.8x10%°

109 0.09 S.9x10'® 0.230 53.93 2.0x10~"7

0.08 2.7x101® 0.235 53.32 8.6x10°7
0.09 6&.0x10%® 0.224 53.08 2.1x10°7
0.08 2.8x10%¢ 0.229 52.47 9. 6x10°7
10® 0.07 1.3x10%® 0.234 51.88 4.4x10°%
0.06 &.3x101° 0.239 51.30 2.4x10°>
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Table 7. Same as Table 6, but for larger values of Mc.

2 -1
"C £ Hu sin 9“ QB TP
{GeV) (BaV) (yr)
0.07 1.3x10° 0.228 51.04 4.2x10°°
107 0.06 &6.7x10° 0.233 50. 48 2. 9x10°°
0.05 3.3x10%7 0.238 49.92 1.7x10°%
0.06 7.2x101% 0.227 49.65 3.8x10°°
102 0.05 3.6x1017 0.232 49.10 2.3x10°2
0.04 1.8x10'® 0.236 48.57 1.4x10°>
107 0.05 3.Bx10'7 0.225 48.28 2.8x10°%
0.04 1.9x10'% 0.230 47.75 1.7x10°°
101° 0.04 2.1x10l% 0.223 46.94 2.4x10°>
101t 0.03 1.2x101° 0.221 45,463 2.0x10°2
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unification mass MU are allowed over a wider range depending upon

2
the 20 or 1o limit of sin‘eu. The solutions with smaller (larger)

values of sin29w are associated with larger (smaller) values of MU

and Tpe In Table 6, we have presented the solutions for the values
af "C ~ 105—1066ev which predict rare—kaon decays to be observable

for any value of sinze in the range of 0.22-0.24. The highest

W

value of "U& 3x10176ev is possible for MC=1056eV and sin29u=0.22.

This has been shown by the point R in Fig.1 which has been
obtained by the projection of the corresponding point in Fig.Z2.
It is clear from Table 6 and 7 that for the increase in the

value of "C’ the value of MU for a fixed value of sinzew, and the

proton lifetime for the p—» e+n° mode decreases. This has been

shown in Fig.3 for the lo and 20 boundariesz and the central value

of sin29w=0.230. For Hc> 1086ev, the allowed range of Tp also

decreases being restricted by the IMB limit19 from below. The IMB

limit19 is found to be saturated nearly at M_ 1010(1011)Gev if

the values of sinze is allowed to be 0.225 (0.220).

W
The order of magnitude of the compactification scale HG that
makes these gravity-induced corrections important can be
calculated by using n=(40na6)llzaﬂslﬂu. Dur estimation depends,

crucially, on the assumption that {n{ ., 1 as in the Shafi and
Netterich27 case. Solutions having ¢ >~ 0.03-0.05 are found to be

associated with lower values of the unification mass, MU ~ 10156ev

which require HB to be nearly 2 orders of magnitude smaller than

M The other class of solutions found in this model are

pl°
associated with ¢ >~ 0.07-0.10, and "U n 1016—1017Gev which require

"G ~ 1017—10186ev. In particular the observable predictions for
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rare~kaon decay corresponding to Mczlos—-lo6 GeV are found to be

17 L
possible with 5in26w20.22—0.23, ex0.1, and MU ~ 107 GeV, requiring

MG ~ IOIBGEV. This scale is generally expected from the
18

Kaluza-Klein—~ type compactification, where HB=M91/2nz 1.6x10" "BeV.

1f, on the other hand n is allowed to be |n| . 0.1{10), our

estimation would require M_ 1 order less (more) for every value of

G
£. For example, with HC ~ IOSBEV, and MU ~ 1017529, consistency of
the solutions with £ 0.1 requires "G ~ 1017(1019)Gev, if |Inl
0.1(10), instead of |n| ., 1.
I1I.5. Predictions on Majorana neutrino masses
At the second stage of the chain (3.2), the scalar

representation 124 < 50(10) is used to break the intermediate
gauge symmetry spontaneously to the standard group. The scalar

representation 126 contains right-handed SU(2)_ triplet 4A_(1,3,10)

R R

under SU(2)LxSU(2) xSU (4) which carries 2 units of lepton

R c?

number. Therefore,when VEV is given to A lepton number is broken

R‘!
by 2 units, as a result of which Majorana neutrino masses are
generated at this stage fulfilling the formulalb’17
2
m o ml Mes i=1, 2, 3, (3.19)

i
wvhere m, is the neutrino mass aof the ith generation. Gell—-Mann,
i
Ramond, and S}ansky16 have identified the Dirac mass m? with the

D

D D
up quark mass{ m, = m, my=m_, m

1 o=m <=m,), where as Mohapatra and
Sanjanovic17 and others have taken the Dirac mass as the charged
lepton mass (m?=me, mg=my, m§=mr) aof the corresponding generation.

2> 100GeV in

formula (Z.19), the Majorana neutrino masses for different

Using quark masses, mu=5 MeV, mc=1.258ev, and m

generations corresponding to the allowed range of chlos—lollﬁev
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are given by

m .(2.5x10 '-0.25)eV,  m . (1.5x10 Zev-15.5keV), and
v u
@ . (100eV-100MeV), (3.20)

T

where the lower (upper) limit corresponds to HC=1011(105)GeV.

But the same farmula with the charged lepton masses, me=0.51 MeV,

11
my=106MeV, mT=1.78 GeV, and the same values of Mcm 105—10 GeV
provides

-9 -3 ~4
m, L(2.6x10 "-2.6%x10 T)eV, m ~{1.1x10 "—-112)eV, and
e M
-2
M, o~ {(3.2x10 "eV-31.7keV). (2.21)
T

Out of these, the masses for vJu and L obtained in Egs. (3.20) and

(.21} are measurable by laboratory experiments. However, the mass

5

af v“ and v corresponding to M ~ 1076eV clearly violate the

c
cosmological buund42 which states that § m, = 65eV, where the
i=@,u,T :

sum is aover the stable and light neutrino species. One possible
way to evade the cosmological bound is to make these v“ and v
unstable with respect to Majoron emission43 which 1is a massless
scalar carrying 2 units of lepton number, and is created by
introducing an additional U(l)l—global symmetry {l=leptan
number), and breaking it spontaneously at a scale M » Mw.
I11.6. Summary and Conclusion

In the absence af gravity—-induced corrections, the S50(10) GUT
with single 6214 intermediate symmetry is ruled out as it predicts
proton lifetime significantly below the IMB limith. However, we
found that such a model can provide a stable proton (rPZ3x1032yr
for p—» e+ﬂa mode)with the allowed values of sin29w ~0.22-0.24,

when five-dimensional operator, induced by gravity, scaled by the
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compactification mass, is included. Such higher—-dimensional
nonrenormalizable operators are usually present in theories with
Kaluza-Klein type unification with gravity. With five-dimensional
c~breaking is found to be permitted over a wide
range M_ 105—10118ev. Such allowed value of HC ~ 105—101169V

operator, the SU(4)

provide two different values of Majorana neutrino masses

irm o (2.5x10 "/ -0.25) eV, m . (1.5x10 2eV-15.6keV) , LI
T

e u
(100eV-100MeV) and (ii) m (2.6x10 -2 6x10 ) eV, ™ J(1.1x107 4
e H
2

112 eV, m, o~ (3.2x10 “eV-31.7 keV), depending upon whether the

T

Dirac masses are taken as quarks or charged lepton masses
respectively. Out of them, although v, mass is too small compared
to vu and v, masses, these masses could be measured by laboratory
experiments depending upon M_ and the choice of the Dirac mass.

C

For the first time, with single G intermediate symmetry,

214
we have obtained interesting S0O(10) predictions, for the
observable SU(4)C~breaking by rare-kaon decay modes at low
energies with M_ 105-1066ev, and any value of sinze in the

W

range 0.22~0.24. For such lower values af M the proton 1lifetime

C’
is larger depending upon the value of sinzew.
Mc >1086ev, the allowed range of e decrease with the increasing
c* w Tp decreases with "C and the IMB limit19
is saturated when "C ~ lollﬁev. The order of magnitude af the
compactification scale, estimated in this model, is found to be in
017

For larger values of

M For a fixed sin26

the range 1 ~10186ev, unless the parameter in the
nonrenormalizable term has the value |n| ., 10, or larger.

In this model, as the mass of the right—-handed neutral gauge
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z. e
< 10°-10'"Bey, there is negligible contribution to the V+A

boson M, =M >1056ev, and that of the charged gauge bosons M“t = "U
R

structure of charged and neutral currents. Similarly the KL-KS
mass difference and ather CP-violating parameters have,
egssentially, the same prediction as the standard model. At low
energies, this model does not seem to predict any other detectable

signatures, except rare—-kaon decays and neutrino masses.



CHAPTER 1V
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SPONTANEOQUS COMPACTIFICATION EFFECTS IN SOC10) WITH LOW-MASS

Vt-GAUGE BOSONS WITHOUT OBSERVABLE PARITY RESTORATION

R
Iv.1. Introduction
In Chapter III1 we faund40 that the effect of a
five-dimensional operator could bring down the scale of

spontaneous symmetry breaking of the intermediate gauge group

SU(2)LxU(1) xSt{4) (=6 in the 80(10) model ¢to a value

R c 214’

(nca105—1obsev) which might manifest in the observation of

rare—~kaon decay K, — ;é and small neutrino masses. Although

L
with the single intermediate symmetry the second neuttral gauge

10°-10%6evy, it

4

boson also occurs around the same mass ("CEMZ o~
R

can be made lighter by breaking the G symmetry in two steps.

214

-+
- mass in the model is as high as the unification

R

mass (th S MU) leaving no testable signatures of left-right
R

symmetry through V+A strucure of charged currents or spontaneous

In any case the W

L
CP~violation through K°k° and B°-B" mixings. In this Chapterso we

+
show how to abtain low—mass Nﬁ and Z_ gauge bosons in S0(10) when

R

the effects of a suitable five-dimensional operator is included in
the GUT Lagrangian.

Several attempts have been made during the past years in

,13

left—right-symmetric (LRS) modelss based upon the gauge group

SU(Z)LxSU(Z)RxU(I)B_LXSU(3)C (362213) to obhtain a laow—mass

right-handed scale (MR) in GUT's after the spontaneocus symmetry

breaking (5SB) of the intermediate symmetry G incliuding the

2213P

left-right-symmetry (F=parity, when 9y } or excluding it (gzL#

“92r
ng). Such a low MR ~ TeV is expected to reveal new physics beyond
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the standard model, such as V+A structure of weak-charged and
neutral currents, masses of the right-handed gauge bosons (Né,
ZR), and neutrino masses etc. Follawing the conventional approach

of breaking both P and SU(2) _ at the same scale, such a model when

R
embedded in a GUT like SO(10) yields MRznpzm‘zGev for sin’g, =

0.23010.005 (MP=P~vinlating scale), which rules out any

possibility of observing low—-energy signatures of right-handed

12

currents. On the other hand if M_ <10""GeV, several cosmological

R
difficulties such as inadequate baryon asymn2try of the

universe44, and the presence of undesirable domain wa11524 occur

in the model. In order to avoid such difficulties, a new approach
to left-right gauge theories have been suggested by Chang,

Mohapatra, and ParidaZI, where the breakings of P and 8U(2) are

R

decoupled from each other. In such a case, it has been pointed out
that there is an element of the §0(10) gauge group, called
D-parity, where Dg£23£67‘£ij’ i,i=1,24.-..4 10 represent the
totally antisymmetric generators of S0(10)), which plays the role
similar to charge conjugation (C) or the parity (P) operator.
Under special circumstances, I can be identified with C by

demanding that AL c A; and with P when all couplings in the

»
Lagrangian are real which takes YL y ¥YR* But, in general it

cannot be identified with either. For instance, D changes a

Cc

fermion (quark or lepton) YL I &) )L=(C ;T) which has charge

L
opposite to ¥ but it has also opposite helicity. This is clearly

different from the usual C operator of transforming a particle to

its antiparticle. It has been faund21 that the neutral components

xa(l,l,IS) < 45 < S0(10) under & and nil1,1,1) c 210 < SO0(10)

2213
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under 6224 are odd under D and hence, under P; but the

corresponding components ¥(1,1,135) < 210 under &6 and n’ (1,1,1)

2213

< 94 under 6 are even. Thus, it is possible to descend down to

224

B2213P ‘8224P) with P unbroken through the Higgs representation

210 (354). Similarly, by assigning VEV along the direction odd
under D, it is possible to break the discrete symmetry D and hence,

P at the BUT scale without breaking SU(E)R. In such cases P-and

SU(E)R~breakings are decoupled and one can descend down to

6 B ) with P broken at the GBUT scale through the Higgs

2213B224
representation 45 (210). When such a parity breaking scale

HP}IOIZGEV, cosmological uallsz4 do not cause problem and so also

adequate baryon asymmetry of the universe44 is generated if "P ~

HU » “R in the model with 6 intermediate symmetry. With the

2213
mechanism of decoupling P- and SU(Z)R~breakings agne interesting
symmetry-breaking chain S0(10) has been noted 22 to be
210 210 128
S0(10} —;——-’ 9224P —*;——$ 8224 '“;:f’ 32113 —;;—~# Gst s (4.1)
v P R R
which provides Mgsﬂz =500-1000GeV and Hg =Mc=1058ev offering the

R

possibility of detection of a low—mass ZR at the super colliders,
measurement of signatures of quark-lepton unification through

KL—~——-$ ;é, nn oscillation and Majorana neutrino masses (mv ~
e

ieV) with proton lifetime barely within the reach of ongoing
experiments. The chain (4.1) has three intermediate symmetries.
Because of their minimal character, GUT predictions with one or
twa intermediate symmetries might be more appealing. Even with two

intermediate symmetries,45

+ {n]
My M ™
80(10) » G b By, — B_,, (4.2)
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although a low-mass right-handed neutral gauge boson is found to

be permitted with H; n 3006eV whether or & the

G=6,,13 2213p?

predicted value of the charged Ni-gauge boson mass is large
H§2101069V45 ruling out any observed low energy phenomenon by
right-handed charged gauge bosons such as CP violations, and
neutrinoless double beta decay etc.

27,28

Introducing five-dimensional operator in the S0(10) G6UT

with single 6 intermediate symmetry, Rizzo31 has obtained a

2213P

low-mass right-handed scale M 100GaeV with observable parity

R'\l

restoration. In contrast to the above conclusion, we note that
low—mass right—-handed gauge bosons (HR ~ 1006eV) are ruled out as

the parity restoring gauge group GZ”ISP is not allowed at low—mass

scales?o On the other hand, by using the mechanism of decoupling P-
and SU(Z)R—breakin9521 and a different possible way of descending

down to 82213 through 210 <« 85010 without observable parity

restoration, we find that the low-mass right—-handed gauge basons

(HR ~ 100G6eV-10TeV) are permitted when five-dimension aoperator

scaled by the compactification mass (ME) is includedso.

This Chapter is organized in the following manner. In
Sec.IV.2 we aobtain modifications of gauge coupling constants and
BUT boundary conditions in 60(10) with single SU(Z)LXSU(Z)Rx
U(I)B_Lx SU(3)C intermediate gauge group including the left-right

symmetry (QELBQZR) or excluding it In Sec.IV.3 we

(QZL#QER)'
derive farmulas for unification mass, electroweak mixing angle,
and GUYT coupling constants with five-dimensional operator,

exploiting the extended survival hypothesis under the natural

assumption that all superheavy masses are the same as MU. Our new
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solution with single 62213P 13

presented in Secs.IV.4 and 1IV.5, respectively. Predictions on

and 622 intermediate symmetries are

neutrino masses for low "R are stated in Sec. IV.4.
+
Phenomenological constraints on the Nﬁ mass scales are discussed

in Sec.IV.5. Finally, a brief summary and conclusion of the
Chapter are given in Sec.IV.é6.

Iv.2. Modifications of gauge~-coupling constants and GUT
boundary conditions

In this section we derive the modifications in gauge

couplings and 8UT boundary conditions in the presence of a

five-dimensional operator in the following cases,

210 126 10
(A) S0(10) ——;‘P 62213P ——b Bst » » U(l)emx SU(3)C ’
u M W
210 126 10
(B) 80(10) —» § -_—p G ———p U(1) x SU((3I) .
2213 st em C
My M M

The case (A) has been considered by Rizzo in Ref.31. As the
modifications to the GUT boundary conditions aobtained in Ref.31,
are different from ours, we derive them in both cases. In all the

cases, the nonrenormalizable S0(10)-invariant five-dimensional

27,28

operator can be written as

= o
R (CIMG)TP(F“vﬁ(zlo)F ), (4.3)

where 6(210) is the four—-index antisymmetric Higgs scalar

representation 210 < S0{(10), Fuv is the gauge invariant field

tensor and C€C is a constant. Rizzo's case corresponds to
19

MB "pl 2x10" "GeV. In Eg. (4.3,

F =0 W -3 W +igW , W 1,
HY RV v ou u v
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10 .. ..
W =1/ ot? u;’, C=(-1/8)n, (4.4)
iyJj=1
where (1/2) aij(wzj), with i, j=1,2...,10 denote the 45 generators
(gauge bosons)?® of the 50(10) and the constant C has been
reparametrized. In this notation every gauge boson appears in more
than one element of the 1&6x14 matrix wyv and thus, the
renormalized kinetic energy term (aR) is (-IIB)Tr(F“vF“v) instead
of (-1/2Tr(F F') (Ref.47). We follow the canventiont9*48
which i, j=1,2,...,6(7,8,9,10) are the S0(10) (50(4)) indices. When
the GUT symmetry is broken spontanecously, in all such cases, NR
is absorbed in the renormalizable kinetic energy term (aR) of the
gauge fields as a results of which the coupling constants and
hence, the boundary conditions are modified. In both cases (A) and
(BY, the modified boundary conditions can be expressed in a
general form
QZL(HU)(1+52L)=02R(HU)(1+32R)=aBL(MU)(1+cBL)=03c(HU)(1+33c)=aB .
(4.3)
where aB=g§/4n, 9, being the bare coupling of the GUT Lagrangian
and ¢, {i=2L., 2R, BL, 3C) is the nonrenaormalized term.

i

1v.2.1 Modifications with 62213P

In Ref.31 the following values of the coefficients €5

intermediate symmetry

occurring in Eq. (4.5) have been taken,

15A A 204 CHMy
Ery BPELLT"— g E9, T 7 g EQpn = — T A= '
2R 5 L & 2(64na6)1/2Mp1

(4.4)
such that all the gauge coupling constants at boundary u = "U get

modified according to Eq.(4.5). In this case, when 210 acquires
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the VEV as

-4

.——-D—
P 21007 L AL A IR IRE 4.7

496
§0(10) breaks to 62213P by allowing the parity breaking scale to
survive down to the NL—SCQIESI- In Eq.(4.7) -<§1234>=<§1 >=

3454 - ' 1 ikl ijkl .

<® >, where §(210) (1/4.)rirjrkr1x§ v & being
antisymmetric in ijkl. Nating that,
PR P LE T R S
=diagl-1,—-1,-1,3,~1{,~-1,-1,3,-1,-1,-1,3,—-1,-1,-1,31, (4.8)

we use the VEV given by (4.7) in EqQ.(4.3). After a suitable
rescaling of the gauge fields in the usual fashion we find that

{(4.3) gets absorbed in the kinetic energy terms for SU(2)L,

SU(Z)R, U(I)B_L s and SU(S)C gauge fields resulting in
€x T Eng = 0, (1/2)sBL T T &g T E
e m Py
e= = 172 - (4.9)
aveMg  2(32nag) M

From Eq.(4.9), it is clear that the modification to the boundary
conditions occurs only for the coupling constants asc(MU) and

aBL(HU), but not for azL(MU) ar azR(H Thus, Eq. (4.3) does not

U).

contribute to the modifications of the SU(2)L R kinetic energies.
k]

This can be further checked by using i, ji=7,8,9,10 in Eq. (4.3) and

(L, R) (L, R
w Bz100°F

the boundary conditions (4.9) for the case (A), which is

verifying that Tr(F )=0. Therefore, we find

substantially different from that used in Ref.31.

IV.2.2. Modifications with 62213 intermediate symmetry

In the previous Sec.IV.2.1, we have seen that when 210

acquires the VEV as (4.7), S0(10) breaks tao & Here we

2213P°
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discuss yet another possibility of decoupling P- and SU(2)R-

breakings through 210 that breaks S0(10) to 6 with P-breaking

2213

at the unification scale. This can be explained in the following

way. The scalar representation 210 contains a singlet 7n(1,1,0,1)

under 82213 which is odd under P. When the VEV is assigned along
this direction such that,
<§(210)> ~ ao(r7r8r9r10) . {4.10)

P breaks at the BUT scale. Thus, while Eq. (4.7) gives the parity
invariant vacuum with 82213P gauge symmetry, addition of (4.7) and

(4.10) with

P
o

<§(210)>=;;§,(—r1r2r3r4+r1r2r5r6+r3r4r5r6+r7r8r9r10), (4.11)
yields the parity-violating vacuum having 62213 gauge symmetry.
Now, noting

T gt Tl s o T3l s T 7 el o 10

=diagl-2,-2,-2,2,-2,-2,-2,2, 0, 0, 0,4, O, 0, 0,41, (4.12)

and using Eq. (4.11) in (4.3), we compute the £ parameters

contributing to the modification of the boundary conditions,

1
EoR™EHy = TExp™ ; £p = £y
" P M, 3 172
£ = = . (4.13)
82 Mg 16Mg |2na

where we have used the relation between the superheavy gauge boson

1/
Rasses (HU) and QD, "U (4na6/3) 2§°.Compared to case (A), we note

2R and £, are opposite in sign. Such a

difference in boundary conditions in two cases reflect in the

that, in case of (B), ¢

resulting solutions.
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Iv.3. Formulas for electroweak mixing angle, unification
mass, and GUT coupling
2

The one—-loop renormalization group equation53 for the gauge

coupling constants ai(y)=gz(p)/4n in bath cases (A} and (B), are
i

My S b < M s
1 1 a.
= + —1n ks s i=Y, 2L, 3C, (4.14)
o, (M) o (HR) 2n HW
Mh = u = MU H
1 1 a’,
= + —1-1n ikl , 4§=2L, 2R, BL, 3C, (4.1%)
o, (M) a M) 2n M

i

scale. In case (A) P is left unbroken down to the "R scale while

where a (a}) is the one-loop coefficient in the lower (higher)

in case (B) P breaks at the unification scale MU.
Using the RGE's (4.14)-(4.15) and the boundary conditions in

the general form (4.3), we follow the standard procedure for

acbtaining formulas for 1n MU/MW, sinzew, and agi therough the
. . -1 -1 ~1 -1
cambinations a (Mw) (8/3)a3C (Mw), a (MN) (B/S)aZL (Mw),
-1 _ -1 -1 ~1 4 5=
o MI=(S/Da, (Mpra, (M), and  a, (M) (3/5)a2R(HR)+(2/5)
“;i‘"ﬂ"
8 e 4e. 42

M 2 | 3 TF2LTE2RTI “BL 14e
1n—Y - _ 3¢ 3¢

Mg D | gty aty) ag
1 §a 2 8 "R
o (1+egp) (ay +zay—as, —arr™s 2p )t (34ey Yoort %‘BL 3c’azc’}1";” J

W

(4.16)



al. a
. 2 ._._1.. ’ ___El_—._s—c-(l_' ) + _.‘il_i_r:w_)___ (5"*'8 _’_2.5.
sin"g, == | (1+s, Yaze~T e3c o a5 3+eor*3ep ]
D a3c oz My

2 ¢ w) 3, +2
+(1+ )
(1+s2 )(a,jﬁ+3 aEl) + ( £ort3 EI)(aSE oL~ 2! 3[:) 1 €5 1%

M

(4.17)

2 5 5., .- R
{asc(azR+3 aBL’“3ascav}+(1+Esc){ 32 @y ag lanets ag ) rpin =,

+2a
i— = 1 1> - 2L 2R BL +i— a, (a, +a_  +T a’ )~ §a )
o D M. ) (M) > 3IC 2L 2R 3 BL SC 2L 3Y
G 4w %3¢ W
M
«1n-21, (4.18)
MW
where
D=a.’ (g*a +e +2€ Y~ (1+e_ ) (&l 'a +g a. . (4.19)
3C°3 2L "2R 37BL 3c 2L 2R 3 "BL
Iv. 4. New predictions with 62213P intermediate symmetry
In Eqs.(4.16)—-(4.19), the case considered by Riz:»:cf:"1
= 1 = = v -
corresponds to MR MN’ wi th a Fasp=a °L 2R (4/3)ng + (1/3)(D+2T)
2273, aSC=a3C

apL

generation number, and D{(T) is the number of light Higgs doublets

=(4/3)ng—11, =(4/3)ng+3T, where ng is the fermion
(triplets).

As our boundary conditions (4.9) are quite different fram
(4.4) that is used in Ref. 31, we compute numerical solutions to
Egqs. (4.162—-(4.1%9) under the condition (4.9) and with M_=M

R W
19

MG:ZMp1=ZXIO GeV, asC(Mw)zO.l, and q (Mw) = 128 as has been used
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in Ref. 31. In contrast to Ref.31 we note that 1n all cases of

D=T, sin28w given by Eq. (4.17) is independent of £. This happens

due to the fact that the s-dependence occurring in the first
factor (D_l) in Eq. (4.19) gets exactly cancelled by the same
dependence in the numerator of the second factor. For other

combinations of DT the s—dependence of Ein28w is weak. Some of our

numerical solutions faor D=T=1,2; D=2, T=1; and D=1, T=2 are shown in
Table 8. Here the entry in the last column is the parameter
C=(-1/8)n, that has been computed using formula (4.9) and different

values for the compactification scale (MG). It can be seen from

Table 8 that the lowest value of sin26w correspaonds to the case

D=1, T=2 and is found to he 0.266 with £=~0.208 far which MU=2Mp1.

2
For all other values of MU< 2Mp1, sin"eN >0.264. In this case, when

we attempt to decrease sinzew further with £ < -0.208, NU exceeds

2Mp1 making the solutions unacceptable. Thus, the possibilty of

low-mass right-handed gauge bosons with ™ M accompanied by

R ™ W

observable low—mass parity restoration through 62"13P intermediate
<

symmetry needs sin26 > 0.266, which is far too large as compared to

W

the present world average of sin29w ~ 0.230+0.0035 obtained from

~

neutral-current data“.

In order to obtain the lowest allowed value of M under the

R
boundary conditions (4.9) we allow MR » Mw in Eqgs. (4.16)—-(4.19).
Using the same input parameters as in Table 8, we compute the
b J —
value of HU, MR, s1n‘6w, aGI, and € for different values of ¢,

which are presented in Table 9. In the case D=T=1 (D=1, 7T=2)
2
whenever we attempt to decrease sin*eN by decreasing &£ < -0.12

(e < -0.2), MK exceeds 2Mpl which rules out the possibility of ™

U R



 162]

Table 8. Prediction of the S0(10) model with parity-restoring

9
left-right gauge group at low—mass scales, M8=2x101 GeV,

and NR ~ 100GeV.

. 2 -1 —¢
Number of D £ MU sin ew og C=(-1/8'n
and T {GaV)
18
-0.05 2.6x10 . 0.274 49.0 Q.14
D=T=1 :
~0.08 2.0x1017 " 0.274 39.8 0.03
18 -
-0.08 4.4x%x10 0,282 48,2 .13
D=2,T=1
-0.10 2.0)(1019 0.282 48.7 0.04
i8 -
~-0.18 4.4x10 0.266 44.14 0.31
D=1,T=2
-0.208 '2.0)(1019 0.266 44 .50 0.08
18
-0.20 2.9x10 0.274 43%.03 0.51
D=T=2

~0.238 2.0x101? . 0.274 43.44 0.09
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Table 9. Prediction of the SD(lOﬁ model with the parity-restoring

gauge group an intermediate symmetry and
=2 .
"G x10" GeV
Number of D M M sinZ6 -1 C=(-1/8)
€ R U - OlG n
and T (GeV) (GeV)
~0.12  10'° a.6x10'% o.233 46.5  0.19
D=T=1
-6.12 10’ 7.9x10'® o.238 47.1 0.11
~0.2 107 9.3x10'8 o.234 44,1 0.16
D=1,T=2 :
~0.2 10° 9.7x10'® o.238 44.1 0.15
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. 2 - .
belaw 1096ev. Here, in order to have sin ew £0.235, we find

MR'> quGeV. Thus, the low-mass right-handed gauge bosons with

observable parity restoration are ruled out in this model.

2

Besides, even with such high values of MR<101 GeV the model gives

rise to stable domain wa11524 and negligible baryon asymmetry of
the universe44 which are unacceptable tc the modern big-bang
rcosmalagy-.

+IV.5. New predictions with G intermediate symmetry

2213
22

In the absence of five-dimensional operator, such a model

b d
provides HR > 101‘Bev for sin29 ~0.230120.005, which rules out the

W

possibility of observing the desired low—energy signatures. Here we

1

investigate the effect of the corresponding five-dimensional
operator in such a model. At first, we confine to the minimal number
aof Higgs particles D=T=1i, neeQed for the G65B of the gauge
symmetries. The Higgs contributions in the two different mass ranges

are M < u <M

W &(1,2,1); ™M £ 4 =M

R $(2,2,0,1)+A

R? u’ F(1,3,2,1),

where the transformation properties in the 1lower (higher) mass

ranges are under Gst (82213). Ne{ use the constraint of minimal

fine-tuning of parameters where the left~handed triplet is made

superheavy with its mass MU and does naot contribute to the RGE’s

of the coupling constants. In the minimal case the coefficients
occurring in Eqgs. (4.16)-(4.19) are

a,=41/10, a, =-19/6, a, =7,

2L
aéL=—3, aéR=—7/3, aﬁL=11/2, and aéC=—7. (4.20)

Now, using the modified boundary conditions (4.13), we solve

1 W? and oG for

certain values of MR as a function of £. Some of our solutions are

Egs. (4.16)~-(4.19) to obtain values of M sin26
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presented in Table 10. Here, the entry in the last column
C=(-1/8)7, has been computed using formula (4.13) for different
values of M.. From Table 10, it 1is clear that low—mass

6
right-handed gauge bosons with MR ~ 100GeV-10TeV are peramitted

with|C|>~0.2-3 provided the compactification scale M; is in the
|
range aof . 1017—101889V?7 We have also calculated the value of

parameter C corresponding to the compactification of the fifth

|

dimension on a circle in the Kaluza-Klein madel where

MG=101989V/2n=1.6x101869V. It may be noted that in Kaluza-Klein

theories, MG could be made 2 orders of magnitude smaller than
MPISS_ If we use MB=HP1, the parameter € increases by a factor
10-100 making it unacceptably large for the minimal choice of
Higgs representations (D=T=1).

We have carried ocut a similar analysis in the case D=1 and

' T=2 carresponding to the nonminimal choice of Higgs

|
?representations; the results are also reported in Table 10. 1In

+
this case low-mass wa—gauge bosons are favoured with M

B e
17 18
107 -10" "GeV when |[Clx~ 0.2~0.8. Contrary to the case D=T=1i, here

however M =Mp

G 1 could be permitted provided C is allawed to be in

' the range 3-10.
!

+
Thus, we find that low-mass wa ~ bosons ate favoured in the

S0(10) model with single G intermediate symmetry which might

2213

be appearing as an effective gauge theory in four—-dimensions

resulting from compactification of extra dimension in some basic

11,15

higher—-dimensional theory.

i ,
Iv.6. Predictions on neutrino masses

since the scalar representation 126 ¢ SD(10) is used in both
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Table 10. Prediction of the S0(10) model with parity-violating

left—right gauge group at lower mass scales

(MR=102~104GeV).

2 -1
2 o1/
Number af ¢ MR MU sin Qw %g HG C=(-1/8)n
D and T (GeV) (GeV) (GaV)

0.05 10% 1.6x10'® o0.238  as8.3  1.6x10'® 2.1

0.06 103 1016 0.232  48.1 107 -0.28

e 4

D=T=1 0.08 10 a.4x10° ¢.229 aB.z 1017 -0.76

0.08 105 8.2x10'7 0.233  49.0 10t7 —0.4

0.07 102 1.6x10'® 0.235 49.3 1.6x10'8 2.8

0.01 10? 2.0x10'® 0.236  46.5 1.extol® _o.3a
D=1,T=2 0.02 10 1.7x10'® 0.236  46.8 1.6x10'® -o.81

0.04 10 7.4x10° 0.232  46.9 1017 ~0.23
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cases (A) and (B), to break the intermediate gauge symmetry
spontaneously to the standard group, Majorana neutrino masses are
generated. Further the Higgs representation 10 contains the
standard Higgs doublet that generates the Dirac mass term for all
fermions including the neutrino since the right-handed neutrino
occurs amang the fermion representation 16 < S0(10). The neutrino
mass matrix is 2x2 with the diagonal (nondiagonal) components
representing the Majorana (Dirac) mass terms. Diagonalization of

the mass matrix then yields the seesaw for‘mula1
M o =" | 1= @4ty T (4.21)

where m (ml) is the neutrino (charged—-lepton) mass of the 1ith
i i

generation. As has been noted in Chapter 111 earlier and Chapter
1V subsequently, there is an alternative choice to use the up
quark mass of the ith generation instead of the charged lepton
mass in the right-hand side (R.H.S) of Eq (4.21). This would yield
much larger masses for v” and V. The computation of these masses
and the corresponding procedure for evading the cosmological bound
can be carried out in the same manner as the ones followed here with
the charged lepton masses in the R.H.S of Eq.(4.21). With 1low

right—handed scale M 1TeV, the 50(10) model with G

R ™ 2213

intermediate symmetry predicts,

m - eV, m  10keV, and m
v v v
e u T

~ aieVv . (4.22)

Such masses if testified by laboratory measurements would be 1in
conflict with the cosmological bound42 according to which the sum
of stable neutrino masses should be less than &65eV. In order to

satisfy the cosmological bounds, one of the mechanism that applies
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here is the decay of unstable heavier neutrinos to the stable
light neutrinos like v, by the emission of a Majoron (x)43. Such a
Majoron is a massless Goldstone boson which is created when an

additional global U(1). symmetry is broken spontanecusly by the

1
VEV of a Higags scalar carrying lepton number 1=2 at a higher
scale. The introduction of such an additional glebal symmetry does

not affect the GUT predicticons as described in this Chapter.

+
Iv.7. Constraints on Wi-mass
Besides the canstraints obtained from RGE's including
spontanecus compactification effects, there are several

+
phenomenolagical c:onstr-aints49 on the Nﬁ—mass. The maost stringent

theoretical constraint on their mass comes from their contribution

to KL-KS mass difference which sets a laower bound49 of about

2.5TeV in manifestly left-right-symmetric B2213P models where the

two gauge coupling constants, and the fermion mixing angles in the

left—-and the right-handed sectors are equal (97L=97R’ 97L=82R)'

This lower bound can be decreased substantially in the asymmetric

&6
models (92L¢92R’ GZL#SZR)'

Another constraint comes from the experimental data on the

Majorana neutrino masses. With the Majorana neutrino mass m o~
' e

1-2eV, available experimental data are consistent with a low

WR—mass " 54 TeVSl. Besides these, the electric dipole moment of

the neutron, a manifestation of CP-and P-violations, close to the

-— v
experimental limit d:SIO 26e «:m‘W’S‘L predicts M_ . 10-20 TeV.
Iv.8. Summary and Conclusion
In this section, we briefly summarize and state our

conclusions relating to the investigations reported in this
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. . 50 . _

Chapter. The main result of this Chapter ic that the low-mass
right—handed gauge bosons in SO(10) with single G7“1’P
intermediate symmetry, proposed by Rizzo°1 are ruled oaout as the
parity restoring gauge group Bﬂﬂisp is naot allowed tao survive at

P

2 g -

low—mass scales. In such a case we noted that sin Gw <0.235

constrains MR > IOQGeV. On the other hand, with the conventional

mechanism of decoupling F- and SU(2)R—breakings, we found a
low—mass right-handed gauge bosan (HR ~ 1006ev-10TeV) in 50(€10)
with 62213 intermediate symmetry, without parity restoration, when

five-dimensional operator, scaled by the compactification mass is

+
included. Such low—-mass right—-handed (wa . ZR) gauge bosons, in

addition to being detected at the super colliders in the near
future, could manifest in low-energy experiments with detectable
V+A structure of weak charged and neutral currents, CP-violations

o —0 _ .
b K mixings, neutrino masses, and a host of other

in K
* . .
processes. If WR —boson masses are within a few TeV, they aight
manifest in neutrinoless double p-decay, muon decay, ¢ —» 3e,
and muonium—antimuonium transitions at low energies if the
accuracy of such experiments are improved in near future. 0One of

*

the spectacular signatures of low mass W, —-bosons at 8S5C energy

R
would be through the decay modes
+ + * .
Wp —» e Np — > e~ (jets),
where NR is the right-handsed Majorana neutrino. Detailed

: +
investigations have shown that the detection limit for wg in thig

case 1is nearly B.bTeV.53
s

It has been '.=Jhcn»\an':'o that the seesaw mechanism for generating

Majorana neutrino mass gperates in a profound @manner when the
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mechanism of decoupling P- and SU(2)R—breakings is employed, as

? .
compared to the conventional methods4 . With MR "~ 1 TeV, the G

2213

model predicts LI eV, m, o~ 10keV,; and mv ~ MeV. Such massses are
e u T

Teasurabié by laboratory experiments. Out of these, z.)'u and v masses
Lould be in conflict with the cosmolegical bound according to which
the sum of stable neutrino massesishould not exceed 652V42. In order
to satisfy cosmological bound, in such cases, these heavier
neutrinas can be made unstable with respect to decay into éhe
lighter ones vE by the emigsion ofla Goldstone boson, called the

Majoron4° that arises as a result of spontaneocus breaking of a

glabal lepton number associated with the G gauge symmetry. In

2213
case (B), since the parity breaks at the unification scale ﬁp ~ MU »
IOIZBEV, there are no prablems due to undesirable domain w311524 or

inadequate baryon number generation44.
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SPONTANEOUS COMPACTIFICATION EFFECTS ON SO0C10) GRAND UNIFICATION
i

WITH SUCZ)LXSUCZ)RXSU(4)C INTERMEDIATE SYMMETRY

vV.1. Introduction

¢

In Chapter 11140 we have found that in S0(10) model the

intermediate scale(MC) for the occurrence of the gauge group

SU(Z)LXU(I)RXSU(4) can be brought down to Mcz105—1obeev leading

Cc

to the possible low-energy signature of quark—-lepton unification

- +
through rare~kaaon decaya(KL———~$ ue), but in this case W_—gauge

R
boson mass is high (Nwt = MU) ruling out possible low-energy
R
manifestations of left-right symmetry (LRS) breaking through V+A
charged currents or CP-violation. .In Chapter IVSO an the other

hand we demonstrated the possibility of bringing down the Wé*and
ZR-masses to S00 GeV-few TeV leading to possible luw—energy
signatures of V+A charged and neutral currents,and CP-violations;
but in this case MC o~ MU leavihg no testable signature for

quark-lepton unification. In this chapter we show how the single

¢

intermediate gauge group 6274 can survive down to the scale Mcz
S5

+
10 —1obsev so that wa—masses can occur around the same scale
corresponding to the manifestation of quark—-lepton unification

through rare—kaon decays39 and n-n oscillation38 (HC = thzios;
R

lobﬁeV).

In this chapter‘56 the impact of five-dimensional operator27’28

which might originate from compactification of extra dimensions is

investigated on S0O(10) grand uni{ication with Pati-Salam (PS)?

intermediate gauge group, SU(2)LxSU(2)RxSU(4)

or excluding it

C including

left-right symmetry ). The

(95 =955’ (9, *9g
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corresponding symmetry breaking chains with suitable 50(10) Higgs

representatiaons are

54 126 10
1 50(10)*—;——’ 5224P —;*-—> Bst —;~——? U(l)emxSU(3)C ’
u c W
210 126 io
11 S0{10)—» & -~ b6 —» U(1) xSU({3) v
M 224 M st M em C
u (4 W
= - b 7 =
where 6224p_ SU(L)LKSU(h)RXSU(A)CXP (QZL ng),
= 2
6224_ Sui( )LxSU(2)RxSU(4)C (92L=92R)’

and P is parity, the left-right discrete symmetry. In the absence

af higher—-dimensicnal operators, such models cannot provide low

SU(4)C—breaking scale “C ~ 1054106GEV, thus, ruling out the

passibility of observing low-energy phenomena, such as n—n

oscillation, rare-kaon decays, and small neutrino masses. By

including five-dimensional operatnr27’28

?
)“7, we find that the chain I can
Y

scaled by the

compactification mass (MG

provide such interesting phenodena corresponding to the law

intermediate scale MC ~ 105~10689V. In this case we find the

equations for the unification mass (M) and GUT coupling («.) are

u G
independent of the parameter (g) of the nonrenormalizable

Lagrangian, although the electrowéak mixing angle (sinzew) does

depend upon it. The unification mass is found to be large and the
salutions are consistent with large compactification scale. On the
other hand, when the PS5 is left-right-symmetric, the resulting

equations for sin28 is noted to be independent of £, but M and

u
% do depend wupon it. For this case, besides the solutions

28

obtained by Shafi and Wetterich (SW)7, the new predictions with

W

much larger MG have been found ocut.
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A This Chapter is organized in the following manner. In Sec.V.2

we obtain modifications of gauge coupling constants and boundary

conditions in S0(10) with SU(2)LXSU(2)RXSU(4)C intermediate

symmetry including or excluding left-right symmetry. In Sec.V.3 we

derive formulas for 1In(M /M), sin29 ’ and o with the
U W W G

five—dimensional operator. New predictions with single B724P and

single G intermediate symmetries have been discussed in Secs.V.4

224

and V.5 respectively. The summary, discussion, and conclusion of
this Chapter are stated in Sec.V.é.
y.a. Modifications of gauge coupling constants and GUT
boundary conditions

For chain 1, the modified boundary conditions have been
derived by Shafi and Netterich27.‘ For chain 1II, we derive the
carresponding new madifications in the presence af five-dimensional
operator. In all such cases, when the GUT symmetry 1is broken

spontanegusly the nonrencrmalized Lagrangian (aNR) cantaining

*

five-dimensional operator is absorbed in the renormalized kinetic

enerqy term (o) modifying the gauge couplings at the unification

R

scale, which can be expressed in general form,

QZL(MU)(1+52L)=a2R(MU)(1+52R)=04C(HU)(1+54C)=QG '

L)
where a6=g;/4n, 9, being the bare GUT coupling constant.

v.2.1. Modifications with G224P intermediate symmetry

{(5.1)

Shafi and WEtterich27 have already considered this case
including the effects of the five~dimensional operator. They have
used the nonrenormalizable five-dimensional operator,

o, . =—{n/2M

NR G
where F =8 & -8 A —-iglA , A 1,
vy gv v ou o v

My
YTPLF 6 sa)F 15 (5.2)
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a_,1i a
(Au)bﬁgp(ki)b’
: Trin A )=1/2)6, . ' (5.3
Y IJ, 13
In Eqs. (5.2)-(5.3), »n is an unknown parameter, Fuv is an
antisymmetric 10x10 matrix, §(S4) denotes a symmetric traceless

70x10 aaterix, AN is the gauge field, and ki‘s are the 50(10)
) ®

a

|

3 >=—— diag [1,1,1,1,1,1,-3/2, -3/2, -3/2, -3/21,

generatars. Using the vacuum expectation value (VEV),
<
(54) +30

(5.4)
necessary for spantanecus symmetry breaking (SSB) at the first

stage of the chain 1. they obtained the following values aof Eo1 9

E5py €4p OCCurring in Eq. (5.1},
ne&
a
&y TE,5=—13/2)2, E,TEy £ = - (5.5)
2L TZR 4C igSHG
Y.2.2. Modifications with 6224 intermediate symmetry

Now we derive the modifications of the GUT boundary
conditions for the chain 1I. In this case, the Tirst stage of
symmetry breaking is obtained by the antisymmetric tensor 210. As

46,48 in  which

described in Chapter 1V, we faollaw the convention
1,ij=1,2,3...,6{(7,8,72,10) denocte the 50(6)(50(4)) indices, and use
he representation of generators Qy 16x1é6 matrices?b Uising Fi,
=1,2....,10, as the matrices defined in Ref.446, the 45 generators
ire given by (1/2)aij=(1/4i) cri, Fj], i,j=1,2,...10. Representing
he 45-gauge bosons by the two-index antisymmetric tensor, Wij,

thie gauge boson matrix is 16xié4,

10 .. ..
W o= (/4 3 ot wtl, (5.6)
u ¥
i,3=1

¥

where every gaugqe boson occurs repeatedly in more than one matrix

element. This is in contrast to the SU(N)-—-gauge boson matrix where
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every boson occurs in only one matrix element of the corresponding

!
‘' NxN matrix. Following the usual definition,

F =0 W -0 W —iglW , W 1, (5.7)
WO g v v TR

with wu given by Eq.(5.6) and the expression for the kinetic

=nergy,
435
_ {m) ., (m)pv
A = (1/74) T [Vuv Vv ]s
m =1
im_y yim_ v(m’—igtv(mz V(m)]’ (5.9)
MY oV vou H v
t - .
where V“(m)(m=1,2,...,45) represents 45 components of NLJ, the

corresponding expression in terms of Fuv that reduces to (5.8) in

the case of S50(10) is47

“NR

To the renormalizable Lagrangian given in (5.9) we add the

=—(1/8) Tr[Fva“v] . (5.9)

nonrenarmalizable term containing .the five-dimensional operator ,
N

- e (5.10)
RS T o TRt @i0F
G
where
2109174 £ ILOO 0 g1 i ,k,1=1,2, ., 10,
ijkl

wettepich54 has shown how light generations of fermions can be
obtained from a six-dimensional S0(12) gauge theory which might
originate from pure gravity in eighteen dimensions coupled to
Majorana-Weyl spinors. In this théory the Higgs representaion 219;
126, and 10 of S0(10) necessary Tor spontanecus symmetry breaking
at different stages of the chain 11 have been demonstrated to
emerge from suitable 50(12) representations possessing

S4 - .
nonvanishing coupling to spinors . With 50(10) gauge symmetry
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preserved after campactification of extra dimensions at a scale
éﬁ’ the five—-dimensional ogperator in EqQ.(5.10) is expected to
!
occur as a nanrenormalizable term in the Lagrangian. When S0(10)
MU . ijkl .
— 6624, with P-broken at u MU’ & assumes VEV in the
direction <§78910>=§ #0. Using the normalized VEV,
=3 @
78910
<& . >=——17T rr,.<& >
(210} /32 7r8 % 10
&
a
=——diagf{-1,-1,-1,-1,~1,-1,~-1,-1,1,1,1,3,1,1,1,11
v32 '
(5.11)
in Eq. {(35.10), we compute the values of oy Eap? and €400
occurring in Eq. (5.1) ,
% n,3 J12My
&, TTE o TE g,..=0 e= = —_
2L 2R 7 4C ? - [ ]
4¥2My 8% 2nog Mg
(5.12)

Here, we have used the relation between the superheavy gauge bason

1/2
= > 3 2
masses (HU) and QQ, NU (4naG{3) §D. Fram Eq. (5.12), it is clear
that the contributions due to sZL‘and &, are equal and opposite,
whereas that due to £ac vanishes. When £ parameters given by

Egqs. (5.5) and (5.12) are used in Eq.(5.1), the GUT boundary

conditions in the two cases are significantly different. Such a

difference in the boundary conditions provide substantially

different solutions to the unification mass and the electrgweak

mixing angle.

Y. 3. Formulas for unificatioﬁ mass, vlectroweak mixing angle,
and GUT coupling

: 2
The one-loop gauge coupling constant gi(p) (ai(p)=gi(p)/4n)
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in the chains 1 and 1II satisfy the following forms of the
f

éenormalization-group equations°2 in the two mass ranges,
S puEM, e
= + —*~1n— ,  i=y, 2L, 3C, (5.13)
( M
} oy MW) a. (u) 2n W
!
M. = u = H
¢ 1 MU 1 33 Iy
= + in— , jj=2L, 2R, 4C, {(5.14)
C(w) 2 M
aj(MC) aJ(u 2n C

where ai(aS) is the one loop coefficient at the lower(higher} mass

scale. In chain I, P is left unbroken down to scale M whereas in

| .
chain II, P is broken at the unification scale. In both cases, the
f

Higgs scalar contributions at the lower mass range Mw L u < MC is

&(2,1,1) under SU(2)LxU(1)YxSU(3)é. With three fermion generations
and minimum number of Higgs, the dne—loop coefficients occurring
in Eq. (5.13) are

aY=41/10, a2L=—19/b, a30=—7. (5.1

For the higher mass range MC =T u o= M the Higgs scalars

U!

contributions are different. For the chain I, the Higgs scalar

maintains left-right symmetry having the decomposition under 8224P

— o
as 2(2,2,1) + AL (3,1,10) + AR(1,3,10) and contributes the

following values of the one—-loop coefficients occurring in Eq.
(5.14),
32L=a2R=11/3,

Forr the chain 11, the Hiqggs scalaﬁ multiplets contributing té the

aAC=—14/3': (53.18)

s <
RGE's in the mass range M. < u < M are $(2,2,1Y + A_(1,3,10)

c u R

under 8294 leading to the values of the coefficients occurring in
Eq. (5.14),

aéL=—3, aéR=11/3, a’, =-23/3 (5.17)
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Using Egs. (5.13)-(5.14) and the boundary conditions in the

generalized form (5.1), we obtain the formulas for ln(MU/Mw),

- . ~1
slin28w and QGI through the following combinations o (Nw)~(8/3)

-1 -1 ey —1 -1 _ -1 -1
agn MYy o (M)—(B/3oy (M), and o (M= (5/Day, (M) +a, ¢

M 2n
u_ 2 -1_ -1
n » = . [{2+52L+£2R+3(1+s4c)}as (1+54C)a ]+

W

MN)’

[

M

9 2 c

m—r— = = —_? e ? Y & 3 — PR
o {(1+548)(a2L+3aY 3 azpTan aZR) (“+£2L+$2R)(a30 a4c)}1n , .
W

(5.18)
> 1 a
sin ew == (1+52L)aac—(1+a4c)a2L+—* al, (1+eg__)}

[
T2 ’ ..2_ ’ e ’ ._2. ’ __.5.1
ay ~langts a4C)(1+62L)} * o [{a3c(a2R*3 e’ 3a4cav} x

¢ ’ .5.__2. — ’
(1+52L)+(1+52R)(a2La4C a2La3C)+{é2L(33Y 3 asc) azLazR}(1+s4C)]x
M
C
In—| , ‘ (S5.19)
MN .
, P
1 1f ®ac %20792r'3%c 1 5 5
— =" - T T 13ac Bt 3By Te3p (3 YAsr™YS B4c) 1%
a D a o 2
G =]
“C
In—}, ’ (5.20)
"N
where
— - — 4 ’ 2
a4c(-+82L+82R) (1+64C)(32L+a2R)1 (5.21)
V.3.1. Formulas with G224P intermediate symmetry

Using the coefficients fram Eqs. (5.15)-(5.16), and the values

of €51 EoRe and £ac from Eq. (5.5) in Eqgs. (5.18)-(5.21) we obtain
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=—(50/3) {1-2&/5) and the following formulas,

)

’ M, 3n 1 8 { 7 1 } (17-182) M,
1n = —_———— —_— % — & - in .
- 50-20¢) M
Mw (25-10) | a 3aS 3aS a (50-20e W
(5.22)
- 1 o« 11« M
$in 8, =~ — - In — , (5.23)
2 Seg 3n Mw
M
1 1 14 38 56 C
—— e —— -— — 4 — In — - (5.24)
-
Ag (S0-20) | o SaS 3In HW
From the above equatians it is clear that sinzew is independent of

£ whereas ln(MU/MW) and og are dependent upon it.

v.3.2. Formulas with 6224 intermediate symmetry

Using the coefficients from Eqs. (5.15) and (5.17), and the

-

and ¢ from Eq. (5.12) in Egs. (5.18)-(5.21) we

values of €o 1 £oR? ac
obtain D to be independent of £, D=-16,
l M, = (1 8Y) 19 M
in—m = — |- - —}- — 1n . (5.25)
Mw 8 la 3aS 48 Mw
- ' = M
- 7 20 23 S a a (193 533 c
sin 8, == 4+ —— —l—— — — —}g - - e|lln— , (5.28)
2
24 9as 48 18 og 2ny 72 144 Mw
- M
1 1 23 40 533 C
—_— = — - — - — 1in —1| . (35.27)
g 48 o 308 b1t Hw
It is clear that ln(MU/"N) and o are independent of £ but sin26N

does depend upon it.

/. 4. New predictions with 6224P intermediate symmetry
-1 2
3 — s = = =
Using Egs. (5.22)-(5.24), « (Mw) 127.54, uS(Nw) gz(nw)/4n
0.11, (Aﬁg =160 MeV where MS denotes the modified subtraction

scheme), and HN=83 GeV, we compute the possible allowed values of
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-

MC{and MU as a function of the parameter &, keeping view the

constraint M > 1015

)
U GaV and sin“6w20.22—0.24. Some of our salutions

are presented in Table 11.
2
From Table 11, it is clear that the value of sinbew is not
affected by the parameter ¢ and it decreases below (increases
b
f

beyond) 0.22 (0.24) when M. > 1012

4

MC in the range 1013—-101 GeV, MU

we find that the solutions already obtained by Shafi and

((1013)Gev. Far a fixed value of

i's controlled by e. In this case,

Netterich27, corresponding to the enhancement of Tp by a factor

10-100, over the canventional 80{(10) predictions, occur for &£ =~

0.01-0.02 and are consistent with lower values of the
2

Fompactification scale M_ 1017Gevf7 With such GUT predictions,

proton decay in the p—» e+n° mode might be observable in near

. =
future by low—energy experiments with improved accuracyus.

¥

Besides sw27 type of solutions, here we obtain the new class

of solutions with larger values of MU ~ 1016~101889V, and M

B ~
17 19 . .
107" -10" 'GeV. As reported in Table 11, faor a fixed value of

M z4x10136ev, the allowed value of M., varies from l.leolbﬁeV to

C U

2.2x10186ev for £=0.04-0.10. In this case, the values of n,
computed using the relation n=2(10na6)1/2x(M6/MU)s are found to be
zonsistent with the values af nx0.2-4 with MG=1017—101968V. In

rarticular, solutions with a very stable protan and lifetime;
accessible to low-energy measurements in foreseeable future, are
found to be possible with "U > 10{7—10186ev, consistent with the
larger compactification scale "62!1018_1019Gev.

As noted by Kibble, Lazaridis, and Shafi24 several years ago,

the damain-wall problem could have been severe if the intermediate
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Table 11.
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Solutions of renaormalization group equations in

with

group {(chain I},

left—right

symmetric

6

224P

intermediate

sS0(10)

gauge

in the presence of the five-dimensional

operator.
MC sin‘?aw £ MU agl NG n
(GeV) (GeV) (GeV)

ax10'®  o.230 0.01 1.4x10%°  a1.2 10t7 1.21
0.02 3.2x10'°  41.6 1017 1.10

0.04 1.5x101% a1.9 1ol7 0.44

1018 4.47

0.06 7.8x10'¢ 42.2 10t7 0.13

1018 1.32

0.08 a.1x107 az.6 108 0.33

1017 3.38

0.10 2.2x10'® 42.9 1017 0.79

1014 0.221 0.01 1.1x10'Y  41.5 107 1.65
0.02 2.3x1017  a1.6 10t7 1.50

0.04 1.1x10® 42.0 1017 0.61

1018 6.05

0.06 5.8x10'% a2.3 1017 0.17

1018 1.78

0.08 s.ox10'7 az.7 1018 0.45

1017 4.55

0.10 1.6x10 8 4301 1.6x1018 0.17

107 1.06
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12

scale M. were less than 10 "GeV. But, with the renormalization
|
¥ ) o ceanre
qroup permitting MczlolaBeV, the problem does not exist 1 the
present madel. The Majorana neutrino masses are governed by the
e 16-17
seesaw formula for the three generations ’
2 . =
m o mi/MC’ i=1,2,3, (5.28)

i

wherem =m ., m =m , andm =m . As stated in Chapters 111 and
. v v v v v v
1 e 2 u 3 T

IV, two different choices far mi exist in the literature. While up

quark mass aof the ith generation has been used by Gell-Mann,

-

Ramond, and Slanskylb, others have used the corresponding charged

lepton mass.17 Using MC21013”1014GEV, the allowed range from Table
11, and m, =m = SHeV, m?=mc=1.256ev, and m3=mtzIOOGeV, the model
predicts, .
m ~(2.5x10 102 54107 ) ev, M ~(1.5x10 ~-1.5x10"Hev, and
e v“
m (D 1-1)eV.
v
T

(5.2%9a)

But using the charged lepton masses, my=m_, m

2

=m“, and Mo =M, the

model has prediction,

—12 ~11 -7 -6

M =(2.6x10 1 °-2.6x10 ey, m ~(1.1x1077~1.1x10 Trev, and
e iy

m ~(3.2x10 2-3.2x10" H ev.
T

. {5.29b)
Although such neutrina masses are too small to be ohserved in the

laboratory, but they might be compatible with the value needed to

understand the solar neutrine puzzle by the so-called MSW
.37

mechanism.

V.5, New predictions with Géa4 intermediate symmetry

In the absence of higher~diménsiona1 aperators such a3 model
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2
does not provide interesting solutions as for sin 6w=0.22(0.24),

16
nczsx1013(1011)eev and MU=1015(6X1015)Gev at the one-loop level °.

Using the same parameter as in chain I, we compute values of MC

and M. as a function of £ from Egs. (5.23) and (5.26), imposing the

u
zonstraint Hu 2 IOISGEV and sinzeuz 0.22-0.24. Some of our
solutions with lower (higher) values of MC are presented in Table

12 (Table 13).
From both the tables, it is clear that for a fixed value of

4C, the value of sin26w is controlled by the parameter 2. In this

case, for the allowed value of MU and sinzaw, we obtain the

predicted value of HC which varies aover a wider range

MCzIOS-IOIIGeV. For simplicity of explanation we divide the

salutions into 3 cateqoaries.

The first category of solutions belong to M =1011—10126ev,

c
for which the madel predicts M =(3—8)x10156ev with

u
333 353

szlo ~-10 yr for the p—» e'n® mode. The uncertainty by a

“

-+
factor 1077, in Te arises due to uncertainties in the proton decay

matrix element and the GCD parameter?4 Such an abservable proton

decay can be verified by high precision low—energy experiments?s

These solutions are similar to the SN27 type as obtained in chain

I with the lower values of HG o~ 1017BEV. In this case the neutrino

masses are two orders of magnitude larger than the values given in

11

Eq. (5.29). For example,with M_~10" "6eV and up quark masses for M.y

c

- -
Eq. (5.28) gives m, 2.5%x10 7ev, m, = 1.5%10 “eV and m, ~100eVY,
e Y] T

when charged lepton masses are used for My although the predicted
neutrino masses are too small, they could still be compatible with

values needed to understand the salar neutrino puzzle.
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Table 12. Same as Table 111, but for Chain 1II, and lower

intermediate scales (M.).

c
N ~1 y
MC MU £ 51ntew GB G n
(GeV) (BeV) (GeV)
10° 1.9x10'% o.12 0.233 S4.4 2x10'8 0.20
101% 1.00
0.14 0.224 54.4 2x1018  o.23
1017 1.17
10° 7.6x10Y7  0.10 0.235 53.0 1018 0.21
1017 2.11
0.12 0.226 53.0 1018 0.25
1017 2.53
107 3.0x10'7 0.0 0.236 S1.6 1018 0.42
1017 4.25
: 18
0.10 0.228 51.6 10 0.53
1017 5.32
_ 18
0.12 0.220 S1.6 10 0.863
1017 65.38
1058 1.2x10Y7  0.06 0.237 50.3 1018 0.80
1017 8.04
18
0.08 0.229 50.3 10 1.07
1017 10.72
18
0.10 0.221 50.3 10 1.34

1017 13. 41
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Tahle 13. Same as Table 12, but for higher intermediate scales.
MC MU > s1n%8w aél MG n
(BeV) (BeV) (BeV)

107 4.9x10'° o0.04 0.238 48.9 107 0.13

10!8 1.35

0.06 0.230 48.9 10t7 0.20

1018 2.03

0.08 0.222 48.9 1017 0.27

1018 2.71

101° 1.9x10'®  o.02 0.238 47.5 107 0.17
10'8 1.71

0.04 0.230 a7.6 107 0.34

1018 3. 41

0.06 0.223 a7.6 107 0.51

1618 S.12

1ol 7.9x10'° 0.0t 0.234 46.2 107 0.21
1018 2.15

0.02 0. 230 a6.2 107 . 43

10'8 4.31

0.04 0.223 46.2 1017 0.64

) 1018 6. 46

101% 3.2x10'7  o0.01 0.224 44.9 1017 0.54
1018 S.43

0.02 0.223 44._9 107 1.08
1018 10.87
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8 10
The second category of solutions belong to MC ~ 10 -10 "GeV

16

for which ™M 2%10 —1017GEV with

U u =
°bi3~10°9t°yr. The neutrino masses corresponding to such range

varies in the range ™ p =

of "C are 4-5 orders larger compared to Eq. (5.29). Using the quark

masses for m, we obtain m ~(2.5%10 @-2_5x10 Hev, m, =(0.15-15)eV
e M

hor 3
m o= (1-10°)keV and; but the model predicts m o (2.6 x 10
T e

2.6 x10 ®rev, m, o= (1.1x 10 ~-0.11)eV, and m = (0.3-32)eV, when
H H

the charged lepton masses are used for m, - Thus the v“ and v,

-8

masses are within the detectable range and the solutions in this

class are consistent with the compactification scale

M621017—10188ev.

The last category of salutions which belong to MCzIOS—lobseV

with sin26w=0.22—0.24 are most interesting. Such lower values of

MC predict observable signatures of quark-lepton unification which

can be verified by low—energy experiments through n—n
. .38 . 8 ? - : -
oscillation with Tn~; ~10"-10 5, and rare—kaon decays, KL-“—D e
. . . -8 —~12 . 5 =}
with branching ratio 7x{(10 ~-10 Y. With "C ~ 107-10GeV the

predicted neutrino masses are in the range

m ~(2.6x10 Y -2.6x10 ) ev, m, ~(11.2-112)eV, and
e v

m, 2{3.2-31.7) keV, ' (5.30)
T .

when charged lepton masses are uséd for m.3 but m ~(0.02-0.25eV),
e

m 2(1.5-15.6)keV and m, ~>(10-100)MeV when the up quark masses are
H T '

used for m. . Thus the seesaw formula with m, as the quark masses

forbids MC o losGeV as the predicted m and m violate the
H T
existing laboratory 1imitsl4 (mv < 250keV, m < 3I5MeV). This
H T
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- - 9
» ued) £ 7x10 12 and Tn—ﬁ 210 " s.

- implies that M_ > 1obeev, BR (K

C Lo

But the seesaw formula with m. as the charged lepton masses allows

M 2105—1066ev since the wv—masses do not violate the existing

Cc
lasarato;y limits. The unification mass for MC ~ 106(105) GeV is
‘hiéh, HU o~ 1017(1018)Gev preqictiqg a very stable proton with
lifetime sz1042(1044)yr in the P—b e’ n® mode. SuchN high
unification masses are consistéﬁt with the five—-dimensional
operator scaled by high compactif;cation masses M 1018—101969V.

G'\r

It may be noted that in the simplest Kaluza-Klein model leading to

the four-dimensional space—-time as a result of compactification of

G pl

aur solutions with observable low—energy signatures of

extra dimensiaon on a circle yieldé M_=M /2n=1.6x10186ev. Most of

quark-lepton unification are compatible with n ., 1 and such a high
compactification scale. Since the left-right discrete symmetry (FP)

is broken at the GUT scale along with S0(10) gauge symmetry, the

model does not in principle possess the domain—-wall pr‘oblem.z4

In a number of predictions for the neutrino wmasses in the
chain II the cosmological bound T m, = 65&V42 seems to be violated.
i 71
This happens, for example, for MC;105—1086ev far m, and mv using
. u T

up quark masses for m, in Eqg. (5.28). One procedure to evade the
cosmological bound is to make the heavier neutrinos unstable with

respect to Majoron emission and decay into the 1lightest neutrino

4
(ve) 3. The Majoron is generated by breaking spontaneously an

additional global U(1) (l=lepton number) symmetry which must be

1

introduced along with 50(10) to start with and broken at a scale M

» Mw.
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Y. 6. Summary, Discussion, anq Conclusion
Higher-dimensional operators in specific forms involving

gauge and Higgs fields might appear as nonrenormalizable terms in

-

the 6GUT Lagrangian in four dimensions as a result of

compactification of extra dimensions in higher—-dimensional
- 2

theories.B 7,54 or as effects of quantum gravity 8. It has been

2 g
27,28 such terms can be absorbed in the renormalizable

shown that
—gauge—-fields—kinetic energy of the residual gauge group when the
grand unifying symmetry is broken spontaneously by the VEV of the
Higgs field occurring in the higher-dimensional operatoris). In
such cases the gauge coupling coﬁstants at the GUT scale are
usually modified resulting in the modifications of MU and sin28w.
We have demonstrated in this Chapt‘ers6 that although the gauge
u? or sinzew

might remain unaffected by the introduction of higher-dimensional

couplings are modified, in certain cases, either M

[y

(
3

operator.
Including five—-dimensiocnal operator on 50(10) with Pati-Salam
intermediate symmetry, Shafi and Wetterich27 obtained a factor of

10-100 enhancement in T_ over the';onventional 80(10) predictions

P
and the SU(4)C—breaking scale : MczioloGeV, consistent with
] 21017Bev (chain 1I). With such large value of ™M besides proton

G C?

decay, no other GUT signatures i1s predicted toc be observable by
low—energy experiments. Examining formulas aobtained as solutions

of RGBE‘'s in this case, we found that sin26 is independent aof the

parameter £. Besides the GUT predictions of the 5w27 type, we

x

found that the model also predict a very stable protan

W

corresponding to large values of NU consistent with higher
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* 1
MGzIO
H031013—1014Gev, the model does not possess the domain-wall

2
problem“q. Corresponding to such high values of HC, although the

B~10196EV. As for this dhain, the allowed values of

predicted value of neutrino masses are small, they might be still
compatible with the values needed to understand the solar neutrino
puzzle via the so-called MSW mechanism37.

As the primary objective of ’this Chapter we examined the

impact of five-dimensional operators in S0(10) with single 6224

intermediate symmetry when parity (P} is broken at the GUT scale

{chain I1I), keeping view the constraint on MUZIOISBEV and sin26w

~.22-0.24, Since P is broken at the GUT scale the model does not
2

posses the well known domain-wall problem“q. The five—dimensional

operator is expected to be present as a nonrenormalizable term in

the Lagrangian after compactification of extra dimensions in the

higher—dimensional model of WEtterich54. In the absence of

v

2
higher-dimensional operators, for allowed values of sin 6 such

w!
model predicts 10115MC55x101389V, and bxlOlSZMU2101SGeV at

one—~loop level such that, except proton decay, there is no other
possibilities of GUT signatures at low—energies. Including the

appropriate five-dimensional operator, we found that the

unification mass MU and ag are independent of the parameter g,

although sin26N does depend upon it.
As the primary distinquishing feature in the structural form

of the equations in the two cases we note that, for a fixed MC’

2
-the values of 1ln (”U/MN) {sin"8,,) are controlled by the parameter

W

in chain 1 {(chain I1). In the chain 11 the solutions of

renormalization—group equations | are classified into three
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categories: (a) solutions of SW type with M ~1011-10126ev and

o™
M631017GEV, predicting observable e and neutrino masses 1-3
orders larger than the chain I, (b) NC3108~10106EV, Tp at least 4
orders larger than the experimental lower 1limit, and neutrino

masses 4-5 orders larger than the chain I, () MC=105—1obBev with

a very stable proton but experimentally observable n-n
oscillation, rare-kaon decays, and Majorana neutrino masses
consistent with higher values of the compactification scales,
MGzIOIB—IOIQGeV. The cosmological baund in appropriate cases can

be evaded by making the heavier neutrino unstable with respect to
decay into the lighter neutrino bg the emission of a Majoron43;
The Majoron can be be generated by invoking an additional global
symmetry U(1)1(1=lepton number) aﬁd breaking it spontaneously at a
scale M » Mw.

Finally, we conclude that the impact of the five-dimensional

operator, which might arise as a result of compactification of
extra dimensions from some deeper higher—dimensiaonal theory;
causes drastic but very attraqtive modifications of S0(10)
predictions wi£h single Pati-Salam intermediate symmetry when

2
parity— and SU(2)R—breakings are decoupled“l.



CHAPTER VI
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MODELS WITH NATURAL SEESAW MECHANISM FOR NEUTRINO MASSES WITH
IDENTICAL P- AND SU(Z)R—BREAKING SCALES
vI.1. Introduction

In Chapters 1I1-V we have i1nvestigated possible modifications
of SU(3) and S0(10) GUT's due to higher-dimensional operators and
found drastic changes from the conventional results. In this
Dhapter64 we explore a very interesting aspect of Majorana
neutrina masses without invoking the effects of spontaneocus
compactification or quantum aqgravaity.

One of the most attractive suggestions to obtain small
Majorana neutrino masses, is through the seesaw mechanxsm16’17
has been widely exploited in partially unified or grand unified
theories {(BUT ") of strong, weak, and electromagnetic
interactions. The mechanism explains the smallness of neutrino
masses and universality of weak interactions simultaneocusly.

Recently Chang and Hohapatra°0’49

have made an important
osbservation on general validity of the mechanism as a viable

theory for neutrino masses. They found that the implementat:ion of

the mechanism in left-right-symmetric (LRS) model or S0(10) GUT

needs a wide separation of parity- ((FP) and SU(Z)R— breaking
scales. 1t has been faound that Ja wide separation of PFP- and
SU(Z)R—breaking scales in LRS models or 6GUT's such as 8S50(10),
BU(146), or SU(B), x5U(8) is possible in the presence of suitable

L R?

’) .
Higgs Pepresentationsfl or specific spontaneous symmeiry breaking
o
{558) patterns?é In the case when the P- and SU(E)R~ breaking

scales are identical, the present bound on neutrino masses does not
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permit the right-handed gauge baosons to be light (MN = MZ = MR
. R R

=MP> IOB—IOIOBEV), thus leaving no other testable signatures at

lower energies. In the latter situation the mechanism16’17 has no

rale in explaining neutrino masses. In this Chapter‘64 we

demonstrate that the seesaw mechanism is natural in certain models

even it the two scales are identical. In such cases SU(Z)RxU(l)B_L

has to break spoﬁtaneously to U(1), in more than

or SU(Z)RXSU(4) v

C

one steps. Here, we provide two e&amples in 50(10) GBGUT where we
predict proton lifetime within the observable limit of the second
generation experiments and V+A structure of neutral currents

corresponding to a low mass iR—boéon manifesting as a result of

S5B of the minimally extended gauge group based upon SU(2)LxU(1)Rx

UC1)_ . %xSU(3) . (=6 With B one of the intermediate

B-L C 2113)'

symmetry, a different form of the seesaw formula has been derived

2113 &%

in Ref.&60, where the left-handed triplet AL

been taken tao be light for the sake of convenience, which spoils

carrying B-LL = 2 has

the naturalness of the mechanism. In all models leading ta 62113

considered in this Chapter‘?4 the condition of minimal fine-tuning

of parameters requires all the components of AL are much heavier

than the U(I)B_L breaking scale which renders the mechanism ta be

natural.

t

This Chapter is organized in the following manner. In Sec.
VI.2 we review the work of Chang and Mahapatra illustrating the
naturalness of the seesaw mechanism in gauge models with a wide

separation between P- and SU(2) **breaking scales. In Sec. VI.3 we

R

derive the new naturalness condition in order that the seesaw

mechanism provides a meaningful theory for Majorana neutrino
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masses and show how the naturalness criterion operates with
1identical P- and SU(2)R— breaking scales using the LRS model and
partial unification scheme. In Secs.V1.4 and VI.S5 we show how such
models can be embedded in two different scenarios af SD(10) grand
unification. A brief summary and conclusion of this Chapter are
stated in Sec.VI.é.
VI.2. Natural seesaw mechagism with separate P-and
SU(Z)R—breaking scales

In this gsection we summarize the work of Chang and
Mnhapatra3o establishing the naturalness aof the seesaw mechanism
in left-+ight gauge models and GUT's with a wide separation
between P- and SU(E)R—breaking sca19521. For convenience we
discuss the conventional mechanism in the context of LRSS models
based upon the gauge group SU(Z)LxSU(E)R Y U(I)B_L X SU(S)C ? P (;
62213p N QZL = ng), that breaks down to the standard group in the

following manner

<A§?=VR <Ppr=k
Gooyzp M » 6_, Ty » 6,4 - (6.1)

The quarks (QL,QR) and leptons( ¥y wR) of each generation, and

L? AR), possess' the following transformation

: @ (2, 1, 1/3, 3), Q 1, 2, 1/3, 3,

Higgs scalars (&, A

properties under 82213

WL(2,1,—1,1), WR(1,2,—1, 1, &{(2,2,0,1), AL(3,1,2,1), and
AR(1,3,2,1). In order to obtain SS8B at various stages of the chain

(6.1), the Higgs scalars are assigned the following vacuum

expectatian values (VEV'sg):
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which lead to the neutrino mass term in the Lagrangian :

(4] m »
wr _ T T, |t "LR

nass” > . (6.3)

p— - T — — = - ’ *
where N—C(vR) ’ mLL—h3V ’ mRR_hBVR' M R h1k+h2k y and hi s are

Yukawa couplings. Imposition of the constraint V_.» k » V k‘ and

K L’

the diagonalization of the mass matrix leads to small (large) mass

eigen values of the left-(right-) handed neutrinos vi(Ni)=

o>, my =M, i=1,2,3, (6.4)

i 1 f
D . . .. +
where mi is the Dirac mass and MR.ls the mass of NR and ZR bosons.

In this case P and SU(E)R break at the same scale Mh. Taking the

Dirac—mass equals to the charged-lepton massl7 and MR ~ TeV, the
formula (6.4) leads to
m, = 0.26eV, m, 11.2keV, and m, = 3.17MeV (6.9)

e H T
On the other hand, using the Dirac mass as the guarik mass16 with
m, o 1006eV and MU=MR=101569V, the Gell-Mann—Ramond—S5lansky—type
spectrum is

—-11
e

_ ! —_
m =~ 10 vV, m 10 6ev, and m =~ 10 “eV . (b6.6)
24 v ¥

e u T

R

Such a feature of the mechanism as obtaining small v, masses

simultaneously with small wmixing angles was considered very

30,49

natural until Chang and Mohapatra ohserved that the presence

of the terms,

2
+

+
VI— ‘Z__ xij Tr (AL §i AR o §j 75 Y, (6.7)
ig,3=1 s .
in the Higgs potential, where &,= & and &, = 1 Q* T leads to

1 2 2

much larger induced values of <AE> and the left-handed Majorana
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,mass through Fig.4,

2
LY
(1) _ R
LL =N h3 M2 s (6.8)
A
even though one has <AE> = 0 to start with. Here X is a function
of scalar coupling and HA is the mass of AL. Thus, the seesaw
mechanism16’17 meant to explain small neutrino masses holds

provided the seesaw masses (55M) obtained by Eq. (6.4} dominate

over the induced masses (mii)) given by (&4.8). This condition

requires,

2
A Vg hl
s« - - (6.9)
M2 h
A 3

Using extended survival hyputhesis (ESH)S7, the maximum values of

MA=MP=MR, obtained for VL=O. Thus, the fine~tuning needed to

)
satisfy (6.9), or A<{L(h_/h )7 ,is arbitrary since the standard

173
model Yukawa coupling hlz 10—5, and there is no reason for h3 to
be small. Without arbitrary fine-tuning, Eq. (&4£.8) dominates over

Eq. (6.4) and the bound on neutrino masses needs MA=MP=MR21010
~101169V consistent with m, ~1-10eV, i=1,2,3. In such a situation

1

. 7 . .
the proposed mechanlsmlb"1 y does not explain neutrino masses.

In order to provide a natural explanation for neutrino masses

by the seesaw mechanism even for low values of MR’ m(iz should be

made negligible compared to SSM. This is possible by decoupling

P-and SU(2)_—breaking scales21 with MA ~ M

R » M

P R A number of

symmetry breaking patterns including two-laop effects have been

worked out in S0(10) and found to be consistent with M_ » M In

P R"
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Fig.4. Induced values of left-handed Majorana mass

term that spoils the seesaw mechanism.
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these new S0(10) models the seesaw mechanism is natural?l’

vI. 3. Natural seesaw mechanism in models with identical P- and

SU(Z)R— breaking scales

In this section we demonstrate how the mechanism is natural

in some gauge models even if P and SU(Z)R break at the same scale.

The popular models invalving P-and SU(2)_— breaking scales are the

R

LRS maodels associated with the gauge group B°213P or 6

Besides, these gauge subqgroups are contained in GUT’'s like S0(10),

224pP

E SU(B)LxSU(B)R, or SU(16). In models having 8224P gauge group,

61
In the alternate class

B-L forms a diagonal generataor of SU(4)C.

of models exhibiting a natural seesaw mechanism, although F and

SU(2)R break at the same scale, SU(Z)RxU(l)B_L or SU(2)RxSU(4)C

breaks to U(1)_, in more than one steps. In the first step U(1)

Y B-L

ar SU(4)C must remain unbroken but SU(Z)R » U(l)R to geperate

nmide separation between Mp ang MB—L’ where MB_L is the breaking

scale of U(1) This is achieved through the following chains in

B-L"
the two models:
HP=M; Mp
(s 62213P—:;—o>:0—' Ba113 W' Gey
HP=H; "o "g
(iia) Gzsz '3214:;’6;?. Go113 ':_A—g;;_’ Bt
Mo =M=M MO
10 Booap™ o " Bans <Ag>¢o > By o
where 62145 SU(E)LxU(l)RxSU(4)C. In order to understand thg

raturalness of the seesaw mechanism it is necessary to know the
arder af the masses af Higgs scalars occurring as left-handed and

right-handed triplets which carry B-L = 2. In case (i) the first
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. ined b
G2213P_~———’ 62113 is obtaine Y

giving VEV to the neutral caomponent of the right-handed Higgs

stage of symmetry breakina,

scalar triplet with B-L = O transforming as x(1,3,0,1) under

The second stage of symmetry breaking 6 > Bs can be

62213P' 2113 t

achieved by assigning VEV to the neutral component of the

2113

carrying B-L=2. Thus, at the second stage Majorana neutrino masses

right-handed Higgs scalar triplet A§(1,—1,2,1> under G

: +
are generated. By extended survival hyputhesi557, wg gauge boson

masses are of order M; whereas the right-handed neutral gauge

boson mass ~ M-o. It may be noted that in the first stage, both P

R
and SU(2)R break at the same scale (p=MP=H;) but U(I)Rx Uiy

remain unbroken, which at subsequent stage break to form U(l)Y at

MP. In case (iia), the first stage

B-L

?

o _ +_
the lower scale NR = MB—L <« MR—

of symmetry breaking is obtained by giving VEV to the neutral

camponent of the Higgs scalar transforming as y(1,3,1) under 6224

whereas the second stage of breaking is possible by assigning VEV

to the neutral component of the Higgs scalar transforming as

x

. + g . .
6(4,1,15) under 6224 with MR » NC. In the case (iib), the first

stage of symmetry breaking 1is achieved by giving VEV to the
neutral component of the Higgs scalar transforming as ¢(1,3,15)

under G, In all cases (i) and (ii) the final stage of 8S8SB is

24"
achieved by giving the VEV to the neutral component of the

standard doublet of Higgs scalars whereas the §S5B of 62113"—-1

Gst is possible by assigning VEV to the neutral component of the

right-handed Higgs scalar triplet Ag(l,—1,2,1) under 82113

carrying B-L=2 as a consequence of which Majorana neutrino masses

are generated at this stage. Besides, since LRS is maintained at

0
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;, the ‘Higgs sector must be left-right symmetric for

=
such values of u. Using ESHJ7, the neutral coamponent af the

scales u » M

standard Hiqggs scalar acquires mass M_ao = Mw and the neutral

s
campanent of the right-handed triplet acquires mass MAO ~ Mg.
R
. + ++ —~— .
Similarly the charged components A , AR . and AR in the triplet

+
AR {(1,3,2,1) under G in case (i) acquire masses of order MR.

2213

The left-handed counterpart of AR 82213

does not contribute to the SSB at any stage. 1Its role is to

i.e., AL(S,I,E,E) undet

naintain LRS, and according to ESH masses of all the components in

s\

A is of the oarder M+ In the cases (iia) and (iib), the

L R"

right-handed triplet is contained in the 6224 representation

AR(1,3,10), whereas the left-handed ¢triplet is contained in

AL(S,I,IE). Only the neutral component of A; acquires a mass o~ M;

but all other components of AR and AL have masses of order M;. In

the case (iia) all other components of £(1,1,135) under G have

224

<3
nasses o~ MR except the neutral component which acquires mass M_o

4

All the compoanents of x(1,3,1) under G have massesx Mi. In

c* 224 R"

the case (iih) all the components of o(1,3,13Y under 8224 have

M

+
nasses MR = MC.

Now using the seesaw mechanism and adding the induced mass
term due to Fig.4, we obtain for the neutrino mass of ith

seneration,
(1) 2 0o
A h3 Hw R :
m = - ’ i=e, u, T, (&6£.10)
Vi 3 +2

R

™

nhere the first (second) term is the induced (seesaw mechanism)
zontribution and g is the appropriate gauge caupling. The

raturalness criterion requires the dominance of the second tera
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over the first, i.a.,
(a]

"y MR

m. » — ,

%

or._ .-
D N 3
pmi » Nw , i=e, (i, T, (6.11)
(i)
A hy
where p=l‘1;/l'1; and ———— =~ 1. Thus EqQ.(&6.11) is our new

g

naturalness condition in order that the seesaw mechanism provides
a meaningful theory for Majorana neutrino masses. When the Dirac
mass is taken as the charged lepton mass, the first generation
gives the condition p » 105 which 1is automatically guarantees

naturalness for the second and third generations since m_ » mu»
m - For a low Mg ~ 1 TeV, the mechanism is natural provided H; =
8

MP» 107GeV. An interesting common feature of the new class of
models specified in (i) and (11i) is the naturalness of the

mechanism with the minimally extended gauge group 62113 at lower

energies. By using RGE'5°2 it is easy to satisfy the condition M;

» Mz in the case (i) and the constraint arising out of KL— KS mass

difference. In fact RGE's da not constrain Mp = M; as there are
three unknown gauge coupling constants 9o = Gops 950 and 9=c for

+
oz MR = MP. But in cases (iia) and (iib) there are two unknown

gauge coupling constants, for gy 2 M, = M one of

R~ P

which can be eliminated by using the fine-structure constant

matching at u = NN' For the case (iia) the relation between 5in29w
and the mass scales can be expressed including one - loop

carrectians as



1 o 2%) MF‘ 23 MC 1ia
sin 9w=-— - = - — 1n - — 1n o
2 3as 3 MC &t MR I
where = (M )=e2(M Y/4n and a_ = 2(M Y /4 The correspondin
a = atfy W g 93w T 3 9

equation for case (iib) is obtained from Eg.(6.12) by using

ﬂ;=MP=MC. Some of our solutions for cases, (iia) and ({iib)
corresponding to Aﬁ§'20.2 GeV (ﬁg denotes the modified minimal
subtraction schemel), are presented in Tables 14 and 15
respectively foar sin26w 0. 22-0.24 and far values Mgz
(3x102—105)GeV. For the case (iia) we find 7 ¥« IOISGeV < M;

=MP52x1017GEV for 1OIOGeV » MC» 105 GeV. In this case, in addition

to predicting the low enerqy aauge group to be G beyond the

2113 *?

standard model, the rare-kaon decays are also predicted to be

observable, corresponding to ch 1055ev. In the case (iib) the
. . + 12 13 .

solutions are consistent: MP = MC = MRz 10776GeV — Sx10" "GeV with a

low mass ZR bosan. The parameter p = M;/M; = 107 in bath cases and

is found to guarantee the naturalness condition. The neutrino mass
spectrum for lower values of Mgz 300GeV- 1TeV is of the type

eV-keV-MeV for the three generations. In such cases m and mv
I T
would violate the cosmolegical bound. One method of evading the

rosmological bound is to make v'u and v unstable against Majoron
emission43 by adding U(l)1 global symmetry (l=lepton number).

VIi.A4. Implementation in S0C(10) with G2213P as an intermediate

symmetry

In this section we show how the new seesaw mechanism operates

in an SO(10) model with 62213P and 62113 as the two ifatermediate
11

symmetries. Such a GUT scenario predict MP=M; & 10 "GeV for the


http://2sO.22-0.24
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Table 14. Some predictions of the partial unification model

———————— -4 O —3
6224P " » 8214 { 62113 with NR 1 TeV as
ﬂR MC

describhed in the text.

+ .2
MC MR— p ‘ sin Gw
(GeV) (GeV)
10° S5x101¢ 0.230
1017 0.225
10° Bx10%% f 0,220
2x101® 0.230

Bxi0l® 0.235




(1031

Table 15. Some predictions of the partial unification scheme
Gooap N » G513 0 > Goy3-
P R

(n] L .2

MR MR—MP—MC sin Bw
(GeV) {GeV)

10° 8x10172 . 0.235
1.4x10% * 0.230
105 1013 0.235

1.6x1013 0.230
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allowed value of siazew ~0.22-0.24 as a consequence the madel
gives rise to stable domain wa11524 and negligible baryon
asymmetry44 of the universe unacceptable to maodern big bang
+ 11

MP=MR 210" "GeV the baryon

cosmology. On the other hand if
asymmetry is compatible with the observed value and the domain
walls created in the early universe might have been removéd by
inflation. Our analyses in this chapter demonstrate that the RGE’'s
permit such solutions when the reqormalization effects on gauge
coupling constants upto two — loops and superheavy—-Higgs—scalar

effect534’ 58-39

are included. We discuss the embeddings of these
groups in S0(10) and find solutions to the unification mass (MU),

- )
sin“ew, and intermediate scales. The case (i) mentianed in

Sec.V1.3 can be embedded in S0(10). grand unification as follows:

210 as 126 10
SO0 N ¥ Booyzp “;—;;I’ G113 ;E;;__' Go¢ —;_'—’ B3 >
U PR R B-L W

(6.13)

where the Higgs scalars mentioned in (1) are contained in the

i

respective S0(10) representations : y < 45, A, < 126, & <« 10. 1In

R

addition, the GUT symmetry breaks down to G9213p when the neutral

component of the Higgs scalar transforming as (1,1,0,13) < 210

3

under 62213p acquires VEV = MU. Iﬂ order to make GUT predictions

58,59

using the effective gauge theory approach the superheavy

components in different Higgs representations needed for SSB  in

case (i) are noted below along with their masses and
. . 59
transfarmation praoperties 62213. ‘

10 > M, (1,1, ¥ 3/2 1/3, 34, (4,1, 372 173, 3,

1 2
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126 > W, (3,1, ¥ 3/2 1/3, §’+”h (3,1,~Y 3/2 1/3, &)

H1 . 2

+M, (1,3, 3/2 173, 3)+Mh (%,3,—# 3/2 1/3, &)

Hy 4

WM (1,1, Y 3/2 1/3, 3y (1,1,~ 3/2 173, 3

H5 5

WM, (2,2,0,1 14, (2,2, = 3/2 2/3, )

Hy Hg

w, (2,2, ¥ 3/2 273, 3)+M,  (2,2,0, 8),
“H9 H

10
Mg (1,1, =Y 3/2 2/3, 3)+M52(f,1, v 3/2 2/3, D
1
Mg (1,1, 0,8)+m (2,2, Y 372 1/3, )
3 4

+MSS(2,2, — 3/2 173, B,

M. (3,1, = 3/2 2/3, 3+, (3,1, ¥ 3/2 2/3, 3)

210 >
S S5
+Mé 3,1, 0,8)+Mé (1,3, — 3/2 2/3, 3y+M (1,3, ¥ 3I/2 2/3, 3
3 a S5
+Mé (1,3,0,8)+M. (2,2, V 3/2',1)+Mé (2,2,v 3/2 173,
6 S; )
Mg (2,2, — 3/2 173, 6Y+My (2,2, Y 3/2, 1
9 10
+Mé (2,2, v 372 173, §)+“é (2,2, ~V 3/2 1/3, &) .
11 12
(6.14)
Among the components not explicitly mentioned in (6.14), some
are singlets under G which do not contribute the desired

2213

modifications. Others are either absorbed as would-be Goldstone

companents af appropriate gauge bosons, or they are light, and

the

corresponding contributions are included in one—and two-laop

22

coefficients of the p-function in the wusual manner, It

camponent masses are taken to'be arbitrarily nondegenerate,

model lases its predictive power on proton lifetime (7))

P

” 1
sin“8 .. We examine their impact on GUT predictions by assuming

W

the
the
and

the

masses to be (a) degenerate, (b) nondegenerate but not arbitrary
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as they are constrained by Coleman—Neinberg67 type mechanism
according to which the mass of only one scalar component in the
larger Higgs representation of a GUT be within a factor of 10 of
their vector masses. Here we make a reasonably stringent

assumption that all superheavy—-component masses differ from MU by

a factor of 10 or 30. In all cases Te (p—» e'n™  is predicted

near the observable limit. In order to constrain masses under the

condition (b), we maximize Tp using the RGE for 1n (MU/MN), which

leads to
(+
14 1 ” = s = . = = ::Ml =M' s ’ =Nl = , =M' =M
MH1 NH? MHB MHC) Sy MSS Sy S5 MS? Sg Nsm S11 ’
(=)
= =M =M’ =M. =M’ =M’ =M’ =M’ = =] =M _ =M .
MHI MH:z n”z HHS M”e, MHm Sz S¢ Sin "91 n52 Sz
(&6.15)

Using minimal number of Higqgqs scalars and three fermion
generations we have computed the one— and two-loop coefficients in

the equations far 1M /M '} and sin26 given belaw:

U W + W o
MU 3n (1 8 11 MR 1 MR
in—=——j|~--—— |- — 1ln — +— In —
-
Nw 29 {a 3&8 S8 Hw 29 Mw
3 r &4 26 32
u U U u +
—_— =27 In X_, 27 1In X 4+ — In X_. — — In X +— 1In X_, +
2 2
116 | 2L 2R 7 BL 2 3C o BL
10 26 46 10
+ + + a o
2 1In X + — In X_,— — 1n X + — 1In X_+— 1In X
iR 19 2L 2 3C a1 19 2L
94 o 1 N(+) M(—)
- 1n X3C + — 121 ln— ~ 28 1n— . {&4.16)
7 29 MU "U



+ o
* M
15 o Q2ct MR Sa R
sin 6N=— + - in + 1n
s
S8 b9aS 87n Mw 581 MN
o 1017 U 897 103 U 191
— 1In X, — in X7 + In X + In X
bl 3
297 | 16 A e R 2g BL 14 C
291 193 307 i91 403
+ n Xp + in x:R+ 1n X;Lf n Xéc* 1n %y
18 36 76 14 164
+ —
307 L 191 S @ Mt M?
+ e 1n X2L+ 14 1n XSC - L 74 33 ln;— - 44 ln;— v
U U
(6.17)
where
+ o
U ai(MU) . ai(MR) . ai(MR) ,
X, S—, x. =S . 20E——— | and a, (u)=g" (u)/4n.
Do D T o, ) 1 oa M) 1 1
R R i W
Using an iterative convergence procedure that ensures

fine-structure constant matchingsq at u=Mw we have computed M ,

+

and sin26 as a function of M for the degenerate and

Tp? W R

nondegenerate cases as shown in Figs. 5 and &, respectively, while

(i)=ln(M(t)/MU). Some

o

keeping Z light (MR e

R 1iTeV), where n

interesting solutions are summarized in Table 16.
Excluding superheavy-scalar effects;, at the one-loop level,

th dict 1015 d si 26 0D.225 T N— 250MeV
e model predicts Muz GeV and sin W 0. or Mg = e
+ .11 35

and MP=MR ~ 10" "GeV. This is consistent with (TP)max ~ 10 yr,

+
where we have included an uncertainty factor of 10‘3 in e arising

aut of uncertainties in the estimation of the proton decay matrix

elements, branching ratios and ﬁﬁgbl’éz. Including contributions

upto two loops and no superheavy—-Higgs—scalar effects, T

(+) -)
=n

P

decreases by two orders corresponding to the curve n =0 in
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M M

U P
Tabhle 146. Some predictions of the model S0(10) 4 62213P —
. 2 . o
= A‘—"’ =
62113 on sin ew and e with "R 1 TeV, MS 0.16 GeV, and
different values of the - parity violating scale (Mp),
including superheavy—Higgs—scalar effects.
— b -
ntt ! M;= o M, sin“e aGI 7,
(Ge\V) (GaV) {Yr)
243
-2.30 -2.30 Bxlo8 2x1015 0.240 36.1 1.2x103“
+
S.6x10” 1.4x10'° o0.235 35.7 Sx10°1%3
3013
2.5x10'1  7x101? 0.225 32.0 1.5x10°0%3
I+
~3.45 -3.45 4.5x10°  2x10'°  0.235 32.4 10°2%3
Ii+
2x10t} 1.2x10'%  0.224 31.6 10°1%3
o
~2.3 -4.6 1.exi0'l 2.ax10'° o.2z30 31.1 2x10°2%3
1012 1.8x10° o.225 30.8 10723
S 313

-
6.3x101& 1.3x101 0.221 30.4 1.4x10
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Fig.5 for which Aﬁg = 160MeV. Including the superheavy—Higgs
scalars lighter than MU by a .factor 10(32) increases the two-loop
computation of T_ by 2(3) oarders for A= = 0.16GeV, and the

P MS
-
decrease in Sinhew is only 0.0015. Allowing the possibility of Aﬁg

~ 0.256eV and the superheavy scalars lighter by a factor 32 from

034 11

. 3& . + . 2
~, —_ = >
™M we find (TP) x_l 107 "yr, with NP "R 2 10" "GeV and sin @

U!
= 0.220-0.227 as shown in Fig. 3 and Table 14. Increasing M; from

W

1TeV to 100 TeV does not have a significant impact on the GUT
predictions. In the case of nondegenerate superheavy components,

. . ot 11 . 2 - ‘
restricting Mp = MR > 107 "6eV and sin 9w20.42 0.23, Tp ig found to

increase over the one-lcoop predictions by nearly two orders 1if

-_— " T4 A+
M7= M and m )=nu/1o. In this case 7 1052531053, with M

u
-
=M, = 101t —101269V and sin @

E
R
W ~ 10.22-0.225. For larger values of

nandegeneracy factor, e could be‘larger as shown in Fig. 6. The

allowed values of the low mass of the ZR— boson (300 GeV - 1 TeV)

are cansistent with the &V - keV - MeV type of mass spectrum for

D
2

= m“, and me = m_, as a consequence of natural seesaw mechanism.

the neutrinos of the three generations when we choose mD

1 - ™

e? T

Out of these the masses of the order of keV and MeV for v“ and v
violate the cosmological bound. The difficulty is removed by
making them unstable with respect to decay into Yo by the emission
of a Majoron, which is obtained by introducing an additional

global U({1) (1= lepton number) symmetry in the theory and

1
breaking it spontaneously at a scale M » Mw. The RGE ‘s also permit
solutions with larger values 6f M; = M, =~ 105—10669V. When MP="+
ZR R

21011— 101289V, p2106—107 for such larger values of M; ywhich

satisfies the naturalness criterion. In this case mv < mv 4 mv ~
e i T ’
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Fig.S5. Predictions of the symmetry-breaking pattern
S56C10y—» 62213P L4 62113 as described in the
text with M, >~ 1TeV with and without dJdegenecrate

“r

superheavy-Higgs~scalar contributions.

The

dot -

dashed curve 1is for ~ 0.250 GeVY, otherc are

for Aﬁg = 0.160 GeV.
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constraint, and for Aﬁg = 0.160 GeV-
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1-10eV and there i no conflict with the cosmological bound;

vVi.5. Implementation in S0C10) with 6214 as an intermediate

symmetry

In this section we show how the seesaw mechanism can be

3
implemented naturally with 6714 as one of the two intermediate

symmetries occurring in an S50(10) seenario. In this case both

SU(Z)R and P break at the GUT scale MU = 1015 GeV as a result of
15

which there is no question of domain-wall problem. If MUzIO GeV,
the proton decay rate could be close to the observable limit. 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 (iia) is

promising in the context of the GUT scenario:

54+451 452 , 126
S0¢(10y — G - 6 - % G, . (6£.18
214 2113 o 213
MU MC NR

The Higgs scalars mentioned in sec. VI.3 for case (iia) are
contained in various S0(10) representations : ,(1,3,1) < 451,

F(1,1,15) < 452, AR(I,E, 10) <« 126 , $(2,2,1) < 10 where the

transformation properties menticned are under G Note that both

2247

94 and 451 are needed for the SSB at u M The masses af

v

U
superheavy components of different Higgs representations needed

for SSB in the case (6.18) are noted below with their

transformation properties under 5214 :

10 > M, (2,-1/2, 1)+M, (1,0.6),
1 2

126 > M, (1,0,6) 4+, (3,0,TE)+MA (1,0,100+M, (1,~1,10)
1 2 3 4
M (2,1/2,15) + M, (2,-1/2,15),
MHS MH& :

a5 > Mg (3,0,1)+Mé2(1,0,15) .
1
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452 S Mg (3,0, 10+Moe (1,1,1) +Mo (1,0,1,)+M; (1,-1,1)+M; (2,1/2,6)

Sy S, Sz 3 Sg
Mg 12,-1/2,6),
6
sS4 > Mé'(3,1,1)+MS (3,0,1) +M_ (3,-1,1,04M_ (1,0,20)+M_ (2,1/2,&)
1 2 3 A 5
+Mé (2,-1/2,6). (6.18)
6

As mentioned earlier, the components which are singlets under

6214 or those which are either absorbed as would-be Goldstone

3

components of appropriate gauge bgsons ar lights de not contribute

t

to the desired contributions, are not included. Maximization of e

leads to the following constraint on the superheavy—component

masses:

=M’ =M’ =M =M =M =M =M =M': =M’ =M~ =M’ =M’ "’ =M.’ =M
", T, T, s s s, s s, 5,75, 75, "sl s s,

P r ——— ’ — ’ o L4 —-— 14 Py L (—) "
MH7~MHI—HH3—NH5—MH6—M52—NS =M - (6.19?

4

Using three generations of fermions with masses u < Mw, minimal

(+)
’

number of Higgs scalars at various stages of 8S8B, and the
superheavy-Higgs— scalar effects near u =~ MU we campute ln(MU/Mw)

and sin<e upto two loops as”

W . o
") er (1 8 2 Mg 2 Mg
in— =—— |- - — |- — 1ln — + — ln —
Mw 67 |a 3aS &7 ﬁu &7 MN
3 10 U 34 224 10 c c
- — |/ In X + — 1In X -~ —— 1n X + — 1In X + 21n X
> )
134 19 2L 15 iR Q@ 4c 19 2L 1R
32 26 44 10
C C a
+ —1n X - — 1ln X2. + — 1ln X_, + — In X
9 BL. 7 3C a1 Y 19 2L
94 . 1 M(+). H(—)
- — in XSC + — |28 In— - 29 1n— s (6.21)
7 &7 MU MU



M Mo
- 35  6la | 437a C 35 R
sin“ew= — 4+ —— - — 1n + in
134 20135 402n Mw ;402n Mw
a 711 U 4473 U 13187 u 711
- 1nX + 1nX ~ InX + InX
67r | 76 2L 428 IR g4 R 73 2L
449 71 433 39 711
+ 1nxfR + xS+ xS+ 1nXy + 1nX5,
36 6 14 164 76 -
433 o : B "Ea Mt
+ 1n xgc + - 1633 ln— + 928 In— |,
14 B804 MU MU
where (6.22)
s
ai(NU) ai(MC) ai(MR)
U c _ - "~ o _
X; T T x; = o+ and xo = -
ai(MC) ai(MR) ai(Mw)
Following the iterative convergence approach to solve
two-locop renormalization—group equations and using plausible

values of superheavy component masses, our solutions for the
intermediate scale and MU for Hg ~ 1 TeV are shown in Figs. 7 and

8 for o= =~ 0.160 GeV, and 0.350 GeV respectively (Ref.b42) where

MS
() _ (*) . . .
7] = 1In (M /MU). Some of the interesting solutions are also

presented in Table 17. At the one-loop level with Aﬁg ~ 0.350 GeV,

the predicted value of 71 is found to be very close to the

P
2
observed experimental limit for MC = 1011 GeV and sin”ew ~ 0.235,

but e is found to be 1-2 arders less than the experimental 1limit

for Aﬁg ~ 0,160 GeV. When superheavy Higgs—-scalar effects are

. . . ’ . 32+3 34+3
included in two-loop calculations, we find Tp = 10 -10 Yy

. 2 7 L
sin eN ~ 0,230, MC ~ 10 GeV with MS ~0.160 GeV if the heavier {2)

( lighter ) companents differ by a factor 10 fram the unificatian
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~ \ q("”=23025,q(“’=—2 3025 !
0.25 N / M=o, n'"=~a605 ; J
/_QH‘):Q(‘):O :
0.24 .
/—QH): r\H=~3 45 "
0.23 F ,’ i
[
My
Q.22 0 3 ! ~
MR =10 GeV [
|
0.21 r ' 4
- ~—-—one loop '
0.20 F /\m =0.16 GeV N
)
ot SONON = Gaia 7 82u3 1276213 y
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Fig.7. Predictions of the symmetry-breaking pattern
SoC10)y > 6214 > 62113 as described in the
text including superheavy-Higgs~-scalar effects for
0.16 GeV.

o N
MZR... 1TeV and MS =
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025 e = =0 |
~ |
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> |
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0.23 | ' .'
|
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_—>
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5 6 7 8 S 10 11 |2 13 14 15
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Fig.8. Same as Fig.7, but for /\i"s' = 0.35GeV.




11171

™ ™

Table 17. Some predictions of the model S0(10) v » 6214 © b
65113 for two values of,Aﬁg an sin29w and 7, with Mg=1
TeV and different MC including superheavy—-Higgs—scalar
effects as described in the text.
Agg n(+) n(_) MC M, sin29N agl To
(BeVv) (BeV) (GeV) tyr)
2.3 -2.3 4x10° 101° 0.240 48.3 1.7x10°1*°
3.0x10° 1017 0.235 47.6 1.4x10°1%3
0.16
6 -4.6 3x10° 1.3x101° 0.240 a2.5 2.5x10°1%3
1.6x10%  1.1x10'° o0.230 40.8 1.5x10°'*3
2.3 -2.3 10° 2.4x101% o.7a0 8.8 4.3x10°2%
5.6x10°  2.2x1019 0.230 47.4  2.9x10°%%3
0.35
0 -4.6 5.6x10°  2.7x10'° o.235 41.7  s5x10°°%3
7 15 32+3

4x10 2.5%10 0.230 41.0 3.8x10
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or nondegeneracy factors, 7T is

mass. For larger values of No £

MS
found to increase further. We find that this 50¢10) model permits

observable rare-kaon decays corresponding to Mo ~10° GeV provided

c 2
sin“e >~ 0.24. In all allowed solutions in this madel
=M =M ~IOISGeV. With Mo~ 1ITeV, p = 1012 the naturalness

R u P R g
criterion is easily satisfied. As in Sec. VI.2, the low—-mass ZR
bason 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 neutrinos unstable

against Majoron emission through the introduction of an additional

glabal lepton—number symmetry U(l)?” But the RGE’'s also permxt MR
3105—1068ev as the ZR—boscn mass for which m, < m < m, = 1-10eV
e u T

0
as a consequence of the natural seesaw mechanism with p=109—101)

and this is consistent with the cosmological bound with stable
neutrinos. In this case the predicted weak - interaction
phenomenolaogy at low energy cannot be distinguished from the

standard model predictions.

VI.@} Summary and Discussion
0 :
Chang and Mohapatra3 have observed that the seesaw
mechanism16’17 is spoiled in a large class of modals where P- and

SU(E)R— breaking scales are identical and suggested that, in order
te implement the mechanism in LRS or 5010} models with 'B-L

symmetry-breaking scale, the paéity~and SU(2)p~breaking scales

»

must be widely separated. However, in this Chapter64 we have
suggested the new possibilty that the seesaw mechansim far
neutrino masses could be natural in the context of the

left-right-symmetric gauge group, partial unification scheme, and
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&

GUT's even if the scales of F- and SU(Z)R- breakings are

-+
identical. In our case the P- breaking scale is the same as the Ng

gauge boson mass (MP= M;) and‘U(i{B_L~breaking scale is the same

as the ZR-Soscn mass (Mg). THe criterion which guarantees

naturalness has been derived and .is found to depend upon the
o S5

largeness af the ratio p = H;/MR » 107. at the critical value of

P

the ratio ple? the induced and the seesaw mechanism contributions

are comparable, but for larger values of p the induced neutrinec

1

mass becomes smaller.

In the LRS model based upon the gauge group 8721?P’ it is

very easy to implement the mechanism as there is not much

raestriction on M_= M+. In the partial unification scheme with one

P R
intermediate symmetry G the RGE permits M_ = M+~ M. = 1012—
y Y B2113 P P- R C
5x10'%Gev with Mp = M, = 300 GeVv'- 10° BeV (case (iib)). Hawever
R
with two intermediate symmetries 8214 and 82113 {case (iia)) the
sglutions allow Hp = M;a 7x1013~ 1017Bev for lGloﬁeV >MC} IOSGEV,
predicting rare~kaon decays to be observable by low—-energy
experiments besides a low — mass ZR boson.

In the 60(10) madel, we found that the natural seesaw

mechanism can be implemented with parity (P) surviving down to an

intermediate scale Mp = M;z 10116ev or broken at the GUT scaile MP
+ 15 ;
= = > - r\ Py -
MU MR Z 10" "BeV. UWith 62213P ébd :21131ntermed1ate symmetries,

we also found an intermediate P- breaking scale Mp o~ 1011~1012Gev,

observable proton decay by the second generation of experiments

31635

with 7 ~ 10° O yr, and a low — mass ZR boson (H; ~ 300 -

P

103GeV) by including renormalization effects on gauge coupling

constants upto two 1laoops and ~ superheavy-Higgs—-scalar masses
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lighter than MU by *a factor of 10-32. In this case there is the
possibility that the domain wa11524 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 Feccei-GQuinn symmetryvinvcked to solve the strong CF

problem and can be generated by the principle of gecmetric

hierarchy fram M zloqueV and M, ~ 10~ GeV, or MN' Furthef, it

pl ZR
has been observed that while embedding a LRS gauge group as an
intermediate symmetry in S50(10), the generation of an adequate
baryon asymmetry of the universe needs such a large P-violating

scale44. In the other interesting 50(10) scenario with 6914 and

62113 as the two intermediate symmetries, superheavy-Higgs—scalar

masses differing by a factor 10 (lighter or heavier) from MU allow

( IOQSyr with the possibility of observable rare—-kaon

T,.)
P max ™

decays and a low mass ZR boson. In the two S0(10) models discussed

here 52113 is allowed to be the gauge symmetry beyond the standard

madel with the permitted values of ZR boson mass wvarying over a
wider range : 300 - 1OSBeV.

With the 67113 model, it is possible to have a 1low— mass ZR
basaon (Mg ~ 300GeV-1TeV) which yields fits to the neutral and

-
charged— current data similar to the standard model predictiansbg.

When such values of Mg are used in the natural seesaw mechanism,
it gives eV-keV-MeV type of mass sepectrum for the first—,
second—, and third—generation neutrinos, respectively, out of
which the masses of the order keV and MeV for v“ and v violate
the cosmolegical bound. The difficulty can be removed by making v

and vT unstable with respect to the emission of a Majoron which is
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created when an additional global symmetry U(l)1 (1 = lepton
4 .
number), attached to the models, breaks spontanecusly 3. With the

other allowed possibility, nglodGeV L < m, < m, ~1-10eV, there
e u T

is no violation of the cosmological bound. The weak-interaction
phenomenology at lower energies is then indistinguishable from the
standard model predictions within the available experimental
accuracies. However, one novel feature in the partial unification
scheme and S0(10) model with 8214 and 62113 intermediate

symmetries is the prediction of observable rare—-kaon decays such

as KL 4 ;e. The analyses carried out here in 80(10) can be
easily implemented in other GUT's like SO(2N) (N > 35), Eb’ and
SU(146) with similar predictions. However, in SU(B)LxSU(B) while

K

all other low-energy predictions are similar, it is possible to
have a more stable proton since the gauge—boson—mediated
interaction corresponding to the proton decay is absent.

Finally from the investigations carried cut in this Chapter
we conclude that, (1) Natural seesaw mechanism explaining small
neutrinoc masses, scenarios different from those discussed by Chang
and Mohapatra in Ref.30 is realizable in LRS models, partial
unification schemes, and G6UT ‘s with identical P-and SU(Z)R—braking

scales; (ii) The necessary condition for naturalness is wide

separation between P-and U(1) —breaking scales; (1i1i) In the

B-L

present model since U(l)R and U(I)B_L breaking at the same scale

(NZ =MB_L), the naturalness criterion guarantees a law—mass 2

R R

boson.



CHAPTER VII



{1221

SUMMARY AND CONCLUSION

In this Chapter we briefly summarize the resul ts of
investigations reported in this thesis. The main results obtained
are of two types. In the first part, from Chapters 1II-V, we
investigated the impact of higher-dimensional operators on 5U(S5)
and S0(10) GUT's. In second part, in Chapter VI, we have
successfully investigated the naturalness of the seesaw mechanism
in the context of the left-right—-symmetric gauge groups or GUT’'s

with identical parity—-(P) and SU(2)_-breaking scales.

R
In earlier investigations, the effect of the five-
dimensional operator has been analysed on nonsupersymmetric

minimal SU(5) model, but the predictions are inconsistent with

s
either proton lifetime, aor sin“g,.. Including the effects of the

W
five—and six—dimensional opeﬁators, scaled by suitable powers of
the compactification scale, or the Planck scale, we find36 that

the renormalization group constraints permit only high unification

mass, HU ~ 1016—10196ev and smaller GUT coupling constant leading

to TPZIOQBYP for the p—» e+n° mode even with sin26wzo.22—0.24. A
notable result, also obtained for the first time, is the smallness

of the GUT coupling for u > Mu (i.e.,a6210_4). Such smaller values

of ag can be reconciled with the standard model gauge couplings

O(a) at uzﬂu due to the operator threshold effects. The
enhancement of the proton lifetime is caused due to two factors:

(1) Increase in the unification mass, and (ii) Decrease in the

GUT—coupling constant.
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In Chapter 11140 we have noted that the S0(10) predictions

with single 8214 intermediate symmetry in the absence of the

aravity—induced corrections, is ruled out as the prediction yields

T. significantly below the IMB limitiq. Including the effects of

=

the five—-dimensional operator in the nonrenormalizable 50(10)

invariant Lagrangian, we found thét the 6214 intermediate symmetry

S

can survive down to a lower scale Mczlo —106 GeV which has the

prospect of being experimentally verified by rare—-kaon decays

(e.g. K, —» ;é). In addition to the lower values of M., the

L C
solutions to RGE's also permit hiéher values of M., covering the
wide range MCzIOS—IOIIBeV where the solutions with higher values

+.
of MC predict observable proton decay with TP23x1032"3yr for the

+
p—b e 7° mode. A broad range of M_ reflects in the wider range of

C

Majaorana neutrino masses:

(a) m_ . (2.5x10 ' -0.25)ev, m (1.5x10 2ev-15. 6keV) ,
e ”
m . (100eV-100MeV) ,

—_ —_— —_
~ (2.6x10 8 2 &x10 eV, m, . (1.1x10 4—112)ev,
e H
-2

m n (3.2x10 TeV-31.7keV),

where the masses in (a) {((b)) have been obtained using the up
quark (charged lepton) masses in the seesaw formula. In both the
above cases, the lowest (highest) value corresponds to
MC=1011(105) GeV. Out of these the neutrino masses in the range
100eV-100MeVY vioclate the coémologi&al bound, according to which
the sum of the stable neutrino masses should be less than 635 eV42.

The cosmological bound can be evaded by making the heavier

neutrinos unstable with réspecg to decay into the lighter
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. . . . 43 . .
neutrinos by the edisssion of a Majoron ~. Such a Majoron is a
massless Goldstone boson carrying 2 units of lepton number and is

created when an additional U(l)l—global symmetry (l=lepton number)

is broken spontaneously by the VEV of a Higgs scalar carrying
lepton number 1=2 at a higher scale M » Mw. The introduction of
such an additional global symmetry does not affect the GUT
predictions as described in the text. In this model, we found that

the predicted proton lifetime is closer to the observable 1limit

for chlolo-lollﬁev but it is larger for MC=105-107GeV. For a
19

decreases with increasing M, and IMB 1limit is

Cc
IOIIGEV. The order of magnitude of the

fixed sin26 T

w* P

saturated when HC ~

compactification scale, estimated 'in this model is found to be in

the range 1017—101869V.

In Chapter IVSO, as against the conclusion of RizzoSl, we
+
nate that a low—mass right-handed gauge boson (NE) in S0(10) with

the single G intermediate symmetry as the parity restoring

2213P

gauge group, is not allowed. On the other hand using the mechanism

of decoupling P— and SU(2) —breakings, we found that such a

R

+
low—mass N§~gauge bosons are possible in 50(10) model with single
62213 (92L¢92R) intermediate symmetry without parity restoration.

+
In this case a low Na—mass, MR n 300GeV to 10TeV is allowed. Such

+
a low—mass Nﬁ provides the possibility of observing the V+A

structure of charged currents, CP-violation through Ke—» K°
mixing, and small neutrino masses. With MR ~ 1TeV, the model

predicts m, o~ ev, m . 10keV, and mv ~ 4MeV when charged lepton
e Y] T

masses are used in the seesaw formula. Again the vy and v, masses

violate the cosmolaogical bound which is evaded in the manner
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already described.,

In Chapter VSb we _ have discussed the effect of

five-dimensional operator in S0(10) model with the single 6224

intermediate symmetry including parity (QEL aor excluding it

“95R’

(QZngzR). Here, we note that when 6224 is left-right symmetric,

the corresponding equation for sin28w is independent of the

parameter £ of the nonrenormalizable Lagrangian whereas the

equations for unification mass (M ) and the GUT-coupling constant

u

(aG) do depend upon it. In this case a new type of solutions are

found which is consistent with M 1014GEV for sin29w a~ 0.22-0.24

c.™
. . . 32+3
and the experimentally observable proton lifetime e 2 3x10 Y.

The value fo M being one order farger than the one obtained by

C,

Shati and Netterich27, makes the model less proablematic from
cosmological domain wa11524. On the contrary, using the mechanism

of decoupling P-and SU(2)R—breakin9521, we found that the

are independent of £ wheras sin26w does
depend upon it. In such a case a low SU(4)C—breaking scale MC ~
()

105—10 GeV is allowed which can manifest in low—energy signatures

equations far MU and %g

of quark—lepton unification through rare-kaon decays (e.g.,KL"~—->

;é) and n-n oscillation. Such low values of Mczlos—lobﬁev yield

higher values af Majaorana neutrind masses nated in (a) and (b). In

+
these cases proton seems to be very stable with e = 3x1042‘3y -
In the first part of the Chapter VII64 the work of Chang and
Mohapatrabo on the naturalness  of the seesaw mechanism for

Majorana neutrino masses is reviewed. They have pointed out that
the implementation of the mechanism explaining small neutrino

masses in left-right symmetric or S0(10) models in a natural manner
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requires wide separation between P-and SU(Z)R—breaking scales (MP»
MR). We have found the new possibility that the seesaw mechanism
for neutrino masses could be also natural in the contex of the
left-right symmetric gauge group, partial unification schemes, and
GUT's even if the P-and SU(Z)R—breaking scales are identical. In
our models the general criterion is wide separation betweeen P and
U(I)B_L breaking scales. In such cases SU(Z)RxU(l)B_L or

SU(2)RxSU(4) has to break spontaneocusly in maore than one steps.

Cc

In all the models discussed here, the gauge qgroup immediately

preceeding the standard model emerges to be one of its minimal

extensions based upon SU(Z)LxU(l)RxU(l)B_LxSU(S)C with a second
neutral ZR—boson mass Mg o 300—IOSBEV. An embedding in the partial

unification scheme leads to observable rare—-kaon decays. In the
two symmetry breaking chains investigated in S50(10) with parity

broken either at the unification scale (MP=MU) or at an
intermediate scale (MPZIOIIBEV), proton decay is predicted with

lifetime nearer the observable limit; but, in the former case,

rare—kaon decays (KL 4 ;é) are also predicted near the
observable limit when an  intermediate gauge group
SU(2)L><U(1)R><SU(4)D survives dawn to the scale Mczlosﬁev pravided

.2 0.2
sin ew >~ 0.24.

In conclusion we find that the presence of higher—-dimensional
operators, which might appear in the GUT Lagrangian either as a
result of compactification of extra dimensions through specific
forms aof the metric tensor, or as effects of gquantum gravity can

cause drastic changes to the conventional GUT predictions made

earlier 1gnoring such effects. Very interesting physical
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predictions testable by low energy experiments or at the collider
energies are possible in 50(10) with certain single intermediate
symmetries. Although the higher—-dimensional operators introduce
nonrenormalizable terms into the éUT Lagrangian, they are absorbed
as the renormalizable terms in the effective gauge theories after
the spontaneous symmetry breaking;of the GUT's. In the analyses
carried out here on the effects of higher-dimensional operators,

all superheavy masses have been taken to be same as M If they

U.
are different from MU, the corresponding changes in the GBUT
predictions have to be included.

A very interesting observation is the alternative class of

madels with identical parity and SU(2),_, breaking scales leading to

R
natural seesaw mechanism for Majorana neutrino masses. The extra
ZR boson and its effects predicte% in the range of few hunderd GeV
to few TeV would be aobserved at tﬁe collider energies. Currently
there has been intensive studies for idgntification of extra

I-bosons emerging from grand unified theories, superstring

unification, or otherwise.
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Gravity-induced large grand-unification mass in SU(5) with higher-dimensional operators

MK Puauh
Dopartment of Fhyvsies North Tastern Hidl Unoecrany Shillong 291 003 ndia

. PK Paun
Diparoment of ivsies School of ACncultural Sconces and Rural Decclopmont North Tastern Hill Uniiecrany
Mcdziphcma 797 106 India

Aty K Mohainty
§25 Davay Laboratory ennsylvania State Uninersiy: Unncran Fark Dhddadodplig oy loansa 16502
(Recanved 2 May 1Osh)

Following the recent method due to Hill Shifi and Wetterich we mvestiguite the smpact of
highar dimensionat operators (d 2 5) induced by grasany and compacuhiction of oxiry dimensions

on the mmumal SUES) grand umicd theory

Modificihions caused by the d
to be ruled out, even if the compictification scale M 18 1s low as 10' Ged

S operitor uone seem
v they requine

s’y <0 20% 10 conflict with the present world nerige  The addition of 1 six dimension oper
tor 1s found to allow only high umfication masses M, ~(0 1-DAf with M —107-10" GV oand

sin U, ~022-024
er

I INIRODUCITION

G wge theories of the Kaluzy Klan' type offur the es
citing possibility of unification with gravity through the
mtroduction of higher dimensions leading to the four
dimensional structure of the present Universe s a result
of the compactihicition of cxtr dunensions © 1 Attampts
have been mde to gencnate ddtective four dimensional
gauge theortes, such as the standard model and grawd
unified theories (GUT s) from the isometry group of the
compactiicd manifold to tdentily the obscrved fermrons
as the chiral representations of the dflcctine gauge
theories, and to compute the gauge couphings in terms of
the charactenistic length scales of extra spatial dimen-
stions '~ Although superstring theorn® 1s expected to
provide a realistic gauge umfication of all basic interac
tions, a lot of interest still remains i conventional
GUT 5,779 with and without gravity induced effects  Al-
though most of the GUT s with intermediate symmetries
can satisfy the experimentally observed constraints on the

proton hfetime (7,) for the p—e '+ mode and sin?@,,
(Ref 10},
7,2 3X10™ yr, sin’@y =0 23010 005 (n

the nuntmal SU(5) model” and certamn other GUT s with
a grand desert are ruled out s they predict signific intly
lower vidues MY T the masses of othar suparhony
g wige bosons 1 SOU10) are nondepencr e and difter from
the X4 and ¥/} gauge boson mss the model can be
made consistent with (1), even with a grand desert '* Ina
nonmimmal SU(5) model," however, T, and snnZB,. can
satisfy (1) by including one loop contributions of nonde
generate superheavy scalars from additional representa
tions such as 10, 15 45, and 50 Since the grand

39

The grand umification coupling constint 1s also found to be stgmbeantly small

unification occurs at a high scale (M, > 10'S GeV), 1t s
natural to suppose that there could be signtficant
modiftcibon to the GUIT predictions by ginaty induced
corrections 1t as the purpose of this paper to compute
such madifications to the minmm il GU T predictions

Recently the impact of fnve dimansion]l opar dors
scaled by the compactificstion saale (A1) b
vestigated to caleulite the modifiction ¢ od by the
minmmal aind other GUIT picdictions  Smnl e nonrenor
malizable opertors induced by gravity with dimensions
d ™5 and scaled by powas (M) 7T nc subpoct onhy
to the symmetries of fow cncergy theory and e known to
occur, for example ' in the presence of g vitational
stantons for M- ~AMy,  The fine dimenstonal operators
are seen to anse naturally as a result of compactification
of extra dimensions 1n a Kaluza Klem tvpe theory * The
impact of such an operator on the quark to lepton mss
ratio my/m, predicted by the mmmal SU(S) model was
examimed by Ells and Gaillard "

In the case of a supersymmetnie SUGS) GU T, signmihe it
modifications to 7, and sin'0, hive been noted!” with
Me~M;=10" GeV In thc SOI0) GUI, with
SUM) XSUQR), XSU@), XU, , as imtermeditc
symmetry the masses of the B, pauge bosons have been
brought down to the order of the H scale leading to the
possible obseryvation of low moass panty restoration e the
futiee " In the mmumal SUS) GH g tf th
compctiiciton sede s dlowad to be about two ordos
lower than Afy, which 1s possible within cartam Kaluza
Klun-type theories ' Shifi and Wetterich™ have ob
served 1 very significant mcrease of = o as ta be compn
tible with the expertmenta it for the p - ¢ = mnde

In this paper we use the mcthod due to Shah ind Wa
terich " and Hdl'?" to compute modiicitions of the

been an
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mimmal SU(S) predictions in the presence of d =5 opera-
tors, especially in view of the recent measurerients on
sin’@y,  We note that the modifications of the d =5
operator alone, taken to be making the mumimal GUT
compatible with the experimental data on T,y Are now
ruled out as these solutions require sin’8,, sigmificantly
below the accepted world average, even if Mc=10"
GeV  As our mamn result, we then examine the
modifications caused by adding a d =6 operator in the
Lagrangian We find that the only permissible values of
the unification mass should be of the order (0 1-1) M,
where M could be anywhere between 10'7 and 10'° GeV
Interestingly enough, the allowed values of the elec-
troweak mixing angle can be made consistent with the
currently  avaiiable world average with sing,
=0 22-0 24 for every value of the umification mass
Another interesting aspect of the present analysis 1s that
the bare-grand-umitication coupling us turns out to be
nearly 2 orders of magnitude smaller than the earher re-
sults - We alvo obtan perturbative and positivity bounds
on certain parameters and mention a new relation among
them

In Sec Il we obtain general formulas for the
unification mass and the electroweak mixing angle in-
cluding five-dimensional operators and particufar forms
of still higher-dimensional operators in the Lagrangian
In Sec 111 we discuss earher results with tive-dimensional
operators  In Scc 1V we report numernical analysis in-
cluding five- and siv-dimensional operators  Qur con-
clusions are stated in Sec V

11 TORMUI AS 1 OR GAUGK COUP1INGS,
UNILICATION MASS, AND sin?0y

As has been emphasized carhicr, gravitational eflects
could induce nonrenoimalizable operators of dimension
d 25, scaled by powers of A, ALY the normths-
able Lagrangian, but only the impact of o =5 oparators
have been examuned so far on the umbicanon mass My,
and sin@,,  Such operators are restricted only by the
symmetties of the theory at fower vnergies Denoting &
as the scalar i the adjoint representation 24 CSU(S), the
effect of the nonrenormalizable operators can be included
in the followig manner 1n the SU(S)-invanant Lagrang-
tan

L=LyH Ly (2a)
L= % Lk, (2b)
n 1}
- ‘l](n)
LY== == 1F, "), (2
NR 2 1‘1(,., sty
Ly=— Tt 1), Q2d)
D=0, oA, =l 1, 1], {2¢)
R 20
Cot= S e 0
Tr(d,A))=148, 2g)

In Tq (2, "8 thoath component of the gauge field 7, s
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the corresponding genceratos, and 7,‘”' no 4,2, ale
the unknown patameters In Rels 17 and 20 the casc
with the five-dimensional aperator corresponds to ' H-£0
and '"'=0 for 1 22 [t may be noted that the expres-
sion (2¢) for mgher-dimenstonal operators given 1t g
(2¢) 15 not the most general one, espenially whep n 22
For example, with n =2, other gauge-nvarnant operators
not covered bye (2c) are T NTr(£, 1) and
Tr(F,, 6)Te(I " $) the latter being more troublcsome for
computations of the physical quantities of interest in this
paper We confine to the chowee (20) for the sake of con-
vemence and obtaring modifications to My and sin*0y,
with a constramt on the paramcters as shown in Eq (144}
m Sec IV Using the vacuum expectation vafue of 24 as

(@) =3 gdiag(t 1,1, —3, =2y, 13)

denoting g4, ¢, and g, as the SU3), SUL2),, and LD,
couphing constants, respectively
changes as

md the g vty induced

g My —gi Myl +ec),
g M )—gi M N1 +e ), 4

gHM ) =g Myl +e, ),

we obtain, using Egs (2)~(4),
= tn)
€c= X €7,
n=112
6,=—-;—€'”+;}C(2)"“%€”'+ ,

c,=-—;c'”+{('3’—'—;‘(“'!~ , (5)

whore the dhipsis 1 (5) mdbudes the dicet of openators
d >7and '

y n
)
0 l "V'll " - ‘ By ((‘)

Using (l,,=t’,:,/477, where ¢4 15 the bue GUIT coupling
and the relation

da=[6/5m7u,, )] M, (N

Lq (6) can b rewnitten as
12 o
284, 3 P
7]m|= = i ¢ (8)
2 My,

fmposing the condiion of cquabiny of the three coupling
constants at M,

el e =g b =il oyt vy, )

ot
the onc loop renorm dez stion group caustions

« v
—"l -2——'—~i “1n ! I B cln
WMy a M I My,
wresobvad wihay =" a7 =5 a= —7tovrld
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{ Se, 4 e !
=t g e =225 a8 a
H D 3 a‘ 3 a,
M(5’
X1 .
n M, (11la})
.« ¢
sin?0y = |50\ — e + 4 n+ia €
2 a
95 «a
+_____.
202 a‘f) /D ' {11b)
] 4 3 11 1
— == |t /D. (I1c)
ag gl 67 |3a, a

D=1+ 4 Hec+2le, +35¢, ), (11d)

where M'%" and «in*6'"! denote the one-loop predictions
of the mimimal model, without gravity induced effects, 1n-
cluding only one set of 24+ 5 of Higgs fields and three
generations of fermions

WMl 6 |, _8.a

My  67a 3a, 4’

g5~ 23 4 109 a a2
W T34 T 201 .

In Eqs (1) and (12), o« "(My)=127 54 and
a, =g%(Mw)/_4‘7_r==0 1088 corresponding to Ags=160
MeV, where MS denotes the modified mintmat subtrac
tion scheme Sofutions 1n the similar forms including
only the five-dimensional operators have been obtained in
Refs 17 and 20 Here we note that the effects of afl
higher-dimensional operatars are contained 1n the param-
elers €., €;, and €, as illustrated in Eq {5 Thus, Eq
(11) through Eq (3), can, in principle, account for all
gravity induced corrections due to higher-dimensional
operators

111 SOLUTIONS WITH FIVE-DIMENSIONAL
OPERATORS

In this section we briefly review the earlier solutions
obtained with d =35 operator noting that they are ruled
out because of experimental constraints on 7, and
sin?@,, Such a conclusion was already reached by Hult!’
with Mo ~Mp, =10" GeV  We, therefore, discuss Shafi-
Wetterich?  solutions with M- ~10"7 GeV  where

JTABIL 1
been calculated with Af- =10'7 GeV

Modific itons of the mimmal GU 1 predictions with d =5 operator

SU(S) has been stated ta survive the then cxisting expers
mental data  Usng ¢'?=¢'"= =0 und €'''=¢
=n¢"/(VI5M¢c) in Eqs (5) and (11) yields €c=¢,
€, =—36/2, and €y, =—¢/2 and D =1—38e/67, as 1n
Ref 20, leading 10

| Ma, 4200 ! 0
ag 67—38¢ o
In = bz la Vv Y+ (2, VHa ‘)e]

M“ 67“386 [ i ’

(13h)
e 23,109 «a 116 a
= |22 4 2 & 42 2
WO =R 2 Ty 2 (MY a
{13c)

For different assumed values of the paramcter € the
gauge coupling constant a.,, umfication mass M, and
sin’@y, are computed as has been done before The basic

parameter 7 occurring in the Lagrangian ts calculated us-
ing the refation

172
25 67~13 M
7= _.z__,__TM’is_:T e (13d)
2 ttes'+21a My

It 15 worth mentioming the new additional fact that the
€ parameter can be boundcd from above and hcdlow,
this case, using the posttivity and perturbative constrants
ona; From Eq (13a), the positinity of ag suggests that
€< =176, whereas the perturbative  construng
lag <1) yields, with a =0 1088 and a '=127 54,
€e>—70,1¢,

—~70<e<1 76

The lower bound 1s dommated by a™" and does not vary
significantly 1n the allowed range of a (M ) correspond
Ing to Az =0 160£0 100 GeV

Numerical soluttons for the unification mass, 7,
sin’dy,,ag ', and 7 for different values of the ¢ parameter
are presented in Table 1 For calculating 4, the value of
the compactification scale has been taken to be M = 10"
GeV as before 22 The uncertainty by a factor 10 2 n T,
anises due to the uncertainty in Az and the matnix ele-
ments for p—»e“no In order that 7, agrees with the ex-
pernmental imit, 7, 23X 10" yr, 1t 1s clear that €>0 015
which needs sin’fy <0 203, even though M 15 allowed
to be as low as 10" GeV  Such lower values of sin’0y, 1n
the modified solutions, necded for the stability of the pro
ton, are clearly n contradictton with the recent world
average sin’f, =0 234 0 005

Jhe parameter i has

1‘!0 T
€ 1GeV) sin'0y, act yr) 7
0005 4321%10" 0208 41 60 355x10‘<'tf 110
0010 580x10" 0205 4172 116x 10V 1 66
0015 778%10'* 0203 41 85 371x0M " 186
0020 105% 10" 0199 4195 125%10" ¢ 1 84




IV, NEW SOLUTIONS WITH FIVE- AND
SIX-DIMENSIONAL OPLRATORS

As we mentioned in Sec HI, modifications with d =5
operator in the mimimal GUT scem to be ruled out as
they require sin?6y, <0 203, i order to yield T, 23X 10
yr But, following the similar philosophy as in Refs 17
and 20, we investigate whether incluston of sull higher-
dimensional operators could p'rcdlct 7, and sin’fy, con-
sistent with the available expenmental data  As the next
economic choice we include both d =5 and d =6 opera-
tors in Ly and find that the most natural and plausible
solutions which correspond to fogical values of the pa-
rameters n the Lagrangian, yield M;~(0 1 —1)M,
~10"-10" GeV, and sin’@,,=022-0 24, for each
value of M, In this case the relations between € parame-
ters are

€y=%€c+l€,‘ , (i4a)
eV=le.~te (1ab)
€l=1le +Le, (14c)

Note that the refation (14a) 1s also vahid in the d =5 case

The basic parameters of the Lagrangian are the 3 pa-
rameters, rather than the € parameters Except the posi-
tivity and perturbative constramts on €, as already ds-
cussed 1n this paper, there seems to be no theoretical con-
straint on the #u parameters But, tn order that the
modified Lagrangian makes some sense, the following
general criterta on the paramecters need to be satisfied,
and we treat the solutions as acceptable when either crni-
teria (1) and (1) or (1) and () are satisfied (1) The magnt-
tude of '™, n =1,2, 1s not very large, (1 although
the individual values of the % parameters may differ, one
possibility s that they are of the same order () If the
gravity-induced corrections mught be acting as the terms
1 a perturbation series, for reasons hitherto unknown to
us, the other possibiity might be that {n,] <]yl

Now we discuss briefly how far cinitenon (1) has been
satisfied by earhier solubons with d =5 operator where
there 1s only one paramcter, (1)=7n Shafi and Wetter-
1ch?® have obtained modificaions with n~1  Although
Hul' has investigated over the range of parameters
n=—20-20, t ¢, with maxtmum allowed 1~ 10, no plau-
sible solutions have been obtained for the nonsupersvm-
metric munimal GUT, but, in the supersymmetric SU(S),
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signibeant and acceptable modiications have been ob-
served for 7= —2-2 In the SO grand unification,
with Pan-Salam gauge group as the mtermediate symme-
try, solutions with 7~ | have been found?! to yietd 7, and

sin®@,, consistent  with Eq (1), while, with
SU) XSU2), XSUR)g XUl g~ (8, =8sx) a5 the
proposed and possible low-cnergy symmetry

(M“R ~ V“/ ), acceptable solutions have been obtamned

with = —1, with sin%0,, ~0 22 and TR 10 vr s
worth mentioning how the first criterion controls the
value of the compactification scale i relation to the
unification mass  With only d =5 opcrator, Shafi and
Wetterich have found that M= 10"7 GeV s necessary
order to obtain 7~1 On the other hand f
Mc~10"%-10" GeV, 7~10-100, for M,;~10" GeV
with the same values of € Thus, birgeness of 5, besides
the smallness of sim?0),,, prevents having M ~M,,, with
only the @ =35 operator for the nunsmal GUT  In the
present case, however, we will find that criterna (0~
can clearly tule out sotutions with af;, ~ 10* GV, but al-
low only those with high unification masses which de-
pend on the compactification scale

Using Egs (11a)-(11d) and (140) we first compute
values of €. and ¢, such that M, 210" GeV and
wind@y, =0 22-0 24, and the corresponding vatue of the
GUT couphing, a, Using Egs {14h) and (140) we than
compute the aumerical vafues of €' and ¢! Some of
these solutions are presented i Jable 1 for diffciont
values of the umficanon mass  {n the second step, to test
whether all such type of soluttons are acceptable
compute the values of the basic parameters ' and 3!
using Eq (8), with the knowledge of €', €', e, and My,
from Table 11, and scveral reason ible values of A exist-
ing in the literature  Such computations are shown
Tables HI and IV On the basts of critert (=) we hind
that all the numerical solntions for A, and \m”‘(),,,, can
be classificd mto the following categories

(A) My <<Mc  Here the mequality 18 used 10 mean
values of A, Jess than M by 2 or more orders Since
A and ¢ are of the same order, it s dear from 1 (%)
that of M, <<Me, [5'5> 1y tar example, with

)

M,=10" GeV, we obtam {54 "h=(—=305 —10°)
(=405, —10%), and {—405 6, — 10", for M, =10",
10", and 10" GeV, respectively Turther, the cambina-
ton (M MOI=010' 10" GV, 11017, 10') GV, and
(10", 10"} GeV, correspond to the paramcter valucs
() ={~3 07, =57 56), (=2 50 —38),and (—307

W

TABLE 11 Parameters €c, €, €,, €', and €' computed vang onc loop renonmilization group
equattons aad correctians due o d =5 and 6 operators  Relations among € paramudurs Sre g o sn L.q
(‘4) _— — papgey [y won T LITEEE

Mo
€; €, €, e ¢ (GeVl NTIRLN ot o
—0 9841 -0 981 -0 9838 -013276 ~0 6558 10" 02305 390510 *
~09913 — U YRYY —0 49907 ~0 3296 — 1 6603 ' 22 20400 0
—D 9945 ~09930 -04939 ~03306 -0 6624 w'! 029 Tantxig !
—09957 -~ 49940 —-09950 ~0 3309 —=0 6631} o 0238 IBES R (VA
-0 9964 —0 9945 ~09956 -0 —D6h63s i 0232 1039 'f’,._‘
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TAE}‘ 1t Va,_!f’.ff.?f”lipﬂﬂmqﬂf 7! and n_and the rauo b 7n 1 For the dass A solutrons
M, M, ) o
GeV) Gy sin Uy 7' n’ fy 7yl
1" ml'; ¢ 1056 LOOS 2 10 24778
lOW 02308 —40 568 =1 005% 1o 2477%10
N IOM —~ 405 68 —100Sx 10" 2477100
10 10“ 0212 -3077 ~ 57 564 1R 707
" !()“ - 31774 ~ 8756 ¥ 10 1 870> {0
10 H)% 021 -2 504 =38 00 151757

—5 7X10"), respectively  Thus, if Ay, 1s lower than M,
by more than 1 order, besides the magnitudes of the pa-
rameters being large, their rauo |g'?/y'Y| becomes far
too large for the Lagrangian 1o make any sense The
values (7', 7'¥) and the rauo |52 /9" are further
magmfied if Mc~Mp and M, ~10'°-10' GeV The
reason for such large values of the ratio 1s due to the fact
that {n'?' /9"« M /M, Such large values of the ratio
clearly violate critena tn) and tinn) when M, 1s several or-
ders less than Mc Because of these highly undesirable
values of the parameters and their ratio, we conclude that
if the addition of a six-dimensional operator 1S going to
make any sense, in the presence of a five-dimensional
operator, the solutions with M, several orders smaller
than M. are not acceptable For the most general expec-
tation of the compactification scale,!” M.~My, the
lower unification masses, M, ~ 10 _10'” GeV, are clear-
1y ruled out

=3 8X1077), (=0 022, =3 09X 107Y), and (—~0 0211,
=2 707X107Y), and the rano |52 /40~ 0 152, 0 132,
and 0128, respectnely  For every allowed value of
My ~0 IMc, sausfymg cnitenia ) and (), or M, ~ M,
satisfying (1) and (m1), the value of sin*@y s found to be in
the range 0 22-0 24 Some allowed solutions belonging
to class (B) and satisfying criteria (1) and (1) or (1) and ()
are presented 1 Table [V With the possible valucs of
the compactification scale, M, =10'7-10" GV, the high
values of the unification mass are found to cover rather a
wider range, M, ~(0 1 =DM, ~10"-10" Gev  An
other interesting new feature of the present solutions 1s
the smaliness of the bare GUT couphng constant,
ag~10"% as compared to all earlier results existing n
the hiterature Such a small numerical value of ag 15 un-
derstood by noting that

67+ 25e. 1 42¢,,

ag= (15)

(B) My, ~(0 1—1)M¢ In contrast with the class (A) 3 LN
solutions, 1t 1s evident from Table 11 that there are other Ja, «a
soluttons  which  satisfy  etther  [yy,/m,~1, or
l7/m1~01 When M, ~0 IM,, critenia {1) and (n)  where the numerator tends to be small as € ~€; ~ — |

seem to be satisfied For example, M, ~0 1My ~10",
107, and 10" GeV correspond to the parameter; values
(ny,m)=(—0 307, —0575), (-025 —038), and
{—0 226, —0 309} and the ratio |n,/7n,{=1 87, 151,
and 1 36, respectively Thus, combining critenia (1) and
{u) yields allowed values of high unification masses
My, ~0 1M But, as mentioned earlier, criterion (1), an
alternative to (n), could also be possible, if the nonrenor-
malizable terms act like perturbation on the normalizable
Lagrangian The gravity-induced effects on SU(5) do per-
mit such solutions satisfying criteria (1) and n) For ex-
ample, high unification masses M =M.= 10V, 10",
and 10" GeV correspond to (5'",%?)=(~—0 025,

The small value of a, decreases the proton decay rate re
sulting tn a very significant increase tn 7, Thus, accord
ing to the present observations, the enhancement in 1
occurs due to two sources largeness of M, and small
ness of ag Introducing a factor of 10'? uncertainty, the
miimum value of 7, corresponding to the lowest allowed
M, ~10'"® GeV turns out to be 7, ~10" yr, where a fac
tor of 10' enhancement due to smallness of ag has been
included 1If, on the other hand, we confine to the most
general expectation, M. ~ M =10'"" GeV, the GUT does
not seem to have untficanhon significantly below
My~ 10" Gev

Before closing this section 1t might be necessary to

TABLE IV Same as Table 111, but for class (B) solutions satisfying criteria (1] and () or (1) and (i)

as described in the text

Mc My
(GeV) (GeV) snlfy, ag 7' 7' (R RVZ TR
10"’ 10'¢ 0232 222%x107¢ —-013077 -05756 1870
10" 0239 1461x107* —00250 ~00038 0 1520
10'® 10" 0239 1461x107* —02504 —0 3800 15175
10" 0238 1188%x107* —-00226 —-0003 01327
10" 10" 0238 1188x107¢ —-0226 —D 3094 1 369
10" 0232 1039x10”* —-00211 —00027 01279

i
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clarify certain points regarding the self-consistency of the
treatment of compactification effects through an expan-
ston in higher-dimenstonal operators As evident from
Table 11, €2'/¢'"~2, where € 1s related to 7' by Eq
(8) This might give the impression that the expansions
for €c, €, and €y expressed in Eq (5) are not converging
But we have taken only the first two out of a large num-
ber of terms in the series in Eq (5) to show that they fully
account for the available data on sin?8,,, and large values
of M This implies that, so far as the available values of
smzew and allowed values of 7, are concerned, en-o
for n > 2, thus guaranteeing convergence of the series and
the self-consistency of the method for My~ (0 1-1)M
Another way of looking into the convergence of expan-
sions 1s the following Since the first two terms are cap-
able of explaming the available expertmental values of
sin*@y,, for M, in the range 10'°~10'° GeV, it 1s certain-
ly true that at least the same values of sin*@,, and My, are
possible by taking larger number of terms such that
[ ¥ << et for n >>2, this guarantees convergence
of the series and self-consistency of the method adopted

V. SUMMARY, CONCLUSION, AND DISCUSSION

The mimimal SU(5) model predicts a proton hfetime
about 2-3 orders less than the observed experimental
lower limit and sin?@,, ~0 21 Including gravity-induced
effects through d =5 operators, scaled by the
compactification mass, although Hill'’ obtained quite
lower values of sin’,,, and, hence, ruled out any
modification with M ~ M, Shafi and Wetterich®® found
that the mimmal GUT could be saved by such
compactification eftects 1f Af, =107 GeV But, as we
have noted here, these solutions can be consistent with
experiments provided sin0,, <0 203 which seem to
disagree  with the present world average sin?0,,
=( 23010 005

To investigate further, whether the SU(S) predictions
can be improved by spontaneous compactification effects,
we have nvestigated the combined role of both five- and
six-dimensional operators, which s allowed, in principle,
at least, and i the same spint - Out of, at least, three
different possible forms for the six-dimensional operator,
we have chosen only one for the sake of simphaty and
convenience, and also for obtaming modifications to
GUT predictions within the constraint expressed by Eq
(14a) Although our computation i Table I indicates
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s’y =0 23-0 24, we have checked that with shght
change of ec and ¢ the allowed 1wge s
sin’0y, =0 22-0 24 It scems, at first sight, as f afl nu-
menical solutions with M, =10-10"" GeV and
qln:(),‘ =0 22-0 24, as shown n lable I, are allowed
But when we compute the basic patameters 4' and 3'?!
and their rato {32 /9'", where »'"('?) occurs as the
coeflicient of the five- (s1x-} dimensional operators, we
find that |4'2|>>|n'"] for those sofutions for which
My/Mc 21078 with Mc=10"-10" GeV  As the La-
grangian docs not make sense with such parameters, the
corresponding  solutions with low unification masses
My =10" GeV are ruled out  This crierion, ruling out
M, =10" GeV s found to be strongly vahid if the
compactification occurs at the most generally acceptable
scale, M-=M,,

The present analysis reveals that the gravity-induced
corrections with d =5 and 6 operators permit lugh
untfication mass, M, ~(0 1-1)M  ~ 10'°-10" Gev, f
Mc= 10'7-10" GeV, with sin’0, ~0 22-0 24 for every
My The values of the i parameters are never found to
be large for such solutions belonging to class (#), and the
ratio |7,/ ~1 for those solutions with M, ~0 1f,
but |n,/m,1~0 1 for others with M, ~M- Although
such parameters with |1:/1m,1 ~ 1 are generally expected
in umfied gauge theories, the other values with
{11:/7,1 ~0 1 suggest that the successive terms contammg
higher-dimensional operators nught be acting as pertur-
bation upon the renormalizable Lagrangian Using the
most general value, M =My, we find that solutions with
MU:}O'S—IOH GeV are ruled out and the gravity-
induced effects permut only Ml,~10'8—10'9 GeV  Yor
the hirst time we find here a grand nmficd theory with the
GUT couphng constant as small as ag~10"" Ihe
ecnhancement of the proton hfetime occurs due to two
factors largeness of M, and smallness of a,  Thus, af
the addinon of hve- and six dimensional operators 1o the
GUT Lagrangian ss going to make sense, the predictions
of mimmal SU(5) with an unstable proton and
sin®@,, <0 215 arc modified to be consistent with
an  extremely  stable  proton {7, > 10%  yr) and
sinf, =0 22-0 24
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Signatures of quark-lepton unification can be experimentally verified by rare-kaon-decay process-
,es provided the SU(4)c-breaking scale Mc ~ 10°~10° GeV. With the single intermediate symmetry,
SU2), XU(1)g XSU(4)¢ in SO(10), we find, for the first time, that such a scale and small Majorana
neutrino masses are allowed when gravity-induced corrections due to a five-dimensional operator,
arising out of spontaneous compactification of extra dimensions, are included. For such lower
values of M, the-predicted proton lifetime is large depending upon the value of sin%@y in the range
0.22-0.24. For still larger values of MC, neutrino masses and proton lifetime decrease, and the
latter saturates the Irvine-Michigan-Brookhaven limit when M ~ 10" —10!2 Gev.

I. INTRODUCTION
Two of the most important theoretical developments in
particle physics have been the Kaluza-Klein-type
unification with gravity"'? and grand unified theories®~
(GUT’) of strong, weak, and electromagnetic interac-
tions.| Originally proposed to unify gravitation with elec-

tromagnetism, the Kaluza-Klein method' has been ap-°

plied with the standard, or grand unifying symmetries,
in higher dimensions with a view to unifying all basic
forces, of nature. In such cases, effective gauge theories in
four-dimensional space-time emerge as a result of
compatification of extra dimensions. In theories employ-
ing spontaneous compactification, nonrenormalizable
higher-dimensional operators involving gauge and Higgs
fields jare always generated and the coefficients of these
operators are scaled by the powers of the
compactification scale (M) (Refs. 2 and 6). Even
witholut invoking the idea of dimensional reduction, such
operators scaled by powers of the Planck mass
(M, =10" GeV) can also be present as the gravity-
induced corrections to the GUT Lagrangian.

Compared to many other GUT’s, SO(10) has many at-
tractive features.® It is the minimal left-right-symmetric
extension of SU(5), and contains all known fermions (plus
the right-handed neutrino) of one generation in a single
spinorial representation. It can attribute the origins of
parity, (P) and CP violations’ as arising out of spontane-
ous symmetry breaking. It can explain neutrino masses
over a wide range of values. With the decoupling of pari-
ty (P) and SU(2),-breaking scales, the new SO(10) mod-
el® provides a natural solution to the domain-wall prob-
lem.’ With one or more intermediate symmetries, be-
sides explaining the observed proton stability, SO(10}
promises experimental verification of interesting theoreti-
cal ideas such as the quark-lepton unification based upon
SU(4)c, and left-right symmetry.'® To date, possible
low-energy signatures of SU(4). breaking in SO(10),
SU(16), and SU(8), XSU(8)g GUT’s have been predict-

.
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ed,® %! within the context of decoupling P and SU(2),

breakings, in the presence of the gauge group-
SU(2); XSUR)g XSUM4)(=G4p4) with g, #gg, as one
of the intermediate symmetries, at a scale M~ 10°-10%
GeV, such that both free neutron oscillations'? and rare-
kaon decays are expected to be experimentally observ-
able. Since the first class of experiments are very difficult,
because of nonavailability of free neutron sources, it
might be useful to search for a grand unified theory
where the consequences of SU(4). breaking can be
testified by a relatively easier class of experiments, such
as the rare-kaon decays only. Even with two intermedi-
ate symmetries in the SO(10) GUT (Ref. 13),

MU

Mc

—SU(2), XU(1)x XU(1),_, XSU(3)c

MR

—SU(2), XU(1)y XSU(3)e(=Gyy), (D)

it has not been possible to obtain M¢ ~10°-10° GeV, for
the presently accepted values'® of sin®@, =0.2310.005.
Two or more intermediate symmetries populating the
grand desert provide possibilities of richer physical struc-
ture; but predictions with a single intermediate symmetry
are very appealing because of the minimal nature of the
underlying GUT scenario.

a In this paper we note that, with the single intermediate
symmetry SU(2), XU(1), XSU(4}(=G,4), the SO(10)

GUT is ruled out as it predicts a proton lifetime lower
than the Irvine-Michigan-Brookhaven (IMB) limit'® for
the p —e 7% mode. But, when the twin idcas underlying
grand unification and Kaluza-Klein theory are combined
together, gravity-induced corrections by a five-dimen-
sional operator®'® allow the chain

54+45 126
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with M ~10-10"" GeV, M,~10'"-10"7 GeV, and
sin*0, =0.22-0.24. For M~ 10°-10° GeV, corrgspond-
ing to observable rare-kaon decays, v, mass is negligible;
but v, and v, masses could be measured in the laborato-
. ry. The proton lifetime is significantly larger than the
* IMB limit depending upon the values of sin’8,, and M.
For still larger values of M.~ 10’-10"! GeV, correspond-
ing to undetectable rare-kaon decays, v masses decrease
. further and the proton lifetime also decreases, saturating
the IMB limit for M~ 10" GeV.

This paper is organized in the following manner. In
Sec. II we summarize earlier contributions in SO(10)
where gravity-induced corrections have been included
and discuss their implications in the context of cosmolog-
ical domain-wall problem and neutrino masses. In Sec.

HI our new results are reported. The poper is sumima-
rized in Sec. 1V,

11. MODIFICATIONS IN SO(10)
WITH SU(2), XSU@2)x XSU(4)c AND
SU2), XSU@R)x XU()p —; XSUB)c
INTERMEDIATE SYMMETRIES

In this section we summarize earlier contributions in
SO(10) grand unified theory including gravity-induced
corrections and discuss their significance in the context of
domain walls in the early Universe and neutrino masses.
Hill'® and Shafi and Wetterich® (SW) introduced. five-
dimensional operators, involving gauge and Higgs fields,
and scaled by the Planck mass (M, = 10" GeV) (Ref. 16)
or the compactification scale (Mg <Mp) (Ref. 6}, with a
view to obtain modified predictions on 7, and sin%@,,.
Detailed analysis in the minimal GUT has been made by
them and others.'” Besides SU(5), SW investigated® pos-
sible changes in SO(10) predictions in the presence of
Pati-Salam intermediate symmetry:

54 126
My, M,

In the absence of a d=35 operator, purely renormalizable
interactions permit M ~10" GeV, My~ 10" GeV for
sin’8,, ~0.23. When a nonrenormalizable term

Lyg=— E—A%G—Tr(F,‘v¢54F“") ) @)

is added, the following changes were noted:

5in%0,, ~0.22, 7,(p—e*7%)2(10~100)7,(IMB), (5)

where 7,(IMB) is the IMB limit.'> In Eq. (4),
F,,=3,4,—3,4,—ig[A, A,
(A=Al (A5, , (6)
Tr(A,A,)=13,, ,

and A4,’s are the gauge field matrices, A;’s are the SO(10)
generators, 7 is an unknown parameter, Mg is the
compactification scale, and ®s, is the scalar field
54CSO(10). As in SU(5), SW noted that their
modifications are consistent witR Mg ~1072Mp,, compa-
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tible with the parameter € ~0.01-0.02 where

1 1%

== ™

V30 Mg

and @, is related to the vacuum expectation value
Qo
(¢54>=—‘/?0dmg(l,l,1,1,1,1,—%,—-%,—%,—%). (8)

Without introducing the idea of spontaneous
compactification, as in Hill's approach,'® Rizzo'® investi-

gated the possibility of low-mass purity restoration in
SO(10),

210 126
SO(10)—SU(2), XSU(2)x XU(1),_, XSU(3)ec— Gy
My My

9)

using a d =35 operator scaled by the Planck mass:

Lyg= Tr(F , y)oF") . (10)

C
2Myp,

With a purely renormalizable Lagrangian, M, ~M, in
the chain requires19 sin29w ~0.27-0.28, which are much
larger than the accepted world average. Addition of (10)
has been found to allow M ~M, with C~—0.5 and
sin29W within acceptable limits, for different combina-
tions of Higgs triplets and doublets.

In the symmetry-breaking chain (3), the parity-
violating scale Mp=M ~10" GeV, and in (9)
Mp=Mg~M,. Several years before, it was noted by
Kibble, Lazarides, and Shafi,® that in a model such as (3),
where parity breaks at a scale lower than M, domain
walls, bounded by strings, are created in the early
Universe. Such domain walls contribute to the mass den-
sity of the Universe, much larger than observed valucs,
unless Mp,=M 210" GeV. With gravity-induced
corrections,® or otherwise,® Mp=Mc=10" GeV, such
that problematic domain walls are likely to be absent in
chain (3). But in (9), since M, =My ~M, << 10" GeV,
the domain walls created are supposed to be cxtremely
problematic.

Since the scalar representation 126 CSO(10) is used in
the chains (3) and (9), to break the intermediate gauge
symmetry spontaneously to the standard group, Majora-
na neutrino masses are generated by a seesaw mechanism
satisfying the formula®
mp?

(an

‘m, ~ i =eu,7
V’ MWR ’ ’ b r

where m; is the charged-lepton mass of ith generation

and M”’R is the W gauge-boson mass. In casc (3), inves-

tigated by SW (Ref. 6) My, =M= 10'? GeV, such that

m, ~10"Hev, m, ~10"% eV, m‘,r~'-lO_“ eV .

H

(12)

Such neutrino masses are too small to be detected by {ab-
oratory experiments, although they might be compatible
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with the solution to the solar-neutrino puzzle. In model
(9), observable low-mass parity-restoration requires
MWR ~MWL, leading to rather larger values of Majorana

neutrino masses:

m, ~1leV, m, ~100 keV, m, ~10 MeV . (13)
e ) r

[n this case, although ‘the masses could ®e measured in
the laboratory, v, and \5, masses might be too large.

In the next section we study the possibility of SO(10)
grand unification with single G,,, intermediate symme-
try. Since SU(2), breaks at the GUT scale, there is no
domain-wall problem in this model. When the effects of
the d=35 operator are included, the allowed solutions for
M are such that we obtain neutrino masses larger than
(12) but smaller than (13) by 3-9 orders of magnitude.

III. GRAVITY-INDUCED CORRECTIONS
WITH SU(2), XU(1)g XSU4)¢
INTERMEDIATE SYMMETRY

In this section we study the modifications caused by
the d==5 operator in the predictions of the symmetry-
breaking pattern (2), with G,,, intermediate symmetry.
It is usually stated that the vacuum expectation value of
the Higgs field x(1,0,1)C45CSO(10), where the transfor-
mation properties of y are under G,,,, might achieve the
spontaneous symmetry breaking at the first stage of the
chain (2). But, according to observations made by
Yasue?' several years ago, both 54 and 45 are needed to
break SO(10)— G, 4. As 45 is antisymmetric, it does not
contribute to the gravity-induced corrections through the
d=35 operator disussed in Sec. II; but the necessary pres-
ence of 54 is sufficient to induce significant modifications
to the GUT predictions through the d=35 operator of Eq.
(4). Following the techniques of Refs. 6 and 16, and us-
ing Egs. (4)-(8), the Lagrangian L=.p+.Lyg, with
Lg=—4Tr(F, F*"), is at first decomposed into kinetic
energies of the SU(4), SU(2),, and U(l)g gauge fields:

= =41+ Tr(FISF ) = L1 — Je)Tr(FILF W)

— 31— JOFRF R 14
where the superscripts (C), (L), and (R) stand for the
3U(4)¢, SU(2),, and Ul(l)g, respectively. Now rescaling
>f the gauge fields changes their coupling constants as

& (My)—>gd(My)X1+e), g2(My)—gl(My)i—1}e),

r

PR (My)—g3 (My)1—1e),

where gc(My), g.{My), and gg(M) denote the cou-
pling constants of SU(4)¢, SU(2),, and U(l)g, respective-~
ly, without gravity-induced corrections. In order to
achieve unification of strong, weak, and electromagnetic
interactions for u =M, the GUT condition is imposed
through the equations

gEMy)1+e)=gH(MyN1—1e)

=gl (MyN1—3e)=g}, (15)
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where g, is the bare-GUT coupling constant. With the

boundary conditions modified as in (15), we solve one-

loop renormalization group equations for the chain (2).
My <p<M::

1 1 a, m
= +—1 ,
aMy) alp) 27 nMw

1=Y,L,3C (16)

with
a p)=glu)/4n, ay=4, ag=—2 a;c=-7.

MC S#SMU:

1 1 a, 7 ,
T +—_-1 b =R’L)4c ’ 17
a(Mc)  aw)  2m "M (an
with aR=~‘zi,aL=—% and a4c=—§.

Note that we have been confined to the minimal fine-
tuning condition and used three fermion generations, and
the minimal number of Higgs scalars, needed for spon-
taneous symmetry breaking. The Higgs scalars used in
the two different mass ranges are M, Sp <M, ®(1,2,1)
under SU(3)XSUR), XUl)y, M- ZpnSMy, ©(2,4,1)
and Ag(1,1,10) under SU(2), XU(1)gy XSU(4).. These
are present in 10 and 126 of SO(10). Using Eqgs. (15)-(17)
and the combinations, e “X(My,)— g2 (M, ), e "HM )
—3g UMy, e TAMy)=3g7 UMy ) +g . AMy,), yields
the following constraints on the unification mass, sin26,,,
and the GUT coupling constant (a; =g3 /47):

My  6r 1 8 7 1
n—=r———|———+ |7—+—|e
My T71-74€ |a 3a, Ja, «a
- M
A4-36e || Tc (18)
T1-T4e | M,
] a
stn’0y, = o7 ¥+(l9—‘+‘6);—:—53e]
M,
—Zw—170e—=|, (19
m w
M
oL 21926, T g
a; 71-74¢ | «a 3a, 3Ir My

In Egs. (18)—(20), a, =g§(MW)/477 and a=ei M) /4.
For the chain (3), or (9), where formula (11) is applic-

able, SU(2), breaks along with U(1); at the sarhe scale

such that MWR=MZR. But, in the present case, SU(2),

breaks at My, =My, keeping U(1)g XSU(4)c unbroken

down to u=Mc. It is at the second stage of the spon-
taneous symmetry breaking that_the Majorana neutrino
mass is generated when Ag(1,1,10) under G,;, acquires
vacuum expectation value. In this case My

=MC<<MWR==MU, and the corresponding secesaw

mechanism, worked out by Parida and Hazra,? yiclds a
different formula for the Majorana neutrino mass.

m2

m, ~—-—,

! c

i=e,u,T . (21)
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Using Egs. (18)-(20), a,=0.1088 (Ajs=160 MeV,
where MS denotes the modlﬁed m:mmal sybtraction
scheme), a~'=127. 54 we compute numencally allowed
regions for M(= 10"7) and € within the available experi-
mental constraints (Ref. 14) on M, and sin?6,,. Note
that €=0 corresponds to the absence of gravity-induced
effects and such solutions are presented in Table 1. It is
clear that, with a purely renormalizable Lagrangian,
chain (2) 1s ruled out as it yields a maximum
My =3X10" GeV and the corresponding proton lifetime
7,~10%%2 yr which is significantly less than the IMB
limit. '3

Interesting solutions are obtained when €>0 and are
presented in Figs. 1-3, and Tables II and III. At first,
Fig. 1 is plotted using Eq. (18), and Fig. 2 using Eq. (19).
In Fig. | the horizontal lines are the IMB and the Planck
limits on the unification mass. The projection of the line
PQ onto Fig. 2 has been denoted as the IMB limit in the
latter. The horizontal lines in Fig. 2 represent the 20
limits of the world average,'? sin?0,, =0.23040.005. The
projection of the Planck limit from Fig. 1 onto Fig. 2
does not provide any useful boundary for the allowed re-
gion. But, a much better limit exists®® from the experi-
mentally observed bounds on the rare-kaon decay mode,
K, —fte, corresponding to M- =3 X 10° GeV. Specifying
the four sides of the quadrilateral in Fig. 2 in this fashion,
the allowed solutions are shown by the shaded area.

The numerical values of M, €, My, sin’0,,, and aj'
are shown in Table Il for Mc=10°~10° GeV and, in
Table 111 for M= 107+10"" GeV.

We find, ignoring the uncertainty in Agg and proton
decay matrix elements,?* that the madifications caused by
the d=5 operater permit 10°SMc<10'"" GeV. For
every M, the parameter € and the unification mass M
are allowed over a wider range depending upon the 20 or
lo limit of sin’@,,. The solutions with smaller (larger)
values of sin’0, are associated with larger (smaller)
values of M, and 7,. Our solutions include the vajues of
Mo ~10°-10% GeV, which predict rare-kaon decays to be
observable for any value of sin'@y, in the range of
0.22-0.24. The highest value of My ~3X10"7 GeV is
possible for Mo =10° GeV and sin’d,,=0.22. This has
been shown by the point R in Fig. 1 which has been ob-
tained by the projection of the corresponding point in
Fig. 2.

As MC increases, the unification mass, for a ﬁxed value
of sin%8,y, and the proton lifetime for the p—e " 7° mode

TABLE I. One-loop solutions for SO(10) with single inter-
mediate symmetry, SU(2), X U(1)x XSU(4)¢, in the absence of
gravity-induced corrections.

M (GeV) My (GeV) sin’fy
10° ’ 9.2x 10" 0.273
107 ' 1.2%10" 0.260
107 1.5x 10" 0.247
10" 20%10" 0.233
10" 2.57x 10" 01220
10" . 2.95% 10" 0.214

+ the QCD parameter,

T T 1 T T T T 7T T T T T T
VDT ISIIIDIIVIIIDVNIYYD) L

L Planck limit

M

T T T ITT T T II77777
b U NN UUS U VY U N S S N '

005 010 015
€

FIG. 1. Solutions of one-loop renormalization-group equa-

tions for My as a function of €, and for MC=10"‘, n,=5-12.
The horizontal lines are the IMB (lower) and the Planck (upper)
limits. The allowed upper limit, for n.=35 shown as point R is
obtained as the projection of the corresponding point in Fig. 2.

decreases. This has been shown in Fig. 3 for the 1o and
20 boundaries, and the central value of sin?0,, =0.230.
For M > 10% GeV, the allowed range of 7, also decreases
being restricted by the IMB limit form below. The IMB
limit is found to be saturated nearly at M~ 10'0 (10"
GeV if the value of sin%g,, is allowed to be 0. 225 (0.220).
Including uncertainty in 7, by a factor 10%2, arising out
of uncertainties in the proton decay matrix element and
2 we find that the maximum allowed
value of M can be increased by 1 order, (i.e., 10''-10"
GeV) unless sin®0,, is allowed to be s:gmﬁcantly lower
than 0.220.

Using Eq. (21) and the allowed range M ~10°-10"2
GeV, we now calculate neutrino masses as shown in Fig.
4, They are found to vary over a wider range:

m, ~(2X107'°-2Xx107%) eV,

m, ~(107°-100) eV , (22)
u

m, ~(3X1072 ¢V-30 keV) ,

where the lower (upper) limit corresponds to M= 10"
(10%) GeV. The observable signatures of SU(4). break-
ing by rare-kaon decay processes predict

m, ~(2X107%2X107%) eV,

‘ (23)
m, ~(11-110) eV, m, ~3-30 keV .

B T

4028 51!1l—l—lrﬁrrT
. IMB lLimit J
7 026 0% Rare-kaon limit ]
3
© K Allowed region
Nc 024 \x Y S
w 7 7
022\3‘
SRS NN
020 1 F I | A
(o] 005 C.10
€

FIG. 2. Solutions of one-loop renormalization-group cqua-
tions for sin?@y as a function of M¢ and €.

/
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44
‘o 1 T T T T T
L —ea-- IMB
o2 momsn 2620230 ]
i\t/— sin ew :0220(20) |
10‘0 —AA sin ew-ozzs(m') s
Allowed ragion E
1 \[ p
7
s % A_A T
>
VQ ‘036 — B \\ —1
/
: 16° - P _1
L { K N B
e e S NITPUIINTN
i sin%0,,20235(10)
ol T sin%8,1024020)
1@ 10® 1o’ 10° 10° 10° o'

Mc(GeV)
FIG. 3. Predictions on proton lifetime for the p—ve*n°
modejwith Az =160 MeV, as a function of M, and sin?0y.
The solid lines are for values of sin8, corresponding to 1o and

20 limits. The dot-dashed line is for sin’6,,=0,230. The IMB
limit is shown by the dashed line.

I
t

Qut of these, v, and v, masses are measurable by labora-

tory ;experiments The masses are about 6-7 orders of -

magnitude larger than those obtamed with single Pati-
Salam intermediate symmetry,® but they are 3—4 orders
of magmtude smaller than the models having low-mass
Wiz and Zy gauge bosons. '%1%:22

Tq estimate, approximately, the order of magnitude of
M that makes thése gravity-induced corrections impor-
tant,{ we use n=(25mag/2)'%eMs /My. Our estimation
depends, crucially, on the assumption that [ =~1 as in
the SW case.5 Solutions having €=0.03-0.05 are found
to be associated with lower values of the unification mass,
MU~10(5 GeV. They require compactification scale
nearly 2 orders smalier than M. These solutions belong
to the same class as noted® by SW in the context of SU(S)
and SO(10) models. The other class of solutions found in
this | model are associated with €=0.07-0.10, and
My 1~10'°-10'"7 GeV. They require compactification
scale Mg ~10'-10'® GeV. In particular, the, observable
predlcuons for rare-kaon decay corresponding to
M 10°-10° GeV are found to be also possible with
sml?,wo 22-0.23, €x0.1, and My ~10" GeV, requir-

168 10® 10 10® 10" 1d° 10" 102
M¢ (GeV)
FI1G. 4, Predictions on ncutrino masses as a function of M.

ing Mg ~10'® GeV. This scale is generally expected from
the Kaluza-Klein-type
M;=Mp /2mr~1.6X 10'® GeV. If, on the other hand, 7

is allowed to be |9 =0.1 (10), our estimation would re-

quire Mg 1 order less (more) for every value of €. For ex-
ample, with Mc~10> GeV, and My ~10"" GeV, con-
sistency of the solutions with €=0.1 requires Mg~ 10"
(10'%) GeV, if |77l =0.1 (10), instead of 7]~ 1.

1V. SUMMARY AND CONCLUSION

In theories exploiting Kaluza-Klein-type unification
with gravity, nonrenormalizable terms involving higher-
dimensional (d > 4) operators, scaled by suitable powers
of the compactification scale, are usually present. We
have investigated the modifications caused by a d=5
operator on the SO(10) GUT with single G,,, intermedi-
ate symmetry. In the absence of gravity-induced correc-
tions, such a model is ruled out ss it predicts 7,
significantly below the IMB limit. Including gravity-
induced corre¢tions, the SU(4)c-breaking scale is found
to be permitted over a wide range, M ~10°-10'2 GeV,
leading to predictions on neutrino masses:

m, ~(1071°-1073) eV, m, ~(107°-100) eV,
€ o

m, ~1072 eV —30 keV .

TABLE 11. Predictions for M, sin?@,, and values of M, corresponding to observable rare-kaon
decay, as a function of €, in the presence of gravity-induced corrections, for the same chain as Table 1.

The proton lifetime is for the p —e *n°

mode excluding uncertainties.

M (GeV) € ' My (GeV) sin6,, ag! + 7, (yn)
10° 0.10 1.3%x 10" 0.225 54.56 4.8% 10
0.09 5.9 10' 0.230 53.93 2.0%10%
0.08 27X 10" 0235 5332 8.6%10Y
106 0.09 60X 10'¢ 0224 53.08 2.1%10%
0.08 2.8x10%* 0.229 52.47 9.6 X 10%7
0.07 1.3% 10'¢ 0234 51.88 4.4 x10%
0.06 6.3x 10" 0.239 51.30 2.4% 10"
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TABLE lII Same as Table I1 but for larger values of M

M¢ (GeV) € My (GeV) sin’@, ag' 7, {yr)
107 007 13x10'" 0228 5104 42x10%
006 67X10" 0233 5048 29%10%
005 33x 1ot 0238 4992 17104
10" 006 72x10" 0227 . 49 65 igxion
005 36x10" 0232 49 10 23x10%
004 18x10% 0236 48 57 14X10%
10° 005 38X 10! 0225 48 28 28x10%
004 19x10" 0230 47175 17x10%
101 004 21x10" 0223 46 94 24x10%
10" 003 12x10" 0221 45 63 20X 10%
Although m, 15 too small to be detected, m, and m, turated when M. ~10''-10'2 GeV  The order of magm-
could be measured by lnboratory experiments depending tude of the compactification scale, estimated in this mod
upon M el, I8 lound (o be In the tange 107-10" GeV, unicss the

For the first time, we have obtained interestitng SO(10)
predictions, with single intermediate symmetry, for the
observable SU(4)¢ breaking by rare-kaon decay modes at
low energies with M ~10°-10° GeV, and any value of
sin’dy, n the range 0 22-024 For such lower values of
M, the predicted v masses are 6-7 orders of magnitude
larger than the SO(!O) prediction with Pati-Salam tnter-
mediate symmetry,® but 3—4 orders smaller than models
with low-mass right-handed gauge bosons '®'?%* The
proton hfettme 1s large depending upon the value of
sin’@y, For larger values of M. > 108 GeV, the allowed
range of 7, decreases with increasing Mo For a fixed
sin 6W, n decreases with M- and the IMB [imit 1s sa-

parameter in the nonrenormalizable term has the value
(7] = 10, or larger

With the SU(QR), X U(1), XSU4) gauge symmetry,
existing at a scale pEMCf-MlRZ 10" GeVY, and

My, =My~ 10'°-10'7 GeV, there 1s negligible contribu-

tion to the V + A4 structure of charged and neutral
currents, n this model Similarly, the K,;-Kg mass
difference and other CP-violating parameters have, essen-
tially, the same prediction as the standard model At low
energies, this model does not seem to predict any other
detectable signatures, except rare kaon decays and neu-
trino masses
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In contrast to the conclusion for an SO(10) model including gravity induced corrections through a five-dimensional operator

we note that low-mass nght-handed gauge bosons

are ruled out as the party restoring gauge group

SU(2).XSU(2)aXU(1)5_1XSU(3)c (ga=82r) 1s not allowed at low-mass scales Using the mechanism of decoupling panty
and SU(2)y breakings the low-mass rnight-handed gauge bosons ( Vg~ 100 GeV-10 TeV) without observable parity restoration
are found to be permitted when the five-dimensional operator 1s scaled by the compactification mass

Experiments being planned with ultrahigh-energy
accelerators in the TeV ranges are expected to reveal
new physics beyond the standard model that might
be associated with new gauge symmetrics. One of the
promising gauge theories beyond SU(3)eXSU(2)L
XU(1)y (=Gy) 1s the left-right model based upon
the gauge symmetry SU(2) . XSU2)eXU(1)y_1
XSU(3)c (=Giay3) which has been the focus of
considerable attention during the past ycars Ever
since the proposal of left-night symmetry [1,2], many
attempts have been made to obtain a low nght-handed
scale (My) associated with the spontancous symme-
try breaking (SSB) of Ga;3p including the left-right
discrete symmetry (P=parity when g, =&g ), OF €x-
cluding 1t (g #g5r) If the right-handed scale asso-
ciated with the SSB of the Gay;3, model (G,a,; with
8&21=87r) 15 low, besides observing the ¥+ 4 struc-
ture of weak-charged and neutral currents by low-en-
ergy experiments and detecting the right-handed
(WX, ZR) gauge bosons by the high-energy accelera-
tors, 1t might also be possible to observe low-mass
parity restoration In addition such a model provides
a natural mechanism for neutrino masses and weak
CP violation But when embedded in grand unified
theories (GUTs) such models are known to be 1n se-

' On leave of absence from the School of Agricultural Sciences
and Rural Development, North-Eastern Hill University,
Medziphema 797 106, India

rious conflict with cosmology, the well known prob-
lems being the presence of undesirable domain walis
(3], and inadequate baryon number generaton [4]
In the conventional approach ecmphasizing the Gaay3p
model. P and SU(2), arc broken at the same scale
When such a model 1s embedded in a GUT like
SO(10) [5], the nght-handed scale 1s found to be
large (Yg>10'? GeV) for sin0,~0230+0005
This rules out verification of all possible signatures
by low-cnergy c¢\periments. or  high-energy
accelerators

When SO(10) breaks with two intermediate sym-
metries [6],

SO(10) =2 G -
2 SU@)L XU (e XU (1) g XSU(3)c
0
BLNCH (1)

a low-mass night-handed neutral gauge boson 1s
known 10 be predicted with Af% ~ 3500 GeV whether
G =Gja;3. 0r Gay3p Insuch cases the predicted value
of the W5 -gauge boson mass 1s large, Mz > 10'°GeV
{6] Ithasbeen noted very recently that, if the super-
heavy components of Higgs representations used 1n
the SSB of the SO(10) model are permitted to have
certain nondegenerate masses different from My by
one order. the resulting uncertainty in the predicted
value of sin*6,, might permit low-mass right-handed
W7 gauge bosons in (1) when G=Gaqy3 [7] How-

0370-2693/90/5 03 50 © Elsevier Scicnce Publishers B V. ( North-Holland ) 45
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ever we are interested 1n the model calculations ex-
ploiing the extended survival hypothesis under the
natural assumptions that all superhecavy massCs are
the same as Afy

It has been shown by Rizzo [8] that additional
graviiational corrections due to a five-dimenstonal
operator 1n the nonrenormalizable lagrangian,

g =~ Tr(Fos B a0 F™) (2)
Vi

with c=2%10" GeV permits low-mass nght-

handed gauge bosons(Afg~ 100 GeV) in SQ(10)

with observable parity restoration Ineq (2) P20

13 the four-andex anusymmeine Hhpps-stalar 1epie-

scntation 210 = SO(10),

Fa=0,F, -4, +1g[H . 17T
10

n,=4 Z o'l

ty=1

C=-13, (3)

where 4a¥(H %), witht,y=1.2 , 10, denotc the 45
generators (gauge bosons) [9] of SO(10) ' and the
constant C has been reparametrized The fact that the
addition of such five-dimensional operators could
drastically modify the GUT predictions was first
proposcd by Hill [11] and Shafi and Wetterich [12]

As a distinguishing feature of the two suggestions note
that the mgher-dimensional operator was cmpha-
sized 10 be oniginating as an effect of quantum grav-
ity inref [11] while this was taken to be occurring
naturally 1n some effective lagrangian as a result of
compactification of extra dimensions with the com-
pactification scale A/~ 10'7-10'8 GeV [12] Wefol-
low the convention in which 1, j=1,2, ,6(7,8,9,
10) are the SO(6) (SO(4)) indices It1sthe purpose
of the present paper to demonstrate that (1) low-mass
right-handed gauge bosons in the G,,,4 model as en-
visaged 1n ref [8] are ruled out, (11) they are per-
mitted 1n the SO(10) model with decoupled P- and
SU(2)g-breakings proposed recently by Chang,
Mohapatra and one of us (M K P ) [13], especially
when eq (2) emerges as a result of compacufication
of extra dimensions with Mc <My, [12] When all
superheavy-Higgs scalar masses are degeneraté and

#

In this notation [9] every gauge boson appears in mofse than
one element of the 16X 16 matrix ¥, and the kinetic energy
term s —} Tr(F,,F**) Note the presence of § insiead of 4
For details in SO(2N) models see ref [10]
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the samc as the unification mass, only through such
a model the spontancous compactification cffects on
SO(10) predict the possibihty of observing V4 4
structure of weak currents and the night-handed W3
gauge bosons, but no observable parity restoration
Before the works of ref [13], a number of authors
used the vacuum eapectauon value (VEV) of the
neutral component (yo) of x(1,1,15) =45 =SO(10)
10 break
SO(10)

_f—mliél G'.’ZIBP )

where (1, I, 13) denotes the transformation propert\

of 7 under SU(2),. XSU(2)xXSU(4)¢c (=Gaas)

But 1 was found wnotef (137 that, under the tom-
straint of minimal finetuning, 1t 1s not possible 10 heep
parity (P)yunbroken below the G¥T scale when' the
VEV of yo 15 used It was noted that an clement of
SO(10), called D=0g,3045, acts like P when all cou-
plings 1n the SO(10)-1nvariant lagrangian arc real

The ncutral components o and n(l. 1. 1)<210
< SO(10) arc odd under D and, hence. under, 7, but
the corresponding components of £(1. 1, 15)c
210 andn (1.1 1) cS54areeven Thusitis possible
1o descend down 10 Gaay3p (Gasgp) with P unbroken
through the Higgs representation 210 (54) but not
through 45 (210) Simuilarly when a VEV 1s assigned
along directions odd under P, 1t 1s possible to break P
at the GUT scale without breaking SU(2)g In such
cases, P- and SU(2)g-breakings are decoupled, and
1 1s possible to descend down 10 Gazy5 (Gjag) with P
broken at the GUT scale through the Higgs represen-
tation 45 (210) In this paper while reexamining the
gravity-induced effects in the SO(10) scenario con-
sidcred by Rizzo [8],

126

I SO(10) _},%)“ GzznPT,R" Gq
== SUG3)e XU (1em (4)

with My ~ My, we discuss yet another possibility of
decoupling P- and SU (2 ) g-breakings through 210 that
predicts the existence of low-mass W3 gauge bosons
when compactification effects are included

When 210 acquires the VEV as

<d)(210)>

= %6(—F.Fzrsr‘s+F1F2F5F6+F3F“FSF6)’ /

s
(5)

>
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SO(lO)‘i‘ﬂ)" Gaase

which has been used in the analysis of ref [8] by al-
lowing Gaa13p t0 survive down to the W -scale But
since (1, 1, 1) =210 1s odd under P, when VEV 1s

assigned such that
(Pi0y y ~ 0T8T 50, (6)

P breaks at the GUT scale Thus, whileeq (5) gives
the panity invariant vacuum with Gyy;3p gauge sym-
metry, addition of (5) and (6) with

(Omod = 59\;—5 (=I\T3TsT+ T, 2T

+ 30 I T+ g5 ) (7)

yields the parity-violating vacuum having G, 3 gauge
symmetry In egs (5)=(7) —{o0'P*y=(0'¥¢) =
(§**36) = (978", where @ ay0y=(1/4) 10T
X @ % being antisymmetric i yA! For a sym-
metry breaking patiern of the type

I SO(10) 5= Gazis i G

—_——
IR

o SUB)e XU (1), (8)

the renormalization group cquations (RGEs) for the
gauge coupling constants o, (i) =g;(1)/4n 1 the
various ranges of the mass scales arc

! | a, My
Maw<usM = + =1 R
WSHESHR . M)~ a (M) | 2n "A\\\lv
1=Y.2L,3C, (9)
-
- i i a, . M
My <t = LIPS
RSASMY O T a2 Y e
1=BL, 2L, 2R. 3C (10)

Introduction of the five-dimensional operator in g
(2) 15 to modufy the boundary conditions 1n the gen-
eral form,

Ga (My) (1 Feg) =0 (My) (1 +€y)
=0r(My) (L +€35)
=c(My)(1+ec)=ag, ()

Where ag=g3/47 g, being the bare couphing of the
GUT lagrangian Using surtable combinauons of the
coupling constants, the matching relation 1/
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ay(Mg)=3[arr (Mg) ]~ +3[ap (Mg)]~',and the
boundary conditions (11), the following equations
for In(My/My), sin?f,,, and the coupling constant
o are obtained 1n a straightforward manner

1+€3c aic
a(Mw) aic

in My 27 (§+52L+62R +ies

My D s (Mw)
1
+ 7 [(1+ec) (@ +3ay —as ~as —$ah)

, M,
+ (46 ter +ie ) (a@sc~asc)] In ;I‘R‘)
W
(12)
as. dsc

1 .
sinfy = '5(( L+ a5~ a—,c‘ {(I+ec)
3

a(My)
ayc(Mw)

—(I+e) (@ +3ap)]

[as (3+ 6w+ 36s)

+ aflMy)
Zn

5 2 ’ ’
{(3+ € +3ea0) (@5car —as asc)

+{l+ey ) [arc(atn +3’(1fo)-§0§€“¥]

+ (1 +ec) (3aha, ~aw(as +iai) ]}

My
| , {
X nMW> (13)
_L__i( a5c ah +as+iay
as  D\a(My) asc (M)

! . . ,
+ 2 [asc(ad +abe +3agL) ~aic(as +§a) )1

A[R
In— 4
X nﬂlw)’ (14)

where

D=asc(3+ex +éex +ien)

!
~(1+ec) (ab +ate +3ah) (15)

The case considered by Rizzo [8] corresponds to
Uep=Mw with ay =a% =as =3n,+1(D+27) -
% ye=die=ing—11 ah =31,+3T, where ng 1s
the fermion generation number and D (7) 1s the
number of light Higgs doublets (iniplets) Inref [8]
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the following values of the coefficients occurring in
cgs (12)-(15) have been derived

e ls4 A
2L = 2R='\_/'57 BL’_‘ﬁs
204 CMy

= Az e i
fae J2 2(64nag) My’ (16)

such that all the gauge coupling constants at the
boundan u=Afy get modified accordingtoeq (11)
Noting that

BOYAYEYEY DA AV B B DRE Y N DN 0%
=dag(-1, -1, -1,3, -1 =1, =1,3, -1,
—1, 1,3, =1, =1 —1.3), (17)

we use the VEV given by (S) mmeq (2) Afterasuit-
able rescaling of the gauge fields 1n the usual fashion
we find that (2) gets absorbed in the kinctic cnergy
terms for SU(3)¢, SU(2), SU(2)g, and U(1) -,
gauge ficlds resulting in

1
6L =€r=0, jég =—€c=¢,

nd, _ nMy

€= = = 18
4./6 Mc ~ 2/32r0g Mc e

Thus we find that the modification to the boundary
condition occurs only for the coupling constants
o3c(My), and ag (Ay), but not for oo (My) or
a,r (M) That eq (2) does not contribute to the
modifications of SU(2), g kinetic energies can be
further checked by using 1, y=7, 8,9, 10 1neq (3)
and venfying that Tr(F {5 ( D10y Y F ER*) =0
As we find the boundary condition (18) to be sub-
stantially different from that used in ref [8], we
computed numerical solutionstoeqgs (12)-(15) un-
der the condition (18), and with Myr=M,,
Me=2Mp=2X%10" GeV, a3c(Mw)=01, and
ast (M, )=128 as has been used 1n ref [8] In con-
trast to ref [8] we note that, in all cases of D=7,
sin?f, given by eq (13) 15 independent of € This
happens due to the fact that the e-dependence occur-
ring in the first factor (D ') ineq (13) gets exactly
cancelled by the same dependence in the numerator
of the second factor Forothercombinationsof D# T
the e-dependence of sin%6,, 1s weak Our numerical
solutionsfor D=7=1,2,D=2,T=1,and D=1,T=2
are shown in table 1 The lowest value of sind,, 1s
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obtained for the ®ase D=1, T=2 and 1s found to be
0 266 with e= —0 208 for which Afy;=2Af For all
other values of Ay < 2Mfp, sin*6,>0 266 When we
aticmpted to decrcase sin*6, further with e < —0 208,
My, exceeded 2A/p making the solutions unaccepta-
ble Thus, the possibility of low-mass right-handed
gauge bosons with /g ~ A\, accompanied by observ-
able low-mass parity restoration through Gasyyp 1n-
termediate symmetry needs sinf,~0 266 which 15
far too large as compared to the present world aver-
age sin’f,~0230+0 005

To find the lowest allowed value of Afg under the
boundary conditions (11) and (18) we allowed
Mpg>»> My imcegs (12)~(14) Some of our solutions
with the same input parameters are shown in table 2
where. the, presence 6f 7> 1 has been taken bctween
the scales Mzy~Afy In the case D=T=1 (D=1,
T=2) whenever we attempted to decrease sin26,, by
decrcasinge< -0 12 (e< -0 2), My cxcecded 2/
which ruled out the possibihits of Afy below 10° GeV
We find that sin?0, <0 235 constrains A/ > 10? GeV
Thus, the low-mass right-handed gauge bosons and
obscrvable parity restoration arc ruled out in this
modcl Even with such high values of My < 10'2 GeV
the model gives rise to stable domain walls {3] and
neghgible baryon asymmetry of the umiverse {4] un-
acceptable to the modern big-bang cosmology

In contrast to the conventional models the new
SO(10) model [13] with scparate P= and SU(2)g-
breaking scales does not suffer from the domain wall
problem In such a model since the baryon genera-
tion 1n the early universe 1s related to the P-breaking
scale (Mp) [14], 1t 15 possible 10 generate the ob-
served baryon asymmetry of the umverse with
Mp < Mp~ My But the renormalization group con-
straints upto two-loop level have been found to per-
mit Mg> 10° GeV for sin?d, <0 235 with G,;5 as
the single intermediate symmetry To investigate the
impact of the gravity induced corrections on this
model we used the VEV given by eq (7) and com-
puted the e-parameters contributing to the modifi-
cation of the boundary conditions,

€2p = — €3 = — €3¢ = J€pL =€,

172
e P r;MU( 3 ) (19)
T8 /2M: 16Mc \2nag

As explaimed earher [13] within the constraint of
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Table |
prediction of the SO (10) model with parity-restoring lefi-right gauge group at low-mass scales, Hc=2x 10" GeV, and Mg~ 100 GeV
Number of D € My (GeV) sin?f,, ad =—4in
and T
D=T=1 -005 26x10'® 0274 490 014
-008 2 x10° 0274 49 8 003
D=2,T=1 -008 44x10'® 0282 48 2 013
-010 2 x10" 0282 487 004
D=1,T=2 -018 44%x10' 0266 44 14 031
-0208 2 x10'° 0266 44 50 008
D=T=2 -020 29x10'8 0274 4303 051
-0238 2 x10"7 0274 43 44 009

Table 2
Prediction of the SO(10) model with the parity-restoring gauge group as an intermediate symmetry and Mc=2% 10" GeV
Number of D ¢ Mg (GeV) My (GeV) sind,, ag! C=-1in
and T
D=T=1 -012 10'° 46x10'8 0233 465 019
-012 10° 79%x10® 0238 47 i 011
D=1,T=2 -02 10° 93x10'® 0234 441 016
-02 108 97x10'8 0238 44 1 015

minimal finetuning of parameters, the left-handed
triplet 1s made superhcavy with 1ts mass ~ 1/ and
does not contribute to the RGEs of the coupling con-
stants At first, confiming to the minimal number of
Higgs particles nceded for the SSB of the gauge sym-
metries, D=T=1 corresponds to including the fol-
lowing Higgs contributions in the two different mass
Jangesi Ay u<Mp mo( 1L 2, A7) M < My 92,
2,0, 1Y+ Ag (1, 3, 2. 1) where the transformation
properties in the lower (higher) mass ranges are un-
der Gy, (Gsa3) In the minimal case the coefficients
occurringinegs (12)-(14) are

—_ 1o
an=-%, ay=7, dyxc=-T7.

[ A ’ 7 ’
au=-3, ar=—3, dpL

(20)

Modifying the boundary conditions as in eqs (11)
and (19) we solved eqs (12)—(14) to obtain values
of My, s1n%4,, and o for certain values of /g as a
function of ¢ Some of our solutions are presented 1n
table 3 where the entrv in the last column 1s the pa-
rameter C= — {y that has been computed using for-

mula (18) and different values for the compactifi-
cation scale (M) It s clear that low-mass right-
handed gauge bosons with Az ~ 100 GeV-10 TeV arc
permitted with |C|=|§{y|=02-3 provided the
compactification scale A/c 15 1n the range of ~10'7-
10'® GeV [12] It mav be noted that the compactfi-
cation of the fifth dimension on a ¢circle 1n the Kaluza-
Klein  model corresponds to Mc=10"/2n
GeV=16x10'8GeV for which the value of the pa-
rameter C has also been calculated It has been shown
by Freund [15] that in Kaluza-Klein theories A/¢
could be easily made two orders of magnitude smaller
than Mp, If we use M= Mp, the parameter C In-
creases by a factor 10-100 making 1t unacceptably
large for the minimal choice of Higgs representations
(D=T=1) Thus, low-mass Wj;-bosons are fa-
voured 1n the SO (10) model which might be appear-
ing as an effective gauge theorny 1n four dimensions
resulting from compactification of extra dimensions
1n some basic higher-dimensional theory [16]

We have carried out a ssimilar analysis 1n the case
D=1 and T=2 corresponding to the nonminimal
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Table 3

Prediction of the SO(10) model with parity-violauing left-right gauge group at lower mass scales (Afg ~ 10°-10* GeV)

Number of € Mg (GeV) My (GeV) sin?0,, ad Ve (GeV) C=~1n

Dand T

D=T=1 005 10° 16x10' 0234 483 16x10'® =21
006 10¢ 10'® 0232 481 10"7 -028
008 103 44x10" 0229 482 10" -076
008 10° 82x10" 0233 490 10" -040
007 102 16x10'¢ 0235 493 16x10'® -28

D=1 T=2 00! 10¢ 2 xl0' 0236 165 16x10'® -034
002 10° 1 7x10'¢ 0236 46 8 16x10' -081
004 10° 74%10" 0232 469 10" -023

choice of Higgs represenianions, the results are also

reported rtabler 3« lers clear that lew-mass Wi ~bo-~

sons are favoured with Mc~10'"-10'% GeV when
|C1=02-08 Inthiscase. however, AMe= V/y, could
be permutied provided Cis allowed 10 be in the range
3-10

Although the renormalization group constraints
including spontancous compactification cffccts are
found 1o permit a low scale hike Mg ~ 100-1000 GeV,
there are several phenomenological constraints on the
Wi -mass [17] The most stringent constraint from
the K. -Ks mass difference sets a lower bound *2
Mgz25 TeV 1in manifestly lefi-right symmetric
modecls where the two gauge coupling constants, and
the fermion mixing angles 1n the left- and the right-
handed sectors are equal (g =gg, 0. =0g), but this
lower bound can be decreased substanually in the
asymmetric models (g #gr, OL#6r) [18] One of
the promising low-energy processes investigated ex-
tensinvely and expected to provide signatures of V+A4
charged currents 1s the neutrinoless double B-decay
With the Majorana neutrino mass m, ~1-2 eV
available experimental data are consistent with a low
Wg-mass ~3-4 TeV [19] If Mg~ 10-20 TeV the
electric dipole moment of the neutron, a manifesta-
tion of CP and P violations, has been predicted to be
close to the experimental limit, d€ <102 ¢cm
[17,20] The low Mg-scale also allows the neutral and
charged Higgs scalar components of the right-handed
triplet Ag (1, 3,2, 1) to have low masses The charged
components can mediate neutrinoless double p-de-

2 For phenomenological constraints on the W3 - and Ag-boson
masses see the recent review in ref {17) and references therein
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cay, muon decay. p—3e, and MuonIuM-aniimuon-

lum Jransrions «Improved: experrmentalr measure--
ments for these processes would set hmits on the Higgs

masses in the near future [17] Onc of the spectacu-

lar signatuics of low-mass W -bosons at SSC energy

would be through the decay modcs

Wi —c*Ng—=c* (jets),

where Ny 1s the night-handed Majorana ncutrino
Dectailed investigauions have shown that the detee-
tion hmit 1n this casc 1s nearly A ~8 6 TeV [21]

It has been shown [22] that the sce-saw mecha-
mism for generating Majorana neutrino mass oper-
atcs 1n a profound manner when the mechanism of
decoupling P- and SU (2 )k-breakings1s employced. as
compared to the conventional method [17] With
Mg~1 TeV the G,y; model predicts m, ~eV,
m,, ~10 keV, and m, ~4 MeV Such masses, if tes-
tified by laboratory measurements, would be 1n con-
flict with the cosmologrcal bound according to which
the sum of stable neutrino masses should not exceed
~40-100 eV Out of several mechanisms proposed
to satisfy the cosmological bound with low Afy, the
one that apples here 1s the decay of unstable heavier
neutrinos to the stable light neutrinos hike v, by the
emission of a majoron [23] that arises as a result of
spontaneous breaking of a global lepton number as-
sociated with the G, ; gauge symmetry The hghtest
neutrino mass /m,, ~eV compatible with the observ-
able decay rate for the neutrinoless double f process,
1s far too large compared to the mass needed to solve
the solar neutrino puzzle using the MSW [24]
conjecture
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Chuang and Mohapatea have absersed that the implementation of the seesaw mechamsm explain
g stmall neutrmo mosses 10 bt nght symmetnc or SOH0) modds requires the panty (P) and
SUI2), breahing scales 10 be widely separated { M, >> M) 1n this paper we show how the mecha
nisin operates naturally even though the two scales are 1dentical The gauge group immediately
preceding  the stindard moddd emerges 10 be  ts manimal  extension based  upon
SUII, XSUE, XU XUtll, -, with o second neutral £, boson mass AfR = 300-10" GeV  An
embedding 1o the pirtat unthcation scheme leads (0 observable rare kaon decays In the two
symmetry-breaking chamns mnvestigated in SOU10) with partty broken either at the umification scale
(Mp=Ay), or a1 an mmtermediate scale (M, 2 10" GeV), proion decay 1s predicted with hienme
nesr the obscevable hmil, but, in the former case, rare kaon decays are also predicted near the ob-
scrvable fimit when an intermediate gauge group SU21, X UL}y XSU4i¢ survives down to the
scale M = 10° GeV provided sin’8y =024 The criterion for naturalness turns out to be wide sepa-
ratton between P and Ulllg - -breaking scales

MS code na DWA142 1990 PACS numberls) 12 10 Dm, 14 60 Gh

1 INTRODUCTION

Qut of severgl methods proposed to exptlain small neu-
tnno masses, the scesaw mechamsm' ? has been widely
exploiied 10 partially umitied or grand untfied theories
(GUIT &) ot strong, weak, and clectromagnetic wnterac-
tions  Recently Chang and Mohapatra® ¥ have made an
imporiant observauion on the general vahdity of the
mechamsm' 2 as a viable theory for ncutrino masses
They found that the implcmentntion of the mechanism in
the left-right-symmetric® (LRS) mode! or SO10) GUT®
needs a wide scparation of panity- (P-) and SU(2)g-
breuking scales  Starting with LRS models or GUT's
such as SO(10), SU16), or SUIB), XSU{B),, 1t has been
demoustrated earlier that a wide separation between P-
and SU(2), breahing scales can be reahized in the pres-
ence of suitable Higgs rcprcs:nlnllons.’pr specific spon-
taneous symmetry-breaking patterns * In the case when
the P- and SU(2)4 breshing scales are identscal, the
present bound on ncutrino masses does not permit the

right-handed gauge bosons to be hght
(MW'=M£‘=MR=M,,>10‘-)0"’ GeV), thus leaving
no other testable signatures at lower cnergies In the

Uil g -, presentn the intermediate gauge group to form
Ull), We provide two examples 1n SO(10) GUT where
the proton lifetime 15 precicted to be within the observ-
able hmt of the second generation experiments [ all
cases the neutral current exhibits an admixture of ¥V + A
structure correspondig to a low mass Z, boson mam-
festing itsell in the SSB of the minimally extended gauge
group based upon
SUI2) XU g XUty XSUI) (=Gqyyy)

That a seesaw formula different from the usual lore exists
in the G,,y; model was first noted tn Ref 9, but the left-
handed tniplet A, carrying 8 —L =2 wuas tuken to be
hght for the sake of convenience, which spotls the natu-
ralness of the mechamsm  In all models leading 10 Gy,
considered in this paper, the condition of mimimal fine-
tuming of parameters requires all the components of 4,
to be much heavier than the U, _, breahing scale
which renders the mechanism to be natural

Thus paper 1s organized in the following manner in
Scc 1l we review the work of Chang and Mohapatra 1i
lustrating the ndaturalness of the scesaw mechanmism n

gauge models with a wide separation between P- and
SU(2)4 -breaking scales In Sec 111 we show how the nat-
uralness criterion operates with identical P- and SUQ2), -
breakimg scales using the LRS modd and partind
v umfication scheme  In Sces iV and V we show how such

LRS gauge group or a GUT to the standard model in, ., models can be embedded n two different scenarios of

several steps such that SUQR)g — U{1)g in the first step SO{10) grand unification  Section VI is devoted (o sum
: In a subsequent step of SSB, U(l)z combines with the| . mary and discussions

1
1 '

latter situation the mechamism' ? has no role tn explain-
ing ncutrino masses The main objective of this paper is
to demonstrate that the seesaw mechanism 1s natural in
certain models even if the two scales are identical This s
achieved 1n spontancous symmetry breaking (558) of a
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’ * O NATURATL STESAW AT CHANISM
WITH SEPARATL P AND SU2), -BRLAKING SCALES

In this section we summarize the work of Chang and
Molapatra establishing the naturalness of the scesaw
mdchansm o dettrght gauge models and GUT's with a
wide  separanion  between  P- and  SU(2)g-breaking
"' For wonvenience we discuss the conventional
mechanism in the conteat ol LRS models® based upon the
duyge group

scales

SU), XSUI2), XU, -, XSU(3) X P

v EG:me_' 8:. =81 ),

wheee the quarks (Q;, Q) and leptons (lI/T,:IJ,, } of each
generanon, and Higgs scalars (8,3, ), possess the fol-
lowing  franstormanion propertics  under Gy,
Ypt2l =1, Upllh,2, =1, 1), Q02,1 3.1,
Qa1 205 1), 6(2,2,0,1), A (31,210, AR(1,3,2,1) In
order 10 d¢rive the SSB, and implement the seesaw mech-
antsmn the chain
\Al;)- l’./
Gipyp -5-. SU(2), XUl XSU(3)c(=G,,)
R
RN
——e U1, XSU(3)¢

(=Gyy), m

the scalars are assigned the following vacuum expectation
vdlues 'WWEV's)

0o 0 k 0
(A, )= v, ol (Ag)= Ve O ¢= 0 A ()
feading to the neutrino mass term in the Lagrangian
Mye Mer v
o=y T
‘ A= (V) my g Myg r’i Ny Q)
where N =Civ),  my, =hyV,, meg=hyVg,

my g =hk+h.A’, and h’s are Yuhawa couplings Un-
der the conditon Vg >>A >>V, A’ the generahization of
Lq 12110 three generations leads to small ( large) mass et-
genvalues tor the left- (nght-)handed neutrimos v, (N,)

1e n*

X m,

m, = v
My

’"\,=MR' 1=1,2,3, (4)

){; being the mass of Wi and Z, bosons where P and
SU2), break simultancously The Dirac mass in (4) has
bren chosen 1o be the charged-lepton mass? (mf==m,,
m?=m, m{=m,) leading to m, =02 ¢V, m, =10
. H
heV, and m, =4 MeV. SO(10) breaks into Gpip
through the Higgs representation 210 at the unification
scale t M ), and the other scalars needed for (1) are con-
jained 1n the representatiois 126 and 10C SOU10). Also,
80110} 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 1S

- [ - -2
m, ~10""e%, m, ~10""eV,and m, =10"%¢V Such
"
a feature of the mechanism as obtarming small v; masses
simultaneousty with small mixing angles was considered
very natursl untit Chang and Mohapatra® ¥ observed that
the presence of the terms

Vo= 3 A, THA[ 68,708 7)) . ®)
1)

n the Higgs potential, where ¢,=¢ and ¢,=r1,¢4"1,, leads
to much larger induced values of (A]) and the left-
handed Majorana mass through Mg 1,
AV
=, (6)
1\'{3

of)
myy =Ahy

even though one has {AY ) =0 to start with Here A 1s a
function of scalar couplings and M, 1s the mass of 4,
Thus, the seesaw mechanism'? meant 1o explain small
neutrino masses holds provided values given by (4) dom-
inate over those in (6), which requires

2

AV

hl
3 <<
M2

hy

(7}

For the maximum values of M, =AM, =M, obtained for
¥V, =0 using extended survival hypothesis, the fine-tuming
needed to satisfy (7), or A <<(/t; /hy}*, 1s arbitrary since
the stondard-model Yukawa couphng h,=10"% and
there 1s no reason for hy to be small Without arbitrary
fine-tuning, (6) dominates over (4) and the bound on necu-
trino masses needs My =Mp=M, =10'"-10"" GeV con-
sistent with m, = 1-10eV,:=1,2,3 Insuch astituation

”lC propn\cd ln(f(.hdlll‘."llz does not C)(I)l.l“l neuteing
masses

Introducing P-odd singlets of scalars in LRS, or using
D-odd singlets already present in SO(10) (D =a discrete
symmetry defined 1n Ref 7)in the representations 45 and
210, P and SU(2); breaking were decoupled earher with
the possibihty M =Mp>>M, Then m/, 1n Eq (6) 15
made negligible compared to Eq (4) and the secsaw
mechamism provides a natural explanation for neutning
masses even for low values of M, A number of
symmetry-breaking patterns including two-loop eftects
have been worked out 1n SO(I0) and found to be con-
sistent with M, >> M, In these new SOU10) models the
seesaw mechantsm 1s natural 7' In GUT's of Ingha
rank such as SU(8), XSU(8); or SU(16) specific SSB pat-

i v
FIG 1t Induced values of left-handed Majorana mass term
that spoils the scesaw mechanism
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turns were found that goncrate @symmetry i che Gayyy
g ufge group or pairtal untfication scheme with gy, =g,
(Rel B) and wide scparation between P and SU2), break-
mgs  Simular arguments pernut the seesaw mechanism to
be natural in these GUT s

1T, NATURAL SLLSAW NMECHANISM
INDMODLLS WITH IDENTICAL
P- AND SU2) 4 -BRLAKING SCAL LS

In this section we dumonstrate how the seesaw mecha-
nism s natural in other gauge models with 1dentical P-
und SUQ),-breaking scaics  In popular models LRS s
assoctated with the gauge group Gyayyp, OF

SUI2), XSU(21, XS4l =G yaypy 810 =8ar) -

GUI's such as SO010), E,, SU(B), XSU(B)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-
1ng a natural scesaw mechamsm, although P and SUR),
breah  at the same scale, SUR), XUll)g_, or
SUL2), XSUL4) breaks to Utl), 1 more than one steps,
In the first step Ulliy_, or SU(4l- must remain unbro-
ken but SUQ), —U(1), to generate wide separation be-
tween Mpand My, where My _; 1s the breahing scale

of Uy, This 1s achieved through the following
chains 1o the two models
.yt 0
LFERTH 82
() Gypyp —— Gyyy —— G, ,
(") o (390
\ Mps Me H
(na) Giyp G, G G, .
“(eo G o [EYR R
1
UPERTAERTN H
bl Gip  ——  Gyyy — G, ,
(w90 (a3 )#0

where Gy, =SU2), XU(L)g XSU(4):  In order to un-
derstand the naturalness of the seesaw mechamism it 1s
tieeessary 1o know the order of the masses of Higgs sca-
lars occurning as left handed and nght-handed triplets
which carry B ~L =2 [n case (1) the neutral component
of the right handed Higgs scalar triplet with B —L =0
transtorming as X, (1,3,0,1) under G,y),p gets a VEV at
the scale M, >>My 1o yield the minimally extended
gavge group G,;y; In the second st the neutral com-
ponent of the night handed Higgs scalar tniplet carrying
8 —L =2 and transforming as A% (1,—1,2,1) under
Gy gets @ VEV 10 break G,,,—G,, at the scule
My >> My, Ia this case WE gauge-boson masses are of
order Afg" whereas the right-handed neutral gauge-boson
mass =Ag [t may be noted that in the first step both P
und SU2I, break at the same scale (=M, =) but
Ul XU, -y remam unbroken, which i turn break
1o form Uy at the lower seale MJ =M, _, <<Mg
=M, In (na) Gyyp— G,y by the VEV of the neutral
component of the Higgs scalar transforming as A(1,3,1)
under Gy, In the second stage Gy — G,y due to the
1

VEV of the nuuteal omponent of the Thggs scalar trans-
forming as &(1,1,15) under Giay with My 5> In the
case (nb) the SSB Gyyp— Gy 15 achiered by the neu

tral component of the fhggs scalar transforming as
ol1,3,15)  under Gy, The symmectry  breaking
G113 — G, proceeds in the sume manner as i case 1)
through the VEV (A% )70 In the cases (1} and () the
final stage of SSB 15 achieved by the standard doublet of
Higgs scalars  Thus compared to the scesaw mechanism
envisaged 1in Sec Il new types of Higgs scalars ure needed
in cerlain cases 1o drive the SSB in the models  In the
hight Higgs-scalar sector there are two neutral particles

the standard Hhiggs scalar with mass l\"‘"":/\”“ and the
neutral component of the nght-handed triplct with mass
My =M} Since LRS 15 mantained at scales u>>Mg,

the Higgs scetor must be left-right symmctric for such
values of g Using extended survival hypothesis, the
charged components A}, Ag ™, and A7~ In the trnplct
821(1,3,2,1) under Gy,yy 10 case (1) acquire masses of order
M, The left handed counterpart of Az, 1¢, 4, (3,1,2,1)
under Gy, does not contribute to the SSB at any stage
Its role 15 to mamtain LRS and, according 1o cxtended
survival hypothesis, masses of all the components 1in &,
is of the order M In the cases {1 a) and {11 b) the right-
hunded triplet is contatned in the G,,, representation
Ag(1,3,10), whereas the left-handed triplet 15 contamned 1n
8,(3,1,100 Only the neutral component of 4% acquires a
mass =M but all other components of 8, und A, have
masses of order Mg In the case (na) all other com-
ponents of £(1,1,15) under G,,, have masses =My ex-
cept the ncutral component which acquires a mass
MY=M. Al the components of X(1,3,1}) under Gy,
have masses =M, In the case (nh) all the components
of 0(1,3,15) under Gy, have masses M, = A1,

Now using the scesaw mechanism and adding the in-
duced mass term due to Fig |, we obtain, for the neutri-

no mass of 1th generation,
_ Ak YoM MY (mpPy
', - 3

g M My

y =T, (8)

where the first {second) term 1s the induced (seesaw mech-
amism) contribution and g 15 the approprutte gauge cou-
pling  The dominance of thie second term over the firsg,
destred by the naturalness criterion, requires

. 0
" My Mg
' Mg
or
Rm,D>>M,,,, 1 =e T, 9

where R =MJ/MJ and we have used AhY'/gi=1,
1 =e,u, 7 Inequahity (9) 1s our new naturalness condition
mn order that the scesaw mechantsm provides o meaning
ful theory lor Majorana ncutiino masses  IH we use the
charged lepton masses for m [, than 1 >> 10% lor the st
generatton  This automatically guarantees naturalness
for the second and third generations  since
m,>>m,>>m, If VI A4 structure of neutral currents
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TABLE I Some pridichiuns of the partal untlication mode! TABIL I Shmue pradictions of the partial unimicstion

Gy =Gy, G v with M2 =1 TeV s dosenibed i schel 6y ——— G (i — G,

My u V. 'y
the text T ===l P —

- T e— T T = BT 2 \’K \', = \{( = \"‘

V . My =M, [{eT0 7] (G vy sin 0,
GV V) HLICTa 8 10" 0235
10’ sX 0™ 0230 4% 10" 01230

10" 0225
10° 1" 01235
10° B 10" 0220 1 o> n' 0230
2x 10" 0230 S A e e it

— gx 10" 0235

10" GeV>> M >>10° GV In this case, i addition to

pradicting the low ancrgy gauge group to be €y,

are dusirable at low cnergies along with the detection of beyond the standard model the rare haon decays are tha
£, at the supercolliders, 101s neeessary that M) =1 TeV, prC\C:IClL]d “; be obser\z;)l))lc, corrTSpondmg to “ICT 10
\\l\‘k,h lﬂ\pllLS that lht: ﬂ\LLhdn\S(“ \S na(urdl |( GC — "n__‘ll‘,;ﬁ st‘colg”G \/lhc Sol\(l;ll\nncb ‘)vrc C?nglslcnl
Mg =Mp>>10° GeV A very interesting feature of the My _IZC b A= Th eV—3Xx R = ‘L ,/vz;:,‘;l]ovow
new chiss of models specihed 1 (1) and () 15 the natural mass Zg Doson ¢ parameter R =4y /My = n
ness of the mechanism with the mimimally extended both cases and 1s found 1o guarantee the naturalness con
. dittlon  The neutrino mass spectrum for fower values ol
gauge group  Guyy at lower emergies  Using a0 0 LT VTSP U VUMY for
rcnormahzation group equations (RGE s) 1t 1s easy to R= e tyi o
suisfy the condition M, o> My i the case () and the the three generations  In such cases m, and m, woulc

~ It
coltstrannt arining out of Ky —A¢ muass difference as ob- violate the cosmological bound One method of evading
served 1n Ref 9 In fact RGEs do not constrain the cosmological bound 15 to make v, and 1+, unstable
Af,= Mg as there are three unknown gauge coupling against Majoron emission as discussed 1n Sec VI In the
constants g4 =g8ap+ Lar» ond gy for uZ2 Mg =M, But next seetion we examine embeddings of models (1) and ()
1n Lases (1 a) and (1 b) there ure Lwo unknown gauge cou in SOUQ) grand unification

phitg constants, gry =g and gyc, for = M5 =3¢, one
of which can be ehiminated using the hne structure con-
stant matching at e=af,  For the case (na) the relunion
between s1n20,, and the mass stales can be expressed 1n
cluding one loop corrections as

IV IMPLEMENTATION IN SO(10) WITH G5,y AS AN
INTLRMIDIATI SYNMRAIT [RY

In this scction we show how the new scesaw mecha
nism operates 1 an SO(10) scenario where Gjy),p and
, o 8x My Gy occur as the two intermediate symmetries  lhe
sin Oy =‘i“’——" S=lin=-— well known problem in such a GU T scenanioas the pres
ence of undesirabie dommn walls'' and nsdequate

e Me  1la. MO baryon asymmetry'? of the Umverse 1{41\1,,=|1'\IIR* << 10"
— S s == =, (100 GeV  On the other hand (f Mp=M] 210" GeV the
om fx 3mo My, * baryon asymmetry is compatible with the observed value

_ 2 _ 3 and the domain walls created in the enrly Umiverse might
where a=aly,)=e (M, )/4m and as=g3(M, ) /4 have been removed by inflation  Our analyses in this pa
The corresponding equation for case (nb) 1s obtained per dumonstrate that the RGE's permit such solutions
fram Eq (10) by using Mg =AM, =M Solutions to the  w¢ discuss the embeddings of these proups in SOU10) and
RAL s in cases (11a) and (i b) have been obtamed with the find solutions to the unification mass (M) sin’0y, and
QCD parameter Ags =02 GeV, where MS denotes the intermediate scales including renormahizanon eflects on
modified mimimal  subtraction scheme, sin®g, =0 22 gauge couphing constants up to two loops and superheavy
-0 24 and for values of M§ =(3x107-10°) GeV, some of  Higgs scalar effects "*~'> The case (1) mentioned 1n Sec
which are presented 1n Tables I and 11 For the case (na) Il can be embedded 1n SO(10) grand unification as fol-

we found 7X10"7 GeVEM7 =M,<2X10"7 GeV for | lows
|
210 44“3‘ 126 10
SO(10) —— Gaiyp =2 Gyyyy 22 G, 224Gy, an
My Mp=dty MR =My, My

where the Higgs scalars mentioned 1n (1) are contained in the respective SO(10) representations X945, Bg C126
$C 10 Inaddion, the GUT symmetry breaks down to G,,,;, when the neutral component of the Higgs scalar trans
forming as (1,1,0,15) under G+, and contained 1n 210 acquires VLV =AM, In order to make GUT predictions using

the eflcctive gauge theory approach,’ '* the superheavy components in different Higgs representations needed for SSB
vt 1 . {
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m oM 1) e noted below along wath thur masses and transformation propertics under G 4y !
WDV, ity 2l M, L=y

126D My, 31 V3D M B0, = VL6 A (13,34

P My L3 SV RO M (LY IR DM, (L)L -V 53.3)

T M 220 0+ M, (2,2 -\/-\,JH-\I,', 2,2,/ VEALG, (2208,

4523, (11 =V DM L LV T M (11,0 B)+ M, (2,2, VILn+u, 22 =,
2100 M, 13,1 —\/,,,J)+MS 3,1,/33 3)+MS’ (3,1,0.8y
+ ML =V 0+ Ms (L3, \/,,.3)+MS (1,3,0,8)+ M (2,2, Vin+ g, (2,2,/74,3)

M 02,2, = VAL My 2.2,V (22, M] 2,2, -V/34,8 (12)

If the component masses are taken to be arbitranly nondegenerate the model loses 1its predictive power on the proton
Wfctime (7, ) and sin Sy  We exanune 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 ' In all cases
T, (p—e "M is predicted near the observable imit  In order to constratn masses under condition (b), we maximize 7
using the RGE for Int M, /M, ), which leads to

14

My, = M, = My, = MGy, =My = M5 =M = M5 =M =M =M =My =M

(13}
Mu,=‘ n =My =wu,=‘";l.=‘MIl1w=M§ =M§,=M§ =AM, =M5 =MS‘=\1""

Using a mimmal number of Higgs scalars ond lhrcc fermion generations we have computed the one and two loop
~aeflicients in the equations for In(M, /M ) and sin’8,, given below

Af 3 ' 8 M MP
ln:»-{;’-:—-= 2; iyl hin M:, +ﬁ|n—MLw——'—°(-27lnx =27 lnx % + S ne, — % inx §e
3
> + + f|+) A 1~)
+ Sinxgy +20nx 3 + JFlax g — Finx o+ $nx )+ Binx Y, — Pinefo)+ L {210 ~28n ,
’ v My
(14)
0
9a__92a, Mi  sa Mg
shn?0y = {+————="=Ih——+ =y, =
29a, 87 M, S58r i,
- —2:7 { Wlnx Y — Bnx i+ @inx g + Snx e+ Sinx g,
+ 21nx 3 + 421nx ) + SHinx Je + 2 inx S+ Pinx§, + 2nelc)
a M M
- 331 —441 .
174r 70" My, "My (s)
where .
v e M) e a M) o a,(M32) and e = gu)
T ay T e T My LA
y f
Using an tterauve canvergence ?roccdurc that ensures ! tions are summarized in Table 1
fine structure constant nm(chmg at p=M,, we have At the one loop level, neglecting superheavy sealie
computed M, 7,, and '8, as a function of My for szus the modd  predicts My =107 Gy .mI({
—_ t
the degenerate and nondegenerate cases as shown in Figs , 51078, =0 225 for Agg=250 MeV and Mp=My =10
2 and 3, rcspccnvcly, while kheeping Zg hght (M3 = GeV  This 1s consistent with {7, )= 10% yr, where we

TeV), where 3 = '=InM'*'/M, Some interesting solu- , have included an uncertamnty hclor of 10~ 1 T, anising
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Predictions of the symmetry breahing pattern
SOOI~ G +y,p~+G |y as described in the text with \I,. £

TeV with and without degunerate superheavy 1iggs scalar con
tnbutivns The dot dashed curve is lor Ag, =0 250 GeV, others

s
are for A, =0 160 GeV

out of uncertaintics in the estumation of the proton decay

matnx daments, brindung ratios, and A g, 117 Iuclud

iy contrbutions up to two loops and no superheavy-
Higgs scalar effects, 7, dccreascs by two orders corre-
spondmg to the curve 3'*'=%'"'=01n Fig 2 for which

Az =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 Ag5=160 MeV,
and the decrease 1n sin?@,, 1s only 00015 Allowing the
possibility of Agz=>250 McV and the superhecavy scalars ,

lighter by a factor 50 from M, we find

Yy

027 'ﬁi" T T M v T T T T

L2 3023 4 =-23025 ~
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FIG 3 Same as Fig 2 but for nondegenerate superheavy

scalar musses unde” a Coleman Wenberg l)pc constraint and
for Ag,=0 160 GeV

I -

(7, ),,,,_ 10-10% yr, with Mp=4f; 210" GeV and
sin?@,, =0 220-0 227 as shown n rlg 2 and Table [
Increasing V2 from 1 TeV 1o 100 TV does not huve
significant impact on the GUT predictions Inthe cise of
nondegenerite  superheivy  components restricting
Mp=My > 10" GV oand sin’g,, =0 22-023, 1, »
found to increase over the one loop predictions by nearly
2 orders ff M'*'=M, and M'T'=M_, /10 In this case
7, =102 210M% yr, with M =AMp,=10"-10" GV
and sin?0,, =0 22-0 225 Tor larger values of nondegen-
eracy factor, 7, could be larger as shown in Fig 3 The
allowed values of the low mass of the Z; boson (300
GeV-1TeV)are consistent with the eV keV MeV type of
mass spectrum for the neutrinos of the three generations
when we choose m P=m,, mf=m“, and mP=m_ as a

Yp

TABLE 111 Some predictions of the model SO(10) —— G 3,y —— Gyyy; on sin’8y, and v, with M§ =1 TV, Ag;=0 16 GeV
and different values of the paruty vivlating scale (Af,) including superheavy Higgs scalar eflects

|3 |5 17 (03
il

My =M, My 7,
U n ! (GeV) (GeV) sin B, ag' {yr)
-230 —-2130 8Xx 10* 2% 10" 0240 36 1 1 2% 107
56x10° ) 4x10" 01235 357 Ix o
25x10" 7% 10" 01225 320 I sxipet!
—345 —345 45%10° 2x 10" 0235 324 103143
2% 10" 12x10" 0226 36 0%
—-123 —46 1 6x10" 2 4%x10% 0230 I 2X 10343
10'? 1 8x 10" 0225 308 1Q) 4
63x10" 13%10" 0221 304 1 4x10ME




conscguence of natucal sees v mechamism

Onc dithiculty i having osses ol the order ot KeVoand
MV tor v oand v s the violation ot the cosaological
bound The duhu:uhy 15 removed by making them unsta-
ble with respect to decay into v, by the emission of a Ma-
joron wiuch 1y abtaned by ntroducing an additional
2obal Lt o =lcpton number) symmetry 1n the theory
wd breaking 1t spontancously at a scale VM >> My The
RGE~ also pernnt solunons with larger svatues ol
MR=M, ~10"=10" GV When Mp= M = 1001~ 10"
GV R =10 tor sach targer vatues of MR, which
safishes  the  naturalness  oriernion In s case

m o ~m, ~m, ~1-10cV and there s no conflict with

the cosmologics) bound  The weak-iteraction phenome-
nology with such large £, mass 15 indistinguishable from
the standard-model predictions

3
5“"1 l’l 126
SOt G Gy — G,
t fc My

The Hizgs scalars mentioned in See 11 for case (1a) are contained 1n various SO(IQ) representanions
N INCHS D,1L,3,10)0C 126, $(2,2,11C 10 where the translormation properties mentioned are under G,

AV IMPEHINTENTATION IN SOOD
MILEEGayy VS AN ENTT RN DEATE SYNMME TRY

In ths scetion we show how the sees tw mech s can
be implementad naturally with Gy, as one of the twon-
termcdiate symmetries ocenrring i an SOU0) scenario
Comipared to the case discussed tn Sec 1V this has the
nosel tomure thit both SU, and P brak i the GUT
seale tha s eaperimentally constramed VM, 10"
GV The guostion ot domam wall problem does not
arise i this Cise v addimon the proton decy 1t could
be Jlose to the observable Tt ol RGE s pomn
My =10 GeV  For case {(ud) we hase tound the
wiheation mass oo low to be allowed by proton-hlciime
measuroments unless additional ine tunimg s permitied
On the other hand case na) s promising in the context
of the GUT scenario

(16)

(1 31 1)CdS5,,
Note

thyt both 54 and 45, ure needed for the SSB at 1~ M, The masses ot superheavy components of different Higgs repre
sentanions needed tor 558 in the case (16) are noted below with thair transtormanon propertics under Gy,

10D M, 12 =L 1)+, (1,0,6),

1265 M}, 11.0,6)+ M, (3,0,10)+Mj; (1,0,100+ M, (1, ~ 1,101+ 3, (2,1,1514 M, (2,— L 15},

45,3\1\‘|‘3.0H+ Vg (1,0,15), (n
45 DML 13,0 N+ (l,l,l)+M))(|,0,l)+ M UL =L+, (2,0, 60+ Vg2, = 1,6),
542 \I;'ltl. i1+ U;Z(),O,H-‘-M;"(J. =11+ \1;;( 1,0,20) + M (2,5,00+ \1,'.(2, = 1.6)
Mavimization of -, leads to the following constraint on the superheavy-component masses
My =My =M =My =M, =M, =M = Mg, =Ms =Mg =M =M =] =Mg =M
My =My =My =My =M) =Mg =M =M""" (e

Using three gencrtions of formions with masses g < My, , mimimal number of Higgs scalars at vatious stages of SSB,
and the super heavy Higgs scalar effects near p =8, we compute fn ¥, /¥ and sin0, up 1o two loops as

Mo o= |1 i \o
[ = — . 8 — —',In < + —'—,ln R
M o7 |a 3a, My ® My
AL+ M
-4 [28In=——291 ,
'Y n “{U n Alu
M, A<
sln()“=_;'+._§l~a__4_3?£n ¢ 35a . R
20la, 402w M, 402m M,

4a1)

a
— o= Wnx §) + 220nx Py — S inx | + 10

Te

12¢ H

67w

+ Ulnx o+ Vinx § o+ Wnx 2+ Binx, + a4 -

Ind

Vo 4 4 4 U
PRI + Rinx i — Box i+ Rinx § +2Inefy + Sinxfy — e §+ #nx P+ 2nx? — S inxd,)

(19]

Inx§, +2nx§,

) =
+9281In M
v My,

a FYAN
-16
S04 Y

20)
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FIQ 4  Predictions of the symmetry breaking pattern
SOt =Gy~ Gy us deseribed in the text including
superhvavy Higgs scalar clfiets  for ‘\I“l =| TeV und
AGy=016GeV
where \'

o
Lt st \f,,l N ;_u,(t\f,) v e ﬂ\lh! )
CoadMO T T a My T A My

Following the ilerative 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 M3 =1
TeV ure shown in Figs 4 and 5 for As=0 160 GeV,and '
0350 GeV, respectively (Ref 17) where
n' -'=IntM'='/M;) Some of the interesting solutions
are also presented 1n Table IV. At the one-loop level
with Az =0 350 GeV the predicted value of 7, 1s found
ta be very close to the observed expertmental hmit for
Me=10" GeV and sin’d,, =0 235, but 7, 15 found to be
l-2 orders less than the experimental hmit for
=0 160 GeV. When superheavy-Higgs-scalar effects

AT
are  mcluded  in two-loop  calculations,  we  find
*rp‘:lO” 0% yr, sintoy =0 230, M’C‘-:l07 GeV

A\l
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FIG 5 Sumecas g dbutfor A, =0 35 GeV

with Ags =160 MeV 1f the heavier (highter) components
differ by a factor 10 from the unification mass For larger
values of Az or nondegeneracy factors, 7, 1s found to in-
crease further We find that this SO(10) model permits
observable rare kaon decays corresponding to Af =~ 0%
GeV provided sin’0,, =0 24 In all allowed solutions in
this model M7 =M, =M,=10" GeV With M{=1
TeV, R =10"%, and the naturalness criterion is easily
satisfied As in Sec II, the low-mass Zz boson yields the
neufrino-mass spectrum as eV-keV-MeV for the three
generations  The wiolation of the cosmological bound by
the v, and v, masses 1s avoided by making these neutrn-
nos unstable against Majoron emission through the intro-
duction of an additional global lepton-number symmetry

UCl), (Ref 18) But the RGE's also permit MJ = 10°~10°
GeV as the Zg-boson mass  for  which
m, <m, <m, =1-10¢V as a consequence of the natu-

ral'secsaw mechamsm with R =10°~10', and this 1s con-
sistent with the cosmological bound with’ stable neutri-
nos In this case the predicted weak-interaction phenom-
cnology at low energy cannot be distinguished from the
standard model predictions

v (o
TABLE IV Some predictions of the model SO(10) —— Gy, Gy for two values of Agg on sin0yy and 7, with Mj =1 TeV
und Jlﬂ’:renl M( m_c_lgan_!g superhcuvy Higgs s scalar-effects as descrnibed n thc text
Ags M, M, T,
(GeV) 7" n! (GeV) (GeV) sin?d,, ag! (yr)
23 —-23 4x10 10" 0240 483 17x10" %3
016 3xi0* 10" 0235 476 1 axi0"®)
0 -46 Ixiot 13x1o" 0240 423 2 3x (0
1 6X10° 1 1x 10" 01230 408 1 §x 100!
23 —-23 10° 24x10" 024 488 4 3x1001%}
038 S 6X10° 22x10" 0230 474 2 9x10%}
0 —46 S 6X10° 21x10" 01235 417 5% 104
4%x10’ 2 5%10" 0230 410 3 gx10%s

(0310



MEOSUNMNMARY AND DISCUSSION

In this paper we have suggested the new possibihity
that the scesuw mechamsm tor newtrino masses could be
natural e the context of the lett-right-sy mmetric gauge
group, partial umhcation scheme, and GUT's even i the
scales of P and SU(2)4 breakings are 1dentical  In these
models, the Pbreaking scale 1s the same as the We
gauge-boson mass (.M p =My ) and the Utily - -breahing
scale 1s the same as the Zg-boson mass (M} ). The cri-
terion which guaranices naturalness has been derived and
15 found to depend upon the largeness of the ratio
R=Mg/M}> 10 At the critical value of the ratio
R =10% the induced and seesaw mechamsm contribu-
tions are comparable, but for larger values of R the in-
duced neutrino mass becomes smalier.

1n the LRS model based upon the gauge group Gaayip,
1 1s very easy to implement the mechanism as there is not
much restrichon on Mp=Mg In the parual-uminication
scheme with onc intermediate symmetry Gy, the RGE
permits  Mp=Mo =M =107-5X10"  GeV  wuhb
MR=M, =300 GeV-10° GeV fcase bl However,

with two intermediate symmetnes Gy, and G.pyy [Lase
tna)] the solutions uliow M,y=M7F =7x10-10'" GeV
tor 10'° GeV > M. > 10° GeV, predicting rare haon de-
cays to be observable by low-energy experiments besides
a low-mass Z, boson

In the SOWIQ) model, mplementation 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=Mg 210" GeV With Gpyip and Gyyyy -
termediate symmetries, RGE's up to two loops, with
superheavy-Higgs-scalar masses lighter than M, by o
factor of 10~50, are found to allow the intermediate P-
breaking scale Mp,=10"-10"" GeV, observable proton
decay by the second gencration of experiments with
-, =10%-10"% yr, and 2 low-mass Z, boson
133 =300-10° GeV) ln thus case there 15 the possibility
that the dpmaim walls created i the early Universe might
have been removed by inflation  In this context it 1s 10 be
noted that the large P-violating scale can be assoeiated
with the breaking of Peccer-Quinn symmetry invoked to
solve the stropg CP problem and can be generated by the
principle of geometric therarchy from My = 10" GeV
and Mzkt-lO’ GeV, or M,, Further, it has been ob-
served that while embedding a LRS gauge group as an -
termediate symmetry s SO(10), the generation of an ade-
quate baryon asymmetry of the Umverse needs such o
large P-violaung scale '? In the other interesung SOU0}
scenano with G,,; and Gy, as the two mtermediate
symmetries, superheavy-Higgs-scalar masses differing by

wtactor P rhighitee on bosen Brom the tmtication o s
allow 1= 0~ 10" v s The possibility o) obsrs bl
rare haon decays and a fow-mass £, boson T the two
SOUM madels discussed hiete Gy s alfowed to b the
gauge ssmmetry boyond the standard madel with the pot-
mitted sahies of o Zg-boson muss varying over o wider
range 300-10° GeV

The weak-mteraction phenomenology ot fow wporgy
does permit a low-mass Z, boson (A} =300 GeV-|
TeV) i the G,y model which yields fits 10 the neptral-
and charged-current data similar to the standard-madel
predictions.® ' When such values of M) are used i the
notural seesaw mechaniam, the neutrino musses are of the
order eV KeV, and MeV for the first-, second-, and
third-generanon neutrinos, respectively, out of which the
latter two violate the casmologreal bound  The cosmo-
Jogical bound can snll be respected with Jow-Z, muasses
by making v, and 1. unstable with respect 1o the cossion
of a Majoron wineh 15 a massless scalar carrymg 2 units
of lepton number, and 1t s created when an addiionat
global swmmerry ULy U =lepton aamber), attached to
the models, breaks spontancously ™ Wuh the other al-
lowed possihility, M§ =10 GeV, m, <myg <myo~d
- 10 eV, there 15 no violation of the cosmological bound
The weak-nteraction phenomenology nt lower cnergies is
then ndistinguishable fram the stundard-modcet prechic-
tions within the available experimental accuracies How-
ever, one novel feature in the partial-unification scheme
and SO0} model with G,y auid Gy intermednite syr-
metries 1s the prediction of observable rare kaon duoys
sucth as A, — @  The analyses carned out hero i SO0}
can be easiiv implemented o oother GUIS sueh as
SOL2V1Y N > 5), Ly, and SUOTE) wath stnubar predictrons
However 1 SUIB), XSUIB), winle all other low energy
predicnions are sinnlar, 1tas possible to have w mord stable
proton <nce the gauge-bosan-mediated mieraction corre-
sponding ta the proton decay Is absent

Finallv from the mvestigavions carned out an 1ins pa-
per we vonclude that scenartos different from those dis-
cussed by Chang and Mohapatra m Rel 3 and worked
out earhier’ * do esist i LRS models, partial wication
schemes and GUT s in which the seesaw mechamsm can
provide 3 natural exphinaion for small Majorana neotn-
no masses even if the - and SU(2), -breaking scales e
idenuecal
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