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PHYSICAL REVIEW D, VOLUME 59, 055001

Unified explanation of quark and lepton masses and mixings
in the supersymmetric SQ10) model

Kin-ya Oda* Eiichi Takasugi’ Minoru Tanakd, and Masaki Yoshimufa
Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan
(Received 6 August 1998; published 14 January 1999

We discussed neutrino masses and mixings in the SUS @@nodel where quarks and leptons have
Yukawa couplings to at least two 10 and di26 Higgs scalars. In this model, the Dirac and the right-handed
Majorana mass terms are expressed by linear combinations of quark and charged lepton mass matrices, which
then determine the neutrino mass matrix by the seesaw mechanism. We show that there are various solutions
to reproduce a large mixing angle fof,-». and a small mixing angle for.-v,,, as well as the hierarchical
mass spectrum of neutrindsS0556-282(99)07101-5

PACS numbgs): 12.10.Dm, 12.15.Ff, 12.60.Jv, 14.60.Pq

[. INTRODUCTION masses and mixings. Babu and Mohapatthand Lee and
Mohapatrd 5] considered the minimgBUSY) SO(10) GUT
The Super-Kamiokande group announced a remarkablgodel, where quarks and leptons have Yukawa couplings to
report [1] of evidence neutrino oscillations and neutrino only one 10 and on&26 Higgs scalars, in order to get pre-
masses based on atmospheric neutrino observations. Thlétions of neutrino masses and mixings. Along this line, the
v,-ve oscillation scenario is excluded by the CHOOZ datatexture-zero analysis based on models of one 10 and two or
[2] and also the Super-Kamiokande dgta andv,-v, os-  threel26 Higgs scalars was made by Babu and Sigdfand
cillation is favored, although the interpretation of the Achiman and Greinef7]. All these models have predicted a
V- Vserile 1S POSsible. Within the three-neutrino scenario, Small mixing angle forv,-».. The particular interest of
they showed that sf26,,>0.8 andAm§3 is in the range these m_odels lies in the fact }hat neutrino mixings and ratios
10-3-1072 eV2 On the other hand, from observation of the Of Neutrino masses are predicted. _
day and night difference of the solar neutrino flux, it seems Recently, Brahmachari and Mohapal8 discussed that
that small mixing forve-v,, is favored for the solar neutrino minimal SUSY SQ@10) models with one 10 and orie26 are
problem[3]. unable to .pred|ct a large mixing angle foy-v,. .Therefor(.a,
In this paper, we consider these facts seriously and seektgey considered SUSY S@0) models where Higgs multip-

scenario to reproduce the pattern of neutrino mixings and thl¢ts are in two 10 and onk26 representations. By consider-

neutrino mass spectrum. In particular, we aim at how thd"d & type-Il seesaw mechanism where the neutrino mass

large mixing betweens, and v, arises, while one keeps the matrix consists of the left-handed Majorana mass term and
M T 1

small mixing between, and v, in the framework of super- thg seesaw term, they found a solutiprj which predicts a large
symmetrio(SUSY) SO(10) grand unified theoryGUT) mod- ~ Mixing angle forv,-», and a small mixing angle fore-v,, .
els. We consider the model where fermions have Yukawa Motivated by the work in Ref[8], we consider SUSY
couplings to at least two 10 and oAG6 Higgs scalars. In SQ(lO) models where quarks and Ie_ptong have Yukawa cou-
this scenario, the Dirac and right-handed Majorana masB!ings to more than two 10 and 06 Higgs scalars. The
terms are expressed by linear combinations of quark anflodel is essentially the same as that by Brahmachari and
charged lepton mass matrices and thus the neutrino masdohapatra except that we do not consider the left-handed
matrix arising from the seesaw mechanism is also detefMajorana mass term. We assume that the low energy theory
mined by quark and charged lepton mass matrices. In th@f these models is the minimal supersymmetric standard
basis where thertype quark mass matrix is diagonal, the Mmodel (MSSM) with two Higgs doublets which_are linear
d-type and also thetype (charged leptonmass matrices are combinations of the doublets in the 10’s and t#65. We
expected to be almost diagonal so that it is a nontrivial probassume thad = a;H(10;) + a,H(10,) + @3H,(126) and
lem to obtain the nonhierarchical neutrino mass matrix forHy= 8;H4(10,) + 8,H4(10,) + B3H4(126). Quark and lep-
the part related to the second and third generations by usingn masses come from the Yukawa couplings,
these hierarchical mass matrices, which is needed to obtain
the large mixing between, andv.,. =h 4 A(126

The model which we c%nsider has been discussed inten- Wy =i antadpli(10)F Tandaisd (126), W

sively to get the unified description of quark and leptonyypere y, is the 16-dimensional fermions with the family

indexa. The matrices;’s andf are 3<3 complex symmet-

] _ _ ric matrices. Quark and lepton mass matrices are given by
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n n The paper is organized as follows: In Sec. Il, we explain
MyDzE vyjhj—3x,f, M|:E vgjh;j—3xqf, the general structure of the Dirac mass matrix and the Ma-
! ! jorana mass matrix, and then we explaine the strategy how to
obtain the large mixing betweemn, andv,. In Sec. Ill, we
M,r=vRgf, 2 present a numerical analysis on whether models can repro-
duce the atmospheric neutrino as well as the solar neutrino

whereu,,; is the vacuum expectation value ld{,(10,) mul- oy herimental data. A summary is given in Sec. IV.

tiplied by the ratio ofH, in H,(10,). Others are defined

similarly. They satisfy II. UNIFIED DESCRIPTION OF QUARK AND LEPTON

MASSES AND MIXINGS

n
2 2 2, . 2_
\/; (vyjtog) + kit kg=246 GeV. 3 In this section, we present a qualitative argument on how
to derive the large mixing betweer), andv,.

The parametevy is the scale of the right-handed Majorana
neutrino masses. A. Basis of mass matrices

From Eq.(2), we obtain the relation fon=2: There is a freedom in choosing the basis of mass matrices.
Because neutrino mass matrices are expressed as linear com-
Mup=My=r(Mg—M)), binations of quark and charged lepton mass matrices, we can
transform all mass matrices simultaneously by a unitary ma-
M.r=R(M4—M)), @ trix such thatM,=U"M, U, wherek=u,d,l,»D,»R by a
unitary matrix U. Since all mass matrices are symmetric
ones, we choos¥ such that it diagonalizell , :

wherer = k,/ kg andR=uvg/4ky4. Since we consider that the
neutrino mass matrixn, is derived by the seesaw mecha-
nism asm,=—M! M, 3IM 5, m, is essentially determined M/=UTM,U=D,, (5)

by quark and charged lepton mass matrices. The only other

parameters are the ratios of vacuum expectation vatuesd  whereD,=diag(my,JmJ,jm{/). Next, we introduce a unitary
R. The parameteR is used to control the overall normaliza- matrix D which diagonalizesMy, i.e., DTMyD =Dy, with
tion of neutrino masses, and thereforis the only adjusting D y=diag(my,|mJ,|m,|). By usingU andD, the general form
parameter to fix neutrino mixings and the ratios of neutrinoof the Cabibbo-Kobayashi-Maskaw@KM) matrix is given
masses. The models presented above are quite tight so that UTD=¢/K ¢4, whereK is a special form of the CKM
there needs to be some mechanism which naturally leads t@atrix and¢; (i=u,d) are diagonal phase matrices. By us-

large mixing between, andv. ing K and phase matrices} is expressed by
The topics in this paper are as follows

(i) We show that the minimal model consisting of one 10 M}=UTMqU=UTD*DyD'U= ¢ K* %Dy K ¢,,.
and onel26 Higgs is excluded. This is because of the inabil- (6)
ity to reproduce the experimentally observed pattern of the . )
mass spectrum ad-type quarks and charged leptons simul- Finally, weiransform all matrices by the phase matpixas
taneously. Our reason is severer than the reason raised I My¢,=M,. This is the basis which we use in
Brahmachari and Mohapatf8]. They argued that the model

is unable to predict a large mixing angle betwegn v, and M, =Dy, Myg=K*DyKT, 7
thus the model is rejected. The outline of our discussion is 5 5 3 ~
given in the Appendix. and M,, M,,, and M,z, where D,=¢*D o

(i) We consider thétype-l) seesaw mechanism to obtain —gjiagm,,m.,m) and Dy= ¢} D4p!=diagmy,ms,my,). In
the neutrino mass matrix in contrast to Brahmachari and Mogjs pasis, all quark masses are complex quantities. Now we
hapatra[8] who used the type-Il seesaw mechanism wherg,5ye
the left-handed Majorana mass term is added to the seesaw
term. We simply avoid introducing an extra freedom due to M,o=M,~rM, M,z=RM, )
the left-handed Majorana mass term.
(iii) We give a qualitative argument on how to get the lessyhere
hierarchical structure of the neutrino mass matrix which is

derived through the seesaw mechanism by using the Dirac M :|\7|d_|\7||_ 9
and right-handed Majorana mass terms which are given as
linear combinations of hierarchicaktype, d-type, and the The left-handed neutrino mass matrix, is given by the
charged lepton mass terms. seesaw mechanism as

(iv) We found many possible ranges of the parameter
lead a small mixing for-v,, and a large mixing fow ,-v, m,=—M]p(M,g) "M 5. (10

as well as the hierarchical neutrino mass spectrum. Each re-
gion corresponds to slightly different mixing angles and neu-Thus the neutrino mass matrix is essentially determined once
trino masses. quark and charged lepton mass matrices are given. The only

055001-2
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other parameters in the model arandR. The parameteR |me| =0.000325, |mM| =0.0686, |m,|=1.171,
determines the overall scale of the neutrino masses. Thus the
parameter is the only adjusting parameter to reproduce the
desired neutrino mixing angles and neutrino mass ratios. ~ Sin #1,= —0.2205,  sinf;3=0.0026, sinf;= 0-03%18,2)
B. Quark and charged lepton masses and CKM
mixings at the GUT scale where fermion masses are defined in units of GeV. Although

We use the following quark and charged lepton massedhese values of the parameters should have errors, we neglect
and the CKM mixing angles at the GUT scale errors since our purpose is to answer whether the parameter

(2X 101 GeV), which were estimated in the minimal super- F2Nges ofr exist to reproduced the desired neutrino mixings

symmetric standard model with tg@-10 following Fusaoka and neutrino spectrum. The above values of CKM mixings at
and Koide[9]: the GUT scale are given by taking into account the one-loop

contribution by keeping onlyn, andm,.

|m,|=0.00104, |m,=0.302, |m|=129, (11 In the numerical analysis, we use the values in Efj$)
and(12). For the qualitative analysis, we use the Wolfenstein
|my|=0.00133, |m¢=0.0265, |m,|=1.00, form for the CKM matrixK at the GUT scale:
|
1_%)\2_%)\4 A A)\4e*i5
K=| —a+1a25 L1-3M—(G+3AON* AN® | 1 o0\E), (13

ANZ— AN —ANZ+EAN-AN%E? 1-3ARNY
where\ =0.2205,A=0.6540, and\ =1.100 by using the mixing angles in E@.2).

C. Explicit form of quark mass matrices at the GUT scale
Because of the hierarchy of magnitudes of quark masses, we paraniriared D4 as follows:
EuN’ Egph*
D,=m, &' |, Dg=m, & |, (14)
1 1

where&s are quantities of order unity. From EL1), we have|£,,|=0.318,| &, =0.990,| &4, =0.563, and & =0.545.
By using them, one finds

(éapt o)\ EshS— (Eapt 3EpNS AN = AN [O(\%) O(\®) O()
Ma=mp| M= (Egpt 3ENS  EAZH+(—Ep+ADNY AN =EGANY | +| O(\®) O(\®) O’ |. (15
ANYe 10— £ ANS ANZ— £ AN 1-AA* O(\') O(\®% O(\®)
|
It is interesting to observe the difference between the 1 e €
mass hierarchy ofi-type quarks and that a-type quarks. o~| —¢ ¢ s (16)
While |m,/m|~O(\") and |m¢/m|~O(\?%), |mg/my| ¢ —s ¢

~0O(\* and|mg/my|~0O(N?). That is, the mass hierarchy
of d quarks is much less severe than thatiafuarks. Next,
we observe thatVl 4) ,o~ (M g) .3~ O(A?). These are crucial Where s=sing,. and c=cos#,., with 6,, is the mixing
in the following discussions. angle betweerv, and v, neutrinos,e~\2 and e’/ e~s/(1
+c¢). From this mixing matrix, the expected neutrino mass
matrix is given by
D. Hierarchy in the neutrino mass matrix

First, we discuss what kind of neutrino mass matrix is ri+e?  se ce’'
required from the recent data. From the ddt2,3], the neu- m,=0D,0"~m, se’ S2+r,c? sc ,
trino mass mixing matrixO is almost fixed aside fronCP \oce sc r,s?+c?
violation phases as a7
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where ry=m,./m,,, r,=m,,/m, ~+1/10. If we take In particular, the range of which gives a nonhierarchical
sinzzawz 0.7 for the experimentally allowed region, we seeneutrino mass structure will consist of two parts. One is the
that the submatrix relevant tg, and », should have less regionr<50, and the other is the orme>50, because the

hierarchical structure than quark mass matrices as exact equalitym;=r(m,—m,) gives the vanishing 3-3 ele-
ment of the neutrino mass matrix so that we cannot repro-
0.23+0.71 0.42 )NE <1+r2 1 ) duce the desired mass matrix given in Etg).
0.42 0.23,+0.77 2\ 1 r,+1
2. mym_>0 case
0.77+0.2%, 0.42 _
( 0.42 0.7F,+ 0_23)- (18 In this case M ,r has a nonhierarchical form due to the

cancellation betweem, andm_. There are two cases.
The above matrices show variations of their components. 5 The case wher&l b has a nonhierarchical form
They corresponds to the anglég,= 6y, @/4, andw/2— 6,
with sin?26,=0.7. From the above analysis, we observe the my
following: (1) The 1-2 and 1-3 elements are of orde?, e~ ~ 190 (21
while the 1-1 element is of ordex®. (2) In general, the b
nonhierarchical structure appears for the part related,to The range of which gives a nonhierarchical neutrino mass
andv,. Even in the extreme case, the hierarchy is at most oétructure will consist of two parts, the ome<750 and the
orderA. otherr >750.

b. The case wherd! 5 has a hierarchical form

E. Mechanism which leads the large mixing
betweenw, and v, My
. ~ ~ . . r< .
In the basis wher#l , is diagonalM 4 takes a hierarchical my,—m;

form. Then it is natural to suppose trd; also takes a ier- The above conditions are of course only the necessar
archical form. On the other hand, in order to get the nonhi- y y

erarchical neutrino mass matrix for the part related jand %nz;f‘i;o%cg"er\geblae ;ﬂghﬁgg{ﬁglct?]lefroergrgfr;ht?or;;u‘;;qnighmass
v,, at least one oM, andM ,5 should take the nonhierar- ' b 9

chical form for the relevant part. Sindd o and M g are reproduce the'desweq neutrino mixing angles and more im-
portantly the hierarchical spectrum of neutrino masses. There

linear combinations of hierarchical mass matrités, Ma.  is no guarantee of the existence of such a parameter region of
andM, there needs to be some mechanism to get the nonhi- We have to calculate the neutrino matrix for a givesnd
erarchical structure foM,, and/or M r for the relevant examine whether the desired mixings and mass ratios are
part. This is a necessary condition and does not imply theealized, especially by paying special attention to the above-
desired form of neutrio mass is obtained. However, we seeknentioned parameter regions rof
this possibility.

The hint lies in the fact that the 2-2 elementidf; is the Ill. ANALYSIS
same size as the 2-3 element. We consider how to obtain the . . .

Before the analysis, the following comments are in order.

nonhierarchical form EM »0 - By adjustingr, we make the (i) The parametersin addition tor andR, we have sign

1 — N/ 2 .
3-3 element oM ,,=M,—rM as small as of ordex“m;.  freedoms of quark and lepton masses. Since one of the phase

Thenm, andm, do not contribute tdVl,5 because of the  can be fixed, we choos®,>0. If we scaleM 5 by m;, the
large hierarchy ofi-type quark masses. Thus onty in M, parameter enters ag/m;. Thus we can fix >0, while we

contributes tdVl . Thus the nonhierarchical structure arisesallow m; to take both positive and negative signs. Thus we

(22

with the above condition for the 3-3 element. fix my,>0 andr>0 and take all combinations of signs of
We consider the above condition in detail, which is other fermion masses.
treated as two separate cases. (i) The desired neutrino mixings and massé& con-
sider the following constraints on ranges of neutrino mixings
1. mym,<0 case and neutrino massg4,10]:

In this caseM , has a hierarchical form as we see from 3% 10" 3<sir? 20,,<2.0x 1072, 0.7<sir? 20,,.,

Egs.(8) and(9). We require thaM ,, have a nonhierarchical
2

form for the relevant part. This is achieved by requiring that . Ami, ,
the 3-3 element oM, to be of order of the 2-3 element: 3x10 <m%—3<5>< 1075, (23
M= (M= m,)~O(A*my). 19 here we used 3107 eVP<Am?,<1Xx10 % eV? and
That is, the value of is fixed to be of order 2X10 % eV2<Am3,<1x10 2 eV2 Since we are dealing
with the hierarchical mass spectrum of neutrino case, the
F~ ~50. (20) overal[ normaliz'ation is fixed py the mass,.. The param-
m,—m, eterR is determined to fixm, . in the range of
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3x10°6 eV2<Am§2<1>< 107° eV? summarized in Tables | and II.

In Table Ka), we show the result fom,m_<0. Solutions
exist for various combinations of signs of quark and charged
lepton as we see from the table. Each sign combination is

] s 2 o s 5 expressed by the abbreviated notat®inD j-UkX. The in-
In tg‘e above, we definedmj,=mi—mj and mi<m; gicesi, j, andk run 1, 2, 3, and 4, which express signs of
<ms. masses aé—,—), (—,+), (+,—), and(+,+) for a pair (€, u)

(iii) The mixing angles. Since we are looking for the so-(denoted byE), (d,9 (denoted byD), and(u,c) (denoted by
lutions which reproduce the hierarchical neutrino mass speqJ), respectively, an& takesP andM, which means that the
trum and the mixings in Eq$23) and(24), we may treat the  sjgn of m, is positive and negative, respectively. The region
three-neutrino mixing as if it is due to the two-neutrino mix- of r which reproduces the data in E(3) is given in the
ing. In other words, we may define angles by &p  columnr. The column sif26,,, shows the largest value of it,
=(U,)12 and sing,,~(U,)23, whereU, is the neutrino mix-  which is achieved by a specific value ofshown in the
ing matrix. With this approximation, we seek the range ofcolumnR(10%)(r). The value oRR fixes the overall normal-
parameter which reproduce the desired mixings and ratiosijzation of the neutrino mass, especiaity,,. We found so-
of masses to solve the atmospheric neutrino problem and thgtions only form,<0 in the range ofr =54—64, which

solar neutrino problem. Once we find the solution, then wegpincide with our expectation given in EQO0). For all cases
examine whether the mixings and masses that we obtaineg > has a nonhierarchical form, whilel =RM takes a

do nqt V|0Iate2 the C';OOZ ?0“”‘3 for the,-vx oscnlatlo_n hierarchical form. The mixings and masses with specific val-
[2]. SinceAmi,;<Amag=Amyz=m3, we can treat the mix- eg ofr andR for all cases are given in Tabléb).
ing angle as simex=(U,)15 and the mass-squared difference | Taple 1i(a), we show the result fom,m.>0 case. The

2X10°* eVP<Am3,<5x10° eV (24)

22 ; i ; _ AT . ) ; .
asAm”=myg in our three-neutrino mixing scenario. notation to discriminate models which differ by sign combi-
nations of fermion masses is the same as in Tafae We
A. Simplification of the problem see that for all solutions,<0 andr~(500—960), except

. . L one caseE1-D2-U2P). These cases coincide what we ex-
In this paper, we use the following simplification.

(i) The CP violation is neglected. Explicitly, we perform Pected from Eq(21) and bothM,p andM ,z=RM take non

the numerical analysis by setting the Kobayashi-Maskaw4/€S9 hierarchical forms. _ L
CP violation angled to zero and taking the quark and The casec1-D2-U2P is realized whem ~35, which is

charged lepton masses as real. However, we set the signs JFC What we e>_<pected~in E®2), although t'he value af is'
fermion masses free so that we have to consider all combinknown. In this caseM ,p has a hierarchical form, while

nations of signs of quark and charged lepton masses. M,r=RM takes a non(les§ hierarchical form. In Table
(i) M, is assumed to be diagonal in the basis we adopted] (b), we show the mixings and masses for all cases.
in this paper. In the following, the neutrino mass matrix and the neu-

With these simplifications, the neutrino mass mainixis ~ trino mixing matrix are showed for some typical cases.
determined by quark and charged lepton masses, CKM mix-
ing anglesy andR. The parameteR determines the overall 1. mym.<0 case

scale ofM 5 so that it plays a role of adjusting the overall a. E1-D3-U2P with r=58.2. The Dirac mass term and
scale of neutrino masses in the seesaw mechanism. The nghe Majorana mass term are given by
trino mixing angles and the ratios of neutrino masses are
solely determined by only one parameteiThus the present —~0.0190 —0.3530 —0.140
model is a quite tightly constrained one. M,,=| 03530 —2.2871 —1.8954|,
ane the rgnges_o_f the parameten/hlch reproduce the 01402 —1.8954 26852
desired neutrino mixing angles and ratios of masses are
found, the introduction of CP violation will relax the region

of r andR. The same is expected if we reléik). Therefore, 0.0003 0.0061 0.002
in this paper we concentrate on finding the regiom ahdR M,gr=R| 0.0061 0.0445 0.0326|. (25)
in the simplified and tight situation. 0.0024 0.0326 2.170
B. Result As we expected\ ,p has a nonhierarchical form for the part

The procedure of our analysis is as follows: For a givenrelevant to the second and the third generations, wWHilg
r>0 and a combination of signs of fermion massfis,D is hierarchical, because there is no cancellation of the 3-3

~ . element ofM ,z. The neutrino mass matrix and the neutrino
and M ,z/R are calculated. We compute the neutrino massmixing matri;Rare given by

matrix by the seesaw mechanism. Then we compute neutrino
mixings and neutrino mass ratios to see whether the results

reproduce the desired ones. q (1165 20.46 8.40
We are fortunate that we found many regions afhich m,=—— | 20.46 114.3 106.7|,
reproduce the desired mixings and masses. The results are 8.402 106.7 59.8
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0.964 0.067 —0.25 is shown in Figs. (a), 1(b), and 1c) respectively. The angle
U =|-0242 0613 —-0.752| (26) sir? 26,,, takes values larger than 0.7 for a wider range.of
"\ 0107 0787 0608 The same holds for the ratidm?,/Am3, The allowed re-

gion of r is essentially fixed by s?rrzeeﬂ and the region is
Then we have sfi26,,=0.018 and sihi26,,=0.98. With ~ between 58 and 62. This situation holds for all cases

R=1.09x 10'3, we found E1-D3-UiP (i=1-4). We will show a comparison with
CHOOZ data, the disappearance testof at the end of this
m;=—3.22x10"° eV, m,=2.25x10 % eV, section.
b. E4-D2-U3P with r=58.1. The Dirac mass term and
my=—1.83x10"7 eV, (27)  the Majorana mass term are similar to the case given in Sec.

Il A1a, sothat we give only the neutrino mass matrix and

which are multiplied by 1.08 10'¥R if the R dependence is .- neutrino mixing matrix

kept. Thus
Am?,=5.08x10 ® eV? Am3;=3.30x10 * eV2 1115 1983 —959
1 . . .
8 m,=—| 19.83 107.0 -—-98.81],
As we mentioned before, the mixing angles are computed —9.592 -98.81 60.02

by assigning sib,,=(U,);, and sing,,=(U,),3. This ap-
proximation is reasonable for the mixings and the hierarchi-

cal mass spectrum given in Eq26) and (27). 0.960 0.0708 0.27
The sensitivity of mixing angles si26,,. and sirf 26, U,=| —0.254 0.620 0.742|, (29)
and also the ratic m3,/ Am3, with respect to the parameter —-0.115 -0.781 0.61

TABLE I. (a) Ranges of the parametersmoandR to predict the desired values of neutrino mixing angles and masses,fof<0. (b)
Predictions of neutrino mixing angles and massesrigm,<<0. All cases correspond t@).

)
E1-D3-UiP (i=2,3,4)

e,u ds u,c,t r R(10%) (r) Sinf26,,.,

(=,—) (+,-) (=,—),+ 58.9-60.9 0.62-0.7360.9 0.89
(—=,+),+ 58.2-61.7 0.78-1.458.2 0.98
(+,-),+ 59.3-60.5 0.61-0.7860.5 0.89
(+,+),+ 58.5-61.4 0.83-1.458.5 0.98

E2-D2-UiP (i=1,2,3,4)

eu ds u,c,t r R(10%) (r) SIn? 26,

(—,+) (—=,+) (=,—),+ 55.0, 55.8-56.1, 61.9-62.3, 63.3-63.9 0.58-1(96.1) 0.98
(—=,+),+ 55.0-55.6, 56.4-56.6, 61.4-61.7, 62.6—63.8 0.62-067134 0.89
(+,—-),+ 55.0-55.1, 55.8-56.1, 61.8-62.2, 63.2—-63.9 0.58-158561) 0.98
(+,+),+ 55.0-55.7, 56.5-56.7, 61.3-61.6, 62.5-63.7 0.62-06393 0.90

E2-D4-UiP (i=1,2,3,4)

e u ds u,c,t r R(10") (r) Sin? 20,

(—=,+) (+,+) (—=,—),+ 55.0-55.1, 62.9-63.1, 63.8-64.4 0.73-1(82.9 0.96
(—,+),+ 55.0-55.2, 55.8, 62.3-62.4, 63.0-64.1 0.64-0&2.3 0.86
(+,—),+ 55.1-55.2, 62.9-63.1, 63.8-64.4 0.54-0(83.2 0.96
(+,+),+ 55.0-55.3, 55.8-55.9, 62.2-62.3, 63.0-64.1 0.64-06252 0.89

E4-D2-UiP (i=1,2,3,4)

eu ds u,c,t r R(10%) (r) Sin? 26,

(+,+) (—=,+) (=,—),+ 55.3-55.6, 56.8-57.7, 60.2-61.2, 62.6—63.2 0.65-18I17) 0.99
(—=,+),+ 55.4-56.2, 57.2-57.6, 60.4-60.8, 61.9-63.1 0.38-06683 0.85
(+,-),+ 55.3-55.8, 57.0-58.1, 59.8-61.0, 62.4—-63.2 0.62—15B11) 0.99
(+,+),+ 55.4-56.4, 57.4-57.8, 60.2-60.7, 61.8—63.1 0.36—-06847) 0.85

E4-D4-UiP (i=1,2,3,4)

eu ds u,c,t r R(10%) (r) SNt 26,,.,

(+,+) (+,+) (=,—),+ 55.2-55.3, 62.7-62.9, 63.6-64.3 0.54-0(88.3 0.96
(—=,+),+ 55.0-55.4, 55.9-56.0, 62.0-62.2, 62.8-64.0 0.64—-06220 0.89
(+,-),+ 55.2-55.3, 62.6-62.9, 63.6—64.3 0.67-1(82.9 0.97
(+,+),+ 55.0-55.4, 56.0-56.1, 62.0-62.1, 62.8—-64.0 0.53—05831) 0.89
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TABLE I. (Continued.

(b)

?/rl?gfllol% Sirf 26,,, sirf26,,, m; (1072 eV) m,(1072 eV) m(1072 eV) AmZ,(eV?) Ami(eV?)
(Eet)_.g,s(;_l;; 0.019 0.89 —0.0250 1.89 —4.08 3.56<10°° 1.66x10°3
(E518-.2,31-.l:);P 0.018 0.98 -0.0322 2.25 -1.83 5.08<10 ¢ 3.30x10°4
(E(Sl()'_gs(;_%gg 0.020 0.89 —0.00946 1.97 -3.91 3.8%10°¢ 1.52x10°3
ég’_?ysl'_lﬁ; 0.019 0.98 —0.0231 2.35 -1.80 5.5 10 ¢ 3.19x10°4
5326'32(;31; 0.019 0.98 -0.304 -2.26 2.06 5.0%10°° 4.21x10°4
(Efsiig,zc;zig 0.014 0.89 —0.436 -1.93 4.09 3.5%10°8 1.67x10°3
'(5526'_[1),2(;_%2; 0.015 0.98 ~0.289 -2.25 2.06 49810°°  4.21x10°*
5521'_2’2(;_%‘51;) 0.017 0.90 —-0.411 -1.87 4.21 3.3%10°° 1.77x10°8
222'_341'%;; 0.014 0.96 -1.29 —-2.58 2.06 4.9810°° 4.18<10°4
(EGZZB’A'(;_L;;; 0.010 0.86 -1.77 —2.63 3.92 3.8%10°° 1.53x10°3
5525'34(:;2; 0.018 0.96 -1.32 —-2.59 2.08 4.9%10°° 4.28<10°4
5622'24(;_%3;) 0.019 0.89 -1.80 —2.60 4.09 3.5%10 ° 1.66x10°°
é‘;’_?igip 0.020 0.99 —0.0287 -2.23 2.02 4.9610°° 4.04x10°4
E%ig,zéf—ép 0.004 0.85 -0.128 -2.23 5.02 4.9610°° 2511073
(Est_tl),z(;fgg; 0.020 0.99 —-0.0133 -2.23 2.17 49%10°6 4.65x104
I(EGAE)-.?Z(;:;P 0.003 0.85 ~0.109 -2.23 5.30 4.9%10°© 2.81x10°3
551'_2’4(#? 0.014 0.96 -1.09 —2.49 2.09 5.0x10°6 4.29x10°*
2"'2'_34(;%? 0.019 0.89 —1.49 -2.37 4.16 3.3%10°° 1.72x10°8
(EGL"Z'_ZA'(;;;P 0.020 0.97 -1.08 —2.49 2.24 5.0K10°° 4.96x10°4
552'34(;::; 0.018 0.89 —1.45 —2.34 4.26 3.3610°° 1.81x10°3
Then we have sf26,, =0.0200 and sif26,,,=0.990. With AMZ,=4.97%10°° eV? AmZ=4.05x10* eV

R=0.865x 10, we found 31

As we can see from Figs.(®, 2(b), and Zc), the angle
Sir? 20,,, takes values larger than 0.7 for a wider range.of
The same holds for the ratidmZ,/Am3,. The allowed re-

mg=2.17x10"7 eV, (30 gion of r is essentially fixed by sf2d,,. There are three
allowed regions. This situation holds for all cases
which are multiplied by 0.868 10'¥R if the R dependence E2-D2-UiP, E2-D4-UiP, E4-D2-UiP, and
is kept. Thus E2-D4-UiP (i=1-4).

m;=—1.33x10"° eV, m,=—2.23x10% eV,
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2. mym,>0 case Then we have sf26,,=0.009 and sifi26,, .= 0.92. With
_ 5
a. E1-D3-U4M with r=680. The Dirac mass term and R=1.22X10", we found
the Majorana mass term are given by

m;=2.21x10 7 eV, m,=2.24x10"° eV,
—0.2089 —4.124 —1.63

Mo—| —4124 —2095 —2215|
~1638 -2215 —117 Mg=—2.49<10"% eV. (39
0.0003 0.0061 0.0024 Thus

W .—R| 0.0061 0.0445 0.0326] 32)

0.0024 0.0326 —0.17
Ami,=5.00<10"% eV? Am3,=6.15x10 4 eV2

As we expected, botM 5 and M,z have nonhierarchical (35
forms for the part relevant to the second and third genera-
tions. The neutrino mass matrix and the neutrino mixing ma-  As we can see from Figs.(®, 3(b), and 3c), the angle

trix are given by sin220,” takes values larger than 0.7 for a wider range.of
1413 —2805 1111 The same holds for the ratmmi/_Amgg. The allowed re-
1 gion of r is essentially fixed by s?nZGeM. There are three
m,==| —2805 —20159 —15018/, allowed regions similarly to the case given in SetBlll a.
—1111 -15018 -—7336 This situation holds for all casdg1-D3-UiM (i=1-4).
b. E3-D3-U3M with r=790. The Dirac mass term and
0.968 0.0485 —0.24 the Majorana mass term are similar to the case given in Sec.
u,=| —0.231 0.553 -0.800]. (33 1l B 2 a, sothat we only show the neutrino mass matrix and
0.0973 0.831 0.547 the neutrino mixing matrix

TABLE Il. (a) Ranges of the parametarandR to predict the desired neutrino mixings and masses for
mym,>0. (b) Predictions of neutrino mixing angles and massesrigm,>0. All cases correspond {@).

(@

E1-D1-UiM (i=1,2,3,4)

e, ds u,c,t r R(10") (r) SirF 26,

(=,—) (=,-) (=,7),— 510-520, 550, 830-840, 900-950 0.55-0(9%90 0.92
(—=,+),— 510-520, 540, 830-840, 900-950 1.30-2(880) 0.92
(+,—),— 510-520, 550, 830-840, 900—950 0.55-0(990 0.92
(+,+),— 510-520, 540, 830-840, 900-950 1.30—-2(880) 0.92

E1-D3-UiM (i=1,2,3,4)

e,u ds u,c,t r R(10%) (r) Sinf26,,,

(=,—) (+,-) (=,7),— 550-580, 640-740, 840-910 0.84-1(590 0.91
(—=,+),— 560-580, 640-740, 840-900 0.87-1(680 0.92
(+,7),— 550-580, 640-740, 840-910 0.84-1(590 0.91
(+,+),— 560-580, 640-740, 840—-900 0.87-1(580 0.92

E3-D1-UiM (i=1,2,3,4)

eu ds u,c,t r R(10%) (r) Sinf26,,,

(+,-) (== (=)~ 510, 540, 840-850, 910-960 1.36-2(840 0.91
(=,+),— 510, 540, 840-850, 910-950 1.38-2(840 0.92
(+,-),— 510, 540, 840-850, 910-960 1.36-2(@&40 0.91
(+,+),— 510, 540, 840-850, 910-950 1.38-2(840 0.92

E3-D3-UiM (i=1,2,3,4)

e,u ds u,c,t r R(10') (r) sinf26,,,

(+,-) (+,-) (-=,—),— 520-540, 570-580, 790-810, 880-940 1.12-273D 0.92
(—=,+),— 530, 570-580, 790-810, 880-930 0.63-1(330 0.93
(+,-),— 520-540, 570-580, 790-810, 880-940 1.12-273D 0.92
(+,+),— 530, 570-580, 790-810, 880—930 0.63-1330 0.93

E1-D2-U2P

e,u ds u,c,t r R(10%) (r) Sinf26,,,

(=,—) (=,+)  (=,+),+ 36.2-36.5 7.74-7.9636.5 0.75
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(b)

Model
(r,R/1L0Y) sir? 26%* sirf26,,, m, (1072 eV) m,(1072 eV) ms(1072 eV) AmZ,(eV?) Ami(eV?)
E1-D1-U1M - » .
(550, 0.77 0.018 0.92 0.976 2.44 2.63 4.9%10 6.90x 10
E1-D1-U2M B » »
(830, 1.83 0.016 0.92 0.941 2.43 2.45 5.0 10 5.96x 10
E1-D1-U3M B . .
(550, 0.7F 0.019 0.92 0.979 2.44 2.64 4.9%10 6.90x 10
E1-D1-U4M ~ L .
(830, 1.83 0.016 0.92 0.942 2.43 2.45 5.0x10 5.96x10
E1-D3-U1M L, - . .
(690, 1.175 0.009 0.9 2.3610 2.24 2.72 5.00<10 7.33<10
E1-D3-U2M L B . .
(680, 1.22 0.009 0.92 2.3%10 2.23 2.49 4.9% 10 6.15X 10
E1-D3-U3M L B . .
(690, 1.175 0.010 0.91 24810 2.24 2.72 5.0 10 7.33x 10
E1-D3-U4M . ~ . .
(680, 1.22 0.009 0.92 2.2¥10 2.24 2.49 5.0 10 6.15%X 10
E3-D1-U1M - . »
(840, 1.915 0.015 0.91 1.16 2.52 2.44 5.0 10 5.91x10
E3-D1-U2M - . »
(840, 1.945 0.017 0.92 1.14 2.51 2.36 5.0 10 5.50x10
E3-D1-U3M B . »
(840, 1.915 0.015 0.91 1.16 2.52 2.44 5.00< 10 5.91x 10
E3-D1-U4M ~ . .
(840, 1.945 0.017 0.92 1.14 2.51 2.36 5.0 10 5.50x 10
E3-D3-U1M - L .
(790, 1.58 0.016 0.92 0.241 2.25 2.65 5.00<10 6.96x10
E3-D3-U2M - L »
(580, 0.83 0.016 0.93 0.232 2.25 2.50 4.9%10 6.19x10
E3-D3-U3M B » »
(790, 1.58 0.016 0.92 0.242 2.25 2.65 5.00< 10 6.96x 10
E3-D3-U4M - . .
(580, 0.88 0.017 0.93 0.233 2.25 2.50 5.0 10 6.19x 10
Model
(r,R/10Y) sir? 26%* sinf26,,, m, (1072 eV) m,(1072 eV) ms(1072 eV) AmZ,(eV?) Ami(eV?)
E1-D2-U2P B 4 B 6 4
(36.5, 0.0785 0.006 0.75 9.47x10 3.12 1.47 9.71x 10 2.06x 10
2147 —3785 —1502 allowed regions. This situation holds for all cases
m :E —3785 —28242 —20425 El-Dl-UiM, E3-D1-Ui|\/|, andE3-D3-UiM (I :1—4).
v _ _ -~ ' c. E1-D2-U2P with r=36.5. This is a very special case
1502 20425 9864 corresponding to the case given in Sdd& P b. TheDirac
mass term and the Majorana mass term are given by
0962 = 0.0630 —0.26 ~0.01399 0.21534 —0.1018
u,=( —0.257 0.544 —-0.799|. (36 -~
0.0946 0837 0.539 M,p=( 0.21534 —3.1557 —1.1315
' ' ' —0.10180 —1.1315 135.29
As we can see from Figs.(d), 4(b), and 4c), the angle 0.0003549 —0.0058998 0.002789
sirrZZGM takes values larger than 0.7 for a wider range.of M .=R| —0.0058998 0.094732  0.031000] .
The same holds for the ratidm?,/Am3,. The allowed re- 0.002789 0.031000 —0.1723

gion of r is essentially fixed by s?rﬁae#. There are two

055001-9

(37



ODA, TAKASUGI, TANAKA, AND YOSHIMURA PHYSICAL REVIEW D 59 055001

56 5;8 60 6‘2 6‘4 (C)

© r

FIG. 2. Same as Fig. 1 for the E4-D2-U3P casea,if),<0).
FIG. 1. Parameter dependence of neutrino mixing angles and The allowed region of is essentially determined by reproducing
the ratio of neutrino mass squared differences forgtieD3-U2P sir? 20e,, -
case (n,m,;<0). (&), (b), and (c) show ther dependence of
sirf26,,,, sirf26,,, andAmi,/Am3, The allowed region of is me=—1.47x10"2 eV. (39)
essentially determined by reproducingzéme#.

Thus
As we expectedM,p has a hierarchical form for the part ) P ) 4 n
relevant to the second and third generations, whlg; is Amp=9.71X107" eV, Amy=2.06<10"" eV~
less hierarchical, because of the cancellation of the 33 ele- (40

ment in M z. The neutrino mass matrix and the neutrino

A from Fi , 5(b), and Fc), sirf26,, i
mixing matrix are given by s we can see from Figs(&®, 5(b), and Kc), si eu 1S

insensitive tor and the allowed region is determined by

_ 05586 8014 2797 smzzem andAmi{/Am5,. The allowed region of is a tiny

1 region, so that the solution is quite sensitive to the value of
m,=-| 8014 -1075 —606.3/, This case will be the most unlikely one.
27.97  —606.3 —800. Finally, we comment on the CHOOZ daf&]. Since
Am?,<Am3, we can consider the mixing angle for the
0.999 0.0374 -0.0065 CHOOZ disappearance test of may be defined by sifi,x
u,=| —0.0290 0.864 —0.502 |. (38)  =(U,)13, which is siné,, in our cases and the mass-squared
—0.007 0.502  0.865 difference isAm?=m?_=m2. Then we compared these val-

ues of parameters with the CHOOZ two-neutrino analysis.
Then we have sf26,,=0.006 and sif2¢,,=0.75. With ~ We found the following: All cases excefi1-D2-U2P

R=7.85x 103, we found predict sirf26,,~(0.2—0.3). Formym, <0 with m,m.<0
cases and alsomym >0 cases, we predictAm?
m;=—-9.47x10"" eV, m,=3.12x10"3 eV, <10 %eV? so that they are safe. Fam,m. <O with
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FIG. 4. Same as Fig. 1 for the E3-D3-U3M casg,(n,>0).
The allowed region of is essentially determined by reproducing
Sin?26,,, .

FIG. 3. Same as Fig. 1 for thE1-D3-U4M case (Mym,
>0). The allowed region of is essentially determined by repro-
ducing sirf 26, .

m,m.>0 cases, we predicAm?~2x10 2 eV? and their matrices ofM,, Mg, andM;, although it is a quite non-

“l the bound f th luded region. Thi trivial problem. Our model contains only one adjustable pa-
values are on the boundary ol the exciuded region. 1hIS Caph yetarr which determines neutrino mixings and the ratios
be remedied by changingslightly from the value we took 10 ¢ o tring masses. The other paramd®as used to deter-

ac|h|eveﬂ;hte Iargest ;/k?lue of %Ilfmwto_r by taking al Iangerth mine the absolute magnitude of neutrino masses, so that it
vajue ofR 1o reduce the overall neutrind mass scale. -or %eterminesmw in our hierarchical mass spectrum of neutri-

E1-D2-U2P case, we predict sh26,,~1x10 %, so that
this satisfies the bound. In summary, many of our cases pre- Flollowing our mechanism, we found many solutions
d:ICt in general ratr;]er L?ng(\)’?ubes Q‘ZOIBNO'ZS' IHowever, which are classified into three cases. Our mechanism guar-
a ca:js_es satisfy the Ch o oun .hn severa Cf?lse_s COM&ntees the nonhierarchical structure only for the part relevant
sponding tom,m, <0 wit mMmC>Q, the ve-w, oscillation 14 the second and third generations and thus we inevitably
is large enough to be observed in the near future eXPerisredict small mixing between, andv,, , while large mixing
ments. betweenv, andv,. We examined the dependence of mix-

We explicitly showed some of our solutions. Other casegy, 4nqles and the ratios of neutrino masses and showed the
show the similar matrices to one of the above cases. For the ensitivity of these quantities to Depending on the choice

cases, we only showed neutrino mass and mixing in Tables j¢ 1|ative signs of fermion masses, the pattern of sensitivity
and Il. changed. We showed that the solutions are not very sensitive
to r except theE1l-D2-U2P case.

There arises the question of whether the existence of the
solutions depends crucially on the values of quark masses
We showed the mechanism to induce the nonhierarchicand mixings and/or the value of tgh We examined another

neutrino mass matrix by using the hierarchical forms of masset of the values used by Chacko and Mohapg&jaand

IV. SUMMARY
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APPENDIX: THE PROOF OF THE INCOMPATIBILITY
OF THE MINIMAL MODEL AND QUARK AND

ey CHARGED LEPTON MASS SPECTRUM
0.6 L
@ % %2 e W WE ¥ For one ten-dimensional Higgs fielt=1 case, we have
an additional relation
0.025 T v T T ~ ~ ~
M|:CUDU+Cde, (Al)
0020 |~ E
where
2 0.015 |
S oo} 1 4 Uy
co=[ 1-——|, cg=4| —2—|. (A2
0.005 [ E Kq Uy Kq Uy
__________________________________________ 1— 22 1— =22
0,000 , Ky Ug Ky Ug
36 36.2 36.4 36.6 36.8 37 . . . i i
(b) r In this appendix, we first discuss that the model contain-

ing one 10 and one 126 representation cannot reproduce the
charged lepton masses and thus the model is rejected inde-
pendently of neutrino masses and mixings. Then we go to the
model which containg1(=2)10 and one 126 models. We
consider the ordinary seesaw mechanism to derive the left-
handed neutrino mass matrix. In the case of the type-Il see-
o L ] saw model proposed by Mohapatra and Senjandid,
there appears the left-handed neutrino mass matrix. In our
"""""""""""""""""""""""" case, we do not consider this by taking is small.
10+ s : ; ; This model was considered by Mohapatra and co-workers
36 36.2 36.4 36.6 36.8 a7, . .pe .
© r [4,5,8 as a model to give a unified model to explain quark
and lepton masses and mixings. Recently, Brahmachari and
FIG. 5. Same as Fig. 1 for tHe1-D2-U2P case (,m,>0).  Mohapatra[8] showed that this model cannot explain the
The allowed region of is essentially determined by reproducing desired neutrino mixing pattern, the small mixing betwegn
Sinf26,,, and.Amle.Amﬁs. The allowed region is a tiny one, so that andy,,, and the large mixing between, and v, .
we need a fine-tuning af. Here we show that this model is not able to explain the
) ) ) _ ) ) charged lepton masses, so that the model is rejected indepen-
found that the solutions given in this paper ex_lst with thedently of the arguments on neutrino masses and mixings.
small change of the values ofandR. Thus the existence of st "we see that the charged lepton mass matrix is written in
our solutions does not depend on them. a linear combination of quark mass matrices as in @d.).
Flnqlly, we comment on CP violation. In the p.rese'nt Because/m.|=|m,|~A3m,| with the Cabibbo angle.
analysis, we ignored CP violation effects. When CP V|ola'[|on:0 2205.c.~ 3 andca~1. Knowind thatD.. is a di |
turns on, many phases enter in our model. One is from the ~*° Cu _ andcq ’ nowing thatD,, s a |agon_a
Kobayashi-Maskawa phase and others are from the phases®@trix andM is almost diagonal, and also the mass hierar-
quark and charged lepton masses. These phases will relax tRBY of the u-quark sector is much severer that that of the
tight situation which we considered. Thus we expect thafd-quark sector, we observe that the contribution to the first

with CP violation models cover the broader range of theand second generation partsidf from theu-quark partD,,

mixing angles and the neutrino masses. This problem is uns negligible so that it is proportional to that bf, . Thus the

der consideration. mass matrix that predicts,/m,=mq/ms does not repro-
Also, there is no good reason to assume fatis diag-  duce the observed hierarchical structure of dhguark and

onal, although it would be a hierarchical form. If we relax charged lepton masses such as predicted by the Georgi-

this assumption, the models would cover a wider range ofarskog mass relatioms,=m,_, mg=m,/3, andmg=3m, at

mixings and masses than what we obtained in this paper. the GUT scale.

055001-12



UNIFIED EXPLANATION OF QUARK AND LEPTON. .. PHYSICAL REVIEW D 59 055001

[1] T. Kajita, talk given at Neutrino 98, Takayama, 1998; Super- [6] K. S. Babu and Q. Shafi, Phys. Lett. 294, 235(1992.
Kamiokunde collaboration, Y. Fukudzt al, Phys. Rev. Lett. [71 Y. Achiman and T. Greiner, Phys. Lett. B29, 33 (1994);

81, 1562(1998. Nucl. Phys.B443 3 (1995.

[2] C. Bemporad, talk given at Neutrino 94,]; Phys. Lett. B420, [8] B. Brahmachari and R. N. Mohapatra, Phys. Rev.5B
397(1998. 015001(1998.

[3] Y. Suzuki, talk given at Neutrino 98L]. [9] H. Fusaoka and Y. Koide, Phys. Rev.97, 3986(1998.

[4] K. S. Babu and R. N. Mohapatra, Phys. Rev. L&, 2845 [10] N. Hata and P. Langacker, Phys. Rev5B 6107 (1997).
(1993. [11] R. N. Mohapatra and G. Senjanovic, Phys. Rev2® 165

[5] D-G. Lee and R. N. Mohapatra, Phys. Rev5D 1353(1995. (1981).

055001-13



