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INVESTIGATIONS BEYOND THE STANDARD MODEL 

ABSTRACT 

The investigations carried out under this thesis can be 

broadly classified into two cateqaries:(A) The impact of certain 

higher-dimensional operators on the predictions of SU(5) and 

30(10) grand unified theories, (B> Natural seesaw mechanism for 

neutrino masses in a new class of moqleis with identical parit> 

(P)-and SU(2) -breaking scales. Whi^e the Chapters II-V have beer 

devoted to the analysis of the type (A), Chapter VI is devoted tc 

obtain results of the type <E)• Chapter I provides a general 

introduction while the summary and conclusions are stated in 

Chapter VII. 

Although superstring theories offer an exciting possibility 

of unification of all interactions, the e;;tension of the original 

Kaluza-Klem type of unification with gravity by the introduction 

of extra spatial dimensions is also a very attractive one. The 

impact of such a unification scheme on grand unified theories 

(GUT's) need special attention m the context of direct and 

indirect experimental signatures at low or accelerator energies. 

When ertra dimensions are compactified, besides the usual GUT 

Lagrangian of the effectis'e four—dimensional theory, 

nonrenormalicable terms involving certain highei—dimensional 

operator(s) and scaled by suitable powers of the compactificatior 

mass (H ) usually occur as residual effects of compact ification. 

Although the presence of such terms makes the BUT Lagrangian 

nonrenormal1 sable, a very attractive feature is that they a^e 

abso'-bed as renormal isable terms o-f the Lagrangian of the 

effective theory at the lower scale <̂i « M,,̂ ? once the BUT 
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symmetry breads spontaneously. For e;;ample, the effective theory 

below the unification mass in SU(5) is the standard theor-, 

6 ^=SU(2), xU(l)^.xSU(3) ̂ . The effect of such f ive-dimensional 
st L Y C 

operators on SU<5) and certain SOCIO) predictions have been 

investigated by a number of authors who have noted that such a-n 

operator might also originate from effects of quantam gravity i-̂  

19 
four dimensions especially with M^ SJ M =10 GeV. We have eitamined 

f ' ^ G pi 

the modifications cauBed by the five- and siK-dimensional 

operators on SU<5) and the relevant five-dimensionai operators i-

the effective chains of SO(10) leading to very attracti\e 

predictions for low-energy e;;periments not obtained earlier. 

In Chapter II we show that the combined effects of th3 

five-and six-dimensional operators lead to large enhancement Q-* 

proton lifetime <T ) m BU(5) with T >10'' yr for the p • e n 
P p -" ^ 

mode and s m ^ © , 2K 0.22-0.24. 

In Chapter III we found that even with a single mtermediata 
H M 
U C 

symmetry in the chain SOCIO) • SU-'2), xUC i ) _xSU C4) _ •G ., the 
L R L. St 

quark—lepton unification scale is allowed to be as low as 

10 -10 GeV, when the effect of the relevant five-dimensicnal 

operator is included m the rencrmalisatlon-grcup equations 

(RGE's). Such a scale leads to the observable rare-1^ aon deca> 

CK, • ij e) and small neutrino masses. 

In contrast to the chain made fay Rizzo few years earlier that 
+ 

the low-mass W_ -gauge bosons a.re predicted m the scenario, 

SOCIO) • SUC2), xSUC2) xUCi; xSUC3> xP C=B^^,„.) • G ,, 

where P stands for parity, leading to M„ rs lOOGeV, we find that 

the modifications to the boundary conditions of the RGE's have not 
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been calculated correctly. When this is done, the lowest 

g 

permissible value turns out to be li_ ~ 10 BeV, invalidating the 

earlier claim. Interestingly enough, when we adapt the method D + 

decoupling P- and SU (2,5,-breat m g s with the same intermediate 

symmetry, but excluding F (g^, ?̂  g^p) , the effect of tne 

five-dimensional operator permits Mr-, sa SOOGeV - few TeV. Thus = 

very interesting and new result of Chapter IV is the demanstratio-

of the existence of low-mass W_ and Z -gauge bosons m SOCl"'' 

Without observable parity restoration. 

In Chapter V we investigate the effect of the reveiart 

five-dimensionai operator on SGilO) predictions with the single 

SU(2), xSU(2)_xSU(4)„(=G^^.) intermediate symmetry with and withour 

<P). In the case of 6^^.p intermediate symmetry, the quart-leptcr 

unification mass M„ and grand unification scale M. are found to C5 

as large as M^ ^ 10 BeV and M,, 0£ 10 GeV, respectively leading xc 

a very stable proton and no cosmological ly problematic domai'-

walls. With S_^, intermediate symmetry, it yielcjs 
M„=M,, ~10 -10 GeV leading to observable predictions of n-r 
C Wj^ 

oscillation, and K • /u e decay and small Majorana neutrino 

masses. 

All investigations m Chapter VI are made without introduci-.g 

any highei—dimensional operator. We find that m models of the 

following class, 

U P R 
SOCIO) • Q^,j3p • SU(2)^yU(i)pXU<l>g_^xSU(3)^(se^^^^> 

st 

•^U=^R ^C ^ 
50(10) • G^^^ • 62^.3 • B^^, 
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the seesaw fnechanism for generating small Ra jo nana neutrino masses 

can be implemented in a very natural manner m that the induced 

contributions are negligible for certain large value of the ratio 

M^,/M°, permissible by the solutions to RGE's. In these models the 
R R 

low-energy gauge group could be a minimally extension of the 

standard group predicting the existence of a low-mass 2 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 been produced under this thesis, 

1. "Gravity-induced large grand-unification mass m SLi(5) with 

higher-dimensional operators," 

H.l^.Panda, P.i^.Patra, and A.K.Mohanty, Phys.Rev.D 39, 

316(1989). 

2. "Spontaneous compact ification effects, low-energy signatures 

of quark-lepton unification, and small neutrino masses in 

SOCIO)." 

H.k. Panda and P.K.Patra, Phys. Rev. D39, 2000(1989). 

3. "Spontaneous compactification effects in SOCIO) with 

+ 
low-mass iM~-gauge bosons without observable parity restoration . 

M. P. P a n d a and P.K.Patra, Phys. Lett.234B, 45(1990). 

4. "Spontaneous compactification effects on SO(IO) grand 

unification with SU(2) xSU(2)^xSU(4)_ intermediate symmetry" 
L. K L. 

P.K.Patra and H.k.Panda, submitted to Phys.Rev.D. 

5. "Models with natural seesaw mechanism for neutrino masses 

with identical panty-and SU (2) -breaking scales." 

li.} .Panda, P.f -Patra, and C.C.Hazra, Phys.Rev.D 43, (1991). 
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INTRCOHJCTIQN 

The standard model of strong, weak, and electromagnetic 

interactions based upon SU(3)_xSU{2>, xU(l)^ -̂'̂ .t* *̂ ** been proved 

2 
by numerous experimental facts. From the experime^ital point of 

view, there is no compelling reason 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. 

In the standard model there are three different coupling 

constants, g-̂ ,̂ Qot * ^"d g^ associated with the gauge subgroups 

SU(3)_, SU(2). , and 11(1)^ respectively. Therefore, the theory is 

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

3~6 of 6 . are allowed to emerge from a grand unified theory (GUT), 

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

15 can be unified at a high scale (2: 10 GeV). Certain grand unified 

theories (BUT's) with hl=l supergravity manifest as effective low 

energy thcMsries predicted by the superstring theory (SST) 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 

inderpendent of SST has been shown to be possible by extending the 

8 9 Kaluza—Klein ' frame work appropriately to higher dimensions. 

Then SUT's in four dimensions appear as a result of 

compact if icat ion of extra dimensions. "* 



The standard model does not explain the origin of parity-(P> 

and CP<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 

12 Kobayashi-Haskawa (KM) 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 fermion 

generations to get CP-violation. On 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 <SSB) leading to the standard model. 

Left-right-symmetric (LRS) models with or without incorporating 

the possibility of quark-lepton unifications, based upon the local 

gauge groups SU(2)j_xSU(2>pjXSU<4)j,xP(g2L='92R^ *^*^224P*^ °^ SU(2>j^x 

SUi2)^x U(l)g_|_x SU<3)j,xP(g2L=g2R><sG^2i3P*^^ offer such exciting 

possibilities where P- and CP-violations can be assigned 

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 

14 are m < 18eV, m < 250keV, and m < 35MeV . There exists a limit 
e ju T 

15 of about lev on the Majorana mass of v . Thus it is evident from e 

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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quarks. On the othssr hand, in the standard model, the neutrino is 

fliassless and the model prediction for the neutrino magnetic moment 

fu 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 (v_) in the standard model. 

However, if a v_ is added to the standard model the neutrino 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 

cosmology. Experimemtal measurements involving neutrinoless double 

^-decay, neutrino oscillations,and the observation of neutrinos 

emitted from the sun and the i987A supernova explosion Ara 

consistent with small neutrino masses. Thus, the neutrino masses, 

if 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 sy^net^i^y gauge group G__ ^p or Go-̂ Ap 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 Oirac 

mass. On the other hand, if neutrinos are Hajorana particles, 

there could be suitable Higgs representation with two units of 

B-L, which can also generate small Majorana neutrino masses by 
16,17 seesaw mechanism. 

The standard model contains a large number of parameters to 

18 explain physical phenomena including fermion masses. They are 

the 3 gauge coupling constants, 6 parameters for the 6 quarks plus 

three generalized Cabibbo angles, 1 CP-violating phase, 2 
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parameters for the Higgs potential, and either 3 or 10 mass, 

mixing,and phase parameters for the leptons (corresponding to 

massless or massive neutrinos), for a total of 18 or 25 

independent parameters. In addition, there can, in principle, be 2 

CP violating vacuum angles, ©npj^ and 6--.-, associated with SU(3)„ 

and SU(2>. . But an aesthetically appealing alternative theoretical 

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 

2 
view to predicting proton lifetime <T_), sin ©„, and other 

possible low energy signatures. Minimal SU(5) has been ruled out 

as it predicts T- several orders lower than the experimental 

limit for the p • e n mode. In SOCIO) and other GUT's like 

SU(8),xSU<e> ,SU(16),S0(18), and E 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(3)_ as the next higher symmetry 

above the electroweak unification scale <ii,.). But when the 

conventional method of LRS breaking is adopted, where 

SU(2)j^-breaking scale is identical to the parity breaking scale, 

the scale of 6__j__—breaking or G^^.p-breaking turns out to be 

very large (> 10 GeV). This rules out almost all the testable low 

+ 
energy signatures of W~-gauge bosons, V+A structure of charged 

currents, or quark-lepton unification through SU(4)--gauge-boson-

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

play in CP-and P-violations, the UL —gauge boson must be within 



151 

20 TeV range. Such an objective of obtaining low G_^^ -or 

6-„.-breaking scales has been achieved by implementing the novel 

21—23 mechanism of decoupling P- and SU<2)_-breakings in these 

GUT'S. Besides, the mechanism has successfully removed the wall 

24 known domain-wall problem while generating the observed baryon 

25 asymmetry of the universe . Recently superheavy— Higgs-scalar 

26 effects have been found to significantly lower the '̂ •TIOIT 

breaking scale in S0(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, phenomenology of SST would attract 

considerable global attention. In the absence of any 

experimentally conqselling 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 authors . When extra dimensions 

are compactified leaving out grand unifying symmetries in 

four-dimensional space, 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 50(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 

nonrenorfflalizable at the level of the GUT, an attractive feature 

is that, after spontaneous symmetry breaking (SSB>, this term is 

completely absorbc?d into the renormalizable gauge-field-kinetic 

energy term of the effective standard or intermediate gauge 

symmetry. The five—dimensional operator bringing about significant 

28 changes might originate from effects of quantum gravity in four 

dimensions. A major objective of this thesis in Chapters II —V is 

to demonstrate the possibilities of very drastic modifications of 

5U(5) predictions in the presence of five- and six-dimensional 

operators and certain scenarios of SO(10) with single intermediate 

symmetries in the presence of the corresponding five-dimensional 

operators-

Neutrino mass is a very intriguing problem that has attracted 

29 considerable attention over the decades. The classic seesaw 

formula * for generating small liajorana neutrino masses is 

frequently used in model building. As a very significant 

30 development in this direction Chang and Mohapatra 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 

this regard we demonstrate, in Chapter VI, the existence of a class 

of models where the seesaw mechanism is natural even though the P-

and SU(2)_—breaking scales aire identical. 

The thesis is organized in the following manner. In Chapter 

II we show that the SIJ(5) predictions are modified due to certain 

38 five-and six— dimensional operators leading to T_ > lO yr with 

sin'̂ ©,, ̂  0.22-0.24. W 
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In Chapter III we demonstrate that due to a five-dimensional 

operator in the nonrenormalizable SO(IO) invariant Lagrangian, the 

single intermediate symmetry SU(2), xU(l)_xSU(4) (= '5'7«4̂  *=*" 

5 & survive down to a scale as low as iO - lO GeV leading to 

experimentally observable branching ratios for the rare-kaon 

decays K. • /je and small neutrino masses. The main distinctive 

feature is that without the presence of the five-dimensional 

operator this scale is large (M > lO GeV) without leaving any 

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

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

single intermediate symmetry G does not lead to low-mass W~-
ji^ 1 -ir K 

gauge bosons in the presence of the corresponding five-dimensional 

operator. This observation is in contrast to the earlier claim 

31 made by Rizzo implementing the conventional LRS breaking in the 

GUT taking into the modification introduced by the 
g 

five-dimensional operator. We note that M + > 10 GeV as against 
**R 

Rizzo's claim of M + i%j lOO GeV in such a scenario. One new 

exciting feature of our investigation is that when the mechanism 

21 of decoupling P- and SLI(2)_- breakings are implemented with P 

broken at the GUT scale (M_=M , M_=parity breaking scale, ti -

unification scale) the single intermediate symmetry Ĝ '̂ is *^2L '̂  
+ 

g_P* leads to low-mass W~ gauge boson <Myt2« 500GeV-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 of the relevant 

five-dimensional operator on SO(IO) with the *3 ^̂ '?i'̂ '̂?R* °'" 

6__. (g„, '*92o* intermediate symmetry. Here we note that the 
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modification introduced by the higher-dimensional operators to 

2 
sin ©., vanishes for the chain with S__._ intermediate symmetry 

W 224P 

t^ereas the modification to T vanishes with GL24 intermediate 

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

27 obtained by Shafi and Wetterich (SW), we find new solutions to 

32 the renormalization -group equations (RGE's) leading to a very 

stable proton, large ^-^oAp breaking scale circumventing the well 

24 known domain-wall problem and small neutrino masses. More 

interesting predictions with G^_.-breaking scale as low as 

5 6 _ _ 

10 -10 BeV leading to observable predictions of K. • ^/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 mechanism * for generating Majorana neutrino 

masses is natural in a certain class of models with identical 
P-and SU(2)_ -breaking scales. In such cases SU(2>_xU(i)_ . or R R B—L 

SU(2}|^x SIJ(4)- has to break spontaneously in more than one steps. 

Such models belong to a new class as the earlier investigation by 

30 Chang and Mohapatra has revealed only one class of models with 

separate P- and SU(2)j;j- 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 SO(10) taking into account 

superheavy-Higgs-scalar effects '"̂  and without introducing 

additional modifications due to spontaneous compactification. 

Finally the results of this thesis has been summarized and 

conclusions are stated in Chapter VII. 



CHAPTER I I 
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GRAVITY-INDUCED LARGE GRAND-UNIFICATION MASS IN SUCS3 WITH 

HIGHER-DIMENSIONAL OPERATORS 

II.1. Introduction 

One of the most exciting consequence of grand unified 

theories (8UT's> is that it can predict baryon-number 

nonconserving processes such as proton decay. The present 

experimental limit on proton lifetime <T_) for the p • e n mode 

2 
and the electroweak mixing angle (sin 0^) derived from neutral 

. . . 2,19 current data Ars 
32 '2 

T > 3x10 yr, sin ©,.=0.23010.005. (2.1) 
p -̂  ' M 

Although the minimal grand unification based upon SU(5) CRef.33 

explains the quantization of elcsctric charge and unification of 

coupling constants of the standard model, it is ruleKi out as it 

predicts (T_) about one order of magnitude less than the 
19 2 2 

experimental limit and sin 0^ below the present world average . 

One possible reason for such discrepancy between the minimal 

GUT predictions and the existing experimental data could be that 

the gravitational forces »rB left out of the minimal grand 

unification scheme of the other three basic interactions. A very 

exciting possibility of unification with gravity is through the 

introduction of N«=l 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 be 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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supersyflMnetry), unification with gravity can be achieved following 

the conventional Kaluza-Klein approach by introducing higher 

dimensions. In such theories the isometries of the 

highei—dimensional space is related to the gauge fields of the 

foui—dimensional effective theory. That the observed universe at 

present appears to be four-dimensional could be due to the 

possibility that the extra dimensions are compactified to very 

small spatial extensions not detectable by the present 

experiments. While carrying out compactifiction of 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 highei—dimensional 

operators involving the gauge and the Higgs fields but scaled by 

27 the compactification mass, as nonrenormalizable terms in the GUT 

Lagraingian. A highly appealing feature of such terms is that after 

spontaneous symmetry breaking of the GUT these are cofl̂ sletely 

absorbed as the renormalizable terms by a suitable rescaling of 

the gauge fields corresponding to the surviving residual 

symmetry(e.g., the standard symmetry in the case of SU(5>). It has 

been argued by some authors that such highei—dimensional operators 

28 might arise as effects of quantum gravity in four dimensions , 

even without invoking the presence of higher dimensions and their 

cofl^actification. 

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 conditic3ns to the renormalization-group equations (RGE's) 

at M ,. The solutions of the RGE's under such new boundary 

conditions then lead to very different predictions on T_, and 

sin e^. 

The impact of five-dimensional operators induced by gravity 

on the minimal SU(5> model has been studied by a number of 

33 authors. Ellis and Gaillard have examined the impact of such 

five—dimensional operators on the quark to lepton mass ratio m ./m 

28 
predicted by the minimal SU(5) model. Hill has studied the 

effect of five-dimensional operators, scaled by Planck mass (M j), 

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

2 
case, he obtained a significant modifications to Tp and sin 0̂ ,, 

although such modifications in the former case are ruled out. 

Including five-dimensional operators, scaled by the 

compactification mass (ii_) , in the minimal SU(5> and SO(IO) GUT's, 

27 
Shafi and Wetterich have investigated modifications of the 

2 
conventional prediction on T - and sin & . 

36 
The purpose of this Chapter is to investigate the impact of 

higher—dimensional (d > 5) operators, scaled by powers (M_) 

consistent with GUT symmetry. We note that the modifications by 

the d=5 operator alone, taken to be making minimal SU(5) 

compatible with the experimental data on T_, are now ruled out as 

2 
these solutions require sin & significantly below the accepted 

17 
world average, even if M_=10 GeV. Next, we examine the 

modifications caused by d=S and d=6 operators and argue that only 

permissible values of the unification mass <M..) is of the order 

17 19 
(0.1—1) M_, where M_ could be anywhere in between 10 GeV and 10 
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2 
QeV, satisfying the currently accepted value of sin Q^ 0.22—0.24. 

Besides this, we find that the bare-grand-unification coupling 

<ot_) could be 2 orders of magnitude smaller than the earlier 

results. High values of M.jst (O.l-l)Mg and small values of the GUT 

38 coupling then lead to a very stable proton with Tp > 10 yr. Such 

results have never been envisaged earlier in the context of other 

conceivable modification of SU<5) excluding supersymmetry. We also 

obtain perturbative and positivity bounds on certain parameters of 

the model and mention a new relation among them. 

This Chapter is organized in the following manner. In Sec. 

II.2 we obtain general formulas for the unification mass, 

electroweak mixing angle, and GUT coupling constant including 

highei—dimensional operators in the GUT Lagrangian. In Sec.II.3 we 

27 28 
discuss the earlier results due to Shafi and Wetterich, and Hill, 

with five—dimensional operators. In Sec.II.4 we report our 

numerical analysis including five- and six-dimensional operators. 

A brief summary of the chapter is given in Sec.U.S. 

11.2. Derivation of the formulas for unification mass, 

electroweak mixii^ angle, and GUT coupling 

In this section we derive the general formulas for the 

2 
unification mass(M,,), electroweak mixing angle (sin 9,,), and grand 

u w 

unification coupling constant ^^R*» adding nonrenormalizable 

terms *^p* °'*' dimension d > 5, scaled by powers of 

<MQ> , to the normalizable GUT Lagrangian *<=*R̂  • These 

nonrenormalizable higher-dimensional operators which ars usually 

generated in theories with spontaneous compactification, contain 

gauge and Higgs fields. Even without invoking the idea of 



[131 

dimensional reduction, such operators scaled by the powers of Hp^ 

can also be present as the gravity-induced corrections to the GUT 

Lagrangian. The form of these nonrenormalizable operators is 

dictated by the appropriate local and global symmetries. 

In the minimal SU(5) model, the necessary stages of symmetry 

breaking are given by 

21 
SU(5) -; • SU(3)_xSU(2), xU(l)^ (s 6 .) 

ft. C L Y St 

-; • SU<3>^xU(l) (s 6,,). (2.2) 

rl. C era 13 

The first stage of symmetry breaking is achieved by giving 

vacuum expectation value (VEV) to the G .-singlet component of the 
Sfc 

^-dimensional irreducible representation (denoted by *) and the 

second stage through the V^V to the neutral component of the 

standard doublet contained in the 5-dimensional (denoted by H) 

representation. The SU(5)—invariant normalizable gauge boson 

kinetic energy term can be written as a = ~ Tr(F F̂ *̂ ) , (2.3a) 
R 2 fjv ' 

where 

F =d A -a A -igCA ,A 3, (2-3b) 

(A )*=A*(\./2)* (2.3c) 
{J a fu X D 

Tr(\ \ ) « — 6 . (2.3d) 

In Eq.(2.3), F is the gauge invariant field—strength tensor, A 
fJV jj 

is the vector gauge field, g is the SU(5) gauge coupling. 
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i«l,2,...., 24 is the gauge field index, a,b'«l,2, .. . . ,5 are the 

matrix indices, and \.'s are the generators of SU<5) GUT. 

We introduce the following SU(5)-invariant nonrenormalizable 

36 

( 2 . 4 a ) 

(d^S) interaction term 

n « l , 2 . . . . 

J (n) 

|S|R n i i p ( 2 4 ) ' 

where * ̂  5* v denotes the Higgs 24-plet and r> , n=l,2, ..., are the 

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

five-dimensional operator corresponds to T) ^O and 77 =0 for 

n>2. It may be noted that the expression for higher—dimensional 

operators given in Eq.(2.4b) is not the most general one, 

especially when n>2. For example, with ns2, other gauge-invariant 

operators not covered by (2.4b) Are Tr ($7^*% >Tr (F F̂ '̂ ) and 
' (24) ^v 

Tr(F $,_-.)Tr(F^ */-,/,v) the latter being more troublesome for ^v (24) (24) ^ 

computations of the physical quantities of interest. We confine to 

the choice (2.4b) for the sake of convenience. Thus the modified 

Lagrangian becomes 

* * t — < _ (n) 1 V ^ 7? 

(2.5) 

When the Higgs field * >o4.\ Qets VEV 

<i ^^j^^y^^il/l^)^^^^ diagd,1,1,-3/2, -3/2), (2.6) 

the grand unifying symmetry is broken and the higher-dimensional 

terms are absorbed in the renormalizable gauge field kinetic 
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< ^ \ 

fl5J 

energy of the residual gauge group. As a consequence, we obtain 

the modifications in the coupling constants 9-^* '̂>|f ^"^ ^Y °^ 

SU(3)_, SU(2>, , and LJ(1> gauge groups, respectively, at the 

unification scale ft, in the following manner. 

-• 93j,(M^j)(l+^3j,), 

-• 92L*"u^ (I+C2L*' 

-• gyCMj jX l+Cy) , ( 2 . 7 ) 

where 

<: as 

*^3C Z (n) 

n = l , 2 

3 
2 L 

9 27 
<1) ^ ( 2 ) ( 3 ) ^ 

•g + E — s + . 4 

- <1> ^ re + ( 2 ) 

8 

13 

8 

( 3 ) 

(2.8) 

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

and 

(n) 

i H 

$ 
O 

> ^ M, 

(n) , „ 
7) , n^l, ̂ , • . > . 

(2.9) 

Using otĝ ĝ /4n, where g is the bare—GUT coupling and the 

relation 

S »C6/(5nar.)3 a 6 ^ U ' (2.10) 

Eq.(2.9) can be rewritten as 

T) 
(n) ( - ^ ^ 1 

1/2 i n 

M, (n) (2.11) 

U 

In order to achieve unification of strong, weak, and 
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electromaQnetic interactions for fj>n..j the 6UT condition is 

imposed through the equations 

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

the boundary conditions of the coupling constants which are 

usually 93C'°Q2L"®Y ** scale M^j. 

Mith the boundary conditions modified as in Eq.(2.12), we 

32 solve the one-loop renormalization-group equations(RGE's) for the 

Chain (2.2), 
1 1 a. K 

= + — i — I n — -J i=Y, 2L, 3C, <2. 13) 
a. (M,̂ ) a.(M,.) 2n M,̂  1 w 1 U W 

2 
where a. (/j)=g, (^)/47T, a. is the one—loop coefficient. For the 

minimal number of Higgs scalars and three fermion generations 

aY=41/10, a «-19/6, a^_«-7. Using Eqs.<2.13) and (2.12), and the 

one-loop coefficients we obtain the following equations for 

2 
unification massdij,), sin &^, and GUT coupling constant <a„) , 

"W » I L ̂ "̂  3 aJL 3 eg J M„ 

. 2 
sin ©, = 

w 

(2-14a) 
19 1 41 a 95 a 

2 (5) 
sin e ~ £ + (21+ >*̂ ?L"̂  *Y 

*• 134 ^^ 67 2 ag •̂- 402 a^ ^j 

/D, 

(2.14b) 
4rr 3 , 

(2.14c) 
~ 2 ._ 

u o 

1 

I + _ 1 /D , 

D = 1 + — tllc__ + 21c_, + 35c„) , (2.14d) 
^ — ol.# jiL Y 

where M and sin & denote the one-loop predictions of the 

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

only one set of 25. ••• §, of Higgs fields and three generations of 



tl7J 

fermions: 

n'^' 6 
In — = 

% 67a 

2 <5) =̂ ^ ^*^ « sin d = + . (2.15) 

134 201 a-

In Eqs. (2.14a)-<2.14ci}, we note that the effects of all 

higher-dimensional CH^erators are contained in the parameters ^y, 

£-. , and £̂ _p as illustrated in Eq-(2.8). Thus, Eq. (2. 14) is the 

general formula for minimal SLKS) model when gravity—induced 

corrections due to higher—dimensional operators are added to the 

GUT Lagrangian. 

II. 3. Solutions with five-'dimensional operators 

Zn this section we will review the sArlier solutions obtained 
27 28 

by Shafi and Wetterich , and Hill , with d=^ operator and see 
2 19 how they are ruled out because of experimental constraints * on 

2 28 T„ and sin 0... As Hill has already reached such conclusion with 
P W •' 

27 i*1r̂  ̂  M 1* we, therefore, discuss Shafi and Wetterich solutions B pi ' 

with li- . 10 GeV where SU(5) has been stated to survive the then B 

existing data. Me obtain the required equations for In (li|./li|.>, 

2 (2) 

sin ©|., and a_ for five-dimensional operators by using s = 

£ —..,.=0 in our general formula (2.14). Imposition of the above 

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

A s t1̂  Y 2 ^ 2 ^^ 
6 

(2.16) 

Now, using Eq.(2.16) in Eqs.(2.14a)-(2.14d), we obtain 
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In 
6n 

(67-3ac> 

8 

a 3oi, I 3ot_ « J 

• 2^ sin e^ = 
(67-38^) 

23 

2 

109 a 
41 + 

116 a 

3 a. } 
1 (Ha- +21 a *) 

S 

<&7-3e£:) 

38e Da 1 -

(2.17b) 

(2.17c) 

(2.17d) 
67 

The values of the 1^, sin 9^, and o(„ are computed by using 

different assumed values of the parameters e as has been done 

before.Now, using Eqs. (2.11) and (2.17c), the basic parameter n 

which occurs in the Lagrangian becomes 
1/2 

. . ( -
25tT 67 - 38c 

lla~*+21oi~* 
s 

M 6 (2.18) 
M, U 

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

c parameters by using positivity and perturbative constraints on 

«„. The positivity of a^ (ou >0) suggests that s < -g-=1.76, 

whereas the perturbative constraint (a_ < 1) yields, e >-71.38, 

with 0Ljj,(Mj^)=ag=0.1088 and a~* (My) =127.54. Thus, 

-71.38 < c < 1.76. (2.19) 

The lower bound is dominated by a (K.) and does not vary 

«ioni"ficaJ\tly in the allowed range of cig, corresponding to ''>J;;J|̂  

1A0+ 0.100 BeV lihere MS denotes the modified minimal 

subtraction ischeme-

We compute numerical solutions for the unification mass, 

sin^e„, a"^, Tp., and » for different values of the £ parameter 
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which are presentcKi in Table 1. For calculating 57, the value of 

the compact if icat ion scale has been taken to be ii_2: 10 GeV as 

27 +3 
before . The uncertainty by a factor 10" in Tp arises due to the 

uncertainties in the «natri« element for P • e n and the QCD 

34 parameter . From Table 1, me cain see that in order to have r. 

32 agrees with the eKperimental limit, T_> 3 X 1 0 yr, it is clear that 

2 
£>0.O2 which needs sin 9^ <0.199, even though M_ is allowed to be 

as low as 10 GeV. Thus, the modifications with five-dimensional 

operators in the minimal GUT seem to be ruled out as they require 

2 2 

sin 9y <0.199 which is much less than the recent world average 

sin © a=0.230±0.005, in order to yield r >3xlO yr for P • e n . 

II. 4. New solutions with five- and six-dinensional 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 
2 

of T_ and sin &,, are consistent with available experimental data 
P W ^ 

or not. Me find that the most natural and plausible solutions for 
2 

T_ and sin & corresponding to the logical values of the 
r M 

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

Here, the allowed values of the parameter «, yield M.. ̂  (0.1 —1)H 

^ 10^**-10^*^GeV, and sin^^e^* 0.22-0.24, for each value of »^. In 
this case the relation between s parameters are 

2 3 
e^ = £^^ + e^L » <2.20a) 

5 5 

9 4 
^<1> » ^ (2.20b) 

15 ^^ 15 "-̂  

s'^' = — ^ 3 C " — ^2L - ^2.200 
5 15 
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Table 1. Modifications of the minifflal GUT predictions with d«5 

operator. The parameter T) has been calculated with 

Mg=10^^BeV. 

€ Mjj sin e^ ag Tp r? 

(GeV) (yr> 

0 . 0 0 5 4 .32x10^^ 0 . 2 0 8 4 1 . 6 0 3 .58x10^^"^ 1 .10 

O.OIO 5 .80x10^* 0 . 2 0 5 4 1 . 7 2 LlAxlO'^*"^ 1.66 

0 . 0 1 5 7 .78xlO^^ 0 . 2 0 3 4 1 . 8 5 3 .77x10^^"^ 1.86 

0 . 0 2 0 1 .05x10*^ 0 . 1 9 9 4 1 . 9 5 1.25x10'^^-'^ 1 .84 
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It may be noted that the relation {2.20a) is also valid in the d^S 

case. 

From Eq.(2.5), Me can see that the basic parameters of the 

Lagrangian are the T) parameters rather than the s parameters. The 

theoretical constraint on the T) parameters seem to be only due to 

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 magnitude of r? , n=>l,2... is not very large; 

(ii) Although the individual values of the T) 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 |7?̂ | < |r).|. Thus, we would take 

the accepted solutions are those, for which either criteria (i) 

27 28 and (ii), or (i) and (iii) are satisfied. In the earlier work ' 

as the solutions are obtained with five-dimensional operators, 

there is only one parameter r?. The values of r) are taken 

differently by different authors in order to cAtain allowed 

27 stolutions. Shafi and Metterich have obtained the modified 

28 solutions with T) ̂  1, whereas Hill has investigated over a wide 

range of parameters 7)=-20-20. In Hill's case, with the maximum 

allowed T) ̂  10, no plausible solutions have been obtained for the 

nonsupersynunetric minimal SU(5); but, in the supersymmetric SU(5), 

significaunt and acceptable modifications have been obtained for 

7}=-2-2. For the d*5 operator, Shafi and Wetterich have found that 

M_2s 10 SeV is necessary in order to obtain 7? ̂  1 whereas M_ ^ 
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18 19 15 
10 -lO GeV gives T7«10-100, for rî  ̂  10 GeV with the same value 

2 
of e. Thus, besides the smaller values of sin 6|., the larger value 

of T) prevents M_ ^ li . for the d=5 operator in the minimal GUT. In 

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

15 c&n clearly rule out solutions with M.. ^ 10 GeV, but allow only 

those with high unification masses which depend on the value of 

M_- Here, we first confute the values of £„. and «__ and hence e^, 

15 2 

for which M.̂  > 10 GeV and sin ©„ =s 0.22-0.24, and the 

corresponding value of the GUT coupling a.- by using 

Eqs.(2.14a)-(2.14d} and <2.20a). Then by using Eqs.(2.20b) and 

(2.20c), we compute the numerical values of e and e . Some of 

these solutions are presented in Table 2 for the different values 
2 

of Mjj and sin ©„. In the next step, to test whether all such 

solutions a^re acceptable i.e., fulfil the criteria (i)-(iii), we 

compute the values of the basic parameters n and T) by using 

Eq.(2.11), with the calculated values of e ^ e , a„, and My 

from Table 2 and several reasonable values of \^— 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 
2 

solutions for ii.. and sin Q^ can be classified into the following 

categories. 

Here the inequality is used to mean values of ii|. less than lî  

by 2 or more orders. Since e and £ Are of the same order, it 

is clear from Eq. (2.11) that if n^« M , \n^^^ \ » iT)**^. For 

example, with M.«10 GeV, we obtain (17 , T) ) at (-4.05,-10 ), 

(-40.5, -10^),and (-405-6, -10^),for Mg» lO^^, 10^®, and lO^'^GeV, 
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Table 2. Parameters s—-, £ , Sy, e , and e computed using 

one-icM:^ renormalization-group equations and corrections 

due to d=^ and 6 c^erators. Relations among e 

parameters are given in Eq.<2.20}. 

(1) (2) ^ . 2 ^ 
*2L *̂ 3C *̂ Y ^ ^ "u ^^" ®W «6 

-0.9841 -0.9833 -0.9838 -0.3276 -0.6558 lÔ '̂  0.2305 3.905xl0~^ 

-0.9913 -0.9899 -0.9907 -0-3296 -0.6603 10*^ 0.2320 2.220xl0~* 

-0.9945 -0.9930 -0.9939 -0.3306 -0.6624 lO*^ 0.2390 1.46lxl0~^ 

Ifl —4-

-0.9957 -0.9940 -0.9950 -0.3309 -0.6631 10 0.2380 1.188x10 

-0.9964 -0.9945 -0.9956 -0.3310 -0.6635 10*' 0.2320 1.039xlO~^ 
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Table 3. Values of the parameters 77 and 7) and the ratio 

\T) fy) I 'fo*" ̂h*» class (A) solutions. 

. 2, 
My MQ sin-e W 

(GeV) (6eV> 

(1) 
T7 
<2) , (2> . (1> 

IT? /T) 

10 
17 -4.056 -1.005x10 24.778 

10 15 10^® 0.2305 -40.5A8 -1.005x10^ 2.477x10'^ 

10 19 -405.68 -l.OOSxlO* 2.477x10^ 

10 16 

10 18 

0.232 

10 19 

-3.077 -57.564 18.707 

-30.774 -5.756x10^ 1.870xl0^ 

17 19 10*' 10 0.239 -2.504 -38.00 15.1757 
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Table 4. Same as Table 3, but for class (B> solutie3ns satisfying 

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

the text. 

M M , 2 ^ t l ) ( 2 ) , ( 2 ) . ( 1 ) , 
MQ *\J s i n ©y otg 7) T? |i7 /T? I 

(BeV) (BeV) 

lO^^ 10^^ 0.232 2.22x10"^ -0.3077 -0.5756 1.870 

10^^ 0.239 1.461x10"^ -0.0250 -0.0038 0.1520 

IP 17 _A 

10 lO 0.239 1.461xlO -0.2504 -0.3800 1.5175 

10^^ 0.238 1.188xl0~* -0.0226 -0.0030 0.1327 

lO^^ 10^® 0.238 1.188x10 * -0.2260 -0.3094 1.369 

lO^^ 0.232 1.039x10"^ -0.0211 -0.0027 0.1279 
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respectively. Further, the combination (ML, IV>"<10 , 10 )GeV, 

(10^^, 10**^)BeV, and (10**, 10**^)GeV, correspond to the basic 

parameter values (7>j, T75)=B(-3.07, -57.56), (-2.50, -38), and 

(-30.7, -5.7x10 ), respectively. Thus, from the above value, we 

can see that if M.. is lower than M- by oiore than one order, the 

magnitude of the basic parameters become large and so also their 

ratio IT) /T) U which are not allowed in order to make the 

Lagrangian some sense. Also, the values of (7} « 77 ) and their 

ratio \n /T) I ««"© further magnified if M_ ^ M . and Mj. ^ 

10 —10 GeV. The reason for such large values of the ratio can be 

seen from Eq.(2.11), which gives \T) /r) I oc M_/Mu. Such large 

values of the ratio clearly violate criteria (ii) and (iii) when 

M,, is several orders less than M_. 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.. 

several order smaller than M- are not acceptable. Again for the 

28 
values of IV n. î  it ^s used by Hill , the lower compactification 

15 17 masses, I1|. ̂  10 -10 GeV, ^rs clearly ruled out. 

CB3 M,, C0.1-13M^ 

In constrast to class (A) solutions. Table 3 contains other 

solutions which satisfy either |r)̂ /T).| ^ 1 or |T?„/T)JJ ^ 0.1. When 

Ii.. ̂  O. lli-, we find that the critoriA (i) and (ii) are satisfied. 

For example, for K. ̂ 0.1 Mp ^ 1 0 « 10 , and 10 GeV, the values 

of the basic parameters correspond to (TĴ  , T?O^== (-0.307, -0.575) » 

(-0.25, -0.38), and (-0.226, -0.309) and the corresponding ratio 

\T)^/t) ^\^X.B7, 1.51, and 1.36, respectively. Thus, combining 
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criteria (i> and (ii) yields allcHMKl values of high unification 

masses ii|. ̂  O. lli-. 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. Me can see that such soluticjns satisfying criteria (i) 

and (iii> ar^ possible on the minimal SUCS) model by including 

gravity-induced effects. For example, high unification mass 

M -,M mlO , 10 , and 10 6eV correspond to (77 ,77 ) 

2t(-0.025,-3.axl0~'^>, (-0.0226,-3.09x10""^), and (-0.0211, 

-2.7xlO~^), and the ratio |7>*^*/T)*** | ac 0.152, 0.133, and 0.128 

respectively. For every allotted value of K. ^ 0.1M_, satisfying 

the criteria (i) and (ii), or ft ^ H^, satisfying (i) and (iii), 

2 
value of sin 9^ 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 Taible 4. From 

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

17 19 
M|-=>10 —10 6eV, the high values of unification mass arm found to 

16 19 cover a wider range, M.. ^ (0.1-1) M_:*10 -10 GeV. Another 

interesting new feature of the present solutions is the smallness 

—4 of the bare GUT coupling constant, a^ ^ lO , as compared to all 

earlier results existing in the literature. Such a small numerical 

value of ou can be understood from Eqs.(2.14c)-(2.14d) and (2.20a) 

by noting that 

aQ-(67+25c3j,+42«2L>''<ilas^*21a~^) , (2.21) 

where the numerator tends to be small as ff_.„ai e^ • -1. The 
3C 2L. 

small value of OL^ decreases the proton decay rate resulting in a 

very significant increase in x-. Thus, according to our present 



I28J 

observations, th© enhancement in Tp occurs due to two factors: (a) 

largeness of the unificaticm mass, and (b) smallness of the GUT 

coupling. The minimum value of T- corresponding to the lowest 

16 38 
allowed M ^ lO BeV, turns out to be Tp ^ lO yr, where a factor 

4 '••S of lO enhancement due to smallness of ot- and a factor of 10~ o 

uncertainty due to proton decay matrix element and the QCD 

34 paraflNBter have been included. In the prcssent c a s e , for the most 

general expectation value of the compactification scale M„ ^ 

19 M ,-=10 GeV, the GUT does not seem to have unification 

18 significantly below It. ̂  10 GeV. 

It is evident from Table 2 that e /e .«, 2, where e is 

related to the basic parameter 77 by Eq. <2.11). This might give 

the impression that the expression for e^, f̂ i , and c__ 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 nuodier of terms in the 

series in Eq.(2.8) to show they fully account for the available 

2 
data on sin 6|., and large values of K.. This implies that, so far 

2 
as the available values of sin &,. and allcMied values of T-. o^r^ 

concerned, e ^ O for n > 2, thus guaranteeing convergence of the 

series and the self—consistency of the method for K. ^ (0.l-i)Mg. 

Another way of looking into the convergence of expansions is 

the following. Since the first two terms are capable of explaining 

2 
the available experimental values of sin Q^, for li.. in the range 

iO -10 GeV, it is certainly true that at least the same values 

2 
of sin d|. and li.. are possible by taking large nuodser of terms such 
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that |£ "* j « i£ " (, for n > 2; this guarantees ccmvergence of 

the series and self—consistency of the method used. 

II. 5. SuBBBary and Conclusion 

The minimal SU(5> model is ruled out as it predicts proton 

lifetime about one order of magnitude less than the observed 

19 2 experimental lower limit and sin B^. oc 0.21 which is much less 

2 2 than the present world average sin e =0.230±0.005. By introducing 

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

28 compactification mass although Hill obtained quite lower values 

2 
of sin ©y, and, hence, ruled out any modifications with M_ ^ '̂  i» 

27 Shafi and Wetterich found that the minimal GUT could be saved by 

19 such operator provided H_ is 2 order less than M -«10 GeV, which 

35 is atleast possible within certain Kaluza—Klein-type theories 

But, as we have noted here, these solutions can be consistent with 

2 
experiments provided sin © <0.199 which seems to disagree with the 

2 
present world average . 

In order to obtain the improved solutions in the minimal 

SU(5) model by spontaneous compactification effects, we have 

investigated with five—and six—dinw^nsional operators, which are 

allowed in principle, atleast, and in the same spirit. Out of 

atleast, three different possible forms for the six—dimensional 

operator, we have chosen only one form for the sake of simplicity 

and convenience and obtained modifications to GUT predictions 

within the constraint expressed by Eg.(2.20a). Although our 

2 
computation in Table 2 indicates sin ©^ =: 0.23-0.24, we have 

checked that with slight change of £__ and e^. , the allowed range 

2 
is sin O,, 2t 0-22—0.24. In Table 2 it seems, as if all numerical 
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15 19 2 

solutions with M = 1 0 - 1 0 8eV and sin (9^=0.22-0.24 are allowed. 

But when we computed the basic parameter T? and T) and their 

ratio |7) /T) I* where T> <7) > occurs as the coefficient of 

the five-(six-) dimensional operators ,we found that \7} \»\n I 
-2 17 19 

for those solutions for which f\,:S10 '11 , with Mg=10 -10 GeV. As 
the Lagrangian does not make any sense with such parameters, the 

15 corresponding solutions with low unification masses Mj-st 10 BeV 

15 are ruled out. This criterion, ruling out M̂ at 10 GeV is found to 

be strongly vaild if the compactification occurs at the most 

generally acceptable scale, M-sli .. 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 li. ^ 

(O.l-l)M ^ lO^^-lO^'^GeV with sin'̂ e =£ 0.22-0.24 for every M^j. In 

such a case the values of the T) parameters aire found to be small 

and the ratio I'O^/T). j ̂  1 for those solutions with M.. ̂  0.1M_, but 

iTi^/rf^l ^ O. 1 for others with M.. ̂  H_. Although such parameters 

with \7)^/r)^\ ^ 1 Are generally expected in unified gauge theories, 

the other values with |7?«/T7^ I ̂ 0.1 suggest that the successive 

terms containing higher-dimensional operators might be acting as 

perturbation upon the renormalizable Lagrangian. Using the most 

general value, M_ ĉ  M ., we found that the solutions with M,. a: 
o pi U 

15 17 
10 -10 GeV are ruled out and the gravity-induced effects permit 

IS 19 only M^ ^ 10 —10 GeV. For the first time, we found a grand 

-4 unified theory with a GUT coupling constant as small as a„ ^ 10 

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 GUT coupling constant. Thus, if the addition of 
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five—and SIK— dimensional operators to the BUT Lagrangian is going 

to make sense, the predictions of minifflal SU<5) Mith an unstable 

2 
proton and sin 9^. < 0.215 are modified to be consistent with an 

38 2 
extremely stable proton (T_ >iO yr) and sin ©^ as 0.22-0.24. 
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SPONTANEOUS COMPACTIFICATIC»« EFFECTS, LOW-ENERGY SIGNATURE OF 

QMARK-LEPTON UNIFICATION, AND SMALL NEUTRINO MASSES IN SOCIO 

III.l. Introduction 

Including gravity-induced contributions, although the SU(5) 

model can be consistent with a very stable proton and the 

2 
accepted values of sin ©,. at 0.22-0.24, there exists a grand desert 

w 
2 

in between the electroweak unification scale M̂ . ac lO GeV and the 

grand unification scale M.. > 10 GeV. However, if some new physics 

Arm discovered between these energy gaps in foreseeable future, 

the SU(5) model can be ruled out. Also neutrino is massless in the 

SU(5) 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 

4 
populating the grand desert is the SOdO) model . Some of the 

attractive features of the SO(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 i^ich arise spontaneously as a result of symmetry 

breaking. It can provide massive neutrinos over a wide range of 

values in order to solve the solar neutrino puzzle via the so 

called Mickhayev-Smirnov-Wolfenstein (MSW) mechanism or eV-keV-

MeV energy spectrum of neutrinos, near their present experimental 

14 limits . Using the mechanism of decoupling P- and SU(2)_-
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21 breakings , it is posible to have a natural solution to the 

24 domain-wall probleoi . The introduction of one or more 

intermediate symmetricKs in 50(10) promises experimcmtal 

verification of interesting theoretical ideas such as the 

quark-lepton unification based upon SU(4) and left-right 

22 symmetry , besides explaining the observed proton stability. 

4 
After the discovery of SO(10) model , several attempts have 

been made to obtain a low SU(4) -breaking scale ^^n^ i" ^^> 

presence of the gauge groups SU(2). xSU(2)_xSU(4) _,(H6_„.) or 

SU(2) xU(l) xSU(4) (sB^j^)- Such a low M^ ^ 10^-10*BeV, is 

expected to provide the low—energy signature of quark-lepton 

unification through rare—kaon decays (K. • jue) and small 

Majorana neutrino masses. In addition the existence of such scale 

for 6„^.-breaking would predict the experimental observation of 

— 38 

phenomenon such as n-n oscillation . Due to the nonavailability 

of the free neutron sources, as the neutron oscillation 

experiments are very difficult, it might be useful to search a GUT 

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 intermediate symmetries in the 
SO (10) 6UT, 

^o 
"U "C 
M.. M„ J^ 1^ 

SO (10) > 62,^ • 62113 • 6^^ • 813 . (3.1) 

where S_jj3S SU(2) x l K D ^ x U d ) xSU(3)_, it has not been possible 
g z. 2 

to obtain M_=10 -10 GeV, for the presently accepted values of 
2 

sin © =0.230±0.005. Although, two or more intermediate symmetries 
populating the grand desert provide possibilities of richer 
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physical structure, the prediction with single intermediate 

symnetry are very appealing because of the minimal nature of the 

GUT scenario. 

In this Chapter we note that the conventional SOCIO) GUT, 

with the single G-.. intermediate symmetry, is ruled out as it 

predicts a proton lifetime lower than the Irvine-Michigan-

Brookhaven (1MB) limit for the p — • e n° mode. 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 ^JT Lagrangian 

corresponding to the single intermediate symmetry, in the chain 

SOCIO) - — • O^j^ — • ' ^ s t — — ' ''13 • <3-2> 

"u "c "w 
it is possible to have M ^ 10^-10^^GeV, t^ ^ 10*^-10^^BeV, for 

2 5 6 
sin ©y St 0.22-0.24. For M ^ 10 -10 GeV, corresponding to 

39 observable rare-kaon decays , some of the iiajorana neutrino 

masses could be measured in the laboratory. In this chain the 

proton lifetime is found to be significantly larger than the IMB 

limit CTpCp • e n )2: 3x10 yr) depending upon the values of 2 7 11 
in ©J. and M_. For still larger values of M_ ^ 10 -10 I 

corresponding to undetectable rare—kaon decays, haioranai neutririo 

masses decrease further and the proton lifetime also decreases, 

saturating the IMB limit for M̂ , ̂  lO^^GeV. 

This Chapter is organized in the fallowing manner. In 

Sec.III.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. III.3 we discuss the solutions with single '̂ '714 

interfflediate syomietry without gravity—induced effect. In Sec. III.4 

we report our new results with single 6044 intermediate syimnetry 

by including the effects of the five-dimensional operator. 

Majorana neutrino masses of various ranges have been predicted in 

Sec.III.5. A brief summary and conclusion of the Chapter are 

stated in Sec.III.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 

2 
mass t'\|) > electroweak mixing angle (sin @m>« and grand 

unification coupling (ap). For chain (3.2), it is usually stated 

that the vacuum expectation value (VEV) of the Higgs field 

:̂ :(1,0,1> c 45 c SOCIO), where the transformation property of x i* 

under SOIA* <"i9î ^ achieve the spontaneous symmetry breaking (SSB) 

at the first stage. But, according to the c^servations made by 

41 Yasue several years ago, both §4 and 43, are needed to break 

SOdO) > ^'214' ^" this case, as 45. is antisymmetric, it does 

not contribute to the gravity—induced corrections through the 

five-dimensional operator; but the necerssary presence of Sd ^s 

sufficient to induce significant modifications to the BUT 

predictions through the five-dimensional operators. Following the 

similar tcachniques of Refs.27 and 28, the nonrenormalizable 

five—dimensional operator can be written as 

ou_« - Tr CF $,_.,F^^3, (3.3) 
r«< ,>»4 ^v (54) ' 
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*i^ere 

F » d A - d A -ig tA , A a. 

(A ) * - A^<X.)*, 
/Li b (U 1 b' 

Tr(X.X.)«(l/2)6. . 
1 J 1J 

(3.4) 

In Eqs.(3.3)-<3.4) A 's are the gauge field matrices, X.'s 

are the SO(10) generators, 17 is an unknown parameter« M_ is the 

compactification scale, and i ^ is the scalar field §4. c SO(IO). 

When S._-v acquires a nonzero VEV 
$ 

<* /«?Â  >" ^TT^diag (1,1,1,1,1,1, -3/2, -3/2, -3/2, -3/2) , (3.5) 
*^^' (30)*^^ 

the presence of the nonrenormalizable term (3.3) modifies the 

usual gauge kinetic energy terms, 

aj^»(-l/2) Tr(F F ^ ) , (3.6) 

of the SU(2}, , U d ) - , and SU(4) gauge fields which can be written 

as 

ot= 

1 

2 2 

Tr<F«2L) p(2L)MWj_ JL 
fji> [ 2 J ̂'̂  

1R)MV 

n^ v-r /i-t^C) _(4C)/UV. 
— (l+«;)Tr(F F ) , 
2 /̂ ^ 

where 
7) $ 

« = » • 1/2 
(30) M 

(3.7) 

(3.8) 

6 

The superscripts (2L), (IR), and (4C) stand for the SU(2) , 

U(l)_, and S U ( 4 ) _ , respectively. Now rescaling of the gauge fields 

changes their coupling constants as 
2 -. f 3 

•^ 92L^"U* • 9 l R % * -• 9iR<Mu> 

Hc'%' -k 9 4 c < V ^1"^^*' 

1 £ , 

2 J 
(3-9) 

where g~^(My), 9IR^'^IJ^» "̂*̂  ÂP**̂ !!̂  denote the coupling constants 

of SU(2), , U(l)-^, and SU(4)_, respectively, without gravity-
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induced corrections. As the three coupling constants are equal at 

the scale /j > M for achieving unification, the GUT condition is 

imposed through the equations 

95L%> [l--^.]-g?^(ri^)[l--^.]=, =94C<M̂ j) (l+i5)= 9^, (3.10) 

where g is the bare-BUT coupling constant.The one-loop RGE's 

for the chain (3.2) are given by 

32 

M^ < ^^< M^« 
a. 
1 

«,<H„> 

*»c - ^^- V 

a^(A^) 

1 

271 

a'. 
3 

I n — , i=Y, 2L, 3C, (3.11) 

oi.(M_) a.i^) 2JT 
J C J '̂  

I n — , j= 2L, IR, 4C, (3.12) 

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

scale. Confining to the mininial fine-tuning conditions the Higgs 

scalars, needed for SSB in the two different mass ranges are My < 

IJ < M^, $(1,2,1) under SU(3) xSU(2) xU(l) , M̂ , < ju < M , 

$(1,1/2,1) and Aj^(l,l,10) under SU(2) x U(l) x SU(4) . With the 

minimal number of Higgs scalars and the three fermion generations, 

the values of the one-loop coefficients are a =41/10, a_. =-19/6, 

^3C*~^* ^'2iJ'-^^^^i a^j^=15/2, and a;^^=-29/3. 

-1 
Using Eqs. (3.10>-(3.12) and the combinations a. (li )-(8/3) 

"3C^"w*' «~^(My)-(8/3) a~^(Mj^>, o."̂  (M„)» (5/3)0*^ (M^) +«~^(M„>, we 
2 

obtain the following equations for the unification mass, sin 0„, 

2 
and the BUT coupling constant (a = g /4;T) : 

In 
"u bn 

«, W 
71-74£ 

8 

ex 3oi, ( 7 t •\ r 4-36e "1 M 
— + — \ £ + I n — ^ 
Sag a J [ 71-74t J M^ 

(3.13) 
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sxn ©y= 
71-74JP f9 38 a 1 <* r 

— +(19- — e) 53e[^ - - < 
2 3 a„ J « L 

M, 

oi_ 71-74c 

29 19 

ot Sa­

il 
226 C 

In — 
M, W 

245 

3 
-I70e \lT\ — 

J % 
( 3 . 1 4 ) 

( 3 . 1 5 ) 

2 2 
where «„= a^-CM^) » 9 (l-̂ )/4rt and a(M^) = e (Mĵ )/4rt. 

III.3. Solutions with G^IA intermediate symmetry without 

fIve-^lmenslonal operator 

From Eq.(3.10), it is clear that £=0 corresponds to the 

absence of gravity—induced effects. Substituting £ = 0 in 

E q s . ( 3 . 1 3 > - ( 3 . 1 5 ) , we o b t a i n 

In 
«W 

6rr ri e 1 4 M_ 

71 \cx 3a J 71 M 
( 3 . 1 6 ) 

sxn e 
W 

1 

71 f̂  • '-a' 
M 245a C 

In — 
30 H^ 

( 3 . 1 7 ) 

01, 71 

29 19 

a 3a , 

M 
226 C 

In — 
3rz M„ 

( 3 . 1 8 ) 

- 1 Now using a =0.1088 tA— « 160 MeV), a <My) = 127.54, we compute 

2 
the numerical solutions for M_, M.., and sin ©y. Some of our 

solutions are presented in Table 5. It is clear from Table 5 that 

with a purely renormalizable Lagrangian (3.6), the chain (3.2) 

14 yields a maximum Mj-asSxlO GeV for the allov«ad value of 

2 
sin © =0.22-0-24. For the maximum M.., the corresponding proton 

29+3 
lifetime T ailO yr, which is significantly less than the IHB 

19 ±3 
limit . Here the uncertainty 10 in r arises due to the 

uncertainties in the proton decay matrix element and the QCD 

34 parameter . Thus, purely renormalizable SO(10) model with single 
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Table 5- One-lcaop s o l u t i o n s f o r SO(10) w i t h s i n g l e i n t e r m e d i a t e 

ByRHRetry, SU(2) , xU( l>_xSU(4) , i n the absence of 

gravity-induccMd c o r r e c t i o n s . 

• 2 , 
C "U " * " ^W M-. f t , s i n ©, 

(6eV) (6eV) 

10^ 9.2x10*'^ 0 . 2 7 3 

lO^ 1 .2x10** 0 . 2 6 0 

lo ' ' 1 .5x10** 0 . 2 4 7 

10** 2.0x10*'* 0 - 2 3 3 

lO*^ 2 . 5 7 x 1 0 * * 0 . 2 2 0 

10** 2 . 9 5 x 1 0 * * 0 . 2 1 4 
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B_,. intermediate symmetry is ruled out. 

III. 4. SolutloiMs with ®214 interaiediate syiwmetry with 

five-dimensional operator 

To see i^ether the effects of the five-dimensional operator 

improves the predictions, we compute the solutions using 

Eqs.(3.13>—(3.15) with the same input parameters as in Sec.II.3. 

In this case, interesting solutions are obtained for allowed 
n 

regions for M_(slO > and s within the available experimental 

2 
constraint (Refs.2 and 19) on M,, and sin B... Some of our allowed 

U W 

solutions obtained with e > O are presented in Tables 6 and 7 and 

Figs. 1-3. At first. Fig.1 is plotted using Eq.<3.13>, and Fig.2 

using Eq.(3.14). In Fig.i the horizontal lines are the 1MB 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 2o' limits of the world 
2 2 average , sin © =0.230±0.005. The projection of the Planck limit 

from Fig.l onto Fig.2 does not provide any useful boundary for the 

39 allowed region. But, a much better limit exists from the 

experimefntally observed bounds on the rare-kaon decay mode, K. —• 

- 5 

/ue, corresponding to M > 3x10 GeV. Specifying the four sides of 

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

are shown by the shaded area. 
2 —1 

The numerical value of M , e, lî , sin 9 , and a„ are shown 

in Table 6 for Mj,= 10^-10^BeV and, in Table 7 for M ^lO'^-lO^^GeV. 

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

five-dimensional operator permit 10"̂ < M < 10 GeV for allowed 
2 

values of M and sin © . For every M , the parameter e and the 
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2 
Table A. Predicticwis for ft,, sin e^, and values of M̂ ,, 

corresponding to observable rare-kaon decay, as a 

function of e, in the presc*nce of gravity-induced 

corrections, for the same chain as Table 5. The proton 

lifetime is for the P—• e n mode excluding 

uncertainties. 

C - ""U "*" ®W **B 'P M^ c M^ sin""©.. a„" T 

(GeV) <6eV) (yr) 

0.10 1.3x10^^ 0.225 54.56 4.8x10*** 

10^ 0.09 5.9x10^* 0.230 53.93 a.OxlO'̂ *̂  

0.08 2.7xlO^* 0.235 53.32 8.6x10'̂ '' 

1A "T,^ 

0.09 6.0x10 0.224 53.08 2.1x10 

0.08 2.8x10**^ 0.229 52.47 9.6x10'̂ '̂  

lO^ 0.07 1.3xlO*^ 0.234 51.88 4.4x10^^^ 

0.06 6.3x10^ 0.239 51.30 2.4x10^^^ 
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Table 7. Sane as Table 6, but far larger values of M̂ ,. 

(GeV) <6eV) (yr) 

0.07 1.3x10^^ 0.228 51.04 4.2x10^^ 

7 IS 35 
10 0.06 6.7x10 0.233 50.48 2.9x10 

15 34 
0.05 3.3x10 0.238 49.92 1.7x10 

0.06 7.2x10^^^ 0.227 49.65 3.8x10'^^ 

10° 0.05 3.6x10*^ 0.232 49.10 2.3x10^^ 

0.04 1.8x10*'^ 0.236 48.57 1.4x10'^^ 

lO*̂  0 . 0 5 3 .8x lO^^ 0 . 2 2 5 4 8 . 2 8 2.8x10"^* 

0 . 0 4 1 .9x10*^ 0 . 2 3 0 4 7 . 7 5 1.7x10'^^ 

10̂ *̂  0.04 2. IxlÔ '̂  0.223 46.94 2.4x10'̂ '̂  

lO*^ 0.03 1.2xlO^^ 0.221 45.63 2.Ox10^^ 
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c o r r e s p o n d i n g p o i n t i n F i g . 3 . 



[44} 

0.28 

026 

CD 
CM 0.24 h 

c 

CO 
0.22 

0.20 
- 0" 

1 1 1 

I 

1 

1 1 1 1 1 1 1 1 

1MB l imi t 
/ y R a r e kaon limit 
"^..^^^Allowed region 

^^^<^?>^^>>>.R 

Y""-r"^">^r>-^ri\r"^^ 
0 0.05 0.10 

Fig.2. Solutions of one-loop renormallzation-group 
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ification mass ft. arm allowed over a wider range depending upon 

the 2a or la limit of sin*"0y. The solutions with smaller (larger) 

values of sin e^ arm associated with larger (smaller) values of Mj. 

and T-. In Table 6, we have presented the solutions for the values 

5 6 of M_ ^ 10 -10 SeV which predict rare-kaon decays to be observable 

2 
for any value of sin 0 in the range of 0.22-0.24. The highest 

17 5 2 

value of M ^ 3x10 6eV is possible for M »10 GeV and sin ©^^=0.22. 

This has been shown by the point R in Fig.l which has been 

obtained by the projection of the corresponding point in Fig.2. 

It is clear from Table 6 and 7 that for the increase in the 
2 

value of M_, the value of K. for a fixed value of sin ©y, and the 
proton lifetime for the p • e n mode decreases. This has be^n 

shown in Fig.3 for the la and 2a boundaries and the central value 

2 a 
of sin d »0.230. For M_> lO GeV, the allowed range of T_ also 

19 decreases being restricted by the 1MB limit from below. The 1MB 

limit is found to be saturated nearly at M_ ^ 10 (10 )GeV if 

2 
the values of sin e^. is allowed to be 0.225 (0.220). 

The order of magnitude of the compactification scale M- that 

makes these gravity-induced corrections important can be 

1/2 calculated by using r7='(40na-) cM-ZM... Our estimation depends, 

crucially, on the assumption that |7)| ̂  1 as in the Shafi and 

27 
Wetterich case. Solutions having e ss 0.03-0.05 a^re found to be 

associated with lower values of the unification mass, M., ̂  10 GeV 

inrtiich require ti„ to be nearly 2 orders of magnitude smaller than 

M ,. The other class of solutions found in this model are 
Pl 

associated with e 2E O.07-0.10, and fl̂  ̂  10 -10 GeV which require 

17 18 
M„ ^ 10 -10 GeV. In particular the observable predictions for 
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5 & 
rare—kaon decay corresponding to H-ailO -10 SeV are found to be 

o 17 
possible with sin 9^^-22-0.23, caeO. 1, and M̂ j ̂  10 GeV, requiring 

18 
M„ ^ 10 BeV. This scale is generally expected from the 
B 

18 
Kaluza-Klein- type compactification, where M =M ./2jTa£ 1.6x10 BeV. 

If, on the other hand r? is allowed to be \7)\ ^ 0.1(10), our 

estimation would require M_ 1 order less imore} for every value of 

£. For example, with M_ ^ 10 GeV, and M^ ^ 10 GeV, consistency of 

17 19 
the solutions with £a« 0.1 requires M„ ^ 10 (10 )6eV, if I77I ^ 

0.1(10), instead of I77I ^ 1. 

III.5. Predictions on Majorana neutrino masses 

At the second stage of the chain <3.2), the scalar 

representation 126 c; SO(10) is used to break the intermediate 

gauge symmetry spontaneously to the standard group. The scalar 

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

under SU(2) xSU(2)j-xSU(4)_, which carries 2 units of lepton 

nuoiber. Therefore,when VEV is given to ^-, lepton number is broken 

by 2 units, as a result of which Majorana neutrino masses are 

generated at this stage fulfilling the formula ' 
2 

m 2£ m° /M„, i = l, 2, 3, (3.19) 
i 

where m is the neutrino mass of the ith generation. Bell-Mann, 
i 

Ramond, and Slansky have identified the Dirac mass m. with the 
1 

up quark fflass( m^ =* m , m =m , m^=sm.) , where as Mohapatra and 

17 Senjanovic and others have taken the Dirac mass as the charged 

lepton mass (m^=m , m =m , m =m ) of the corresponding generation. 

Using quark masses, m =5 MeV, m =sl.25GeV, and m.as lOOGeV in 

formula (3.19), the Majorana neutrino masses for different 

5 11 generations corresponding to the allowed range of M-̂ atlO -10 (3eV 
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are given by 

in ^<2.5xlO~^-0.25)eV, m^ ^ <1.5xl0"^eV-15.6keV), and 

m ^ (lOOeV-lOOMeV), (3.20) 
T 

where the Icawer (upper) limit corresponds to M_=10 (10 )GeV. 

But the same formula with the charged lepton masses, m =0.51 MeV, 

5 11 
m =»106MeV, m ==1.78 BeV, and the same values of M-s* 10 -10 BeV 

provides 

m ^(2.6xlO~*'-2.6xlO~'^)eV, m ^(1. lxlO~^-112)eV, and 

m ^ (3.2xlO~'^eV-31.7keV). (3.21) 
T 

Ckit of these, the masses for v and v obtained in Eqs.(3.20) and 
tj r 

(3.21) are measurable by laboratory experiments. However, the mass 
5 

of V and v correspcMiding to M- at 10 BeV clearly violate the 

A2 
cosmological bound which states that 23 ta < 65eV, where the 

i=e,Ai,T 

sum is over the stable and light neutrino species. One passible 

way to evade the cosmological bound is to make these v and v 
(J T 

43 unstable with respect to liajoron emission which is a massless 

scalar carrying 2 units of lepton number, and is created by 

introducing an additional U(l>--global symmetry (l=lepton 

number), and breaking it spontaneously at a scale M » M y 

III.6. SuBvaary and Conclusion 

In the absence of gravity-induced corrections, the SO(IO) BUT 

with single ^^<A intermediate symmetry is ruled out as it predicts 

19 proton lifetime significantly below the 1MB limit . However, we 

32 found that such a model can provide a stable proton (T_>3X10 yr 

+ o "̂  
for p • e n mode)with the allowed values of sin^e^ 2r!0.22-0.24, 

when five-dimensional operator, induced by gravity, scaled by the 
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coi^actif ication mass, is included. Such higher-dimensional 

nonrenormalizable operators are usually present in theories with 

Kaluza-Klein type unification with gravity. With five-dimensional 

operator, the SU{4)„-brBaking is found to be permitted over a wide 

range M̂ , ̂  10^-10**GeV. Such allowed value of M^ ^ 10^-10* ̂6eV 

provide two different values of Majorana neutrino masses 

(i)ffl ^ (2.5xlO~'^-0.25)eV, m ^ (1.5xiO~^eV-15.6keV), m^ ^ 
e M T 

(lOOeV-lOOMeV) and (ii) m ^C2.6xlO~*^-2.6xlO~'^)eV, m ^(1.1x10*^-
V If e M 

—2 
112)eV, m ^ <3.2xl0 eV-3i.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 V and v masses, these masses could be measured by laboratory 

experiments depending upon M- and the choice of the Dirac mass. 

For the first time, with single Q^IA intermediate symmetry, 

we have obtained interesting 80(10) predictions, for the 

observable SU<4)--breaking by rare-kaon decay modes at low 
5 6 2 

energies with M_ ^ 10 -lO BeV, and any value of sin © in the 
range 0.22-0.24. For such lower values of M_, the proton lifetime 

2 
is larger depending upon the value of sin 6^. For larger values of 

Q 
Mj, >10 GeV, the allowed range of T- decrease with the increasing 

M^. For a fixed sin ©^, T ^ decreases with M„ and the 1MB limit 

is saturated when M_ ^ lO GeV. The order of magnitude of the 

compactification scale, estimated in this model, is found to be in 

17 18 
the range 10 -10 GeV, unless the parameter in the 

nonrenormalizable term has the value \rt\ ^ 10, or larger. 

In this model, as the mass of the right-handed neutral gauge 
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5 boson H_ «M >10 GeV, and that of the charged gauge bosons M^t = M 
R R 

15 17 ^ 10 -10 BeV, there is negligible contribution to the V+A 

structure of charged and neutral currents. Similarly the K -K_ 

mass difference and other CP-violating parameters have, 

essentially, 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 IV 
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SPONTANEOUS COHPACTIFICATION EFFECTS IN SOC103 WITH LOW-MASS 

W^-6AUGE BOSONS WITHOUT OBSERVABLE PARITY RESTORATION 

IV. 1. Introduction 

40 In Chapter III we found that the effect of a 

five-dimensional operator could bring down the scale of 

spontaneous symmetry breaking of the intermediate gauge group 

SU<2)j^xU(i)j^xSU<4)^ ^̂ •̂ 214* *" *^^ SO(IO) model to a value 

5 d> (M_aelO -lO 6eV) which might manifest in the observation of 

rare—kaon decay K. • ^e and small neutrino masses. Although 

with the single intermediate symmetry the second neutral gauge 

5 6 boson also occurs around the same mass CM =M_ a= 10 -10 GeV), it 

can be made lighter by breaking the B^IA sy<n«MBtry in two steps. 

In any case the W- mass in the model is as high as the unification 

mass {M|.± ss M,,> leaving no testable signatures of left-right 

"R " 
symmetry through V+A strucure of charged currents or spontaneous 

CP-violation through K —K and B -B mixings. In this Chapter we 

+ 
show how to obtain low-mass \ti- and Z— gauge bosons in SO(10) when 

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

the GUT Lagrangian. 

Several attempts have been made during the past years in 

5 13 left-right-symmetric (LRS) models * based upon the gauge group 

SU(2)^xSU(2)j^xU(l)g_j^xSU(3)j, *^*^2213* *° obtain a low-mass 

right-handed scale <MD> in GUT's after the spontanec3US symmetry 

breaking <SSB) of the intermediate symmetry GoojTp including the 

left-right-symmetry (P=parity, when g_, =g__> or excluding it <g„, ̂  

g^^). Such a low M_ ^ 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 (Wĵ , 

2_), and neutrino masses etc. Following the conventional approach 

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

embedded in a GUT like SO(IO) yields Hj^-Mp>lo''^GeV for siri^e^ at 

0.230+0.005 (M_=P-violating scale), which rules out any 

possibility of observing low—energy signatures of right-handed 

12 currents. On the other hand if M_ <iO GeV, several cosmological 

difficulties such as inadequate baryon asymmetry of the 

44 24 

universe , and the presence of undesirable domain walls occur 

in the model. In order to avoid such difficulties, a new approach 

to left-right gauge theories have been suggested by Chang, 
21 Mohapatra, and Parida , where the breakings of P and SU<2>- arc 

decoupled from each other. In such a case, it has been pointed out 

that there is an element of the S0(10> gauge group, called 

D - p a r i t y , i«rinere D«J]L^J\_(J). . , i , j = i , 2 , , 10 r e p r e s e n t t h e 

totally antisymmetric generators of SO(iO)), which plays the role 

similar to charge conjugation (C) or the parity (P) operator. 

Under special circumstances, D can be identified with C by 
C * demanding that A, A_ and with P when all couplings in the 

Lagrangian a.re real which takes y/. v_. But, in general it 

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

C —T fermion (quark or li^ton) yj. (v ), ̂ (C v* >• which has charge 

opposite to \fi. but it has also opposite helicity. This is clearly 

different from the usual C operator of transforming a particle to 

21 its antiparticle. It has bcMsn found that the neutral components 

;tQ(l,l,15) c 4S c S0(10> under B2213 anci r7<l,l,l) c 210 c SO(IO) 
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under ^OOA ^^^ '^^ under D and hence, under P; but the 

corresponding componemts ((1,1,15) c 210 under 6_^._ and 77' (1,1,1 ) 

c SfL under ^^^M ai~e even. Thus, it is possible to descend down to 

0__j~j (0^_._) Mith P unbroken through the Higgs representation 

210 (54). Similarly, by assigning VEV along the direction odd 

under D, it is passible to break the discrete symnetry D and hence, 

P at the BUT scale without breaking SU(2)-. In such cases P-and 

SU (2).-breakings arc decoupled and one can descend dcMnn to 

S__j_(B__.) with P broken at the ®JT scale through the Higgs 

representation j^ (210). Mhen such a parity breaking scale 

12 24 
M->10 6eV, cosmological walls do not cause problem and so also 

44 adequate baryon asyoHnetry of the universe is generated if M_ ^ 

Mj, » M_ in the model with B-̂ oj-* intermediate symmetry. Mith the 

mcjchanism of decoupling P- and SU(2)-—breakings one interesting 
r\ 

22 symmetry—breaking chain SO(10) has been noted to be 
SI Zio 210 12k 

^''*'' ~ r ^ ''224P —-^ ^224 — r > ^2113 "^-^ °st ' ^^'^^ 
"u "p " R "R 

which provides I^^M^ **500-10006eV and 1^ »M_=10 BeV offering the 
R 

possibility of detection of a low—mass Z- at the super colliders, 

measurement of signatures of quark-le>pton unification through 

K. • /ue, n-n oscillation and Majorana neutrino masses (m ^ 
e 

leV) with proton lifetime barely within the reach of ongoing 

experiments. The chain (4.1) has three intermediate symmetries. 

Because of their minimal character, BUT predictions with one or 

two intermediate symmetries might be more appealing. Even with two 

intermediate symmetries, 

"u "R "R 
SO(IO) • 8 • e2^j3 • G^^, (4.2) 
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although a low-mass right-handed neutral gauge boson is found to 

be pertnitted with M^ ^ SOOSeV whether (^^2213 °'^ ®2213P' **̂ ® 
+ 

predicted value of the charged WT-gauge boson mass is large 

MTilO 6eV ruling out any observed low fsnergy phenomenon by 

right-handed chargesd gauge bosons such as CP violations, and 

neutrinoless double beta decay etc. 

27 28 
Introducing five-dimensional operator ' in the SO(10) GUT 

31 
with single 6551-50 intermediate symmetry, Rizzo has obtained a 

low-mass right-handed scale Mp ^ lOOGeV with observable parity 

restoration. In contrast to the above conclusion, we note that 

low—mass right-handed gauge bosons iii- ^ i006eV) are ruled out as 

the parity restoring gauge group G^^.^- is not allowed at low-mass 

50 scales. On the other hand, by using the mechanism of decoupling P-

21 and SU<2)--breakings and a different possible way of descending 

down to 0_„._ through 210 c SO(10) without observable parity 

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

<hL ^ lOOGeV-lOTeV) are permitted »^en five-dimension operator 

50 scaled by the coo^iactif ication mass (li_) is included 

This Chapter is organized in the following manner. In 

Sec.IV.2 we obtain modifications of gauge coupling constants and 

GUT boundary conditions in SO(10) with single SU(2), xSU(2)_x 

U(l)__. X SU(3)_^ intermediate gauge group including the left-right 

symmetry <92L'*^2R* °'" excluding it *92L'^®2R* " ^" Sec. IV.3 we 

derive formulas for unification mass, electroweak mixing angle, 

and GUT coupling constants with five—dimensional operator, 

exploiting the extended survival hypothesis under the natural 

assumption that all superheavy masses are the same as ft . Our new 
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aM3lutian w i t h s i n g l e ^2213P *"** ^^2213 i"*®'""®'''***® aymiwetriea a r e 

preseHTited i n S«M:S. I V . 4 and I V . 5 ^ r e s p e c t i v e l y . P r e d i c t i o n s on 

neutrino masses for IOM li- are stated in Sec. IV.4. 

+ 
Phenonenological constraints on the W~ mass scales a.re discussed 

in Sec.IV.5. Finally, a brief summary and conclusion of the 

Chapter Arm given in Sec.IV.6. 

IV. 2. Modifications of gauge-coupling constants and GUT 

boundary conditions 

In this section we derive the modifications in gauge 

couplings and GUT boundary conditions in the presence of a 

five—dimensional operator in the following cases. 

2ifi 126 10 

P 2̂213P - — ^ ^̂st — (A) SOCIO) • G _ _ , _ _ • e . • U ( l ) X SU(3>, 
M 2 J C 1 3 P „ S t 1̂  em I 

21S. 124 10 
(B> S O ( I O ) • Sooi - r • B . • U ( l ) X S U ( 3 ) - . 

^ 2 2 1 3 „ s t -. em C 
u "R "W 

The case (A) has been considered by Rizzo in Ref.31. As the 

modifications to the BUT boundary conditions obtained in RBf.31, 

are different from ours, we derive them in both cases. In all the 

cases, the nonrenormalizable SO(10)-invariant five-dimensional 
. 27,28 operator * can be written as 

«NR"<'=''V̂ ''*f̂ ;n.*<210)'̂ ''''>' <^-3> 

where * (210) ^* **̂ ® four-index antisymmetric Higgs scalar 

representation 210 c S0<10), F is the gauge invariant field 

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

M =M =2xlO^'^BeV. In Eq. (4.3), a pi ' 

F ^d W -d W +igCW , W 1, 
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10 . . . . 
M =(l/4)r a^^ W*^, C»(-1/8>T>, (4.4) 

Mhere (1/2) o'*''(W*^), with i, jel,2. . . , 10 denote the 45 generators 
A A. 

(gauge bosons) of the SOdO) and the constant C has been 

reparametrized. In this natation every gauge boson appears in more 

than one elennent of the 16x16 matrix W and thus, the 

renormalized kinetic energy term (oip) is (—l/8)Tr(F F*̂  ) instead 

of (-l/2)Tr(F F*̂  ) (Ref.47). We follow the convention ' in 

which i,j«l,2,...,6(7,8,9,10) ar^ the SOdO) (SO(4)) indices. When 

the GUT symmetry is broken spontaneously, in all such cases, o(_. 

is absorbed in the renormalizable kinetic energy term (ot-) of the 

gauge fields as a results of which the coupling constants and 

hence, the boundary conditions are modified. In both cases (A) and 

(B), the modified boundary conditions can be expressed in a 

general form 

« 2 L * V *^-^^2L»'«2R%* *1-^*2R>^BL%» ^^^^^BL^'^C*V <1-^^3C*=«6 ' 

(4.5) 

2 
where a^^g /47T, g being the bare coupling of the GUT Lagrangian 

and £,(iB2L, 2R, BL, 3C> is the nonrenormalized term. 

IV. 2.1 Modifications with ^goii^p intermediate symnetry 

In Ref.31 the following values of the coefficients e. 

occurring in Cq.(4.5) have been taken, 

ISA A 20A '^ "u 

G pi 

(4.6) 

such that all the gauge coupling constants at boundary ju « li.. get 

modified according to Eq.(4.5). In this case, »^en ?10 acquires 
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t h e VEV a s 

<* (210) > - -^ * -^1^2^3^"^1^2V6*^3^4^5^6> ' ^^"^^ 

SO(IO) breaks t o S -^^- - by a l l o w i n g t h e p a r i t y breaking s c a l e t o 

s u r v i v e down t o t h e W. —scale . In Eq. ( 4 . 7 ) —<{f >=<iJ >« 

^^3456^^ »^e,-e «^2io)'^^''*'*^i^^k'"l^**^**^ ' S*^**^ be ing 

antisyfflflietric i n i j k l . Not ing t h a t , 

-^1^2V4*^1^2V6*V4^Sr6 

« d i a g C - l , - 1 , - 1 , 3 , - 1 , - 1 , - 1 , 3 , - 1 , - 1 , - 1 , 3 , - 1 , - 1 , - 1 , 3 3 , (4 .8) 

we use the VEV given by (4.7) in Eq.(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). , 

SU(2)_, U(l)__, , and SU(3)_ gauge fields resulting in 

^2L " ^2R " ^' «l/2)^g^^ = - ^3j, - -c , 

s' -^ J75 . (4.9) 
4V^_ 2 (32na_) H_ 6 B u 

From Eq.(4.9), it is clear that the modification to the boundary 

conditions occurs only for the coupling constants oi__(M..) and 

ot-j (Mj.), but not for «_. (hL̂ ) or a_.(M..). Thus, Eq. (4.3) does not 

contribute to the modifications of the SU(2), _ kinetic energies. 

This can be further checked by using i, 3=7,8,9,10 in Eq.(4.3) and 

verifying that Tr (F*^''^^<« ,_.̂ ,>F**-''̂ '̂̂ *̂ )=0. Therefore, we find 
•' ^ fuv (210) ' 

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

substantially different from that used in Ref.31. 

IV. 2.2. Modifications with G^aia intermediate symnetry 

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

acquires the VEV as (4.7), SO(IO) breaks to '^o^lSP* ^^'^^ *•• 
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discuss yet another possibility of decoupling P- and SU(2)p-

breakings through 210 that breaks SOdO) to 6-_._ with P-breaking 

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

way. The scalar representation 210 contains a singlet i7(lilfO, 1) 

under 6„^.^ which is odd under P. When the VEV is assigned along 

this direction such that, 

<*<210>> -*o<^7V9^10> ' **-̂ <̂ ^ 

P breaks at the GUT scale. Thus, while Eq.(4.7) gives the parity 

invariant vacuum with 6^-.—- gauge symmetry, addition of (4.7) and 

(4.10) with 

<* (210) > - ^ *-^1^2V4*^1^2V6"^3^4^5^6"^7^8^9^10> ' *̂ " ̂  * > 

yields the parity-violating vacuum having B--^— gauge symmetry, 

(tow, noting 

-''l^2^3^4*^1^2V6^V4^5^6-^^7V/'l0 

-diagC-2,-2,-2,2,-2,-2,-2,2, O, O, 0,4, O, O, 0,43, (4.12) 

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

contributing to the modification of the boundary conditions, 
1 

^ ' ' , (4.13) - f — 1 BV5 M_ 16M, 

where we have used the relation between the superheavy gauge boson 

masses (Mi.) and S , 1*1 «(4n:ag/3) "gi .Compared to case (A), we note 

that, in case of (B), £__ and e are opposite in sign. Such a 

difference in boundary conditions in two cases reflect in the 

resulting solutions. 
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IV. 3. Formulas for electroweak mixlt^ angle» unification 

mass, and GUT coupling 

32 
The one-loc^ renormalization group equations for the gauge 

2 
coupling constants a. (/Li)»g <fj)/An in both cases (A) and (B), Are 

i 

*V^^^»*R 

+ * ^ l n — ^ ^ , i=Y, 2L , 3 C , ( 4 . 1 4 ) 
a^(M^) ai<«R> 2Tr M̂^ 

Mjj < M < Ky : 

a'. "u ^ n — ' ^ , J=2L, 2R, BL, 3 C , ( 4 . 1 5 ) 
a . ( M _ ) cx.iH,.) 2rt M-, 

J R J u R 

where a. (a'.) is the one—loop coefficient in the lower (higher) 

scale. In case (A) P is left unbroken do»«n to the li_ scale while 

in case (B) P breaks at the unification scale II.. 

Using the R8E's (4.14)-(4.15) and the boundary conditions in 

the general form (4.5), we follow the standard procedure for 

2 -1 

obtaining formulas for In •̂ /'̂ ij* sin ©y, and a„ through the 

combinations a~^ (M )-(8/3)a^ "^ (Mĵ ) , a~^ (M )-(a/3)a ~^ (M ), 

a"'(Mj^) = (5/3>aY~^(M^)+a~^(Mj^) , and o^^ (Mj^)=*(3/5)a~J(Mj^) + ( 2 / 5 ) 

M^ 2n 
In «= 

D 

^ 3 **^2L**'2R*3 *̂ BL l+<?3c ^ c 

"w «3C^V « ^ V *k: 

- |<*--3C> <«2L*i^Y-*k.-*^-| ^BL^"^I*^2L"^2R*I^BL» <*3C-"3C>|^^J 

( 4 . 1 6 ) 
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.in 9„ =-
^2L^3C 

( l + c „ . ) a ; 2 L ' ^ C 
3C 

3C' , „ , 1^2L^3"2R-3' 'BL ( l + e , „ ) + (l+e^^+S^r., ) 

(l+e2L^ ta 
2 1 °-^"w^ • 

^ I " - 2 R " | - B L ^ ^ ^ 3 C " 2 L - " 2 L " 3 C » " ^ ^ " "2L* ^ 

(• ̂3C^^2R'*'3 ^ B L ^ - | ^ 3 C ^ Y } " ^ * ' " ^ 3 C ^ { l^2L^Y-^2L^^2R-'l ^BL^} 
1 "'^ 
In — 

(4 
y 

.17) 

^ C ^ 2 L - * - ^ 2 R " - ^ ^ 1 1 3 BL 1 r 
+—j. 

) 2TT[ ̂
3C*^2L"'^2R-'i ^BL^-^ 3C<"2L*l"Y>j 

xln-— 
M, U 

( 4 . 1 8 ) 

where 

° = " 3 C ^ I " - 2 L " - 2 R " | - B L > - ^ ^ " " 3 C » ^ " 2 L " " 2 R " I "BL> (4.19) 

IV. 4 . New p r e d i c t i o n s w i t h ^oo^-sp i n t e r m e d i a t e syiranetry 

In Eqs.(4.16>-(4.19), the case considered by Rizzo 

corresponds to hL=M^, with a =a =a' =a' =(4/3)n + (1/3)(D+2T)-

22/3, a^_=a4r»=('^/3)n -11, a' =(4/3)n +3T, where n is the fermion 
' oC 3C 9 ' BL 9 Q 

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

(triplets). 

As our boundary conditions (4.9) are quite different from 

(4.6) that is used in Ref. 31, we compute numerical solutions to 

Eqs. (4. 16)-(4. 19) under the condition (4.9) and with M_=M,,, 
R W .19, -1 M =2M = 2 X 1 0 GeV, oi,_(ti,,)2£0. 1, and a (M,,) = 128 as has been used G pi -' 3C W ' em W 
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in Ref. 31. In contrast to Ref.31 we note that in all cases of 

D=T, sin e^. given by Eq.(4.17) is independent of e. This happens 

due to the fact that the e-dependence occurring in the first 

factor (D~ ) in Eq. <4.19) gets exactly cancelled by the same 

dependence in the numerator of the second factor. For other 

2 
combinations of D^T the e—dependence of sin 6^ is weak. Some of our 

numerical solutions for D=T=1,2; D=2, T=l; and D=l, T=2 are shown in 

Table 8. Here the entry in the last column is the parameter 

C=(-1/8)T7, that has been computed using formula (4.9) and different 

values for the compactification scale (M„). It can be seen from 
u 

2 
Table 8 that the lowest value of sin 0 corresponds to the case 

w 
D=l, T=2 and is found to be 0.266 with ^=-0.208 for which M, =2M ,. 

U pi 
r> 

For all other values of M,,< 2M ,, sin ©.. >0.266. In this case, when 
U pi' W ' 
2 

we attempt to decrease sin &,, further with s < -0.208, M., exceeds 
W U 

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

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

observable low-mass parity restoration through G^^ intermediate 
2 

symmetry needs sin 6 ~ 0.266, which is far too large as compared to 
2 

the present world average of sin 0^ ~ 0.230+0-005 obtained from 

neutral—current data^. 

In order to obtain the lowest allowed value of M̂ ,̂ under the 
R 

boundary conditions (4.9) we allow M_ » M,, in Eqs. (4.16)-(4.19). 
K W 

Using the same input parameters as in Table 8, we compute the 

2 -1 
value of M^, M^, sin © , a , and C for different values of s, 

which are presented in Table 9. In the case D=T=1 (D=l, T=2) 

2 
whenever we attempt to decrease sin ©j. by decreasing £ < -0.12 

(e < -0.2), M exceeds 2li , which rules out the possibility of M^ 
U pi "̂  -̂  R 
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Table 8. Prediction of the S0<10) model with parity-restoring 

19 
left-right gauge group at low-mass scales, Mp=2xl0 GeV, 

and M„ „ lOOGeV. MR -

2 -1 
Number of D £ M,, sin Q a„ C=(-l/8)77 

U W G 
and T (GeV) 

D=T=l 

D=2,T=1 

D=1,T=2 

D=T=2 

0 . 2 7 4 

0 .274 

4 9 . 0 

4 9 . 8 

0 . 1 4 

0 . 0 3 

-0.05 2.6x10^^ 

-0.08 2-0x10^'^ 

-0.08 4.4x10^^ 0.282 48.2 0.13 

-O.10 2.0x10^^ 0.282 48.7 0.04 

-O.18 4.4x10^^ 0.266 44.14 0.31 

-0.208 2.0x10^'^ 0.266 44.50 0.08 

-0.20 2.9x10^^ 0.274 43.03 0.51 

-0.238 2-0x10^'^ 0.274 43.44 0.09 
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Table 9. Prediction of the SOdOK model with the parity-restoring 

gauge group as an intermediate symmetry and 

M^=2xlO^*^eeV. 
fcj 

Number of D s n^ ^u ^^"^^W " G ^ C=(-l/8)r) 

and T (GeV) (GeV) 

D=T=1 
-0.12 10^^ 4.6x10^® 0.233 46.5 0.19 

-0.12 10*̂  7.9x10^^ 0.238 47.1 0.11 

D=1,T=2 
-0.2 lO*̂  9.3x10^® 0.234 44.1 0.16 

-0.2 10® 9.7x10^® 0.238 44.1 0.15 
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below 10 BeV. Here, in order to have sin 0^ <0.235, we find 

M > 10 GeV. Thus, the low-mass right-handed gauge bosons with 
R' 

observable parity restoration are ruled out in this model. 

12 
Besides, even with such high values of M^<10 GeV the model gives 

24 rise to stable domain walls and negligible baryon asymmetry of 

44 the universe which are unacceptable to the modern big-bang 

(Cosmology. 
i 
IV. 5. New predictions with <5jj, ^ intermediate symmetry 

22 
In the absence of five-dimensional operator, such a model 

12 2 
provides M„ > 10 GeV for sin ©., ciiO.230±0.005, which rules out the 

R W 

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

investigate the effect of the corresponding five-dimensional 

operator in such a model. At first, we confine to the minimal number 

of Higgs particles D=T=1, needed for the SSB of the gauge 

symmetries. The Higgs contributions in the two different mass ranges 

are h^ < ^ < M^, §(1,2,1); n^ < u < M^, f(2,2,0,1)+A^(1,3,2,1), 

where the transformation properties in the lower (higher) mass 

ranges a^re under G (G ) . We use the constraint of minimal 

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

superheavy with its mass ^ M and does not contribute to the RGE's 

of the coupling constants. In the minimal case the coefficients 

occurring in Eqs.(4.16)-(4.19) are 

aY=41/10, a2L=-19/6, ^^ff=-7-, 

a^j_=-3, a;L,ĵ =-7/3, a^j^=ll/2, and a^^=-7. (4.20) 

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

Eqs.(4.16)-(4.19) to obtain values of M , sin 0 , and a for 

certain values of M as a function of £. Some of our solutions are 
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presented in Table 10. Here, the entry in the last column 

C=(-l/8)7j has been computed using formula (4.13) for different 

values of M^. From Table 10, it is clear that low-mass 
G 

right-handed gauge bosons with M^ ^ lOOGeV-lOTeV are permitted 

withjCj~0.2-3 provided the compactification scale M is in the 

range of ^ 10 -10 GeV. We have also calculated the value of 

parameter C corresponding to the compactification of the fifth 

dimension on a circle in the Kaluza-Klein model where 

M^=10^'^GeV/2n=1.6xlO^^GeV. It may be noted that in Kaluza-Klein 
G >' 

theories, M_. could be made 2 orders of magnitude smaller than 

35 M ^ . If we use Mp=M_-, the parameter C increases by a factor 

10—100 making it unacceptably large for the minimal choice of 

Higgs representations (D=T=:1>. 

We have carried out a similar analysis in the case D=l and 

'T=2 corresponding to the nonminimal choice of Higgs 

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

+ 
this case low-mass W„-gauge bosons are favoured with M„ -

17 18 
10 -10 GeV when |C|2£ 0.2-0.8. Contrary to the case D=T=1, here 

however Ji_=M , could be permitted provided C is allowed to be in G p 1 

the range 3-10. 

+ 
Thus, we find that low-mass W_ - bosons are favoured in the 

SO(IO) model with single G _, intermediate symmetry which might 

be appearing as an effective gauge theory in foui—dimensions 

resulting from compactification of extra dimension in some basic 

highei—dimensional theory- ' 

IV. 6. Predictions on neutrino masses 

since the scalar representation 126 c SD(10> is used in both 
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Table 10. Prediction of the SO(IO) model with parity-violating 

left-right gauge group at lower mass scales 

(M =10^-10^SeV) . 

Number of e M^ M,, sin^©,, ct~^ M„ C= (-1/8)7? 

D and T (GeV) (GeV) (GeV) 

0.05 10^ 1.6xiO^*^ 0.234 48.3 1.6x10^^ -2.1 

0.06 10^ 10^^ 0.232 48.1 10^^ -0.28 

•? 15 ,„ „„ „ .^17 
D=T=1 O.OS lO 4.4x10 0.229 48.2 10 -0.76 

0.08 10^ 8.2xlO^^ 0.233 49.0 10^^ -0.4 

0.07 10"̂  1.6x10^^ 0.235 49.3 1.6x10^® -2.8 

0.01 10^ 2.0x10^^ 0.236 46.5 1.6x10^^ -0.34 

D=1,T=2 0.02 lO'̂  1.7x10^*^ 0.236 46.8 1.6x10^^ -0.81 

0.04 10^ 7.4x10^^ 0.232 46.9 10^^ -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 IjO contains the 

standard Higgs doublet that generates the Dirac mass term for all 

fermions including the neutrino since the right-handed neutrino 

occurs among the fermion representation ^6. c 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 formula 
2 

m c: , i= e.u, T, (4.21) 

where m (m,) is the neutrino (charged-lepton) mass of the ith 
V . 1 . 

1 1 

generation. As has been noted in Chapter III earlier and Chapter 

IV 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 i> and i> . 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 low 

right-handed scale M^ ^ ITeV, the 50(10) model with G 
intermediate symmetry predicts 

m -^ eV, m ^ lOkeV, and m ^ 4MeV . (4.22) 
e /J T 

Such masses if testified by laboratory measurements would be in 

42 conflict with the cosmological bound 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 

43 
liqht neutrinos like v by the emission of a Majoron ix^ • Such a 

e 

Majoron is a massless Goldstone boson which is created when an 

additional global U(l)^ symmetry is broken spontaneously by the 

VEV of a Higgs scalar carrying lepton number 1=2 at a higher 

scale. The introduction of such an additional global symmetry does 

not affect the GUT predictions as described in this Chapter. 
+ 

IV. 7. Constraints on W„-inass 

Besides the constraints obtained from RGE's including 

spontaneous compactification effects, there are several 

49 ± 
phenomenological constraints on the W_-mass. The most stringent 

theoretical constraint on their mass comes from their contribution 

49 
to K -K„ mass difference which sets a lower bound of about 

2.5TeV in manifestly left-right-symmetric G^„.^_ models where the 

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

l e f t - a n d t h e r i g h t - h a n d e d s e c t o r s a r e e q u a l (g_ =g^D, ©„, =0~r>> -
21— 2R 2i_ 2r\ 

This lower bound can be decreased substantially in the asymmetric 

models <92L'^92R' ^2L'^®2R^ ' 

Another constraint comes from the experimental data on the 

Majorana neutrino masses. With the Majorana neutrino mass m ^ 
e 

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

W -mass ^ 3-4 TeV . Besides these, the electric dipole moment of 

the neutron, a manifestation of CP-and P-violations, close to the 
e —26 49 52 

experimental limit d <10 e cm ' predicts M^ ^ 10—20 TeV. 
n '̂  R ~ 

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 is that the low-mass 

right-handed gauge bosons in BO(IO) with single ^^2213? 

intermediate symmetry, proposed by Ri^ixo are ruled out as the 

parity restoring gauge group G^^ is not allovJed to survive at 

2 , ^ 
low-mass scales. In such a case we noted that sin 6^ <0.235 

constrains M^ > 10 GeV. On the other hand, with the conventional 

mechanism of decoupling P- and SU(2>--breakings, we found a 

low-mass right-handed gauge boson (M ^ lOOGeV-lOTeV) in SO(10) 

with G„_._, intermediate symmetry, without parity restoration, when 
2213 

five-dimensional operator, scaled by the compactification mass is 

+ 
included. Such low-mass right-handed (W_ , Ẑ ,̂) 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 

in K • K mixings, neutrino masses, and a host of other 

+ 
processes. If ViZ -boson masses are within a few TeV, they might 

manifest in neutrinoless double /9-decay, muon decay, fj • 3 B , 

and muonium-antimuonium transitions at low energies if the 

accuracy of such experiments Are improved in near future. One of 

the spectacular signatures of low mass W~ —bosons at SSC energy 

would be through the decay modes 

W~ • e N_ • e~ (jets), 

where N^ is the right-handed liajorana neutrino. Detailed 
R 

+ 
investigations have shown that the detection limit for W~ in this 

53 
case is nearly 8.6TeV. 
i ^ 

It has been shown' that the seesaw mechanism for generating 

Majorana neutrino mass operates in a profound manner when the 
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mechanism of decoupling P- and SU(2)j^-breakinQS is employed, as 

49 
compared to the conventional methods . With t^ ^ 1 TeV, the ^^213 

model predicts m ^ eV, m ^ lOkeV, and m ^ 4MeV. Such massses are 
e ju T 

measurable by laboratory experiments. Out of these, i^ and v masses 
; 

would be in conflict with the cosmological bound according to which 
I ' 42 

(the sum of stable neutrino masses should not exceed 65eV . In order 

to satisfy cosmological bound, in such cases, these heavier 

neutrinos can be made unstable with respect to decay into the 
liqhter ones v by the emission of a Goldstone boson, called the ~ e 

43 
Majoron that arises as a result of spontaneous breaking of a 

global lepton number associated with the G_̂ ._, gauge symmetry. In 

case (B), since the parity breaks at the unification scale M- ^ M,. » 

12 24 
10 GeV, there are no problems due to undesirable domain walls or 

44 inadequate baryon number generation 
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SPONTANEOUS COMPACTIFICATION EFFECTS ON SOC105 GRAND UNIFICATION 

WITH SUC2D^^xSUC23j^xSUC43^ INTERMEDIATE SYMMETRY 

V. 1. Introduction 
40 

In Chapter III we have found that in SO(10) model the 

intermediate scale(M„> for the occurrence of the gauge group 

SU(2>, xU(l)„xSU<4)„ can be brought down to M_=slO^-10*GeV leading 

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

— + 
through rare—kaon decays(IC • jue) , but in this case W_-gauge 

boson mass is high <M|.± = M,,) ruling out possible low-energy 

manifestations of left-right symmetry (LRS> breaking through V+A 

charged currents or CP—violation. In Chapter IV on the other 

hand we demonstrated the possibility of bringing down the Wĵ -and 

Zp-masses to 500 GeV-few TeV leading to possible low-energy 

signatures of V+A charged and neutral currents,and CP-violations; 

but in this case Mp ~ M leaving no testable signature for 

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

intermediate gauge group G_^. can survive down to the scale li_2£ 

5 6 ± 
10 —10 GeV so that W_—masses can occur around the same scale R 

corresponding to the manifestation of quark-lepton unification 

3*? — 38 5' 
through rare—kaon decays and n-n oscillation (M = Mĵ tsslO -

R 
lO^GeV). 

5A 27 2Q 

In this chapter the impact of five-dimensional operator ' 

which might originate from compactification of extra dimensions is 

investigated on 50(10) grand unification with Pati-Salam (PS) 

intermediate gauge group, SU(2) xSU(2)̂ x̂511 (4) including 
L. R Lr 

left-right symmetry ^92L~^2R^ °*~ excluding it (g ?*g ). The 
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corresponding symmetry breaking chains with suitable SO(10) Higgs 

representations are 
54 126 10 

1 S O ( I O ) — - > G224P > %^ -~ • U(l>^^xSU(3)^ , 
"u "c "w 

I 210 126 10 
II SO (10) • G„„. • G . • U(l) xSU(3)_ , 
I M ^^^ M =* M em C ' 

where 5^^^^= SU(2)^xSU(2)pjXSU(4)^xP t92L"^2R*' 

^224= SU(2)^xSU(2)^xSU(4)j, (Q^L'^Q^R) , 

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

of highei—dimensional operators, such models cannot provide low 

SU(4) -breaking scale M^ ^ 10 -10 GeV, thus, ruling out the 

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

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

27 28 including five-dimensional operator ' scaled by the 

27 compactification mass (Mp> , we find that the chain II can 

provide such interesting phenomena corresponding to the low 

5 6 
intermediate scale M ^ 10 -10 GeV. In this case we find the 

equations for the unification mass (M > and GUT coupling (a_> are 

independent of the parameter ie) of the nonrenormalizable 

2 Lagrangian, although the electroweak mixing angle (sin ©j.) does 

depend upon it. The unification mass is found to be large and the 

solutions aire consistent with large compactif ication scale. On the 

other hand, when the PS is left-right-symmetric, the resulting 

2 
equations for sin ©^ is noted to be independent of e, but M and 

a„ do depend upon it. For this case, besides the solutions 

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

much larger M have been found out. 
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This Chapter is organized in the following manner. In Sec.V.2 

WG obtain modifications of gauge coupling constants and boundary 

conditions in SO(IO) with SU(2>. xSU(2)^xSU(4)„ intermediate 
1 L R C 

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

I 2 derive formulas for ln(li,,/M,,>, sin 6,,. and a„ with the U W W G 

f|ive—dimensional operator. New predictions with single G^_._ and 

single GOOA intermediate symmetries have been discussed in Sees.V.4 

and V.5 respectively. The summary, discussion, and conclusion of 

this Chapter are stated in Sec.V.6. 

V.2. Modifications of gauge coupling constants and GUT 

boundary conditions 

For chain I, the modified boundary conditions have been 

27 derived by Shafi and Wetterich . For chain II, we derive the 

corresponding new modifications in the presence of five-dimensional 

operator. In all such cases, when the GUT symmetry is broken 

spontaneously the nonrenormalised Lagrangian ^^MD^ containing 

five-dimensional operator is absorbed in the renormalized kinetic 

energy term ^ct.-} modifying the gauge couplings at the unification 

scale, which can be expressed in general form, 

«2L^"U^ (1^^2L>=«2R^"U> ̂  ̂ ^^2R> =^4C % ^ '^"Uc'^'^G > '^'^' 
2 

where ap=g''/4n, g being the bare GUT coupling constant. 

V.2.1. Modifications with Ggg^_ intermediate symmetry 

27 Shafi and Wetterich have already considered this case 

including the effects of the five-dimensional operator. They have 

used the nonrenormalizable five—dimensional operator, 

a^^=-(r)/2M3 )TrEF^^0^3^^F^^l, (5.2) 

where F =d A -d A -igCA , A 3, 
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(A )f=A^(\.)f, 
/u b tj l b ' 

Tr(X.\ .) = (l/2)6. . <5.3) 

In Eqs. (5.2)-(5.3), r) is an unknown parameter, F is an 

antisymmetric 10x10 matrix, * (C54.) denotes a symmetric traceless 

I'OxlO matrix, A is the gauge field, and \. *s are the SO(10) 

generators. Using the vacuum expectation value <VEV), 
$ o 

<^f^«^>=-1Ir- diag El,1,1,1,1,1,-3/2, -3/2, -3/2, -3/23, 
• ^* yso 

(5.4) 

necessary for spontaneous symmetry breaking (SSB) at the first 

stage of the chain I. they obtained the follot«iing values of 2̂1 ' 

c^j^, e„pi occurring in Eq.(5.1), 
7)$ 

O 
s^^=£:^^^-iZ/2}£, 4̂Ĉ '̂ ' ^ ~ / — - (5.5) 

G 

V.2.2. Modifications with G p^ intermediate symmetry 

Now we derive the modifications of the GUT boundary 

conditions for the chain II. In this case, the first stage of 

symmetry breaking is obtained by the antisymmetric tensor 210. As 

described in Chapter IV, we follow the convention ' in which 

i,j=l,2,3 ,6(7,8,9,10) denote the S0(6)(S0(4)) indices, and use 

he representation of generators by 16x16 matrices. Using P., 

=1,2....,10, as the matrices defined in Ref.46, the 45 generators 

ire given by (l/2)o'^^=(l/4i) Cr., r.D, i, j=l,2,.. . 10. Representing 

he 45-gauge bosons by the two—index antisymmetric tensor, W , 

he gauge boson matrix is 16x16, 
10 . . . . 

W = (1/4) r a^^ W*'', (5.6). 

i,j=l 

where every gauge 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 bason occurs in only one m^itrix element of the corresponding 
I 

' NxN matrix. Following the usual definition, 

F =d W -d W -igCW , W 3, (5.7) 

w i t h W g i v e n by E q - ( 5 . 6 ) and t h e e x p r e s s i o n f o r t h e k i n e t i c 

energy , 

0^ = -<l/4. Z [^IZ' V'"'^"], 
m = 1 

V^*" = d V^"^ - d V - i g C V , V 3 , ( 5 . 8 ) 

where V ^'"Nm=l,2, ,45) represents 45 components of W^^, the 
p ' ' ' A* 

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

t h e c a s e o f 5 0 ( 1 0 ) i s ^ ' ' 

aMi :>=-< l /8> T r C F F^^3 . ( 5 . 9 ) 
NR /L/v 

To the renormalizable Lagrangian given in (5.9) we add the 
nonrenormalizable term containing .the five-dimensional operator , 

/uv^(210) 

where 

*(210)'^^'"^'^ E r.r Xj^Fj $^^''\ i,j,k,l = l,2,..,10. 

i jkl 
54 

Wetterich 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 

liajorana-Weyl spinors. In this t^ieory the Higgs representaion 210, 

126, and iO. of SO(10) necessary for spontaneous symmetry breaking 

at different stages of the chain II have been demonstrated to 

emerge from suitable S0(12> representations possessing 

54 
nonvanishing coupling to spinors ,• With SO (10) gauge symmetry 
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preserved after compactification of extra dimensions at a scale 

Ĵ  , the five-dimensional operator in Eq. (5. 10) is expected to 

occur as a nonrenormalizable term in the Lagrangian. When SO(10) 

i jkl 
• 6^24' wi**^ P-broken at /u ̂  M , « assumes VEV in the 

jdirection <$ >=$ 7^0. Using the normalized VEV, 

^o 

<^2io)>=:;^^7^8Vio^^ ' • 

$ 
o 

=-TZrTliagC-l,-1,-1,-1,-1,-1,-1,-1,1,1,1,1,1,1,1,1 a 
-•32 

(5.11) 

in Eq. (5. 10), we compute the values of £• , ^OR* ̂""̂  "̂ Ar' 
occurring in Eq.(5.1) , 

^2L~ ^2R~'^' ^4C~*^* 

*o 7)- 3 1/2 "U ,_ _ — j j —^ 

G G G 

(5.12) 

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

1/2 masses (M,,) and $ , M, =(4rTa_/3) § . From Eq. (5.12), it is clear U o U G o ' 

that the contributions due to s- and £:_ĵ  are equal and opposite, 

whereas that due to s _ vanishes. When e. parameters given by 

Eqs.(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 electroweak 

mixing angle. 

V. 3. Formulas for unification mass, electroweak mixing angle, 

and GUT coupling 

2 
The one-loop gauge coupling constant g.(jLi) (a. (/j)=g . (ju)/4n) 
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in the chains I and II satisfy the following forms of the 
1 
renormalization—group equations in the two mass ranges, 

KL, < M < M : 
'̂  1 ^ 1 a. fj • 

-In— , i=Y, 2L, 3C, (5.13) 

1 W I W 

M^ < U < VL. i 

^ 1 " 1 ^'i ^ 
= + " ^ I n — , j=2L, 2R, 4C, (5.14) 

a.(M^) a.(Aj) 2n M^ 

J C 3 C 

where a.<a'.) is the one loop coefficient at the lower (higher) mass 

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

Jchain II, P is broken at the unification scale. In both cases, the 

Higgs scalar contributions at the lower mass range M < ̂  < M is 

5(2,1,1) under SU(2) ̂ x U d ) Y X S U ( 3 ) „- With three fermion generations 

and minimum number of Higgs, the one—loop coefficients occurring 

in Eq. (5. 13) are 

3^=41/10, a,^=-l9/6, ^zd^~'^' (5.15) 

For the higher mass range M < î < M , the Higgs scalars 

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

maintains left-right symmetry having the decomposition under 8„„^_ 

as $(2,2,1) + A^ (3,1,10) + A (1,3,10) and contributes the 

following values of the one-loop coefficients occurring in Eq. 

(5.14), 

^2L"^2R''^^'''^' a^^=-14/3. (5.16) 
For the chain II, the Higgs scalar multiplets contributing to the 

RGE's in the mass range n^ < ju S M are §(2,2,1) + A_(l,3,10) 

under G^^^ leading to the values of the coefficients occurring in 

Eq. (5. 14), 

a^L^-3, a^j^=ll/3, a;^j,=^23/3 (5.17) 
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Using Eqs.(5.13)-(5.14) and the boundary conditions in the 

generalized form (5.1), we obtain the formulas for In <M|̂/Mĵ ^̂) , 

2 —1 ~1 
sin 0y and a_ through the following combinations a (M )-(8/3> 

a^^(Mj^), a~*(Mj^>-(8/3)a~J_(Hy), anda~^(M^j>= {5/3)a~^ i^^y+a'^^W^) , 

i 
M, 

In- U 

M 

H 
u 

2n 

D I 2-^^2L^^2R"3*^""4C> l^s*-(l+£^j,>a 
-1 

<̂ -'̂ 4Ĉ  ̂ ^2L-'I^Y-| ̂ 3C-^2L-^2R^-^2-K^2L-'C2^> (a3j. 1 "̂  

(5.18) 

sin 0 -- ^^'•^2L'^4C-^^-'^4C^^ 

•̂ ^̂ -̂ 4̂0*I ̂ 2 L - < ^ 2 R 4 ^4C* ̂ •̂*'̂ 2L̂  

2 L " - (-21 

1 -t [{ 
2L^^"^2R^ 

^3C^^2R'^3 ^ 4C^ 3^4C^Yj "̂  

< 1-̂ 2̂L* ^ < ̂ •'^2R* *^2L^4C-^2L^3C^ •" 

I n — 

\^2L^3^Y~ '2R}-3 ^3C^-^2L^2Rr^"-^4C^ 

(5.19) 

•" ̂ 4C ^2L*^2R'*"3^4C 1 

<̂ G ° a Ctr- 2TT b 4C^^2L-'3^Y^-^3C*^ 2L^^2R^I ^k^l^ 

»c-
In-
M, MJ 

(5.20) 

where 

^=^4C ̂2-̂ 2̂L-̂ 2̂R̂  - ̂  ̂ "^4C> ̂ ^2L^^2R> -, '^' 21) 

V.3.1. Formulas with G ^^p intermediate symmetry 

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

of £̂ 2L' ^2R' "̂"̂  ̂ 4C ^•"°'" Eq. (5.5) in Eqs. (5. 18)-(5.21) we obtain 
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D=-(50/3> (l-2£;/5> and the following formulas. 

M 
In - U 

3JT 

M, W (25- lOe) 

8 

a 3a , I 3a„ a J 

<17-

(50-

-la^r) 

-20e) 
In -

( 5 . 

"c 

% 

.22) 

s m e ^ = 
a 

3 a , 

11 a "C 
In — , ( 5 . 2 3 ) 

3TI M, 

a ^ (50-20C) 

14 38 

a 3 a , 

U 

5 6 " C 
I n — 

3TT M, 
W 

( 5 . 2 4 ) 

. 2, 
-rom the above equations it is clear that sin ©^ is independent of 

£ whereas In CM ./Mj.) and a_ are dependent upon it. 

Formulas with G^^. Intermediate symmetry V. 3. 2. 

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

values of £^,, ^^D* aind ^ar '̂ '̂ o'" Eq. (5. 12) in Eqs. (5. 18)-(5-21) we 

obtain D to be independent of s, D=-16, 
M,, n r i 8 1 19 M„ 

I n — ^ = - I n — ^ , 
M 8 [a 3a J 48 H 

( 5 . 2 5 ) 

, 7 2a 
s in*"e =— + 

24 9a , [ 48 18 a j 

a r i 9 3 533 

27T 7 2 

533 1 "C 
E I n — , 

144 J n^ 
( 5 . 2 6 ) 

a . 

1 

48 

2 3 

a 

4 0 

3 a , 

533 "̂ C 
In — 

6n M^ 
( 5 . 2 7 ) 

It is clear that ln(li. ,/M..) and a^ are independent of e but sin &,, 

does depend upon it. 

/. <i. New predictions with <5_p̂ p intermediate sym)mei,ry 

Using Eqs. (5.22)-(5.24) , a~^ (M̂ )̂ =127.54, ag(Mj^) =g^(M^)/4Tr= 

0.11, i^'*Z^ =160 MeV where MS denotes the modified subtraction MS 

scheme), and M =83 GeV, we compute the possible allowed values of 
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M jand K as a function of the parameter e, keeping view the 

15 "̂  
constraint M > 10 GeV and sin*"© ~0.22-0.24. Some of our solutions 

are presented in Table 11. 
2 

From Table 11, it is clear that the value of sin O^ is not 

affected by the parameter e and it decreases below (increases 
i 

beyond) 0.22 (0.24) when M_ > 10^^<<10*^)GeV. For a fixed value of 

( <_# J 

13 14 .._ in the range 10 -10 GeV, M,, is controlled by e. In this case, 
we find that the solutions already obtained by Shafi and 

27 Wetterich , corresponding to the enhancement of T_ by a factor 

lO-lOO, over the conventional SO(10) predictions, occur for e 2: 
! 
0.01-0.02 and are consistent with lower values of the 

17 27 compactification scale M_ ^ 10 GeV. With such GUT predictions, 

proton decay in the p ¥ e TT mode might be observable in near 

55 future by low—energy experiments with improved accuracy 

27 Besides SW type of solutions, here we obtain the new class 

16 IQ of solutions with larger values of ri ^ 10 -10 GeV, and Mp ^ 

17 19 10 —10 GeV. As reported in Table 11, for a fixed value of 

M_ra4xl0 GeV, the allowed value of M.. varies from 1.5x10 GeV to 

18 
2.2x10 GeV for e=0.04-0.10. In this case, the values of r), 

1/2 [Tomputed using the relation r)=2(10noi_) x(M /M..)e are found to be 

17 19 consistent with the values of r72£0.2-4 with M =10 -10 GeV. In 

aarticular, solutions with a very stable proton and lifetime, 

accessible to low-energy measurements in foreseeable future, are 

17 18 found to be possible with M = 10 -lO GeV, consistent with the 
I JO ID 

larger compactification scale MpOs 10 -10 GeV. 
24 As noted by Kibble, Lazaridis, and Shafi several years ago, 

the domain-wall problem could have been severe if the intermediate 

http://~0.22-0.24
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Table 11. Solutions of renormalisation group equations in SO(10) 

with left-right symmetric G^^.p intermediate gauge 

group (chain I), in the presence of the five-dimensional 

operator. 

"c =i"^^w ^ "u ^G^ "G ^ 
(GeV) (GeV) (GeV) 

4x10^^ 0.230 0.01 1.4x10^^ 41.4 10^^ 1.21 

0.02 3.2x10^^ 41.6 lÔ '̂  l.IO 

0.04 1.5x10^*^ 41.9 10^^ 0.44 

10^^ 4.47 

0.06 7.8x10^*^ 42.2 10^'^ 0-13 

10^^ 1.32 

0.08 4.1x10^'^ 42.6 10^^ 0.33 
19 

10* 3.38 
1 O 1 Q 

O.IO 2.2x10 42.9 10 0.79 

lO^^ 0.221 0.01 1.1x10^^ 41.5 10^^ 1.65 

0.02 2.3x10^^ 41.6 10^^ 1.50 

0.04 1.1x10^^ 42.0 lO^'' 0.61 

10^^ 6.05 

0.06 5.8x10^*^ 42.3 10*^ 0.17 

10^^ 1.78 

0.08 3.0x10*'^ 42.7 10^^ 0.45 
19 

10 4.55 
0.10 1.6xlO^^ 43.1 1.6x10^^ 0.17 

19 
10* 1.06 
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scale M were less than 10 ^GeV. But, with the renormalization 
i ^ 
'group permitting M ~10 GeV, the problem does not exist irf the 

present model. The Majorana neutrino masses are governed by the 

seesaw formula for the three generations , 

m -£ iti^/n^, i = l,2,3, (5.28) 
1 

where m =m , m =m , and m =m - As stated in Chapters III and 
1 e 2 /J 3 T 

IV, two different choices for m. exist in the literature. While up 
1 

quark mass of the ith generation has been used by Bell-Mann, 

Ramond, and Slansky , others have used the corresponding charged 

lepton mass. Using MpStlO —10 GeV, the allowed range from Table 

11, and m^=m = 5MeV, m_=m =1.25GeV, and m_=m.=slOOGeV, the model ' l u ' 2 c ' 3 t ' 

predicts, 

m a:(2.5xl0~^^-2.5xl0""'^>eV, m 2r( 1.5xl0~^-l. 5xl0~'*) eV, and 
e /J 

m s:(0.1-l>eV. 
V 
T 

(5.29a) 

But using the charged lepton masses, m.=m , m_=m , and m_=m , the 
1 e' 2 î' 3 T' 

model has prediction, 

m 2j(2.6xl0"^^-2.6xl0~*^)eV, m ~< 1. Ixl0~''-1. lxlO~^)eV, and 

m r-(3.2xlO~^-3.2xlO~'*)eV. 
V 
T 

; (5.29b) 

Although such neutrino masses are too small to be observed in the 

laboratory, but they might be compatible with the value needed to 

understand the solar neutrino puzzle by the so-called MSW 

mechanism. 

V.5. Mew predictions with G^^ intermediate symmetry 

In the absence of highei—dimensional operators such a model 
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2 
does not provide interesting solutions as for sin'~0y=O.22(0.24) , 

M ==5xlO^^(10^^)GeV and M ~10^^(6xl0^ )GeV at the one-loop level 

Using the same parameter as in chain I, we compute values of M̂ , 

and M as a function of s from Eqs.(5-25) and (5.26), imposing the 

15 2 
constraint M.. > 10 GeV and sin ©,,= 0.22-0.24. Some of our 

U W 

solutions with lower (higher) values of M are presented in Table 

12 (Table 13). 

From both the tables, it is clear that for a fixed value of 

2 
ip, the value of sin Q^ is controlled by the parameter s . In this 

2 
rase, for the allowed value of M,, and sin O... we obtain the 

U W 

predicted value of M_ which varies over a wider range 

^ M ~10 -10 GeV. For simplicity of explanation we divide the 

solutions into 3 categories. 
11 12 The first ca-teqary of solutions belong to M_=10 -lO GeV, 

for which the model predicts M =(3-8)xl0 GeV with 

,^33±3 .^35±3 - .. ^ + o _. -TL, ^ :.- ._ 
Tp~10 -lO yr for the p • e n mode. The uncertainty by a 

±3 
factor 10 , in Tp arises due to uncertainties in the proton decay 

34 
matrix element and the QCD parameter. Such an observable proton 

55 decay can be verified by high precision low-energy experiments. 

These solutions are similar to the type as obtained in chain 

I with the lower values of M„ D£ 10 GeV. In this case the neutrino 

masses are two orders of magnitude, larger than the values given in 

Eq.(5.29>. For example,with lî sslO GeV and up quark masses for m. , 

Eq. (5.2e> gives m ~ 2.5x10" eV, m ~ 1.5xlO~'^eV and m a^lOOeV, 
e , ju T 

when charged lepton masses are used for m., although the predicted 

neutrino masses are too small, they could still be compatible with 

values needed to understand the solar neutrino puzzle. 
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T a b l e 1 2 . Same a s T a b l e 1 1 , b u t f o r C h a m I I , and l o w e r 

i n t e r m e d i a t e s c a l e s (M_,) . 

(GeV) (GeV> (GeV) 

10^ 1 . 9 x 1 0 ^ ^ 0 . 1 2 0 . 2 3 3 5 4 . 4 2x10^® 0 . 2 0 
19 10 1 . 0 0 

0 . 1 4 0 . 2 2 4 5 4 . 4 2 x 1 0 ^ ^ 0 . 2 3 
19 10 1 . 1 7 

10^ 7 . 6 x 1 0 ^ ^ 0 . 1 0 0 . 2 3 5 5 3 . 0 10^^ 0 . 2 1 
19 

lO 2 . 1 1 
0 . 1 2 0 . 2 2 6 5 3 . 0 10^^ 0 . 2 5 

19 
10 2 . 5 3 

lO^ 3 .0x10^'^ 0 . 0 8 0 . 2 3 6 5 1 . 6 10^^ 0 . 4 2 

19 
10 4 . 2 5 

0 . 1 0 0 . 2 2 8 5 1 . 6 10^^ 0 . 5 3 

19 
10 5 . 3 2 

0 . 1 2 0 . 2 2 0 5 1 . 6 10^^ 0 . 6 3 

19 
10 6 . 3 8 

10^ 1 .2x l0^ '^ 0 . 0 6 0 . 2 3 7 5 0 . 3 10^^ 0 . 8 0 

19 
lO 8 . 0 4 

0 . 0 8 0 . 2 2 9 5 0 . 3 1 0 * ^ 1 - 0 7 
19 

lO 1 0 . 7 2 

0 . 1 0 0 . 2 2 1 5 0 . 3 lO^^ 1 . 3 4 
19 

10 1 3 . 4 1 



t85J 

Table 13. Same as Table 12, but far higher intermediate scales. 

Mj, Mjj £ s i n ^ 0 y a g * M^ v 

(eeV> (6eV> (BeV) 

lO*̂  4.9x10^'^ 0.04 0.238 48.9 10^'' 0.13 
1 R 

10 1.35 

0.06 0.230 4B.9 10̂ '̂  0.20 

10^^ 2.03 

0.08 0.222 48.9 10^ "̂  0.27 
1 R 

10 2.71 

10^*^ 1.9x10**^ 0.02 0.238 47.6 10^^ O. 17 

lO^® 1.71 

0.04 0.230 47.6 lO^^ 0.34 

lO^® 3.41 

0.06 0.223 47.6 10^ "̂  0.51 

10^^ 5.12 

lO^^ 7.9x10^^ O.Ol 0.234 46.2 10^^ 0.21 

10^^ 2.15 

0.02 0.230 46.2 10*^ 0.43 

10^^ 4.31 

0.04 0.223 46.2 10^^ 0.64 

lO^^ 6.46 

10̂ '̂  3.2x10^^ 0.01 0.226 44.9 10*^ 0.54 

lO^^ 5.43 

0.02 0.223 44.9 10^^ 1.08 

lO^® 10.87 
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The second category of solutions belong to M_ ^ 10 -10 GeV 

for which M varies in the range My =£ 2x10 -10 GeV with Tp ^ 

10"̂  ~ -10"^ "'̂ y'"- The neutrino masses corresponding to such range 

of M are 4-5 orders larger compared to Eq.(5.29)- Using the quark 

—A —4 
masses for m. we obtain m 2£(2.5xl0 -2.5x10 )eV, m 2i<0. 15-15)eV 

e fj 
'y —8 

m 2s (l-lO'^)keV and: but the model predicts m d. <2.6 x 10 
T e 

-2.6 xl0~^)eV, m 2; (l.lx lO'^^-0.11 )eV, and m a^ (0.3-32>eV, when 

the charged lepton masses are used for m.. Thus the u and v 

masses are within the detectable range and the solutions in this 

class are consistent with the compact ification scale 

M„2tl0^^-10^®GeV. u 
5 6 

The last category of solution's which belong to M̂ rslO -10 GeV 

2 
with sin 0^^0.22-0.24 are most interesting. Such lower values of 

M_ predict observable signatures of quark-lepton unification which 

can be verified by low-energy experiments through n-n 

38 8 9 ' — 
oscillation with T - îslO -10 s, and rare-kaon decays- K, • ue 

n-n ' J 7 ^ /-

with branching ratio 7x (10~^-10~^'^). With M :^ 10^-10*^GeV the 

predicted neutrino masses are in the range 

m =s(2.6xl0~'*-2.6xl0~'^>eV, m ~(11.2-112>eV, and 
V V 

m 2£(3.2-31,7)keV, (5.30) 
T 

when charged lepton masses are used for m.; but m a:(0.02-0.25eV) , 
e 

m 2£(1 .5-15 .6) keV and m lisC 10-100)MeV when t h e up q u a r k masse s are 

used for m.. Thus the seesaw formula with m. as the quark masses 
5 

forbids M_ cs 10 GeV as the predicted m and m violate the 
jU T 

14 existing laboratory limits (ra < 250keV, m < 35MeV). This 
H T 
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/ — —12 9 

implies that M̂ ^ > lO GeV, BR iK^—r> pe) < 7x10 and T^_- > 1 0 S. 

But the seesaw formula with m. as the charged lepton masses allows 

M ~10 -10 GeV since the v-masses ' do not violate the existing 

' 6 5 
laboratory limits. The unification mass for M_ na 10 (10 > BeV is 

17 18 
high, M a: 10 (10 )GeV predicting a very stable proton with 

42 44 + o 
lifetime T â lO (lO ) yr in the P • e n mode. Such high 

unification masses are consistent with the five—dimensional 

18 19 
operator scaled by high compactification masses M„ ^ 10 -10 GeV. 

It may be noted that in the simplest Kaluza-Klein model leading to 

the foui—dimensional space—time as a result of compact ification of 

18 
extra dimension on a circle yields M_=M ,/2n=l-6xl0 GeV. Most of 

v3 p i 

our solutions with observable low—energy signatures of 

quark—lepton unification are compatible with T) ̂  1 and such a high 

compactification scale. Since the left-right discrete symmetry (P) 

is broken at the GUT scale along with SO(10) gauge symmetry, the 

24 
model does not in principle possess the domain-wall problem. 

In a number of predictions for the neutrino masses in the 

42 
chain II the cosmological bound "£ m < 65eV seems to be violated. 

i . i 
5 8 

This happens, for example, for M_:^10 -10 GeV for m and m using 

up quark masses for m. in Eq. (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 lightest neutrino 

43 
(v ) . The Majoron is generated by breaking spontaneously an 

additional global U(l) (l=lepton number) symmetry which must be 

introduced along with SO(IO) to start with and broken at a scale M 

» M y . 
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V. 6. Summary, Discussion, and Conclusion 

Highei—dimensional operators in specific forms involving 

gauge and Higgs fields might appear as nonrenormalizable terms in 

the GUT Lagrangian in four dimensions as a result of 

compactification of extra dimensions in higher—dimensional 

theories. ' or as effects of quantum gravity"^ . It has been 

shown thaf^ ' "̂  such terms can be absorbed in the renormal izable 

—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 highei—dimensional operator<s>. In 

such cases the gauge coupling constants at the GUT scale are 

2 
usually modified resulting in the .modifications of M,, and sin ©,,. ' ^ U W 

We have demonstrated in this Chapter that although the gauge 

2 
couplings are modified, in certain cases, either M. , or sin 9^ 

might remain unaffected by the introduction of highei—dimensional 

operator. 

Including five—dimensional operator on SO(IO) with Pati-Salam 

27 intermediate symmetry, Shafi and Wetterich obtained a factor of 

10-100 enhancement in T over the conventional SO(10) predictions 

and the SU(4)—breaking scale , Hj,~10 GeV, consistent with 

M ~10 GeV (chain I). With such large value of M_, besides proton 

decay, no other GUT signatures is predicted to be observable by 

low-energy experiments. Examining formulas obtained as solutions 

1 2 
of RGE's in this case, we found that sin B is independent of the 

27 parameter £. Besides the GUT predictions of the SW type, we 

found that the model also predict a very stable proton 

corresponding to large values of !*l consistent with higher 
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I 18 1*? 
M„2£lO -10 GeV. As for this chain, the allowed values of 
G 

13 14 
M ~10 -10 GeV, the model does not possess the domain-wall 

problem*" . Corresponding to such high values of M_, although the 

predicted value of neutrino masses are small, they might be still 

compatible with the values needed to understand the solar neutrino 

37 
puzzle via the so-called MSW mechanism 

As the primary objective of this Chapter we examined the 

impact of five-dimensional operators in SO(iO) with single ^224 

intermediate symmetry when parity <P) is broken at the GUT scale 

15 2 
(chain II), keeping view the constraint on M >10 GeV and sin ©„ 

~0.22-0.24. Since P is broken at the GUT scale the model does not 

24 
posses the well known domain-wall problem . The five-dimensional 

operator is expected to be present as a nonrenormalisable term in 

the Lagrangian after compactification of extra dimensions in the 

54 
highei—dimensional model of Wetterich - In the absence of 

' 2 

highei—dimensional operators, for allowed values of sin O^^ such 

model predicts 10^^<M <5xl0^^6eV, and 6xlO^\M>10^^GeV 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 M and a_ a.re independent of the parameter £, 
2 

although sin © does depend upon it. 

As the primary distinguishing feature in the structural form 

of the equations in the two cases we note that, for a fixed Mp, 

the values of In (M,,/M.,) <sin &,,) are controlled by the parameter 
U W W J r-

in chain I (chain II). In the chain II the solutions of 

renormalization-group equations , are classified into three 
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11 12 
categories: (a) solutions of SW type with M ~10 -10 GeV and 

Mp2£lO GeV, predicting observable Tp and neutrino masses 1-3 

8 10 
orders larger than the chain 1, (b> M ~10 -10 GeV, T at least 4 

orders larger than the experimental lower limit, and neutrino 

masses 4-5 orders larger than the chain I, (c) Mp~10 -10 GeV 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, 

IQ 19 * 
M_2:10 —10 GeV. The cosmological bound in appropriate cases can 

be evaded by making the heavier neutrino unstable with respect to 

43 
decay into the lighter neutrino by the emission of a Majoron 

The Majoron can be be generated by invoking an additional global 

symmetry U(1)^<l=lepton number) and breaking it spontaneously at a 

scale M » M,.. 

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 highei—dimensional theory, 

causes drastic but very attractive modifications of S O d O ) 

predictions with single Rati-Salam intermediate symmetry when 

21 
parity— and SU(2)^-breakings are decoupled 



CHAPTER VI 
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MODELS WITH NATURAL SEESAW MECHANISM FOR NELfTRINO MASSES WITH 

IDENTICAL P- AND SUC21) -BREAKING SCALES 

VI. 1. Introduction 

In Chapters II-V we have investigated possible modifications 

of SU(5> and SQ(10> GUT's due to higher—dimensional operators and 

found drastic changes from the conventional results. In this 

^hapter^ we explore a very interesting aspect of Majorana 

neutrino masses without invoking the effects of spontaneous 

compactification or quantum gravity-

One of the most attractive suggestions to obtain small 

fiajorana neutrino masses, is through the seesaw mechanism ' 

has been widely exploited in partially unified or grand unified 

theories (GUT's) of strong, weak, and electromagnetic 

interactions. The mechanism explains the smallness of neutrino 

masses and universality of weak interactions simultaneously. 

30 49 
Recently Chang and Mohapatra ' have made an important 

observation on general validity of the mechanism as a viable 

theory for neutrino masses. They found that the implementation of 

the mechanism in left-right-symmetric (LRS) model or SO(10) GUT 

needs a wide separation of parity— (P) and SU(2) - breaking 

scales. It has been found that a wide separation of P- and 

BU(2) -breaking scales in LRS models or GUT's such as SO(10) •s 

3U(16), or SU(8),xSU(a) , is possible in the presence of suitable 
L K 

21 
Higgs representations, or specific spontaneous symmetry breaking 

'?3 
(SSB) patterns? In the case when the P- and SU(2)^- breaking 

rc 

scales are identical, the present "bound on neutrino masses does not 
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permit the right-handed gauge basons to be light in, = M_ ~ '*'R 
R R 

8 10 =Mp> 10 -10 GeV>, thus leaving no other testable signatures at 

lower energies. In the latter situation the mechanism ' has no 

role in explaining neutrino masses. In this Chapter we 

demonstrate that the seesaw mechanism is natural in certain models 

even if the two scales are identical. In such cases SUt2>„xU(l)g_, 

or SU(2> xBU(4) has to break spontaneously to U(l)^ in more than 
rC C* Y 

one steps. Here, we provide two examples in SO(10) GUT 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 Ẑ —̂boson manifesting as a result of 

SSB of the minimally extended gauge group based upon SU(2), xU(l)QX 

U(l)r. , M S U ( 3 ) „ ( = G ^ . , ^ ) . With B„,^_ as one of the intermediate 

symmetry, a different form of the seesaw formula has been derived 

in Ref.60, where the left-handed triplet A. carrying B-L = 2 has 

been taken to be light for the sake of convenience, which spoils 

the naturalness of the mechanism. In all models leading to G -._ 

64 considered in this Chapter, the condition of minimal fine—tuning 

of parameters requires all the components of A. Are much heavier 

than the U<1>_ breaking scale which renders the mechanism to be 

natural. 

This Chapter is organized in the following manner. In Sec. 

VI.2 we review the work of Chang and Mohapatra 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 

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 

identical P- and SU(2)_- breaking scales using the LRS model and 
R 

partial unification scheme. In Sees.VI.4 and VI.5 we show how such 

models can be embedded in two different scenarios of SO(10) grand 

unification. A brief summary and conclusion of this Chapter are 

stated in Sec.VI.6. 

VI. 2. Natural seesaw mechanism with separate P-and 

sue23--breaking scales 

In this section we summarize the work of Chang and 

Mohapatra establishing the naturalness of the seesaw mechanism 

in left-right gauge models and GUT's with a wide separation 
21 between P— and SU(2)--breaking scales For convenience we 

discuss the conventional mechanism in the context of LRS models 

based upon the gauge group SU (2), xSU(2)rj x U(l)_ , x SU(3)_ x P (= 
L. R D—L_ U 1 

6„„ ^_ , g„ = g„ ), that breaks down to the standard group in the 

following manner 

<A°>=V <0°>=k 

2213P M,̂  St n^ "R 
-> 6 13 (6. 1) 

The quarks (Q ,Qo^ ^nd leptons< y/. , ̂ 'ô  o'f each generation, and U K L. R 

Higgs scalars ($, A,, A_), possess the following transformation 
I— R 

properties under G ^ : Q (2, 1, ,1/3, 3), Qo<l» 2, 1/3, 3), 

*, (2,1,-1,1), *_(1,2,-1, 1), $(2,2,0,1), A, (3,1,2,1), and 

Ap(l,3,2,l). In order to obtain SSB at various stages of the chain 

(6.1), the Higgs scalars are assigned the following vacuum 

expectation values (VEV's): 

<A^>= <A^>= 

R 

$ = k O 

O k' 
(6.2) 
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which lead to the neutrino mass term in the Lagrangian : 

m. . m. ̂  I' 
(y> _, T .,T, 
mass 

LL LR 

•"LR ""RR N 
(6.3) 

where N=C (v ) , 'VL~*^'*'L » '"RR~^'?'^R' " L R " ^ ! *^*^2*^ ^ "̂*̂  h. 's are 

Yukawa couplings. Imposition of the constraint V_» k » V. , k' and 

the diagonalization of the mass matrix leads to small (large) mass 

eigen values of the left-(right-) handed neutrinos v.(N,): 

m. 
1 

1 "R 

"' ""N ~'*'R ' i=l»2,3. (6.4) 

where m. is the Dirac mass and t^ as the mass of WZ and Z_ bosons. 

In this case P and SU(2)j^ break at the same scale t%.. Taking the 

Dirac-mass equals to the charged-lepton mass and ti- ^ TeV, the 

formula (6.4) leads to 

m ~ 0.26eV, m os ll.2keV, and m ~ 3.17MeV 
V V V 
e p T 

(6.5) 

16 On the other hand, using the Dirac mass as the quark mass**^ with 

m ~ lOOGeV and M,=M =10 GeV, the Gel1-Mann-Ramond-Slansky-type 
t ' U r\ 

spectrum is 

m 2£ 10 eV, m 2£ 10 eV, and m as 10 '̂ eV 
V V V 

e (J T 

(6.6) 

Such a feature of the mechanism as obtaining small v. masses 

simultaneously with small mixing angles was considered very 

30 49 
natural until Chang and liohapatra ' observed that the presence 

of the terms. 

V .^._/ii -̂̂  ̂ ^L^ ^R^2S- ̂ 2 >' (6.7) 

in the Higgs potential, where $ = $ and $ = T „ $ T „ , leads to 

much larger induced values of <A. > and the left-handed Majorana 
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mass through Fig.4, 

m^y=X h_ r—^, (6.8) 

K 
A 

even though one has <A. > = O to start with. Here \ is a function 

of scalar coupling and M is the mass of A. . Thus, the seesaw 

mechanism * meant to explain small neutrino masses holds 

provided the seesaw masses <BSM) obtained by Eq.(6.4> dominate 

over the induced masses (CR ) given by (6.8). This condition 

requ i res, 
^2 -^ « 

^ 

^3 

(6.9) 

Using extended survival hypothesis (ESH) , the maximum values of 

M =M =M , obtained for V =0. Thus, the fine-tuning needed to 
A r r\ l-

satisfy (6.9), or \<<(h /h )*" , is arbitrary since the standard 

model Yukawa coupling h.̂ s 10 , and there is no reason for h^ to 

be small. Without arbitrary fine-tuning, Eq.(6.8) dominates over 

Eq.(6.4) and the bound on neutrino masses needs M^=M_=M_2!:10 
A r K 

-10 GeV consistent with m sil-lOeV, i = l,2,3. In such a situation 
i 

the proposed mechanism ' , does not explain neutrino masses. 

In order to provide a natural explanation for neutrino masses 

by the seesaw mechanism even for low values of ^L, m should be 

made negligible compared to SSM. This is possible by decoupling 
21 P-and SU(2)--breaking scales with M ~ M_ » M_̂ . A number of 

symmetry breaking patterns including two-loop effects have been 

worked out in SO(10) and found to be consistent with M_. » W^.. In 
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F i g . 4 . I n d u c e d v a l u e s of l e f t - h a n d e d M a j o r a n a mass 

t e r m t h a t s p o i l s t h e s e e s a w m e c h a n i s m . 
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21,22 
these new SO(10) models the seesaw mechanism is natural. 

VI.3. Natural seesaw mechanism in models with Identical P- and 

sue2^-- breaking scales 

In this section we demonstrate how the mechanism is natural 

in some gauge models even if P and SU(2)_ break at the same scale. 

The popular models involving P-and SU(2)_- breaking scales are the 

LRS models associated with the gauge group G^^^^p or -̂2040 

Besides, these gauge subgroups are contained in GUT's like SO(IO), 

E., SU(8>, xSU(8)^, or SIJ(16). In models having G__-_ gauge group, 

B-L forms a diagonal generator of SU(4)„. In the alternate class 

of models exhibiting a natural seesaw mechanism, although P and 

SU(2)^ break at the same scale, SU(2)_,xU(l)_ , or SU(2)_xSU(4)_ 

breaks to U(l)^ in more than one steps. In the first step U(l)_ 

or SU(4) must remain unbroken but SU(2) • U<1>_ to generate 
Lr PC PC ^ 

*iiide separation between li_ and M^ , , where M_ is the breaking 

scale of U(l),^ , . This is achieved through the following chains in 
t>—L. 

bhe two models: 
"P="R "R 

''' '^2213P—^37" '̂ 2113 ~ o : i ~ ' ŝt ' 

(iia) G • G„.- : • G_.._ • 6 , , 
224P <^o,^^ 214 ^^o.^^^ 2113 ^ o ^ ^ ^ st 

P R C R 
(iib) 6_„-p • G_,,_ '• • G . , 

^^^^ <a°>^0 2113 ^^q^^^ St 
R 

rthere G = SU<2) xU(l) xSU(4)_. In order to understand the 

naturalness of the seesaw mechanism it is necessary to know the 

3rder of the masses of Higgs scalars occurring as left-handed and 

r'ight-handed triplets which carry B-L = 2. In case (i) the first 
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stage of symmetry breaking, G • '̂ oil'̂ . ^^ obtained by 

giving VEV to the neutral component of the right-handed Higgs 

scalar triplet with B-L = O transforming as ,•^(1,3,0,1) under 

G__^_„. The second stage of symmetry breaking B ^ • G . can be 

achieved by assigning VEV to the neutral component of the 

right-handed Higgs scalar triplet A_ (1,-1,2,1) under ^^2113 

carrying B-L=2. Thus, at the second stage Majorana neutrino masses 

57 ± 
are generated. By extended survival hypothesis , WL gauge boson 

masses Sire of order M_ whereas the right-handed neutral gauge 

boson mass ~ M̂ v- It may be noted that in the first stage, both P 

and SU(2)^ break at the same scale (/j=M =M^) but U(l)_x U(l)^ , 

remain unbroken, which at subsequent stage break to form L K D y at 

the lower scale M = M_ « M = M . In case (iia), the first stage 

K U—L rv P" 

of symmetry breaking is obtained by giving VEV to the neutral 

component of the Higgs scalar transforming as ;̂ ( 1,3,1) under G„_ 

whereas the second stage of breaking is possible by assigning VEV 

to the neutral component of the Higgs scalar transforming as 

f(1,1,15) under G_^- with M » M . In the case (iib), the first 

stage of symmetry breaking is achieved by giving VEV to the 

neutral component of the Higgs scalar transforming as o'(l,3,15) 

under G^„.. In all cases (i) and (ii) the final stage of SSB is 

achieved by giving the VEV to the neutral component of the 

standard doublet of Higgs scalars whereas the SSB of G„,._, • 

^^ 2113 

G is possible by assigning VEV to the neutral component of the 

right-handed Higgs scalar triplet A_(1,-1,2,1) under G _ 

carrying B—L=2 as a consequence of which Majorana neutrino masses 

are generated at this stage. Besides, since LRS is maintained at 
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scales ^J » M-,, the -Higgs sector must be left-right symmetric for 
Vs. 57 such values of p. Using ESH , the neutral component of the 

standard Higgs scalar acquires mass M o ^ M and the neutral 

component of the right-handed triplet acquires mass M o ~ Mj.. 

Similarly the charged components A" , A^ , and A.,, in the triplet 

^ (1,3,2,1) under G^^ ^ in case <i) acquire masses of order M_. 

The left-handed counterpart of A_ i.e., A. (3,1,2,1) under 2̂21-5 

does not contribute to the SSB at any stage. Its role is to 

maintain LRS, and according to ESH masses of all the components in 

\ is of the order M_. In the cases (iia) and (iib), the 

right—handed triplet is containe.d in the G^^. representation 

&_(1,3,10), whereas the left-handed triplet is contained in 

& (3,1,10). Only the neutral component of A_, acquires a mass ~ M_ 

but all other components of A^ and A. have masses of order M_. In 

the case (iia) all other components of f(1,1,15) under G^OA have 

nasses a M_̂  except the neutral component which acquires mass M„o K f 
4-

isM-. All the components of ;;̂f (1,3,1) under G-^. have mass©s~ M_. In 

the case (iib) all the components of o'(l,3,15) under S„„- have 

nasses M_ = M_-

Now using the seesaw mechanism and adding the induced mass 

term due to Fig.4, we obtain for the neutrino mass of ith 

generation, 
. . (i) J2 ^o , D.2 
X h_ M,, Mo <«». ) 3 W R 1 

"v '^ 2 ~ ' ^~^'' '̂ ^ '̂» (6.10) 

' «' < «R 

nhere the first (second) term is the induced (seesaw mechanism) 

rontribution and g is the appropriate gauge coupling. The 

laturalness criterion requires the dominance of the second term 
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over the first, i.e-» 

D m. » 
1 

- « 

or 

pm^ » Mj^ , i=e, /j, x, (6.11) 

where p=M(^/M^ and ~ 1. Thus Eq. (6.11) is our new 
R R 

9 

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 » 10 which is automatically guarantees 

naturalness for the second and third generations since m » m » 
T /J 

m - For a low M_ ^ 1 TeV, the mechanism is natural provided M = 
e K K 

Q 

M » 10 GeV. An interesting common feature of the new class of 

models specified in <i) and (ii) is the naturalness of the 

mechanism with the minimally extended gauge group B . at lower 

energies. By using R6E's it is easy to satisfy the condition M 
r\ 

» M_̂  in the case (i) and the constraint arising out of K - K_ mass 
difference. In fact RGE's do not constrain M_ = hL as there are 

three unknown gauge coupling constants g^ = g^DJ 9xii » ^'^^ ^T ^°'" 

fj > M = M . But in cases (iia) and <iib) there are two unknown 
rv r 

gauge coupling constants, g„ = g-p and 9.— for fu > Mp = Mp, one of 

which can be eliminated by using the fine—structure constant 

2 
matching at u = M,.. For the case (iia) the relation between sin B,, 

W W 

and the mass scales can be expressed including one — loop 

corrections as 
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M M M° 
2 1 a 8a P 23a C 11a R 

sin © = — In - In - In 
2 3 a g 37T M^ 6rT M° 3rr M̂^ 

2 2 

where a = a(M >=e (M >/4TT and a =Q^(M )/4TT. The corresponding 

equation for case (iib) is obtained from Eq.(6.12) by using 

i =M =M_.. Some of our solutions for cases, (iia) and <iib) 

lorresponding to ^Z^ c£>.2. GeV <MS denotes the modified minimal 

subtraction scheme), are presented in Tables 14 and 15 

respectively for sin ©^ 2sO.22-0.24 and for values '^D— 

<3xlO"^-10^>GeV. For the case (iia) we find 7 x lO^^GeV < M^ 

=Mp<2xlO^^GeV for 10^*^GeV » M^> lO^ GeV. In this case, in addition 

to predicting the low energy gauge group to be G , beyond the 

standard model, the rare-kaon decays are also predicted to be 

observable, corresponding to M_~ lO GeV- In the case (iib) the 

solutions are consistent: M̂ j = M_ = M_~ 10 "^GeV — 5x10 GeV with a 

low mass Ẑ j boson. The parameter p = M /M > lO in both cases and 

is found to guarantee the naturalness condition- The neutrino mass 

spectrum for lower values of Mrî s 300GeV— ITeV is of the type 

sV-keV-MeV for the three generations. In such cases m and m 

M T 
would violate the cosmological bound. One method of evading the 
cosmological bound is to make v and v unstable against Majoron 

43 
emission by adding U d ) , global symmetry <l=lepton number). 

VI. 4. Implementation in SCXIOD with G as an intermediate 

syiraraetry 

In this section we show how the new seesaw mechanism operates 

in an SO(IO) model with G^^j-^p and G^ as the two intermediate 

symmetries. Such a GUT scenario predict M_=M„ « 10 GeV for the 

http://2sO.22-0.24
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Table 14, Some predictions of the partial unification model 

^224P -^ ^ ^̂ 214 "". ̂ 2113 "^^^ "R = ' ^^^ "" 
"R "C 

d e s c r i b e d i n t h e t e x t . 

(GeV) (GeV) 

10^ 5x10^*^ 0 . 2 3 0 

10^"^ 0 . 2 2 5 

10^ 8x10^*^ ' 0 . 2 2 0 

2x10^*^ 0 . 2 3 0 

8x10^^ 0 . 2 3 5 
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Table 15. Some predictions of the partial unification scheme 

^224P ~ ^ '^2113 ~~^~*' *^213-

"p "R 

,o •p 

(6eV) (GeV) 

10"^ 8x10^^ , 0.235 

1.4x10^^ 0.230 

10^ 10*"^ 0.235 

1.6x10^^ 0.230 
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• 2 allowed value of sin © ~0.22-0.24 as a consequence the model 

24 
gives rise to stable domain walls and negligible baryon 

44 asymmetry of the universe unacceptable to modern big bang 

cosmology. On the other hand if M_=ii-. >10 GeV the baryon 

asymmetry is compatible with the observed value and the domain 

walls created in the early universe might have been removed by 

inflation. Dur analyses in this chapter demonstrate that the RGE's 

permit such solutions when the renormalization effects on gauge 

coupling constants upto two — loops and superheavy-Higgs—scalar 

34 58—59 
effects ' are included. We discuss the embeddings of these 

groups in S O d O ) and find solutions to the unification mass '̂*̂ |N 

2 
sin ©,,, and intermediate scales. The case (i) mentioned in 

W 

Sec.VI.3 can be embedded in SO(10)- grand unification as follows: 

210 45 126 1^ 
SO (10) • G__,,^ -• G_,,, • G . • G,, , 

2213P + 2113 o =*= M 1^ 

"u "p "R "R "B-L "W 

(6.13) 

where the Higgs scalars mentioned ,in (i) are contained in the 

respective SO(10) representations t x <^ ^ i A_, <=. 126, $ c 10. In 

addition, the GUT symmetry breaks down to G^^^__ when the neutral 

component of the Higgs scalar transforming as (1,1,0,15) c 210 

under ^22i3P 3<̂ q«Ji*~ss VEV ~ M . In order to make GUT predictions 
58 5*? 

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 transformation properties G„„.^: 

10 3 M^ (1,1, i/z/2 1/3, 3)+M^ (1,1,-/ 3/2 1/3, 3 ) , 
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126 ::> M' (3,1, / s / Z 1/3, 3)+ri' (3,1,-/3/2 1/3, 6) 
"l "2 

+M' (1,3, / 3 / 2 1/3, 3)+M' (1,3,-/3/2 1/3, 6) 
"3 4 

+M' (1,1, / 3 / 2 1/3, 3>-Hi' (1,1,-/3/2 1/3, 3) 
"5 6 

+M' (2,2,0,1 )+M' (2,2, -Vz/Z 2/3, 3) 

+W, (2,2, / 3 / 2 2/3, 3)+M' (2,2,0, 8>, 
^ 9 "10 

45 3 M^ (1,1, - / 3 / 2 2/3, 3)+M_ (1,1, / 3/2 2/3, 3) 
"~ ^1 ^2 

+M (1,1, 0,8)+M (2,2, y 3/2 1/3, 3) 
^ ^4 

+M (2,2, -y 3/2 1/3, 3 ) , 

210 z> M' (3,1, —/Z/2 2/3, 3)+M' (3,1, -/Z/2 2/3, 3) 

+M' (3,1, 0,8)+M' (1,3, -yZ/Z 2/3, 3>+M' (1,3, / 3 / 2 2/3, 
^3 ^4 ^ 

+M' (1,3,0,8>+M' (2,2, -/3/2 ,1>+M' (2,2,/3/2 1/3,3) 

+M' (2,2, - / 3/2 1/3, 6)+M' (2,2, / 3 / 2 , 1) 
^9 ^10 

+M' (2,2, / 3 / 2 1/3, 3)+M' (2,2, - / 3 / 2 1/3, 6 ) . 
^11 ^12 

(6.14) 

Among the components not euplicitly mentioned in (6.14), some 

are singlets under G^^ Mhich do not contribute the desired 

modifications. Others are either absorbed as would—be Goldstone 

components of appropriate gauge bosons, or they are light, and the 

corresponding contributions are included in one—and two—loop 
22 

coefficients of the /?—function in the usual manner. If the 

component masses are taken to'be arbitrarily nondegenerate, the 

model loses its predictive power on proton lifetime "̂̂ p̂  3","̂  

sin"^© . We examine their impact on GUT predictions by assuming the 

masses to be (a) degenerate, (b) nondegenerate but not arbitrary 
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as they are constrained by Coleman-Weinberg 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 li.. by 

a factor of 10 or 30. In all cases T- Cp—• e TT > is predicted 

near the observable limit. In order to constrain masses under the 

condition (b>, we maximize T_ using the RGE for In (M.,/M,,), which 
P U W 

leads to 

^1 ^7 ^8 ^9 ^4 ^5 ^1 ^2 ^7 ^8 ^10 ^11 

"l "2 ^2 "5 ^6 "10 ^3 ^9 ^12 ^1 ^2 ^3 

(-) 

(6.15) 

Using minimal number of Higgs scalars and three ferroion 

generations we have computed the one— and two-loop coefficients in 

2 
the equations for ln(M, ,/M,,) and sin 6,, given below: U W . W 
M U 3TT C\ 

In-
M W 

29 

8 

a 3a, 

11 M, R M R 
- — In + In 
58 M VI 29 M, U 

116 

U U "̂̂  U *̂ ^ -27 In X2L-27 In X^^ + — In Y^^ U 32 
m x-̂  . - m Xg^. 

10 96 46 10 
2 In X + — In X_ - — In X_„ + — In x"+— In X' 

IR i«p 2L ^ ^ ^ 4 1 ^ 19 ^^ 

96 
In X 3C 

1 

29 

M M 
21 I n — - 28 In-

(-)-. 

M. 
U M, U J 

(6.16) 
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9a 92a " R 5a ^R 
In + In 

58 29ag 87n M 
W 

58TT M 
W 

a 

29Tr 

1017 

16 
in X^^-

897 

16 
in X^^^ 

103 

28 
in X^^. 

191 

14 
In X U 

3C 

91 

18 

-. 193 ^ 307 

"̂ ̂ B L"-— "̂ ̂ R"-r~ '" ^2L"-
36 76 

191 

14 
^" ̂ 3C"-

403 

164 
In x: 

307 

76 
in X°̂ -.-

191 

14 
In X 

3C 

a 

1747T 
33 In 44 In-

<-)n 

M, 
U M 

U J 

(6.17) 

where 

a. (M,.) a.(M;> 

y . =- , y . =\^ 
1 + 1 O a. (M^) a. (M°> 

1 R 1 R 

;̂ .̂=— , and a . (̂ i)=g . (/j)/4Tr. 
^ a. CM.,) ^ ^ 

1 W 
Using an iterative convergence procedure that ensures 

59 
fine-structure constant matching at f-t=f\. we have computed M , 

2 + 
Trj, and sin e as a function of M for the degenerate and W R 

nondegenerate cases as shown in Figs. 5 and 6, respectively, while 

o (±) <±) 

keeping Z_ light (M ~ ITeV) , where rj =ln(M /M i> - Some 

interesting solutions are summarized in Table 16. 

Excluding superheavy-scalar effects, at the one-loop level, 
15 '^ 

the model predicts M ~ 10 GeV and sin 0 ~ 0.225 for A — ^ 250MeV 
and M^=M_ ~ 10 GeV. This is consistent with (T_) ~ 10 yr, 

P R P max . 
where we have included an uncertainty factor of 10~ in T arising 

out of uncertainties in the estimation of the proton decay matrix 

_61,62 
elements, branching ratios and MS 

Including contributions 

upto two loops and no superheavy-Higgs-scalar effects, T, 

decreases by two orders corresponding to the curve 77 =D =0 in 
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% Mp 

Table 16. Some predictions of the model SO(IO) • 6 3 • 

e„,,-, on sin^e and T_ with n^=l TeV, /^— =0. 16 GeV, and 

different values of the • parity violating scale <M_), 

including superheavy—Higgs-scalar effects. 

•n V MR=Mp My Bin e^ 013 Tp 

(6eV) (BeV) (Yr) 

-2.30 -2.30 8x10® 2xi0^^ 0.240 36.1 1.2xl0'^^~'^ 

5.6x10*^ 1.4xlO^^ 0.235 35.7 3x10^^""^ 

2.5x10^^ 7x10*^ 0.225 32.0 l.SxlO^^"'^ 

-3.45 -3.45 4.5x10*^ 2x10^^ 0.235 32.4 lO*̂ "̂"̂  

2x10^^ 1.2x10^^ 0.226 31.6 10^^^"^ 

-2.3 -4.6 1.6x10*^^ 2.4x10^^ 0.230 31.1 2x10^^-"^ 

10 1.8x10 0.225 30.8 lO '̂ "̂  

6.3x10^^ 1.3x10^^ 0.221 30.4 1.4x10^^-"^ 
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Fin.5 for which AlT? = 160MeV. Including the superheavy-Higgs 
MS 

scalars lighter than M . by a factor 10(32) increases the two-loop 

computation of T_ by 2(3) orders for ^''^ = O. 16GeV, and the 

decrease in sin 0 is only 0.0015. Allowing the possibility of f^<r^ 

ss 0-25GeV and the superheavy scalars lighter by a factor 32 from 
M,,, we find (T„) n^lO^^-lO^^yr, with M.̂  = M^ > lO^^GeV and sin'̂ e., U' P max • ' ' P R W 

= O.220-0.227 as shown in Fig. 5 and Table 16. Increasing hL from 

ITeV to 100 TeV does not have a significant impact on the GUT 

predictions. In the case of nondegenerate superheavy components, 
+ 11 2 restricting M^ = M„ > 10 GeV and sin 0, ~0.22-0.23, T is found to ^ P R Vi ' p 

increase over the one-loop predictions by nearly two orders if 

M̂ '*'*= M,, and M^~^=M,,/10. In this case r^Of. lO'^'^-^-lO^^-^yr, with M^ 
U U P K 

= tV. = 10^^ -lO^'^GeV and sin'̂ .Q cs 10.22-0.225. For larger values of 

nondegeneracy factor, T could be larger as shown in Fig. 6. The 

allowed values of the low mass of the Z_— boson (300 GeV - 1 TeV) 

are consistent with the eV - keV — MeV type of mass spectrum for 

the neutrinos of the three generations when we choose m. = m , m_ 

= m , and m^ = m , as a consequence of natural seesaw mechanism. 

Out of these the masses of the order of keV and MeV for v and i-> 
jj T 

violate the cosmological bound. The difficulty is removed by 

making them unstable with respect to decay into v by the emission 

of a Majoron, which is obtained by introducing an additional 

global U d ) ^ (1= lepton number) symmetry in the theory and 

breaking it spontaneously at a scale M » M . The RGE's also permit 

solutions with larger values of M̂ ^ = M^ 2: 10 -10 GeV. When M_=Mp 
R 

isslO - 10 GeV, pailO —10 for such larger values of M^ , which 

satisfies the naturalness criterion. In this case m < m < m ~ 
V U U . 
e /J T 

http://~0.22-0.23


[ 1 1 0 ] 

0.26 -

-tp-

CD 

(O 

0.25 

0.24 

0.23 

0.22 

021 

O 19 

O 2 0 h < = ' ^ ' ^ ^ ^ 
s o ( i o ) - ^ G22i3P^;^;ri7| G2113 7 . f ^^13 

I I 1 I 

7 
. 1 I I I I I i „ 

13 13 !7 
log ( M / l G e V ) 

^io 
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s<xio:> f G 
221 3P 

> G ^ as described in the 

text with M_ 2; 1 TeV with and without degenorat© 

superheavy-Higgs-scalar contributions. The d o t -

d a s h e d c u r v e i s f o r MS 
~ O. 2 5 0 GeV, oth<^i 3 a r e 

f o r 
MS 0 . 1 6 0 GeV. 
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A _ _ - = 0.\S GeV 
MS 

-'——^—''"rr" ,-, I'o '̂  
^ l o g „ ( M / l G e V ) 

F i B . e . Same 

as Fig.5, but for nondegenerate superheavy 

scalar masses under a Coleman-Weinberq-type 

constraint, and for '^Ms " 0.160 GeV. 
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l - l O e V a n d t h e r e i 4 n o c o n f l i c t w i t h t h e c o s o i o l o g i c a l b o u n d . 

VI. 5 . I m p l e m e n t a t i o n i n SOCIOD w i t h G^. . a s an i n t - e r m e d i a t e 
c l 4 

symntetry 

In this section we show ' how the seesaw mechanism can be 

implemented naturally with S^.^ as one of the two intermediate 

symmetries occurring in an SO(10) scenario. In this case both 

SU(2)_ and P break at the GUT scale M,, > 10^^ GeV as a result of 

which there is no question of domain-wall problem. If M ~10 OeV, 

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 45.2 , 126 
SO(IO) • 6^,- • G„,,^ • G_,^ . (6.18) 

214 211o o 21o 

"u ĉ "R 

The Higgs scalars mentioned in sec. VI.3 for case (iia) are 

contained in various SO(IO) representations : ;^(i,3,l) e 45i, 

f (1,1,15) c 452, A^(l,3, 10) c 126 , $(2,2,1) c 10, where the 

transformation properties mentioned are under G„^-. Note that both 

54 and 45i are needed for the SSB at ĵ ^ M . The masses of 

superheavy components of different Higgs representations needed 

for SSB in the case (6.18) are noted below with their 

transformation properties under G_ . : 
^ X *T ^ 

10. 3 M^ (2,-1/2, D + M u (1,0.6), 
1 2 

126 z> r-̂  (1,0,6)+!^ (3,0,l0)+l^ (l,0,10)+ri\ (1,-1,10) 

+r^ (2,1/2,15) + i^ (2,-1/2,15), 

45i 3 M' (3,0,l)+f1' (1,0,15) , 
^1 ^2 
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452 o M_ (3,0, 1)+M_. (1,1,1) +M_ (1,0,1,)+M„ (1,-1, D + M (2,1/2,6) 

+M (2,-1/2.6), 
^6 

54 r> M'' (3,1,1)+M'' (3,0,1) +M' ' (3,-1, 1, )+M' ' (1,0,20)+M'' (2,1/2,6) 

+M (2,-1/2,6) 
^6 

5 

(6.18) 

As mentioned earlier, the components which are singlets under 

6 . or those which are either absorbed as would-be Goldstone 

components of appropriate gauge bosons or lights do not contribute 

to the desired contributions, are not included. Maximization of Xp 

leads to the following constraint on the superheavy—component 

masses: 

'^,"Si^'\'"s,'"s^'^^'%'\'"s. 

""2'^r""3""^5"^6'""s2°"^4°" 

(-) 

ML' =li' ' =M' ' =li B. S„ B , B^ B, =M'' =M; ' 
1 ^1 "-? 

( + ) 

(6.19) 

Using three generations of fermions with masses p < li^, minimal 

number of Higgs scalars at various stages of SSB, and the 

superheavy-Higgs- scalar effects near /u ~ rt we compute ln(K /M^) 

and sin 0 upto two loops as 

In-^— 
6Tr 

67 

n a 
l i . M" 

a 3o(, 

2 "'C 2 "R 
— I n + — I n 

6 7 M, W 67 M 
UJ 

1 3 4 

^^^ U "̂̂  U 224 10 
— In X" + — In XY^ - — In X^_ + — In x!;, + 21n X'T^ 
19 2"- 15 ^^ 9 ^^ 19 2*- ^^ 

32 
-In X 

BL 

96 46 10 
— In X, + — In xP + — In X° 
7 - ^ ^ 4 1 ^ 19 -'-

96 
l n X ° ^ 

1 

67 
28 In 29 In-

(-)-. 

M U 
M 
U 

(6.21) 
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M, M: 
3 5 6 1 a 437ct C 

s i n 0,.— - + - 111 
" 134 

a 

67n 

2 0 1 a 4 0 2 n M̂^ 

f 7 1 1 4 4 7 3 
l i i X + 1 

7 6 128 

3 5 a R 
+ • ' ' 1 5 1 

402TT M,, 

13187 

IR 4 4 
InX 

U 
4C 

711 

76 
InX 2L 

449 71 

36 ^^ 6 
InX BL 

433 

14 
InX 3C 

939 

164 
lnX° + 

711 

76 
InX 2L 

433 

14 
In X 

where 

U 
a. (M,,> 
X U 

3C 

en 

804TT 

a. (M > 

- 1633 I n — + 928 In-

(->. 

a. (M^> a.(M"> 
1 R 

M. U 

— , and X• -

a.(li°) 

a. (M,,> 

M, U 

(6.22) 

Following the iterative convergence approach to solve 

two-loop renormalization-group equations and using plausible 

values of superheavy component masses, our solutions for the 

intermediate scale and M,, for li_̂  ~ 1 TeV are shown in Figs. 7 and 

8 for ^>r— ^ O. 160 GeV, and 0.350 GeV respectively (Ref.62> where 

(+) (+) 

n ~ = In (M '̂̂ 11* • Some of the interesting solutions are also 

presented in Table 17. At the one-loop level with ^\li^ ^ 0-350 GeV, 

the predicted value of Tp is found to be very close to the 

11 2 

observed experimental limit for M_ = lO GeV and sin & cs 0.235, 

but Tp is found to be 1-2 orders less than the experimental limit 

for A ^ 2= O. 160 GeV. When superheavy Higgs-scalar effects ars 

included in two-loop calculations, we find Tp ca 10 ' -10 ""yr, 

2 7 
sin 0 ~ 0.230, M_ =s 10 GeV with A — ^tO. 160 GeV if the heavier •Tv 

(lighter ) components differ by a factor 10 from the unification 
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SOC103 -• G 
aiA 

-• G ^ as described in the 

text including superheavy~Higgs-scalar effects for 

M_ 2= 1 TeV and ^ ^ •=> 0.16 GeV. 
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Fig. 8. Same as Fig.7, but for ^^r^ = 0.35GeV. 
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•̂u "c 
Table 17. Borne predictions of the model SO (10) • ^014 ^ 

6„, ._, for two values of Azi^ on sin &., and T_ with M^=l Z113 MS W P R 

TeV and different M including superheavy-Higgs-scalar 

effects as described in the text. 

<GeV) (GeV) (GeV) (yr) 

2.3 -2.3 4x10^ 10^^ 0,240 48.3 1.7x10^^"^ 

O. 16 

0.35 

3.0x10^ 10^^ 0.235 47.6 1.4x10^^-^ 

O -4.6 3x10*^ 1.3x10^^ 0.240 42.5 2.5x10^^"'^ 

1.6x10^ 1.1x10^^ 0.230 40.8 LSxlO'^^""^ 

2.3 -2.3 10^ 2.4x10*^ 0.240 48.8 4.3x10'^^-^ 

5.6x10^ 2.2x10^^ 0.230 47.4 2.9x10^^-"^ 

O -4.6 5.6xlO*^ 2.7x10^^ 0.235 41.7 SxlÔ '̂ ""̂  

4xlo'^ 2.5x10^^ 0.230 41.0 3.8x10^^"^ 
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mass. For larger values of ^rrr or nondegeneracy factors, Xp is 

found to increase further. We find that this 50(10) model permits 

5 
observable rare-kaon decays corresponding to M cslO GeV provided 

sin e,, ~ 0.24. In all allowed solutions in this model 

M^=M, =M_i:10^^GeV. With M°~ ITeV, p ~ 10^ , the naturalness 
R U P f\ -

criterion is easily satisfied. As in Sec. VI.2, the low-mass Zp 

boson yields the neutrino mass spectrum as eV - keV - MeV for the 

three generations. The violation of the cosmological bound by the 

V and V masses is avoided by making these neutrinos unstable 
fj r , 

against Majoron emission through the introduction of an additional 

43 o 
global lepton-number symmetry U< 1) ,. But the RSE's also permit M̂ ^ 

1 K 
5 6 

=slO -lO GeV as the Zp^-boson mass for which m < m < m = l-lOeV 
K V V V 

e ^ T 
9 10 as a consequence of the natural seesaw mechanism with p=10 -10 , 

and this is consistent with the cosmological bound with stable 

neutrinos. In this case the predicted weak - interaction 

phenomenology at low energy cannot be distinguished from the 

standard model predictions. 

VI. ̂ . Summary and Discussion 

Chang and Mohapatra " have observed that the seesaw 

mechanism ' is spoiled in a large class of mod-3ls where P- and 

SU(2) - breaking scales are identical and suggested that, in order 

to implement the mechanism in LRS or SO<10> models with B-L 

symmetry-breaking scale, the parity-and SU(2)^-breaking scales 

must be widely separated. However, in this Chapter we have 

suggested the new possibilty* that the seesaw mechansim for 

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 P- and SU(2) - breakings are 

identical. In our case the P- breaking scale is the same as the Ŵ ^ 

gauge boson mass (M = M̂ )̂ and U(l)g -breaking scale is the same 

as the Z_-boscn mass <H°). The criterion which guarantees 

K K 
naturalness has been derived and ,is found to depend upon the 

+ o 5 
largeness of the ratio p = M_/M_> » 10 . At the critical value of 

5 
the ratio p2£lO, the induced and the seesaw mechanism contributions 

are comparable, but for larger values of p the induced neutrino 

mass becomes smaller. 

In the LRS model based upon the gauge group G^^^^p, it is 

very easy to implement the mechanism as there is not much 

restriction on M = M_. In the partial unification scheme with one 
r K 

+ 12 
intermediate symmetry G^. , the RGE permits M_ = Mĵ = M„ = lO -
5xl0^^6eV with M? = H- = 300 GeV'- 10*̂  GeV (case (iib)>. However 

^R 
with two intermediate symmetries G„. . and G_.^_ (case (iia)) the 

^l*f ^1 lo 

solutions allow M_ = M̂ .ot 7x10^^- lO^'^GeV for iO^^eV >M^> lO^GeV, 

predicting rare-kaon decays to be observable by low-energy 

experiments besides a low — mass Z_ boson. 

In the SO(10) model, we found that the natural seesaw 

mechanism can be implemented with parity (P) surviving down to an 

intermediate scale M_ = li_~ 10 GeV or broken at the GUT scale M^ 

P R P 
+ 15 

= M,, = M_ > 10 GeV. With G__.-,^ and G„, , ̂ intermediate symmetries, 
U R 221o>P 21 lo ' ' 11 12 we also found an intermediate P— breaking scale M ~ 10 -10 GeV, 

observable proton decay by the second generation of experiments 

with Tr̂  = lO -10 yr, and a low '- mass 2L_ boson (K. ~ 300 -
P yr, and a low '- mass 2L̂  boson (̂ L ~ 

10 GeV) by including renormalization effects on gauge coupling 

constants upto two loops and ' superheavy—Higgs-scalar masses 
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ghter than 1*1 by "a factor of 10-32. In this case there is the 

24 
possibility that the domain walls created in the early universe 

might have been removed by inflation. In this context it is to be 

noted that the large P-violating scale can be associated with the 

breaking of Peccei-Quinn symmetry invoked to solve the strong CP 

problem and can be generated by the principle of geometric 

19 3 
hierarchy from M , sslO GeV and M, cs 10 GeV, or M,,. Further, it 

•̂  pi Zj^ ' W 

has been observed that while embedding a LRS gauge group as an 

intermediate symmetry in SO(10), the generation of an adequate 

baryon asymmetry of the universe needs such a large P-violating 

44 
scale . In the other interesting SO(10) scenario with G^*^ ^nd 

G„^._ as the two intermediate symmetries, superheavy-Higgs—scalar 

masses differing by a factor 10 (lighter or heavier) from M allow 

(T_) ^ 10 yr with the possibility of observable rare-kaon P max ~ -̂  t- J 

decays and a low mass Z boson. In the two SO(10) models discussed 
K 

here G„^ ^ is allowed to be the gauge symmetry beyond the standard 

model with the permitted values of Z_ boson mass varying over a 

wider range : 300 — 10 GeV. 

With the G model, it is possible to have a low- mass Ẑ ^ 

boson (M ~ 300GeV-lTeV) which yields fits to the neutral and 

charged— current data similar to the standard model predictions "*. 

When such values of M are used in the natural seesaw mechanism, 

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 i-> violate 

the cosmological bound. The difficulty can be removed by making v 

and V unstable with respect to the emission of a Majoron which is 
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created when an additional global symmetry U<1) (1 = lepton 

43 
number), attached to the models, breaks spontaneously . With the 

other allowed possibility, M°2£lO*^6eV , m < m < m ~l-10eV, there 
e /J 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 SO(IO) model with G„^. and B„.._ intermediate 

symmetries is the prediction of observable rare—kaon decays such 

as K • ije. The analyses carried out here in SO(IO) can be 

easily implemented in other GUT's like S0<2N> (N > 5 ) , E., and 
o 

SU(16) with similar predictions. However, in SU(8) xSU(8)_ while 
l_ r\ ' 

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 out in this Chapter 

we conclude that, (1) Natural seesaw mechanism explaining small 

neutrino masses, scenarios different from those discussed by Chang 

and Mohapatra in Ref.30 is realizable in LRS models, partial 

unification schemes, and GUT's with identical P-and SU(2)^-braking 

scales; (ii> The necessary condition for naturalness is wide 

separation between P-and U(l)_ —breaking scales; (iii) In the 

present model since U<1) and U(l)_ breaking at the same scale 
(H_ =li_̂  , >, the naturalness criterion guarantees a low-mass Ẑ , 

^R ^~*- ^ 
boson. 



CHAPTER VII 
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SUMMARY AND CONCLUSION 

In this Chapter we briefly summarize the results of 

investigations reported in this thesis. The main results obtained 

are of two types. In the first part, from Chapters II-V, we 

investigated the impact of higher-dimensional operators on SU(5) 

and SO(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. 

In earlier investigations, the effect of the five-

dimensional operator has been analysed on nonsupersymmetric 

minimal 5U(5) model, but the predictions are inconsistent with 

2 
either proton lifetime, or si.n © . Including the effects of the 

five-and six—dimensional operators, scaled by suitable powers of 

the compactification scale, or the Planck scale, we find that 

the renormalization group constraints permit only high unification 

16} 19 mass, M,I ̂  10 —lO GeV and smaller GUT coupling constant leading 

to T_>10 yr for the p • e n mode even with sin 0^isO.22-O.24. A 

notable result, also obtained for the first ti/ne, is the smallness 

-4 of the GUT coupling for p > M (i.e. ^a-iaiO ) . Such smaller values 

of a_ can be reconciled with the standard model gauge couplings 

0(a) at M̂ îi due to the operator threshold effects- The 

enhancement of the proton lifetime is caused due to two factors: 

(i) Increase in the unification mass, and (ii) Decrease in the 

GUT-coupling constant. 
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40 
In Chapter III we have noted that the SO(IO) predictions 

with single 6 ^^ intermediate symmetry in the absence of the 

gravity—induced corrections, is ruled out as the prediction yields 

19 
T_ significantly below the IHB limit . Including the effects of 

the five-dimensional operator in the nonrenormalizable S0<10> 

invariant Lagrangian, we found that the G„^. intermediate symmetry 

can survive down to a lower scale MpOslO —10 GeV which has the 

prospect of being experimentally verified by rare-kaon decays 

(e.g.,K. • fje) . In addition to the lower values of M_, the 

solutions to RGE's also permit higher values of M_, covering the 

wide range M-cslO —10 GeV where the solutions with higher values 

32±3 
of M_ predict observable proton decay with T _ > 3 X 1 0 yr for the 

p — • e TT mode. A broad range of M_ reflects in the wider range of 

Majorana neutrino masses: 

(a) m - (2.5xlO~^-0.25>eV, m ^ (1.5xlO~^eV-15.6keV), 

e p 

m ^ (1OOeV-1OOMeV), 
V 
T 

(b) m ^ (2.6xl0~^-2.6xl0~"^)eV, m ^ (1. lxlO~^-l 12)eV, 
e fj 

m ^ (3.2xl0~^eV-31.7keV), 
T 

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 

M =10 (10 ) GeV. Out of these the neutrino masses in the range 

lOOeV—lOOMeV violate the cosmological bound, according to which 

42 
the sum of the stable neutrino masses should be less than 65 eV 

The cosmological bound can be evaded by making the heavier 

neutrinos unstable with respect to decay into the lighter 
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43 
neutrinos by the erfiisssion 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) -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 » M^. 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 limit 

for M 2=10^*^-10^ ̂ BeV but it is larger for M ~10^-10^GeV. For a 

2 19 

fixed sin & , T_, decreases with increasing M and 1MB limit is 

saturated when Mp ^ 10 GeV. The order of magnitude of the 

compactification scale, estimated in this model is found to be in 
17 18 

the range 10 -lO GeV. 
In Chapter IV , as against the conclusion of Rizzo , we 

n o t e t h a t a low—mass r i g h t - h a n d e d gauge boson <Wcj> i n SO(10) w i th 

the single G _ intermediate symmetry as the parity restoring 

gauge group, is not allowed. On the other hand using the mechanism 

of decoupling P- and SU(2)_ -breakings, we found that such a 

low-mass W—gauge bosons are possible in SO(IO) model with single 

G„„ ^9oi '^^'?R^ intermediate symmetry without parity restoration. 

+ 
In this case a low W -mass, M̂ ^ ̂  SOOGeV to lOTeV is allowed. Such 

+ 
a low—mass W~ provides the possibility of observing the V+A 

structure of charged currents, CP-violation through K • K 

mixing, and small neutrino masses. With l\̂  ^ ITeV, the model 

predicts m ^ eV, m ^ lOkeV, and m ^ 4MeV when charged lepton 
e /J T 

masses are used in the seesaw formula. Again the v and u masses 

violate the cosmological bound which is evaded in the manner 



tl251 

already described., 

In Chapter V we , have discussed the effect of 

five-dimensional operator in SO(IO) model with the single ^224 

intermediate symmetry including parity (g =g ) or excluding it 

(g„. 5^Qop) - Here, we note that when G„ is left-right symmetric, 

2 
the corresponding equation for sin 0 is independent of the 

parameter e of the nonrenormalizable Lagrangian whereas the 

equations for unification mass <M,,> and the BUT-coupling constant 

(a_) do depend upon it. In this case a new type of solutions are 

14 2 
found which is consistent with M ^ 10 GeV for sin © cs 0.22-0.24 

32+3 
and the experimentally observable proton lifetime Tp > 3x10 yr. 

The value fo M_, being one order larger than the one obtained by 

27 ; 
Shafi and Wetterich , makes the model less problematic from 

24 cosmological domain walls . On the contrary, using the mechanism 

21 
of decoupling P-and SU(2)_-breakings , we found that the 

2 
equations for M,, and a_ are independent of e wheras sin ©,, does 

U B w 

depend upon it. In such a case a low SU(4)—breaking scale M ^ 

10 —10 GeV is allowed which can manifest in low-energy signatures 

of quark-lepton unification through rare-kaon decays (e.g.,K. • 

pe) and n-n oscillation. Such low .values of M ~10 -10 GeV yield 

higher values of Majorana neutrino masses noted in (a) and (b). In 
42+3 

these cases proton seems to be very stable with Tp > 3x10 yr. 

In the first part of the Chapter VII the work of Chang and 

Mohapatra 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 SO(10) models in a natural manner 
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requires wide separation between P-and SU(2>p-breal<ing scales <M_» 

M_j) . We have found the new possibility that the seesaw mechanism 

for neutrino masses could be also natural in the context of the 

left-right symmetric gauge group, partial unification schemes, and 

GUT's even if the P-and SU(2)--breaking scales are identical. In 

our models the general criterion is wide separation betweeen P and 

U(l) 
B 

breaking scales. In such cases SLI(2) xU(l)_ at 

SU(2> xSU(4) has to break spontaneously in more than one steps. 
R C 

In all the models discussed here, the gauge group immediately 

preceeding the standard model emerges to be one of its minimal 

extensions based upon SU(2), xU(1>^xU(l)^ ,xSU(3)„ with a second 

neutral Z_^—boson mass M_. 2c 300—10 GeV. An embedding in the partial 

unification scheme leads to observable rare-kaon decays. In the 

two symmetry breaking chains investigated in SO(10) with parity 

broken either at the unification scale <Mp=M..) or at an 

intermediate scale (Mp>10 GeV), proton decay is predicted with 

lifetime nearer the observable limit; but, in the former case, 

rare—kaon decays (K • fje) are also predicted near the 

observable limit when an intermediate gauge group 
r 

SU(2), xU(l)^xSU(4>_ survives down to the scale M_~10 GeV provided 
L. R C# C* 

sin"©,, at 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 of the metric tensor, or as effects of quantum gravity can 

cause drastic changes to the conventional GUT predictions made 

earlier ignoring 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 highei—dimensional operators introduce 

nonrenormalizable terms into the GUT 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 highei—dimensional operators, 

all superheavy masses have been taken to be same as M... If they 

are different from 1*1 , the corresponding changes in the GUT 

predictions have to be included. 

A very interesting observation is the alternative class of 

models with identical parity and SU(2)_^ breaking scales leading to 

natural seesaw mechanism for Majorana neutrino masses. The extra 

Z„ boson and its effects predicted in the range of few hunderd GeV 

to few TeV would be observed at the collider energies. Currently 

there has been intensive studies for identification of extra 

Z-bosons emerging from grand unified theories, superstring 

unification, or otherwise. 
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Gravity-induced large Rrand-unilicatioii mass in SU(5) with iii(>lier-diniciisi()iial operators 

M K r i i i i i i 
Otpurliniiil iij I h\\m \iirili I ml, ni llill tyiiii i r\in ihillunK 7'^^ DD' Ini/iii 

• r K I'llr 1 
1), piinnii i\l It) I h\\us S( l\in>l oj ti^ruulniKil Sm lu i\ and Rural I), 11 la/imi ill Surili I a\li in 11 ill lliiii ( r\ii\ 

MidzipliLina 797 11)6 liulia 

A\ i\ K Moll inl\ 
UWAiK 1 / o/)(j;fi(rir| I, iiiiwli aiiia SlaU Uiitnrstn t nii, r\ii\ I ark I liilaili Iphia I, nnwh aiiia I6H()2 

(Rictucd : M i\ mssi 

rollfUMiig llic recenl method due lo IIill Slnfi and \\clli.ri(.li wc imcilig ilc the iriipitl of 
liiplii I dimension il optr ilors Ul ̂ ^) induiul In pr IMI\ ind comp iclilii. ilioii of i i l r i dinicnsioiis 
on llu imnim il SU(5I grjnd miilit.d llicoi) ModiliL ilions cniiscd h\ tin. d "i opcr ilor UOIIL sii.ni 
10 bi. ruled oul, c\cii if the comp ictificnlion scTk /̂f- is is low as 10' Oc \ is IIICN rtquiit 
sin 0„ SO 201 in conflict \MI1I the prestnl world i\er ipc 1 1 R jddition of i si\ diiiKiision il opti i 
lor IS found lo jllow onlj liipli uiiilicotion imsses M, ~ (0 l - l )A/ , «illi \ / , — 10"-10 ' CitV nid 
sin y,i :!-0 22-0 24 I lie grand unification coupling consi ml is also found lo be signidc iiilly sin ill 
cr 

I I M R O D U C I I O N 

G \iigc theories of the Kalii? i Klein' l>pc od t r the e\ 
citing possibilitj of umficatioii with grivit> thioiigh tlic 
introduction of higher dinieiisioiis leading to the four 
diniensioml structure of the picseiit Universe i s a result 
of the eoiiip lelide ilioii o( i \ t i i diiiu iisioiis A lie nipt s 
l i n e been in lele lo g i i ie i i le edeelne fcnii cliinensioii il 
g iuge theories, such as the sljiulard model ind gr ind 
unified theories ( G U T s ) from the isomctrv group of the 
comp lelilieel nnni lold lo ulenlilv the ohseMcd tcimioiis 
as the chiral representations ol llie e(lecti\c gauge 
theories, and to compute tlie gauge couplings in terms of 
the characteristic length scales of extra spatial dimen­
sions ^"^ Although superstring theors ' ' is expected to 
provide a realistic gauge unification of all basic interac 
tions, a lot of interest still remains in conventional 
G U T s , ' ~ ' with and without gravity induced elTects Al­
though most of the G U T s with intermediate s>nimetnes 
can satisfy the experimentally observed constraints on the 
proton lifetime ( T ^ ) for the p — e ' r " mode and sin^O,, 
(Ref 10), 

r > 3 X 1 0 " y r , s in '0„ = 0 2 '(0±0 005 (1) 

the minimal SU(5) model ' and certain other G U T s with 
a grand desert are ruled out i s the) picdict signific iiillv 
lower v i l lus " " If till misses ol o t lu i s i i p i i l n i w 
g uigc bosons in SO(IO) aic iioiKlepenei lie ind dlHei I mm 
t h e / Y • ' ' ' ' ' a n d y ^ ' ^ ' g a u g e boson ni iss the model can be 
made consistent with (1), even with a grand desert '" In a 
nonminimal SU(5) model, '^ however, r̂  and sin^©,, can 
satisfy (1) by including one loop contributions of nondc 
generate superheavy scalars from additional represenla 
tions such as 10, 15 45, and 50 Since the grand 

unincation occurs at a high scale (M(,> lO'^ GcV), it is 
natural to suppose that there could be significant 
modilie ition to the G U I predietions hj gi ivit> iiuhieed 
correelions It is the puiposc of this paper lo compute 
such modific itions to the imniiii il ( J U 1 picdielioiis 

Kccentlv the impie t of liv e dimension il opei ilois 
se iltil h\ the eoiiip lelide ilioii s( lU (A/, ) h i liei ii in 
vistigileil to ei lei i l i l i the iiiodilie ilioii e m ed by the 
minimal ind other G U I piedielions Siiiiil ir noiiitiuir 
niali7Tble oper i lors induced b) privi ty with <liiiiensi(iiis 
(/"• ' ' iiul sealed b) powe i s (A/ , ) ' ' " lie siil)|iil (nil\ 
to the svmmetries of low eiierg) tlieoi> and ue known to 
occur, for example ' in the p r t s e m e of gi ivilational in 
stantons for M(-~M^^ The five dimensional opciators 
are seen to arise naturall) as a result of compactification 
of extra dimensions in a KaluzT Klein Ivpc thcor> ' I he 
impact of such an operator on the quark to Icpton m iss 
ratio nij/rn^ predicted b) the minimal SUCi) model wis 
examined b> Ellis and Gaillard " 

In the case of a supers jmmct i ie SUCi) GU I , sipnilie ml 
modifications to r and siirOn h u e been noted' with 
M f - A f , | = 10''' GeV In the SOllO) G U I , with 
SU(3)e XSU(2) tXSU(2)„ XU(1)„ , as int trmedi ilc 
svmmetr) the masses ol the 11 „ gauge bosons have been 
biought down to the orilcr of the II scale leading to the 
possible ohscrvalioii of low miss paiit> lesloration iii llu 
liiliiK " III till iiiiiiini il SU(S) ( , | l I if 111 
eoiiip lelilie ilioii se lie is illiiwtel In be ibmil two oiileis 
lower lluin A/ | | which is possible within eeitain Kiihi/a 
Klein-l)pe t h e o r i e s ' " Sli ill and Wct tcr ie i r" luivc ob 
served T \ er> sigmlic ml mere isc of - so as lo be eomp i 
lible vMlli the experiment il liiiiil for the p - c - mode 

In this paper wc use the method clue lo Shall ind \ \ e l 
tench "" and Hill " to eompute modilie itioiis of llie 
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m i n i m a l SU(5) p r e d i c t i o n s m ilic p resence of J 2: 5 o p e r a ­

to r s , especial ly in view of t h e r ecen t mc j su re r f l en t s on 

sin^i9,^ W e n o t e tha t the modi f ica t ions of the rf=5 

o p e r a t o r a lone , t a k e n to be m a k i n g t h e m i n i m a l G U P 

c o m p a t i b l e wi th the e x p e r i m e n t a l d a t a on T^ , a re n o w 

ru led ou t as these s o l u t i o n s r e q u i r e sin'fii^- s ignif icant ly 

be low t h e a c c e p t e d wor ld a v e r a g e , even \( Ai^-^IO'^ 

G e V A s o u r m a m resul t , we then e x a m i n e t h e 

mod i f i ca t ions c a u s e d by a d d i n g a d = 6 o p e r a t o r in the 

L a g r a n g i a n W e find t h a t t h e only pe rmiss ib le va lues of 

t h e unif icat ion m a s s s h o u l d be of the o r d e r (0 1 - 1 ) Mc< 

w h e r e M(~ cou ld be a n y w h e r e be tween l O " and l O " G e V 

In t e re s t ing ly e n o u g h , t h e a l lowed va lues of the elec-

t r o w e a k m i x i n g ang le c a n be m a d e cons i s t en t wi th t h e 

c u r r e n t l y ava i lab le w o r l d a v e r a g e wi th s in~0,^ 

~ 0 2 2 - 0 24 for every va lue of the unif icat ion m a s s 

A n o t h e r in t e re s t ing aspec t of the presen t ana lys i s is t ha t 

t h e b a r e - g r a n d - u n i l i c a t i o n c o u p l i n g a ^ t u r n s ou t to be 

nea r ly 2 o r d e r s of m a g n i t u d e smal l e r t h a n the ear l ie r re­

sul t s Wo also obl.iiii p c i t u r b a t i v c and pos i l iv i ty boviiKis 

on c e r t a i n p a r a m e t e r s and m e n t i o n a new re la t ion a m o n g 

t h e m 

In Sec II we o b t a i n genera l fo rmulas for the 

unif ica t ion m a s s and the e l e c t r o w c a k m i x i n g ang le in­

c l u d i n g five-dimensional o p e r a t o r s and p a r t i c u l a r fo rms 

of still h i g h e r - d i m e n s i o n a l o p e r a t o r s in the L a g r a n g i a n 

In Sec I I I we d i scuss ear l ie r resul t s wi th l ive-d imens iona l 

o p e r a t o r s In See IV wc repor t numcr ie . i l ana lys i s in­

c l u d i n g five- and s i \ - d i m e n s i o n a l o p e r a t o r s O u r con ­

c lus ions a re s t a t ed in Sec V 

II r O R M U I AS 1 OR G A U G r COUIM INGS, 
U N l l I C A I I O N MASS, A M ) s in '0» . 

As has been e m p h a s i 7 c d ear l ier , g r a v i t a t i o n a l cflccts 

cou ld i n d u c e n o n r e n o i m a l i / a b l e oper . i to r s ol d i m e n s i o n 

( /2: S, sealcti by p o w e i s ol A/, ' ' ' " , iiUo the n o r m i l i / -

ablc Lag i ang i . u i , hut only the i m p lel off/ = ' ^ o p e i a l o i s 

h a v e been e x a m i n e d so t a r on llie un i l ica l ion m a s s A/y 

a n d s in ' f l , , Such o p e r a t o r s a r c rcs t r i e lcd on ly by t h e 

sy i i in ie t i ics of the t h c o i y .it lowei energ ies n e i i o l i n g Ji 

as the sca la r in t h e adjoint r e p i e s e n t a l i o n 2 4 C S U ( 5 ) , t h e 

effect of the n o n r e n o r m a h z a b l e o p e r a t o r s can be i nc luded 

in t h e fol lowing m a n n e r in the S U ( 5 ) - m v a n a n t L a g r a n g ­

ian 

n I 1 

" 2 ,Wi' ' 

> 6 „ = - 1 r r { / , , , / ' " ) . 

A, 
( '„)".-- i ; 

Tr(X,;.^) = {5,^ 

(2a) 

(2b) 

(2e) 

ad) 

(2e) 

120 

Ihe t o i l e spon i l ing ge i ie r . i lo i , anil ) / ' " ' ii 1,2, ,iie 

the u n k n o w n p a i a n i e t c r s In Rels 17 and 20 Ihe ease 

wi th the ( ive-d imens ional o p e r a t o r c o r r e s p o n d s (o I / ' " - A O 

and 7;'"' = 0 for ;i > 2 It m a y be no led iha l Ihe e x p r e s ­

sion (2c) for h ighe r -d ime i i s iona l o p e r a t o i s g i \ c n in 1 q 

(2c) IS not the mos t genera l one , especial ly w h e n ii c:2 

F o r cxjniplc, with ti —2, other g a i fge - i / na r i an t opcr^ttor', 

not cove red b y (2c) are T r(ii-) 'I r ( r ^ , , / ' " ) a n d 

T r ( r j , , ( ^ ) T r ( r ' " ( i ) the l a t t e r be ing m o r e t r o u b l e s o m e for 

c o m p u t a t i o n s of the phys ica l q u a n t i t i e s of in teres t in th i s 

p a p e r W e confine to the cho i ce (2e) for the sake of c o n ­

ven ience and o b l n i n i n g modi f ica t ions lo My and siir^,',, 

wi th a c o n s t r a i n t on the p a r a m e t e r s as s h o w n m Cq (14.i) 

in Sec IV Using t h e v a c u u m c x p e c t a l i o n va lue ol 24 ,is 

< < ! ! ' > = ( - i ) " V n d i J g ( 1 .1 .1 . •4) 13) 

d e n o t i n g g , , i;, a n d g , as the S U O ) ^ , SU(2) , , and U( 1), 
eo i ip lmi ; ednsl . i i i l s , r espcc l ive ly iiul Ihe gi iMly iiKliieed 
eh . inyes .is 

gj^^tJ-.sl(\^u)^l+e,), 

gJ (V/ , ) - . g ^ ( A / ^ ) ( I + f , ) , 

wc ob l a in , using Eqs (2 ) - (4 ) , 

.1 = 1 2 

e, = - j e ' " - | - 2 c ' 2 ' - l i 6 ' " - | -

< r , = - ! f " ' - f - ; < : ' = ' - V f ' " I-

(4) 

(5) 

w h e i e llie el l ipsis in (S) n i e ludcs Ihe clUel ol (ipei i locs 

(/ > 7 ,ind 

_ I '/'„ 
, / " ' n - I •> 

Us ing n , , = i;f,/4Tr, w h e r e K„ is the b i i e G U I e o u p l i n g 

•ind the rc la l ion 

Lq (b) c m hi. r e w n l l e n a s 

2^Tf ' M / , "• 

\(, 

(7) 

IS) 

I m p o s i n g ihe c o n d i t i o n of e q u i l i u ol l l u ihrci. e o u p l m g 

eons i m i s ,11 \ / | , 

I ' ) ) i j l d f c, ) - ! , • ' ( I I ( , I ~ i ; | ( I I ( , I 

ihe one loop l e l i o i m il l / ilioii g(<ui(i eqii i l ions" 

I - I I ' h, . , - 1 - ^ 1 m i l 

111 Lq (2), I ' IS the nil compo iKi i l ol Ihe g.uigc field ^ , is i 

(1,1 \ f „ ) ((,1 Ml ) 2- \tn 

re so l sed sMlh r ; , -^ ", « - =̂  - r " , = - 7 l o \ n l i l 
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In 
D 

XIn 

1 + (f -

56, ^ 1e, fi 

a. 
1 - i i L 

3 a. 

siit^Oii = 

d i a l 
H 

sm &w TSJ^c + iTi 21 + 11-2-
2 a, 

, 95 « 
402 a, 

4n- •( 1 11 

/ ' 

^^ 67 3a, a 
/ . , 

(lib) 

(lie) 

(lid) 0 = l + J , ( l U f + 2 1 f i + 3 5 f , ) , 

where M ' ' and sin'P'"" denote ilic one-loop predictions 
Of the minimal model, without gravity induced effects, m-
cluding only one set of 24 + 5 of Higgs fields and three 
generations of fermions 

1 -
3 a, 

sm^C= — ^J09_a^ (12) 
134 201 n. 

In Eqs (11) and (12), a " ' ( M H )= 127 54 and 
a,=g]{M,y}/47r-0 1088 corresponding to A ^ ^ - ' ^ O 
MeV, where MS denotes the modified minimal subtrac 
tion scheme Solutions in the similar forms including 
only the five-dimensiona! operators have been obtained in 
Ref'v )7 and 20 Here v.e note that the effects of all 
higher-dimensional operators are contained in the param­
eters 6c> ^L. afd ^i 2s illustrated in Eq (5) Thus, Eq 
(11) through Eq (5), can, in principle, account for all 
gravitj induced corrections due to htgher-dimensional 
operators 

III SOLUTIONS WITH FlVE-DlMENSlONAL 
OPERATORS 

In this section we briefly review the earlier solutions 
obtained with d = 5 operator noting that they are ruled 
out because of experimental constraints on T^ and 
sin^0,,, Such a conclusion was already reached by HiU" 
with iWc~J^i'i = 10" GeV We, therefore, discuss Shafi-
Wettench^° solutions with M r ~ 1 0 " GeV where 

SU(5) has been staled to survive the then existing cxncri 
mental data Using fi2'==fi"=: = o aiul f''' = f 
= Tj<t>"/{^\5Mc) in Eqs (5) and (ID yields ec = e, 
f; = - 3 e / 2 , and 6> = - € / 2 and D = 1-386/67, as in 
Ref 20, leading to 

I 

)n EL 

I la , '-1 21f' 

_ 6ir . 
67-38f ' 

'-f-(-;a, ' + a ')e] 

( M J ) 

(Hb) 

sin's,, = 
67-38€ 

23 122. JL 
3 a, 

(13c) 
For different assumed values of the parameter f ilic 
gauge coupling constant a^, unification mass Mu, and 
sin^On, are computed as has been done before The basic 
parameter TJ occurring in the Lagrangian is calculated us­
ing the relation 

-e (I3d) 
2517 67-3Re 

2 l los- ' - f21a-

It IS worth mentioning the new additional fact Ihal the 
f parameter can be bouiulcd from .ibovc <iiid below, in 
this case, using the pusitivuy Jiid perturbjlivc conslraiiUs 
on Op From Eq (13a), the positixity of Og suggests thai 
f < ^ = l 76, whereas tlic perturbatne conslrniit 
( n c < l ) yields, with a,=^0 1088 and n '=127 54, 
€ > - 70, 1 e , 

- 7 0 < e < l 76 

The lower bound is dominated b> o:"' and docs luil varj 
significantly in the allowed r.ingc of a,(M|i ) correspond 
ingtoAj;js = 0 160±0 100 GeV 

Numerical solutions for the unification mass, r^, 
Sin^6w,a^', and i) for different values of the e parameter 
are presented m Table 1 For calculating i), the value of 
the compactification scale has been taken to be Mc— 10" 
GeV as before '" The uncertainty by a factor 10^' in r^ 
arises due to the uncertainty in Aj^ and the matrix ele­
ments for p—•e'̂ ^ir" In order that T^ agrees with the ex­
perimental limit, r^>;3X10'- yr, it is clear that £ > 0 015 
which needs <0 203, even though M(- is allowed 

to be as low as l o " GeV Such lower values of sin'C,, in 
the modified solutions, needed for the stability of the pro 
ton, are clearly in contradiction with the recent world 
average sin'0„ = 0 23d 0 005 

lAlll t I Modifit ilKins of the minimal GU I prtdicliiuis willi rf 
been calculated with A/c- = IO"GeV 

- 5 optr.iloi I lie p ir iiiitler i; li is 

Af„ 
IGcV) 

0 005 
0010 
0015 
0 020 

4 32X10" 
5 SOX 10'" 
7 78X10" 
I OSXIO'' 

sin'On tyr) 

0 208 
0 205 
0 203 
0 199 

41 60 
41 72 
41 85 
41 95 

3 58X10"'"-' 
1 I6X)0''-" 
3 77X10"" 
1 25X10' -

1 10 
I 66 
1 86 
1 84 
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IV. Ni;\V S O L U T I O N S W i n I I IVK-ANO 

S I X - D I M E N S I O N A L O P L R A T O R g 

As we men t ioned in Sec I I I , modif ica t ions with d=5 

o p e r a t o r in the min ima l G U T seem to be ruled ou t as 

they r equ i r e sm-6»i^ < 0 203 , in o r d e r to yield r^ > 3 X 1 0 " 

yr But , following t h e s imi la r p h i l o s o p h y as m Rcfs 17 

a n d 20, we inves t iga te w h e t h e r inc lus ion of still h igher -

d imens iona l o p e r a t o r s could predic t r^ and s i n ' S , ^ con ­

s i s ten t w i th t h e ava i lab le e ' i p e n m e n t a l d a t a A s t h e next 

e c o n o m i c cho i ce we inc lude bo th d =5 and d = 6 ope ra ­

to rs in Xf,,f{ and find tha t the most n a t u r a l a n d p laus ib le 

so lu t ions wh ich c o r r e s p o n d to logical va lues of the pa­

r a m e t e r s in the L j g r a n g i a n , yield A/y ~ ( 0 1 — 1 liW,-

~ 1 0 ' * - 1 0 " G e V , and s i n ' 0 „ , = O 2 2 - 0 24, for each 

value of Mfj In th is case the re la t ions be tween e p a r a m e ­

ters a re 

ey = t«c + Tfi, (14a) 

(14b» 

114c) 

N o t e tha t the re la t ion (14a) is also valid in the rf = 5 case 
T h e basic p a r a m e t e r s of the L a g r a n g i a n are the ij pa­

r a m e t e r s , r a t he r t h a n the e p a r a m e t e r s Excep t the posi-
t ivi iy and p c r t u r b a l i v e c o n s t r a i n t s on f, as a l r eady dis­
cussed in this pape r , t he re seems to be no theore t i ca l con­
s t ra in t on the Tj p a r a m e t e r s But , in o r d e r tha t the 
modified L a g r a n g i a n m a k e s some sense, the fol lowing 
genera l c r i t e r ia on the p a r a m e t e r s need to be satisfied, 
and we t rea t t h e so lu t ions as a c c e p t a b l e when e i ther c r i ­
teria (i) and (ii) o r (i) and (in) are satisfied (i) T h e m a g n i ­
t u d e of ?;'"', n = 1 , 2 , IS not very large , (iiJ a l t h o u g h 
the ind iv idua l va lues of the i] p a r a m e t e r s may differ, one 
possibi l i ty IS tha t tl icy a r c of Ihc s a m e o r d e r (in) If (he 
grav i ly - induccd c o r r e c t i o n s migh t be ac t ing as the t e r m s 
in a p e r t u r b a t i o n ser ies , for reasons h i t h e r t o u n k n o w n to 
us, t he o t h e r possibi l i ty migh t be that I?;,] <]ri,\ 

N o w we discuss br icdv how (ar c i i l c i i o n (i) has h c t n 
satisfied by ear l ier so lu t ions wiih d =5 o p e r a t o r where 
t h e r e is only one p a r a m e t e r , 7;( I ) = j ; Shafi and W e t t e r -
ich^" h a v e ob ta ined modif ica t ions with T]~] A l t h o u g h 
H i l l " has inves t iga ted over the r ange of p a r a m e t e r s 
77= — 2 0 - 2 0 , 1 c , wi th m a x i m u m a l lowed ' ; ~ 10, no p lau­
sible so lu t ions h a v e been ob ta ined for the n o n s u p c r s v m -
me t r i c m i n i m a l G U T , bu t , 111 the s u p c r s y m m e t r i c SU(5), 

s igni l icant and accep tab le modi l ica lui i i s have been o b ­

served for 1 ) = — 2 - 2 In the SOdO) g r a n d unif icai ion, 

with Pa i i -Sa lam gauge g r o u p as (he i n t e r m e d i a t e s j n i m e -

t ry , so lu t ions wi th i j ~ I have been found" ' to yield T and 

sin'6l |^ cons i s ten t with Eq (1), while , wild 

S U ( 3 ) e X S U ( 2 ) , . X S U ( 2 ) ; , X U ( l ) „ _ , ^ ( g 2 i = 5 , / , ) as the 

p roposed and possible iow-ene igy s y m m e t r y 

(,W„ ~ \ / „ ), a c c e p t a b l e so lu t ions have been o b t a i n e d 

with ) / ^ - l , wi th s i n ' e , , - 0 22 and r^ 2 lO" ' \r It is 

w o r t h m e n t i o n i n g h o w the first c r i t e r ion c o n t r o l s the 

value of the compaci i f ica t io i i scale m re la t ion to the 

unification m a s s W i t h only d =5 o p e r a t o r , Shafi and 

W e t t e n c h have found that Mc~ ' O " CJCV IS necessary m 

o r d e r to ob ta in 7 ; ~ 1 On the oi l ier h a n d if 

A r c ~ 1 0 ' * - 1 0 " G e V , 7 j ~ 1 0 - I O O , for ;Vf ( ;~ IO ' - G c V 

wi th the s a m e values of c T h u s , 1 i rgcncss of ?/, bes ides 

the smal lncss of s n r ( i „ , , p r even t s hav ing iV/j. ~,Vf p,, wiih 

only the rf = 5 o p e r a t o r for the n imi ina l G U T Iii the 

presen t case , hosvcver. wc will find tha t Lri ten. i ( i ) - (n i ) 

can clcarl> lu le out so lu t ions with A/,, ~ IO''' d c V . hnl al­

low on ly those with high unificaiion masses which de­

pend on the co inpac t i f ica l ion scale 

Using Eqs ( l l a ) - ( l l d ) and (14,1) wc first e o n i p u l c 

values of €(• and e , sueh thai ,U(, <: 10' G c V and 

sin"6'ii = 0 2 2 - 0 24, and the c o n e s p o n d i n g value of ilic 

O U T coup l i ng , 0,7 Using E q s (14bl and (14t) s'.c then 

c o m p u t e the n u m e r i c a l values of c ' " .met c ' " ' Snme of 

these so lu t ions a re p resen ted in I .ible II lor d i l l eu i i i 

va lues of t h e unif icat ion m a s s In the second s t ep , to test 

" h c t h e r all such t j p e of SOIIJIKKIS drc aeccpfahle u e 

c o m p u t e the values of the basic p a i . i m e i c r s 1 ; ' " and 1/" ' 

us ing Eq (81, wi th t h e k n o w l e d g e o( e ' " , e ' - ' , a^,, J u d ^f|, 

from ' Inble )( , :inii several rcsT-on ihic values of M^ exist­

ing m the l i t e ra tu re Such c o m p u t a t i o n s arc s h o w n in 

Tab les III and IV O n the b.isis ol ci itcri 1 l i ) - ( i i i ) v\e lind 

111,It all the n u m e r i c a l so lu t ions loi A/,^ Jud sin'O,,,, c m 

he classified in to the fol lowing ca l ego i i e s 

(A) Mu«Mc H e r e Ihc inequali t> is used to m e a n 

values of i\fij less than M^ by 2 or m o r e o r d e r s S u i t e 

c " ' .ind c ' ' ' .trc of the s.iiiic ()r<lei, il is c lear 110111 I q IH) 

tha t if M„«Mc:, | i ) ' ' ' l » l i j " ' l ' ""• example , willi 

, U ( ; = 1 0 ' * G e V . we ob ta in ( 7 / " . ? / - ' > = ( - 4 OS, - 1 0 " ) 

( - 4 0 5. - 1 0 ' ) . and ( - 4 0 5 6. - 1 0 " ) . for M^ = l o " , 

1 0 " . and 10 '" G e V , respect ivelv r i i r l l i e r , (he combin . i -

t ion ( W , , \ / , ) = ( 1 0 " ' , 10'") C e V , 1 1 0 " . 10'") G c V , and 

( 1 0 ' ^ 10'°) G e V , c o r r e s p o n d to the p a r a m e t e r \ a l u e s 

( I ; , , T ; ; ) = ( - 3 07 , - 5 7 56), ( - 2 S() - 3 8 ) , and ( - 10 7 

TAIJLC 11 rarame-iers Cc. f; . f>. f'". =i"d c'-' eompvucd iisinp nne loop reiiorm \li/aiion proiip 

equations and corrections due w <•/ = 5 and 6 eiptrators Relalions among f par.initlers are gn t i i in Lq 

(14) . 

-00841 
-Oy<)l3 
- 0 9945 
- 0 9957 
- 0 99M 

f< 

-oosn 

-0 9430 
-0<I940 
-0 4945 

-0 9H38 
-0';9()7 
-0 4919 
-0 9950 
-0 9956 

-0 3276 
-0 3296 
-0 1306 
-0 3309 
-0 ISl 

(GcVI 

-0 65SR 
-0 6601 
-0 6624 
-0 6631 
-0 6615 

10'̂  
10'" 
10' 
1 0 " 

lO'" 

SlTl " „ 

0 2W5 
1)2^2 
0 219 
0 2 18 
0 2 U 

I ' l 

-1 405 X 10 
2 22,'; 10 ' 
1 461 \ ' 10 
I 1N8X10 
1 (M'lX 10 

file:///alues
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JTABLE ".Lj!L?J.\!!!i'^'he pnramclcrs T?'̂  and_,7_and the r.ilio ]>,_ h, ' | for ilu il.iss lAi s(. Iiilr. 

M, 
(OcV) 

10'̂  

lO"" 

10" 

M, 
KiiV) 

10" 

10" 

10'" 
10" 

10 
10" 

sill U„ 

• 

0 2305 

0 212 

0 2^9 

v' 
•} 0<i(, 

-40 568 

-405 68 

- 1 077 

- Ml 774 

- 2 504 

'1 ' 

1 00^-^ (0 

-1 0()5X 10' 

-1 005X10" 

- 57 564 

- 5 756;^ 10' 

-18 00 

Iw /.('I 

24 77), 

2 477X10 

2 477X10' 

IK 707 
1 «7()y 10 

15 1757 

- 5 7X 10'), respectively Thus , if ^f^J is lov,er than Aff 
by more than 1 order, besides the magnitudes of the pa­
rameters bemg large, their ratio [i?"^'/??'"! becomes far 
too large for the Lagrangian to make any sense The 
values ( V " . V ) and the ratio I V ^ ' / V l are further 
magnified if A f c - M p , and A f y - 1 0 " - 1 0 ' * GeV The 
reason for such large values of the ratio is due to the fact 
that W^^/T)^^^\KMC/MV Such large values of the ratio 
clearly violate criteria (ii) and (iii) when M^ is several or­
ders Jess than M^- Because of these highly undesirable 
values of the parameters and their ratio, we conclude that 
if the addition of a six-dimensional operator is going to 
make any sense, in the presence of a five-dimensional 

- 3 8 X I 0 ~ ^ ) , ( - 0 022, - 1 0 9 X 1 0 - ' ) , and ( - 0 0211, 
- 2 7 0 7 X 1 0 " ' ) , and the raiio | ? / • ' / ? / " ) ~ 0 )Sl, o i ^ j , 
and 0 128, r e spec tnch For e \er \ allowcil \aluL of 
A f „ ~ 0 I M ^ , satisfying criteria (i) and (ii), or i\{,i~Mi, 
satisfying (i) and (in), the \a luc of surO, , is found to he in 
the range 0 2 2 - 0 24 Some allowed solutions bclonpmg 
to class (B) and satisfying criteria (i) and (ii) or (i) and (in) 
are presented in Table IV With the possible v.ilucs of 
the compactification scale, M, - l O ^ - l O ' ' ' GcV, ilic liigli 
values of the unification mass arc found to cover r.ilhcr ,i 
wider range, M y ~ ( 0 1 - 1 )A/^-> lO" ' - lO ' ' ' GeV An 
other interesting new feature of the present soiulions is 
the smallness of the bare G U T coupling constant, 

operator, the solutions with M^ several orders smaller a ^ - l O " * , as compared to all earlier results existing in 
the literature Such a small numerical value of a ^ is un­
derstood by noting that 

than Mc are not acceptable For the most general expec­
tation of the compactification s c a l e , " Af<-~^Pi> 'he 
lower unification masses, A f f - 1 0 " - 1 0 " GeV, are clear­
ly ruled out 

(B) A / y ~ ( 0 I — l ) M c In contrast with the class (A) 
solutions, It IS evident from Table III that there are other 
solutions which satisfy either | f ? 2 / ' ; i l ~ ' . or 
I V 2 / V i l ~ 0 1 When M(j~Q \M(~, criteria (i) and (ii) 
seem to be satisfied For example, My—O I A / c ~ 1 0 " > 
lO" , and l O " GeV correspond to the parameter; values 
( T ; „ 7 J J ) ~ ( - 0 307, - 0 575), ( - 0 25 - 0 38), and 

( - 0 226, - 0 309) and the ratio 1772/77,1-! 87, I 51, 
and 1 36, respectively Thus, combining criteria (1) and 
(11) yields allowed values of high unification masses 
My~-0 IMc But, as mentioned earlier, criterion (in), an 
alternative to (»), 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 (in) For ex­
ample, high unification masses My^Mr—iO^^, lO" , 
and 1 0 " GeV correspond to (V",7? ') = ( " 0 025, 

67-f 25ec-* 42(t_ 

JI- + 1 
3a , a 

(15) 

where the numerator tends 10 be small as € ( — e , —. — 1 
The small value of a ^ decreases the proton decaj rale re 
suiting in a very significant increase in r Thus, accord 
ing to the present observations, the enhancemeni in r_ 
occurs due to two sources largeness of My and small 
ness of ffc Introducing a factor of 1 0 ' " uncer ta in i j , the 
minimum value of T corresponding to the lowest allowed 
A / [ , ~ 1 0 ' * G e V turns out to be r^ ~ lO'" yr, where a fac 
tor of 10^ enhancement due to smallness of Og has been 
included If, on the other hand, we confine to tlie most 
general expectation, ;V/j-~ A/,., = 10'" GeV, the G U I does 
not seem to have unification significantly below 
A f i , ~ 1 0 " G e V 

Before closing this section it might be necessary to 

TABLE IV Same as Table HI, but for class (B) solutions satisfjing cnleria (1) and (iil or (1) and (111) 
as described in the text 

Mc 
(GeV) 

10" 

10" 

10" 

Mtj 
(GeV) 

10" 
10" 
10" 
10'" 

10" 
10" 

sin'0„ 

0 232 

0 239 

0 239 

0 238 

0 238 

0 232 

CG 

2 22X10'* 

1 461X10-' 

1 461X10-' 

1 188X10"' 

1 188X10"' 

! 039X10"' 

v'" 
- 0 3077 

- 0 0250 

- 0 2504 

- 0 0226 

- 0 226 

-00211 

v'' 
- 0 5756 

- 0 0038 

- 0 3800 

-0003 

- 0 3094 

- 0 0027 

l';"V,/"l 

1 870 

0 1520 

1 5175 

0 1327 

1 369 

0 1279 
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clarify certain points regarding ihc self-consistency of the 
treatment of compactification effects through an expan­
sion in higher-dimensional operators As evident from 
Table II, e ' 2 ' / 6 " ' ~ 2 , where e'"' is related to TJ"" by Eq 
(8) This might give the impression that the expansions 
for ec, ff 31 ' ' f y expressed in Eq (5) are not converging 
But we have taken only the first two out of a large num­
ber of terms m the series in Eq (5) to show that they fully 
account for the available data on sin-^^,, and large values 
of M(j This implies that, so far as the available values of 
sin"9|^ and allowed values of r^ are concerned, e ' ' ' ' ~0 
for /( > 2, thus guaranteeing convergence of the series and 
the self-consistency o( the method for M^|-~^0 l-l)M(-
Another way of looking into the convergence of expan­
sions IS the following Since the first two terms are cap­
able of explaining the available experimental values of 
siii^e,^, for M^i in the range 10" '-10' ' ' GeV, it is certain­
ly true that at least the same values of siir^,,, and iVfy arc 
possible by taking larger number of terms such that 
|f'" *•"! « | e ' " ' l , for /( » 2 , this guarantees convergence 
of the series and self-consistency of the method adopted 

V. SUMMARY, CONCLUSION, AND DISCUSSION 

The minimal SU(5) model predicts a proton lifetime 
about 2 - 3 orders less than the observed experimental 
lower limit and sin"0,^i;O 21 Including gravity-induced 
effects through d =5 operators, scaled by the 
compactification mass, although Hi l l" obtained quite 
lower values of sin"^,^, and, hence, ruled out any 
modification with M(-~M,,i, Shafi and Welterich-" found 
that the minimal GUT could be saved by such 
compactification eficcls if Af<; = lO" GeV But, as wc 
have noted here, these solutions can be consistent with 
experiments provided SMrO,,/<0 203 which seem to 
disagree with the present world average sin"0„. 
= 0 230±0 005 

To investigate further, whether the SU(5) predictions 
can be improved by spontaneous compactification effects, 
we have investigated the combined role of both five- and 
six-dimcnsional operators, which is allowed, in principle, 
at least, and in the same spirit Out of, at least, three 
din"crent possible forms for the si\-(Jimensional operator, 
we have chosen only one for the sake ol simplicity and 
convenience, and also lor obtaining modifications to 
GUT predictions within the constraint expressed b> Eq 
(14a) Although our computation in Table II indicates 

surfl,, ~ 0 2 3 - 0 24, we have checked that with slight 
change of Sc and e, the allowed i inpc is 
surO,, ~ 0 2 2 - 0 24 It seems, at first sight, as if all nu­
merical solutions with /Vf ,^=IO' ' - IO" GcV and 
sin"(7|, = 0 2 2 - 0 24, as shown in [able 11, are allowed 
But when we compute the basic paiamcters ? / " and 7;'"' 
and their ratio | i / ' ^ ' / i ; " ' l , where i/'Hy'-') occurs as the 
cocfiicicnl of the five- (six-) dimensional operators, we 
find that |t; | » | t / " ' | for those solutions for which 
Mu/M^< 10~^ with W c = I O ' ' - ' 0 ' ' ' GeV As the La-
grangian does not make sense with such parameters, the 
corresponding solutions with low unification masses 
/Wy~10'^ GeV are ruled out This criterion, ruling out 
/ V / y ~ 1 0 " GeV IS found to be strongly valid if the 
compactification occurs at the most generally acceptable 
scale, /!/(- =/V/|,| 

The present analysis rcvcils that the graMty-induced 
corrections with ^ = 5 and 6 operators permit high 
unification mass, /Wy~(0 1 - I )Mc ~ lO""-lO'' ' GcV, if 
/Wc= 1 0 " - 1 0 ' ' ' GeV, with sin-0„,-~0 2 2 - 0 24 for every 
M^J The values of the r/ parameters are never found to 
be large for such solutions belonging to class (5) , and the 
ratio l ?7 i / ' / | l ~ l for those solutions with My—O \fl!^. 
but | t ; , / ? ; , | ~ 0 1 for others with M^^i — M^ Although 
such parameters with li/i/r/il — l are gcnerallj cxfjcctcd 
in unified gauge theories, the other values with 
| 7 / i / ' ; i l ~ 0 1 suggest that the succcssnc terms containing 
higher-dimciisional operators miglil be acting as pertur­
bation upon the renormali/able Lagrangian Using I))L 
most general value, A/f-^A/p,, we find that solutions with 
; \ / j ; - 1 0 " - 1 0 " GeV are ruled out and the gra\it>-
induced efiTccts permit only A/„ ~ lO'*-lO'*' GcV Tor 
the first Iniic wc find here .1 graiul iiiiificd Ihtory with IIIL 
GUT coupling constant as small as a(;~\Q~ Ihc 
enliancemenl of the proton lifetime occurs due to two 
factors largeness of M,, and sniallncss of rt,, riuis, i( 
Ihc addition of live- ,iiul six diintnsioiial opcr.itois lo llic 
GUT Lagrangian is going 10 make sense, the predictions 
of minimal SU(5) with an unstable proton and 
sin'Oii < 0 215 are modified to be consistent with 
an extremely stable proton ( r ^ > 1 0 > r) and 
sin-0„ ~ 0 2 2 - 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 Afc~ 'O'-IO' GeV. With the single intermediate symmetry, 
SU(2)f̂  XU(1)« XSU(4)c in SO(IO), 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 Wpi thepredicted proton lifetime is large depending upon the value of sin^0^ in the range 
0.22-0.24. For still larger values of M^, neutrino masses and proton lifetime decrease, and the 
latter saturates the Uvine-MicVwgavN-BTOoî haven hmit wheî  Mp~ iO" -\0'^ GeV. 

I. INTRODUCTION 

Two of the most important theoretical developments in 
particle physics have been the Kaluza-Klein-type 

I unification with gravity''^ and grand unified theories^" 5 

(GUTi 
tions. 

s) of strong, weak, and electromagnetic interac-
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 
forcesj of nature. In such cases, effective gauge theories in 
four-dimcnsional space-time emerge as a result of 
compatificatioii of extra dimensions. In theories employ­
ing spontaneous compactification, nonrenormalizable 
higher-dimensional operators involving gauge and Higgs 
fields lare always generated and the coeflicients of these 
operators are scaled by the powers of the 
compactification scale [MQ) (Refs. 2 and 6). Even 
without invoking the idea of dimensional reduction, such 
operators scaled by powers of the Planck mass 
(Mpi = 10" GeV) can also be present as the gravity-
induced corrections to the GUT Lagrangian. 

Compared to many other GUT's, SO(IO) 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 
spinoriai 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 (PJ and SU(2)^-breaking scales, the new SO(IO) 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(IO) 
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)c breaking in SOdO), 
SU(16), and SU(8)i, XSU(8)« GUT's have been predict-

39 

gj 8,10,11 ^i^hin the context of decoupling P and SU(2);, 
breakings, in the presence of the gauge group 
SU(2)i,XSU(2)y,XSU(4)c(=G224) with g^^gR, as one 
of the intermediate symmetries, at a scale Afc~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)c 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(IO) GUT {Ref. 13), 

«(/ 
SO(IO) —SU(2) iXU(l )RXSU(4)c(sG2,4) 

-H.SU(2)^XU(l)^XU(l)B_i.XSU(3)c 

M'i 

• SU(2)^XU(l)yXSU(3)c(=G2,3) . (1) 

it has not been possible to obtain Mc~10 ' -10^ GeV, for 
the presently accepted values''* of sin^0^=O.23±O.OO5. 
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. 
/' In this paper we note that, with the single intermediate 

'symmetry SU(2)^ XU(1);, XSU(4)c( =02,4) , the SO(IO) 
GUT is ruled out as it predicts a proton lifetime lower 
than the Irvine-Michigan-Brookhaven (1MB) limit" for 
the p—*e'*'n° mode. But, when the twin ideas underlying 
grand unification and Kaluza-Klein theory are combined 
together, gravity-induced corrections by a five-dimen­
sional operator*''* allow the chain 

54+43 
SOdO) -* G 

126 

214 
Mr 

' 2 1 3 
(2) 

2000 ©1989 The American Physical Society 
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with M c - l O ' - l O " GeV, M y ~ 1 0 " - 1 0 ' ^ GeV, and 
sin^0„, = 0.22-0.24. For Afc~10'-10^ GeV, correspond­
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 
1MB limit depending upon the values of sin^0^ and Mc-
For still larger values of A /c~10 ' -10" GeV, correspond­
ing to undetectable rare-kaon decays, v masses decrease 

, further and the proton lifetime also decreases, saturating 
. thelMBlimit fo f iWc- lO" GeV. 

This paper is organized in the following manner. In 
Sec. II we summarize earlier contributions in SO(IO) 
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 rcsuUs arc reported. The paper i.s summa­
rized in Sec. IV. 

II. MODIFICATIONS IN SO(IO) 
WITH SU(2)t XSU(2)« XSU(4)c AND 
SU(2)i. XSU(2)« XU(l)B_t XSU{3)c 

INTERMEDIATE SYMMETRIES 

In this section we summarize earlier contributions in 
SO(IO) 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 Shaft and Wetterich* (SW) introduced-five-
dimensional operators, involving gauge and Higgs fields, 
and scaled by the Planck mass (Afp, = 10'^ GeV) (Ref. 16) 
or the compactification scale (M^ <Mp|) (Ref. 6), with a 
view to obtain modified predictions on T^ 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(IO) predictions in the presence of 
Pati-S;ilani intermediate symmetry: 

34 126 

SO(10)-.SU(2)^XSU(2)yjXSU(4)c->-G2,3 • (3) 
A/„ M^ 

In the absence of a rf=5 operator, purely renormalizabic 
interactions permit Mc=.10'^ GeV, A f y ~ 1 0 " GeV for 
sin^0^^~O.23. When a nonrenormalizable term 

(4) - ^ N R = - ^ T r ( F , , c l > „ F ' " ' ) 

is added, the following changes were noted: 

sin^6'>^~0.22, Tp(p-.e+7r°)2:(10-100)Tp(IMB) , (5) 

where T ^ ( I M B ) is the 1MB limit." In Eq. (4), 

(A^n = Al(?.^)l , (6) 

and A^'s are the gauge field matrices, A.,'s are the SO(IO) 
generators, TJ is an unknown parameter, MQ is the 
compactification scale, and O54 is the scalar field 
54CSO(10). As in SU(5), SW noted that their 
modifications are consistent witB MQ ~ 10 ^Afpj, compa­

tible with the parameter e~0.01-0.02 where 

1 V'i'o 
€ = • 

and <t>o is related to the vacuum expectation value 

(7) 

(<I>M> 
On 

V ^ 
d i a g d , 1 , 1 , 1 , 1 , 1 , - 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(IO), 

210 126 

SO(IO) —SU(2)tXSU(2)«XU(l)„_^XSU(3)c- i -G2,3 
M„ •M„ 

using a c/= 5 operator scaled by the Planck mass: 

-^-^z^^^^^-^-"^"^-

(9) 

(10) 

With a purely renormalizable Lagrangian, M,f ~Myy in 
the chain requires" sin^0(^~0.27-0.28, which are much 
larger than the accepted world average. Addition of (10) 
has been found to allow M^~Mfy with C~—0.5 and 
sin^^n^ within acceptable limits, for different combina­
tions of Higgs triplets and doublets. 

In the symmetry-breaking chain (3), the parity-
violating scale Afp=A/c = 10'^ GeV, and in (9) 
Mp—Mg~Miy. 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 My, 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 values, 
unless M/ ,=Mc>10 ' - ' GeV. With gravity-induced 
corrections,* or otherwise,' M p = M c ~ lO'-" GeV, such 
that problematic domain walls are likely to be absent in 
chain (3). But in (9), since Mp =M„ ~M,y « lO" GeV, 
the domain walls created are supposed to be extremely 
problematic. 

Since the scalar representation 126CSO(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^" 

M 
t —e,fj.,T (11) 

tv. 

where w, is the charged-lepton mass of /th generation 
and M,y is the IV^ gauge-boson mass. In case (3), invcs-

M r = 1 0 " GeV, such that tigated by SW (Ref. 6) M,y -iri^ 

~ 1 0 ~ " eV, m„ 10" cV, m„ - 1 0 " " eV . 

(12) 

Such neutrino masses are too small to be detected by lab­
oratory experiments, although they migiU be compatible 
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with the solution to the solar-neutrino puzzle. In model 
(9), observable low-mass parity-restoration requires 
Mff, ~Mty , leading to rather larger values of Majorana 

neutrino masses: 

m , ~ l e V , w , - l O O k e V , m „ ~ 1 0 M e V . (13) 
r II r 

[n this case, although the masses could 6e measured in 
the laboratory, v^ and v^ masses might be too large. 

In the next section we study the possibility of SO(IO) 
grand unification with single G214 intermediate symme­
try. Since SU(2)j, breaks at the GUT scale, there is no 
domain-wall problem in this model. When the effects of 
the d=5 operator are included, the allowed solutions for 
Mc 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)t XU(1}R X S U ( 4 ) C 

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 G214 intermediate symmetry. 
It is usually stated that the vacuum expectation value of 
the Higgs field Ar(l,0,l)C45CSO(10), where the transfor­
mation properties of X ^re under G214, 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(IO)—>-G2i4. As 45 is antisymmetric, it does not 
contribute to the gravity-induced corrections through the 
rf = 5 operator disussed in Sec. II; but the necessary pres­
ence of 54 is suflicient to induce significant modifications 
to the GUT predictions through the d = 5 operator of Eq. 
(4). Following the techniques of Refs. 6 and 16, and us­
ing Eqs. (4)-(8), the Lagrangian . £ = Z ^ + Z N R , with 
£^ = —JTT(F^^F'^^), is at first decomposed into kinetic 
energies of the SU(4)c, S U ( 2 ) L , and U(l )„ gauge fields: 

£ = - | ( 1+e)Tr(F; ,^ 'F ' '^"" ' ) - j ( 1 - je)Tr(Fj,V^"-""') 

-i-(l-|e)fJ,«'F*«''^^ (14) 

ivhere the superscripts (C), (L), and {R) stand for the 
5U(4)c, SU(2)£, and U(l) ; , , respectively. Now rescaling 
3f the gauge fields changes their coupling constants as 

? ^ ( M y ) ^ g 2 ( M y ) ( l + e), g 2 ( M y ) ^ g 2 ( M i / ) ( l - i 6 ) , 

? i ( M y ) - . g | ( M „ ) ( l - j f ) , 

where gc^^u), g^iMi,), and gniMy) denote the cou­
pling constants of SU(4)c, SU(2)^, and U(l) ; , , respective-' 
ly, without gravity-induced corrections. In order to 
achieve unification of strong, weak, and electromagnetic 
interactions for fi^Mfj, the GUT condition is imposed 
through the equations 

gl{Mu)n+e)=gl{Mu){l-

= g ^ ( A / y ) ( l - | f ) = g 6 . (15) 

where go is the bare-GUT coupling constant. With the 
boundary jionditions modified as in (15), we solve one-
loop renormalization group equations for the chain (2). 

M;y<^l<Mc•• 

1 
aiiMff,) 

with 

a,( / i ) 2iT M,y 

i)/4iT, aY = ^ , a^ = 

= Y,L,3C 

T ' "3C 

(16) 

1 1 
+ • — I n - ^ , i=R,L,4C , (17) 

with a« = -^, Qĵ  = - f and a4c = - f. 
Note that we have been confined to the minimal fine-

tuning condition and used three fermion generations, and 
the minimal number of Higgs scalers, needed for spon­
taneous symmetry breaking. The Higgs scalars used in 
the two different mass ranges are M^,'^(I'5LMQ, <I>( 1,2,1) 
under SU(3)cXSU(2)t X U d )>-, Mc<i^<Mfj, *(2,J-,1) 
and A;,(l,l,10) under SU(2)^ X U d )« XSU(4)c. These 
are present in 10 and 126 of SO(IO). Using Eqs. (15)-(17) 
and the combinations, e~HMfy) — jgj^{Mfy), e~^(M)^) 
-Ur'^M^), e-HM^) = ^gyHM^y)+g^HMfy), yields 
the following constraints on the unification mass, sin^fiu/, 
and the GUT coupling constant ( a ^ =go/477-)-

6rr 
'71-74e 

+ 

1 
a 

4 - 3 6 e 
71-7 4e 

• + 

In 

30j 
7 

3a, 
-f 

1 

(18) 

sin 0^/ = 
1 

71-74e 
• ^ - K 1 9 - ^ ̂e ) - ^ - 5 3 e 

77 M 

1 1 
71-74e a 

19 
3a, 

226 ^c 
377- " M I f 

(19) 

(20) 

InEqs . (18)-(20), a , = g ] ( M „ . ) / 4 7 7 a n d a = (?^(^f,^.)/47^. 
For the chain (3), or (9), where formula (11) is applic­

able, SU(2)« breaks along with U(l)^ at the same scale 
such that Mu, =M7 . But, in the present case, SU(2)^ 
breaks at M^ =Mu< keeping U(l);, XSU(4)c unbroken 
down to ^i = Mc- It is at the second stage of the spon­
taneous symmetry breaking thatj^he Majorana neutrino 
mass is generated when A ^ ( l , l , 1 0 ) under G214 acquires 
vacuum expectation value. In this case M^ 

= Mc«My^ •-M u> and the corresponding seesaw 

mechanism, worked out by Parida and Hazra,^^ yicldb a 
different formula for the Majorana neutrino mass. 

~ 2 

Mr 
I =e , /x ,T (21) 
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Using Eqs. (18)-(20), a , =0.1088 ( A j ^ = 1 6 0 MeV, 
where MS denotes the modified minimal subtraction 
scheme), a ~ ' = 127.54, we compute numerically allowed 
regions for M^i = 10'") and e within the available experi­
mental constraints (Ref. 14) on My and sin^0„.. Note 
that 6 = 0 corresponds to the absence of gravity-induced 
effects and such solutions are presented in Table I. It is 
clear that, with a purely renormalizable Lagrangian, 
chain (2) is ruled out as it yields a maximum 
My = 3X 10''' GeV and the corresponding proton lifetime 
Tp~IO^'*^ yr which is significantly less than the 1MB 
h m i t . " 

Interesting solutions are obtained when 6 > 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. 1 the horizontal lines are the 1MB and the Planck 
limits on the unification mass. The projection of the line 
PQ onto Fig. 2 has been denoted as the 1MB limit in the 
latter. The horizontal lines in Fig. 2 represent the 2a 
limits of the world uvcragc,"' sin^0„,=0.23O±O.OO5. 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, 
Ki —fpe, corresponding to M(- > 3 X lO' 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^i e, My, sin^^n/, and o ^ ' 
are shown in Table II for Mc = 10'-10* GeV and, in 
Table III for M^ = 10'-!-10'' GeV. 

We find, ignoring the uncertainty in A;;^ and proton 
decay matrix elements,^'' that the modifications caused by 
the ^ = 5 operator permit 1 0 ' S M c ; S 1 0 " GeV. For 
every M^, the parameter e and the unification mass Mu 
are allov/ed over a wider range depending upon the 2a or 
l a limit of sin^0^/. The solutions with smaller (larger) 
values of sin^0;^ are associated with larger (smaller) 
values of My and r . Our solutions include the values of 
Mc~ lO'-lO'' GcV, which predict rarc-kaon decays to be 
observable for any value of sin^ff^' ' " ^^^ range of 
0.22-0.24. The highest value of My = 3 X I O " GeV is 
possible for Mc = 10' GeV and sin^0„, = O.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^0,^, and the proton lifetime for the p-^e'^w'^ mode 

TABLE I. One-loop solutions for SO(IO) with single inter­
mediate symmetry, SU(2)t XU(1)^ XSU(4)c, in the absence of 
gravity-induced corrections. 

Mc (GeV) Mu (GeV) sin^^K 

17 

> I 6 -

rs 
5 

o 
c 
o 

15 

14 

13 

1 1 1 1 1 I I 1 1 

~ 
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' ^P lanck 

.^C tz . 
/r ic" ^y^^ 

-i^/IMB 
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limit 
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1 1 - ! 1 
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-

-

-

' 
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FIG. 1. Solutions of one-loop renormalization-group equa­
tions for M^J as a function of e, and for Mc=10 *•, «f = 5-12. 
The horizontal lines are the 1MB (lower) and the Planck (upper) 
limits. The allowed upper limit, for "^ = 5 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 Irr and 
2a boundaries, and the central value of sin^O,;/=0.230. 
For MQ > JO* GeV, the allowed range of r also decreases 
being restricted by the 1MB limit form below. The 1MB 
limit is found to be saturated nearly at M( ;~10 ' ° d O " ) 
GeV if the value of sin^0^ is allowed to be 0.225 (0.220). 
Including uncertainty in T^ by a factor 10*^, arising out 
of uncertainties in the proton decay matrix element and 
the QCD parameter,'''' we find that the maximum allowed 
value of M^ can be increased by 1 order, (i.e., 10"-10'^ 
GeV) unless sin^B^, is allowed to be significantly lower 
than 0.220. 

Using Eq. (21) and the allowed range M c ~ I O ' - 1 0 ' ^ 
GeV, we now calculate neutrino masses as shown in Fig. 
4. They are found to vary over a wider range; 

m^ ~ ( 2 X 1 0 " ' ° - 2 X 1 0 " ^ ) eV , 

m^ ~ ( I 0 - ' - 1 0 0 ) eV , 

m„ - O X I O - ^ ' cV-30 kcV) , 

(22) 

where the lower (upper) limit corresponds to M(;=10 '^ 
(10') GeV. The observable signatures of SU(4)c break­
ing by rare-kaon decay processes predict 

m, ~ ( 2 X 1 0 - ' ' - 2 X 1 0 - ^ ) eV , 
(23) 

m„ - ( 1 1 - 1 1 0 ) eV, m „ ~ 3 - 3 0 k e V . 
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X 
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FIG. 3. Prediction"! on proton lifetime for the p—'C^-n" 
modcjwilli Aj;j5=160 McV, as o function of Mp and sin'On/. 
The solid lines are for values of sin^6»/ corresponding to Icr and 
2ar lirnits. The dot-dashed line is for sin^e^/= 0,230. The 1MB 
limit is shown by the dashed line. 

O u t of these, v^ and v^ masses are measurable by labora­
tory fe.xperiments. T h e masses a r e about 6 -7 orders of 
magni tude larger than those obta ined with single Pat i -
Salam in termedia te symmet ry ,* bu t they a re 3-4 o rders 
of magnitude smaller than the models having low-mass 
IV^ and Zn gauge bosons. "• "'^^ 

T0| es t imate , approximate ly , the o rde r of magn i tude of 
MQ that makes these gravi ty- induced correc t ions impor­
tant , we use T] — i25nac/2)'^'^€MQ/Mu. O u r es t imat ion 
depends , crucially, on the assumpt ion tha t | i 7 l ~ l as in 
the SW case.* Solutions having e ^ O . 0 3 - 0 . 0 5 are found 
to be associated with lower values of the unification mass , 

M, • 1 0 " GeV. T h e y require compactif icat ion scale 
nearly 2 orders smaller than Mp^• These solut ions belong 
to (lie same class as noted' ' by SW in the context of SU(5) 
and SO(IO) models . T h e o ther class of solut ions found in 
this model are associated with 6 = 0 .07-0 .10 , and 
A f y | - 1 0 ' * ~ 1 0 " GeV. They require compactif icat ion 
scale M c ~ 1 0 " - 1 0 " GeV. In par t icu lar , the, observable 
predict ions for rare-kaon decay cor responding to 
M c j - 1 0 ^ - 1 0 * GeV are found to be also possible with 
sin^6l«.=r0,22-0.23, £==0.1, and M y - l O " GeV, requir-

.0^ 

.10* 

lO" 
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> 

_ I 0 
•a 
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, 0 « 

^^ 

-
-

~̂̂  

-

-

• 
• 1 • - I — I -

/ / / '">'. 

. 1 . 

-

_ 
-

-

- ^ 
1CJ» t o " t o ' 10* lo ' I0'° to" lo'^ 

Mc (GeV) 

FIO. 4, I'rcUiclioiis on neutrino niiisscs HS II fiinclion <if Arc­

ing MQ-^ l O " GeV. This scale is generally expected from 
the Kaluza-Kle in- type compactif icat ion, w h e r e 
M ( ; = A f p | / 2 f l - ~ 1 .6X10 '* GeV. If, on the other hand , -q 
is allowed to be ! i j | = 0 . 1 (10), our es t imat ion would re­
quire MQ I o rder less (more) for every value of e. For ex­
ample , with Mc~lO^ GeV, and A/̂ y — lO'' ' GeV, con­
sistency of the solut ions with e ~ 0 . 1 requires A/g — l O " 
( 1 0 " ) GeV, if \ri\ = 0 . 1 (10), instead pf |»7l =: 1. 

l y . SUMMARY AND CONCLUSION 

In theories exploiting Ka luza-Kle in - type unification 
with gravity, nonrenormal izab le te rms involving higher-
dimensional ( c />4) opera to rs , scaled by suitable powers 
of the compactif icat ion scale, a re usually present . We 
have investigated the modifications caused by a d = 5 
opera to r on the SO(IO) G U T with single C n ^ in termedi­
ate symmet ry . In the absence of gravi ty- induced cor rec­
tions, such a model is ruled out as it predicts T^ 
significantly below the 1MB limit. Inc luding gravity-
induced co r re t t i ons , the SU(4)(;-breaking scale is found 
to be permi t ted over a wide range, Mc~ l O ' - i O ' ^ GeV, 
leading to predic t ions on neu t r ino masses: 

eV, 

m^ ~ 1 0 ~ ^ e V - 3 0 keV . 

- ( 1 0 " ' - 1 0 0 ) eV , 

TABLE II. Predictions for Mfj, sin^^n,, and values of Mc, corresponding to observable rare-kaon 
decay, as a function of e, in the presence of gravity-induced corrections, for the same chain as Table I. 
The proton lifetime is for thep—>e'''-n-° mode excluding uncertainties. 

Mc(GeV) 

10' 

\0^ 

e 

0.10 
0.09 
0.08 

0.09 
0.08 
0.07 
0.06 

Mu (GeV) 

1.3X10'^ 
5 .9X10" 
2 .7X10" 

6 0 X 1 0 " 
2 . 8 X 1 0 " 
1.3X10" 
6.3X10'* 

sin'5^. 

0.225 
0.230 
0 235 

0 224 
0.229 
0 234 
0.239 

ad' 

54.56 
53.93 
53 32 

53.08 
52.47 
51.88 
51.30 

' Tp (yr) 

4.8X10'° 
2 .0X10" 
8 .6X10" 

2 .1X10" 
9 .6X10" 
4.4X10"' 
2 .4X10" 
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TABLE III Same as Table II but for larger values of Afc 

Mc (GeV) 

10' 

10" 

10' 

lO'" 
10" 

e 

0 07 
0 06 
0 05 

0 06 
0 05 
004 

0 05 
0 0 4 

004 
0 03 

1 

Mu (GeV) 

1 3 X 1 0 " 
6 7 X 1 0 " 
3 3 X 1 0 " 

7 2 X 1 0 " 
3 6 X 1 0 " 
1 8 X 1 0 " 

3 8 X 1 0 " 
1 9 X 1 0 " 

2 1 X 1 0 " 
1 2 X 1 0 " 

%\n^O,y 

0 228 
0 233 
0 238 

a a ' 

51 04 
50 48 
49 92 

0 227 • 49 65 
0 232 
0 236 

0 225 
0 230 

0 223 
0 221 

49 10 
48 57 

48 28 
47 75 

46 94 
45 63 

Tp (yr) 

4 2 X 1 0 " 
2 9 X 1 0 " 
1 TXIO'" 

3 8 X 1 0 " 
2 3 X 1 0 ' ' 
1 4 X 1 0 " 

2 8 X 1 0 " 
1 7 X 1 0 " 

2 4 X 1 0 " 
2 0 X 1 0 " 

Al though nXy is too small to be detected, m „ and m^ 

codkl be mcnsiircfl by lnbornlory oipcr imct i l s clcpciiditig 
upon M^ 

For the first t ime, we have obta ined interest ing SO(IO) 
predic t ions , with single in termedia te symmet ry , for the 
observable SU(4)£; b r eakmg by rnre-knon decay modes at 
low energies with A f c ~ 1 0 ' - 1 0 * GeV, and any value of 
s i n ^ 0 ^ in the range 0 2 2 - 0 24 For such lower values of 
M c , the predicted v masses are 6-7 orders of magn i tude 
larger than the SO(IO) predict ion with Pat i -Salam inter­
media te symmet ry ,* but 3 -4 orders smaller than models 
with low-mass r ight -handed gauge bosons " " " T h e 
p ro ton lifetime is large depending upon the value of 
sin^Oiy Fo r larger values of M ^ > 10' GeV, the allowed 
range of T^ decreases with increasing M ^ For a fixed 
Sln^0^/, T decreases with M^ and the 1MB limit is sa­

tu ra ted when Mc ~ 1 0 " - 1 0 ' ^ GeV T h e order of magni ­
tude of the conipnclificiilion SLIIIC. CIIIMI ilcd in llim mod 
el, Is IDUIKI ID be In llie iiinge ^ ' ' - l u ' " OeV, n n k s s IIIL 
pa rame te r in the nonrenormal izable term has the value 
| T 7 I = I 1 0 , or larger 

With the SU(2),, X U ( 1 ) „ X S U ( 4 ) c gnuge symmetry , 
existing at a scale fi>M^=M^ > 10^ OcV, and 

^ i f « = - W u ~ 1 0 " - 1 0 " GeV, there is negligible contr ibu­
tion to the V+A s t ruc ture of charged and neutra l 
cu r ren t s , in this model Similarly, the K, -K^ mass 
difference and o the r C/ '-violating paramete rs have, essen­
tially, the same predict ion as the s tandard model At low 
energies, this model does not seem to predic t any o the r 
detectable s ignatures , except rare kaon decays and neu­
t r ino masses 
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In contrast to the conclusion for an S0( 10) model including gravity induced corrections through a five-dimensional operator 
we note that low-mass right-handed gauge bosons are ruled out as the parity restoring gauge group 
S U ( 2 ) L X S U ( 2 ) R X U ( I )B-LXSU(3)c(g2L=g2R) IS not allowed at low-mass scales Using the mechanism of decoupling partly 
and SU(2)R breakings the low-mass right-handed gauge bosons ( V/R~ 100 GeV-lO TeV) without observable parity restoration 
are found to be permitted when the five-dimensional operator is scaled b\ the compactificaiion mass 

Experiments being planned with ullrahigh-energy 
accelerators in the TeV ranges arc expected to reveal 
new physics beyond the standard model that might 
be associated with new gauge symmetries. One of the 
promising gauge theories beyond S U ( 3 ) C X S U ( 2 ) L 

x U ( l ) y (=Gs,) IS the left-right model based upon 
the gauge symmetry S U ( 2 ) L X S U ( 2 ) K X U ( 1)»_/. 
xSU(3)c (=02213) which has been the focus of 
considerable attention during the past years Ever 
since the proposal of left-right symmetry [1,2], many 
attempts have been made to obtain a low nghl-handed 
scale {Mp_) associated with the spontaneous symme­
try breaking (SSB) of G^n/^ including the left-right 
discrete symmetry (P= parity when ^2L = ^2R), or ex­
cluding It (gjL^giR) If the right-handed scale asso­
ciated with the SSB of the G2213/' model (G2213 with 
i2h=g2R) IS low, besides observing the V+4 struc­
ture of weak-charged and neutral currents by low-en­
ergy experiments and detecting the right-handed 
(WR , ZR) gauge bosons by the high-energy accelera­
tors, It 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 in se­

rious conflict with cosmology, the well known prob­
lems being the presence of undesirable domain walls 
[3], and inadequate baryon number generation [4] 
In the conventional approach emphasizing the G2213/' 
model, / 'and S U ( 2 ) K arc broken at the same scale 
When such a model is embedded in a GUT like 
SO(IO) [5], the right-handed scale is found to be 
large ( \ / R > I O ' - GCV) for sin-0„~0 230±0 005 
This rules out vcnncaiion of all possible signatures 
by low-energy experiments, or high-energy 
accelerators 

When S0( 10) breaks with two intermediate sym­
metries [6J, 

S O ( 1 0 ) - ^ G 

~ S U ( 2 ) L X U ( 1 ) R X U ( 1 ) S - ^ X S U ( 3 ) C 

On leave of absence from the School of Agricultural Sciences 
and Rural Development, Nonh-Eastern Hill University, 
Medziphema 797 106, India 

0370.2693/90/S 03 50 © Elsevier Science Publishers B'V (North-Holland ) 

— ^ G3, ( 1 ) 

a low-mass right-handed neutral gauge boson is 
known to be predicted with .'\/R ~ 500 GeV whether 
G = G22i3. or G2213/. In such cases the predicted value 
oftheWI-gauge boson mass is large, y\/ | > 10'° GeV 
[6] It has been noted \ery recently that, if the super­
heavy components of Higgs representations used in 
the SSB of the S0( 10) model are permitted to have 
certain nondegenerate masses different from My by 
one order, the resulting uncertainty in the predicted 
value of sin-0..„ might permit low-mass nghl-handed 
W^ gauge bosons in (1) when G = 0,213 [7] How-

45 
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ever ue are interested in the model calculations ex­
ploiting the extended survnal hypothesis under the 
natural assumptions that all supcrhcav^ masses are 
the same as /Uu 

It has been shown by Rizzo [8] that additional 
gra\ national corrections due to a five-dimensional 
operator in the nonrenormalizable lagrangian, 

a N R = - ; ^ T r ( f ^ , 0 , , , o , F " ' ) [2) 

with l / c = 2 x l 0 " GcV permits low-mass right-
handed gauge bosons(/\/R-100 GeV) in SC)(10) 
with obser\able parity restoration In eq (2) ^(2io) 
IS \'ne fo-ar-iTitiex aTiMsymmc\T-ic H-iggs-sca\aT ftpTt-
sentation2l0cSO(10), 

' J = l 

(3) 

where ICT'̂ CH ';,),\\ah i,j=\.2 , 10, denote the 45 
generators (gauge bosons) [9] ofSO(lO)"' and the 
constant C has been reparamcirizcd The fact that the 
addition of such fi\e-dimcnsional operators could 
drastically modify the GUT predictions wa5 first 
proposed by Hill [ 11 ] and Shaft and Wetterich [12] 
As a distinguishing feature of the two suggestions note 
that the higher-dimensional operator was empha­
sized to be originating as an effect of quantum grav­
ity in ref [11] while this was taken to be occurring 
naturalh in some effective lagrangian as a result of 
compactification of extra dimensions with the com-
pactificationscale/\/c~10"-IO'^GeV [12] Wefol-
low the convention in which i,j= 1,2, ,6 (7, 8, 9, 
! 0) are the SO (6)(SO (4)) indices It IS the purpose 
of the present paper to demonstrate that (i) low-mass 
right-handed gauge bosons in the G2213F model as en­
visaged in ref [8] are ruled out, (11) they are per­
mitted in the S0( 10) model with decoupled / - and 
SU(2)R-breakings proposed recently by Chang, 
Mohapatra and one of us (M K P ) [ 13], especially 
when eq (2) emerges as a result of compactification 
of extra dimensions with Mc<Mp^ [12] When all 
superheavy-Higgs scalar masses are degenerate and 

"' In this noialion [9] e\en gauge boson appears in more than 
one element of the 16x16 matrix iV^ and the kinetic energy 
term is - j Tr(/'^„/"'"') Note the presence of | instead of { 
For details in SO(2A') models see ref [10] 

the same as the unification mass, only through such 
a model the spontaneous compactification effects on 
SO(IO) predict the possibility of observing I'-l--l 
structure of weak currents and the right-handed Wf 
gauge bosons, but no observable parity restoration 

Before the works of ref [ 13], a number of authors 
used the vacuum expectation value (VEV) of the 
neutral component (xo) o f / ( l , 1, 15) <= 45 c SO(10) 
to break 

SO(IO) ^G„,3/>, 

where (1, 1, 15) denotes the transformation propcrt\ 
o f / under S U ( 2 ) L X S U ( 2 ) R X S U ( 4 ) C ( = 0,24) 
Bu'i •!•$ -was foviTid -iTi Tt? \Wi 'itiZi'L, vi-ridtT \lrit COTJ-
straint of minimal finetuning, it is not possible to keep 
parrt'y {-P>-unbroken below rhe GUT-scale when'the 
VEV of Xo IS used It was noted that an element of 
S0( 10), called D-ajiObT, acts like P when all cou­
plings in the S0( 10)-invariant lagrangian are real 
The neutral components Xo and r |(l . 1. I)c:210 
<= S0( 10) are odd under Z) and, hence, under,/-", but 
the corresponding components of ^ (1 . 1, 15) c 
210 and r| (1.1 1) c54areeven Thus it is possible 
to descend down to G2213/' (G224/') with P unbroken 
through the Higgs representation 210 (54) but not 
through 45 (210) Similarly when a VEV is assigned 
along directions odd under P, it is possible to break P 
at the GUT scale without breaking SU (2 )R In such 
cases, P- and SU(2)R-breakings are decoupled, and 
Ills possible to descend down to G2213 (G224) with Z' 
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
sidered by Rizzo [8], 

I S O ( 1 0 ) - ^ G , , , 3 / ' ^ G „ 
A/u MR 

SU(3)cXU(l)e (4) 

with M^~Mvj, we discuss yet another possibility of 
decoupling/'-and SU(2)R-breakings through 210 that 
predicts the existence of low-mass V/ | gauge bosons 
when compactification effects are included 

When 210 acquires the VEV as 

< ^ ( 2 I 0 ) > 

<Po 
4^/6 {-r.r^r.r, +r,rjr,r, +r,r,rsre) 

(5) 
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SO(IO) ' G2213P 

which has been used in the analysis of ref [ 8 ] by al­
lowing G2713/' to survive down to the WL-scale But 
since r|(l, 1, 1) <= 210 is odd under P, when VEV is 
assigned such that 

/'breaks at the GUT scale Thus, while eq (5) gives 
the parity invariant vacuum with G2213J' gauge sym­
metry, addition of (5) and (6) with 

+r,r,r,re+r,r^r^r,o) (7) 

yields the parity-violating vacuum havingG22i 3 gauge 
symmetry In eqs (5)-{7) - <o'-^^> = <())'-"> = 

<(i)3«̂ > = <(!)'«'"'>, where 0 , 2 , 0 , = ( 1 / 4 ' ) r , r / , r , 
Xcp'-'", cp'̂ " being antisvmmelric in yA./ For a sym­
metry breaking pattern of the type 

II S0( 1 0 ) - ^ 0 2 2 , 3 - ! ^ G s . 
>/R 

SU(3)cXU(l) ,„ (8) 

the renormalization group equations (RGEs) for the 
gauge coupling constants «,(/() =fr(/0/47r in the 
various ranges of the mass scales are 

Mw^H^M^ 1 ^ 1 , a, ^^ A/K 

.a,(A/w) a,{MR) 2n " A/w 

^9) 

1 1 
a, (MR) 

( = BL,2L, 2R. 3C ( 1 0 ) 

Introduction of the five-dimensional operator in eq 
(2) IS to modify the boundary conditions in the gen­
eral form, 

a 8 L ( A ^ u ) ( I + f B L ) = a 2 L ( ' ^ / u ) ( l + « J L ) 

= a 2 R ( M u ) ( l + e 2 R ) 

= a3c(A'/u)(l+e3c)=aG, (11) 

where ac=^5/47r ^0 being the bare coupling of the 
GUT lagrangian Using suitable combinations of the 
coupling constants, the matching relation 1/ 

«K(vl^R) = i («2R(^^R)r '+5[«BL(^R)]- ' ,andthe 
boundary conditions (11), the following equations 
for \n{Mii/Mw), sin^0„, and the coupling constant 
UQ are obtained in a straightforeard manner 

In 
A/u 2n fl+i2v + (2R+ilBL l+^ac ^30 

+ 
In 

D V a3c(Afw) a(Mw) a3c 

[ ( l + f 3 c ) ( a 2 L + 3 « > ' - a 2 L - « k - | a B L ) 

+ (f + f2L+f2R + i e B L ) ( a 3 C - a 3 c ) ] In 
M^ 
M^ 

(I2; 

0.->i Q-tr 

sin'&w=7:l ( l + € 2 L ) a 3 C - - — - ^ ( l + « 3 c ) 

a(A/w) 
[a2L(5 + f2R + !«8L) 

- ( l + f 2 L ) ( f l ' 2 R + 5flUL)] 

a{Mw) ,,i 
+ 27r { ( j + f2R + !fBL)(fl '3C«2L-a'2L^3c) 

+ ( 1 + « 2 L ) [ ' 2 3 C { « ' 2 R + 3 ' « 1 > L ) - 5 ' 2 3C«> ' ] 

+ ( ' + f 3 c ) [ 5 « 2 L a i - a 2 L ( a 2 R + ! « ' u L ) ] ! 

Xln 
A£K 

A/w 
(13) 

'3C a'zL+a'2R + \a'aL 

I 
[aic(a'2L + a2R + ]a'Bi)-a'2c(a2L+-ia))] In 

Xln 14) 

where 

D = a'3c(f + 62L + «2R + 5fBL) 

- ( l + e3c)(a'2L + a:R + ia'BL) (15) 

The case considered bv Rizzo [8] corresponds to 
\/R = ,1/W with a2L=«2L=^:R=5"g + 3(£^ + 2 r ) -
=j- a3c=fl3c=i"g—11 fl'uL=5"B"*"-5-'~' where /ig is 
the fermion generation number and D (T) is the 
numberof light Higgsdoublets (triplets) In ref [8] 
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ihc following values of the coefficiems occurring in 
cqs (12)-(15) have been derived 

••i2R = 

154 
f5' 

A 
6RI = 

204 q / u 
^' ~ 2(64mo)'^-A/p, ' 

(16) 

such that all the gauge coupling constants at the 
boundarN // = ;^/uget modified according to eq (11) 
Noting that 

-nr,r,r,+r,r,r,r,+r,r,r,n 
= d . a g ( - l , - 1 , - 1 , 3 , - I - 1 , - 1 , 3 , - 1 , 

1, - 1 , 3 , - 1 , - 1 - 1 . 3 ) (17) 

wc use the VEVgivcn by (5) in eq (2) After a suit­
able rcscaling of the gauge fields in the usual fashion 
we find that (2) gets absorbed in the kinetic cnerg\ 
terms for SU(3)c, SU(2)u, S U ( 2 ) R , and U(l)„_j , 
gauge fields resulting in 

= 0 , ear = — f i r = i 2":BL 

i = 
//0O '?\/u 

4^6 Mc l-j^lnoo Mc 
(li 

Thus \>.e find that the modification to the boundary 
condition occurs only for the coupling constants 
«3c(A'-^u)' and aBi.(Mu), but not for a2\.{Mv) or 
«2R('^^U) That eq (2) does not contribute to the 
modifications of S U ( 2 ) L R kinetic energies can be 
further checked by using/,_/=?, 8, 9, 10 in eq (3) 
and verifying that Tr(F<,t'*'<0(2,0) >/^<^'^''"')=0 
As we find the boundary condition (18) to be sub-
siantialh different from that used in ref [8], we 
computed numerical solutions toeqs (12)-(15) un­
der the condition (18), and with A'/R = MW, 
A/c = 2;Up, = 2 x l O ' ' GeV, a3c(A/w)^0 1, and 
ô e~m(A-̂ v. ) = 128 as hasbeen used in ref [8] In con­
trast to ref [8] we note that, in all cases of D=T, 
s\n^6^ given by eq (13) is independent of e This 
happens due to the fact that the e-dependence occur­
ring in the first factor (Z) ~ ') in eq (13) gets exactly 
cancelled by the same dependence in the numerator 
of the second factor For other combinations of Z?#r 
the e-dependence of sin̂ 0̂ „ is weak Our numerical 
solutions for D=T=\, 2, Z)=2, r = 1, and Z)= 1, r = 2 
are shown in table 1 The lowest value of sin^6„ is 

obtained for the ease Z)= 1, T= 2 and is found to be 
0 266 with €= - 0 208 for which M^j = 2,\fp^ For all 
other values of/Uu<2/Up, sin-0w>O266 When we 
attempted to decrease sm-6^ further with e< - 0 208, 
Afu exceeded IMpi making the solutions unaccepta­
ble Thus, the possibility of low-mass right-handed 
gauge bosons with \/R ~ M^ accompanied by observ­
able low-mass pants restoration through G2213;' in­
termediate simmetr\' needs %m-6^^Q 266 which is 
far too large as compared to the present world aver­
age sin-6i,„:^0 230±0 005 

To find the lowest allowed %alue of ^UR under the 
boundary conditions ( I I ) and (18) we allowed 
y\/R»y\/vv in cqs ( I2) - (14) Some of our solutions 
with the same input parameters are shown in table 2 
where the. presence ^f T> 1 has been taken between 
the scales M^-My In the case D=T=l (D=[, 
7 = 2 ) whenever wc attempted to decrease sin~0^ b\ 
decreasing e< - 0 12 ( t < - 0 2 ) , Mu exceeded 2;Upi 
which ruled out the possibilits of/\/Rbclosv 10'̂  GcV 
Wc find that sin=0„ < 0 235 constrains 4/R > 10'' GcV 
Thus, the low-mass right-handed gauge bosons and 
observable parity restoration arc ruled out in this 
model Even with such high values of MR < 10'" GcV 
the model gives rise to stable domain walls [3] and 
negligible baryon asvmmctry of the universe [4] un­
acceptable to the modern big-bang cosmology 

In contrast to the conventional models the new 
SO(IO) model [13] with separate JP= andSU(2)R-
breaking scales does not suffer from the domain wall 
problem In such a model since the baryon genera­
tion in the early universe is related to the P-brcaking 
scale (Mp) [14], it is possible to generate the ob­
served baryon asymmetry of the universe with 
MR«yl/p~yl/u But the renormalization group con­
straints upto two-loop level have been found to per­
mit MR> 10' GeV for s in -e„«0 235 with G2213 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, 

e2R = 

£ = 

- f 2 L = 

1% 

•^30 = J ^ B L - f > 

i]Mu 

'2 Mr l6Mc\2nac 

3 
1/2 

(19) 

As explained earlier [13] wuhm the constraint of 
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Table 1 
Prediction oftheSOC 10) model with parity-restoring left-right gauge group at low-mass scales, Mc = 2y. 10"GeV, and/l/R~ 100 GeV 

Number of O 
and 7" 

Mu (GeV) sin-0„ ad C=-J^ 

D=T=\ 

D=2, T=[ 

D=\,T=1 

D=T=2 

- 0 05 
- 0 08 

- 0 08 
- 0 10 

- 0 18 
- 0 208 

- 0 20 
- 0 238 

2 6 x 1 0 " 
2 x l O ' 

4 4 x 1 0 " 
2 x l O " 

4 4 x 1 0 " 
2 X l O " 

2 9 X 1 0 " 
2 X l O " 

0 274 
0 274 

0 282 
0 282 

0 266 
0 266 

0 274 
0 274 

49 0 
49 8 

48 2 
48 7 

44 14 
44 50 

43 03 
43 44 

0 14 
0 03 

013 
0 04 

031 
0 08 

051 
0 09 

Table 2 
Prediction of the SO (10) model with the parity-restoring gauge group as an intermediate symmetrs'and Mc = 2x 10" GeV 

Number of D 
and T 

A/R(GeV) A/u (GeV) 

4 6 X 1 0 " 
7 9 X 1 0 " 

9 3 X 1 0 " 
9 7 x 1 0 " 

sin-6^ 

0 233 
0 238 

0 234 
0 238 

aa' 

46 5 
47 1 

44 1 
44 1 

C = -

0 19 
0 11 

0 16 
0 15 

D=T=\ 

D=l,r=2 

- 0 12 
- 0 12 

- 0 2 
- 0 2 

10'° 
10' 

10' 
10» 

minimal finetuning of parameters, the left-handed 
triplet IS made superheavy with its mass ~ l/u and 
does not contribute to the RGEs of the coupling con­
stants At first, confining to the minimal number of 
Higgs particles needed for the SSB of the gauge sym­
metries, D-T= 1 corresponds to including the fol­
lowing Higgs contributions in the two different mass 

,ranges:-/l'/w«u^-M^:oi 1. 2,-1'). M^-^-f.i^M^) <!)<2, 
2, 0, 1)-I-AR(1, 3, 2, 1) where the transformation 
properties in the lower (higher) mass ranges are un­
der Gs, (G2213) In the minimal case the coefficients 
occurring in eqs (12)-(14)are 

a ' 2 L = - 3 , 

n —li 
" y - 10 > 

l32R = - - OiC- -1 
(20) 

Modifying the boundary conditions as in eqs (11) 
and (19) we solved eqs (12)-( 14) to obtain values 
of Afu, sin-0^ ,̂ and ao for certain values of 1/R as a 
function of e Some of our solutions are presented in 
table 3 where the enln' in the last column is the pa­
rameter C= — i?; that has been computed using for­

mula (18) and different values for the compactifi-
cation scale {Mc) It 'S clear that low-mass right-
handed gauge bosons \Mlh M^^ ~ 100 GeV-10 TcV are 
permitted with |C | = | g?/| ~0 2-3 provided the 
compactification scale MQ IS in the range of ^ 10"-
10'' GeV [12] It mav be noted that the compactifi­
cation of the fifth dimension on a circle in the Kaluza-
KJein model corresponds to /Wc=10"/27r 
GeV= 1 6x 10'* GeV for which the value of the pa­
rameter C has also been calculated It has been shown 
by Freund [15] that in Kaluza-KJein theories MQ 
could be easily made two orders of magnitude smaller 
than A'/p, If we use .\/c = A'/p,, the parameter C in­
creases bv a factor 10-100 making ii unacceptably 
large for the minimal choice of Higgs representations 
{D=T=\) Thus, low-mass W^-bosons are fa­
voured in the SO (10) model \\ hich might be appear­
ing as an effective gauge theon in four dimensions 
resulting from compactification of extra dimensions 
in some basic higher-dimensional theory [16] 

We have carried out a similar analysis in the case 
D=\ and 7"=2 corresponding to the nonminimal 
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Tabic 
Prediction of thcSO(lO) model with parity-\ lolating left-right gauge group al lower mass scales ( A / R ~ 1 0 ' - 1 0 ' ' G C V ) 

Number of 
Dand T 

D=T=\ 

D=l T=l 

t 

0 05 
0 06 
0 08 
0 08 
0 07 

001 
0 02 
0 04 

A/R 

10' 
lO' 
10' 
10= 
10= 

10" 
10' 
10= 

(GeV) /Uu(GcV) 

1 6 X 1 0 " 
10" 

4 4 X 1 0 " 
8 2 X 1 0 " 
1 6 X 1 0 " 

2 X l O " 
1 7 X 1 0 " 
7 4 X 1 0 " 

sin=0„ 

0 234 
0 232 
0 229 
0 233 
0 235 

0 236 
0 236 
0 232 

AcJ 

48 3 
48 1 
48 2 
49 0 
49 3 

46 5 
46 8 
46 9 

Uc(GeV) 

1 6 X 1 0 " 
10" 
10" 
10" 

1 6 X 1 0 " 

1 6 X 1 0 " 
1 6 x 1 0 " 

10" 

c=~ln 

-2 1 
- 0 28 
- 0 76 
- 0 40 
- 2 8 

- 0 34 
- 0 8 1 
- 0 23 

choice of Higgs TcpTesenta\iOTis, ihc resu\\s are also 
rcponed irrraWe'3- iKis clesrlhat tew-mass-Wl'-bo-" 
sons are favoured with /l'/c~ 10'''-10'* GcV when 
ICI =0 2-0 8 In ihis case, however, /\/c= U,., could 
be pcrmiiicd pro\ idcd C is allowed to be in the range 
3-10 

Ahhough the renormalization group constraints 
including spontaneous compactification effects are 
found 10 permit a low scale like yl'/R~ 100-1000 GcV, 
there arc several phenomcnological constraints on the 
W^ -mass [17] The most stringent constraint from 
the KL-KS mass difference sets a lower bound "-
M^>2 5 TeV in manifestly left-right symmetric 
models \N here the two gauge coupling constants, and 
the fermion mixing angles in the left- and the right-
handed sectors are equal (^L = ^R. Oi_ = On), but this 
lower bound can be decreased substantially in the 
asymmetric models (^L^'^R. ^ L # ^ R ) [18] One of 
the promising low-energy processes investigated ex-
tensn eh and expected to provide signatures of V+A 
charged currents is the neutrinoless double P-decay 
With the Majorana neutrino mass mv^~l-2 eV 
available experimental data are consistent with a low 
HVmass - 3 - 4 TeV [19] If M R ~ 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'„<\0~-^ ^cm 
[17,20] The low A/R-scale also allows the neutral and 
charged Higgs scalar components of the right-handed 
triplet AR(1, 3, 2, 1) to have low masses The charged 
components can mediate neutrinoless double p-de-

"= For phenomenological constramts on the W^ - and AR-boson 
masses see the recent review in ref (17) and references therein 

cay, muon decav n —3e, and muonium-aniimuon-
lum .transrt'tons ^-Improved" experrmentahmeasure— 
menis for these processes would set limits on the Higgs 
masses in the near future [17] One of the spectacu­
lar signatuics of low-mass W^ -bosons at SSC cncrg;) 
would be through the decay modes 

W^-e^NR->cMjets) , 

where NR is the righl-handed Majorana neutrino 
Detailed investigations have shown that the detec­
tion limit in this case is nearh /V/R~8 6 TeV [21 ] 

It has been shown [22] that the see-saw mecha­
nism for generating Majorana neutrino mass oper­
ates in a profound manner when the mechanism of 
decoupling/'-and SU(2)R-breakings is employed, as 
compared to the conventional method [17] With 
M R ~ 1 TeV the G2213 model predicts ;?7,^~eV, 
m^^ ~ 10 keV, and /«,, ~ 4 MeV Such masses, if tes­
tified by laboratory' measurements, would be in con­
flict with the cosmological 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 MR, the 
one that applies here is the decay of unstable heavier 
neutrinos to the stable light neutrinos like Ve by the 
emission of a majoron [23] that arises as a result of 
spontaneous breaking of a global lepton number as­
sociated with the G2213 gauge symmetry The lightest 
neutrino mass in^^ ~ eV compatible with the observ­
able decay rate for the neutrinoless double P process, 
is far too large compared to the mass needed to solve 
the solar neutrino puzzle using the MSW [24] 
conjecture 
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Mb tiulc m 

Modcli Mith natural seesaw mechanism for neutrino masses with identical parity-
and SU(2)^ -brcoi^ing scales 

M K I ' j r i d j and V K. I ' a l r j * 
rhysui D.purinuiii \urih tmurii llill Ui\wi.rsiiy. Uijiii Complex Laiiumkhrah Shillona 793 OOJ liiilia 

C C H a i f a 
I'lnnii DiLpariineiii RaOi.iislww ColU^i' Cutiack 753 003 India 

iRcLcived 17 Scpicnibc-r 1990) 

Clung jiid Moli jpj i r j have ob icned iliol ilic impkmcnuiiDn of ihe sees nv niLctMiiisni cxpljin 
my iiujtl lauirniu in issLi i»t Uli nghl iymmcinc or bOllU) motkls retjuires ilic p,»ril\ !/* 1 iiid 
SUI2) , breaking btalci lo be widely separated I VY, » \t„ ) In Ihis paper we show liow ilic media 
nism opirali-s naturall> c\en though ihe two scales are identical The gauge group immediately 
prLctdiiig ihc SI indard niudcl emerges to be its minimal extension based upon 
SU(3l, XMJ(2I, X U i l ) , X U ( n , - L wi lhu second neutral Z, boson muss M'j, ^ 3(X)-I0' GcV An 
cnibtddiiig in the piriial unthcatioii scheme leads to observable rare kuon decays In the t a o 
syniniciry.breaking chains investigated in SO(IO) with partly broken cither at the unification scalt 
\Mf — Mu), or at an intermediate scale [MfZ 10" GeV), proton decay is predicted with lifetime 
near the observable limit, but, in the former case, rare kaon decays arc also predicted near the ob­
servable limit Nslicn an intermediate gauge group SU(2I(, X U(l)« XSU(4I(^ survives down to the 
scale iVY, t- 10* GeV provided sin'tfi* ==0 24 The criterion for naturalness turns out to be wide sepa­
ration between P and U ( l ) , . ^-breaking scales 

r l)W4l-)2 IV'IOl'ACb iiumbcr(s) 12 10 Dm, 14 60 Gh 

INTRODUCTION 

Out of several me thods proposed to explain stnall neu­
t r ino niasstb, the seesaw m e c h a n i s m ' ' has been widely 
exploited 111 part ia l ly unified or g rand unified theor ies 
( G U I s) ol stroiiy, weak, and e lcct roi i iagnei ic in l e r j c -
lioiis Recent ly C h a n g and M o h a p a i r a ' •* have m a d e an 
impor t an t observat ion on the genera l validity of the 
n i cchan i sm ' ^ as a viable theory for n e u t r i n o masses 
1 hey found that Ihe i iup lcmcnia l ion of the mechan i sm in 
lliF Icr i - r ig l i l - symint t r ic ' (LRS) model o r SO(IO) G U T 
needs a wide separa t ion of par i ty - [P-) and SU(2); , -
brcuking scales S tar t ing wiih L R S models o r G U T ' s 
such us SO(IO), SU(I6) , o r SUlSj^^ X S U I B ) ; , , it hqs been 
d emo n s t r a t ed earl ier that a wide separa t ion be tween P-
and SU(2)^ b reak ing scales can be realized in the pres ­
ence of sui table Higgs r ep re sen ta t i ons , ' or specific spon­
taneous s y m m e t r y - b r e a k i n g pa t t e rns * In the case when 
the P- and SU(2);, b reak ing scales a re ident ica l , the 
present bound on neu t r i no masses does not pe rmi t the 
r igh t -handed gauge bosons to be lighl 
( ; V / , y ^ = W ^ ^ = A / « = A / p > 1 0 » - 1 0 ' ° GeV) , thus leaving 

no o the r testable s ignatures at lower energies In the 
la t ter s i tua t ion the m e c h a n i s m ' ' has no role in expla in- < 
ing neu t r ino masses T h e main object ive of Ihis pape r is 
lo d e m o n s t r a t e that Ihc seesaw m e c h a n i s m is na tu ra l in ' -
cer ta in models even if the two scales are identical T h i s is ; 
achieved in spon taneous s y m m e t r y b reak ing (SSU) of a | i 
L R S gauge g roup or a G U T to the s t anda rd mode l in , , 
several s teps such that SU(2)^ — U ( 1)(, in Ihe first s tep • ' 
In a subsequent s tep of SSB, U ( l ) ^ combines with Ihe i _ 

L)(l)j_£^ present in the in t e rmed ia t e gauge g r o u p to form . 
U ( l ) ^ W e provide two examples in SO(IO) G U T where 
the p ro ton lifelimc is p red ic ted lo be wi th in the observ­
able limit of the second genera t ion e x p e r i m e n t s In all 
cases Ihe neut ra l cu r ren t exhibi ts an a d m i x t u r e of V k- A 
s t r u c t u r e c o r r e s p o n d i n g to a low mass Z ^ boson iiiaiii-
festing Itself 111 the SSli of the min ima l ly ex tended gauge 
g r o u p based upon 

S U ( 2 ) t X U ( l ) « X U ( l ) « _ t X ' 5 U I 3 ) c l : r G j ,) 
T h a i a seesaw formula different from the usual lore exists 
in Ihe C j i i j mode l was first noted in Ref 9, but the left-
l iandcd triplet A^ ca r ry ing D—L=2 u . is taken to be 
lighl for the sake of conven ience , which spoils the na tu­
ra lness of Ihe m e c h a n i s m In all mode l s leading lo C i n j 
cons idered in this paper , Ihe cond i t ion of min ima l fine-
tun ing of p a r a m e t e r s rec|uires all the c o m p o n e n t s of A, 
lo be m u c h heavier t han the U d l ^ . / b reak ing scale 
which renders the m e e h a n i s m to be na tu ra l 

Th i s paper is o r g a n u e d in the following m a n n e r In 
Sec II we review the work of C h a n g and M o h a p a t r a il 
lus t ra t ing the na tu ra lnes s of the seesaw m e c h a n i s m in 
gouge models with a wide sepa ra t ion between P- and 
SU(2)^ -b reak ing scales In Sec III we show h o w the nat­
ura lness c r i t e r ion ope ra t e s wilh idenl ieal P- and SU(2)^ -
b reak ing scales us ing the L R S mode l iiiul piiriml 
unification selieinc In Sees IV and V wc show how sueli 
models can be e m b e d d e d in two different scenar ios of 
SOI 10) g rand unification Section VI is devoted to sum 
m a r y and d iscuss ions i 

file:///urih


II N A T U K M SI I.SVW M l CIIAS'ISM 
\M1 I1 >5tl' \H STL P- ANIJSU(2) , -HRLAKING SCALES 

In il i is set i ion \ve s i in imaruc ihc work of Chang and 
Mo l iap j i ra cbubl i i l i i i ig l l ic n.iluralncs^ of Ihc seesaw 
nKuhjn i^ in i i i lel i -r igl i t gaugt; luudclb and GUT'S w i th a 
Midi: >eparji ion bolwcen P- and SU(2);(-breaking 
b .̂alo^ " For uoiuenientc we dibi-uss Ihe convenlional 
nKxhani im in ihe eoniexl ol LRS models' based upon Ihe 
uauee group 

> i>Ui : ) i . X b U l 2 ) « X U ( 1 ) „ _ , XSUH)^XP 

's<J:: i j£_' « 2 i = « j / t ' • 

i i l iere ilic quarks (Q , ,Qn ) und Icplons (0 / , 0 ^ ) of eacli 
Bci ier j i ion. and l l i j igs scalars (<A,A, , A^ ), possess Che fol-
Knving Iranslormai ioi i properties under G22\j 
I ' i i : . ! - I . I I, l A ^ d . l . - l . l ) , <2/,(2,l, j , l ) , 
2 , > 1 . 2 . ^ 1 1 , i 4 a , 2 , 0 , H , A t ( 3 , l , 2 . 1 ) , A ^ ( l , 3 , 2 , l ) . In 
order lo d</nvc ihc SSD, and implcmeni ihc seesaw mech­
anism in ine chain 

„> 
• 1 ' . / ^ 

G;; i j / . S U ( 2 ) i X U ( l ) , . X S U ( 3 ) c ( = C 7 „ ) 

U d U X S U O I c - ( = C , j ) . ( I ) 

ihc scalars arc assigned Ihe fol lowing vacuum expectation 
• . i i lues.VEVs) 

< A ^ > = 
0 10 

K, 0 (^«> = 
k 0 

0 *.' 

leading lo the neutrino mass Icrm in the Lagrangian 

where 

r y r , 

= C ( i = h,y, 

(2) 

(3) 

'"RR —f^J^R 

/Vf„ 1 = 1 , 2 , 3 

i(^ being the mass of iy^ and Z/, bo 
SUl2) , break simultaneously The D i r 

III, - I O " " e v , m , -> l O ' ^ e V , and/»! , = 1 0 " - c V Such 
a feature of the mcLhanism us oblaini i ig small v, musses 
sinuil ianeoiisly wi th small mixing angles was coi isideicd 
very natural unt i l Chang and Mol iapal ra ^ observed that 
l l ic preseiiee ol the terms 

ini^=h,k •+h>k', and /i,'s are Yukawa couplings Un ­
der the condit ion K^ »k » V, ,k', the generalization of 
Lc| i2i to three generations leads to small ( large) mass ei­
genvalues lor the left- (right-)haiidcd ncuirinos v,( A',) 

(4) 

bosons where P and 
Iff uicaik sii i i i j i ini icuusly The Dirac mass m (4) has 

been chosen to be the churged-lcpton mass^ ( m f = m , , 
m? =m^, m f = m , ) leading to m , » 0 2 eV, m , =< 10 
k t V , and m , ^ 4 MeV. SO(IO) breaks into C j , | j , 
through the Higgs representation 210 at the untflcation 
scale I l / [ ), and the other scalars needed for (I) arc con-
|aincd in the represcntalioiis 126 and lOCSO(lO). Also, 
3 b l \ 0 ) can break directly into G „ through the scalar rep­
resentations 45, and I26CSO(10). Using the 
quark masses m^ = m^, mj—m^, mj=m,~SO 
Gx'V and Af(; = A / „ = 1 0 " GeV, the Gel l -
M a n n - R a m o n d - S l a n s k y ' - type spectrum is 

' ' ; = 2 ' * ' , /Tr (A; ;<4,A«r ,< j / r , ) (5) 
, ; - i 

in the l l iggs potential , where (^| = (̂  and (;(>, = T J I ^ ' T J , leads 
to much larger induced values of (A',' ) and the left-
handed Majorana mass through Pig I, 

.[i' = A/,, (6) 

even though one has < A" ) = 0 lo start wi th Here X is u 
funct ion of scalar couplings and M^ is the mass of A , 
Thus, the seesaw mechanism' ^ meant to explain small 
neutr ino masses holds provided values given by (4) dom­
inate over those in (6), which requires 

(7) 

For the max imum values of M^ = Mf, — M^ , obtained for 
i^t^ = 0 using extended survival hypothesis, the fine-tuning 
needed to satisfy (7), or A. « ( / i , / / i j |^, is arbi t rary since 
the standard-model Yukawa coupl ing A | = " I O ~ ' , and 
there is no reason for hy to be small Wi thout arb i t rary 
f ine-tuning, 16) dominates over (4) and the bound on neu­
t r ino masses needs M^ = Mp = M„ = 10 ' ° - l O " GeV con­
sistent wi th m , = I - 10 cV, / = 1,2,3 In such a situation 
the proposed ineLliantsm docs not cxpKiin ncut t ino 
masses 

Int roducing P-odd singlets of scalars in LRS, or using 
D-odd singlets already present in SO(IO) ( D = a discrete 
symmetry defined in Ref 7) in the representations 45 and 
210, y and SU(2)^ breaking were decoupled earlier w i th 
the possibility Mi^^Mp»Mf, Then ml, in Eq (6) is 
made negligible compared lo Hq (4) and t)ie sees.iw 
niechaiusm provides a natural explanation lor neulr i i i i ) 
masses even for low values of M^ A number ol 
symmetry-breaking patterns including two-loop eHecis 
liave been worked out in SO(IO) and found lo be con­
sistent w i th Mp»M/f In these new SO(IO) models t in. 
seesaw mechanism is n a t u r a l ' ' " In G U T ' s o f l i ighci 
rank such as SUISlj. XSU(8);, or SU(16) specific SS» pnt-

<*> 

• - « < : - = ' „ > 

i <c{» 

r i G 1 Induced values of Icfl-liandcd M.ijorana mass H.rri 
thai spoils the seesaw mechanism 
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i t r n s were fouml lli.it ULiar.Ke «s i n ime t r j in (he C;; ;n 
U ulye g roup iir p a i i u l iiiiiln-aiioii i t lie me Willi SIL'^SIK 
(lief 8) .iiiJ wide !>i.paralioii between P a i i d SUI l ) ^ break­
ings biniilar arguiiKiils perniil llie icesaw mcLlianibni lo 
be iialiiral in these G U V s 

III. NATURAl SLLSAW MECHANISM 
IN M O D l J i W i r i l 101 NTICAL 

P- AND SU12),-IIRLAKING SCAI t S 

In this section wc d e m o n s t r a t e how the seesaw mecha ­
nism IS na tura l in o the r gauge models with ident ical P-
utid SU(2I^-break ing scales In popular models L R S is 
associated with the gauge g roup G j . i j / . , or 

S U ( 2 ) i . X S U ( 2 ) « X S U ( 4 ) c - ( = G , , 4 p , giL=giR^ • 

G U I ' s such as bOllO), i;„. SUIS)^ X S U ( 8 ) , , o r SU(16) 
conta in these as subgroups B — L forms a d iagonal gen­
e ra tor of SU(4)(- In the a l t e rna te class of models exhibi t ­
ing a na tu ra l seesaw m e c h a n i s m , j l i h o u g h P and SU(2);, 
break at the same scale, SL;(2)x X U( I )g _ L o r 
SU(2)x X S U M ) , ; breaks to U ( l ) , in m o r e than one s teps . 
In the first s tep U ( l l f l _ , or SU{4)(- must remain u n b r o ­
ken but SU(2)x — U( I )R to genera te wide separa t ion be­
tween A/,, and . \ /„ _ ^ , where A/„ - i . is the b reak ing scale 
ol U ( I ) B _ , Th i s IS achieved t h rough the following 
chains in the two models 

( l ) C j J i j ; . 
I t " ) 0 

^IWi 

( i ia) C . J , 
( V " ) . 

C j u 

c„ , 

— — ' ^ J i u — — ' 
< V ) ' U ( i ' i I • U 

c„ 

( l i b ) <J>;4/ . 
- "«' - "c " 

^ 3 1 1 ) 
l./°>'0 (a'i )»o 

G„ 

where G j n = S U ( 2 ) , X U ( I ) R X S U ( 4 ) C In o r d e r lo un­
ders tand the na tu ra lness of the seesaw mechan i sm tt is 
necessary to know the o r d e r of the masses of Higgs sca-
lars occur r ing as left handed and r igh t -handed t r iplets 
winch ca r ry B —L ~2 In case (t) the neut ra l c o m p o n e n t 
of the right handed l l iggs scalar tr iplet with B —L = 0 
t r ans lo rming as ,V^(I,3.0,I) unde r Gj^i^p gets a VEV at 
the scale A/,,' » A / ) j lo yield the minimal ly ex tended 
gauge g r o u p C j u j In the second s la t tTthe neut ra l c o m ­
ponent of the right handed I l iggs scalar triplet ca r ry ing 
B—L—l and t ransforming as ti\ ( 1 , - 1 , 2 , 1 ) unde r 
C j i i j gets a VEV to break C j n j — . C , , at the scale 
tWj, »M,y In this case (K/ gauge-boson masses are of 
order M^ whereas the r igh t -handed neut ra l gauge-boson 
mass ^A^JJ It may be noted that in the first s tep both P 
uiid bU(2);, break ai the same scale (/J = Afp = Af,,"^) but 
U(I),( X U( I )fl _ , remain unb roken , which in t u rn break 
lo form UIDy at the lower scale A/5t = AYo _ t «A/^,"^ 
= A^P In (iia) Gjjjp—•C214 by the VCV of the neut ra l 
component of the l l iggs scalar t r ans forming as A(I ,3 , I ) 
under Gi-^t In the second s tage G j i , — » G j | | ) due to the 

I 

V h V of the ncutr.i l ( imponcnl of the I l iygs sc.il.n i r jn s -
forming as f ( l . l , l 5 ) u n d e r C, ,4 with A^,,' »,\l^ In the 
case (11 bl the SSI3 G j j j , . — G , , | 3 li ach ioscd by the neu 
tral c o m p o n e n t of the lligg"! scalar t r .u is fornung as 
( / ( I , 3 , 1 5 ) unde r C;j4 T h e s y m m e t r y b reak ing 
C , , | j — C , | proceeds in the same m a n n e r as 111 case (1) 
t h rough the VCV < A'^ )¥'Q In the cases (1) and (11) the 
final s tage of SSU is achieved by the s t anda rd double t of 
Higgs scalars T h u s c o m p a r e d lo the seesaw mechan i sm 
envisaged in Sec 11 new types of Higgs scalars arc needed 
in cer ta in cases to dr ive the SSD in the models In the 
light l l iggs-sca lar sector there arc two neutra l part icles 
the s t anda rd l l iggs scal.ir wilh mass Af ,,~=/V/|, and the 
neu t ra l c o m p o n e n t of the r igh t -handed triplet sMth mass 
Ma —A^R Since L R S is ma in t a ined at scales n»M^, 

the Higgs sector must be Icf t -nghl symmet r i c for such 
values of ft Using cxteiulcd surviv.il hypoihes i s , the 
c h a r g e d c o m p o n e n t s A ^ , A^'*' , and A J " in the triplet 
A„( I ,3 ,2 ,1 ) u n d e r G j , | j in case (1) acqui re masses of o r d e r 
A / / T h e left handed c o u n t e r p a r t of A^ , 1 e , A,^(3,1,2,1) 
u n d e r C^, ,) does not con t r ibu t e 10 the SSU at any stage 
Its role IS 10 ma in ta in L R S and , a cco rd ing lo extended 
survival hypothes i s , masses of all the c o m p o n e n t s in Â ^ 
IS of the o r d e r Af^ In the cases (11 a) and (11 b) the r ight-
h a n d e d tr iplet IS con ta ined in the C i j r epresen ta t ion 
A;i(I ,3,IOI, whereas the lef t -handed triplet is con ta ined in 
A/;^(3,l,10) Only the neut ra l c o m p o n e n t of A° acquires a 
mass — A'f̂  but all o t h e r c o m p o n e n t s of A,; and A^ have 
masses of o rde r A / / In the case (11 a) all o the r com­
ponen t s of ^(1,1,15) u n d e r G224 have masses ^M^ ex­
cept the neut ra l c o m p o n e n t which acquires a mass 
M^,=M^ All the c o m p o n e n t s of A'(l ,3,l) under G;-,4 
have masses ^^Mjl In the case (l ib) all the co inponcn l s 
of a d , 3 , 1 5 ) unde r O . j j have masses M/! —M, 

N o w using the seesaw mcchanis in and add ing the in­
duced mass te rm due to Fig 1, wc obta in , (or llie neu t r i ­
n o mass of ;lh genera t ion . 

\h'{' M},M'i (m,")' 

MK K ' 
I —C,ll,T m 

where the first (second) te rm is (he induced (seesaw mech­
an ism) con t r ibu t ion and g is the appropr i . i l e gauge cou­
pling T h e d o m i n a n c e of the second te rm over the first, 
desi red by the na tu ra lness c r i t e r ion , requires 

" „ A'l.'A/" 

Rm°»M,y, I = e , / i , T , (9) 

where R =M^ /M'^ and we have used \ / i ' ; ' / g ' = I, 
I —c,ii,T Ine( |uali ty (9) is our new ni i luralness condi t ion 
in o rde r that the seesaw incchiinism provi iUs ti mean ing 
fill theory lor M.ijor.in.i n c u l i i n o in.isscs 11 we use the 
charged Icplon m.isscs lor (M,", then /< » lO' (01 llic hist 
genera t ion Th i s au tomat ica l ly gua ran tees na tu ra lness 
for the second and third gene ra t ions since 
» M , » / n „ » ; n , l( V \ A s t ruc tu re of nci i t ia l cu r r en t s 
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L I U H I L O J/ • G I I I • 0 I 

(lie U u 

M 

( G i V i 

10' 

10" 

• 

5X 10"" 

ID" 

« X 10'° 

2X 1 0 " 

8 X 1 0 " 

i in'OiK 

0 2 JO 

0 225 

0 220 

0 230 

0 235 

|0>.V1 

10' 

10' 

iX 10 ' ' 

1 4 X 1 0 " 

1 0 " 

1 h X l o " 

sin 0 „ 

0 235 

0 230 

0 235 
0 211) 

are dtMrablc at low cngrgics along \Mlh ihe delecl ion of 
Z ^ at ilic sup t rco l l idc rs , it li iicn.ssar> that A/Jj = 1 TcV, 
\vl\iLh inipht-s iliat the nxculianistn is na tu ra l if 
\/^' = \lp » 10* GeV A \ e r y iniLreMing feature of the 
n m (.1 ibs of modi-ls ip tc i l icd in li) and (ii) is the na tura l 
n^.s^ of the methai i ibm with the ininimally ex tended 
gauye g roup G , , , j at lower energies Using 
ri .nornial ization g roup cqualioiis ( R G C s ) it is easy to 
SLiisfy ilic. coiidiluin \t^ •^>'^I'H " ' ' ' ' c "-asc (i) and the 
t o i l s i r ami arising out of Ki —Aj mass diff trencc as ob­
served in Ref 9 In fact R G E s do not cons t ra in 
\fp=U^ as there are three unknown gauge coupl ing 
consta i i ls g j , = g ! R . gfii.. and Sic ^'•'" l^-^R —M^ Uui 
in l a s c s (II a) and (n b) t h t r e are two u n k n o w n gauge cou 
pliltg cons tan t s , ^ 1 , ~ i ' ' K and {.'̂ ,̂ for/< i/V/^*^ = ,l/p one 
of u h i c h can be el iminated using the hnc s t ruc tu re con­
stant ma tch ing at /i = M,i Tor the case (ii a) Ihe relat ion 
between siii^t),^ and the mass scales can be expressed in 
e luding one loop cor rec t ions as 

sin 0„ —— 
ia. 

8 a , '"^fp 
- — I n 
3;r Mr 

23rt , ^fc 
I n - — • 

On- M'i 

1 1 a , '^IR 
(10) 

where a = a(AyH/) = e (Af „ ) /4 i r and a j = g j ( A f H , ) / 4 7 r 
T h e co r respond ing equat ion for case (l ib) is ob ta ined 
from Cq (10) by using M^ =Afp = Afc Solut ions to the 
KO L s in cases (u a) and (ii b) have been ob ta ined with the 
Q C D p a r a m e t e r Aj^^^^O 2 GeV, where M S denotes the 
modified min imal sub t rac t ion scheme, s\r\-0,y=^0 22 
- 0 24 and for values of Af JJ : = ( 3 X 1 0 " - I 0 ' ) G e V , some of 
which are presented in Tables I and II For the case (iia) 
we found 7 X 1 0 ' ^ GcV < Af^+= AT, < 2 X l O " G e V for 

10 '" G e V » A/f » 10' C e V In t ins t ise, in a d d i i m n to 
p ied ie l inn the low energy ( , i u i c j i i n i p lo be ('/,n 
beyond Ihe s t anda rd model the rare kaon decays arc i!s{) 
predic ted to be o b s e r \ a b l e , c o r r e s p o n d i n g to A/^ —10 
G e V In the case (lib) ihe soh i l inns are cons is tent 
\ / , = A / c = A^« == 10'^ G e V - 5 X 1 0 " G e V with a low 
mass Z R boson T h e p a r a m e t e r R = M^ /M'^ '^ \0 in 
bo th cases and is found to gua ran t ee the na tu ra lnes s eon 
di t ion T h e neu t r i no mass spec t rum for lower values ol 
V/;; ^ 300 G e V - 1 TcV IS of the type cV - keV - MeV for 
the three genera t ions In such cases m , and m , would 
violate Ihe eosmologica l b o u n d O n e m e t h o d of evad ing 
the eosmologica l bound is to m a k e v ,̂ and i , uns tab le 
against Majoron emission as discussed in Sec VI In llie 
next section we examine e m b e d d i n g s of models (i) and (ii) 
in SO(IO) g rand uni l lcadon 

IV IMIM 1 MI-NTAPION IN SOdO) WITH G^nt AS AN 
I N I I R M I D I A T I S Y M M l IHV 

In this Section we s h o w how the new seesaw m e d i a 
nism ope ra t e s in an SOdO) scenar io where C^^ij / ' and 
C j i i j occur as the two in ie rmed ia le symmet r i e s I he 
well known problem in such a G U I seei iai io is the p u s 
eiice of undes i rable d o m a i n w a l l s " and iiiudec)uale 
ba ryon a s y m m e t r y ' ^ of the Unive r se if Mp = iM^ « 1 0 ' * 
G e V On the o t h e r hand if Mf.~M^ > l O " GeV the 
ba ryon a s y m m e t r y is compa t ib l e with the observed value 
and the d o m a i n walls c rea ted in the early Universe might 
have been removed by inflation O u r analyses in this pa 
per d e m o n s t r a t e tha t the R G E ' s pe rmi t such s o l u d o n s 
W e discuss the e m b e d d i n g s of these (,roups in SOI 10) and 
find solut ions to the unification mass (Af | j ) sin^O,, , and 
in t e rmed ia t e scales inc luding r e n o r m a l i z a t i o n cflects on 
gauge coup l ing cons t an t s up to two loops and s u p e r h e a v y 
l l iggs scalar effects ' ^~ '* T h e case (i) men t ioned in bee 
III can be e m b e d d e d in SOdO) g rand unification as fol­
lows 

/ 

SO(IO) -'22U/- ( 1 1 ) 
M,-H, 

where the Higgs scalars ment ioned in (i) are con ta ined in the respect ive SOdO) r ep resen ta t ions a L p 4 5 , A R C 1 2 6 
<^C 10 In addi t ion , the G U T symmetry b reaks down to C j j u , when the neut ra l c o m p o n e n t of the I l iggs sca lar t r a n s 
forming as (1,1,0,15) unde r C j^u , . and conta ined in 210 acqui res VLV = ;V/,y In o rde r to m a k e G U P pred ic t ions using 
ihc effective gauge theory approach , ' ^ " the superheavy c o m p o n e n t s in different Higgs r ep resen ta t ions needed for SSU 
> ' I J . I 
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II) L iSc (i) iiL i io i t j below jlong Willi llicir niassos and irjiisrorinaliOTi propcrlics iimji.r G .,, 

I ( 0 \ / „^ i I 1 \ / " ; 31+ \t,i ( I I , - v / l t . 3 l . 

I26D \i;, 13 1 v/l-T.3) + / W ; , , l 3 , l , - \ / ' i } , 6 ) + A f ; , ^ (1 .3 , \ / l i ,31 

r \ f „ I 1.3 - v / ^ l , 6 ) + A f ; ; ^ ( l , l . \ / l - ^ .3 ) + A / ; , J l , l . - \ / 4 T , 3 ) 

-r »/„ >: : () 1 1+ U„J2 ,2 - \ / ~ v J I •• l /;,,(2,2,\/~-v.' i) I ''','/ „(2 2 0 8 1 . 

4 5 D \ ^ I I 1 - v^"^- 3)+ ^rJ ( l , l , v / l ^ , 3 1 + A/s_(l,1.0 8)+ U., (2 ,2 ,v / '4 i .3)+ N/̂  12 2 - \ / ^ 4 5l , 

2I0D V/i , IJ, l -v^li.i) + Afs^(i,l.\/lj,i) + Ms^i3,}.0,S) 

+ M j _ ( 1 . 3 , - v / | | . 3 ) + A / j ^ ( l , 3 . \ / j j . 3 ) + AYi_^(l.3,0,8) + A/5^(2,2,v / l , 1)+V/^^(2,2. \ /44,3 l 

+ \ f j , ( 2 .2 , - - v /4 i . 6 ) + Al i^^(2,2.v/ | .T) + M i , ^ ( 2 , 2 . - / I f 3 ) + A / ' ^ _ ( 2 . 2 . - ' / 4 i , 6 ) (12) 

If llic component masses arc Uken lo be urbiiranly nondcgLnerale Ihc model lo"!cs Us predicli\e power on the proton 
liftt i i i i t (T ) and sin 6̂ ,̂  VVe examine their impact on GUT predictions by assuming the masses to be (a) degenerate, (b) 
noiidcgencrate but not arburary as they are constrained by a Coleman Wemberg-type condition in that a nondegenera 
cy factor up to 10 might be generated among diflTcrenl component masses in a single GUT reprcscniation '•* In all cases 
Tj, (/J—»c ' ' . J ^ IS predicted near the observable limit In order to constrain masses under condition lb), we maximize T^ 
using the R G t for InlMy /Af^'h which leads to 

Af;,, = w;,, = u; , , =Af;,, = ^ 5 . = ^ ^ , =MS^ = A / J , = A / J , =MS^^ =MS„ = M J ^ = A / ' - ^ ' 

Af»,=A'» =>^;, = ^ ; / , =A^;,. =«/ ' / , „ =Ay i^=W; ,= 'A^ i , ^=A/ ,^=Ar ,^ = A / j = \ f ' - ' 
(13) 

Usinjj a minimal number of Higgs scalars and three fermion generaiions wc have computed the one «iid two loop 
-oefTicients in the equations for ln(A/y/Af ^ ) and SIH^OH/ given below 

l i i -
^f, 

Mu 29 
8 

3a. 

Af J" A/S 
J i ' " T 7 - + ri""-TJ^ T7j(-27 1n;c{;-27lnxf; , + ! ? ln . „ ' i - ^ l nx l ^c 

sln'O,, 

+ Vl'L-ts't +2 Injc *^ + |^ln;t j \ - ^InATj*,- + i^ lnj : ;+ i^lnx']^ - 1!i\nx°,c)+-. 

9n _ 92a ^li_ . Ja_^ ^ ^ 
29a, 87n- " Mw 58rr " ; n ^ 

21 In 
\f 

• - 2 8 l n 
A f 

Mr 

(14) 

where 

a 

a , ( V V ) 

174n-
331n-^^f: 44 In-

Mu Mu 

a, ( \ /<) ^ a , (A / / ) „ o,(A/g) 

a,IAf^) ai{M,y) 4rr 

(15) 

Using an iterative convergence nrocedure that ensures I lions arc summarized in Tabic I I I 
fine structure constant matching'' at / i = .Vf,y we have At the One loop level, ncgkclmg siipcrlir u y sc JI ir 
computed V/^, r^, and sin'51^ as a function of A / / for cITccls, the model prcdicls V /^^ IO ' * OcV .iiid 
Ihe degenerate and nondegeneraie cases as shown in Figs , sin 5,, = 0 225 for Aq;5=:250 MeV and Mp~M^ ^\0 
2 and 3, respectively, while keeping ZR light (Af^=: l GeV This is consisleiit with (rp)„„^= 10 * >r, where we 
TcV), where i) - ' = liiA/'^'/AYy Some interesting solu- , have included an uncertainly fictor of lO--" m T^ arising 
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0 20 

0 1 9 

— one loop v\N 
A _ . 0 2 5 G e V 

M ° - l 0 ' G e V 

S O d O i j ; ; * G2g|3p;;^-^^ G2113 l i f ^ZIS 

dio 
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/^ ( M / l 6 e V ) 

r iG 2 Prcdiciions of ihc symmetry brcaLmg paiiern 
SOdOl — C , | „ - . G ,1) as described in llie tcxi wiih U^ :> I 
T eV will) Jiul wilhoul dc^t-iicrjic supi.rheavy lliggs scalar con 
iribuiiun:. The dot dashed curve is lor Ajjj^O 250 GcV, others 
arc for A^.^^O 160 CeV 

GUI of uiiLcrtjiiitiLs in the csti injtion of tlic proton dccuy 
malri i clLincnls, brincli ing ratios, and ^^^^ '" ' liicliul 
inX LOiMiibulioils up to two loops and no superheavy-
Higgs scalar efTccls, r^ decreases by two orders corre-
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FIG 3 Same as Pig 2 but Tor nondcgcncratc superheavy 
scalar masses undc a Coleman Weinberg t>pc constraint and 
for Ar; = 0 160 GeV 
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/ 

spQnding to the curve ly —i] 
A^,5= 160 MeV Including the superheavy l l iggs scalurs 
lighter than M^ by a factor 10 (50) increases the two loop 
computation of r^ by 2 (3) orders for Aj j j5= l60 MeV, 
and the decrease in sin'O,, is only 0 0015 Al lowing the 
possibility of Aj53=<250 MeV and the superheavy scalars 
lighter by a factor 50 from A/y , we find 

('•;,>m..= ' 0 " - 1 0 " >r, with Mp = i\f^ > W" GeV and 
sin'0| ,- = 0 2 2 0 - 0 227 as shown in Pig 2 and Table III 
Increasing \f^ from 1 TeV 10 100 TcV docs not Inivt u 
significant impaci on the G U T prediciions In the c isc nl 
nondegcncr lie s i iperhcivy coinponi.Tits restricting 
A/p = A / ; > H ) " GcV and sin'O,, -^0 2 2 - 0 23, T^ IS 
found to increase over the one loop predictions by nearl> 
2 orders if A / ' ' " = A/y and M'~' = Mu/\0 In this case 

O m F i g 2 f o r w h i c h r == 10^'^^-I0>'^^ yr, with A f / = ^ A / ^ = 1 0 " - I 0 ' ^ GcV 
and sin^O|^=^0 2 2 - 0 225 Tor larger sall ies of nondcgcn-
eracy factor, T„ could be larger as shown in Tig 3 The 
allowed values of the low mass of the Z^ boson (300 
G e V - I TeV) are consistent with the eV kcV MeV type of 
mass spectrum for the neutrinos of the three generations 
when we choose m f — in,, m f — "i, , , •tH'J '" f — »i,. ^s a 
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T A B L E I U Some predictions of the model bOllO) • • G „ 
and ditferent values of the parity violating scale lAfp) including superheavy Higgs scalar eHTects 

• G j i i j on sin'e,, and r, with ^/S = 1 TcV, Aj5s = 0 16 GcV 
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NKV inr > j n J \ i> (In. viiiladoci ol llie i.osm(il<igi<-jl 
bomid Tlitf (Jillii-uliy is removed by n u k i n g itiem uiiMa-
ble Willi r eopen lo decay iiiio i . by ihe emi i i i on ol a M a -
joroii WIIILII lb obiaiiicd b> m l r o d u c i n g an add i t iona l 
j l o h i l L l l i 1/ =l t .pini i number ) syn imei ry in ihc iheory 
md breaking ii spoiiiaiicoiisly at a btalc \ / » ^Z '̂ I lie 
R G C b albO pcrnin soli i iuins wnl i larger \a l i ics nl 
> / K ' = > / / - , - I 0 ~ - 1 0 " GeV When \ / , = U ; =. I f ) " - 1 0 ' ' 

GKV K • iO'-in (or S(ILII la rger values iif 1/^', « / I K I I 
bjlibDtb ihe na lura lne iS er i le r ion In ihis e a i e 
III ^111, ^in, ~- 1 - l O e V and there IS no eonfliet wi th 

ilie eOMiuilogieal bound I lie weak- in te rae i ion pl iei iome-
iiolog\ Willi bueh large ^^ niubs is indis t inguishable rroni 
the s t anda rd -mode l pred ic t ions 

\ IMIM 1 Ml M A r i O N IN SOI 10) 
W i l l i (7,,, v i \N i s n uMi 1)1 VII s^ MMi i i n 

111 tins sccl ion u c sl iou h o w ilic sees iw mccli iiusin can 
be inipleniei i ied naiural l> with O j u as one ol llic l u o in-
leri i icdiale s \ n i m e i r i e s o c c u r r i n g in an SOdOl scena r io 
Co i i ipa ied lo (lie case discussed in Sec IV iliis has ihe 
iioscl Ic iliiro ih 11 bo lh SUI2)^ and P brc ik u ilic G U f 
scale til II IS e s p t r i n i e n i a l l y cons t r a ined is \ / , i lO' 
G c V I h e q u e s u o n ol d o m a i n wall p rob lem tlocs luu 
arise 111 ihis e ise in add i t ion the p r o t o n dec is i ilc could 
be close lo llie observab le hmi l il KTil s pcini i t 
l / ( ^ l O " G e V f o r case ( l ib) we have loiiiid the 
liiiilicalion mass too Ion lo be a l lowed bv p io io i i - l i lc l ime 
meas i i r emcn i s unless iddi t ional line tun ing is pe rmi t t ed 
O n ihe oi l ier hand ease (ii a) is p romis ing in the con tex t 
of the G U T scenar io 

SOi 10) 

'<; 
• < ^ ! 1 J (161 

The H u y s scalars men t ioned in Sec IK for case (u al a re con i a incd in s a n o u s SO( lOl r ep re sen t a t i ons v( I 1 l ) C 4 5 | , 
Jl I I | s ) C 4 5 J I R I 1,3, IO)C 126, <i(2,2, I )C 10 where the i r a n s l o r m a i i o n p roper i i es men l ioned a re unde r (7,,4 N o i e 
ill II bolh 54 and 4 5 , are needed for the SSD at ; i ~ \ / j / T h e masses ol s u p e r h e a s s componer i l s of d life rem I liggs re pre 
se iua t ions needed lor bSI) in the case (16) arc no ted below with thei r i r a n s l o r m a i i o n p roper t i e s u n d e r 0 , | j 

103 W „ i : -'-.])+ \t,i (1 ,0,6) , 

\26z>\t;,i 1 0.6) +A/;, (3,o, io) + A/;,^(i,o, 10) + ,w;, ( 1 , - 1 , 1 0 ) + v r„ , (2 , i , i5) + , v / ; , j 2 , - i - , i5 ) , 

4 5 , 3 >/; i j , 0 11+ V/j (1,0,15) , (17) 

45 3 \ / , 13,0 1)+ \/^ ( l , l , l ) + A/i (1 ,0 ,1)+ Wj^l 1 , - 1 , 1 ) + \ / j (2, ' , 6 ) + \/^ (2, - i-,6) , 

54 3 l / j ' ( 3 ,1 ,1 )+ i r ; ; (3 ,0 , l) + A/ ; ' ^ (3 , -1 ,1)+ UjM 1,0,20) H / j _ ( 2 , 4 , 6 l + \l^' ( 2 , - i , 6 ) 

\ la \ iniuai ion of -^ leads to the following constraint on the superheavy-componeni masses 

\(„ •= v/;, = u;,^ =,v/;,^ =M}I^ =Ayi, = M i ; « , w ' - ' 

Usini! th ree gener itioiis of Icrmioiis with masses /i <'V/, | , m in ima l n u m b e r of Hikgs sca lars lit vuiiniis si igcs of SSli, 
and (he supe r heavy l l iggs sca lar effects i icar^j - •< / ( / wc c o m p u t e In I / , , / » / „ and surf/, , up lo two loops as 

(l8l 

" W,. 67 

1 _ 8 

a ia. 
— ̂ I n 1- T j ln -

0 < T '̂'"-<^<i + n '"-«! 'x - V '"-" :^ ; + Ti'loJf fc + 2 l » « i « + - V l n x i , - ^ l n x f , + i ^ l i i ; ( ; + i i | n x ' , Y - ^ I n x J , ) 

(19) 2 8 , n i ^ - 2 9 . n . ^ ' ' " ' 
Af,, M,. 

. _ . , 6 1 a 4 3 7 a , '^c ^ 35a , '^R 
sin 0,, — —; H n n 

' 2 0 1 a , 402n- M,y 402ir M,y 

67TT 
I ILLInr " + l i l l lny '^ — iliiZlnr '̂  + " ' l n r ' + " M i , v*^ 

+ lihiA-£ + i i ! I n x f + i l i l n x ° + 2 i l \ n x ' , ' + i^^nx',' ) + — ^ — 
n " I 14 J r im > lb •*- II •( ^ 11 t 

- 1633 In-! + 9 2 8 hi 
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F I O 4 FrcdiLiions of the symmetry brcakiiig pattern 
SOi 1 0 ) - ' C i t — G ] | | i uk (JcbLribcil in the text includmg 
biipLrhcjvy lligg^ bLjIar cirt-tti for \ti •= I TcV und 

Acij=*») I b G c V 

)2 13 t4 
^ I M / l O i V l 

riG 5 Sameas riB 4bul for Â -̂ ^ = 0 35GcV 

Co 
3), 

where 

(i,(Af, ) 

a,(,V/;;)' 
j n U 

Following the iterative convergence approach to solve 
two-loop renormalization group equations and using 
plausible values of supertieavy component masses, our 
solulions for the intermediate scale and My for AfJ = I 
TcV lire shown in Figs 4 and 5 for A ^ = 0 160 GeV, and ' 
0 350 GeV, respectively (Rcf 17) where 
T('-' = ln (A/ ' - ' /M[ ; ' Some of the interesting solutions 
are .ilso presented in Table IV. At the one-loop level 
Willi A-5 = 0 350 GeV (he predicted value of r^ is found 
lo be very close to the observed experimental limit for 

with A ^ = 1 6 0 MeV if the heavier (lighter) compoiicnis 
differ by a factor 10 from the unification mass For larger 
values of A ^ or nondegeneracy factors, T^ IS found lo in­
crease furllicr We find that Ihis SO(IO) model permits 
observable rare k.,ioii decays corrospoiuliiig li) A/, ^ l O ' 
GeV provided s in"9 ,^^0 24 In all allowed solutions in 
this model A/«" =/Vf(; = Af;.== 10" GeV With M^^X 
TeV, R ^ lo'^, and the naturalness criterion is easily 
satisfied As in Sec II, the low-mass Z^ boson yields the 
neutrino-mass spectrum as eV-keV-MeV for the three 
generalions The violation of the cosmologica! bound by 
the 1'̂ , and v^ masses is avoided by making these neutri­
nos unstable against Majoron emission through the intro­
duction of an additional global Icpton-number symmetry 
U(l) | (Ref 18) But the RGB's also permit AY^^ 10 ' -10" 
GeV as the Zj,-boson mass for which 

<m^ <m^ 2; I - 1 0 eV as a consequence of the nalu-

\tc= 10" GeV and sin-fl„- = 0 235, but T , IS found to be ral seesaw mechanism with R = 1 0 ' - 1 0 " ' , and this is con-
1-2 orders less than the experimental limit for sisteni u n h the cosmological bound with" stable neutri-
A ^ = 0 160 GeV. When superheavy-Higgs-scalar effects nos In this case the predicted wcak-interaction phcnom-
arc included in two-loop calculations, we find enology at low energy cannot be distinguished from the 

standard model predictions 10 a J • l O " ' ^ yr, sin-'t;,, = 0 230, ,Vf(-=^10' GeV 

T A B L E IV Some predictions of ihc model SO(IO) . C j n C . , , ) for two values of Aj^, on sin'O,,. j n d T , Willi A/J = I FcV 

and JifTcrenl Mc including superheavy I liggs ncalar-clfecu ns described in the icxt 

Wc Afc r, 
»7'*' V (GeV) (GeV) sin'O .̂̂  a £ ' (yr) (GeV) 
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\ 1. SUMMAHV AND DISCUSSION 

111 i h i i paper we ho\e suggested ihc iie» possibili l) 
i l i . i l l l ic SLCsinv I IR-L IUI I IS IH lor i icmrino trusses m i i l d be 
Miiiurul III (lie eoii lcM of llic Ic l l -ngl i t -s j imi ie l r ic gaiiiie 
group, pa r l u l unil icalion scliciiic. aiid OtJT's tvc i i il i l ic 
icales of P and SU12);, brcaWmgs are ideniical In l l ic ie 
niodels, tlic / '-breaking sijalc is ll ie same as l l ic W„ 
gjuge-bosojt mass (.Wp=,V/;,* l a n d the U( 11„ . ^ -b reak ing 
scale IS ihe same as ihe ZR-boson mass (.UJ;). The c r i -
lenon which guarantees naturalness has been derived and 
IS found to depend upon the largeness of the ratio 
R = A / ^ * / A / J » 10 \ A l the cr i l icol value of the ratio 
/? = 10 , Ihe induced and seesaw mechanism contr ibu­
tions arc comparable, but for larger values of R ihc in ­
duced neutrino mass becomes smaller. 

In the LRS model based upon the gauge group G, , , , , . , 
It IS very easy lo implement the mechanism as ihere is not 
much resir icl ion on Mp = M^ In Ihe parl ial-uni l ical ioi i 
scheme wi th one intermediate s>mmclry G . , , , . ihe H O E 
permits A/;. = iV f /^Af_ = l o " - 5 X 1 0 ' ^ ' G i V i \ i ih 
•^'/i = 'W^ , = JO" G e V - I O " GcV (tasc (ub i j However, 
w i th two intermediale symmetries C j u and C ; , , , [i.asi; 
d ia l ] the solutions allow ,Vfp = ,Vf^* == 7 X l O ' ^ - i o " GeV 
lor 10'° G c V > , V / c > 10> GcV, predicting rare kaon de-
ca\i lo be observable by low-energy experimeiiis besides 
a low-mass Z ^ boson 

In the SOI 10) model, iniplemenlation of the i ialur. i l 
seesaw mechanism has been found lo be possible w i i l i 
parity iP) surviving down lo an inicrmediaic scale 
Vf;, = i W / = 1 0 " GeV or broken al the G U T scale 
.\lp = Atu=M^> 10'^ GeV Wi th C j , , , ; . and C , , , , i i i -
icrmediaie sjmmeir ies, RGE's up to iwo loops, w i lh 
superheavy-Higgs-scalar masses lighter than M, by a 
factor of 10-50, are found to allow the intermediate P-
breaking scale Af,, == l O " - l O ' ^ GcV, obsersable proton 
decay by the second generation of esperimcnis w i l l i 
- ^ ^ l O ' ^ - l O " J r, .ind a low-mass Z R boson 
( . 1 / ^ = 3 0 0 - 1 0 ' GeV) In this case Ihere is ihe possibil i lv 
Ihal Ihe dpmaii i walls created i i i the early Unuerse might 
base been removed by inflation In this contcM II is lo be 
noted l l ia l (lie large /"-violating scale con be associated 
iv i lh l)ie breaking of I'eccci-Quinn symmclrv inwiked lo 
solve Ihe sirojig CP problem and can be generaied by i l ic 
principle of geomelric hierarchy f rom .\tpi ^ lO' GcV 
and ;Wz = 10^ GeV, or M,,, Further, i l has been ob­
served that while embedding a LRS gauge group as an in­
termediate symmetry in SOI 10), the generation of an ade­
quate baryon asymmeiry of the Universe needs SULII ,I 
large /"-violaiing scale " In the olhcr interesunp SOI 101 
scenario w i lh C , , , and C j , | j as the two iniermediaie 
s jmmetnes, superhcavy-Higgs-scalar masses di l fcr ing by 

>i L i t l t i i 1') ' l i ^ i l iu i t»i In i s i t i l l i t in i l l i r imiliL.tl t" m m ivs 
.i l lo« 1 - ^,^ - l o " VI u i l l i I I K pcissihilily ul i ibsLi\ ililc 
rare k.nni dei.a\s and .i low-mass Z „ boson In i ln. m o 
SUIIOI models dis iussid lieic G , , , , is . i l lowcd lo In i l ic 
gauge «)mmelr) bcsoii i l the sland.trd niudcl w i l l i l l ic i m -
in i l led \aliii-s of j /^^-hosoii muss varying over .i w u k r 
range .-OO-IO'GcV 

The "eak- interact io i i phenomenology at low <.iKig> 
does permit a low-mass Z« boson (A/J|r>300 C j c V - l 
TeV) 111 the G , , , , model which yields fits lo the ne)i lr. i l-
and cliarged-current data similar to the st!\ndiird-i)uKlel 
predictions." " When such values o f M « are used i i i ihe 
MQIural seesaw mechanism. Ihe neutrino musses arc of the 
order e\ keV, and MeV for the first-, second-, .md 
l lurd-gcneration neutrinos, respectively, out ol which the 
latter two violate the cosmological bound The tdsrno-
logical bound can sl i l l be respected Willi l o w - Z „ masses 
by makins \ „ and i . uiislablc wi th respect lo the emission 
o f a .Maioroii which is a massless scalar carry in i ; 2 i ini is 
of Icpton number, and i l is created when an .uldi l inn.i l 
glob.il s inunet r j U l l l , ( / = l c p l o n mmibcr), .iil,iclic<l lo 
Ihe models, breaks spunl.ii icously '" W i l l i i ln. oil ier , i l -
lowed possihi l i l ) , A/^ = l o ' GeV, ; n , < m , < ) i i , ~-1 

- 1 0 eV. i l icrc is no violat ion of the cosmologic.i l bound 
The wcaK-inicruction pl ici iomcnology ul lower energies is 
then mdi&tmguisliuble f rom l l ic stundatd-niodel (iredte-
lions vviihin the av.ul.iblc expcri inenl. i l aeeoraeics How­
ever, one novel fealore in the part ial-uni l ical ioi i sehciiic 
and SOi 10) model w i th G t j j and G j i p inlcri t icdi. i lc sym-
mclries is the prediel ioi i of observable r.ire kaon ileei>s 
such as K(^ —-pe I he analyses ca i i ied oul lieie in bO(lU) 
can be easiK implcmenlcd in olher G U I ' s sueli .is 
SOI 2 \ 1 N > ?), L;„, .Old s u n 6) Will i simil. ir p u die I ions 
However in SU(8), X S U I 8 ) K while all oi l ier low elicit:) 
predictions are sii i i i l . ir, it is possible lo h.ive .i i i iore'sli ihic 
proton since the gaiige-bosoii-medialcd inier. iel ion eone-
spondine lo the proKin dceaj is absent 

F inalh f rom ihe invcslig.iuons c. ir i icd oul in i l i is p,i-
per we conclude l l i . i l scenarios di l lcrci i l f io in ihosc dis­
cussed bv Chang and Mol iapaira in Rcf 3 and worked 
out earl ier"' ' do esisi in LRS models, part ial i i i i iheal ion 
schemes and G U T ' s in which the sees.iw ii iccli. inisin can 
provide J n.i iui. i l cspl i i i . i l io i i for sm.ill M.ijor.m.i i ie i i i r i -
no masses even il ihe /'- and SU(2)„-b ie. ik in | ; se.iles ne 
idci i l ical 
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