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Bimaximal neutrino mixing in SO (10) gyt
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We find a grand unified S@0) model which accommodates the bimaximal neutrino mixing for vacuum-
oscillation solutions to the atmospheric and solar neutrino problems. This model maintains the origir@l SO
mass relation between neutrino and up-type quark mae§2e/3nvg~(mclmt)2. [S0556-282(198)07023-4

PACS numbeps): 14.60.Pq, 12.10.Dm, 12.60.Jv

The recent data on the atmospheric neutrino from the Su- Let us first discuss the minimal SO(1Q); model which
perKamiokandegSuperK Collaboration[1] have presented contains three families of quarks and leptopg16) (i
convincing evidence for neutrino oscillation with a mass-=1... 3) belonging tol6 of the SO(10},r and one Higgs
squared differencém,=5x10"2 eV2. It is now under- field H(10). We will consider Higgs multiplets responsible
stood that the long-standing puzzle of the atmospheric muofor the breaking of SO(1Q),r down to the standard-model
neutrino (v,,) deficit in underground detectof&] is indeed  gauge group later. This minimal model is known to yield a
due to neutrino oscillations. As for the solar neutrino prob-mass degeneracy of up-type and down-type quarks and van-
lem, there are still two allowed solutions: one is matter en4shing Cabibbo-Kobayashi-Maskaw&KM) mixing [15].
hanced neutrino OSC'”"’?“%’E'-E-’ the Mikheyev-Smirmnov- The simplest extension of the minimal model avoiding
Wolfenstein(MSW) solution [3]] and the other is the long- s nwanted mass degenercy is to introduce another Higgs
distance vacuum neutrino oscillation called the “just-so” 444 H’(10). This two-Higgs field10 model, in fact, gives

oscillation[5,6]. . X -
It is known[7] that the small angle MSW solution and the fesssasstrmgent relations among quark and lepton mass matri

maximal mixing between the atmospheri¢, and v, are
quite naturally explained in a large class of seesaw models

[8]. However, the electron energy spectrum recently reported M,5=M M, =M,y (1)

by the SuperK Collaboratiof9] seems to favor the “just- g v ’

so” vacuum oscillation with émZ,=10"1° eV? and the

maximal mixing. If this vacuum oscillation of the solar neu- where M, is 3X 3 Dirac mass matrix for neutrinos. It is
trino is confirmed in future solar-neutrino experimentswell known [16] that we need a large hierarchy in the Ma-
[9,10], we will be led to a quite surprising situation that two jorana mass matrix for right-handed neutrinds; (i
independent mixing angles in the lepton sector are very large- 1, 3) toobtain large neutrino mixing. However, if one

in contrast with the quark sector in which all observed mix-assumes that the large hierarchy in the Majorana mass matrix
ing angles among different families are small. This mayfor N; one loses the original SO(1§)r relation, m, /m,
point to a rule that governs the lepton mass matrices is S|g-(mc/mt)2’ discussed in the Introduction.

nificantly different from the one for the quark sector, which We, therefore, consider a different extension of the mini-

seems to be a contradiction to the idea of complete unifica- : . :
tion of quarks and leptorfs. mal SO(10},r model in this paper. Instead of adding an

On the other hand. as noted recently by Bargieal. [12] extra Higgs fieldH’(lQ), we introduce one extra matter
the required neutrino mass ratin,_/m,_=10"* (provided multiplet ¢(10) belonging to10 of the SO(10}yr [17].
] . V2 3 2 Thus, the matter multiplets in our model are three families of
m, <m, < mvs) is approximately equal ton./m;)< as pre- :(16) and oney(10).*
dicted by a seesaw model in the @0) grand unified theory We now assume that the SO(%Q) is broken down to

(GUT) [13]. _ _ _ SU(5) by condensation of Higgs fields(16))=(x(16*))
The purpose of this paper is to construct a simple—\, with v being ~10'® GeV.> This GUT breaking also

SO(10)%yr model which naturally accomodates the bimaxi-ingyces a mass term for the matter multiplets through the
mal neutrino mixing for the atmospheric and the solar NeUtoliowing superpotential:

trino vacuum oscillations, keeping the interesting SOELQ)
mass relf'zltiorrn,,zlmV3~(mC/mt)z.3 We assume supersym-

metry throughout this paper. “We introduce one extra matter multiplg{10) in this paper. We

may, however, introduce three families%f(10) (i=1,...,3). In
this case, the Froggatt-Nielsen mechanigl8] may be used to
The MSW solution has two distinct regions: the small and theaccount for observed quark and lepton mass matrices, assuming
large angle onef4]. different charges fory;(16) and ;(10) in each families.
The so-called democratic mass matrices for quarks and leptons®We need other Higgs multiplets such 45 to complete the
can generate large mixing in the neutrino se¢fd]. breaking of the SO(1Q),r down to the standard-model gauge
3Recent analyses on phenomenological consequences of the lgroup. We do not consider them in this paper, since they are irrel-
maximal neutrino mixing are given in Refl2,14. evant to our present analysis.
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3 TABLE I. U(1)g charges.
W= fi4(16)$(10)(x(16)). ) = =
=1 H(10 H(16) H(16*) x(16) y(16*) #i(16) (10
Namely, a linear combinatioE’;'EElefiSi* in 4(16)re- R O 0 2 0 0 1 1

ceives a GUT scale mass together wif in (10). We
choosef,=f3=0, here. The reason for this will be clearly

understood later on. B}, =065}, 19+ SiN 05} 15, ®
After the spontaneous breakdown of SO(d@)to SU5),
massless matter multiplets are given by k<;(16k)>
tanf=— — (9)

10;+ 53 + N3=15(16),
remains as a massless Higgs fidi{5*) in the standard
10,+55 +Ny= 14,(16), SU(5)gut and contributes to the quark and lepton mass ma-

trix. Then, 5y can couple &5}, as

10,+N;C ¢4(16), 5

5% C y(10). 3) Wer=sin6, gi105;5f,, (10)

It should be clear thatQ (i=1,...,3) in Eq(3) are notl0  \yhere the coupling constants are defined as
of the SO(10},r, but 10 of the SU5).

We take a basis where the original Yukawa coupling ma- 3
trix of the Higgs field H(10) to the matter;(16) is W:E 0i i (16) ¥y (10)H(16). (17
diagonal® =1
W= h, ¢ (16) ;(16)H(10). (4) Now, the Yukawa coupling o%ﬁ is given by
This leads to a diagonal mass matrx for the up-type quarks Wegr=c0s6(10;, 10, 103)
such as "
0 gjtand O 55
m, 0 O x| h, gotand O 5,15, (12
My=( O mg O], (5) 0 ogstand hz/ \ 53
0O 0 m

which yields the down-type quark and the charged lepton

whereM,, is defined as mass matrix
0 x 0
(My)ii = hi(5p)- (6) cosé
Mgr=m| Me/mg Yy 0 [ x—. (13
Here,5, is a SU5)-5 component oH (10). 0 ;1 tang
The down-type quark mass matrix is, however, incom-
plete, since the S(B)-5* of (10) (i.e., 5:,‘,), does not have Here. tand=(5.)/(E*} and
any Yukawa coupling td4(10). To solve_this problem we  RIB=(5u)/(5)
introduce a pair of Higgs fieldd(16) andH(16*) and con- 01 N s
sider a superpotential X= h—tan 0, y=h—tan 0, z= h—tan 0. (14
3 3 3

W=KH(10)H(16*)x(16*)+MH(16)H(16*). (7)  We see that a choice of~m,/m;, y~m./m,, andz~1
) produces a nice fit of the observed quark and lepton mass
U(1) R symmetry may be useful to have this form of super-yatios and the CKM matri%. Thus, we takex=m,/m,, y
potential. The U(1y charges are given in Table I. The GUT _ /m7m andz=1. The tarn8 may be very large unless
condensatio{x(16*))#0 induces a mass mixing between cosgis very smal[tans=\2(m,/m,) cosd]. It is now clear
5*’s of H(10) andH(16) (i.e., 551 and5y;). Then, a that in contrast with the CKM mixing we have a large mix-
linear combination

"To explain quark and lepton masses more precisely one must
SPrecisely speaking, we assuriye=f;=0 in Eq.(2) in this basis.  introduce SU5) breaking effects, otherwise we have wrong
We discard small deviations from our assumption in the presen8U(5)gyr relations,m,=mg; andm,=my. A detailed analysis in-
analysis. cluding these effects will be given in RefL9].
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ing closed to the maximal betwe&j and5j, which corre- (x(16%))?

sponds to a mixing between charged leptons of the third and (MN)ij =y Uip)- (19

second families. G
Let us turn to the Dirac mass term for neutrinos which is

given by the superpotentigh). This mass matrix is also

incomplete, sincé’l; never couples td\;’s in ;(16). How-

ever, the following nonrenormalizable interaction gives a de-

Simply assuming x(16*))=V~10'® GeV andj;;~ &; we

. o 1 00
sired coupling:
My~ (10" Gew)x| 0 1 0]. (20)
3 — 0 0 1
W= ki:(16)(10)H(10 x(16) (15)
] 1#1(16)$(10)H(10) Mg From the see-saw mechanism the light neutrino masses are
given by
whereMg is the gravitational scalsl ;=2 10'® GeV. To-
gether with the original coupling in E¢4), the nonrenormal- (my)2 0 0 0
izable interactior(15) yields M,~—~—| 0 (m./m)? 0|, (22)
My
0 0 1
0 6, 0 . . . .
with the Maki-Nakagawa-Sakat@MNS) neutrino mixing
M,p=m| m/m; 6, O, (16)  matrix [20] defined in the basis where the charged lepton
0 8 1 mass matrix is diagonal:
Here,M ,p is defined as N2 —1W2 e
Uwms~| 12 12 —1n2], (22)
o 12 12 142
2
Weﬁ:(leNZ:NS)MVD 5;1 ’ (17)
5 e=0(yms/my). (23

. _ This neutrino mass matrix given by Eqg1), (22) is nothing
— ~ 2
and = (ki /h3) ((x(16))/M¢). Notice thatd;~0(10") as but the one used for explaining the atmospheric neutrino

long .aSk‘/h3~O(.1)' . oscillatio and the “just-so” oscillation of the solar neu-
It is extremely interesting that whef,~m./m; we have trino [12,14

a _Ia_rge mixing betwees; and5; yvhich produces a Iarge_ In this paper we have found a simple SO(4¢) model
mixing between left-handed neutrinos of the second and firsfpich naturally generates the bimaximal neutrino mixing

families. This observation is grucjal for our purpose, Sincesuggested from the atmospherig deficit and the “just-so”
this tells us that when we maintain the SO(d@) refation,  ,ggijjation solution to the solar neutrino problem. This model

2 (i - i e - .
m_Vz/me(mC./'.nt) (e, 52_mc/mt)f we necessarily 0b-  aintains the original SO(1@),; mass relationm,, /m,,
tain a large mixing closed to the maximal betwegrandv,, ~(m./m,)? which is required for the “just-so” scenario

(provided that the Majorana mass matrix ff does not  [12] However, one may think that the present model is al-
have hierarchy We take, for simplicity,6;=6;=0 andd,  ready too complicated, and in this sense the “just-so” oscil-

— 8 i .

=mc/m. ) ) lation seems very unlikely as stressed by Ramond and one of
The Majorana masses for the right-handed neutNpare  he authorgT.Y.) [7].

given by the following nonrenormalizable superpotential: Nevertheless, if it turns out to be the case, we will be

forced to consider drastic changes of the underlying physics
1 governing the Yukawa couplings for quarks and leptons. We
i S oy, think that our modified SO(1@),t model presented in this
W=l Mg ¥i(16)¢;(16) x(16°) x(16"). (18 paper will be a rather mild change among them.
Note added in proofin the text we have restricted our

After the SO(10},7 breaking we obtain the Majorana mass discussion to a specific case tbf=f;=0 in Eq. (2). For a

matrix general casef(,f,,f3#0) we have the following mass ma-
trix for down-type quarks and charged leptons in the limit
m,=0:

81f 8,=1/5, the small angle MSW solution can be accommodated___
instead of the “just-so” solution. In this case some (30@-singlet
fields are required at the GUT scale. From Eq.(21), we obtainmy3z \/6ma2tm20(0.1) ev.
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0 X 0
Mgy=m;| (Cosa)me/m; y (sinay sin a)me/m;
0 z CoS @y
COS¢
tang’ (24)
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which may yield a better fit to the observations.
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