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ABSTRACT
The SO(10)y x SU(3)g model, in which the quark mass hierarchy
is induced through their mixing with horizontal superheavy fermions, is
discussed. The success of the Fritzsch mass-matrices is explained using
the mass matrices of horizontal superheavy up-quarks and down-quarks

closely proportional to each other, which is natural in the model.
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Recently, a new mechanism of quark and lepton mass generation via their
mixing with hypothetical superheavy fermions is proposed for the model with
the SU(5)y x SU(3) g symmetry.! Although the minimal standard SU(5) grand
unified model by Georgi and Glashow? is simple and beautiful, but it is in dis-
agreement with the proton decay experiments.® Using standard analysis of the
renormalization group equations, it is obvious that this serious problem still ex-
ists in Ref. 1. On the other hand, SO(10) grand unified model is in agreement
with proton decay experiments.* In the standard SO(10) model, each fermion
generation put in an irreducible 16 spinorial representation which is automati-
cally anomaly free. It is known that the following three generations exist, which

repeatedly put in only 16 spinorial representations in the ordinary SO(10) model,
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where 1 = 1, 2, 3 is color index. So it is hard to understand about the replication
of generations, fermion mass hierarchy and the structure of weak mixing.

In this paper, we propose a model with the SO(10)y x SU(3)y symmetry.
Here SO(10) is a vertical grand unified group, SU(3)x is a local generation sym-
metry which unified the generations [Eq. (1)] in a horizontal triplet. At the
same mass scale My, the SU(3) g is breaking. To suppress the flavor-changing
neutral currents,® generated by the horizontal gauge bosons, My > 10° GeV.
In our model, the hierarchy between the masses of three generations [Eq. (1)]
and the weak mixing angles are due to the spontaneous breaking of the SU(3)
symmetry. The quark mass matrices are obtained, which have the form sug-

gested by Fritzsch.® The relations between the quark masses and mixing angles,



which are derived from our model, are in good agreement with recent experi-

ments. The value of CP—violation parameter € ~ s3 s3 sin § is 0(10"3).

Now let the quarks and leptons of Eq. (1) put in the representations (16y, 3f)
of SO(10)yx SU(3)g symmetry. After the reduction of 167 under the
[SU(3)ex SU(2)Lx SU(2)rx U(1)z]v, we have
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where a = 1, 2, 3 are SU(3)g indices. At the grand unified mass scale M, of
SO(10)y, we introduce the (45;1) Higgs representation, which decomposes under
SU(3)c % SU(2) x SU(2)r X% U(1)z x SU(3) s,
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So the scheme for symmetry breaking is the following
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and the quarks, leptons cannot obtain masses without the breaking of

SU(3) g symmetry.



Using the color index 7, generation index «, the isospin Ir, Igr and hyper-

charge Y of G, we can explicitly indicate the particles as the following,
Q
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The number in the bracket of Eq. (5) is I, Ir and hypercharges Y. The electric

charge of fermions is Q = I} + I} +Y/2.

Notice that the assignment of quarks and leptons [see Eqgs. (2) or (5)] have
SU(3) g triangle anomalies. To cancel these anomalies, we need to introduce
also the hypothetical superheavy horizontal quarks and leptons which put in
the (1, 3) representations of SO(10)y x SU(3) g symmetry and the assignment of

their hypercharge as the following,
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Upiq @nd Dy, are the superheavy up-quarks and down-quarks, respectively, and
Egrqo and Npgq are the superheavy charged leptons and neutrinos, respectively.

For the superheavy quarks and leptons, the weak isospin I 2 =13 =0.

To break the horizontal symmetry SU(3) g, we introduce also the following
Higgs scalars,! which put in the representations 2(1,3) and (1,6) of

SO(10)y x SU(3) g symmetry, respectively, namely,

ga(l, g)’ ﬂa(l, g), X{aﬂ}(]-, 6)



Their vacuum expectation values are
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We also need to break [SU(3)¢cx SU(2)rx SU(2)rx U(1)z]y down to low energy
standard model SU(3),x SU(2)x U(1)y, which we can obtain by using (126,1)
Higgs representation of SO(10)y x SU(3)mat mass scale M'. Because after the
reduction of (126,1) under [SU(8)ex SU(2)x SU(2)rx U(1)s)v x SU(3)H, we
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Of course, we further need to break SU(3).x SU(2)x U(1)y down to SU(3)¢ X
U(1)em. Infact, from the view of the subgroup SU(3)¢x SU(2)rx SU(2)rx U(1).
x SU(3)x, we can use the standard Higgs doublets [see Ref. 7] é1(1; 0, 1/2, 05 1)
and ¢g(1;0,0,1/2,; 1) which are embedded in the representations of

SO(10)y x SU(3)x. The vacuum expectation values are
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To suppress the right charged current, we require vg > vy. But our model is a
grand unified model with horizontal, which is different from that in Ref. 7. Here,
vgr can be obtained by using renormalization group equations of the evolution

coupling constants in the SO(10)y x SU(3)gmodel,?
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b{ is the coefficient of the U(1), f—function, and f is the number of quark flavors.
Neglecting Higgs contributions, from Egs. (1), (4) and (10), for sin? 8y = 0.21,
vy =~ 10!° GeV, M, ~ 10'® GeV. It is enough to suppress the right charged

current and the life of proton decay is very long.

Now, from egs. (5), (6), (7) and (9), the Yukawa coupling allowed by the
symmetry of the model is [Notice the point is there are no bare mass terms for

ordinary quarks and leptons],



[ (COX{aﬁ} + Ch f[ap] + Czn[ap]) DRa Dﬁ + +h.c.

+ (CX{apy + Ci€ap) + Canjap)) Ura UL + +hoc. ]
(11)
+ [gﬁLa Dpra ¢1 + 9rTR DI R + +h.c. ]
+ [ 9 910 URa (in2 1) + R QR UE (in2 8 + +hoc. |
Inserting Egs. (7) and (9) into Eq. (11), 6 x6 quark mass matrices can be obtained,

which has been discussed in Ref. 9, for the down quarks,

( 0 0 0 grvr 0 0
0 0 0 0 grLVL 0
0 0 0 0 0 grvr
gvr 0O 0 Mp 0 0 ’ (12)
0 gvg O -Mg O
\ 0 0 gvp 0 0 MB)
where
Mp O 0 Cor Cip O
0 Mg O = Up | Cip 0 Caq vy . (13)
0 0 Mp 0 Ceq O

From Egs. (12) and (13), we see that the ordinary down quark (d, s, b) mass arises

by mixing with superheavy down-quark (D, S, B) mass. If Mp > |gvg|,° then

v vR
my = JLULIR

Mp
v v
m, = LILIRTR (14)
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v v
my = g1, VLIR YR

Mp
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Similarly, for the up-quark
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It is interesting to note that the Fritzsch mass-matrix ansatz can be explained by
using the mass matrices of superheavy horizontal up-quark (U,C,T) and down-
quark (D, S, B) closely proportional to each other. The symmetric Fritzsch form
for the quark mass matrices is given by
0 |flet o
m, = | |f|e*1 0 |k|e*$2 ,
0 |k|e*1  |£|e*s

0 |feM1 o
mg = | |fe%1 0 |ke2 |
0 |k'|e®1 |e')eis
i.e., only the third generation gets a diagonal mass, but the first and second gen-
eration masses arise through mixings between neighboring generations. Fritzsch
mass matrices are interesting because they explain the smallness of KM mix-

ing angles in terms of the flavor mass hierarchy, and three weak mixing angles



and one CP-violating phase can be predicted from the quark mass eigenvalues
and two linear combination of phase ¢1, @2, ¢3 and ¢{, ¢35, ¢4 in Eq. (17). How
can we obtain the Fritzsch mass matrices in our model? From the structure of
mass matrices in Egs. (13) and (16), we see that up-superquark matrices have
the same form as down-superquark matrices. So it is natural to assume that
up—superqﬁark mass and down-superquark mass ratio in each generation should

be the same:

= , - , 19
My M¢ Mc M7 (19)
From Egs. (14), (15) and (18), we get, for the ordinary quarks,
My = Me , (19)
md ma
- = (20)
mb ms

i.e., the ordinary charge 2/3 and —1/3 quark mass ratio in each generation is

generation independent. The known ordinary quark valuesl® are

R

my 5.1 MeV , m, ~ 1.35 GeV , mi = 30—50 GeV (?7),

(21)
mg ~ 8.9 MeV, ms ~ 175 MeV , my ~ 5.3 GeV .

So Eq. (20) is a better approximation than Eq. (19). We need to correct the
relations of Eq. (18). We expect that the correction of Mg/M¢c = Mp/Mr is

smaller than that of Mp/My = Mg/Mc, for example,
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A(A) is also a small correction. Now, we think of A as the Wolfenstein parameter,!!

(23)

A = Uys = 0.225. Cheng and Li'? have shown that Egs. (23) are the key in-
gredient needed for Fritzsch ansatz and from Egs. (11)-(13), s; =~ (mg/m,)Y/2,
s = (me/mu)V2, s3 = (my/my)Y/%, and the value of CP-violation
parameter € ~ ss3siné is O(1073), which is in good agreement with the

recent experiments.
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