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We analyse the fermion masses and mlxings in the flipped SU(5) model The fermlon mass matrices are evolved 
from the GUT scale down to m w  by solving the renormahzation group equations for the Yukawa couplings The 
constraints imposed by the charged fermlon data are then utlhsed to make predictions about the neutrino properties 
It is found that the generahzed see-saw mechanism which occurs naturally in this model can provide (i) a solution to 
the solar neutrino problem via the MSW mechanism and (it) a sufficiently large u~ mass to contribute as a hot dark 
matter component as indicated by the recent COBE data 

Nowadays  there is a lot o f  exper imenta l  ev idence  that  the neut r inos  (or at least some of  them)  might  have  non- 

vanishing - a l though t iny - masses Recent  data  f rom solar neut r ino  exper iments  [ 1 ] show that  the def ic iency of  

solar neut r ino  flux, 1 e the discrepancy be tween  theoret ical  es t imates  and the exper iment ,  is natural ly expla ined 

i f  the ue neut r ino  oscillates to another  species dur ing its flight to the earth In addi t ion,  new evidence  has been 

repor ted  [2,3 ] for a significant  deple t ion  on the a tmospher ic  u u flux This  can also be explained in terms o f u  u ~ ue 

oscil lat ions with mass difference o f  order  A m  2 ~ l0  -2 - i0  -3 eV 2 and a relat ively large mixing angle (sin 2 20ru /> 

0 42) Fur thermore ,  the COBE measu remen t  [4] o f  the large scale mic rowave  background amsotropy,  might  be 

expla ined [5] i f  one assumes an admix tu re  o f  C O L D  ( ~  75%) plus H O T  ( ~  25%) dark mat te r  It is hopeful ly 

expected that  some neut r ino  (most  likely u~) may  be the natural  candida te  o f  the hot  dark mat te r  c o m p o n e n t  

F r o m  the theoret ical  po in t  o f  view, neut r ino  masses are zero in the min ima l  s tandard mode l  o f  the electroweak 

interact ions  Non-zero  neut r ino  masses arise natural ly however ,  in most  o f  the Grand  Un i f i ed  Theor ies  ( G U T s )  

as well as in supersymmet r lc  ones (SUSY G U T s )  In all these models,  neut r ino  masses are related to the quark  

masses In general  one usually obtains  a Dlrac  type neut r ino  mass mat r ix  very s imilar  (or even ident ical)  to the 

up-quark  mass mat r ix  at the G U T  scale Small  neut r ino  masses in these models ,  compat ib le  wlth the exper imenta l  

constraints ,  are ob ta ined  in terms of  the see-saw m e c h a n i s m  [6] There,  the lef t -handed u, and r ight-handed u c 

componen t s  o f  the neut r inos  form the fol lowing mass matr ix  

my r M ' 

where m.~, is the Dirac  type 3 x 3 mass matr ix  ( ~  mup) while M is a 3 × 3 Majorana  mass mat r ix  with entries 

usually o f  the order  o f  the G U T  scale After  dmgonahza t ion  one obtains  small  lef t -handed Majorana  masses o f  the 

order  o f  m .  ~ m ~ D / M  and heavy r ight -handed Majorana  states o f  order  M ~ MGUT Light neut r ino  elgenmasses 

may then be evo lved  down to low energies and be compared  with the exper imenta l  l imits The  constraints  put  by 

the a fo remen t ioned  neut r ino  data  and their  re lat ion to the quark  masses at the G U T  scale IS a real challenge for 

most  o f  the proposed  G U T  models  Recent ly ,  mo t iva t ed  by the observed merging of  the Standard  Model  gauge 

coupl ing constants  in S U S Y  G U T s  there has been a rev ived  interest  in de te rmin ing  the low energy parameters  

o f  the theory in terms of  few inputs  at the G U T  scale [7,8 ] in the l imit  o f  zero neut r ino  masses Since however  

most  o f  the G U T  models  natural ly predict  the existence o f  r ight-handed neutrinos,  the proposed  f ramework  

has now been expanded  [9,10] to include non-van i shmg neut r ino  masses as well The  general strategy in these 
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approaches is to use the mxmmal number  of parameters at the G U T scale so as to have the maximum number  of 
predictions at m w  Ultimately, one hopes that this minimal  set of parameters at the G U T scale may be justified 
in terms of a more fundamental  theory, such as the String Theory We should point out, however, that not only 
m~D is related to the up-quark masses but other indirect constraints come also from the rest of ferm~ons It thus 
appears challenging to utihze all possible such constraints in the mass matrix of eq (1) in order to make defimte 
predictions for the as yet elusive neutrinos which will then be checked by experiment, this way supporting or 

excluding such G U T  scenarios 
In the present work we would like to address the question of fermion and in particular the neutrino masses in 

GUT models which arise [ 11,12] in the free fermlonic construction of four dimensional strings As an application 
we are going to consider the SU (5) × U (1) model of ref [ 11 ], but our results are valid also for the model of 
ref [12] There has been much fruitful work [13,14] m this kind of models the last few years Recently it was 
shown [ 15 ] that the general see-saw mechanism which occurs naturally in this kind of models, turns out to be 
consistent with the recent solar neutrino data, but on the other hand suggests that CHOROUS and NOMAD 
experiments at CERN may have a good chance of observing uu ~ u~ oscdlahons Here we are going to explore the 
neutrino masses in detail, assuming a specific ansatz for the quark and lepton mass matrices at the G U T scale, 
which is more or less dictated by some first attempts m denwng the above model from the four d~menslonal 
free fermionie Superstrlngs As stated above, our general strategy is to use the min imum number  of inputs so as 
to have the maximum number  of predictions We are going to make use of the G U T relations in order to fix 
these inputs in terms of well known low energy masses of the charged leptons as well as the m~ and mc quarks 

and then to predict the rest of the ferm~on mass spectrum 
The various tree-level superpotenual mass terms which contribute to the neutrino mass matrix of the flipped 

SU (5) model are the following 

2~'gF'fJh + 2,j F H(9 + (2) 

where in the above terms F ' ,  ~g are the 10, 5 matter SU (5) fields whde H, h, h are the 10, 5, 5 Hlggs representations 
and 0' are neutral SU (5) × U ( 1 ) smglets The Hlggs field H gets a vacuum expectation value (VEV) of the order 
of the SU (5) breaking scale (~ 1016 GeV), h, h contain the standard hlggs doublets while 4~ ° acquires a VEV most 
preferably at the electroweak scale The neutrino mass matrix may also receive significant contributions from 
other sources [ 16,13-15 ] Of crucial importance are the non-renormahzable contributions [ 16,14,17 ] which 
may give a direct M.c.c = m rad contribution which is absent in the tree-level potential Then, the general 9 × 9 
neutrino mass matrix in the basis (u,, u, ~, ~,),  may be written as follows 

(o 0 / 
mr = M tad M,.c ,  , (3) 

Mvc ~ ~ ,  / 

where it is understood that all entries m eq (3) represent 3 × 3 matrices The above neutrino matrix is different 
from that of eq ( 1 ), since now there are three neutral SU (5) × U ( 1 ) smglets involved, one for each family 

It is clear that the matrix (3) depends on a relatively large number  of parameters and a rehable estimate of 
the light neutrino masses and the mixing angles is a rather comphcated task We are going to use however our 
knowledge of the rest of the fermlon spectrum to reduce sufficiently the number  of parameters involved Firstly, 

due to the GUT relation m u  (MGuT) = m~ D (MGuT), we can deduce the form o f m .  o (MGoT), at the G U T scale in 
terms of the up-quark masses The heavy Majorana 3 × 3 matrix M tad depends on the specific kind of generating 
mechanism For example, if M tad is  due to some non-renormallzable Interactions, then it is completely model 
dependent Here, in order to be specific, motivated by the fact that in the non-supersymmetnc version of the 
model this matrix may be generated radiatlvely [ 18 ], we take it to be proportional to the down-quark matrix [ 14 ] 
at the G U T  scale 
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M rad = Aradmo (MGuT) (4) 

The M: ,¢  and / t  0 3 x 3 submatrxces are also model dependent In most of  the string models however, there is 
only one entry at the mhnea r  superpotentlal m the matrix Mw,¢, which is of  the order MGUT Other terms, if any, 
usually arise from high order non-renormahzable terms We will assume m th~s work only the existence of  the 
trdlnear term, since h~gher order ones will be comparable to M tad and are not going to change our predictions 
In particular we wdl take M.c,¢ .-~ Dmgonal(M, 0, 0), and / t  o ... Dmgonal(/t, 0, 0), wi th/ t  < <  M ,~ MGVT, thus 
we will treat (3) as a 7 × 7 matrix 

Our ansatz for the other fermlon mass matrices ~s (!o x) 
m v  = q y 2 - m .  o ,  

z 1 (o OOo) 
m D  = S a *  b , m E  = s 

0 0 f 

. 0) 
- 3 b  0 , 

0 f 

(Sa) 

(5b) 

where 

~ 2  o cosfl (6) s = sInfl ,  q = 2 , ( t 0 ) ~  

and tan fl = -6/0 =_ h / h  The form of  the above mass matrices is considered at the GUT scale Note that the m o  

and mE matrix elements are not necessardy related in the flipped model However, our choice mimmlzes the 
number of  arbitrary parameters and moreover, it leads to definite predictions m the neutrino sector In order to 
find the structure of  the mass matrices at the low energy scale and calculate the mass eigenstates as well as the 
mixing matrices and compare them wxth the experimental data, we need to evolve them down to row,  using the 
renormahzatmn group equatxons Using the results of  ref [19] we obtain the renormallzatmn group equations 
for the Yukawa couphngs at one-loop level 

1 6 n z d A v  = (ITr[32u2tu]  + 32uAtv + 2oAto- I G v ) A u ,  (7) 

16nZ~tAN = ( ITr [Av2~]  + 2e2te - I G N ) 2 N ,  (8) 

1 6 n z d 2 0  = (I(3Tr[Ao2to] + Tr[2e2~])  + 32D2tD + 2u2~--  I G D ) 2 O ,  (9) 

1 6 n 2 d 2 e  = ( l (Tr [2e2~]  + Tr[2D2to]) + 3 2 e 2 ~ -  I G e ) 2 E ,  (10) 

where 2~, a = U, N, D, E, represent the 3 × 3 Yukawa matrices which are defined m terms of  the mass matrices 
gwen m eqs (4 ) - (6 ) ,  and I xs the 3 × 3 ~dent~ty matrix We have neglected one-loop corrections proportxonal 
to 2~v t = ln(/ t / / t0) , / t  is the scale at which the couphngs are to be determined and/to ~s the reference scale, m 
our case the GUT scale The gauge contributions are gxven by 

3 

G .  = E c ' ~ g ~ ( t ) ,  (11) 
t = l  

g 2 ( t )  = g~( to )  (12) 
1 - (b ,8n2)gZ, ( to)  (t  - to) 

The g, are the three gauge couphng constants of  the Standard Model and b, are the corresponding beta functions 
m minimal supersymmetry The coefficients c~ are given by 
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{ u},=t,2,3 = {T5,3, , { D},=1,2,3 = { 7 , 3 ,  , (13) 

{CEI,=I 2,3 = {9-, 3 ,0}  {c'u},=l,2,3 = { 3, 3,0} (14) 5 ~ 

In the foUowmg, we find it convenient to redefine the quark and lepton fields such that Av and AN are diagonal, 

Au ~ Av = Kt)~uK, AN---+ 2N = K t A u K ,  (15) 

The matrix which dlagonahzes the up-quark mass matrix at the G U T  scale is given by (x < y < z) 

K = l 
y - z  2 x z  x y ( 1 - y +  z 2) 

91 D 2 (1 + z2)D3 
x z  y - z 2 z_y 

Dl D2 D3 
x y  z ( y - z  2) y ( 1 - y +  z 2) 

DI D2 D3 

w~th 

(16) 

D1 ~ [(y - z2)2(1 + x 2) + X2Z2] 1/2 , 

D2 ~ [(y - z2)2(1 + z 2) + X2Z2] 1/2 , 

D3 ~ [y2(1 -- Y + Z 2) + y2z2]l/2, 

The mass elgenvalues at the G U T  scale read 

-xZY  m2 - ml ~ q y - -  m3 ~ q 1 + _ - 2 ~ )  (17) 
m l ~ q y _  (x 2 + z2 ) ,  1 ' 1 

We apply the f e ld  redefinxtlons (15) to the differential equations (7 ) - (10 )  and within the parentheses on the 
right hand sxde we retain only the dominant  Yukawa couphng At 2 (t), 

1 6 n 2 d 2 u  = [2~(t) ( 3  3 6 ) -  G ~ ( t ) I ] 2 u ,  (18) 

111 16~z2dAN = [2t2(t) 1 - G u ( t ) I ] 2 u ,  (19) 
1 

0 
16~z2d2D [2~(t) 0 GD(t)I]2D, (20) 

1 

d 
1 67c 2 --~t 2E = - GE (t) I2E 

Solving eqs ( 18)-  (21 ), we obtain 

(21) 

2t( t)  = 2t( to)~6yu(t) ,  (22) 

where 
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7,~(t) = e x p ( -  / G~(t)dt/(16zc2)) 

3 (OQ,o)~/2bj 
= H k O Q  / 

J=l 
3 

= H (  1 bJ,°C~J,°(l-t°)) ~/2bJ 
2rt 

j=l 

= exp ~(t) dt 
16~z J 

to 

x 1 - ~-~22~(t0) 7~(t)dt  

to 

Then, the up-quark masses are predicted to be 

13May 1993 

(23) 

(24) 

(25) 

(26) 

(27) 

xZY (28) 
mu ~ yv~3 q y -x5 -_ z 2nu, 

mc ~ 7u(3q 1--  nc + rlCmu, (29) 
q. 

X 2 + Z2~ 
mt ~ 7u¢6q (1 + ~ } 1  (30) 

In the above formulae, rl~ and qc are taking into account the effects of  QCD renormahzatlon from the scale mt 
down to 1 GeV for m~ and to mc for mc 

Similarly, renormahzmg 2N down to mt and expressing the elgenvalues m terms of  the up-quark masses, we 
find that the Dlrac-neutrino masses are 

yN1 ?N1 ~V~5 m.nl ~ 7-~qu(---smu, m~o2 ~ -~u~-2mc, m~o3 ~ mt (31) 

In the above basis where the up-quark and neutrino matrices are diagonal, the renormahzed down quark mass 
matrix is found to be 

m~ n ~ 7D I sKt b K,  (32) 
o 

while for the leptons one gets the matrix 

e ~TE sKt -3b 0 K (33) 
o f 

We consider the lepton masses as inputs, and we find the approximate expressions for the down quarks in terms 
of  the leptons to be 

mb ~ YD(mrnb, (34) 
7E 
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Yo 
m d  ~ - - r i d g e  (mu - m e  - x / ( m ~  - m e )  2 + 36mume)  , 

ns YD (mu - me q.- x / ( m  u - m e )  2 "b 36mume)  , ms ,~ 6yF. 

13 May 1993 

(35) 

(36) 

where now r/d, r/s and qb are taking into account the QCD renormahzatlon effects for the corresponding down 
quarks and ~ ,? .  are given m terms of (23) - (27)  We wall take rld,s,,, ~ 2, r/c ~ 1 8 and qb ~ 1 4 Now, since 
the range of the charged lepton masses are well known, one can use the above equations to determine the 
corresponding range of the down quarks and compare xt with the running masses of d,s and b The range of the 
latter, is determined vm SU(4)  mass relataons or QCD sum rules [20] Thus, for example, from SU(4) mass 
relations one gets 

md = 7 9 ± 2 4 M e V ,  ms = 1 5 5 + 5 0 M e V ,  

and from QCD sum rules 

(37) 

m d =  8 9 ± 2 6 M e V ,  ms = 1 7 5 + 5 5 M e V ,  (38) 

whale m b =  4 25+0  10 GeV An anterestlng fact as that the renormallzataon parameter ( as constrained an a narrow 
region m order to gave the correct prediction for the bottom mass For all the acceptable mt range 7D/Te ~ 2 1 

and rib ~ 1 4, thus ~ ~ 0 81 + 0 2 The predactaons of the other two down quark masses are ms ~ 153MeV and 
rnd ~ 6 3 MeV The ms value is wathm the acceptable ranges given in (37), (38) The md value is somewhat 
low but stall m the range of (37) 

The Kobayashl-Maskawa (KM) matrix can be determined by dlagonahzlng the down-quark matrix m (32) 
In order to determine the KM maxmg angles, we first determine the values of the parameters of x, y, z which gave 
the correct masses mu = 5 1 i 1 5 MeV, mc = 1 27 + 0 05 GeV, while always we adjust properly tan fl and 2t (to), 
so as to obtain the correct value for rnb It as worth noting here that the restricted regaon of ( has a sagnificant 
impact on the mt value Indeed, as mt gets smaller, the range (MGuT -- rnt) becomes bigger, thus the value of 
( increases For MGUT ~ 10~6GeV, (using r/b .-~ 1 4), we find that mb lS pushed to its upper hmlt, when mt  as 

around 125 GeV mb goes to ats lower hmlt  as rnt approaches 175 GeV, whale mu (me) gets its lower (higher) 
acceptable value We also keep track of the rataos 15 ~< ms/rod <~ 25, 0 2 <~ mu/md  ~< 0 7, whach are constrained 
by charal Lagrangmn analyses [21] Here, they are found ~ 24 5 and ~ 0 65 respectavely Proceeding further, 
we determine numerically the KM matrix for each case separately Then, we return to the neutrino mass matrax 
and find the mass elgenstates as well as the dlagonahzmg matrix Then, if S" is the matrix whach dmgonahzes 
the effective 3 x 3 light neutrino sector and S L the charged lepton mixing matrix, the leptonlc mixing matrix as 
defined as follows 

vlep = s u s L t  (39)  

In the following we present numeracal results for some characteristic values of the mt mass We start running 
the RGEs from the scale MGU'r ~ l 0  t6 GeV (which is known to be the scale where the standard model gauge 
couplings meet [22] ), whale the value for the common gauge coupling at MGVT Is taken gGUX = 1/25 l We will 
assume that supersymmetry as vahd down to the scale mt whale we run the system wath the non-supersymmetrlc 
beta function coefficaents below mt Farst we determine the quark and charged lepton masses, maxangs etc whach 
are described an terms of 13 free parameters in the context of the standard model, only with the eaght input 
parameters (x, y, z, q, ~b, a, b, f )  at the G U T  scale Using only two addataonal inputs which are the scales of the 
vCv c and vccb entraes an the neutrino mass matrax, we gave predactaons for the hght neutrino masses and leptonac 
m~xmg angles which can be tested in recent neutrino experaments Taking into account all the constraants and 
mass relataons mentioned above, we present m the following our results for m t =  130, 150 and 160GeV We 
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always choose to fix a, b and f parameters  m terms of  the charged lepton masses, hence we give our results only 
m terms of  the set ( x , y ,  z ,  cb) and tanf l  Then, 2t(t0) coupling is also fixed once tanf l  and mt are chosen 

For  m t =  130 GeV, tan fl = 1 1 and 0 = n / 6  5, we obtain the following results 

m d . . ~ 6 3 M e V ,  m , ~  154MeV, m b ~ 4 3 3 G e V ,  m ~ 4 0 M e V ,  m c ~  1 2 7 G e V ,  (40a) 

in agreement with the values obtained by the approximat ion formulae (28 ) - ( 30 ) and ( 34 ) - ( 36 ) The Kobayash l -  
Maskawa matrix elements I( Vr.M ),Jl , are 

( i 9 7 5 4  02205 0 0 0 3 2 ,  
Vvoa = 2202 0 9748 0 0356 ] (40b) 

0108 00340  0 9 9 9 4 /  

F o r i n t  = 150GeV, w e u s e t a n f l  = 2 2 a n d q S =  ~ / 4 5  We get 

md ~ 6 2 MeV,  ms ~ 153 MeV, m b ~ 4 25 GeV,  mu ~ 4 05 MeV,  

( i 9 7 5 2  02212  0 0 0 2 8 ,  
V ~  = 2109 09744  0 0 4 2 9 J  

0117 00413  0 9 9 9 1 /  

Finally, for mt = 160 GeV, we take tan fl ~ 3 3 and q5 = ~/4  5 Then, 

m c ~ 1 2 6 G e V ,  (41a) 

(41b) 

m d ~ 6 2 M e V ,  m s ~ 1 5 2 M e V ,  m b ~ 4 2 6 G e V ,  m u ~ 3 9 M e V ,  m c ~ 1 2 6 G e V ,  (42a) 

09751 02219  0 0 0 2 5 )  
VKM = 0 2216 0 9741 0 0445 (42b) 

00120  00430  09990  

It IS worth noting here, that as the top mass gets higher the phase q5 should also become larger in order for the 
KM entries to he within the experimental  l imits A larger tan fl is also required 

To obtain the neutrino spectrum and lepton mixing, we must introduce values for the two addit ional  parameters  
M,A tad of  the neutrmo mass m a m x  (3) We assume naturally M -- (H) ~ 10~6GeV In order to study the 
propertaes of  the neutrino matrix, we let Arad vary m a reasonable range between 10 ~ and 1013 and fix ~ts value 
later with the available neutrmo data 

Next, we parametr lze the lepton mixing matrix in a convenient way, 1 e 

C1C3 -- S1S2S3 e '~ S1C3 + CIS2S3 e tO - c 2 s 3  \ 

V lep --'~ [ --S1C2 e '~ clc2 e '¢~ s2 ) (43) 

\CLS3 + sis263e tq~ sis3 - c i s 2c 3e  t$ c2c3 

The predictions of  the relevant mixing for the neutrino oscillations can now be presented in terms of  the angles 
defined in the parametnza t ion  of  V Iep 

In our model described above V lep ~s fixed by the quark and charged lepton data In fact, due to the assumed 
~trad/A~tr.d which in our model is equal to b / f  (see eqs form of  the matrix M.c,~, it only depends on the ratm 1..33 /~.-1~ 

(4) and (5a))  The neutrino mgenvalues, however, cannot be accurately predicted due to the scale quanti ty A rid 
which is not specified in our model  Thus they can be written as 

A u A ~ 
m,.e ~ 0 ,  rnv,, - -  Arid x 10-2eV,  m~. = Ara-- 7 x 10eV (44a) 

For  mt ~ 130GeV we get A u ~ 0 80 x 1012 and A * ~ 1 85 × 10 j2 
Next, we present the light neutrino mixing matrices for two chmces of  mt,  1 e mt  = 130 GeV and mt = 150 

GeV 
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[ - 0  9958 + 7 71 × 10 -4 (--8 5 + 3 20  × 10 -z 0 00347 '~ 
V lep = [ ( - 8  5 - 3 21) x 10 -2 0 9954 + 7 7i × 10 -4 - 0  0 3 0 7 )  (44b) 

\ ( - 8 4 + 9 9 1 )  x 10 -4 - 0 0 3 1 + 0 0 9 1 x  10 -3 - 0 9 9 9 5  

For mt = 150 GeV we get 

- 0  9955 + 1 41 × 10 -3 (8 4 - 4 51) × 10 -2 0 0034 '~ 
V lep = ( - 8 4 - 4 5 1 )  × 10 -2 - 0 9 9 4 7 -  1 371× 10 -3 - 0 0 3 8 8 J  (44c) 

( - 0 1 3 + 1 7 1 ) × 1 0  -3 0 0 3 9 - 0 0 9 8 1 ×  10 -3 - 0 9 9 9 3 ]  

From the above, it can be seen that the mixing between all neutrino species is small For values ofA rad ~ 1012 

the obtained neutrino masses are much too small to be detected directly in present experiments hke neutrmoless 
double beta decay, muon number  violating processes etc At present, the only place to detect such small neutrino 
masses are neutrino oscillation experiments or astrophysics We can approximate the oscillation probabilities 
relevant to this latter case with a high accuracy in terms of the 2 × 2 familiar case, as follows 

P ( v e  ~ v u) ~ 3 1 × 1 0 - 2 s m 2 l ~ z ' - /  
\ 1121'  

P ( u r - - ~  U u ) ~ 4 0 ×  10-3 sm2(~z/--~3) , 

P ( u e - - * u r )  ~ , 4 0 x  lO-Ssln 2 ~ , 

where L is the source-detector distance and 

(45a) 

(45b) 

(45c) 

4~zE. 
lu - irn2 _ m21 (46) 

Notice that the oscillation length /23 does not appear in the above formulae Since however, m~ e << m~ and 
rn~u << m~., one can in principle constrain both m..  and m~ from such data It is clear from the relations (45a) -  
(45c) that our results are not compatible with large mixing angle experimental limits Neutrino osclllaUons m 
the medium [23] via the MSW effect [24] provide a solution to the solar neutrino problem The GALLEX solar 
neutrino data [25], 

5 0 × 10 -3 ~< sin 2 20  u ~< 1 6 x 10 -2 ,  

0 3 2 ×  10 -5 ~< gm2j ~< 1 2 x  10-5(eV)  2, 

(47) 

(48) 

can be accomodated in our model Our result (45a) is a bit outside the above range but the mass constraint can 
be easily satisfied by choosing A tad m the range 

0 7 × 1012 ~< A rad ~< 7 × 1012 

Our neutrino masses can also easily be made to fall into the range of the Frdjus atmospheric neutrinos [26] 

10 -3 ~< gm~j ~< lO-2(eV)  2, (49) 

but our mixing is much too small Our results are also consistent with the data on u u ~ u~ oscillations [26], 
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sin 2 20u~ ~< 4 0 × 10 -3 2 , dm~,uv, >i 50(eV)  2 (50) 

Our results however cannot be made to fall on the sin 2 20 versus c~m 2 of  the BNL u u ~ Ue oscillation results [27] 

Moreover, it is always possible to obtain rn~, ~ (few N 20)eV,  hence one can obtain simultaneously the 

cosmological HOT-dark matter component,  in agreement wah the interpretation of  the COBE data [28 ] Indeed 

an upper hmlt  on the u, mass can be obtained from the formula 

7 5 ×  10 -2 ~ ~ . h  z ~< 0 3  (51) 

Translating this into a constraint on my,, arising from the relation mv. ~ f~.h 2 91 5 eV where h = 0 5 ~ 1 0 is 

the Hubble parameter, one gets the range 

6 8 ~< m., ~< 27eV,  (52) 

which can be easily achieved wxth the above range of  A rad 

In conclusion, we have proposed a structure of  the fermlon mass matraces in the flipped SU(5)  model By 

allowing the Yukawa couphngs to evolve from the G U T  scale down to row,  using only 8 input parameters at the 

G U T  scale, we can fix all the 13 measurable parameters (masses and mlxmgs angles) at m w  Furthermore, with 

the above information our model allows us to make definite predictions for the neutrino masses and the leptonlc 

"Kobayashl-Maskawa" matrix In particular, we have found that the generahzed see-saw mechamsm which 

occurs naturally m this model can provide a solution to the solar neutrino problem vm the MSW mechamsm 

Moreover, a sufficiently large u~ mass ~s always possxble m this model m order to contribute as a hot dark matter 

component,  as Indicated by the recent COBE data 

N o t e  a d d e d  After the completion of  this work we received a copy of  ref [29], where it is shown that the 

generalized see-saw mechanism m this model can also account for the baryon asymmetry of  the Umverse  Indeed, 

in our model we also have at least one smglet neutrmo state with mass of  order 10 II GeV 

We would like to acknowledge partial support by the EC-grant SCI-0221-C(TT) 
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