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Large angle MSW solution in grand unified theories with SU3) X U(1) horizontal symmetry
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We construct a model with an SU(8)J(1) horizontal symmetry in the context of grand unified theories.
In our models, the bimaximal lepton mixing and suitable neutrino masses for the large angle MSW solution are
obtained without any fine tuning due to the spontaneously broken SU{@hmetry. The three generations of
quarks and leptons are unified as members of the SUii8)damental representation, and the Y(tharge
gives the origin of the fermion mass hierarchy and mixing angles. We present two explicit example$pf SU
cut and S@10)g,t models, in which the Yukawa structures are given successfully.
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I. INTRODUCTION succeed. For example, the CKM matrix elem#fyt is not
the same order ofymg/my but is instead of order

Flavor physics is a recent topic in particle physics. The
Cabibbo-Kobayashi-Maskaw@&KM) [1] parameters will be

measured precisely iB-factory experiment$2]. The recent lays an important role in understanding the 2-3 structure.
SuperKamiokande data suggest that the mixinglangles of thehe structure of the second and third generations are re-
lepton sector are large in contrast with those in the quarkeaieq to be nontrivial. The nonparallel family structure has
sector[3]. For atmospheric neutrinos;,— v oscillations  peen suggestdd 3], and this structure is also called lopsided

are favored and the best fit values are?8if=1.0 and  family structure[14] and can be organized by an Abelian
Am?=3.2x10"3 eV? [4]. For the solar neutrino problem, symmetry[9].

the only solution which is not disfavored at 95% confidence The lopsided family structure may give us a neutrino
level is the large angle Mikheev-Smirnov-Wolfenstein mass matrix which leads to large angle MSW solution for
(MSW) solution[5], i.e., sif26~1 andAm?~10"5-10"*%  solar neutrino problem. However, the lopsided family struc-
eV? [6]. If we assume three flavor neutrino mixings, the solarture does not always predict the large mixing angle unless
neutrino deficit is explained by.— v, oscillations and the the masssquarediratio is assumed to take a particular value.
CHOOZ experiment gives a severe constraint on the mixing here is no reason to obtain large angle MSW solution in the
angle between the electron neutrino and the heaviest nelppsided structure. _ _ .

trino, sirf 265=<0.1[7]. These two nearly maximal mixings _ e will give a simple lopsided family structure by impos-
and a small mixing suggest that the lepton mixing matrix isi"d & SU3)yXU(1)y horizontal symmetry. In our model,
the so-called bimaximal type, which is a completely differenttN€ fermion mass hierarchy is produced by the Yi($ym-
structure than that of the CKM matrix. Understanding theMetry- Contrary to the standard approach, we do not suppose

patterns of the mixing and fermion masses is one of the modfat thé vacuum expectation valueEV's) of fundamental
challenging puzzles for particle physicists. (anUf_undam_entz)I representation of SU(3!) symmetry are

One approach to answer this puzzle is to consider a horiljonh|er_arch|cal, and this feature provides large mixing
zontal flavor symmetry{8—10. The horizontal symmetry 2ndles in lepton sector.

: : In this paper, we assume a supersymmetric grand unified
provides the Yukawa coupling structure and enables us t : .
predict the structure definitely. S[11eory(SUSY GUT) [15] realized at the high energy scale

The two generation model successfully explains the mag(M,GN1016 GeV). The SUSY GUT is an attractive theory
nitude of the Cabibbo angld.1], namely wh|qh explams.many prpblems in the standard modeI: In
particular, the tiny neutrino masses are elegantly explained
) my by the seesaw mechanig6] which requires heavy right-
sinfc~\/ 1 (1) handed neutrinos with mass#t,~ 10" GeV. This is just
S below the GUT scale. It is natural that the origin of the scale
We reproduce this relation by using a flavor symmetry.My is GUT physics, so that it is important that we under-
However, the simple extension to three generations does netand the flavor structures in the context of GUT's.
This paper is organized as follows. In Sec. I, we give the
Yukawa structures which are realized in the model and show

ms/my [12].
The observation of the large mixing between— v,

*Email address: ryuichiro.kitano@kek.jp that they reproduce the correct mass ratios and mixing angles

"Present address: Department of Physics, Oklahoma Stafr the quarks and leptons. In Sec. lIl, we give an example of
University, Stillwater, OK 74078. Email address: the SU5) GUT model and explain how we can obtain the
mimura@okstate.edu Yukawa matrices. In Sec. IV, we construct the($@ GUT
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model in which the large angle MSW-type mass structure isv, . The ® is SU(3), singlet field, and has nonvanishing
given. Section V is devoted to our conclusions. U(1) 4 charge. The VEV ofb is AMp, and provides a hier-
archy in the Yukawa coupling as follows.
Il. STRUCTURE OF THE MODEL With the appropriate U(1) charge assignment @ffields

We will construct the model to explain the CKM matrix, as shown later in Secs. lll and 1V, the Yukawa coupling of
fermion masses, and lepton mixings suitable for the largeip-type quark is given by
angle MSW solution by means of a horizontal symmetry.

The observed CKM matrix, the quark mass ratios, and NS NB [ (&)T

lepton mass ratios at GUT scdl&7] are approximately ex- _ A5 A4 a2 T / 2
pressed by powers of the Cabibbo angle0.22 as follows: Yo (&) (&2 (&) N3 a2 1 E?;T M-
1

1 A3 )
_ 2
Vekm~ A 1 A , The VEV's of ¢'s are given without loss of generality by
S S |
0 0 d

myime:m~A"AtL, mgimemp~AtATL, (2 (g)=M, 0 (&)=M, b (&)=M,| ©

a C
e 5.y 2.
Mg:m, :m_~N>A 1.

®)

3) where thea—f are parameters of the order unity. In this
basis,Y, is given by

For the neutrinos, the mass ratio is given by
m,,:m, ~\'" %1

We obtain Eq.(3) from the Am? ratio of the atmospheric

H . . . )\6 )\5 )\3
neutrino and large angle MSW solution, which is
ISP
Am2 Yy~ , 9)
2 _1072-)%, ) SRS
Ami,
The Maki-Nakagawa-SakatMNS) matrix [18] is nearly bi- where we omit the parameters of order unity. This Yukawa
maximal, matrix gives the mass ratio for the up-type quarks as
12 —1\2 e My Mg m~A8&A%1, (10)
Vs~ | 12 12 -1N2 , (5)  which is consistent with Eq2) except for the up quark but
1/2 1/2 1/\/5 it is maybe within the uncertainty of parameters. The predic-

tion for the magnitude of the top quark Yukawa coupling is
also consistent with the experimental vaie-1.

The Yukawa matrix for the down-type quarks and
charged leptons are given by

where the element is a small parameter constrained by the
CHOOZ experiment.

We construct a supersymmetric @YGUT model with a
SU(3)yXU(1)y horizontal symmetry whose spontaneous NS OAE NA\ ()T
breaking induces the generation mixing and the mass differ- 3
ences in Eqs(2), (3), and (5). The quarks and leptons are Yq=YI~({(&3) (&) (&N A3 N3] (&) /M2

*

unified as SU(3) triplets, which explains why there are A2 N\ (€)'
three generations. !
In our model, the Yukawa couplings may be expressed in DD S
the following form: 4 \3 \3
; ~ )\2 ANTONT . (11
@ Xi+Xj 1 )\ )\ A
> (5@") EE— . ©) _ .
hi=1 PI M% This Yukawa structure gives the down-type quark and

The threé ¢'s are SU(3), antifundamental representations charged lepton mass ratios as follows:
whose VEV’s break the horizontal symmetry at the scale md1msimb=meimﬂim7~>\4i7\211- (12)
This is consistent with Eq(2). The difference between the

Yn our models, we prepare three pairs §$, though minimal  charged lepton masses and down-type quark masses may be
pairs to break SU(3) is two. Of course, in absence @f, the  explained by the introduction of a new Higgs field such as
exterior producté; X &, plays a role ofé, effectively. However, the SU5) 45 representation in the usual way9].
such a minimal choice has a difficulty in constructing realistic mod-  Inputting the bottom quark mass, this model predicts the
els. VEV ratio of the two Higgs doublets as
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(H) 1 A3

tan[;’E: ~17. (13) 2
(H) Ve~ | —A 1 A (14

S0 S G|

_ _ _ The interesting point is that we can obtain the bimaximal
We obtain the correct CKM matrix which comes from mixing of leptons without any fine tuning in the following
Yukawa matriceg9) and(11) as mass matrix. The neutrino mass matrix is proportional to

A ¢ <§3>T AN N
(&) (&) (&M N 1 M| (7]~ A (15
)\3 )\2 )\4 <§'-1>T A 1 1

We can see in Eq15) that the SU(3), breaking VEV’s give  that the mixing angle is comparable to the CHOOZ bound,
the large mixing for the second and third generations. Moreand will be observed in future long baseline experiments.
over, the first and second generation mixing is also large. This natural derivation of the bimaximal mixing is due to
The easiest way to understand the large first and second getire SU(3); symmetry. The conventional way to obtain the

eration mixing is by changing the basis in E§) to bimaximal mixing by an Abelian symmetry requires an ac-
cidental cancellation in the determinant. Consider the case
0 0 1 that the neutrino mass matrix is given by
1 1
@~m |t @m0 @ A A2 N2
! ! A2 11
(20)

This change of basis corresponds to removing the large mix-

ing of second and third generations from the mass matrighis type of mass matrix can be given by the Abelian flavor
(15). In this basis, the neutrino mass mat(®) is replaced symmetry models in which the second and the third genera-
by tions have the same charges. If there is an accidental cancel-
lation in the determinant of the 2-3 submatrix so that the
eigenvalues of this submatrix are of order and unity, the

A2 A2 matrix in which the 2-3 submatrix is diagonalized by the

AN

(17) A
Nox 1 large mixing is given by
AN N2
It turns out that this matrix gives the large first and second A2 A2 0
generation mixing. ) ) (21)
On the other hand, in this basis, the charged lepton A0

Yukawa matrix is obtained from Eq§ll) and(16) as
This gives the large first and second generation mixing if

5 2 2 . . . . .
AN there is no cancellation in the,2) component while diago-
v~ AN 18) nalizing the 2-3 submatrix, and the correct mass ratio for the
€ Y ' MSW solution is reproduced. However, without the acciden-

tal cancellation, the mixing angle between the first and sec-
ond generation is naturally of orda? and the mass ratios
which gives the large mixing between the second and thirdire unacceptable, scaling®&1:1. As wehave seen above,
generations. Therefore the lepton mixing matrix is bimaxi-this cancellation can be controlled by the non-Abelian hori-
mal. The mass ratios of neutrinos are also suitable for theontal symmetry.
large angle MSW solution and are as follows:
MM, mg~N*A2%1. (19 'l MODEL
In this section, we present a SUSY @&YGUT model, in
The model predicts that the mixing between the first and thevhich the Yukawa structure in the previous section is repro-
third generations is of order and thus small. It is interesting duced.
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TABLE I. The particle contents of the S8) model. D \2 3 o
Winatte= | €1+ Mo &t M_) &30 10T
SU(5)cur SU(3) U(D)n U(1)rq Pl Pl
—\2
10 10 3 —-1/4 1 ) —
g g 3 3/4 1 +[ M_PI §l+§2+ M )53]5F
H 5 1 -1 0 — )
H 5 1 1 0 [ ) ( ) () ) ] _
- H) | =&+ | &+ | — 5G,
& 1 3 —1/4 ~1 M 7 (M 827 W) &2
& 1 3 -9/4 -1 (24
&3 1 3 —13/4 -1 . . L
— 1 3 14 1 where “-” is the inner product of the SU(3) indices. We
& 1 3 o/4 1 consider the case in which the fieldsand® acquire VEV's
& as follows:
& 1 3 13/4 1
T 10 L ~172 0 (@)=(®)~AMp. (25
T 10 1 112 0
= 5 1 3/2 0 In this case, the U(1) symmetry breaks down at the scale of
= 5 1 —3/2 0 AMp, and the factod/Mp, in the superpotential can be re-
G 5 1 12 0 placed by thex ~0.22 which originates the fermion masses
— — 1 1 0 and mixings.
E i . 5 0 The Higgs partW,,ggs contains the Yukawa interaction
@ 1 1 1 0 terms of the FN fields and Higgs fieltsandH and may be
e 1 1 1 0 written as
o\ D |
Whiggs= THT+ v THF+THG+FHN+ v GHN.
The particle content of this model is listed in Table I. The & P (26)

U(1), charge assignment is an example of realistic models.

The U(1); symmetry is anomaly free with respect to the  The last termW,,,sin Eq. (23) is the mass term for the
SU(5)cuT: therefore the Nambu-Goldstone boson associate@N fields and Higgs fields:

with U(1)y break down is purely massless and harmless

[20]. @5

The fields 10 and Bre the usual matter fields as follows: Wiass M, TT+ M, FF+M, GG+ M_4|N N
P

3
10:(q,u%e%), 5:(d%l). (22) +M, 2,1 E&+MgyrHH, (27)

_ where M, is the FN scale which can be naturally of the
The fieldsH andH are the Higgs fields. The SU(2Jloublet  order of Mgyt and it can arise from the VEV of a singlet
parts of these fields remain as the usual Higgs doublets at thield, but we do not specify the scale and its origin. The
electroweak scale and their VEV's give the masses of theviajorana mass for the FN field is given by\°M p~ 10
quarks and leptons. The vectorlike fieldlsF, G, andN are  GeV. It is suitable to give the neutrino masses by the seesaw
the Froggatt-Nielser(FN) fields which generate the usual mechanism. The Majorana mass can be given in another
Yukawa interaction terms for quarks and leptons by beingvay. If M, is obtained by the singlet VEV and the Planck
integrated ou{8]. The SU5) and SU(3), singlet fields®  suppressed mass term in ER7) is forbidden by some sym-
and® are the origin of the mass hierarchy and mixing anglemetry like Z3, the Majorana mass term can be given by
of the quarks and leptons through the nonrenormalizable ink®/Mp)*M, NN and the magnitude can be controlled by

teractions. M, and X, which is determined by the U(g)charge ofN.
The superpotential which creates the Yukawa couplingSherefore, hereafter, we replace the Majorana mass term
for the matter fields is constructed as follows: with MyNN, whereM y~ 10 GeV.

We can see that U(}) symmetry exists in this superpo-
tential, and the charge assignments are listed in Table I. The
W=Wattert Whiiggst Winass (23)  nonzero value of the Peccei-Quinn charge of & indi-
cates that the SU(3)breaking simultaneously induces the
U(1)pq breaking, which solves the strong CP problem and
The matter pariV,qe; cOntains SU(3) nonsinglet fields. It creates the axion dark matter if the breaking sadlg is
is given by around 16?2 GeV[21-23. In this senseM, ~M g, may be
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unacceptable due to the creation of too many axions. A way &1+ N6 + X% &1+ X% + X%
out is to dilute out them by the inflation of the universe
which is also needed by the GUT monopole diluti@4].

Now we show that the fermion masses and mixings are
reproduced by the spontaneous breaking of the horizontal T T
symmetry.

First, let us consider the up-type quarks. The up-type
Yukawa couplings are given by the Feynman diagram in Fig.

1. We can extract the Yukawa matrix from this diagram as FIG. 1. The Feynman diagram for the up-type Yukawa interac-
follows: tions.

10

H

For the down-type quarks and charged leptons, there are
two Feynman diagrams because we introduce two kinds of
SU(5)cut 5 representation FN fields and G, and again

1
YUNW()\3<§3> FNZ( &)+ (EYTIN3(E) FNHE) HENT

*

A3 more than three pairs of these fields are necessary. The in-
1 A2 troduction of two kinds of5 fields is the essential point of
”W(<§3> (€2) (&) 1 this model. The fieldG gives the down-type quarks and
*

charged leptons mass matrices &ngives the neutrino mass
matrix suitably without disturbing each other. The two dia-

(&)7 grams are shown in Fig. 2. From the upper diagram, which is
3 2 (&) G contribution, the Yukawa structure is given as
NX(ND)y(N° NS Dy s ) (28)
(&7 A3 A3 23

1 2 32 2
whereyy is the Yukawa coupling constant GiHT in Eq.  Ya=(Yo)'~—5 (&) (&) (&) MO
(26). As we can see in Eq28), the rank of theY,, matrix is M 1 1 1
one, which means that only one of the quarks can acquire the

nonvanishing mass while the others remain massless. This 1 1
situation usually occurs in the FN mechanism. In order to

avoid this, more than three pairs of FN fielsand T are

|_\
=R

A2 AN\ (&)
M A2 N <§2>T)

o - 1 1 1/ A2 x n)\ (&)
necessary. Then, the coupligg is a matrix and all the com- 1
ponents are naturally of order unity in the basis that the mass s 4 4 ;
termM, TT is diagonal. In the case that there are three pairs AT AT A (&3)
of TandT, the Yukawa couplings are given by _ %((53) (&) (&) AN S (&)7
NSNS A\ /1 1 1 M. NN (E)T
1 2 2 2
YUNW(<§3> (&2) (&) M A% A 111 (30)
* 1 1 1 1 11
N2 a2 1 (£)T The F contribution(the lower diagramis
x| NN 1] (&)T XIECIEE
3 2 T 1 2 2 2
SR VAREN: YE=(YHT~ (&) (&) (e[ M A
A6 A5 23 <§3>T M3 1 1 1
1 5 4 2 T
~ (g (&) (En| NN M &) AN N /A 1A% /(&)
M. NP1 ()T
SN [ 1 a2 ()T
(29 NN N1 A? ()T

The second and the fourth matrix in the first expression in

. . . — NSO ONE [ (E)T
Eq. (29) is the coupling matrix between 10 afidfields and 1 4 3 s N
the center matrix is thg; matrix. ThisY, matrix has the ~ (&) (&) (el M M A (&2)
same structure as E0). M2 Y AT A

(31
2We can obtain the same result for the case where there are more
than three pairs of FN fields. Then, the Yukawa couplings are given as follows:

016008-5



RYUICHIRO KITANO AND YUKIHIRO MIMURA

&1+ 226 + X6 A1+ A6 + A%
10 — - 5
T T | @ G
¥ig
&1+ A% + A% A+ 6+ AG
A _
10 — ~ 5
T T | F F
i

FIG. 2. The Feynman diagrams for the down-type and charged

lepton Yukawa interactions.

1
m:@~ﬁ+ﬁ~ﬁﬂ@9<é><w)

)\5 )\4 )\4 <§3>T
o AN N (T (32
N N ()T

This reproduces the Yukawa structure in Etfl).

Now, let us inspect the neutrino mass matrix whose en-
tries originate from the Feynman diagrams shown in Fig. 3.

The first diagram gives the main contribution:

NN A8
2
e > (&) (&) (ap| X 1N
DD T
(&3)7
X <§2>T (33
(&)7)
The others are given as follows:
A A% a8
2
mEo- e (&) (an| N NN
A A% A2
(&7
X <§2>T (34)
(&))"
CF—(mi®)T, (35

PHYSICAL REVIEW D 63 016008

ME +E+ M N+ &+ A

— MN
5 - — 5
F F N N F F
H H
NE+ 6+ A6 AGL+ Ao + N2
My
5 - — 5
F F N N |G G
H H
My + A6 + A% NGO+ &+ M
My
5 = - 5
G G N N | F F
H H
A&+ A + 0% M1+ A + N2,
My
5 . A A - 3
G G| N N |G G
H H

FIG. 3. The Feynman diagrams for the neutrino masses.

A8 NS N®
2
GG~ A >(<§3> (&) (&) SRS
DD S
(&)7
X <§2>T (36)
(T

The contributions from Eq¥$34—-36 are small compared to

F and can be safely ignored. The mass matnix~m" "
gives the bimaximal neutrino mixing as shown in the previ-
ous section.

One may think that th& contribution is not necessary if
the F contribution gives the neutrino mass matrix suitably.
However, the large mixing between the second and third
generations does not occur in absence of @hkelds. This
issue is easily seen in the basis of @§). In this basis, the
charged lepton mass matrix can be read off from B6) as
follows:

A A% A2
YéF"‘" )\5 )\2 )\2 ) (37)
AMOON A
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TABLE II. The particle contents of the S@0) model. o 1) __
W=MyHeH1s+ M_)Hlo BX- (38)
SO(10kur SU3m U(Dw U(Deq Pl
16 16 3 0 1 The breaking of SO(1Q),r and U(1), leads to the term
Hio 10 1 —-11/2 0 M x)YHHTg. If My is comparable to(x)~A?Mp~ 10
Hie 16 1 —13/4 0 GeV, the SW5) 5 component ofH,, and that ofH,¢ are
Hs 16 1 13/4 0 strongly mixed, and the down-type quark and charged lepton
& 1 3 11/4 -1 masses are given by bohh,; andHqg. This assumption of
& 1 3 3/4 1 the Higgs mass scale is suitable for suppressing proton decay
£ 1 3 —1/a 1 [2_7], although th?s_ mass scale i_s sli_ghtly larger than the or-
i dinary grand unified scale, which is about'd@eV. We
& L 3 —11/4 L assume such a mass schig,~ 10 GeV.
& 1 3 —3/4 1 The matter interactions are given as follows:
P 1 3 1/4 1 ; ,
s i . W |+ | £+ ] ] 168
J 10 1 1/2 0 — 2 ®
X 16 1 —5/4 0 X ¢ AAPRS
X 16 1 5/4 0 +MPI Mp §1+§2+(MPI)§3] 16J.
[ 1 1 1 0 (39
> 1 1 -1 0

Below the S@10) breaking scale,xy/Mp;, ®/Mp;, and

®/Mp, can be replaced with ~0.22.
This charged lepton mass matrix and the neutrino mass ma- The Yukawa interaction terms of FN fields are given by
trix in Eq. (17) do not contain the large second and third
generation mixing. Wen=SSHg+ SJIH. (40

The other nonrenormalizable interaction terms are small and
IV. SO(10) EMBEDDING they do not give the leading contribution to fermion masses

In this section, we construct the SO(&g} model in and mixings. The mass terms of FN fields are given by

which the matter fields are unified in E6 representation. — 2
mass (

This matter unification is an attractive feature but this is the

I Y
S+ Mo SIy+M,SS+| —/|M_JJ
Pl

difficulty of the SO(10},r model building simultaneously. Mp Mp
The minimal SO(10y,t model is not realistic because —\8
the Yukawa couplings for the up-type and down-type quarks Y — [P\
coincide. To avoid this, we extend the Higgs sector to intro- + Mp SSx+ Mp SSxx. (42)

duce thel6 representation Higgs fielt ;s whose SU5) 5

component mixes with that of usual Higgs fietd,, i.e., the By the SQ10) breaking, the first two terms give the mass
down-type quark and charged lepton masses are both givearms for SW5) 5 component o§(5§) andJ (5;) and SU5)

by the VEV ofH;5 andH . Ihis situation can be reali_zed gcomponent oS (gs) andJ (gj) as follows:

by the introduction ofy and y fields which arel6 and 16

representations of S@0), respectively, and break the AMp lgSSJ +)\2Mp|5§§J . (42)
SQO(10) symmetry to SUb) by the SU5) singlet components

acquire the VEV. Th_is idea ha§ been considered in R2E. | M, ~Mgyr, the contribution of the next two terms in Eq.
and[26]. We use this mechanism and we can reproduce thg41) is negligible compared to E¢42) and the mass eigen-

appropriate quark masses, quark mixings, charged lepto = , .
masses, neutrino masses and mixings for the large ang%ates for thé and5 FN fields are §, J) and ¢, S) pair. It

MSW solution by imposing the SU(XU(1) horizontal =~ true for sufficiently smalM, (M, =Mgur), but as we
symmetry will show later smallM, leads to small Yukawa couplings

. N . r down-type quarks which needs small (M, =10
in $2E|2alrﬁlcllr? fﬁirsltenq;ggﬁ iﬂi‘rggzliggiagﬁzagf 15)46‘:'; ;'Ste eV). The last two terms of'Ec{.41) give the Majorana mass
) i il terms for SU5) singlet FN fields.

broken spontaneously by the VEV's of the fielgs x, ©, Now we construct the Yukawa structures. The Yukawa
and ® at the order of \Mp,. Below this scale, the couplings for the up-type quarks are given by the Feynman
SU(5)gutX SU(3)y symmetry remains. diagram in Fig. 4. Since this diagram is similar to the(SU

First, we consider the Higgs sector. The relevant superpoease(Fig. 1), the desired Yukawa structure is given as in Eq.
tential for the Higgs fields are given by (29).
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&1+ 22+ 2 &1+ N6 + X3¢ £+ X6+ X3 M€+ A&z + A2

X3 Mpy

16 16

Un
»n

Hyo Hyg

FIG. 4. The Feynman diagram for the up-type Yukawa interac- &+ N6 + A% &1+ A6+ X3¢
tions in the S@10) model.

N2 Mpy

The down-type quark and the charged lepton Yukawa 16
structures are given by the sum of the two contributions in
Fig. 5. The first diagram gives the Yukawa coupling as fol-
lows:

16

T
0

Hlﬁ

M FIG. 5. The Feynman diagrams for the down-t k and
(1) (vANT * . 5. Vi grams for the down-type quark an
Yo =(Ye") 3MPI(<§3> (&2) <§1>) charged lepton Yukawa interactions in the (30 model.

5 4 6 T
ATOAT A (és) The neutrino masses arise from a complicated mecha-
% A OA3 NS (&)T M2, (43) nism. First, the X9 Majorana mass matrix for the $&)
.

N (&7 Einglet components @&(1g), S (1g), and 16 (1) are given
y

Only with this matrix, it is the unwanted type as in the case

of F contribution[Eqg. (31)] in the SU(5),r model because 1 15 156

this type does not give the maximal mixing for atmospheric 1 /A Mp M, 0

neutrinos. However, by adding another contribution we can B 10 -

obtain the maximal mixing. It is given by the second diagram M maj.= Is| M, AMMp Mg |, (47)
in Fig. 5 as follows: 146 0 M 0

M,
M ((¢a) (&2) (&) where the submatriM, is the Dirac mass terms from the
P! first line of Eq.(39):
A A5 a3\ [ (&)
T
% )\5 )\4 )\2 <§2> Mi (44) )\3 )\3 )\3
T
A a2 1)\ (& 2 \2 2
MM, [ A A A (48)
1 1 1

YEIZ): (yéZ))TN

Then, the Yukawa couplings for the down-type quarks and
the charged leptons are given by

M, The (15, 1,6) components of Eq47) are not exactly zero
(&) (&) (&) but are negligible ¢ A'°M2/M5). The Majorana masses for
M the FN fields % and I5 are of the order oM, which is too
NS A4 04 (E)T !arge for the seesaw meghanism. However, the suitable Ma-
jorana masses for thedfields are given by

Yo=YI~Y{P+YP~ N

)\4 )\3 )\3 <§2>T

<\ ) M2 . (45)
A A A <§l> )\6 )\5 )\3
. . 10, M fM;— 10 DD S X
This matrix has the same structure as the SY(5)xase and Mg~N"Mp: ~N"Mp . (49
gives the correct mass ratios and mixings. The difference is * DD S|

the pre-factorM, /(\3Mp). The prediction for taB de-
pends on the FN scald, as follows:

M The Dirac mass terms for the neutrinos are given by the
* ) (46) Feynman diagram in Fig. 6. From this diagram, the structure

tanB~ 16X ! !
Mgyt of the Dirac mass is as follows:

016008-8
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AN A 1 1 1\ /2% N\ 1
M, (H) 3,2
mp~ oM (630 (&) (6| 1 1 1 (1 1 1){A" N 1 M,. (50
P! A A2 22/ \1 1 1/ \a% A% 1

Then the neutrino masses originating from the seesaw mechanism turn out to be

o DD WD WA N A A N NS AN F A
_ 1.7 M*<H> 2 T 2
m,=mpMg'mp~— (&) (&) (é)| 1 1 1)1 1 17| x 1 (&2 M
A"Mp PGS NI A N A R VRS W D T R W

AN N3 [ (&)T
(&) (&) @[ x 1 a2|| (&) / M2, 50
)\3 )\2 )\4 <§l>T

RS

)\14M I%I

where the matrix whose components are all unity in the first line represents the following calculation as

AN PR D AN TR R 11 1
DI N I D S S A2 N2 A% 11011 (52)
A A1 AN 1 1 1 1 11 1

The matrixm, in Eqg. (51) also has the same structure as the In this paper, we have constructed realistic models in the
SU(5)gut model[Eqg. (33)] which creates the suitable mass context of grand unified models to explain the hierarchy
ratio and bimaximal mixing for the large angle MSW solu- naturally such that
tion. The prefactor gives the appropriate order of magnitude
for the masses.

The results of the mixing and mass ratio have been con-
firmed by the numerical analysis in which we diagonalize the Am2
whole mass matrix including FN fields.

1072 (53
V. CONCLUSIONS AND DISCUSSIONS

We have considered a horizontal SU¢3¥ U(1)y sym-
metry to construct the appropriate mass matrices for th
quarks and leptons. We concentrated on the large mixin

angle MSW solution for the solar neutrino problem. The Horizontal unificati ides int ting feat .
large mixing angle fow, v, can be explained by the lop- orizontal unification provides interesting features in par-

sided family structure. In such a building block, many mod_t|cIe physics. In supersymmetric models, flavor unification is

els in the context of grand unified model predict that the ratig® Metivation for the suppression of flavor changing neutral
of mass squared differencesm?,,/Am2, is similar to currents(FCNCO) [29,30. However, it is well known that the

(m./m,)*[26,28; otherwise, fine tuning is needed to explain simple models with a gauged horizontal symmetry do not

We emphasize that the unification of the three flavors en-
Gbles us to reproduce a neutrino mass matrix consistent with
the large angle MSW solution.

the hierarchy. suppress the FCNC in the gravity-mediated supersymmetry
breaking scenari@31].
A&+ A + M6, &+ X% + X% It is interesting that the strong CP problem can be solved

in our models. The VEV’s of thé fields break the horizontal
SU(3)y symmetry. Thet’s have a Peccei-Quinn-like charge
_ 16 and the Peccei-Quinn mechanism will work well. The invis-
S S ible axion will be created if the breaking scdl, is of the
order of 132 GeV. The assumption of the horizontal scale
(M, ~10'2 GeV) does not lead to gauge coupling diver-
gence below the GUT scale, which is caused by the existence
FIG. 6. The Feynman diagram for the neutrino Dirac masses irof the vectorlike FN fields at the scaM, . Another attrac-
the SQ10) model. tive scale forM, is the GUT scale. In the SQ@0) unified

X Mpy

J S

Hy

016008-9
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model, the scalé/, is constrained to be #8-10'° GeV. If ~ can occu{32]. The origin of the KM phase might be in the
the scaleM, is at the GUT scale, too many axions will be fundamental representation 6fin our model.

created and our universe will be overclosed. In such a case,

we need the axions to be diluted by the inflation of the uni- ACKNOWLEDGMENTS
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