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ABSTRACT 

We argue that the dominant contribution to the neutrino masses 

can be provided by those interactions which incorporate a full 

quark-lepton correspondence and whose characteristic mass scale 

furnishes the lightest oasis in the so-called 'energy desert'. 

In particular we discuss the possiblility that the suppression of 

the neutrino mas? spectrum has its origin beyond the single-generation 

level. This-allows us, using the minimal U'(l) horizontal symmetry, 

to correlate the structure of the Majorana mass matrix with the 

various Dirac mass matrices of the theory. 
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The strict masslessness cf neutrinos, hhich character:', zc-f 

the staiit'si-d Weinberg-Salem (WS) model and persists in the minimal SU(5) 

2 
unifying theory, is a combined consequence of the following facts: 

(i) The right-handed neutrinos need not and have never been 

introduced into the theory. 

(ii)The compact Kiggs system is required not to contain a weak 

isotriplet component. 

While the latter is crucial for maintaining the successful AI = 1/2 

rule, the former violates the correspondence between quarks and 

leptons according to which v is nothing but the color-singlet 

analog of uR. Had we introduced right-handed neutrinos into the 

theory, defined as fermions with zero KS quantum numbers, the theory 

would have contained a fundamental but unfortunately completely 

arbitrary mass-scale associated with an SU(3) x SU (2) x U (l) invariant 

(B - L) - nonconserving Majorana mass term. 

Those models which forcefully incorporate right-handed neutrinos 

include: 

3 
(ij Left-right symmetric models - v„ must be in the theory simply 

because v. is there. 

(ii) Models based on the observation that the lepton number is the 

4 e 
fourth color - v_ must exist as the fourth component of the three 

K 

colored right-handed u-quarks. 

(iii) Various unifying theories such as S0(10) or E. -v is 

necessarily a member of the fermionic representation. 

Most of these models result with essentially the same type of a 

neutrino mass matrix given explicitly by 
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o m 

m M 
(1) 

Here, m denotes a Dirac mass matrix with a typical fermionic mass 

scale, while M is a Majorana mass matrix whose model dependent 

scale is expected to be very heavy and hence primarily responsible 

2 
for the extreme lightness 1/ JJ of the neutrino eigen-masses. The 

origin and consequently the corresponding scale of H are however quije^ 

g 
speculative. The various 'predictions' range from 

M -v. gM (W*) (2) 

in left-r ight symmetric models mc - the charged gauge bosons fe 
associated with SU(2)R , up to 

m 
M -v E2 M or even M'Ve M (3) 

6
 + o B o 

g 
in various SO (10) schemes (M - the unification mass). These 

models share however a common point of view, namely they see the 

origin of the problem within the so-called single-generation level. 

They do not make contact with other fundamental problems, such as 

the well-known generation puzzle, which neither the WS-rcodel nor its 

naive SU(5) and S0(10) unifying embeddings are capable of dealing with. 

This is why we would like to adopt here the interesting alternative, 

namely that M acquires its scale because of the existence of more than 

one generation. What we show is the fact that those Higgs fields 

with large VEV, which must appear in the theory in order to account 

for the observed suppression of the horizontal gauge interactions 
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compared with the vertical ones, have in general the proper 

Yukawa couplings through which the scale of M is fixed. The «ore so, 

if the horizontal QN are vertically degenerate and if the generation 

structure is extended to the Higgs sector as well, these extremely 

important Yukawa interactions are in fact automatically predicted. 

Thus, if the horizontal interactions are characterized by the lightest 

mass scale above M(W~), in a theory where V- is a vertical singlet, 

the suppression of both the neutrino mass spectrum as well as the 

intergenerational interactions are forcefully attributed to one and 

the sane origin. 

We consider an [SU(2)x U (1)] x (L. local gauge group with the 

12 horizontal group factor G„ chosen to be a U'(l)symmetry . Apart 

from being minimal, the choice of U'(1) rather than any other Lie-group 

has three major physical advantages: 

(i) The original theory, that is prior to the spontaneous symmetry 

breaking, is free of flavor-changing neutral currents in both the 

quark as well as the leptonic sectors. 

(ii) In contrast with the flavor-conserving neutral currents, the 

induced flavor changing neutral currents are necessarily accompanied 

by non-trivial CP-violating phases. As a consequence, CP can be 

violated already at the two-generation level where no Kobayashi-

Maskawa phase exists. 

(iii) Y' associated with U'(l) may actually represent any diagonal 

generator of some unspecified horizontal group. 

Now, consistent with the WS generation structure, the most 

general QN-assignments of the fundamental fermions are the following: 
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with i=l,..., N denoting the generation number. To eliminate any 

superfluous replication, it is natural to assume that 

L. t L ,r! i r! for i i j. CS3 

The Higgs system consists first of all of the standard doublets <j> 

which are distinguished now from each other by means of their different 

horizontal quantum numbers h (a = 1,..., A). Next it is necessary 

to control the strength of the horizontal gauge interactions without 

affecting too much the WS-model. It is therefore crucial to notice 

that *ft (0,0,H-), with vanishing WS quantum numbers, are the only 

+ 
Higgs fields whose VEV cannot be picked up by the W~ gauge bosons. 

Following such a property, these are the extra scalars we are 

obliged to introduce into the model. Consequently, the characteristic 

+ 
WS mass relation M (W~) = cos 6.JJCZ) is modified to the form 

M2(W*) = cos28w [cos
2xM2(Z) + sin2 xM2 (Z')L (6) 

where the small mixing angle K is of order 
<d» 2 
<$> 

and so is 
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the mass r a t i o M (Z) 

Denoting by v and V ( | v | « |V|) the complex VEV of <|> and 

*„, respect ive ly , we a r r ive at the following fermionic mass matr ices : 

m i j * C i j a v a ( C i j c / ° i f f Li - Rj " V • ™ 

m i j = C i j a v a ( C i j a * ° i f f V R j ~ V • ( 7 b> 

m?. = c. . v fc. . ji 0 i f f l . - r , = h ) (7c) 
I J l j a a i j a i 3 o r , l ' 

and especia l ly 

n . . £ m.. = c!. v ( c . . i 0 i f f 1. - r ! = - h ) , (8a) 
I J I J i j a o *• IJCV I j or' ' l -" 

^ s Ka - cije V'ije* ° i f f r i + rj " * V • (8b) 

Here C , c!!. are the Yukawa coupling constants, some of which 

are zero if the linear relations among the relevant Y'-QN are not 

satisfied. The non-vanishing ones, on the other hand, are expected 

to be of the same order of magnitude, leaving the fermion mass 

hierarchy to follow from a suitable hierarchy in the v' s. 

The major advantage of incorporating right-handed neutrinos 

within the minimal horizontal extension of the standard model is 

best seen in eq. (8b), which is the origin of our first conclusion: 

The standard WS model suffers from the superfluous replication 

disease accompanied by a broken quark-lepton correspondence. These 

two characteristic problems can be cured simultaneously once a 

horizontal gauge symmetry is introduced. Any such generalization 
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of the standard model necessitates extra Higgs scalars with vanishing 

WS-QN to account for the observed suppression of the intergenerational 

interactions. These fields in turn may in general have Yukawa couplings 

with right-handed neutrinos. This is the mechanism by which the scale 

of the Majorana mass matrix becomes 

M ^ c V ̂  ^M(Z'), (9) 

where c is a typical Yukawa coupling constant. We remind the reader 

+ 
that a similar correlation, only with M("R ) replacing M(Z'), has been 

derived within a single-generation SU(2)LxSU(2) xU(l) model by Kohapatra 

and Senjanovic. If we add a horizontal symmetry to a left-right 

symmetric model, the smallness of the neutrino masses will be controlled 

by the heavier mass-scale. If M(Z') furnishes the lightest oasis in the 

+ 
so-called 'energy-desert' (M(WT)<E<M ), as advertized in the present 

L O 

note, the horizontal interactions would become the dominant source for 

the neutrino masses only provided \> are vertical singlets. It is thus 

relevant to mention that the lower bound on the mass of the horizontal 

13 
gauge bosons has been estimated to be 

MCZ' ) > ! * < ) • C 1 0 ) 

This assures that the single Z' exchange would not compete with the 

conventional WS box diagram 1 4 in contributing, for example, to the 

K° - K° mass difference. 

To make our discussion less qualitiative, we need to 

specify the model, that is to fix the various horizontal ON. Once 
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ir is done, the explicit structure of all the fermionic mass 

matrices is known up to Yukawa coupling constants which are assumed 

to be of the same order of magnitude. It is also obvious that the 

existence of several relations among the horizontal QN must have a 

direct translation into correlations among mass matrices in various 

ferroionic sectors. To demonstrate this point we consider three 

different types of models: 

(i) Simple-minded models where the horizontal QN aTe determined 

empirically. 

(il) Models which treat the lepton number Cor alternatively the 

B-L combination) as the fourth color. 

(iii) Models which result from flavor grand unifying theories. 

As a typical model of the first class we discuss an SU(2) x U(l) 

13 
x U'(l) model where the generation structure is extended tn the 

Higgs sector and the f-xm of the fermion mass matrices are derived 

by making some physical assumptions. associated with the VEV 

hierarchy. Among the notable features of this model one can find 

the following: (i) The naturalness CL'.' rau="^ necessitates a third 

generation of fermions and uniquely determines the structure of the 

two quark mass matrices, (ii) The mass scale of the third 

generation fermions is fixed by the lirtit ones, (iii) The Cabbibo 

2 -3 1/2 
universality is recovered with 8 =(m

(j
m|,m

c ) > a n d (-«, T h e main 

CP-violating parameter associated with the K - K system is derived 

to be s i- 10"3 as observed. In ri-ch a model, where experimental 

imformation helps us choose the horizontal QN of the quarks, the 

only constraints imposed on the leptons are due to the anomoly -

free requirement. The corresponding equations are: 
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I d i - r . ) = -^(SLj - Rx -4R?), 

1(1* - r ^ l a l • B? - 2R^2), (11) 

I(213 - r 3 - r!3) = -3l(2L3 - R3 - R ' SJ_ 

Thus, although we may not have enough information about the structure 

of the leptonic mass matrices, the above constraints along with the 

various conditions in (7a) - (8b) are capable of excluding several 

candidates for m , m and M. 

d 
Models which favor the idea of the lepton number being the 

fourth color are compatible with the choice 

1. = L., r. = R., r! ^ R! (12) 
i i i i i i . 

A quick glance at eqs. (7a)-(8b) along with the above assignments 

show the existence of two striking correlations among the fermionic 

mass matrices, first of all, still assuming that the Yukawa coupling 

constants are very similar to each other, it is possible tn 

derive the typical SU(S) - originated correlation 

m. . i- m.. (13) 
lj ij> 

from entirely different arguments. The other interesting correlation 
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which reads 

mX -o m ^ , (14) 

is more important frorc the viewpoint of the present note. It tells 

us that for the Dirac part of the neutrino mass matrix we can use 

information taken from the up-quark sector. However, as far as the 

Majorana part of the mass matrix is concerned, we may say almost 

nothing about its structure. This is simply because, apart from the 

general anomaly-freecontraint involving r! which now reads 

ir. - = 1(2^ - r* ) , (15) 

r! is not necessarily related to 1. and r.. This is not the case in 
I 1 1 

our next example. 

Finally we arrive at models which may be regarded as the low-

energy manifestations of grand unifying theories. Following our primary 

motivation that the horizontal interactions are in fact responsible 

for the smallness of the neutrino masses, the unifying theories 

of relevance are those which are capable of dealing with the flavor 

probleml5 . Among these there is a certain class of theories, namely 

flavor-chiral semi-simple gauge theories , which are subject to a 

global so-called Vertical-Horizontal discrete symmetry. Such theories 

have been proposed with the primary motivation that the generation 

structure exists at all energy regimes and that the single-generation 

group factor is not a consequence of the SSB. A theory of this kind 

is based on the local gauge group SO(10)vxS0(10)„. It has the 

characteristic property that all members of a given generation have the 

same horizontal QN. Thus, if we assume, just for the technical reason 

of making contact with the present discussion, that S0(10) is broken 
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at medium energies to U' (1), we obtain 

L. = -R. = -Rr - l. = -r. = -r? =x. 
i i i i l i i , (16) 

with Xĵ being their common value. Note that the opposite sign in the 

Q.N' of the right versus the left-handed fermions is due to the flavor 

chirality of the original theory. Using the above QN-assignments, 

the fermionic mass matrix elements are restricted as follows 

e d 
m. . t m. . / 0 iff x. + x.= h , 
13 IJ l j a 

m. . "V- nu . t 0 iff X. + x.=-h , (171 
ij i] I j a' l ' 

M. . t 1 iff x. + x. = ±H„. 

The constraint associated with the Majorana matrix elements becomes 

very similar to those associated with all the other matrices. To 

decide whether or not the ij matrix element in any given fermionic 

sector takes a zero value, one has first of all, as far as the 

fermions are concerned, to calculate the only relevant combination 

which is x. + x.. Only then, it becomes necessary to check if those 

quantities coincide with ±1 and ±H„. If, as an interesting example, 
u p 

we assume that h = H , i.e. the same horizontal structure for all 
a a 

the Higgs families,M.. becomes a combination of two parts, one 

proportional to m.. and the other to m... This way, the structure 

of the Majorana mass matrix is determined by the other fermion mass 

matrices. The only question is the following: Do we really have 

a good reason to believe that the horizontal QN obey the restriction 
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With regard to this, it is crucial to note that in a theory where 

all the fermions associated with a given generation ha'e thu .same 

horizontal QN, it is only natural to expect that the same persists 

in the Higgs sector as well. Such a situation is favored by the 

technicolor scheme where the Higgs particles actually represent bound 

states of fermions. Thus, if in an SU(3)xSUC2jxUq)xU' CI] theory, 

(i) The generation structure persists in the Higgs sector, and 

Cii) The horizontal QN are vertically degenerate, 

the majorana mass matrix can be formally (i.e. up to Yukawa coupling 

constants of the same order of magnitude) written as 

.... 4-\ o»- + «> v ->- < 1 9 > 
'ij |v| IJ IJ 

To conclude we reemphasize that the qualitiative nature of our 

discussion is mainly due to the fact that we have chosen to make 

our point within an effective low-energy model which is as simple as 

possible. After all, it becomes relevant to ask about the specific 

details of the neutrino mass matrix only after getting some general 

idea concerning the ^azzle where do the tiny neutrino eigen-masses 

come from. Our main observation is that the dominant contribution 

to the neutrino masses may originate from those interactions which 

do incorporate a full quark-lepton correspondence and whose mass-scale 

furnishes the lightest oasis in the 'energy-desert'. This opens 

the door for a mutual suppression of both the neutrino eigen-masses 

as well as the horizontal gauge interactions. Moreover, using a 

U'(l) horizontal symmetry, we have established general correlations 
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among the various fermionic mass matrices, especially including both 

the Dirac as well as the Majorana neutrino mass matrices. 
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