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Embedding phenomenological quark-lepton mass matrices into S8) gauge models
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We construct phenomenological quark-lepton mass matrices based oy @ernutation symmetry in a
manner fully compatible with S() grand unification. The Higgs particles we need &e45 and their
conjugates. The model gives a charg&/3 quark versus a charged-lepton mass relation, and also a good fit to
mass-mixing relations for the quark sector, as well as an attractive mixing pattern for the lepton sector,
explaining a large mixing angle between, and »., and either a large or small,— v, mixing angle,
depending on the choice of couplings, consistent with the currently accepted solutions to the solar neutrino
problem.[S0556-282(99)00813-9

PACS numbeps): 12.15.Ff, 12.10.Dm, 14.60.Pq

Predictions of the quark-lepton mass spectrum are thgn S(3) X S(3)g symmetry, or the so-called “democratic”
least successful aspect of unified gauge theories. In a clasgirinciple [11], and small symmetry-breaking terms, which
cal SU5) grand unified theory(GUT) with the simplest |ead to attractive mixing patterns for neutrinos.
choice of Higgs scalars, we obtain mass relations between QOne of the problems with the “phenomenological matrix
the charge-1/3 quarks(referred to simply as down quagks approach” is that consistency with the unified gauge model
and charged leptonspy=m,,mg=m, andm,=m_. While  is unclear. If one straightforwardly imposes compatibility
the last of these relations agrees with experinféit the  with a gauge model, on the other hand, we are usually led to
other two are far from reality. Georgi and Jarlsk@J) [2]  unwanted relations for quark and lepton masses as remnants
have shown that the mass degeneracgl/efands/u can be  of prototype gauge models.

lifted by introducing45-plet Higgs particles to give at the In this paper we show that there exists a successful matrix
GUT scale, model based on the;Symmetry approach, which is fully
compatible with SB) GUT’s and at the same time gives

mg=3mg, mg=(1/3m,, m,=m,, (1) predictions for quark and lepton masses and their mixings

that agree with experimefp12]. The extension to supersym-

in reasonable agreement with experiment. No predictionmetric SU5) is trivial. The compatibility with SI5) reduces
however, has been given within the @Jframework to the the arbitrariness of the matrices, but also inspires us to
charge-2/3 quark spectrum and hence to quark mixing whicinodify them for the quark sect$i3], which brings the pre-
is usually described in terms of the Cabibbo-Kobayashidicted quark mixing in good agreement with experiment, es-
Maskawa(CKM) matrix. By extending the unifying group to pecially for the(2,3) sector of flavor. For the neutrino sector
SO(10), one may relate the charge-2/3 quérkferred to as  all results presented in RdfL0] are retained.
the up quarkmass to the Dirac mass of neutrinos and, also, We start with the observation that the phenomenological
the quark-mixing angles to the lepton-mixing angles. Thematrices given if13] (for quarkg and[10] (for leptong are
prediction, however, is too tight, and does not seem to bgompatible with the Yukawa couplings in the presence of a
consistent with experimerie.g.,[3]), or else the Higgs bo- 5-plet Higgs particles of Si5); the introduction of a5-plet,
son content becomes very complicafddl which is necessary to lift unwanted mass degeneracy, re-

There is an empirical approach, successful in giving thequires only a minimum modification of the symmetry-
quark mass-mixing relation at a phenomenological level. IPreaking matrix for the up-quark sector. We write the Higgs
usually assumes somad hoc symmetry imposed on the coupling
mass matrices, as advocated first by Fritzg8h Several
simple representations of the quark mass matrices have beent Yukawa™ Y(51)uij 101054+ Y(454)4i; 101045,

known that give mass-mixing relations in fair agreement +Y(5* 5*105* + Y(4 5%104
with experimen{6]. This approach also successfully applies (SRorei 57 10,54 +Y (45 orei 5 10,45
to understanding the relation between lepton mixing and i OH5H

neutrino mas$7] indicated by the solar neutrino probldg) + k(545H),ij 5" 5 My’ 2

and by the atmospheric neutrino experimigit In Ref.[10]
we have proposed specific quark-lepton mass matrices basedhere boldface symbols with subscripH denote
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Higgs scalars of a specified multiplet, and those withthe same Higgs particle, giving the main mass term, but with

subscript i or | (refer to flavoy are SUb) small Yukawa couplings. We do not distinguish these two
matter  fields, 5=(df,d;,d5,e",»),; and 10,  possibilities here.

=(uf,...uf,...df,...e"). We wite the down- For the charged-lepton sector,

quark and charged-lepton sectordd€ as they are unified.

The last term of Eq(2) is an effective neutrino coupling K 111 —e¢ 0 O

where the neutrino is taken to be of the Majorana type. We ME:§ 1 1 1|+ 0 € O (0

suppose that it is induced from heavy Majorana right-handed
neutrinosN; [SU(5) singlef with massMg; hence45,45,
does not couple to give an effective mass in E2). We
suppose that the main part of the mass term arises Hpm
45, gives only perturbations.

We postulate that the main part of the mass matrices is
permutation symmetry invariant, i.e.;’ S; in our context
(10 and5 refer to representations of fermign3he choice of
the Yukawa coupling matri¥ (5{)) p/eij is then unique:

11 1 0 0 4§

If all symmetry-breaking terms in the second matrices of
Egs. (5) and (6) come from5}, (i.e.,a=0), we are led to
Sunwanted down-quark—charged-lepton mass degeneracy.
This problem can be avoided by assuming thaglements

are generated from the coupling tet&",-plet Higgs scalar,
while e terms are fronb*,. We have then

1 1 1 EpD= €.~ €, 5D:_5L/3: 5, (8)
y=1 1 1}. (3)  with real e and 6 [15]. We obtain
1 1 1

mp=K(1+6/9), mg=2KJ¥/9,
Two matrices are allowed for(54)y;; from the invariance

under $°xXS3: mg=—Ke?(1+ 6)/66, 9
100 0 11 m,=K(1-38/9), m,=—2KJ&l3,
0 1 0o, |1 0 1, (4)
0 0 1 1 1 0 mezKeZ(l—Sﬁ)ll&i (10)

We take the 1:1 combination of the two to give fof@) for ~ after diagonalization of the matrices. The masses of Ejs.

simplicity and for agreement with the democracy argumengind (10) satisfy the SWb) GJ mass relatioil) when §<1.

as in[11,13. We also assume foe(5454);; the first matrix ~ Now all parameters in the down-quark and charged-lepton

of (4) for the reason explained {10]. We remark that it is  sectors are determined solely byu, and  masses.

easy to construct a seesaw mechanism consistent with this If we take the same form as E@') also for the up-quark

matrix [14]. sectof{13], i.e., the symmetry-breaking term necessarily lim-
We break $°< S] symmetry with an extra Yukawa cou- ited to5*, we are led tdV,3=0.015 compared with experi-

pling to 5% and a coupling to45, for down-quark and ment O.O36—0.O42,_wherea$12 is successfully predlcfted.

charged-lepton sectors, abgd and45, for the up-quark sec- W€ note, however, in our schent®—(7) that the breaking

tor. Namely, our mass matrices are terms for up- and down-quark sectors may not necessarily be
the same form. In fact, 45, Higgs representation, when
MD:[Y(Sﬁ)D+aY(45:)D]<¢EH>a (5) coupled t01Q X 10;, should give matrix elements different

from Eq. (5'). That is, it gives rise to flavor off-diagonal
elements, rather than diagonal due to the antisymmetric na-

_ *\ *
Me=[Y(5h)o 3aY(4$)D]<¢5H>' ©) ture of 45, . Therefore, we take, for Eq7),
My=[Y(5k)u+bY(45)y1(¢s,). (7 11 1 -y 0 &y

K!
M=—1| |2 1 1{+| O € 1] ,
where a:<¢Z§4>D/<¢’5€H>D and b=(¢ss,)u /(s )u- Or, V3 Y N
more explicitly, we write 111 oy —éy 0
11
1 11 — 0 O
K €D where §,; comes from45,. Here, 6y in the (1,3) matrix
Mp=7| 1 1 1|+ 0 e O (5)  element may generally differ from that i&,3), or simply it
1 1 1 0 0 & may even vanish. We take a parallelism with the down-quark

sector that45, couples to the third generation matrix ele-
for the down-quark sector. At this level the symmetry- ments: we found that the simple choice taken here gives
breaking term of Eq(5’) may be5* or 45°. The Higgs resulting mixing angles in agreement with experiment.
particle leading to symmetry breaking is either a new Higgs For this mass matrix the mass eigenvalues arggnde
particle that develops a small vacuum expectation value obeing real
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TABLE I. Input quark-lepton mass parameters and the prediction of our nfodeds in MeV units “Expt.” means the experimental
vale expected at the GUT energy scale, as given by a two-loop analysi§]ofThe input masses given here are used to predict the CKM

matrix (15) and the lepton mixing matrix17).

Mg m, m, my mg my my me m,
Expt. 0.325 68.60 1171 1:30.2 26.5'3% 1000+ 40 1.0-0.2 302'33 129" 12°x 106°
Pred. input input input 0.67 24.4 1120 input input input
m=K'(1-262/9), m.=2K'85/9, my=—K'e’/667, 0 € O -¢, 0 O

12 Mw=|e, 0 0| or MW=| 0 € O
and the resulting quark mixing angles read 0 0 ¢ 0 ¢

(16)
V= \/ms/md_ \/mu /m (13

and

Vog=ms/v2my— Vme/m.

(14

The explicit analytical expression is more complicated for

Vi3, and we do not bother the reader by writing it here.

This is exactly the same as the model we have presented in
[10], and the leptorineutring mixing matrix reads

0.998 0.045 0.05
|v,|=| 0.066 0.613 0.78
0.005 0.789 0.61

or

Let us now carry out a numerical analysis. The parameters

for the down-quark and charged-lepton sectors are fixed by
me,m, ,m, to beK=1.13 GeVe=0.019, ands=—0.093.
Here, we should use masses at the GUT energy scale, and
our input parameters are taken from the two-loop calcula-
tions of Ref.[16] as presented in Table |, where we also
compare predicted down-quark masses with those expected

0.737 0.674 0.05
I\V|=| 0.386 0.479 0.78F,
0.555 0.562 0.61

(17)

at GUT mass scale. The agreement of the prediction wittior the two alternatives given in Eg&l6). The second mix-

“experiment” is good, thoughm, is somewhat smalldr7].
For the up-quark sector we tak&’' =129 GeVg,=
—0.00072, ands,; = —0.103 to fit the central values afc,t
masses in Table I.

The resulting mixing matrix is

0.975 0.220 0.008
Vquad=| 0220 0.975  0.03
0.016 0.033 0.9

: (19

which is compared with the experimental valu@g,,)|
=0.217-0.224V,4 =0.036-0.042, and |V
=0.002-0.005. We emphasize that excellent agreement
achieved with experiment fo¥,;, whereas a factor of 2

ing matrix virtually agrees with the one given by Fritzsch
and Xing [7] derived from different principles. The mass
eigenvalues ar& ,+ ¢, andK ,+ €, hence describing three
neutrinos almost degenerate in mass. We note that the mix-
ing matrices are predominantly determined by charged lep-
ton masses; neutrino masses change the elements little. The
case with Egs.(17) describes large mixing forv,

- vT,sinZZHMzO.QS, or thev, survival fraction of 54% in

the atmospheric neutrino experiment, and small mixing for
ve— v,(sin20,,~8x10"3), consistent with the small angle
solution of the Mikheyev-Smirnov-WolfensteiiMSW) ex-
planation for the solar neutrino problef@]. The case with
Egs. (17) predicts large mixing for botlv,—v, and v,

S v,, the latter being consistent with either the MSW large
angle solution or mixing angle required in solar neutrino

disagreement has been taken to be a problem with the demescillations in vacuum, independent of the neutrino mass dif-

cratic matrix [13]. Our solution seems to be the simplest
among otherg6]. While the predictedV,; is somewhat

ference squared. TH&,3) elements of Eq9.17) come out to
be consistent with the CHOOZ experimefi8], which

larger than experiment, we do not pursue this problem furyields roughly<0.2—0.3 for this element when the mass of

ther herglwe can bringV,3 in good agreement with experi-
ment without creating a conflict with our principles,éf, is
put on the(1,3) and(3,1) components, in addition t@l,1)
and(2,2), of Eq. (5")].

v, is in the range Super-Kamiokande indicates.

It is interesting to note a hierarchical symmetry-breaking
structure in our matrix. Thel5 breaking terms are of the
order of = 6p=1/10. The magnitude d§ breaking repre-

The Majorana neutrino coupling to a Higgs boson is takersented by , ep , €, , ande, is significantly smaller, and it is

freely from the other sectors, since ther&hS does not

<1/100. The symmetry breaking in the neutrino sector,

appear. The only requirement is that the matrix should rewhere only5 breaking is relevant, is much smaller than that

spect $°X S in its main part, and we take the first matrix of
(4). We may take the 8x S3-breaking terms to be

in the other sectors, and the neutrino masses appear as almost
degenerate.
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In conclusion, we have shown that one can successfullgal matrices with gauge theory as we have done in this paper
embed phenomenological quark-lepton mass matrices obwight perhaps give a guiding principle to understand the
tained by the democracy principle into the GJscheme. Higgs sector of gauge theories, which otherwise appears too
The choice of matrices is not yet unique, but the interlockingarbitrary.
of the two principles tightly constrains the allowed form, and  Note addedwe have learned that Mohapatra and Nussi-

reduces the number of parameters of the model; the matri¥oy [19] have recently proposed a gauge model fgis@m-

for charged leptons is no longer independent of that for downnetric mass matrices embedded into SYERBU(2)
quarks. In addition we have found the matrices in better, U(L)g_ -

agreement with experiment after tweaking to reconcile with
the SU5) than other empirical matrices constructed without

The authors are supported by Grants-in-Aid of the Minis-
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