PHYSICAL REVIEW D, VOLUME 59, 035011

Composite model with large mixing of neutrinos
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We suggest a simple composite model that induces the large flavor mixing of a neutrino in the supersym-
metric theory. This model has only one hyper-color in addition to the standard gauge group, which makes
composite states of preons. In this model, flteand 1 representations in §8) grand unified theory are
composite states and produce the mass hierarchy. This explains why large mixing is realized in the lepton
sector, while small mixing is realized in the quark sector. This model can naturally solve the atmospheric
neutrino problem. We can also solve the solar neutrino problem by improving the model.
[S0556-282199)07401-9

PACS numbgs): 12.60.Jv, 12.16-g, 12.15.Ff, 14.60.Pq

[. INTRODUCTION try to improve the model in order to solve the solar neutrino
problem. Section IV gives summary and discussions.

Recent experiments of Super-Kamiokande suggest large
mixing betweerv,, and other neutrindl,2]. As for the solar Il. A COMPOSITE MODEL
neutrino problenj3], there is the large angle solution of the
matter induced resonant Mikheyev-Smirnov-Wolfenstein
(MSW) oscillation [4] betweenv, and other neutrinos as
well as the small angle MSW solutid®]. The vacuum os-
cillation solution [6] also suggests the large mixing of
neutrinos:

These experimental results seem to suggest the possibilig)J
that large flavor mixing is realized in the lepton secdirit uging this theory
is true, one has to explain why large mixing is realized in the _ . . . .
lepton sector, while small mixing is realized in the quark Y& consider St6) GUT with three right-handed neutri-
sector. The possibility of neutrino large mixing has beenn0SNgs. Quarks and leptons are represented®y 5, and
studied from the viewpoint of the mass matrix texturel; representations of S8) as
[11,12, the seesaw enhancement mecharjikh, the analy- — =
sis of the renormalization group equati¢b4], the grand 10=(Qu.Ur.Er)i,
unified theories[15,16, the pseudo Dirac neutrino mass - =<
[17], the singular seesaw mechani$h8], the radiative in- 5=(Dr Lo,
duced neutrino mag49], and so on. 1-:(W)- o

In this paper we suggest a simple model that naturally : Rl
induces large mixing of neutrinos in the supersymmetric,hare the indes (i=1,2,3) stands for the generation num-
?augte ttf;]eor{. T(f;isdmodel has only OEe rtlyperkcolor in adqit'ber.QL L, —(F;z —% andE_ﬁz express quark doublet, lepton
ion to the standard gauge group, which makes composi roLy PROTR : ’
states of preons. I£0 and 1 representations in §8) grand gggbrlietr’]t_r;]%mtégzngﬁgr uepd'slgcigrﬁ friléglzts-h?;sdeedcti(illcé\llvn-sector,
unified theory (GUT) are composite states, they produce Tth ) th g'th peA q > E th y- i
mass hierarchy which induces large mixing in the lepton € Sp(N) theory with oneA and sixQs has the com

sector and small mixing in the quark sector. This model carPOS'te states

In the supersymmetric gauge theory, various composite
models have been built in treconfinement theory20,21].
One example of thes-confinement theory is th&p(2N)
gauge theory with one antisymmetric tengoand six fun-
damentalsQs [22]. Kaplan, Lepeintre, and Schmaltz have
ilt composite models by using this theof23]. In this
per, we try to build the composite model of SUGUT by

naturally solve the atmospheric neutrino problem. We can TrA™"m=23,...N,
also solve the solar neutrino problem by improving the
model. QA"Q,n=0,1,...N—1. 2

In Sec. Il, we suggest a composite model. In Sec. lll, we , )
We consider the case &f=3. We assume that the field

transforms under the SB) gauge symmetry as well as &p
gauge symmetry, and the gauge coupling of(®Us much

!Recent Super-Kamiokande data of the electron energy spectrufjeaker than that of $6). In our model we introduce preon
suggest the vacuum oscillation solution with maximal mixing is fields as Table .

favored| 7,8} Q is the matter field o5, in Eq. (1). x; (j=1-3) is

2Although the Liquid Scintillation Neutrino DetectotsSND) re- . d di d I th | h h
sults suggest the small mixing betweep andv, [9], confirmation Introduced In order to cancel the gauge anomaly, where the

of the LSND results still awaits future experiments. Recent meaindexj has no relation to the generation numb¢rndH are

surements in the KARMEN detector exclude part of the LSND Higgs fields which are singlet under &p gauge symmetry.
allowed region10]. We introduceZ, discrete symmetry in order to distinguish
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TABLE |. Quantum numbers of preon chiral superfields in the  TABLE Il. Quantum numbers of chiral superfields after(&p

model. confines.
Preon SK6) SU(5) [U(1)w] Z, SU(5) [U(1),] Z,
A H 1 N,=A3 1
Q O 0 N,=A? 1
Q' (| 1 - N 1
Q 1 ] 3 ,
. ) s _ 10,-QAQ -
H 1 o (+1) 10,=QAQ H
" 1 u] 10,=Q? H
Ns ! ! x1=QQ’ O -
S 1 1 (-1 o= OAQ' 0 _
X3:QA2Q/ O -
. _ 5-0, 0
Higgs fieldsH, H and matter field; from extra fieldsN; is — g _
the right-handed neutrino of the third generatiBris singlet Xi
under both S(6) and SU5) gauge symmetries. In additionto ™" E' (+1)
Sp6) and SUW5) gauge symmetries, we introduce anomalous H o
U(1),, gauge symmetry,which induces a Fayet-lliopoulos s 1 (-1)

term £~ (9419272 Trq,M? from the string loop correc-
tions [25], wheregg andq,, are the string coupling and the
charge of the anomaloud(1),, gauge symmetry, respec-
tively. SandH have charges of U(J,) as Table I. We as- —
sume that many extra field¥s which have plusU(1),, _ We assumey; and y; do not take VEVsZ, symmetry
charges induce a Fayet-lliopoulos tegof the order of the  distinguishesy; from H, andy; fromH, andQ;. Atthe scale
Planck scale. Then we can expect tBaibtains the vacuum ©f A, the mass matrix of; andy; is given by
expectation valugVEV) of the order of the Planck scale

M,=0(10'") GeV. Extra fieldsXs do not contribute to the s 3

low energy phenomenology and mass matrices of quark and Y X1
lepton. We will see the reason why the figddand U(1),, (xsxax)| € € € Mol X2 |,
gauge symmetry are introduced later. € € & X3

We consider the situation that &p dynamical scale\
satisfiesMgyr<A<M;, whereMgyy is the SUS) GUT  wheree=A/M,,. For example, the mass gf; and x; is
scale ofC_)(lOlG) GeV. This condition is required by the pro- inquced ag(QQ')x,]~ A x.x,. The dimensionless param-
ton stability. If A<Mgyr, D-term interactions in Kaler  gier¢ is very important which will express the mass hierar-
potential which are suppressed ty/A) might induce t00 ¢y of quark and lepton later. The above mass matrix has
rapid proton decay. _ _ , 0O(1) coefficients, and we do not consider the case of zero

. Below the scale o, this theory is .descrlbed by the &p determinant. Then three mass eigenvalueg; (z{nd; are of

singlet states. We regard these(@singlet states as quark, O(eM.), O(e2M.), andO(e3M..). They areJ heav;/ enough
lepton, Higgs field, and extra fields as Table II. not to paf,fect the ?O;N energy phrzaﬁomenology.

The mass term of Higgs particlds and H is induced The Si6) strong dynamics induces the nonperturbative
from the operator[(S)HH]~M HH. We assume that superpotentiaWgy,[22], which is written as
triplet-doublet splitting is realized in another mechanism,
and Higgs doublets obtain suitable weak scale vacuum ex-
pectation value$VEVs) as(H)=v and(H)=v, wherev? g® g2
+02=(174 GeVY, according to the supersymmeti§USY) Wayn™ 12 NZ1G5x 1+ 7 Na[10:105x1+ x2105105]
breaking effects.

2
+ 5 N[10,100xa+ x:10,103]

3We expect the U(1,) anomaly is canceled by the Green-Schwarz

mechanisni24]. +0[10310, x5+ 10,10, x4]
4 . . . .
I would like to thank Professor T. Yanagida for teaching me this +9[10,10,x,+ 10,10, ] 3
process.
SIn this paper we assume that the SUSY is broken at the low enaccording to the field assignment of Table II. Here the factor
ergy, whose effects are negligible at the scalévigft. g=4mx follows the power counting arguments in RE26].
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Since x;s have masses around grand unified the@yT) et 3 €

scale and do not take VEVs, the dynamically generated in- | s 2

teractions of Eq(3) have nothing to do with the low energy M,=| € € Myp. ®)
phenomenology. e€ e 1

Under the above assumptions, masses of quark and lepton
are produced from irrelevant operators suppressed by thehrough the seesaw mechanism the mass matrix of three
Planck scale. Yukawa interactions which include compositgight neutrinosm, becomes
stateq10andl) are suppressed by the dimensionless param-
etere. The mass hierarchy is generated since quark and lep-
ton are composite states. This model is one of the models of T
Froggatt-Nielsen mechanisf@7]. In order to obtain the suit- m,=-mM,"m,,
able mass hierarchy, we set-1/10, which suggestg

4 3 2
~1/e. We denote X3 flavor space mass matrices mg , 1 Ye" e 1le
which representd;m;R;, wherel; and R; are left- and =—|1](e® e 1)| U 1l 1le
right-handed fermions, respectlvely The mass matrix of up- 1 1Ye? 1e 1
sectorm;; , down- sectonmIJ , charged leptomn; , and Dirac
neutrinom;; are given by € g2
x| €e](1 1 1) —,
1 Mp
6 5 4 4 3 2
65 64 63 , 63 62 € 1 1 1 -
u_ ~
S IS L IR RN ~—|1 11 gM”. )
€ € € € e 1 11 1 p
3 3 3 > 2 o The above mass matrices show only order, and all elements
€ € € € € € .. . . .
haveO(1) coefficients. Here we consider the situation that
mi‘}z e € € gv~| € € €|, all matrices have nonzero determindnt.
€ € € 1 This model induces the following mass hierarchy:
5
Mg Mg My~Me:m, :m,~ e €1,
63 62 € 62 €
e __ 3 2 — 2 1135
mj={ € € €|gu~| € € v, ©) my:mg:me~e* e 1. (10)
63 62 € 62 €
It suggests almost realistic mass hierafchith e~ 1/10.
This model suggests the large t@=v/v).
2 e 1 Let us show that this model naturally induces large mix-
5 ) ing in the lepton sector and small mixing in the quark sector.
mi=| € € 1|g, (7). For the quark sector, mass matrige§ andmj in Egs.(4)
e€ € 1 and(5) derive
respectively. For examplen}, is induced from the operator 1 5
[gZ/M (QAZQ)(QAZQ)HS] The Dirac masses ofjj and € €
have factorg? while mf} and mf have factorg. It is viak =utul=| € 1 €|, (11)
becausem and mjj have additional factog(S)/M,~g. 2 €

That is why we introduce the fiel§ and extra U(1), gauge
symmetry? The Majorana mass of right-handed neutrinos

M, is given by ’If the determinant of Majorana mass of the right-handed neutrino

of Eq. (8) is zero, the inverse matrid , * does not exist. However,
it is interesting to consider such a case, because the singular seesaw
SAlthough S takes the VEV ofO(Mp) higher order operators in  mechanism can workL8].
the superpotentia] (SH)"(S*X')™] are negligible. It is because  ®The mass hierarchy of E¢LO) is not precise for the first and the
(H)=10? GeV and(X)=0. These operators have nothing to do second generations of the down-quark and charged lepton sectors,
with the low energy phenomenology and mass matrices of quarkince experiments suggest /mg~ me/m”~0(10’2). In the next
and lepton. section, we will try to modify Eq(10) by improving the model.
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whereU! andU{ are unitary matrices which diagonalie; only by right-handed fields. Flavor mixing is determined by
andm from the left-hand side, respectively. Then we canthe unitary matrices which diagonalize mass matrices from
predlct the left-hand side.
In this model, the origin of the mass hierarchy exists in
the “compositeness.” This model naturally explains why
VK =m/m (12 Jarge flavor mixing is realized in the lepton sector while
small mixing is realized in the quark sector. This miracle
from Egs.(10) and (11). If we input experimental values of comes from the field contents of $8) in Eq. (1). When1Q,
masses in Eq12), we obtain and 1, of SU(5) produce the mass hierarchy, lar¢emall
mixing is realized in the leptoquark sector.

Now we discuss whether this model can solve the solar
neutrino problem, or not. We can see that three mass eigen-
values of light neutrinos are all of order from Eq. (9).
Then, two mass squared differences are naively of order
dm?=u?=10"2 eV Thus, we must introduce small pa-
Voo meD/me rameters in the coefficients in order to obtain the mass

Sub_Td b 503-0.07 (13  squared difference @(10~°) eV for the MSW solution, or

Vep  mEP/mi>® ’ 0O(10 19 eV? for the vacuum oscillation solution. Here we

assume that the neutrino mass matrix E)y.has rank oné?
where we usem®® as the mass at 1 Gel28], for one  which is the so-called “democratic type” mass matrix. In
example’ This naive estimation derives too sm#fljs com-  this case, three mass eigenvalues becom®(d), O(0),
pared to the experimental valvé®®=0.22. It is because we andO(x). In order to solve the solar neutrino problem, we
used wrong mass hierarchy,/ms~10~* of Eq. (10) when ~ must introduce small parameters in the coefficients of(Ex.
we estimate Eq.(13). Experiments suggesm{&P/m®®  as the mass perturbatigfh2].

miexp (exp

Vas= e ~0.03-0.07, Voy= (exp ~0.02-0.04,

~102 as Eq.(13). On the other hand/,, andV,,/V,;, are Here we shguld comment oR-parity, which distin-
roughly consistent with experimental values &S  guishesQ; from H, andN; from S It is difficult to introduce
~0.036—0.046 ant¥/(PVEP)=0,06-0.10. R-parity at the preon levéf N;s can be easily distinguished

How about Iepton fIavor mixing? Equatiori6) and (9) from Sby U(1),, gauge symmetry. On the other hand, Sor
suggest that unitary matricésy andU”, which diagonalize fields, we simply assume that operatp@HS], [HHSL],
mﬁ- andm, from the left-hand Sidé(? respectively, both have and[ 10 lQ_i2 Q_'a] are forbidden. The absence of an operator
the same form as which is consistent with all symmetries sometimes happens

in string derived models. Then the conventiorparity
symmetry as well as U(%) . global symmetry appear in the

O(1) ©O(1) 0O(1) effective theory below the confinement scale.
ue~u’=| 0(1) O(1) o) |. (14) We can also derive the same structures of mass matrices
as Eqgs(4)—(7) by another mechanism. One example is rep-
O(1) ©O(1) 0O(1) resented in the Appendix, where the origin of mass hierarchy

is produced not by the “compositeness” but by the discrete
Thus the neutrino mixing matriy'®P°"=U¢"U" suggests the symmetry.
large mixing ofO(1), aslong as the accidental cancellation ~ We would like to show another possibility before closing
occurs betweerJ; and U,. Equation(9) suggests mass this section. We can obtain largemall mixing in the lepton
squared differences are of ordém?=u?=10"2eV? (u  (quark sector, even in the case that orllg} produces the
=g*?M p), Which can be the solution of the atmosphericmass hierarchy. In this case, contrary to our model, there is
neutrino problem with large mixing between, and v, of =~ no mass hierarchy in the Dirac mass and Majorana mass of
5m23—(4 6)x 1072 eV? [1].1! From Egq.(9) we can see neutrinos, sincel; does not produce mass hierarchy. The
that large mixing has nothing to do with the explicit form of model with three sets of vectorlike extra generations @f
Majorana mass at all. The Dirac mass structures of EBjs. and10 which is built by Babu and Barr is just the cqddé).
and (7) are crucial for large mixing, because the mass hier-
archy of charged lepton and Dirac neutrino are produced—

2We can also consider the situation that three mass eigenvalues
of O(u) are closely degenerated and have small mass squared dif-
*The explicit values o/%2%in Eq. (13) have no meaning. Here ferences ofO(10™°) eV* or O(10 ) eV?. This situation also
we would like to discuss the order of the valuesv#ia™® elements.  needs small parameters in the coefficients of neutrino mass matrix.
10sincem, is Hermite, it is diagonalized by *m,U"". 1%0ne of the simplest examples is the introductiorzgfsymme-
To be accurate, we need to know the coefficients in Eejsand  try. We assignZ, charge asQ(i), Q'(—i), A(+), N3(—=), x;
(9) to check whether thi®(1) mixing is maximal or not. However, (+), Q (=), H(+), H(+) andS(+). However,N,; andN, have
this model cannot predict the coefficients. wrong signs in this case.
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Another example is the composite model built by Strassler o€’ de ¢
[20], where the possibility of largésmall) mixing in the o 5 _
lepton (quark sector have been mentioned by Strassler and mi={ € ¢ 1o, (17
Yanagida[29]. e€ e 1

We can easily build the composite model which induces
the same results of Babu and Barr based on R€l.1* Here

g ; ¢ e ¢
we show it briefly. We introduce the hypercolor of Sp(R )
with Ny=N+2(N>1) fundamental representations for each mi=| € € 1]|g%, (18
generation. Contrary to our composite model, there are three e e 1

hypercolors in addition to the standard gauge group. The

composite state olQ induces the hierarchy parameter  respectively. Where we defing=g(®)/M,<1.m{ andM,
=Ai/M; (i=1,2,3), and the mass hierarchy of quark andhave the same form as E@) and Eq.(8), respectively. The
lepton is given by mass matrix of three light neutrines, becomes

— -1..T
Mg Mg :My~Me:M, iM ~€; €5 €, m,=-mM,"m,,
b’ pe ¢\ [ 1t 1 1l€?

2. 2 ~—| € € 1]|| 1/ U 1le

My 1M M~ €2 €3: €2, (15)
€ e 1 e 1le 1

Since the proton stability demands #8< ¢;< 1, we consider pe* & € 42

e3~1 and € /€,,=10"1. It is the model of large tag. x| pe € € gv

This model also induces large mixing in the lepton sector as My’

vieren, — 1 and small mixing in the quark sector ¥§\"™; ¢ 1 1

=e€ilej. ¢ b B\

=—| ¢ 1 1 ng . (19
Il. IMPROVING THE MODEL ¢ 1 1 P

The previous model naturally induces largenal) mix-
ing in the lepton(quark sector. We can naturally solve the
atmospheric neutrino problem. However, we must introduc
small parameters in the coefficients of neutrino mass matri
in order to solve the solar neutrino problem. In this sectiont
we try to improve the model in order to obtain the natural
solution of the solar neutrino problem.

For this purpose, we introduce the discrete symmafry

Let us estimate flavor mixing in the quark and the lepton
sector. For the quark sector, the flavor mixing matrix Eq.
11) does not change/., andV,,/V,, are the same as in
g. (13), which are roughly consistent with experiments. On
he other handV,,=e€ becomes larger than the value of
ration my/mg, because Eq.10) is modified as

. . . . 2. .
and one more gauge singlet figld Under this discrete sym- Mg i Mg iMp~Me 1M, 1M~ ¢pe”ie:l,
metry only 5; and ® have odd charges, while other fields
have even charges. We assume tdattakes VEV as my me:m~e* e 1. (20
(@)IM,<1° Then the mass matrices of; , mf , andm
in Egs.(5), (6), and(7) are modified as If $=0(10"1), the value oV, and the mass hierarchy of

the first and the second generations of down-sector and
charged lepton become realistic.

b & & As for the lepton sector, unitary matrice andU” in
Eq. (14) are modified as

mﬂ- =| ¢ € €|y, (16)
o) 1 1 1 ® é
Ui~U’=| ¢ cos® —sind |, (21)
n the original model in Ref[20], top Yukawa ofO(1) is gen- ¢ sing cosé

erated dynamically. Here we consider the situation that top Yukawa

is also induced from perturbative interaction by introducing elemenWhere 6 is a mixing angle ofO(1). It suggests thay!'®P"

tary Higgs fields. The composite “Higgs field” in Ref20] corre-  =U{'U” has the same form as E@Q1). This form seems to

sponds toy;s in our model. be suitable for the small mixing solar neutrino MSW solution
157, symmetry is broken at the scale @). However, mass ma- 0f v, and v,,, and the large mixing atmospheric neutrino

trices of quark and lepton do not change since we consider the cas®lution of», andv,. However, it is not true. Equatiof21)

of g(®)/Mp<1. is derived because we estimate masses of three light neutri-
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nos asO((j;Z,U,), O(w), andO(w) in Eq. (19). Since two TABLE Ill. Quantum numbers of chiral superfields.
mass squared differences are bothOgfu?) in this case, we
cannot solve the solar neutrino problem without introducing Field SE8) SU(5) Z5XZ%
small parameters in the coefficients of neutrino mass matrix
Eq. (19). P O 1 (@,)
Here we assume that the determinant of 2 submatrix 10; 1 H a,+)
of the second and the third generations is zero at quden 10, 1 g (0% +)
Eq. (19.2° In this case, three mass eigenvalues are of ’
O(¢p), O(du), andO(w). The unitary matrixy” is modi- 10, 1 H (@,+)
fied as 5, 1 0 (0®+)
5, 1 ] (w3, +)
1/\/? 1/2 1/2 gl 1 a (w3’+)
ur~| —1M2 112 1/2 ], (22 1, 1 1 (w2, +)
¢ —1V2 1IM2 1 1 1 (0,+)
This form is justifi ici h L L (@, +)
justified for the sufficient smadh. Then lepton
flavor mixing V'**°"=U®"U” can induce large mixings of H 1 9 (1,4)
(ve—v,) and (v, — v,).*" This case is so-called “bimaximal H 1 ] 1,+)

mixing.” If we input ¢=10"'° we obtain 6m3,
=10"° eV?, which is nothing but the large angle MSW so-
lution. Besides, this case suggests the realistic mass hierg@scillation solution might be possible by extending the
chy of quark and lepton, and realistic value \fs as we  model.

have seen before. Thus, we can solve not only the atmo-

spheric neutrino problem but also the solar neutrino problem ACKNOWLEDGMENTS

by the large angle MSW solution in this model. On the other

hand, if we input¢p=10"%, we obtain 6m2,~=10"1" eV?,
which is suitable for the vacuum oscillation solutidfigJn-
fortunately, masses of electron and down quark in )
become too small whesp=10"*. This case might also be a
realistic solution by extending the model.

| would like to thank Professor T. Yanagida for many

useful discussions and many fruitful comments. | would like
to thank Professor A. |. Sanda, Professor M. Tanimoto, Pro-
fessor T. Matsuoka, Professor M. Suzuki, Professor H. Mu-
rayama, Professor C. S. Lim, and Professor K. Inoue for
useful discussions and comments. | would like to thank Pro-
fessor V. A. Miransky and Professor Y. Sugiyama for careful
reading of the manuscript.

In this paper we suggest a composite model which can
naturally induce large flavor mixing in the lepton sector and APPENDIX: A MODEL WITH DISCRETE SYMMETRY

small mixing in the quark sector. This model has only one H t th del wh the di i i
hypercolor in addition to the standard gauge group, which ere we suggest the model where the discrete symmetry

makes composite states of preons. In this modieland 1 plays a crucial role (.)f. producing mass hierarchy, which in-
representations in S8) are composite states, and they pro-dliceg larggsmal) mixing of the(;e}stotn(ql;arlz sectotr . IWe
duce the mass hierarchy. This can explain why large mixin ntro 'tJCt'e asgaugﬁ grolup &? acr; : sthen dL.m a;nen a rept-
is realized in the lepton sector, while small mixing is realized esentations's. We also ntroduce the discrete Ssymmetry

in the quark sector. This model can naturally solve the atmoZs> Z2- The representations of fields are shown in Table IlI.
spheric neutrino problem. In the improved model, we can 1he Si8) hypercolor makes the composite stalé
derive the mass scale which is suitable for the solution of thé= P P- The nonperturbative effects &p(8) gauge symme-
solar neutrino problem. We can solve not only the atmo-rY induce the superpotentigB3]

spheric neutrino problem but also the solar neutrino problem

by the large angle MSW solution in this model. The vacuum Wy n=X(PfM — A1), (A1)

IV. SUMMARY AND DISCUSSION

which makes the vacuufM)=A2. A is the strong coupling
8This situation is also the fine-tuning at this stage. We expect thiicaIe of SB). Z5x Z, symmetry reduces t@; symmetry

situation might be realized by the string derived model. elow the confinement scale. .
To be accuratep=0(1) of U® in Eq. (21) should be suffi- Let us show the mass matrices of quark and lepton. Mass

ciently small in order to realize “bimaximal mixing.” This situa- [€rMS which are not singlet under the discrete symmégry

tion can be easily realized by suitable coefficients of charged leptof'€ Produced from the irrelevant operators suppressed by the
mass matrix. Planck scaleM,. The mass hierarchy is expressed by the
18The “bi-maximal mixing,” which explains the atmospheric neu- Small dimensionless paramet@rE(M)/Mf,<l. The mass
trino oscillation and the vacuum oscillation for the solar neutrino, matrix of the up-sectomil} ) dOW”'SeCtOTmﬂ- , charged lep-
have been studied in Refs30-32. ton mie]- , and Dirac neutrinan;; are given by
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nt 7 7
3 2
mi=\ 7 7" 7 |v, (A2)
7’ 1
3 7]3 7]3
d 2 2 2 | —
mi=\ 7" 7 7 |v, (A3)
7 7
7 7 7
e 3 2 —
mi=| 7" 7° 7|v, (A4)
7 7 7
4 773
4 3
mﬁ-z n v, (A5)
4 773
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—1..T

mV|=—mVMV m,,
1
== 1" »° D
1
2
/g 1 1y 7 )2
x{ 1 p inp|| |1y,
My
1Un? 1n Un 1
1 1 1
02
~—|l1 11 .. (A7)
Mpn
1 11

The following mass hierarchy is derived in this model:
Mg Mg My~Mg:mM,, :m.~ 7% n? 7y
m,:mg:m~ 7% 9% 1. (A8)

This model suggests small tgh This model naturally in-

respectively. The Majorana mass of right-handed neutrinoguces large mixing in the lepton sector and small mixing in

M, is given by

7 2

1

7]2

1 7
7t m | M,. (A6)
n 7

The mass matrix of three light neutrinm;uI is given by

the quark sector. It is becaud®, and1; produce the mass
hierarchy® as the composite model presented in this paper.
Here the mass hierarchy is produced not by the “composite-
ness” but by the discrete symmetry.

19Three§is have the same discrete charge whils andl;s have
different charges corresponding to the generation.

[1] Super-Kamiokande Collaboration, Y. Fukuds al, Phys.
Lett. B 433 9 (19998; hep-ex/9805006; Phys. Rev. Le#l,
1562 (1998; Y. Kajita, talk at “Neutrino 98,” Takayama,
Japan, 1998.

[2] K. S. Hirataet al, Phys. Lett. B280, 146 (1992; R. Becker-
Szendyet al, Phys. Rev. D46, 3720(1992); Y. Fukudaet al,
Phys. Lett. B335 237 (1994.

[3] GALLEX Collaboration, W. Hampeét al,, Phys. Lett. B388
384(1996; SAGE Collaboration, Dzh. N. Abdurashit@z al.
ibid. 328 234(1994; Homestake Collaboration, B. T. Cleve-
landet al, Nucl. Phys. B(Proc. Supp).38, 47 (1995; Kamio-
kande Collaboration, Y. Suzukibid. 38, 54 (1999; Super-
Kamiokande Collaboration, Y. Fukuds al, Phys. Rev. Lett.
81, 1158(1998.

[4] L. Wolfenstein, Phys. Rev. 7, 2369(1978; S. P. Mikheyev
and A. Yu. Smirnov, Yad. Fiz42, 1441(1985.

[5] See, for example, N. Hata and P. Langacker, Phys. R&0,D
632 (1994; 56, 6107(1997.

[6] See, for example, V. Barger, R. J. N. Phillips, and K. Whis-
nant, Phys. Rev. Let69, 3135(1992.

[7] Y. Suzuki, talk at “Neutrino 98,” Takayama, Japan, 1998.

[8] J. N. Bahcall, P. I. Krastev, and A. Yu. Smirnov, Phys. Rev. D
58, 096016(1998.

[9] LSND Collaboration, C. Athanassopoules al, Phys. Rev.
Lett. 75, 2650(1995; 77, 3082(1996; nucl-ex/9706006.

[10] B. Zeitnitz, talk at “Neutrino 98,” Takayama, Japan, 1998.

[11] See, for example, M. Fukugita, M. Tanimoto, and T.
Yanagida, Prog. Theor. Phy89, 263 (1993.

[12] M. Fukugita, M. Tanimoto, and T. Yanagida, Phys. Re\6'D
4429(1998.

[13] See, for example, M. Tanimoto, T. Hayashi, and M. Matsuda,
Z. Phys. C58, 267(1993; A. Yu. Smirnov, Phys. Rev. 38,
3264(1993; M. Tanimoto, Phys. Lett. BB45 477 (1995.

[14] K. S. Babu, C. N. Leung, and J. Pantaleone, Phys. LeX1®
191(1993; M. Tanimoto,ibid. 360, 41 (1995.

[15] K. S. Babu and S. M. Barr, Phys. Lett. 31, 202(1996; S.

M. Barr, Phys. Rev. 55, 1659(1997).

[16] See, for example, Y. Achiman and A. Lukas, Phys. Lett. B
296, 127 (1992; Y. Achiman and T. Greineribid. 329, 33
(19949; B. Brahmachari and R. N. Mohapatra, Phys. Rev. D
58, 015003(1998; C. H. Albright and S. M. Barrjbid. 58,
013002(1998; J. Sato and T. Yanagida, Phys. Lett.4B0,
127(1998; N. Haba and T. Matsuoka, Prog. Theor. P84,
831(1998.

[17] K. Kobayashi, C. S. Lim, and M. M. Nojiri, Phys. Rev. Lett.
67, 1685(1991); H. Minakata and H. Nunokawa, Phys. Rev. D
45, 3316(1992.

035011-7



NAOYUKI HABA PHYSICAL REVIEW D 59 035011

[18] Sheldon L Glashow, Phys. Lett. 56, 255(1991); E. J. Chun, (1987; M. Dine, I. Ichinose, and N. Seiberdyid. B293 253
C. W. Kim, and U. W. Lee, Phys. Rev. B8, 093003(1998. (1987.

[19] E. Ma, hep-ph/9807386. [26] A. Cohen, D. Kaplan, and A. Nelson, Phys. Lett.3B8 588

[20] M. J. Strassler, Phys. Lett. B76, 119(1996. (1996.

[21] See, for example, A. E. Nelson and M. J. Strassler, Phys. ReJ27] C. Froggatt and H. B. Nielsen, Nucl. Phy&147, 277 (1979.
D 56, 422 (1997; M. A. Luty and R. N. Mohapatra, Phys. [28] B. Stech, Phys. Lett. B03 114 (1997.
Lett. B 396 161(1997; M. A. Luty, hep-ph/9611387; N. Ki- [29] M. J. Strassler, irfProceedings of the Workshop on the Per-

tazawa and N. Okada, Phys. Rev5B, 2842(1997); M. Hay- spectives of Strong Coupling Gauge Theqriedited by J.

akawa, Phys. Lett. BI08 207 (1997); N. Haba and N. Oka- Nishimura and K. Yamawaki{World Scientific, Singapore,

mura, Mod. Phys. Lett. A3, 759(1998; N. Arkani-Hamed, 1997, p. 237.

M. A. Luty, and J. Terning, Phys. Rev. B8, 15004(1998. [30] V. Barger, S. Pakvasa, T. J. Weiler, and K. Whisnant,
[22] P. Cho and P. Kraus, Phys. Rev.5, 7640(1996); C. Csi, hep-ph/9806387.

M. Schmaltz, and W. Skiba, Nucl. PhyB487, 128 (1997). [31] A. J. Baltz, A. S. Goldhaber, and M. Goldhaber,
[23] D. B. Kaplan, F. Lepeintre, and M. Schmaltz, Phys. Rea@) hep-ph/9806540.

7193(1997. [32] M. Tanimoto, Phys. Rev. D (to be published
[24] M. Green and J. Schwarz, Phys. Lett1B9 117 (1984). hep-ph/9807283; Y. Nomura and T. Yanagidbjd. 59,
[25] M. Dine, N. Seiberg, and E. Witten, Nucl. PhyB289, 589 017303(1999.

(1987; J. J. Attick, L. Dixon, and A. Senipid. B292, 109 [33] K. Intriligator and P. Pouliot, Phys. Lett. B53 471 (1995.

035011-8



