PHYSICAL REVIEW D, VOLUME 60, 013006

Lepton and quark mass matrices
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We propose a model that all quark and lepton mass matrices have the same zero texture. Nam@ly) their
(1,3, and(3,1) components are zeros. The mass matrices are classified into two types. Type | is consistent with
experimental data in the quark sector. For the lepton sector, if the seesaw mechanism is not used, type Il allows
a largev,,-v, mixing angle. However, severe compatibility with all neutrino oscillation experiments forces us
to use the seesaw mechanism. If we adopt the seesaw mechanism, it turns out that type | instead of type Il can
be consistent with experimental data in the lepton sector[®@656-282(199)05613-1]

PACS numbseps): 12.15.Ff, 14.60.Pq, 14.65q

One of the ultimate goals in particle physics is to con-nearest-neighbor interactiofNNI) form [3] in which the
struct a unified model of quarks and leptons. The phenom¢2,2) component is also zero. Namely, our texture of the
enological construction of quark and lepton mass matricesnass matrix is
can be an important step toward this goal, which reproduces
and predicts direct and indirect observed quantities such as 0O * 0
quark and lepton masses, mixing angles, & violating * * &)
phases. In this paper we propose a model that all quark and '
lepton mass matriced ,, My, M, andM, [mass matrices
of up quarks (,c,t), down quarks d,s,b), neutrinos
(ve,v,,v,), and charged leptonse(u,7), respectively
have the same zero texturg]. HereM ,= —M{Mz My is
the mass matrix of light Majorana neutrinos, which is con- T -1
sidered to be constructed via the seesaw mechg#i$from 0% 0 0% 0 0 % 0 0% 0
the neutrino mass matrix

Indeed, this matrix leaves its form in the seesaw mechanism

T * ok ok * sk Xk * ko - E I
0o M}
Mp Mg/’ (1) 0 * = 0 % * 0 * * 0 * %
whereMy, is the Dirac neutrino mass matrix andy is the Mj Mg! Mp @

Majorana mass matrix of the right-handed componedts.

and Mg are furthermore assumed to have the same zerorpe nonvanishing2,2 component distinguishes our form
texture matrix asM,. This assumption restricts the texture from NNI's. This difference, as will be shown, makes it pos-
forms as follows: sible to treat quark and lepton mass matrices universally and
consistently with experiments.

0 * 0 00 = 0 Now we assign quark and lepton mass matrices as fol-
* ok ok , 0 * * , 0 0 * , (2) lows:
0 * * * * * * * *
0 A, O 0 A O
* 0 0 * 0 * * %0 M= A Bu Cu|, M=|A, B, C|[,
* * O * O * * * o CU DU 0 CV DV
* * * O * 0 * 0
0 Ay O
*  x % x % % * * My=Pyq Ay By Cy4 Pg
* * 0 , * O O , * * 0 . O Cd Dd
* 0 0 0 * 0 0 * 0 Age'e12 0
. . =| Age 22 B Cqe'923
Here *'s indicate suitable nonzero numbers. Among these d f’i d :
forms we choose the first one because it is the closest to the 0 Cqe '“2 Dy
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e O Therefore, the mass matrix is classified into two types by

0 A
choosingB andD as follows:
Me=Pe Ae Be Ce Pl g
C. D

0

e e
_ [type l[(B large B=m,, D=mz+m,,
0 Ae'Pr2 0
=| A P12 B, Cee'Ps | (5)

0 C.e-ih2s D, [type ll](B smal) B=m;, D=mz+m,. €]

where Pg=diag(e'*s,€'2,e'*?), ajj=ai—a;, and Pe  Here we do not accept the caseB¥m,+m, andD=mj

=diag(e'”,e'%2,e'%9), B;j=pi—B;. _ since in this cas€ becomes zero and this matrix is out of
Let us discuss the relations between the following tex-yr texture. We adopt type | for quark mass matrices. For the
ture’s components of mass matiik lepton sector we adopt type | and type Il mass matrices for

the cases with and without the seesaw mechanism, respec-
0 A O tively. We proceed to discuss this in detail.
Let us discuss the quark sector first. The mass matrices of
M=|A B C (6) type |l (B=m,, D=ms+m,) explain the quark sector con-
0 C D sistently as will be shown. Assigning a definite valBe
=m, andD=ms;+m; in Egs.(7) for type |, we obtain
and its eigenmass), . They satisfy

B+D=m;+m;+m;, A [(—mg)mymg c (—my)mg(mMg—mp+my)
mg+mg ' mz+my '

BD_CZ_AZZmlm2+ m2m3+ m3m1, (9)

DA?=—m;m,m;. (7)  Then the mass matrix of type | becomes

m;m->m
0 [MiMpMg 0
Mmz—m
m;m;Mmgs m;Mg(Mz—mMy—m;y)
M=]| \/—/——— m,
Mz —my mz—my

0 \/mlms(ms_ My —my) ma—m,
mz—my
0 vymym, 0
=[ vmim, my Vmims (for mg>m,>m,). (10

0 ymimz Mmz—m;

Here we have transformed; into —m; by rephasingM is diagonalized by an orthogonal matixas

0 \/mlmz 0 - m1 0 0
of| ymm, m, ymmg |O=| 0 m, 0], (12)
0 \ m1m3 m3_ ml O O m3

with
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\/ m,m3 \/ My Ma(Mz—My—m;) \/ mzm,
(My+my)(mi—m?) (Ma+my)(Mz—my)(Mz—my) (

2 .2
mz—m5)(m3—mj)

o _\/ m;mgs \/mz(ms_mz_ml) \/ m;ms
(my+my)(mgz+m;y) (my+mg)(mz—my) (mg—my)(mgz+m;y)
\/mlz(ms_mz_ml) _\/ m;m;Ms (Mz)4(mz—my—my)
(My+my)(mi—m?) (Mz—my)(My+my)(Mz—my) (m3—m32)(mg—m,)
m mem
1 m 1My
my m3
= _ /™M 1 M (for mg>m,>m;). (12
ms ms
7
m m
1 _ _1 1
myms m3

The mass matrices for quarkg,y andM ,, are assumed to be of type | as follows:

0 Jmgmg 0 0 Jymme 0
Mg=Pg4| vmgms mg  ymgm, | Pl M= ymym. m  ymm |, (13
0 VMgMmy  Mp— My 0 ymgm,  me—m,

wheremy, mg, andm, are down quark masses amg, m,, andm;, are up quark masses. Thdge andM , are diagonalized
by matricesP4O4 andO,,, respectively. Here the orthogonal matric@g and O, which diagonalizePfQMde andM,, are
obtained from Eq(12) by replacingm;, m,, mg by myq, mg, my and bym,, m., m;, respectively. In this case, the
Cabibbo-Kobayashi-Maskaw@KM) [4] quark mixing matrixV can be written as

V14 Vid  |Vigde

-1p- -V \ \
V=P, Py 1QI|:>dodpqz Vi V22l V24

. (14
[V1Vog —[Vide'?  —|Vu4 |Vad

where theP,]l factor is included to pu¥ in the form with diagonal elements real to a good approximation. Furthermore, the
! andP,=diag(e'?1,€'%2,€'#3) with ¢, — ¢, =arg(Pg 'O P4O0g) 1, ande; — p3=arg(Pg "0 P40y),3 are for the choice of
phase convention as E¢l4). The explicit forms and numerical center values of the componenisare

N l_‘\/md(mwmdxmb m,—my) \/mu<mt+mu><mt—mc—mu>nim
12| <

2 2
(mg+ md)(mb mymg— md) (me+ my)(mg —mymg—my)

e laig

2 2 2
\/ m2(mZ—m2)(m—m—m,) | my(my—my)

2 242
(m¢g+my)(my —mgmg—my) mb myMg— md

m m .
O I - I e-ia1
mg me

2
|V | ‘\/ U(mt+mU)(mt_mC_mU) MM el@ioy md(mb md) e lazs
23 = > \/ \/ >
(Me+my) (M —mme—mz) V (m,—mg)(mg—mj) MpMs—
m m .
~ \l_d_\/_e*'aza
my m;

=0.17-0.28,

=0.036-0.043,
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2 2, 2 2
mgmg my(my—mg)(m;—me—my)
Vg = N 2 228 2
(mb_ms)(mb_md) (mc+mu)(mt _mtmc_mu)
B \/mu<mt+mu><mt—mc—mu> My(my—my)
2 2 2 2
(m¢+my)(my —myme—my) mp— MpyMg— Mg

2

/m m /m /m /m . :
dgs_ u( d ue_'o‘ZS)e_'alZ
m;, me my m;

Vi [Vid?Vod = [Vay®  [Vig®+ my/me—mgy/ms

cosp= =
2|V14|Vad| V14 2|V Vmy/m,

Here we have used the running quark masg atm, [5]:

e iaiz

=0.0021-0.0025,

—-1-1. (15

my(my)=2.33"542 MeV, m(m,)=677"35 MeV, m(m;)=181+13 GeV,
mg(mz)=4.69"582 MeV, my(m;)=93.4"138 MeV, my(m,;)=3.00-0.11 GeV. (16)
Let us compare Eq€$15) with the experimental valud$]:

V12| expi=0-217-0.224, |V = 0.036-0.042,

|V 13 expt=0.0018—0.0045 (90% C.L). (17

It is remarkable that the very heavy top quark mass raises n@ v,; V;, Vi,
inconsistency in our model. The reason is as follows. In Vor Voo V
|V,g, the first term of right-hand side in EGL5) (y/mg/my, 2t T2 T2
=0.034) is nearly equal to the experimental valil|ep Vai Vs Vg

=0.036-0.042); so a heavy top quark mass does not make A2

any trouble. Whereas in the case of type Il and also the 1-— A AN3(p—in)
Fritzsch model7], the first term ofV,; becomesymg/m,
=0.18. So in order to adjust to the experimental value, the = N 1- )\_2 N2 . (19
second term must be of the same order as the first term to 2

cancel a large part of the first term. Thus the top quark could AN3(1—p—izn) —AN? 1

not have a very heavy mass.

If we adopt only the central values of quark masses in EqThe measurement of theand 7 parameters is usually asso-
(16), the compatibility of our prediction, Eq15), with the  ¢jated with the determination of the only unknown vertex of
experimental values, Eq17), imposes some constraints on 5 triangle in theo-7 plane whose other two vertices are in
a;j . They are depicted in Fig. 1 in the shaded strip in the(0,0) and (1,0) [10]. This triangle is called the unitarity tri-
a1z ay; plane. In this figure we have superimposed theangle. Changing freely,; and a3 in Eq. (15), the predicted
rephasing-invariant Jarlskog paramelaf the quark sector, points sweep out the light and dark gray regidRg). 2).
J=Im(V V3, ViVoa) [8]. However, these restrictions are  Next let us discuss the lepton sector. We develop our
very sensitive to the errors of mass values and are not affiarguments first without the seesaw mechanism. The mass
mative at least at this stage. Contours represent the value ofatrix of leptons is assumed to be of type Il. Assignidig
J from —2.3x10°° to 2.3x 10 °. The above restriction on =m; andD=mz+m, (type Il) in Eq. (8), we obtain, from

ajj , therefore, gives the bound dnas Eq. (7),
A [my(—mz)mg c— (—my)mg(Mz+my—m;)
1.6x10 °<|J|=<2.2x10 °. (18 "N merm, 7 Mg+ m, -

(20)
Using the popular approximation due to Wolfenstgh the  Then, we obtain the mass mati of type Il and the or-
CKM quark mixing matrix can be written in terms of only thogonal matrixO that diagonalize it, which are expressed in
four real parameters: terms of the mass eigenvalug as

013006-4



LEPTON AND QUARK MASS MATRICES PHYSICAL REVIEW D60 013006

/m;m,m
mz—m,

53—

( ) 0 ymgm, 0

m;m;Ms3 myMz(Mz—My—My

M= \/—m m my \/ =| vmimy My vmymg |,
3— My

mz—m;
0 Vvmymgz  mMz—m,

0 \/m2m3(m3— my—m;) ma—m,
mz—m;
(21
\/ MM3(Mz— My —my) \/ mym3 \/ mjmy
(mg+my)(Mz—my)(Mmz—my) (My+m,)(mi—m3) (mz—my)(m3—m3)
o= \/ My (Mz—my—my) B \/ myms \/ m;ms
(Mg +my)(mz—my) (Mg +my)(mz+my) (Mz—my)(mz+my)
3 \/ mym;mg \/ m3(mg—m; —m,) (mg)®(mz—m;—my,)
(mz—my)(mMy+my)(mz—m,) (My+my)(mi—md) (mz—m;)(m3—m3)
1 my mym3
my m3
= M -1 M2 (for mg>m,>m;,), (22
my m3
M M2 1
ms ms
|
with orthogonal matriXO,, is obtained from Eq(22) by takingm,
as the neutrino mass art@, by replacingm;, m,, m; by
m 0 0 Me, M, , M_. In this case, the lepton mixing matrix[here-
| O —=m, 0 after we call it the Maki-Nakagawa-Sakat®INS) mixing
O'MO= 2 ' (23 matrix [11]] is given by
0 0 mg
Ull U12 U13
where we have transformed, into —m,. The components U:pl’rpgolpeovplz Upn Uy Ug|, (25

(2,3 and(3,2) of O are not small compared witl]imllm3 in
type I. Therefore, as a result of this large mixing, type Il can

be consistent with the large,-». mixing angle solution in o SN . .
atmospheric neutrino experiments as shown later. where P,=diag(1j,1) is included to have positive neutrino

tpt ;
The mass matrices of charged leptons and neutrinos arr%ass. TheP/'P, factor leadsU to the fprm _whose d|ago_nal
assumed to be of type Il as follows: elements are real to a good approximation. We obtain the

expressions of some elementslbfas follows:
0 Vmem,, 0

X my me .
Me=Pe| Vmem, — Me  ym,m. | P, u12=l< N'm, ™ Vm_elﬁlz),
"
0 ym,m_ m.—m,

m m, .
0 Jmym, 0 U= —i( N\ =t \/—“e'ﬂza‘),
ms m,

M,=[ ymm, m vmoms |, (29

0 vmpomz - Mg—Mmp Uz~ Eeiﬁlz @_ &eiﬁzz_
V'm, Nm; Vm,

wherem,, m,, andm, are charged lepton masses ang, (26)
m,, andmg are neutrino masses. Thokt, and M, are di-
agonalized by matriceB.,O. andO,,, respectively. Here the For example, substituting the neutrino masses

U3l U32 U33
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FIG. 2. The vertex position of unitarity triangle predicted by our
model is superimposed on the diagram restricted by hadron experi-
ments. Our predictions are obtained by changinganda, freely
in Eq. (15 with no approximation. If each quark mass takes the
center values in Eq$16), the dark gray region is allowed. On the
other hand, taking the error of each quark mass into consideration,
0 n 27 we obtain the light gray region.

13

. . ey y2
FIG. 1. The allowed region on the, s a»5 plane is depicted by Mog:Mp2:Mpy=1:x:X7, (30)

the shaded areas. In the allowed region, the contours indicate the
rephasing invariant of the Jarlskog parameterd
[=Im(V1,V3,Vi3Va3)] of the quark sector.

Mgs: Mgy Mgy =1:x%:%3, (31

Heremp; andmg; are eigenvalues df1, and Mg, respec-
tively, andx is a small parameter.

It is noted from assumptiofa) that M, itself is out of
type | via the seesaw mechanism. If we use the assumption
thatM., My, andMg belong to type Il instead of type I, we
cannot accommodat@zs, Mgy, andmg; to a largev,-v,
mixing. Conversely, a large mixing enforces onrmag; and
mg, of the same order, where we cannot distinguish type Il
from type I.

Using assumption&) and(b), we obtain

m;=1.4x10"% eV, m,=3.2x103 eV,
m;=7.1x10"2 eV, (27

and the charged lepton masses.,=0.51 MeV, m,
=106 MeV,m_=1.77 GeV, into Eqs(25) we obtain

| U12| = 014—028, | U23| = 0033—046,
|U,4=0.023-0.032. (28)

Here we have usedm2, =m3—m5=5.0x10"° eV? and

AmZ,=m5—m7=1.0x10"° eV? with the assumption that

m;<<m,<<mz andm; /m,=m,/ms. Let us compare this pre-  —=_

diction with the experimental valug42]: _E'
|Usderp=0-0.71,  |Usdexp=0.52-0.87, L i

|Ud o= 0-0.22. @

Here we have combined the constraints from a recent “3 |

CHOOZ reactor experimeii3] and Super-Kamiokande at-
mospheric neutrino experimefit4].

Though the lepton mass matricks, and M, of type Il
lead to largev ,-v, mixing, |U 4 is still small compared with

ool

the experimental value. This trouble is resolved via the see- Tl Rkl 2kt 3] B B 1 R 2

saw mechanism. In the seesaw mechanism, we have addi

tional free parameters even in our model. So we set the fol- tU nﬂw

lowing assumptions guided by the atmospheric neutrino

oscillation experiments, which lead to a fairly largg-v. FIG. 3. The solid line and dotted line show 90% C.L. and 99%

mixing:. (@ The mass matr.iC(?Me, Mp, andMg belor)g t0  C.L., respectively, which were derived from a three-flavor analysis
type |, instead of type Il, similar to quark mass matricd3; of solar neutrino deficit experimenfd5]. The star indicates our
the mass eigenvalues bf, and My satisfy prediction.
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/Mp1Mp>m
0 p1Mp2Mp3 0
Mp3— Mp1
(@ Mp1MpoM Mp1Mp3(Mp3— Mpo— Mp1)
p1Mp2Mp3 p1Mp3(Mp3—Mpo—Mpy
Mo=| +/—piozlos Mo2 (32
Mp3— Mpy Mp3— Mpg

0 \/lemD3(mD3_mD2_mD1) M3~ Mpy
Mp3— Mpy
o 0 xyx O
=Mp3 X\/; X X (33)
0 x 1
and, similarly,
0 x%/x ©
Mg=Mg3 x2x - x xyx | (34
0 xyx 1
Then the neutrino mass matriM , is given by
[0 VX 0
m
M=~ MIMa M= — 220 5 1 (ko002 1-(vk-x) | (35)

Mg3

0 1—(Yx—x) 1

The orthogonal matrix which diagonalizes E85) is

1 —72+48/3-9\x+5\3Vx 1 72+483+53x+9x 2 . 2
2T (B-1E- 3" 2 (1 BEeBEe 40 e
1 —72+483+21x—73x 1 72+483-21Jx—7\3Jx 2 52
7| (3-8 2% (3B R R
1 —72+483— 15X+ 53 1 72+483+15/x+5\3Vx 2 7.2
Rz (3-3)" IEZEENCENCIEE 232

and the eigenmass is

205 D)

Mg3 8 24

2 2
mas[(1 V3 3 \3 Mp3 7
mz—m—%{<§+7 \/;— §+§ X(, mg_m_Rg 2— X+ ZX . (37)
For numerical estimation we assume that the mass patterr(38¢.s the same as that of an up quark;
my(my):m.(my):my(my)=1:x:x> (x=0.0036, (39

and, thereforempz=kxm,(my), mp,=kxxm(m,), and mp;=kx>xm,(m;). Using assumptiorfa), that M, belongs to
type |, the mass ratios of light Majorana neutrinos, the MNS mafriand the rephasing-invariant Jarlskog paramétsrthe
lepton sector become

mz:m,:—m;=1.0:0.04:0.01, (39
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u=pPlO!P.O,

—0.88-0.0% A2 0.46—0.04e P12 0.022-0.04% A2
~| 0.34-0.06'%12  0.62+0.0%'P12+0.01e '#3  0.71-0.0le A2 | (40)
—0.31+0.01e'P23 —0.64+0.01e'P23 0.71+0.01e'A23

and |J|=0.01. Here we have assumed that the changes ofhich are superimposed on the analysis by Fegkl. [15]
lepton masses and the MNS mixing from=m; to u  (Fig. 3). The star in Fig. 3 indicates our prediction. The
=MeV are very small. At this stage only one parameter,position of the star has been determined from atmospheric
Mg, still remains free. It will be determined fromm3,  neutrino experiments and was free from solar neutrino deficit
=5.0x10"2 eV? as experiments. Nevertheless, its position is in the allowed re-
o 3 gion of solar neutrino experiments.

Mga=k?X(9.0X10%) eV. (41) Concluding remarks are in order. We started with the

Thus we have fixed parameters so as to adjust the atmG@Me type of four texture zero-mass matrices both for quarks
spheric neutrino oscillation experiments. Assumptigas ~ 2nd leptons. They were classified into types | and Il. Type |
and (b) are not unique and their justification is checked byexplalns quark sector consistently. For the lepton sector type
the compatibility with solar neutrino deficit experiments. Il. on the other hand, reproduces qualitatively large lepton
From Egs.(37), (40), and(41), we have the restrictive pre- mixing. However, the best fitting with experimental data re-
diction quires the seesaw mechanism in the lepton sector with type |

mass matrices similarly to quarks.

Am3,=7.8x10° % eV? tan2<pEL20
2 ' |Upg2+|Ugd? We are grateful to H. Minakata and O. Yasuda for valu-
, able discussions. Special thanks are due to Y. Koide for his
u enlightening suggestions on phenomenological mass matrix
tarfw= ——=0.27,
P L 0.27 @y o O?els. g sugg p s
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