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In a framework of the universal seesaw model which intends to give a unified description of the
quark and lepton mass matrices by assuming a seesaw mechanism not only for the neutrinos but also
for the charged leptons and quarks, a possible form of the neutrino mass matrix is investigated. In
the mass matrices 7LmLFR +F; mprfr+ FLMpFg (f quarks and leptons; F': hypothetical heavy
fermions), m; and mgr are universal for up- and down-fermions, and Mz have only fermion-sector-
dependent structures. The observed top quark mass enhancement is understood by detMp = 0 (F =
U). The quark and lepton masses and mixings (including the neutrino sector) are well-satisfactorily
described by only one complex parameter by in Mz which is invariant under a permutation symmetry
Ss, when m and mp are fixed by using the observed charged lepton mass values as the inputs.
However, so far, the universal seesaw model has not been able to give bimaximal mixing for the
neutrino sector under the parameters which well describe the observed masses and mixings of the
quarks and charged leptons, although it can give either maximal mixing of v.-v, or v,-v.. In the
present paper, we consider that m; and mpg are universal for up- and down-fermions, but those in
the lepton sectors are different from those in the quark sectors by a rotation. The new universal

seesaw model can reasonably give the observed nearly bimaximal mixing.

PACS numbers: 14.60.Pq, 12.15.Ff, 11.30.Hv

I. INTRODUCTION
A. What is the universal seesaw model?

Stimulated by the recent progress of neutrino experi-
ments, there has been considerable interest in a unified
description of the quark and lepton mass matrices. As
one of such unified models, a non-standard model, the so-
called “universal seesaw model” (USM) [1], is well known.
The model describes not only the neutrino mass matrix
M, but also the quark mass matrices M, and M; and
charged lepton mass matrix M, by seesaw-type matri-
ces universally: The model has hypothetical fermions F;
(F =U,D,N,E; i =1,2,3) in addition to the conven-
tional quarks and leptons f; (f = u,d,v,e; i = 1,2,3),
and these fermions are assigned to fr = (2,1), fr =
(1,2), Fr = (1,1) and Fr = (1,1) of SU(2)Lx SU(2)g.
The 6 x 6 mass matrix which is sandwiched between the

fields (f;, F'r) and (fgr, Fgr) is given by

475X (TSR ;’E) , (1.1)

where my and mpg are universal for all fermion sec-
tors (f = wu,d,v,e) and only Mp have structures de-
pendent on the fermion sectors F = U, D /N E. For
A < Ag € Ag, where A, = O(mL), Arp = O(mR)
and As = O(Mp), the 3 x 3 mass matrix M; for the
fermions f is given by the well-known seesaw expression
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My~ —m Mz'mpg . (1.2)
Thus, the model answers the question why the masses
of quarks (except for top quark) and charged leptons are
so small compared with the electroweak scale Ay (~ 107
GeV).

Recently, in order to understand the observed fact
mg ~ Ap (my is the top quark mass), the authors have
proposed a universal seesaw mass matrix model with an
ansatz [2—4]

detMp =0, (1.3)
for the up-quark sector (¥ = U). In the model, one of the
fermion masses m(U;) is zero [say, m(Us) = 0], so that
the seesaw mechanism does not work for the third fam-
ily, i.e., the fermions (usz,Usgr) and (Usp,usr) acquire
masses of

m(Usyp,usg) ~ O(mg) ,

(1.4)

m(usr,Usg) ~ O(mp) ,

respectively. We identify (usp,Us,) as the top quark
(tz,tr). Thus, we can understand the question why only
the top quark has a mass of the order of Ay.

More explicitly speaking, in the USM, the effective
Hamiltonian is given by



Hine = YLuiquigLURj + Y710 DRj + YfiszigLNRj + Y£ijlLi¢L EBrj

+ YlgiquigRULj + Ylgiqui¢RDLj + Yﬁz’jzRif;RNLj + YlgijzRiquELj

(1.5)

+ Y;ijULiq)URj + YbflijELiq)TDRj + YgijNLiq)NRj + Y;ijFLiq)TERj + h.c.

where

L/R= , lyr=1{ _ :
/ d L/R / ¢ JL/r

_ ¢ Y _ ¢0
L/R ¢0 / L/R — ) ( )

Here, the SU(2)r xSU(2)g singlet Higgs scalar & has
been introduced in order to give a heavy mass Mp and
it has a vacuum expectation value (VEV) (®) ~ Ag at
an energy scale = Ag.

Note that the quantum number of the fermion Np is
identical with that of the fermion N§, [= (Ng)° = C’Nﬁ].
Therefore, the neutral fermions Ny and Npg can acquire
the following Majorana mass terms at p = Ag:

HMajorana = (YSI;]NLZNE] —|— Y£]N;ZNR]) (I) —|— h.C. .

(1.7)
Then, the neutrino mass matrix is given as follows
0 0 OT my, v§
(o7 N W) | iy || NG|
mE 0 ML Mg Ng
(1.8)

where Mp = Y¥(®), My = Y&(®) and Mg = YI(D).
Since O(MD) ~ O(ML) ~ O(MR) > O(mR) > O(mL),
we obtain the mass matrix M, for the active neutrinos
v

M, ~ —mpMgz'm} . (1.9)

If we take the ratio O(myg)/O(mpg) suitably small, we
can understand the smallness of the observed neutrino
masses reasonably.

For an embedding of the model into a grand unification
scenario, for example, see Ref. [5], where a possibility of

SO(10)xSO(10) has been discussed.

B. What is the democratic universal seesaw model?

As an extended version of the USM, the “democratic”
USM [2,3] is also well known. The model has success-

fully given the quark masses and the Cabibbo-Kobayashi-
Maskawa (CKM) [6] matrix parameters in terms of the
charged lepton masses. The outline of the model is as
follows:

(1) The mass matrices my and mpg have the same struc-
ture except for their phase factors

m£ = mfR//f =moZ7 (1.10)

where & is a constant with & >> 1 and Z/ are given by

7l =P 7, (1.11)

P(87) = diag(e™1, e'7 1) | (1.12)

7 = diag (#1, 72, z3) , (1.13)

with z% + z% + 232) = 1. (The fermion masses m{ are 1n-

dependent of the parameters (5{. Only the values of the
CKM matrix parameters |Vj;| depend on the parameters
&hy.

(i) In the basis on which the matrices m£ and mfR are
diagonal, the mass matrices Mg are given by the form

Mp = moA(1+3b; X), (1.14)
100 111

1=[010], x==[111 (1.15)
001 111

(iii) The parameter by for the charged lepton sector is
given by b, = 0, so that in the limit of x/A <« 1, the
parameters z; are given by

21 o Z92 z3 1

Me 1/mu:1/mT: me + m, + m;

Then, the up- and down-quark masses are successfully
given by the choice of b, = —1/3 and by = —¢'P¢ (B, =
18°), respectively. Here, note that the choice b, = —1/3
gives TrMy = 0, so that the case give my ~ O(mpg).
Another motivation for the choice b, = —1/3 is that the

(1.16)



model with b, = 0 and b, = —1/3 has led to the success-
ful relation [7,2]

mu~§me

~ 1.17
me ~ 4my’ ( )
which is almost independent of the value of the seesaw
suppression factor x/A. For the choice of b, = —1/3 and
by = —e'P4 (B4 = 18°), the CKM matrix parameters are
successfully given [2,3] by taking

§U -6 =68 —68=0, 0y -0 ~m. (1.18)

C. What is the problem?

It seems that the present model is almost successful
from the phenomenological point of view, so that the fu-
ture task is only to give more reliable theoretical base to
the model. However, the democratic USM has a serious
problem in the neutrino phenomenology.

In the present model, the parameters z; are fixed by
the observed charged lepton masses as shown in (1.16),
and the adjustable parameter is only the parameter b,
defined by (1.14). If we take b, ~ —1/2, we can obtain
the mixing matrix [8]

1 \/me/Qmu \/me/Qmu
U~ | —/me/m, 1/V2 F1/V2 ,
—/me/m;  £1/\/2 1/V2

(1.19)

so that we can explain a large mixing between v, and v,
which is suggested in the atmospheric neutrino data [9].
On the other hand, if we take b, ~ —1, we obtain the
mixing matrix [§]

1/v2 F1/V2
U~ +1/v/2 1/V2
Vmu/2me \/my/[2m,

N
s |
1

(1.20)

so that we can explain a large mixing v. ¢ v, which is
suggested in the solar neutrino data [10]. Thus, there is
no solution which gives the observed nearly bimaximal
mixing under the condition Am? ; /Am?2, ~~ 1072

This suggests that the present model is too tight.
therefore, in the present paper, we loosen the constraint
(1.11) as

71 = P27, (1.21)

and we assume

7' = RE 7Ry | (1.22)

Z2i=7= diag(z1, 22, #3), (1.23)

where Z¢ = Z¢ = Z¥ and Z9 = Z¢ = Z%. Since we
take the same assumption b, = 0 as before, the rota-
tion (1.22) in the charged lepton sector does not affect
to the masses, so that the relation (1.16) is still satisfied.
For the quark sectors, we also take the same assumption
74 = P04 Z and Z* = P(8%)Z as before, so that the
phenomenological success in the quark sectors is not lost.

However, generally speaking, it 1s not so notable that
we can give the nearly bimaximal mixing in the neutrino
sector, because we have three additional parameters in
the rotation matrix Rx. The problem is whether the ro-
tation Rx has a physical meaning or not. In the next
section, we will investigate a rotation matrix Rx which
leads to the observed nearly bimaximal mixing and sug-
gests an interesting relation between quarks and leptons.

II. S; SYMMETRY VERSUS S; SYMMETRY
A. Basic assumption

For the quark sectors, the model is unchanged from
the previous model, i.e., the mass terms are given by

mo Y [FLZP()Fr+wkFLP'(67)Z fr
f=u,d

+AFL(1+3b; X)Fr| + hee. . (2.1)

On the basis on which the mass matrices m£ and mfR
are diagonal, the mass matrix Mp 1s invariant under the
permutation symmetry Sz. As investigated in Ref. [2,3],
in order to give reasonable values of the CKM matrix
parameters, it was required to choose

P(8“)PT(6%) = P(6¥ — 6%) =diag(1,1,-1) , (2.2)
although the origin of such a phase inversion is still open
question. In this paper, we assume

P(6") = diag(1,1,—1) , P(d%) = diag(1,1,1) . (2.3)

For the lepton sectors, we assume

mo Y [FLZ P )+ nF L P! 2 fr

f=ew

+AFL(1+3b; X)Fr| + hec. (2.4)
where, for convenience, we have dropped the Majorana
mass terms (1.7) from the expression (2.4), since it is
clear that we assume that the Majorana mass terms have
the same structure as the Dirac mass term. When we de-
fine

F' =RxF

f'=Rxf, (2.5)



the mass terms (2.4) can be rewritten as

mo 3 [T 7 Rx P(6') RS Fly + T R P17 )R 2 1

f=eyv

FAT (1436, X Fh| + hec. (2.6)

where

X' =RxXRY . (2.7)
We take P(d¢) = 1 corresponding to (2.3). The fields e’
and E’ are fields on the basis on which m} and m/, are
diagonal. However, differently from the quark sectors,
the heavy fermion mass matrix M}, is not Ss-invariant
because X* is not democratic. Also note that since we
consider
P(6) = diag(1,1,-1) , (2.8)
corresponding to (2.3), the mass term 7, m7 N, is not di-
agonal. It is not that the fields v/} is defined as the mass
matrix mY’ is diagonal, but that the field v} is defined
as the partner of e} whose mass matrix m¢ is diagonal.
The effective charged lepton and neutrino mass matrices
are given by

K

M, ~ —mo/\R§ZRX(1 +3a.X)RY ZRx |

(2.9)

1
M, ~ —mOXR§ZRXP(5”)(1 + 3a, X)P(0")RY ZRx |

(2.10)

where we have used
(1430 X) ' =143a; X, (2.11)
af :—bf/(1+3bf) . (212)

Since we assume the same condition a, = 0 as before, M,
is diagonalized by the rotation Rx as Rx M6R§ =D, =
diag(me, my, m.), so that the neutrino mixing matrix U,
1s obtained from

U'M!U, = D, = diag(m¥,m}, m}) , (2.13)
where
1
M! = —moZ(1+3a,X") 7, (2.14)
X" = RxP(0")XP(8")R% . (2.15)

The rotation Rx means a rotation between the ba-
sis in the quark sectors and that in the lepton sectors.
Our interests are as follows: What rotation Rx can give
reasonable neutrino masses and mixings? What relation
does it suggest between quarks and leptons?

B. A special form of Ry

We consider the following special form of Rx:
L1

i X
Rx = \/gil’S \/gil’z \/g—l’l ,
\/g(l‘l —x3) \/%(963 — 1) \/g(l‘z — 3)

(2.16)
where z; satisfy the relations
el yritai=1, (2.17)
3
r1+ 2o+ x3 = 5 . (218)
The explicit expressions of z; are given by
1 2s
r=——-—,
RCERYE
1 s c
Ty = — 4+ - —, 2.19
1 n s n c
T3 = — -
TV 23 2
where
s = sin (%—6) ,  Cc=cos (g—g) . (2.20)

Independently of the parameter € in the explicit expres-
sion (2.19), the rotation Rx transforms the 3 x 3 demo-
cratic matrix to a 2 X 2 democratic matrix as

RxX3R% = X | (2.21)

1
) X2:§

110
110
000
(2.22)
The relation (2.21) shows that the heavy lepton mass
matrices M for the lepton fields with the prime, i.e.,
in the expression (2.6), are invariant under a permuta-
tion symmetry Ss, although the mass matrices Mg for
the lepton fields without the prime, i.e., in the expres-
sion (2.4), have the Sg invariant forms. In other words,

the relation (2.21) tell us that on the bases on which the

mass matrices m£ for the down-fermions f = d,e are

diagonal, the corresponding heavy quark mass matrices
Mp (F = U, D) are Sg-invariant, while the heavy lepton
mass matrices My (F = E,N) are Sy-invariant.

In the next section, we will give numerical study of the
neutrino mass matrix (2.14) for a case with the rotation

(2.16).



III. NUMERICAL STUDY OF THE MASS
MATRIX

When we take P(6”) = diag(1, 1, —1), (2.8), the matrix
XV defined by (2.15) is expressed as

y% YiY2 Yys

X'=| viy2 ¥3 wous | , (3.1)
Y1Ys Ya2ys 3/?2,
where
1
Y= ﬁ(% + a9 — 1),
1
yzz—ﬁ(l‘3+l‘2—5l‘1) ; (32)
2V/2
Ys = —(903 - l‘z) )
3
and y7 +yi +y3 = 1.
Note that the parameters x; satisfy the relation
2
el xd 4+ xd = S(xy + w4+ a3)? (3.3)

3

and, on the other hand, it is well known that the observed
charged lepton masses satisfy the relation [12]

2
Me +my + my = 3 (\/me—1—«/771;1—1—\/7717)2 , (3.4

le.,

2
24yl = g(zl—i—zz—l—z;),)z . (3.5)
Therefore, the choice #; = z; is interesting. The observed
charged lepton masses give the values

z1 = 0.016473 , 23 =0.23687 , 23 =0.97140, (3.6)

which corresponds to e = 2.268° in the expression (2.19).
Then, we obtain

0.47346  —0.14909 0.47651
X, = | —0.14909 0.04695 —0.15006 | ,  (3.7)
0.47651 —0.15006 0.47959
which gives
(My)11 = 21 (1 + 1.4204a,) . (3.8)

Therefore, if we take a, = —2/3 (i.e., b, = —2/3), we ob-
tain (M, )11 ~ 0. When we take #; = z; and b, = —2/3,
the numerical result of M, 1is

1.44 x 107> 0.001164 —0.015250
0.001164 0.050839 0.069054
—0.015250 0.069054 0.038526

mo
M, = —

(3.9)

so that we obtain

my = 0.004223 mo /X |

my = —0.029637 mg /A | (3.10)
ms = 0.114793 mo /X
0.920097 —0.38289 0.08267
U,=[ 031730 0.60476 —0.73047 | , (3.11)
—0.22970 —0.69833 —0.67792
sin? 20,514y = 0.496 (3.12)
sin? 20,44, = 0.981 , (3.13)
Am3,  0.000861
R="—"%2 = =0.0700 3.14
AmZ, ~ 0.01230 ’ (3.14)

The predicted values (3.11) - (3.13) are not so in dis-
agreement with the observed values, although the value
of sin? 20,14y, (3.11), is somewhat small compared with
the recent observed value [11] sin? 20,414, ~ 0.76, and the
value of R, (3.13), is somewhat large compared with the
observed value [9,11]

5.0 x 10 %eV?
obs = ————— = 2.0 x 1077 . 1
Rovs = 55 To-3eys = 20 % 10 (8.15)
If we adjust the parameter a, slightly, we can obtain
the following numerical results at @, = —0.650 (b, =
—0.684):
R=10.0197 , (3.16)
sin? 260,14, = 0.797 | (3.17)
sin? 20,44, = 0.979 . (3.18)

In conclusion, the model with «; = z; and b, ~ —2/3
can give reasonable numerical results for the neutrino
masses and mixings.

IV. CONCLUDING REMARKS

We have proposed a revised model of the democratic
universal seesaw model in order to give a unified descrip-
tion of the quark and lepton mass matrices. In the orig-
inal model, the mass matrices my and mpg were given
by a universal structure Z independently of the fermion
sectors f = u,d, e,v. The constraint is too tight, so that
the model could not give the observed nearly bimaxi-
mal neutrino mixing. In the revised model, the mass

: f f : u d — q
matrices mj (also my) are still m} = mf = mi and



mg = mj = mZL, while mﬁ is related to m{ by a rota-
tion Rx as m% = R§ quRX. If we take a special rotation
Rx which transform the 3 x 3 democratic matrix X3 to
the 2 x 2 democratic matrix X5 as (2.21) and we take the
parameters z; as ; = z; x /m{ and b, ~ —2/3, we can
obtain reasonable values of neutrino masses and mixings.

For the quark and charged lepton sectors, in the origi-
nal democratic universal seesaw model [2,3], we have al-
ready obtained reasonable values of the masses and mix-
ings by taking b = 0, b, = —1/3, and by ~ —1. Those
values of by are unchanged in the present revised model,
and moreover, in order to explain the observed nearly
bimaximal neutrino mixing, the value b, ~ —2/3 was
newly required. What do these parameter values

be=0, by=-1/3, b,~-2/3 by~—1, (4.1)

mean? This is a future task to us.

What does the rotation Rx with RXX3R§ = X5
mean? Especially, in order to obtain reasonable values
of neutrino masses and mixings, it was required to take
z; = z;. This Rx gives

/m; 1

Rx | v/mu | =/me+mu+m; | 0 . (4.2)
/e 0

This suggests that the rotation Rx is highly related to
the charged lepton mass spectrum. This is also our future
task.
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