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It is observed that the scale-unifying model based on supersymmetry and compositeness provides a
natural reason for the family mass hierarchy m. <<m,<m. and links spontaneous CP violation to the
nonvanishing mass of the electron family. Some of its predictions include (i) K°-K° and K, — e are
normal, but (ii) Z— ¢, cii, and ué have observably large strengths allowing for single top production at
the CERN e e ~ collider LEP I1, and (iii) d, = (0.5-10) X 10 ~ ¢ ecm.

PACS numbers: 12.50.Ch, 11.30.Er, 11.30.Pb, 12.15.Ff

It has recently been shown [1,2] that the idea that
quarks, leptons, and Higgs bosons are composites and
that their constituents possess local supersymmetry can
be realized in the context of a viable and most economical
preon model which has many attractive features. These
include (i) a common origin of all the diverse scales from
My, to m, [11; (ii) a simple and compelling reason, based
on supersymmetry, for replication of chiral families [2];
and (iii) an explanation based on the index theorem for
the protection of quark-lepton masses [3].

The purpose of this Letter is to probe into the origins
of interfamily mass hierarchy, family mixing, and CP
violation, within this scale-unifying model. In the pro-
cess, we observe that the model not only provides a natu-
ral reason for the progressive hierarchy m,<m,<m.,
but links CP violation that arises spontaneously within
the model to the small but nonvanishing mass of the elec-
tron family, and leads to a host of testable predictions.

To discuss the fermion masses, we first need to recall a
few salient features of the model [1,2]. The model as-
sumes N =1 local supersymmetry (SUSY) at the Planck
scale. It introduces six positive and six negative massless
chiral preonic superfields ®%° = (¢, y,F){:%, each belong-
ing to the representation N of a metacolor gauge symme-
try SU(V). Here o denotes the metacolor index running
from 1 to NV; a denotes flavor-color quantum numbers
having six values (x,y,r,y,b,l), where (x,y) provide up
and down flavors and (r,y,b,!) the four colors including
lepton color [4]. The symmetry SUN)xSU(2),
xSUQ2)gxSU(4)f ;g is gauged. Corresponding to an
input value for the metacolor coupling @ = 0.07 to 0.05
at Mp)/10, the asymptotically free metacolor force be-
comes strong and confining at a scale Ay =10"'" GeV, for
N =5-6. At that point, it serves many purposes.

(i) It makes three light chiral families of composite
quarks and leptons (g} g)i=1..3 and two relatively heavy
(mass~200 GeV-2 TeV) vectorlike families Q; r and
Qi.r that couple vectorially to W;’s and Wg's, respec-
tively [2,5]. There are thus altogether five SU(2),-
doublet and five SU(2)g-doublet families, each having
the transformation properties under SU(2); xSU(2).
xSU(4)f+r as noted below:

(g1%%,01,0r) ~(2,,1,4%C) , (g™ Qr.Q1)~(1,2£,4%) .

(1
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The members of these families are denoted by gf &
=(u,d,ve,e)1.r, qir=(,s,vutt)r g, qf.r=0b,v,,
T)L.R, OL.r =(U,D,N,E)1”R, and Q) g =U',D',N',
E") k.

(ii) It is assumed that the metacolor force makes a
SUSY -preserving condensate Ag of the scale of Ay
which transforms as (1,3x,10*¢) under SU(2),
xSUQ2)gxSU(4)f+x. This gives superheavy Majorana
masses of order Ay ~10'" GeV to the three right-handed
neutrinos vk’s belonging to the chiral families gk’s and
breaks SU(2);, xSU(2) g xSU(4)f 1 to SU(2), xU(1)y
xSUB)f+x [6].

(iii) It is furthermore assumed that the metacolor force
makes a few SUSY-breaking condensates as well. These
include the metagaugino condensate (A-1) and the matter
fermion condensates (“w“), each of which breaks SUSY
[3]. Noting that, within the class of models under con-
sideration, the index theorem prohibits a dynamical
breaking of supersymmetry in the absence of gravity
[3,7], however, the formation of these condensates must
need the collaboration between the metacolor force and
gravity. As a result, each of these condensates is expect-
ed to be damped by one power of Ay /Mp relative to Ay
(3,81 '

D) =arAd (A /Mp); Gy =a, Ab(Ay/Mp) . (2)

There are four (yy) condensates corresponding to a hav-
ing the values x, y, (r,y,b), or I [8]. The coefficients a;
and a,,, a priori, are expected to be of order unity within
a factor of 10 (say), although a, is expected to be larger
than the a,’s, typically by a factor of 3-10, because the
y’s are in the fundamental and the A’s are in the adjoint
representation of the metacolor group [1].

The condensates (A-A) and (y“y“) induce SUSY-
breaking mass splittings dms~ayAp (Ap/Mp)) ~1 TeV.
The condensates (y“y“), for a =x and y, break not only
SUSY but also the electroweak symmetry SU(2),
xU(1)y. The resulting masses of W and Z bosons are
mw,mz~gra,Ay (Ay/Mp))~100 GeV, where g, is the
SU(2), gauge coupling constant.

Masses of the vectorlike families Q, g and Q/ g are
protected by U(1)yx. They acquire flavor-color-inde-
pendent masses of order ayAp (Apy/Mp)—~1 TeV only
through the condensate (A-A), which breaks U(1)x just
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as needed [1,3]. But the chiral families g} r acquire
masses primarily through their mixings with the vector-
like families Q; g and Q/ g which are induced by (y“y).
This is because the direct mass terms mé.r (q/%qR)
cannot be induced through either (A-A) or (yy). These
receive small contributions <1 MeV at Ay from
effective four-body condensates like {yyw*¢), which are,
however, damped by (Ap/Mp)2. Thus, ignoring QCD
corrections and mé?r) for now, the Dirac mass matrices of
all four sectors—i.e., qu, qu, {, and v— have the form

gl Q0. Qi
q;\’ 0 XK‘]' YK‘(
M(S')=QR YlTK'(- K 0 . (3)

Or | Xk, 0

Here, f=x or y and ¢=(r,y,b) or /. The index i runs
over three families. The entities X, Y, X', and Y’ are
column matrices in the family space having entries of ~ 1
to 15. In the above, xr=00ay Ay (Ay/Mp), k.
EO(GWC)AM(/\M/MH), and =0(@) Ay (Ay/Mp).
Following the remarks made above, we expect &
=(3-10)xs.. Thus the Dirac mass matrices of all four
sectors have at least an approximate seesaw structure.

In the absence of electroweak corrections [~ (5-
10)%], left-right symmetry and flavor-color independence
of the metacolor force guarantee (a) X=X'and Y=Y,
and (b) the same X, Y, and x, apply to q,, qq4, /, and v
[see Eq. (3)]. This results in an enormous reduction of
parameters.

We first observe that by ignoring electroweak correc-
tions one can always rotate the chiral fermions gk and g}
to bring the row matrices Y7 =Y'" to the simple form
(0,0,1) and simultaneously X7 =X'7 to the form (0,p,1),
with redefined k; and k.. As a result, the 5X5 mass ma-
trices of the four sectors—i.e., qu, qu, I, and v—which in
general could involve a hundred parameters, are essen-
tially determined (barring electroweak corrections and
contributions from msY) by just six effective param-
eters—i.e., p, K,, K4, Kr, k;, and x;,. Furthermore, we
know their approximate values (within a factor of 10,
say). Examining the relevant preon diagrams, one can
argue that p is less than but not very much smaller than
unity; p = ¥ to § is quite natural [9].

Since we expect ky,k. =< k3/3 (see above), we obtain
the following eigenvalues in the leading seesaw limit
(neglecting electroweak corrections and mé?r) ):

m® =mfO =m O =(n?) =0,

(m® m®) = (x,,x4) (x,/5:) (P */2)n0cp
(rhv(m,mum))"‘(K,,,Kd)(xl/iq)(p 2/2).,

MmO mf) = (x,,x4) (x,/5:) ) nocp 4)
@m0 = (k,, k) i/ (2)

m(U,D,U',D') =x\nqcp »

m(EE') =m(N,N') =, .

The tildes on neutrino masses denote that they are Dirac
masses. Combined with the superheavy Majorana masses
of vg’s, they yield light v,’s [10]. The QCD renormal-
ization factors for quarks are momentum dependent.
With five families and their superpartners (masses ~ 1
TeV), we obtain nocp(u) =2.9, 3.3, 4.1, and 5.2 for
u=1TeV, 100 GeV, 5 GeV, and 1 GeV, respectively.

We see that despite the fact that the electron family is
made of the same stuff as the u and the v families, it is
guaranteed to remain massless [barring contributions
Sfrom m{) ~(Q1 MeV)TIQCD]—a fact which is not far
Srom the truth. The reason is simply the rank of the ma-
trix M ©. We also see that the 4 -7 mass ratios (evaluat-
ing nqcp at a fixed momentum for all quarks) are

e zm’v zm” ~£2- (5)
4

Thus, for p~f7 to +, which is natural (see remarks
above), we obtain a rather large u-t hierarchy of about
% to o . In this way, the model provides a natural
reason for the interfamily hierarchy m, <m, <Km,.

To accommodate the observed features of quark-lepton
mass splittings within a family (e.g., mp/m.) including
the nqocp factor and the up-down ratios [11] (e.g.,
m,/my), one needs to assume k,/k;=0.6+0.2 and
ka/x, = 1/(30£5). The first ratio is in a natural range
but the second is outside. It is conceivable that k, is so
small because it is generated only radiatively through «,
[12]. To see the kind of masses which could be obtained
at the tree level, consider the following choice of parame-
ters which turns out to be near optimum: p=0.31,

k. =80 GeV, xi/kn= ¥, k,/x; = 0.6, x4/x, = 1/30, and
K‘)‘~(3 5)k, =200-400 GeV. These yield (mcludmg
QCD corrections) m,® =m0 =m ® =0, =110
GeV, m®~4.7 GeV, m®~3.9 GeV, m® ~ 130
MeV, m,«” = 1.7 GeV, and m,,((’) =40 MeV, while
m(U,D,U',D') =1.5-3 TeV and m(E,E')=m(N,
N') = 200-400 GeV.

While these results possess at least the desired gross
pattern—i.e., m, <<m, <m,, with 7, = 0—they are off
in details by a factor of 2-3. In particular, m, is too high
and m,, too low; all the other masses are reasonable. The
tree-level mass matrix M © has an additional shortcom-
ing: The Cabibbo-Kobayashi-Maskawa (CKM) matrix
in the 3% 3 light-family sector is found to be essentially
unity, rendering 0,, = 0,, = 0,, = 0. The results improve
dramatically, however, with regard to both the masses
and the CKM matrix b?l including the electroweak
corrections at Ay and [md® | ~1 MeV.

The SU(2), xU(1)y interactions distinguish between
left and right, up and down, and quarks and leptons.
These corrections, evaluated at Ay, through preon dia-
grams [9], alter X7, Y7, (X')7, and (Y')7 to the general

1689
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forms

XT=(0,p+621), Y"=(0,0,1+63),

The parameters 6; and &; are in principle calculable. There are eight 8’s—i.e., 65‘,‘3‘!

X)T=(8,,p+6,1+63),

(Y)T=(0,0,1). (6)

“*—and twelve 55—16 6. Ay

Each of these &’s is a sum of several &’s (evaluated in the preon basis), and is expected to be nearly a few to 10%. (Note
that (a»/27)In[A /(100 GeV)] ~ 35 20~10%.) Including the §’s, the mass eigenvalues are altered as follows (nocp is

(7)

suppressed):
. R K, 2 5i+65
ml =0, m{,zx,-[——] 2o h+=21,
K 2 p
s j c 2 8{+4] 54+53 P+ k2
m{sz L 2 1+E~+ 2 3-i-p(2 2)-—K/ il
Ky 4 2 4

Here, j=u,d,v,l. The carets indicate that mé?r) <1 MeV -

is not included. We see that while the corrections to the
r-family masses are only of order (5-10)%, those to the
muon family can be substantial because they are propor-
tional to 1+(8{+8))/p~1=(5-20)%/0.3~1=+ (16-
66)%. For example, if 6¥+48Y=~ —20% and &)+ 6}
= +22% (say), which are within a reasonable range, m,
could be reduced by a factor of 3 and m, enhanced by
about 1.7, compared to the tree-level solutions, just as
desired. Assuming, conservatively, that each individual
|6/] S(5-12)%, and using observed values of m,/m,
=17, m.(1 GeV)=1.4%0.1 GeV, and m,(phys)= 89
GeV, we find from Eq. (7) that 0.29Sp<0.33 and
m, (phys) S180 GeV. The model, however, typically
prefers much lower values of n, S 130 GeV.
The CKM elements, ignoring mé?,) still, are given by

Vm. ~ (5 =51 /pll1 +0(5/p)] ,
Vs = [(51=89/2111 +0(5/p)], (8)
Ve = [(84 =89 /2111 +0(p) 1+ (p/2) (k2 — k) /x} .

These can yield a reasonable set of mixing angles for the
8’s (a few to 10%). Note especially that V', enhanced
by 1/p, is expected to be larger than both Vu;, and V(,,

Let us now include the contributions from m © (g}
— gk), which are induced only by effective four-body
condensates (¥, wrefer) and are thus of order (1 MeV)
X nqgcp. These lead to m,,m,,my=0. Most importantly,
they also permit spontaneous CP violation through the
fermion mass matrix which would vanish as m§) — 0.

To see this, first set mJ) =0 and introduce phases into
the condensates (A- l) and (gy) or cquwalently into the
K's—i.e., ~—|K/Ie ke =|x.]e®, and K =|xr]e"™
Slmultaneously, impose the followmg transformatlons
qL _’qL , _II€“"_' g+ — j ¢ Q{.(__, el( = &) ch

. (5 R e o
Q{eae’fgf‘ oY <c— "N g} and
— ¢ Q{°. These do not introduce any phase into VKM
because the left chiral fields are unchanged while Q; and
Qg transform the same way for up and down. It is easy
to verify that the mass matrix My . including electroweak
corrections, subject to the transformations mentioned

1690

above, is rendered real if mé?r) =(0. This says that neither

the mass matrix nor the gauge interactions (ignoring
WRi, which are superheavy) can generate observable CP
violation if mJY) =0. However, with mJ® being nonvan-
ishing and complex, the reality of the mass matrix is in
general lost and, thereby, CP conservation as well. We
thus see an interesting connection between the nonvanish-
ing masses of the electron family and the spontaneously
generated CP violation in the model.

To explore the consequences of méf’,), we write the mass
matrix for the 3x3 light d-quark sector in the form
M(‘”“M(")+m(°)d and choose the basis such that M
(which includes electroweak corrections) is diagonal:
M D =(0,/1,,). In the same basis, we denote
(n1§°)"),,-—A,(j“, where the A;;’s are complex. For quarks,
we expect |A;f |~ MeV)ngcep(l GeV)=a few to 15
MeV. The CKM elements for WE are now altered to

. SI+817 S5 (A ab
Vie=Vs=1— 5 - - s
2[7 P mg m
5 Ay Al | A Sy
Vis=Vye+ | — — - ’
mq me my, 2
~ Al AT A¥! 84— 6%
V(‘d -~ Vu.v + - >
m, my my, 2

Veb = Voo +03s/mp, Vs = Vip + Afs/my, .
The phase-invariant parameter J=Im(V, V. ViV),
relevant for CP violation in K— 2x decay, is given by

= £ (84— 6NIm{lE! — 6 /p + A Im A mp} . (9)

This leads to = [0.05-0.07](1-2)(0.1-0.15) (2
x107)E=~ (1-4)x10 ~°¢, where & is the phase of
Ai3/my. This gives |e|~ g5 with €~1 [13]. Thus the
suppression of € is naturally explained because, essential-
ly, lel ~|Aty/my| ~my/my = 2% 10 73, with a maximal &.
As regards €, it is found to receive contributions primari-
ly from the penguin graph as in the CKM model.

Turning attention to the electric dipole moment of the
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neutron, d,, it is a special property of this model that although Wg" are superheavy, right chiral currents couple to W, ’s
because gg’s mix with Qr’s [see Eq. (3)] belonging to the vectorlike family Q which couple to W;’s. The dominant con-
tribution comes from d; — dr + y with charm quark and W, in the loop. This involves the vertex dg— cr + W, , for

which the CKM element is given by (k, k4/x2)p>A¥s/m,. Thus, we obtain

2 A%
ea m, my¢ . Ky K A .
d,=||=—% —-,—ln—(z— sinf¢ —“-% 2l 22 sin7 , (10)
4r my  my K s
where 7 is the phase of Afy. Allowing for x./x, = 1/30, '
k=t -+, |AS /m| = ($-1.5)%107" and n=1- [3] J. C. Pati, M. Cveti¢, and H. Sharatchandra, Phys. Rev.
i, we expect d, =107 to + x107 2% ecm [14]. This Lett. 58, 851 (1987).
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Or~elyi*e, Qk~wkek v, and Qf ~okyi v [2]. Here f
stands for flavor indices (x,y) and ¢ for color indices

is a relatively large d, which should be observable.
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