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Abhstract

We extend the SU(3) ® SU(2) ® U(l) model without scalars to

SU(S)GUT i SU(S)ETC. In our model, the mixing in the leptons is identical
to that for the quarks, so that the Cabibbo angle determines the mixing

of v and v . The quark masses and mixing angles are studied for two

and three generations of quarks.
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I. INIRODUCTION
There ﬁas.latelfbbeen a great deal of experimentai’énd theoretical
inte:est in the phenomenon of nédtrinq mixing.‘A Very senéitive experiments
have been proposed.1 It has Bee; very difficult in Grand Unified Theories
(GUTs) to obtain, for example, a large Vo -‘%* mixing.2 We are intergsted
in GUTs because of the pdssibility of connecting qﬁark and.lepton secéors.

The quark mass sPéctrum and mixing have been studied in extended

technicolor x‘nodels.3-6 We extend this approach to GUTs in order to exploit

the connection between the quark and lepton sectors. This allows us to make

predictions for neutrino mixing different from the other GUT models that
make use of Higgs scalars.

In the SU(3) ® SU(2) ® U(l)'®‘SU(8) model. we previously studied4

ETC
we obtained reasonable quark masses and mixing. It is our aim to extend such

a ﬁodel to a GUT ® ETC'in order to make predictions .for theilepfégmmixing
ahgles. In SO(10) all particles and fheir‘conjugates are in the 16 repre-
sentation, so that one cannot obtain-mass differences between up- and down-
quarks.' We therefore consider an SU(5) GUT as the simplest generalization

of the aforementioned mode1.3’4 Quark mixing will result in a manner similar

to that’eQidenced in the SU(@3) ® SU(2) R U(1) @ SU(8)ETC model.

The aséignment of the representation of SU(8) differs in the iow energy
gauge group from that of our previously considered model. Because of this
difference, the mass spectrum of the present model will differ from that of
Refs. B’and 4,

In Sec., II, we introduce our model. 1In Sec. 1II, we consider the
implications for the mixing in the lepton sector. In Secs. IV and V, we

study the quark mass spectrum and mixing in the two- and three-generation

cases, respectively. 1In Sec. VI, we make some comments and disciss some

difficulties with the present approeach.
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I1I. THE MODEL
. A 4 . ~
In the previous paper, we used the gauge group SUL(Z) ® UY(l)

® SUC(3) ® Su_,. (8) with representations (i =1, ... , 5)

ETC
. 1 < Ui t [ u
(2 6 3 8 )L B Di b s d >L »
(‘1 2 3.8y =(u, ¢t )
3 R Ui ¢ ¢, (1)
. 1 -~ _ '
(1-3-38)R—(Dib s d)R, 3
We wish to consider here the model SUGUT(S) ® SUETC (8) with representations
Ui t cou ¢ ¢ ¢ ¢ ¢c ¢ ¢ ¢
(108)L—( Ui t . ¢ u El'r W e) 3
D.b s d L
58) = (d° b® &° 4° 2
Iy — C Cc . C c
18y = (8% v© vE v,
The decomposition of the group SUGUT(S) ® SUETC(B) down to SUL(Z) @ UY(l)
® SU, 3) @ SUETC(8) is
1 _ ( i c U)
(2 5.3 8 =\ ; bos 4L
8 > (1 2 3 8) =(U, t c u)
_(1_-1 1 8)R =(El T M e)R
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Here the upper and 10§er case letters refer to technifermions and ordinary
fermions, iréspectively, the'superscript c refers to charge conjugation, and

it is understood that the model may be sﬁpp]@mented by additional fermions so

(8) and asymptotically free.

that the model is anomsly free in SU () ® sU

GU ETC

A comparison of Eq. (1) with Eqé.(3) and (4) reveals that theighof SU(8) has

been conjugated in the right-handed multiplets. This has an effect on the

ube.and down-quark mass matrices, MU and Mp, allowing them to differ. Had

we used an 50(10) GUT, we would have been forced to,have'the 1} =10 + §:+ 1
aésigned to the 8 of SU(8). It would then have been impossible to assign the
g to the 10 multiplet and-the E'to the E. Thus, the up- and down-quark mass

matrices could not have been different.

. The gauge'bgggpvmass matrix which results from the interaction of the

- _gauge bosons and the Higgs scalars takes the f°m4.

can break SU(8)

1
t . t o a* W
L2 1w? (xc A%y Dutiu® aw® +TAvw?] = (wi wi) M2<w:> (6)
d

Lo

- -

with the gauge bosons Wia which mediate the interaction between ordinary and

technifermions combined to form

2

1 a a'r a aT .
= L= - 2
waj (wj+wj Y2, waj (wJ. wj Y/i/2,

where a is the generation index and j = 1,...,5. The Higgs scalars involved

in the interaction with the gauge bosons can be represented in the form

A
Qij = v ;
v
v-
v
and w? = (Qa 00000), ao=1, 2, 3. With these two representations, we

ETC down to SO(S)TC . This could he regarded as a condensate
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obtained as in Refs. 3 and 4. In the :hreé géneration case, for the definitions

W1 fa d f£ ' / x¥
wd = | w2 A={d b e =1 yo (7
2 X bl ) )

w3 f e ¢ z¥

where the subscript j is suppressed in W2 , the above matrix}lfz of qu(G)“

is déiermined by

IRt S

2.
w/2 = 3g? o (A A +2avigxgT 0 )

(8)
0 A%1 c2avecxcT

The sum over indices has been suppressed for the { term. The inverse of 142
enters in the four-fermion interaction in the one-loop diagram connecting
ordinary quarks, techniquarks, and gauge bosons.

The techniquarks Q form a condensate, (6Q)o = %G/Z/GF)3/2 (3/5)1/2 ;

- 7
thus for WM 1= 2¢/2/6p) 32y

5 [ + MUy-1 0

4 0 P - MUy-1 ©)

M2

In Secs. III and IV, we shall identify 3;2 in Eq.(9) with that from Eq. (8).
From this identification, one.can show that

ldet M| = |det M| , (10)
thch must be salLlsfied by the sol&tions found there. This has been discussed
in Ref. 5 for the case in which the repreéentations chosen are different from
ours of Eqs.(3) and (4); the 8 has been switched with E in the right-handed
components. For this reason the inequality in Eq.(10) is the opposite of
that of Ref. 5. We shall assume that suitable representations of SU(8) are
introduced to make the SU(8) anomaly-free as in Ref. 3.

The formalism of the model embodied in Eqs.(8) and (9) determines the

masses and relates the quark mass matrices to the parameters in our model. It



is convenient to define matrices .
| = [0yt & oyl T an
so that the equality of b42 from Eqs (8) and (9) reads
Seom o= amvA = et wgxcT) (12)

| _ . o
The term (X{"~ contains terms (x,) = E(xa) R (y)2 = ):.(y"")2 , etc. These
. a -

terms, since they must be positive definite, give conditions
2+
-.v+
My é@)u . S a’
. _ 9
Here we take V = 2Tv aand index 1 = 1 2,3 corresponding respectively to x,y, and
2 2
Z. The requiremcnt that xy , for example, be identical to (xy) results in

consistency conditions

-2 -2 - 2
Ve v OOV e D) - O vEe 1 =0, ae)

where i # j 1, 2, 3 . These equations (11) through (14) will be solved in

Secs. 1V and V for the quark masses for the cases of two and three ... .___

| gemerationms, respectively. = . i

We may always take omne of the phenomenological quark mass matrices M »D

e

as diagonal. 1In the three-generation case, the other will be non-diagonal

: . 8
and expressed in terms of the Kobayashi-Maskawa  mixing matrix

¢y $,Cq 184
UKM = =8¢y c1c2c3+szs3 C1€98375,C4 B
-8,8 C,S,C,~C, S stc,c

152 ©152937%2%3 ©1%2837%%3

" where ¢ = cosGk and so 6n. We shall find it convenient to take

vl - u
Mo+ M "dDiag £ Upy Mdiag UKMf, (15)

v . o
where Mﬁiag = diag (mu, m,, mt) and Mgiag = diag (md, m_ mb).



III. NEUTRINO MIXING
In order to discuss the fermion sector, we shall write down the four-
fermion interactions ﬁediated by the gauge bosons wi . The currents in our

model are given by (a = 1,2,3)

ai _ .ai ai
8, S S N
wherc — .
ai . a i1 a  .a i
e T Y UL - U Y up+dT g DT, a8
and '
at | T a_ . la,Th. .1 ~
A = _E - 17
3, Y, e MY, VL F v AR S (17)

The fermion masses are obtained by the interaction mediated by W: .

These are two interaction terms. In the following equations, the first
term is SU(5)-invariant and the second term is SO(S)-iﬁvariant.' Only
these two are invariant under 50(5)TC constructgd from g:i and ﬂ;ai .
The fact that there are no condensates between ordinary quarks and techni-

quarks means that the mass terms coming from SINT are

£ = J: X, M+ o} G, X, M+ hec.) (18)
and
- j: X, i +% (3, X, & + hec) . (19).

‘The matrices X1 and Xz‘are essentially gauge boson propagators. The first
(second) term in Eq. (18) yields the down-quark (up-quark) mass matrix

D
M (Mp) after a Fierz transformation
+ _ i a, ,ab —=b i
Jule“—(D \(ud)x1 (d \?’D)+---

= - (nini)(a"xf d) 4 er .
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" Eq. (24) has already been considered by Mohapatra.
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Thus, since £ = - P - vy , we find
M = (D) X (20)

where we have taken X1 sytmnétric.g, Similarly,

1 - 1 “a -1, ,.ab ba, , i b : ]
3@, %, P ane = 3]0 Y, UD OGP+ O ¥ )+ hee+ L

T, - T

= (UUD) up (Xp+Xy) up + hec. + ...

EPREEE S T T SO,

= (UpUD) a, (Kp+%p) ug + (U Up) Uy (Rp#%K,) u + oov .

Taking X, real and symmetric and using (ﬁLUR) = (ﬁRUL) = ${UU) , we find
W = - (W) X, . : @)

Proceeding in a similar fashion for the first term in Eq.(]9), we obtain
L _ —— .
Then the second term in Eq.(19) is, after a Fierz transformation,

%(juxzj“ + hee.) = 2N N (X v >+['ﬁL<NL>°1[q>°x2vL]+[ (NP N1 [V X, (*’ﬁ)cl

R2°L
+ h.c. + ....
We therefore find that
= N c = ’ .
M _.-(NL(NL) >x2 B.X, (23)
L\ C _ }
; My = (N NIX, = BX, @4)
Moo= (N NX, - = BX A (25)
10

We note that Eqs.(23), (24), and (25), which determine the meutrino
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' (26'):'._“.

N,

' :‘;:When the matrix B 18 diagonalized11 we obtain three left-handed and three right-

'“f}<handed Majorana-type neutrinos.l% From Eqs (20) and (22) we see that

'4“ Frum Eqs (21) and (26) we see that ;:;;;,*~

- ~where M is the mass matrix of the Lhrco left-handed neutrlnos. Thﬁs,-the ~

. fmixing angles among the neutrinos are determlned by the quark (Kobayashi-MaskaWa) o
'm;xing matrixt13 In partlcular, the m1x1ng angle of ve _and ‘v is the Cab1bbo
_angle.



IV. QUARK MASSES IN TWO GENERATIONS

We shall use the equations developed in Sec. III to present the

formulas for the quark masses, parametrized by

I - () ®(TL).

Therefore, equating expressions for ldz in Eqs.(11) and (12), we write the

relévant determinanmts D, Es(a+md)(3+ms) - Y2 and D_ = Y2 - (a¢-m )(B-m ) .
Define qeantities = l(D-1+D.1) and M= A(D-l- ;1) . The condition
x2 2 0 in Eq.(13). implies that V is between the limits

V= gpm + {(B2-n2) @2 2)- YW}% ~ .@n
and y2 2 0 implies that V is between the limits

V] = oP-m 4 {(cv -m3 2y @ ) Yzmz}%‘ - (28)

The cqnditlon (xy)2 = x2y2 of Eq.(14) leads to the quartic equation

4 .
v 'Z(G"-mj/FBP-m mv> (29)

3 {4 BP0 1) P J0) + (m P-tmE + (mPom)? - Wi 2%} v2

- -2 {(BP-m ) (m, P-o?/l) + (oP-md7/l) (m P-ﬁWl) + Yot (BP-m 7II+QP-md77l)

42y m[mp M) + (mP-om] } v+{ (m P-am) (m P-BT) - v%}a

We solve Eqs. (27) through (29) to yield Moy My, M, and m,. The mixing
angle for the two generation case is Gc (sin9c = 0.2) and o = m cosza

9 -
+m sin 6 s B=m, sin ] JHm coo 6 and ¥ = (m -mc)sineccosec . We impose

A condition (10) on the masses in the solution.

There is no reasonable solution to Eqs.(27), (28) and (29). We find

analytically, for example, that for Gc = 0 that m; 2m  and m Zm

is required.

o
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V. QUARK ﬁASSES IN THREE GEﬁERATiONS

Therprocedufé in the three-generation case is similar to that of the
1two-generation case. However, the level of coﬁplication rises rapidly.
Theré are three mixing angles, not just one. There are in addition three
quartié equations for V which must be within the three bounds of Eq. (13)
an& must have a simultaneous root for V in all three quartic equationms.

We searched for a solution over a wide range of masses in the three-

generation case. One acceptable solution is m, = 3 X 10-4 GeV, my = -0.0125
GeV, m, = -0.225 GeV, m; = -1.5 GeV, m = ;S'GeV, m, = -20 GeV, and 6c~0.2°,.
92 = 0, and 93 = -480, which is obtaiqed using the parameters in units of GeV

U = 2330 a = 31950 d = -1950

X = 562 b = 5.29 e = 2460 |

Y =6.23 ¢ = 2320 f = -1890

Z = 8.38

Note that the solution quoted has very reasonable massen, but that Qc is
very small. .The Cabibbo anglé seems to depend very strongly on ﬁc and mys
for a value of m ~ -0.1 Gev, sin6c~ 0.2.
We may ask how a very small 8  and very large ‘93\.can arise. If
we consider the three-generation case in which only c- and t-quark masses
are mixed, we can generate a solution in the two geueration ¢, t sector, as
in Sec. IV; This solution is only possible for a very large ¢, t mixing
angle \93\~40° . Otherwise the terms analogous to the arguments of the square-
roots in Eqs.(27) and (28) are negative. This behavior is carried over into

our full-blown solution in the three generation case.
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. 4,5,14
Other calculations in three generation cases to obtain masses

also fail to be compelling, having difficulties in obtaining "expeéted"

results for the masses.

VI. CONCLUSIONS

In models such as ours, in which ordinary and techniquarks are in the

same multiplet, flavor-changing neutral currents are automatically

. 3,5,14 3,5

generated, No entirely satisfactory way is known to suppress them,

Also, we do not treat CP violation in this model, setting the relevant

phases equal to zero.

There are other possible ETC gauge groups and several choices of
assignment of representations to each fermion multiplet. There may have been
a better solution if some other possibility had been choﬁen.5’6’14

We expect that information»?n ve - %& mixing will soon be fo?thcoming,
assuming that the neutrinos are massive and that there is_a'mass difference.
In Higgs;approaches, it is extremely difficult to get large Vo - %; mixing.
In this approach without scalars, the mixing angle is the Cabibbo angle.

The experimental results will provide some choices on the validity of the

various models with and without Higgs scalars.

In the three-generation case, no satisfactory values of quark masses and
mixing angles have been obtained. We would hope that improved values can.

eventually be found.

One of us (TM) thanks The Ohio State University for a University Postdoctoral
Fellowship. This work was supported in part by the U.S. Department of Energy

under Contract No. EY-76-C-02-1545%000.
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2
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