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GIM violation and new dynamics of the third generation
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In strong dynamical schemes for electroweak symmetry breaking the third generation must be treated in
special manner, owing to the heavy top quark. This potentially leads to new flavor physics involving the
members of the third generation in concert with the adjoining generations, with potential novel effects in
b-flavored and charm physics. We give a general discussion and formulation of this kind of physics, abstracte
largely from top-color models which we elaborate in detail. We identify sensitive channels for such new
physics accessible to current and future experiments.

PACS number~s!: 12.60.Cn, 12.15.Ff, 12.15.Ji, 12.60.Nz
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I. INTRODUCTION

The problem of understanding the origin of electrowea
symmetry breaking is far from solved. The fermion Dira
masses arise in conjunction with the electroweak symme
breaking since the left-handed members have weak isos
I51/2 while the right-handed members haveI50. While the
lightest quarks and leptons can be regarded as perturba
spectators to the electroweak dynamics, the very massive
quark suggests that it, and thus the third generation, are
tentially enjoying a more intimate role in the electrowea
dynamics and/or horizontal symmetry breaking. A potent
implication of this is the possibility that there exist new
fermion interactions that do not treat the generations in
egalitarian mannerat the electroweak scale. If there are dy-
namical distinctions between the generations at the el
troweak scale, then there is the possibility of new observa
phenomena which violate the Glashow-Iliopoulos-Maia
~GIM! structure of the standard model interactions. An e
ample is any description in which electroweak symmet
breaking is dynamical, in analogy with chiral symmetr
breaking in QCD, such as technicolor~TC! and extended
technicolor ~ETC! @1#. These approaches require speci
treatment of the large top-quark mass generation. Vario
mechanisms for a large top-quark mass have been propo
including the walking TC@2#, subcritical amplification@3#,
two-scale technicolor@4#, and top-color@5–7#.

In the present paper we will focus on top-color, because
is fairly well defined within the context of the existing fer
mionic generations, and has direct implications of the ge
eral kind we wish to consider. However, we view it as g
neric in the possible new GIM-violating effects that
generates. Thus, we use top-color in the present paper
generating mechanism for possible signals of new phys
that might arise in detailed observations of, mostly,b and
c quark weak processes. Top-color assumes that most of
top-quark mass arises from at t̄ condensate. Previously, top
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quark condensation models tried to identify all of the ele
troweak symmetry breaking~ESB! with the formation of a
dynamical top quark mass@8#, but this requires a very large
scale for the new dynamicsL;1015 GeV and significant
fine-tuning. In top-color we assume naturalness, i.e.,
scale of the new physics is;1 TeV, and thus we estimate
the decay constant of the associated top pions by using
Pagels-Stokar formula in the Nambu–Jona-Lasinio appro
mation @8#. This gives

fp
25

Nc

16p2mc
2S lnL2

mc
2 1kD , ~1!

wheremc is the dynamical mass,k a constant of order 1, and
L the cutoff scale at which the dynamical mass is rapid
going to zero. This results infp;50 GeV, a decay constan
too small to account for all of the electroweak symmet
breaking, which requiresfp5174 GeV. Hence we must pos
tulate that top-color is occurring in tandem with some oth
mechanism that gives most of the electroweak scale. T
means that the top-pions are not the longitudinalW andZ,
but are separate, physically observable objects. The
pions must thus be massive, so in addition to the top-co
model the top quark must derive some of its mass~about
;3%) from the electroweak breaking, allowingmp̃;200
GeV.

‘‘Top-color assisted technicolor’’ was sketched out in@6#.
The specific model presented in@6# was based upon the
gauge group SU~3! 13SU~3! 23U~1!Y1 3U~1!Y23SU~2! L ,
where the strong double U~1!Yi structure is required to tilt
the chiral condensate in thet t̄ direction, and not form abb̄
condensate. We shall refer to schemes based upon this g
structure, containing an additional U~1!, as top-color I mod-
els. Potentially serious problems with theT parameter can
arise @9# in this scheme owing to the strong coupled U~1!,
but they are avoided by judicious choice of representation
technicolor, and reasonably complete models have been
structed@10#.

In the present paper we give a discussion of the dynam
features of top-color I models, building upon the recent wo
of one of us@11#. One of our main goals is to provide a
effective Lagrangian for the full bound-state dynamics. Th
provides a natural starting point for the discussion of oth
5185 © 1996 The American Physical Society
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potentially observable effects. One intriguing result is th
the u term in the top-color model can be the origin of ob
served CP violation, yielding the Cabibbo-Kobayashi
Maskawa~CKM! phase in the standard model and a Jarlsk
determinant of the right magnitude.

The potentially observable effects we are interested
arise because in the current basis of quarks and leptons
third generation experiences new strong forces. When
diagonalize the mass matrix to arrive at the mass basis th
will be induced flavor-changing interactions. Some of the
have been previously discussed@6,11#. Effects such asBB̄
mixing are potentially dangerous. The first- and secon
generational mixing effects are suppressed because the
generation is somewhat isolated, and these effects invo
high powers of small mixing angles. Top-color, to an exten
explains the suppression of the 3→2,1 mixing angles,
though without further assumptions about the origin of ge
erational structure it cannot distinguish between 1 and 2.

We will sketch how the top-color scheme can impose te
tures upon the mass matrix which has important con
quences for observable processes. Textures are inevit
when there are gauge quantum numbers that distinguish g
erations. A chiral-triangular texture seems to emerge a
natural possibility, and this can suppress dangerous p
cesses such asBB̄ mixing.

The top-color I models will be discussed in the context
the implications for GIM violation and new flavor physics
Here the additional U~1! gives rise to semileptonic processe
of interest. The model in this truncated sector is somew
akin to Holdom’s generationalZ8 model, with similar impli-
cations @12#. We will also present a class of models, top
color II ~essentially based upon@5#!, built upon the gauge
group SU~3!Q3SU~3! 13SU~3! 23U~1!Y3SU~2! L , where
there is only the conventional U~1!Y , and no strong addi-
tional U~1!. These models have several desirable featu
and have a rather intriguing anomaly cancellation solution
which the (c,s)L,R doublets are treated differently under th
strong SU~3! 13SU~3! 2 structure. This leads to potentially
interesting implications for charm physics in sensitive e
periments.

Section IV of the paper deals with the phenomenologic
signatures of the new dynamics. It can be read independe
of the theoretical discussions. We identify interesting sen
tivities in some nonleptonic process such asBB̄ and DD̄
mixing, and radiative processes such asb→sg. However,
we find that, in general, the strong dynamics at the TeV sc
is difficult to observe in nonleptonic modes. On the oth
hand, the semileptonic modes we identify are interesting a
sensitive to theZ8 of the top-color I schemes~as well as in
otherZ8 schemes!. In general, top-color dynamics remain
viable at the current level of sensitivity and poses interesti
experimental challenges in high-statistics heavy-flavor e
periments.

II. TOP-COLOR DYNAMICS

A. Models with a strong U„1… to tilt the condensate
„top-color I…

We consider the possibility that the top-quark mass
large because it is a combination of adynamical condensate
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component, (12e)mt , generated by a new strong dynamic
together with a smallfundamental component, emt , i.e.,
e!1, generated by an extended technicolor~ETC! or Higgs
sector. The new strong dynamics is assumed to be ch
critically strong but spontaneously broken, perhaps by
itself, at the scale;1 TeV, and it is coupled preferentially to
the third generation. The new strong dynamics therefore
curs primarily in interactions that involvet̄ t t̄ t, t̄ t b̄b, and
b̄bb̄b, while the ETC interactions of the formt̄ tQ̄Q, where
Q is a techniquark, are relatively feeble.

Our basic assumptions leave little freedom of choice
the new dynamics. We assume a new class of technic
models incorporating ‘‘top-color’’~TopC!. In TopC I the
dynamics at the;1 TeV scale involves the structure~or a
generalization thereof!

SU~3!13SU~3!23U~1!Y13 U~1!Y23SU~2!L

→SU~3!QCD3U~1!EM , ~2!

where SU~3! 13U~1!Y1 @SU~3! 23U~1!Y2# generally couples
preferentially to the third~first and second! generations. The
U~1!Yi are just strongly rescaled versions of electrowe
U~1!Y . We remark that employing a new SU~2! L,R strong
interaction in the third generation is also thinkable, but m
be problematic due to potentially large instanton effects t
violateB1L. We will not explore this latter possibility fur-
ther.

The fermions are then assigned~SU~3! 1 , SU~3! 2 , Y1 ,
Y2) quantum numbers in the following way:

~ t,b!L;~3,1,1/3,0!, ~ t,b!R;@3,1,~4/3,22/3!,0#,

~nt ,t!L;~1,1,21,0!, tR;~1,1,22,0!,

~u,d!L ,~c,s!L;~1,3,0,1/3!,

~u,d!R ,~c,s!R;@1,3,0,~4/3,22/3!#,

~n,l !L l5e,m;~1,1,0,21!, l R;~1,1,0,22!. ~3!

Top-color must be broken, which we will assume is acco
plished through a~effective! scalar field

F;~3,3̄,y,2y!. ~4!

When F develops a vacuum expectation value~VEV!, it
produces the simultaneous symmetry breaking:

SU~3!13SU~3!2→SU~3!QCD

and

U~1!Y13U~1!Y2→U~1!Y . ~5!

The choice ofy will be specified below.
SU~3! 13U~1!Y1 is assumed to be strong enough to for

chiral condensates which will naturally be tilted in the to
quark direction by the U~1!Y1 couplings. The theory is
assumed to spontaneously break down to ordin
QCD3U~1!Y at a scale of;1 TeV, before it becomes con
fining. The isospin splitting that permits the formation of
^ t̄ t& condensate but disallows the^b̄b& condensate is due to
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the U~1!Yi couplings. Since they are both larger than th
ordinary hypercharge gauge coupling, no significant fin
tuning is needed in principle to achieve this symmetr
breaking pattern. Theb-quark mass in this scheme is then a
interesting issue, arising from a combination of ETC effec
and instantons in SU~3! 1 . Theu term in SU~3! 1 may mani-
fest itself as theCP-violating phase in the CKM matrix.
Above all, the new spectroscopy of such a system sho
begin to materialize indirectly in the third generation~e.g., in
Z→b̄b) or perhaps at the Tevatron in top and bottom qua
production. The symmetry-breaking pattern outlined abo
will generically give rise to three~pseudo! Nambu-Goldstone
bosonsp̃a, or ‘‘top-pions,’’ near the top mass scale. If th
top-color scale is of the order of 1 TeV, the top pion
will have a decay constant off p'50 GeV, and a strong
coupling given by a Goldberger-Treiman relation
gtbp'mt /A2 f p'2.5, potentially observable inp̃1→t1b̄ if
mp̃.mt1mb .

We assume that ESB can be primarily driven by a Hig
sector or technicolor, with gauge groupGTC. Technicolor
can also provide condensates which generate the breakin
top-color to QCD and U~1!Y , although this can also be don
by a Higgs field. The coupling constants~gauge fields! of
SU~3! 13SU~3! 2 are, respectively,h1 and h2 (A1m

A and
A2m
A ) while for U~1!Y13U~1!Y2 they are, respectively,q1

and q2 (B1m ,B2m). The U~1!Yi fermion couplings are
thenqi(Yi/2), whereY1,Y2 are the charges of the fermion
under U~1!Y1 ,U~1!Y2 , respectively. A (3,3̄)3 (y,2y)
technicondensate ~or Higgs boson field! breaks
SU~3! 13SU~3! 23U~1!Y13U~1!Y2→SU~3! QCD3U~1!Y at
a scaleL*240 GeV, or it fully breaks SU~3! 13SU~3! 2
3U~1!Y13U~1!Y23SU~2! L→SU~3!QCD3U~1!EM at the
scaleLTC5240 GeV. Either scenario typically leaves are-
sidual global symmetry, SU~3! 83U~1! 8, implying a degen-
erate, massive color octet of ‘‘colorons,’’Bm

A , and a singlet
heavyZm8 . The gluonAm

A and coloronBm
A @the SM U~1!Y

field Bm and the U~1! 8 field Zm8 #, are then defined by or-
thogonal rotations with mixing angleu(u8):

h1sinu5g3 , h2cosu5g3 , cotu5h1 /h2 ,

1

g3
2 5

1

h1
2 1

1

h2
2 ,

q1sinu85g1 , q2cosu85g1 , cotu85q1 /q2 ,

1

g1
2 5

1

q1
2 1

1

q2
2 , ~6!

andg3 (g1) is the QCD@U~1!Y# coupling constant atLTC.
We ultimately demand cotu@1 and cotu8@1 to select the
top-quark direction for condensation. The masses of the
generate octet of colorons andZ8 are given by
MB'g3L/sinu cosu, MZ8'yg1L/sinu8cosu8. The usual
QCD gluonic@U~1!Y electroweak# interactions are obtained
for any quarks that carry either SU~3! 1 or SU~3! 2 triplet
quantum numbers@or U~1!Yi charges#.

The coupling of the new heavy bosonsZ8 andBA to fer-
mions is then given by
e
e-
y-
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uld
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LZ85g1cotu8Z8•JZ8, LB5g3cotuB
A
•JB

A , ~7!

where the currentsJZ8 and JB in general involve all three
generations of fermions:

JZ85JZ8,11JZ8,21JZ8,3 , JB5JB,11JB,21JB,3 . ~8!

For the third generation the currents read explicitly~in a
weak eigenbasis!

JZ8,3
m

5
1

6
t̄ Lg

mtL1
1

6
b̄Lg

mbL1
2

3
t̄RgmtR2

1

3
b̄RgmbR

2
1

2
n̄tLg

mntL2
1

2
t̄Lg

mtL2 t̄RgmtR , ~9!

JB,3
A,m5 t̄gm

lA

2
t1b̄gm

lA

2
b, ~10!

wherelA is a Gell-Mann matrix acting on color indices. Fo
the first two generations the expressions are similar, exc
for a suppression factor of2tan2u8 (2tan2u):

JZ8,2
m

52tan2u8S 16 c̄LgmcL1
1

6
s̄Lg

msL1••• D , ~11!

JB,2
m 52tan2uS c̄gm

lA

2
c1 s̄gm

lA

2
sD , ~12!

with corresponding formulas applying to the first generatio
Integrating out the heavy bosonsZ8 andB, these couplings
give rise to effective low-energy four-fermion interactions
which can in general be written as

Leff,Z852
2pk1

MZ8
2 JZ8•JZ8, Leff,B52

2pk

MB
2 JB

A
•JB

A ,

~13!

where

k15
g1
2cot2u8

4p
, k5

g3
2cot2u

4p
. ~14!

The effective top-color interaction of the third generatio
takes the form

LTopC8 52
2pk

MB
2 S t̄gm

lA

2
t1b̄gm

lA

2
bD

3S t̄gm
lA

2
t1b̄gm

lA

2
bD . ~15!

This interaction is attractive in the color-singlett̄ t, and b̄b
channels and invariant under color SU~3! and SU~2! L3
SU~2!R3U~1!3U~1! where SU~2!R is the custodial symme-
try of the electroweak interactions.
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In addition to the top-color interaction, we have th
U~1!Y1 interaction@which breaks custodial SU~2!R#

LY18 52
2pk1

MZ8
2 S 16 c̄LgmcL1

2

3
t̄RgmtR2

1

3
b̄RgmbR

2
1

2
l̄ Lgml L2 t̄RgmtRD 2, ~16!

wherecL5(t,b)L , l L5(nt ,t)L , andk1 is assumed to be of
order 1.~A small value fork1 would signify fine-tuning and
may be phenomenologically undesirable.!

The attractive TopC interaction, for sufficiently largek,
can trigger the formation of a low-energy condensa
^ t̄ t1b̄b&, which would break SU~2! L3SU~2!R
3U~1!Y→U~1!3SU~2! c , where SU~2! c is a global custo-
dial symmetry. On the other hand, the U~1!Y1 force is attrac-
tive in the t̄ t channel and repulsive in theb̄b channel. Thus,
we can have in concert critical and subcritical values of t
combinations:

k1
2k1

9Nc
.kcrit , kcrit.k2

k1

9Nc
. ~17!

HereNc is the number of colors. It should be mentioned th
this analysis is performed in the context of a large-Nc ap-
proximation. The leading isospin-breaking effects are ke
even though they areO(1/Nc). The critical coupling, in this
approximation, is given byk crit52p/Nc . In what follows,
we will not make explicit theNc dependence, but rather tak
Nc53. We would expect the cutoff for integrals in the usu
Nambu–Jona-Lasinio~NJL! gap equation for SU~3! TopC
@U~1!Y1# to be;MB (;MZ8). Hence, these relations defin
criticality conditions irrespective ofMZ8 /MB . This leads to
‘‘tilted’’ gap equations in which the top quark acquires
constituent mass, while theb quark remains massless. Give
that bothk andk1 are large there is no particular fine-tunin
occurring here, only ‘‘rough-tuning’’ of the desired tilted
configuration. Of course, the NJL approximation is crud
but as long as the associated phase transitions of the
strongly coupled theory are approximately second ord
analogous rough-tuning in the full theory is possible.

The full phase diagram of the model is shown in Fig.
The criticality conditions~17! define the allowed region in
the k1-k plane in the form of the two straight solid lines
intersecting at (k150,k5kcrit). To the left of these lines lies
the symmetric phase, in between them the region where o
a ^ t̄ t& condensate forms and to the right of them the pha
where botĥ t̄ t& and ^b̄b& condensates arise. The horizont
line marks the region above whichk1 makes the U~1!Y1
interaction strong enough to produce a^t̄t& condensate.
@This line is meant only as an indication, as the fermio
bubble ~large-Nc) approximation, which we use, evidently
fails for leptons.# There is an additional constraint from th
measurement ofG(Z→t1t2), confining the allowed region
to the one below the solid curve. This curve corresponds t
2s discrepancy between the top-color prediction~computed
to lowest nontrivial order in the couplingk1) and the mea-
sured value of this width. Note that the known value of th
top quark mass determines the cutoffMB in terms ofk and
k1 . This is illustrated by the slanted lines which represe
e
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curves of constantMB . In this figure, theZ8 boson mass is
taken to be equal toMB . In the allowed region a top
condensate alone forms. The constraints favor a stro
SU~3! TopC coupling and a relatively weaker U~1!Y1 cou-
pling.

We note that recently Appelquist and Evans have pro
posed a scheme in which the tilting interaction is a non
Abelian gauge group, rather than a U~1! @13#. This has the
advantage of asymptotic freedom in the tilting interactio
immediately above the scale of TopC condensation.

B. Anomaly-free model without a strong U„1… „top-color II …

The strong U~1! is present in the previous scheme to
avoid a degeneratêt̄ t& with ^b̄b&. However, we can give a
model in which there is~i! a top-color SU~3! group but~ii !
no strong U~1! with ~iii ! an anomaly-free representation con
tent. In fact the original model of@5# was of this form, in-
troducing a new quark of charge21/3. Let us consider a
generalization of this scheme which consists of the gau
structure SU~3!Q3SU~3! 13SU~3! 23U~1!Y3SU~2! L . We
require an additional triplet of fermion fields (QR

a) trans-
forming as~3,3,1! andQL

ȧ transforming as~3,1,3! under the
SU~3!Q3SU~3! 13SU~3! 2 .

The fermions are then assigned the following quantu
numbers in SU~2!3SU~3!Q3SU~3! 13SU~3! 23U~1!Y :

~ t,b!L ~c,s!L;~2,1,3,1!, Y51/3, ~18!

~ t !R;~1,1,3,1!, Y54/3,

~Q!R;~1,3,3,1!, Y50,

~u,d!L;~2,1,1,3!, Y51/3,

~u,d!R ~c,s!R;~1,1,1,3!, Y5~4/3,22/3!,

~n,l !L l5e,m,t;~2,1,1,1!, Y521,

~ l !R;~1,1,1,1!, Y522,

FIG. 1. Phase diagram of the top-color model I discussed in Se
II A.
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bR;~1,1,1,3!, Y52/3,

~Q!L;~1,3,1,3!, Y50.

Thus, theQ fields are electrically neutral. One can verify tha
this assignment is anomaly free.

The SU~3!Q confines and forms â Q̄Q& condensate
which acts like theF field and breaks the top-color group
down to QCD dynamically. We assume thatQ is then de-
coupled from the low-energy spectrum by its large constit
ent mass. There is only a lone U~1! Nambu-Goldstone boson
;Q̄g5Q which acquires a large mass by SU~3!Q instantons.

The SU~3! 1 is chiral-critical, and a condensate
forms which defines thêt̄ t& direction spontaneously. If we
turn off the SU~2!3U~1!Y and Higgs-Yukawa couplings,
then the strongly coupled SU~3! 1 sector has an
SU~4! L3U~1!R3U~1! L global chiral symmetry. Let us de-
fine CL5(t,b,c,s)L . The effect of SU~3! 1 after integrating
out the massive colorons andQ fields is a strong four-
fermion, NJL-like interaction of the form

G~C̄L
i tR!~ t̄RCLi !→~C̄L

i tRFi1 H.c.!2G21F†F

5@~ T̄L
i tR!Hi1~C̄L

i tR!Ki1H.c.#

2G21~H†H1K†K !, ~19!

where we indicate the factorization into a composite fie
quadruplet under SU~4! L , F

i . We further decomposeF into
doubletsF5(H,K). By definition,H acquires a VEV giving
the top mass, while the remaining components ofH are a
massive neutral Higgs-likes boson, and a triplet of top-pions
as before. Here the novelty is thatK will be, at this stage, a
completely massless set of NGB’s, ‘‘charm-top-pions.
When SU~2! L3U~1! and the Yukawa interactions to the ef
fective Higgs field are switched on, the top-pions and char
top-pions all become massive. These will then media
strong interactions, but which are distinctly nonleptonic
the present scheme. We discuss their phenomenological c
sequences, mainly forD0-D̄0 mixing, in Sec. IV B.

C. Triangular textures

The texture of the fermion mass matrices will general
be controlled by the symmetry breaking pattern of a horizo
tal symmetry. In the present case we are specifying a resid
top-color symmetry, presumably subsequently to some ini
breaking at some scaleL, large compared to top-color, e.g.
the third-generation fermions in model I have different to
color assignments than do the second- and first-genera
fermions. Thus the texture will depend in some way upon t
breaking of top-color.

Let us study a fundamental Higgs boson, which ultimate
breaks SU~2! L3U~1!Y , together with an effective fieldF
breaking top-color as in Eq.~5!. We must now specify the
full top-color charges of these fields. As an example, und
SU~3! 13SU~3! 23U~1!Y13U~1!Y23SU~2! L let us choose

F;~3,3̄, 13 ,2
1
3 ,0!, H;~1,1,0,21,12 !. ~20!

The effective couplings to fermions that generate mass ter
in the up sector are of the form
t

u-
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2LMU
5m0t̄ LtR1c33T̄LtRH

detF†

L3 1c32T̄LcRH
F

L

1c31T̄LuRH
F

L
1c23C̄LtRHF†

detF†

L4

1c22C̄LcRH1c21C̄LuRH1c13F̄LtRHF†
detF†

L4

1c12F̄LcRH1c11F̄LuRH1H.c. ~21!

Here T5(t,b), C5(c,s), andF5(u,d). The massm0 is
the dynamical condensate top mass. Furthermore, detF is
defined by

detF[
1

6
e i jke lmnF i lF jmFkn , ~22!

where in F rs the first @second# index refers to SU~3! 1
@SU~3! 2#. The matrix elements now require factors ofF to
connect the third- with the first- or second-generation col
indices. The down quark and lepton mass matrices are g
erated by couplings analogous to~21!.

To see what kinds of textures can arise naturally, let
assume that the ratioF/L is small,O(e). The fieldH ac-
quires a VEV ofv. Then the resulting mass matrix is ap
proximately triangular:

S c11v c12v ;0

c21v c22v ;0

c31O~e!v c32O~e!v ;m01O~e3!v
D , ~23!

where we have kept only terms ofO(e) or larger.
This is a triangular matrix~up to thec12 term!. When it is

written in the formULDUR
† with UL andUR unitary and

D positive diagonal, there automatically result restrictions o
UL andUR . In the present case, the elementsUL

3,i andUL
i ,3

are vanishing foriÞ3, while the elements ofUR are not
constrained by triangularity. Analogously, in the down qua
sectorDL

i ,35DL
3,i50 for iÞ3 with DR unrestricted. The situ-

ation is reversed when the opposite corner elements
small, which can be achieved by choosin
H;(1,1,21,0,1/2).

These restrictions on the quark rotation matrices have i
portant phenomenological consequences. For instance, in
processB0→B̄0 there are potentially large contributions
from top-pion and coloron exchange. However, as we sho
in Sec. IV B, these contributions are proportional to th
productDL

3,1DR
3,1. The same occurs inD0-D̄0 mixing, where

the effect goes as products involvingUL and UR off-
diagonal elements. Therefore, triangularity can naturally s
lect these products to be small.

Selection rules will be a general consequence in mod
where the generations have different gauge quantum nu
bers above some scale. The precise selection rules dep
upon the particular symmetry breaking that occurs. This e
ample is merely illustrative of the systematic effects that c
occur in such schemes.
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III. EFFECTIVE LAGRANGIAN ANALYSIS

A. Low-energy theory

Let us study a standard model Higgs boson together w
an effective Nambu–Jona-Lasinio@14# mechanism arising
from the interactions of Eqs.~15! and ~16!. The standard
model Higgs bosonH is used presently to simulate the ef
fects of TC, and its small Yukawa couplings to the top an
bottom quarks simulate the effects of ETC. In addition, th
four-fermion interaction is introduced to simulate the effec
of TopC ~model I!.

We can conveniently treat the dynamics of this combin
system using the renormalization group by writing a Yukaw
form of the four-fermion interactions, as defined at the cuto
scaleL, with the help of a static auxiliary Higgs field.

At the starting point we will have three bound-state do
blets: an ordinary Higgs bosonH whose VEV drives elec-
troweak symmetry breaking, a doubletf1 whose VEV
mainly gives a large mass to the top and another doub
f2 coupling mainly to bottom@11#. The effective Lagrangian
at the cutoffL ~identified withMB'MZ8 of Sec. II A! is

L5C̄L
~3!f1tR1C̄L

~3!f2bR1k8L2eiudet~f1f2!1H.c.

2L1
2f1

†f12L2
2f2

†f21DmH
†DmH2MH

2H†H

2
l

2
~H†H !21@eU

i j C̄L
i HUR

j 1eD
i j C̄L

i HcDR
j 1H.c.#

1Lgauge, ~24!

whereC̄L ,UR ,DR have the obvious meaning;L gaugecon-
tains the gauge and fermion kinetic terms; an
L1,2
2 5L2/l1,2

2 satisfyL2.L1 , with

l1
254pS k1

2k1

27 D , l2
254pS k2

k1

27D . ~25!

The parametersk andk1 were defined in Sec. II A. In~24!,
i , j are generation indices. The determinant term in the e
pression for the effective Lagrangian arises from top-col
instantons, andu is the strong top-colorCP phase. This term
is a bosonized form of a ’t Hooft flavor determinan
keiudet(C̄L

(3)CR
(3))/L2, where the constantk is expected to

be O(1). These effects are similar to those in QCD tha
elevate theh8 mass; we assume the QCDCP phase is ze-
roed by, e.g., an exact Peccei-Quinn symmetry. Presen
the top-coloru angle will provide an origin for CKMCP
violation. The coefficientk8 is related tok through

k85
k

l1
2l2

2 ~26!

and is thus small, as are the matriceseU,D . We shall write

eU,D
i j 5ehU,D

i j , k852ehk ~27!

and treate as small compared to unity. TheeU,D
i j will reflect

the textures as considered in Sec. II C. Theh ’s are then
O(1). Equation~24! will be the starting point of our inves-
tigations.
ith
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We now integrate out degrees of freedom with momen
between a scalem and the cutoffL. This calculation is per-
formed in the large-Nc limit and cutting off the fermion
loops atL. The effective Lagrangian at the scalem has the
form

L5Lgauge1DmH
†DmH2MH

2H†H2
l

2
~H†H !2

1Z trDmS†DmS2L1
2f1

†f12L2
2f2

†f2

1
3

8p2 ~L22m2!trS†S2
3

16p2 ln~L2/m2!tr~S†S!2

1@C̄L
i S i jCR

j 1H.c.#1@k8L2eiudet~f1f2!1H.c.#,

~28!

where theS i j are matrices

S i j5~f1d
i3d j31eU

i j H,f2d
i3d j31eD

i j Hc!, ~29!

and the trace is taken over both generation and SU~2! indi-
ces. The constantZ is given by

Z5
3

16p2 ln~L2/m2!. ~30!

The mixing betweenH andf1 ,f2 involves onlyeU,D
33 to first

order in e. So, for the scalar potential, we disregard th
Higgs couplings to the first two generations and simplifyS
into a 232 matrix

S5~f11eh tH,f21ehbH
c!. ~31!

It is convenient to writeV in terms ofH andS rather than
H andf i . To O(e), we may also substitute detS for det
(f1 ,f2). Writing F[3/(8p2) and droppingm2 compared
to L2, we have the potential

V5MH
2H†H1

l

2
~H†H !21L1

2S i1* S i11L2
2S i2* S i2

2FL2trS†S1Ztr~S†S!21@2eL1
2h tS i1* Hi

1eL2
2hbe i jS i2* Hj*1ehkL

2eiudetS1H.c.#, ~32!

where S i1 is the first column of S so that
f1i5S i12eh tHi , etc. NoteHi

c52e i j H j* . Without loss of
generality we can takeh t real and positive by appropriately
choosing the phase of the fieldH. The phase ofhb can be
absorbed inu by an appropriate rotation ofbR .

To O(e0) the minimum of the potential is determined by

^H†H&[v0
252

MH
2

l
,

^S i1* S i1&[ f 0
25^f1

†f1&, ~33!

^S i2* S i2&50,

where f 0 satisfies the equation

L1
22FL21F f 0

2ln~L2/m2!50 ~34!
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and the last condition in Eq.~33! results from the assumption
thatL2

22FL2.0. We can work out the minimization of the
potential toO(e). We find

^H&5S v01ev1
0 D , ^S&5S f 01e f 1 0

0 e f 2
D , ~35!

where

Rev15
L1
2h t f 0
2lv0

2 , ~36!

Imv15
v0

L1
2h t f 0

Im~hbhkL
2f 0e

iu1L2
2hbf 2* !, ~37!

f 15
L1
2h tv0
4Z f0

2 , ~38!

f 25
L2
2hbv02L2hke

2 iu f 0
L2
22FL2 . ~39!

Here we have performed an SU~2!3U~1! rotation to make
S11 real andS21 equal to zero. Note, in particular, that th
vacuum aligns properly, providedh tÞ0. This statement is in
fact true to all orders ine. Furthermore, if we ignore mixing
with the first two generations, the top and bottom qua
masses are given by

mt5u f 01e f 1u, ~40!

mb5eu f 2u. ~41!

Note that the denominator in Eq.~39! can be small, thus
enhancing the size of theb-quark mass@11#.

In order to obtain expressions for the scalar and pseu
scalar masses we must diagonalize the potential in~32!. Let
x i8 denote the two columns ofS and define

x15AZx18 , x25AZx28
c . ~42!

Then the kinetic term for the scalars is simply

Lkin5DmH
†DmH1Dmx1

†Dmx11Dmx2
†Dmx2 ~43!

and the potential reads

V5MH
2H†H1Z21~L1

22FL2!x1
†x1

1Z21~L2
22FL2!x2

†x22eL1
2Z21/2h t~x1

†H1H†x1!

1eL2
2Z21/2hb~x2

†H1H†x2!2eL2Z21

3hk~e
2 iux1

†x21H.c.!1
l

2
~H†H !21Z21@~x1

†x1!
2

1~x2
†x2!

212~x1
†x1!~x2

†x2!22~x1
†x2!~x2

†x1!#. ~44!

The VEV’s of the fieldsH,x1 andx2 add in quadrature to
give the electroweak scale~so, for example, to lowest orde
vw5Av021Z f0

25174 GeV!. We diagonalize the potential to
obtain the mass eigenstates. In the charged sector we
e

rk

do-

r

find,

apart from the Goldstone bosonsw6 of electroweak symme-
try breaking, a pair of~complex-conjugate! pseudo Gold-
stone bosons~the top-pions! of mass

mp̃6
2

5eL1
2h tS v0Z f0

1
f 0
v0

D ~45!

~in agreement with expectations from, e.g., current algebr!
and a pair of massive states

m
H̃6

2
5Z21~L2

22FL212Z f0
2!1eL1

2h t

v0
Z f0

. ~46!

The charged components of the doubletsH andx1 mix with
an angle

f5arctan~Z1/2f 0 /v0! ~47!

to produce the mass eigenstatesw6 andp̃6 ~recallZ1/2f 0 is
the top-pion ‘‘decay constant’’!. There are further mixings at
O(e) among all three doublets, which are also easily calc
lable. They will determine some of the couplings of fermion
to scalars which do not occur at leading order~e.g., top-pion
couplings tobR or H̃

6 couplings totR).
In the neutral sector we find the following eigenvalues:

mz
250, Goldstone boson,

mp̃0
2

5eL1
2h tS v0Z f0

1
f 0
v0

D , neutral top-pion,

mA
25Z21~L2

22FL2!, bound stateb̄g5b,

m
H̃0
2

5Z21~L2
22FL2!, bound stateb̄b, ~48!

mh1
2 52lv0

21O~e!, standard Higgs boson,

mh2
2 54 f 0

21O~e!, top-quark–Higgs-boson.

To leading order, the only mixing occurs between the imag
nary parts of the neutral components ofH andx1 , the mix-
ing angle is the same as in the case of the charged sector
expected. There are further mixings atO(e). Because of the
CP-violating angleu there are mixings betweenCP-even
andCP-odd fields.

B. Fermion mass matrices and mixings

We will now determine whether this low-energy structur
gives rise to realistic quark mixings and weakCP violation.
Consider first the mass matrix in the top sector:

2MU
i j5 f td

i3d j31ehU
i jv0 , ~49!

where u f tu'mt . This is diagonalized by unitary matrices
UL andUR such that

UL
†
MUUR5D , ~50!

whereD5diag(mu ,mc ,mt). The matrixUL has then the
approximate form
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UL5S cosf 2sinf eb

sinf cosf eb8

2e~b* cosf1b8* sinf! e~b* sinf2b8* cosf! 1
D , ~51!
g

wheref is of order 1 and

eb5e
v0hU

13

f t
, ~52!

eb85e
v0hU

23

f t
. ~53!

Since the matrixhU determines the masses of the lower ge
eration up-type quarks, we expectev0hU

j3;mc . Hence
eb,eb85O(mc /mt). Similarly, in the bottom sector, the
mass matrix is

2MD
i j5 f bd

i3d j31ehD
i jv0 , ~54!

where f b5^f2&2 . In principle, f b is of ordere, but we will
assume that the instanton or enhancement effects are la
enough to account for the largeb-quark mass relative to that
of the other charge21/3 quarks@see the remark following
Eq. ~41!#. That is, we assume thatf b@ev0hD

i j . We obtain, as
above, the corresponding unitary matrixDL . Note the fol-
lowing: ~i! we can perform an arbitrary rotation in the spac
of thed ands quarks to make the corresponding anglef @cf.
Eq. ~51!# equal to zero;~ii ! we would like to investigate
whether the angleu can be the sole source of weakCP
n-

rge

e

violation. Hence we would like to take the matriceshU ,hD
to be real. Then the matrixUL above is real, butDL is not,
becausef b is complex@see Eq.~39!#. The matrixDL then has
the form

DL5S 1 0 aeid

0 1 a8eid

2ae2 id 2a8e2 id 1
D , ~55!

wherea,a8 are real~and small!,

a5e
v0hD

13

u f bu
, a85e

v0hD
23

u f bu
, ~56!

and the angled can be of order 1:

tand5tan Argf b*'
2L2hkf 0sinu

L2
2hbv02L2hkf 0cosu

. ~57!

If the instanton effects are dominant, thenudu'uuu. Note
that, since the matrixhD determines the down- and strange-
quark masses, we expecta,a85O(ms /mb), as u f bu'mb .
So a,a8 are expected to be larger than the correspondin
elements (eb,eb8) of UL .

The Kobayashi-Maskawa matrixV[UL
†DL now reads
V5S cf1O~e! sf1O~e! cf~aeid2eb!1sf~a8eid2eb8!

2sf1O~e! cf1O~e! cf~a8eid2eb8!2sf~aeid2eb!

2ae2 id1eb 2a8e2 id1eb8 1
D , ~58!
er
e
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st
for
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where cf[cosf, sf[sinf. This successfully predicts
uVcbu'uVtsu'ms /mb , but does not distinguish between th
first two generations, given that we do not incorporate a
dynamics to do so. Theh matrices will have to be such as t
suppressa and givef'uc , the Cabibbo angle. A certain
cancellation will still have to occur between the two terms
Vub in order to bring it to the correct value. We also no
that, with eb;mc /mt , a8;ms /mb and a small, one ob-
tains a Jarlskog parameter of the right siz
J'2eba8sinf cosf sind;631025sind.

IV. LOW-ENERGY PHENOMENOLOGY

In this section we study some of the consequences
top-color dynamics in low-energy processes. Potentia
large flavor-changing neutral currents~FCNC’s! arise when
the quark fields are rotated from their weak eigenbasis
their mass eigenbasis. In the case of model I, the presenc
e
ny
o

in
te

e:

of
lly

to
e of

a residual U~1! interacting strongly with the third generation
implies that theZ8 will also couple to leptons in order to
cancel anomalies. This generates contributions to a numb
of semileptonic processes. On the other hand, in model II th
induced four-fermion interactions remain nonleptonic. In a
cases where quark field rotations are involved we mu
choose an ansatz for the mass matrices or, equivalently,
UL,R andDL,R as defined in previous sections.

A possible choice is to take the square root of the CKM
matrix as an indication of the order of magnitude of the
effects. This is compatible with the matrices derived in~51!
and ~55!, regarding the mixing of the third and the second
generations. However, this simple ansatz does not make
distinction between the left- and the right-handed coupling
Such a distinction might arise in some realizations of th
models, as seen in Sec. II C where triangular textures we
derived. In those cases, the vanishing of some of the of
diagonal elements precludes contributions to particle
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antiparticle mixing from nonleptonic four-fermion interac
tions, although they do not have the same effect
semileptonic transitions, where left and right mixing facto
enter additively rather than multiplicatively. We first prese
the constraints on top-color FCNC from the existing data
b→sg as well asB02B̄0 and D02D̄0 mixing. Then we
show several predictions for semileptonic processes.

A. Constraints from b˜sg

The recent measurement of the inclusive branching ra
for the processb→sg @15#, puts severe constraints on a va
riety of extensions of the standard model~SM! @16#. We
study here the constraints on top-color models. In doing
we will neglect possible long-distance contributions to th
b→sg rate. Long-distance effects have been estimated in
literature@17# to be somewhere between 5 and 50 % of th
rate and would loosen these constraints.

The effective Hamiltonian forb→sg transitions is given
by @18–20#

Heff52
4

A2
GFVts*Vtb(

i
Ci~m!Oi~m!. ~59!

At the weak scale, the only contributing operator is

O75
e

16p2mb~ s̄smnbR!Fmn. ~60!

However, when evolving down to the low-energy sca
m.mb , O7 will mix with the gluonic penguin operator

O85
g

16p2mb~ s̄asmnTab
a bRb!Ga

mn , ~61!

as well as with the four-quark operatorsO1–O6 @18–20#.
The top-color I contributions toC7(MW) have been pre-

viously considered in@6,11#. They arise from the couplings
of f1 andf2 to quarks in~24!. Their charged components
the top pionp̃1 and the charged scalarH̃1, give additional
penguin diagrams where they replace theW. They also gen-
erate contributions to the new operatorsO78 andO88 that are
obtained by switching the chirality of quarks in~60! and
~61!. If one neglects the running from the top-pion andH̃1

mass scales down toMW , the coefficients ofO7 andO78 now
take the form@11#

C7~MW!52
1

2
A~xW!1

DL
bs*

Vts*
S vw
f p̃

D 2
3Fmb*

mb
@B~xp̃6!2B~xH̃6!#2

1

6
A~xp̃6!G ,

~62!
-
in
rs
nt
on

tio
-

so
e
the
e

le

,

C78~MW!52
DR
bs*

Vts*
S vw
f p̃

D 2
3F16A~xH̃6!2

mb*

mb
@B~xp̃6!2B~xH̃6!#G ,

~63!

wherexi5mt
2/mi

2 and the functionsA(x) andB(x) are given
in @18#. HereDL andDR are the matrices defining the rota-
tion from the weak to the mass eigenbasis in the down se
tor, defined in a way analogous to Eq.~50! for the up sector,
and f p̃;50 GeV is the top-pion decay constant. The param
etermb* is proportional to the couplings off1 to bR and
f2 to tR which are only induced by instantons and mixing
effects. For definiteness, we shall assume that theb quark
mass is mainly generated by the instanton dynamics, with
piece of;1 GeV coming from the explicit Higgs Yukawa
coupling. These two effects add with an unknown sign, so
under our assumptions, the ratiomb* /mb lies in the range
0.8&mb* /mb&1.2. We have used the value 0.8 in our nu-
merical estimates. Variation ofmb* /mb in the above range
tends to tighten the constraints we report, but not substa
tially.

In order to account for the renormalization-group evolu-
tion of C7 andC78 down to the low-energy scale we need to
know also the coefficients ofO8 andO88 , including top-color
contributions. At theMW scale these coefficients,C8(MW)
andC88(MW), can be obtained fromC7(MW) andC78(MW)
by simply replacingA→D andB→E, where the functions
D(x) and E(x) are also defined in@18#. At the scale
m.mb , O7 mixes withO8 as well as with the four-quark
operators. The complete leading logarithmic approximation
within the SM first obtained in@19#, gives

C7~mb!5h16/23C7~MW!1
8

3
~h14/232h16/23!C8~MW!

1(
i51

8

hih
pi, ~64!

whereh5as(MW)/as(mb). The coefficientshi and pi can
be found in@20#. The ‘‘wrong’’ chirality operatorO78 mixes
exclusively withO88 , giving

C78~mb!5h16/23C78~MW!1
8

3
~h14/232h16/23!C88~MW!.

~65!

The current experimental information on the inclusive
b→sg rate comes from the recent CLEO measurement@15#,
B(b→sg)5(2.3260.5760.35)31024 which can be trans-
lated into 95% confidence level upper and lower limits as

131024,B~b→sg!,4.231024. ~66!

Normalized by the inclusive semileptonic branching ratio
theb→sg branching fraction can be written as
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B~b→sg!

B~b→cen!
5

uVts*Vtbu2

uVcbu2
6aem

pg~z!
~ uC7~mb!u21uC78~mb!u2!,

~67!

where g(z)5128z218z62z8224z4lnz, with z5mc /mb ,
is a phase-space factor arising in the semileptonic branch
ratio. In order to illustrate the constraints imposed by~66! on
the parameters of top-color models, we plot the allowed
gion in theDL

bs* /Vts*2DR
bs* /Vts* plane for fixed values of the

charged top-pion and charged scalar masses,mp̃6 and
mH̃6. The top-pion mass arises through the couplings of t
top quark to the Higgs boson, which are proportional toe
and constitute an explicit breaking of chiral symmetry. Es
mates of this mass in the fermion loop approximation a
consistent with~45! give @6# mp̃6' ~180–250! GeV. On the
other hand,mH̃6 can be estimated using~46!. The main con-
tribution to it comes from the top-color interactions. For in
stance, in@11# it was shown that near criticality and in this
approximation it could be as small asmH̃6'350 GeV. We
show the constraints fromb→sg for this value as well as for
mH̃651 TeV in Fig. 2, whereDL

bs* /Vts* is assumed to be
real. The data are more constraining for larger values
mH̃6. This is due to a partial cancellation of the top-colo
effects in ~62! and ~63!, which is more efficient for lighter
scalar masses. The second term in~62! reduces the value of
C7(MW) with respect to the SM for an important range o

FIG. 2. Constraints fromb→sg in the (DL
bs/Vts ,DR

bs/Vts) plane.
HereDL

bs/Vts is assumed to be real. The allowed region between
two ellipses corresponds to the 95% C.L. lower and upper bou
from Ref. @15#. ~a! is for mH̃65350 GeV, whereas~b! is for
mH̃651000 GeV. In both cases,mp̃65180 GeV.
ing
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values ofmH̃6. This can be appreciated in Fig. 3, where th
rate is plotted versusmH̃6 for different values ofmp̃6 and
for DL

bs* /Vts*51/2 and DR
bs50. Nonzero values ofDR

bs

would compensate the cancellation bringing the rate back
in better agreement with experiment, given thatC78 always
contributes positively to the rate.

Although a large region is still allowed for any given pair
of p̃1 and H̃1 masses, the data are already constrainin
DL
bs* /Vts* to be positive or small. A simple ansatz for the

mixing matricesDL and DR is to assume they are of the
order of the square root of the CKM mixing matrix. This
givesuDL,R

bs u.(1/2)uVtsu. As a reference, this is indicated by
the square in Fig. 2. Triangular textures as the ones discus
in Sec. II C, allow one of the mixing factors to be very small
Theb→sg data then implies a constraint on the other facto
that can be extracted from Fig. 2. These textures seem to
necessary to accommodateB0-B̄0 mixing, as we will see
next.

B. Constraints from nonleptonic processes

At low energies the top-color interactions will induce
four-quark operators leading to nonleptonic processes. In o
der to study the phenomenology of these interactions it
useful to divide them in three categories
D̄DD̄D, ŪUD̄D, andŪUŪU. Rotation to the mass eigen-
basis will give new four-quark operators now involving the
second and first families. Although suppressed by mixin
factors, these operators can in principle give contributions
low-energy processes. In top-color I, the down-down oper
tors give rise to potentially large corrections toBd andBs
mixing. They also induce transitions not present in the SM t
lowest order inGF , most notablyb→ssd̄, although with
very small branching ratios. In the second category, the u
down operators give vertices that induce corrections to pr
cesses allowed at tree level in the SM. These corrections
;1023 relative to the SM amplitudes, and are therefore ver
hard to observe, given that they appear in channels lik
b→cc̄s. The effects of the operators in these two categorie

the
nds

FIG. 3. The predictions for theb→sg branching ratio in the
top-color model I as a function ofmH̃6. In this figure we have taken
DL
bs/Vts50.5, DR

bs/Vts50, mb*50.8mb , mt5175 GeV. The top-
pion mass is taken to bemp̃65180 GeV~dashed!, mp̃65240 GeV
~solid!, andmp̃65300 GeV ~dotted!. The horizontal lines corre-
spond to the 95% C.L. upper and lower limits from Ref.@15#.
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are not sizable in top-color II, since the right-handed dow
quarks do not couple to the strong SU~3! and there is no
strong U~1!. Finally, in the up-up operators, the most inte
esting process isD0-D̄0 mixing given that it is extremely
suppressed in the SM.

1. B0-B̄ 0 mixing

The most important effects of the top-color model i
B0-B̄0 mixing are due to the scalar sector generated at l
energies. They were studied in detail in@11#. The fieldf2 in
~24! contains the two neutralb̄b bound statesH̃0,A0, which
in the approximation~48! can be rather light. When the
quarks are rotated to their mass eigenbasis, flavor-chang
couplings ofH̃0,A0 are generated. They induce a contribu
tion to theB0-B̄0 mass difference given by@11#

DmB

mB
5

7

12

mt
2

f p
2m

H̃0
2 dbdBBf B

2 , ~68!

where1 dbd.uDL
bdDR

bdu. Using the experimental measure
ments ofDmB @21# one obtains the bound

dbd

m
H̃0
2 ,10212 GeV22. ~69!

Thus, ifmH̃0 is of the order of a few hundred GeV, then~69!
represents an important constraint on the mixing factors. F
instance, if one naively uses the ansatz that takes the sq
root of the CKM mixing matrix forboth DL andDR , the
bound ~69! is violated by 1–2 orders of magnitudes. How
ever, the triangular textures motivated in Sec. II C provide
natural suppression of the effect by producing approximat
diagonalDL or DR matrices. This givesdbd'0 and avoids
the bound altogether.

2. D0-D̄ 0 mixing

At the charm quark mass scale the dominant effect
flavor-changing neutral currents is due to the flavor-chang
couplings of top-pions. In the case of the top-color I mod
the operator inducingD0-D̄0 mixing can be written as

Heff5
1

2mp̃0
2

mt
2

2 f p
2 dcuūg5cūg5c, ~70!

wheredcu5(UL
tu*UR

tc)2 is the factor arising from the rota-
tion to the mass eigenstates. Here we have for simplic
assumedUL

tu*UR
tc5UR

tu*UL
tc , since we are only interested in

the order of magnitude of the effect. In the vacuum inserti
approximation,

^D̄0uūg5cūg5cuD0&522 f D
2mD

2 , ~71!

wheref D is theD meson decay constant. Then the contrib
tion of ~70! to the mass difference takes the form

1The numerical coefficient on the right-hand side of expressi
~68! inadvertently appears as 5/12 in@11#, rather than the correct
7/12.
n
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DmD
TopCI5

1

2
f D
2mD

mt
2

f p̃
2mp̃0

2 udcuu. ~72!

In the ACKM ansatz and for a top-pion mass ofmp̃05200
GeV we obtain

DmD
TopCI'2310214 GeV, ~73!

which is approximately a factor of 5 below the current ex
perimental limit of 1.3310213 GeV @21#. On the other hand,
the SM predictsDmD

SM,10215 GeV @22#. This puts poten-
tially large top-color effects in the discovery window of fu-
ture high-statistics charm experiments@23#.

The effect is even stronger in the top-color II model. In
this case the strong coupling of the right-handed top with th
left-handed charm quark induces scalar and pseudosca
top-pion couplings of the form

L5
mt

A2 f p̃

c̄L~ps
01 ipp

0!tR1H.c. ~74!

The operator contributing toDmD is now

Heff52
mt
2

f p̃
2mp̃

2 UL
ccUR

tu*UL
cu*UR

tcūLcRūRcL . ~75!

Using theACKM ansatz, one observes that in this case th
D meson mass difference is typically larger by a facto
1/l4 compared to the top-color I scenario~with the Wolfen-
stein parameterl50.22). Thus we estimate

DmD
TopCII'DmD

TopCI 1

l4;10211 GeV, ~76!

which violates the current experimental upper limit by abou
2 orders of magnitude. This is the single most constrainin
piece of phenomenology on the top-color II model. How
ever, once again, these constraints can be avoided in mod
with triangular textures in the up sector.

C. Semileptonic processes

We study here the FCNC at tree level induced by th
exchange of theZ8 arising in top-color I models. The corre-
sponding effective Lagrangian is given in~13!. After rotation
to the mass eigenstates,~13! generates four-fermion interac-
tions leading to FCNC. With the exception of the effect on
theY(1S) leptonic branching ratio, the cases considered
what follows are of this type.

1. Y„1S…˜ l1l2

Although these processes do not involve FCNC, they st
receive additional contributions fromZ8 exchange in top-
color I type models. The resulting modification of the
t1t2 rate violates lepton universality. Experimental result
onY(1S)→ l1l2 might therefore yield important constraints
on model parameters, which are independent of quark m
ing factors.

TheY(1S)→ l1l2 amplitude can in general be written as

on
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A„Y~1S!→ l1l2…52
4pa

3MY
2 ^0u~ b̄b!VuY~e!&

3@r V~ l̄ l !V1r A~ l̄ l !A#. ~77!

Note that the axial vector piece of theb-quark current does
not contribute. For the dominant photon exchange contrib
tion r V51 andr A50. In the case of thet-lepton mode these
couplings are modified by the effectiveZ8 interaction in~13!
into

r V512
3k1

16a

MY
2

MZ8
2 , r A52

k1

16a

MY
2

MZ8
2 . ~78!

The Z8 contribution to the electron and muon modes a
suppressed by a factor of tan2u8, which we neglect.

Using ~77! and

^0u~ b̄b!V
muY~e!&5 iFYMYem, ~79!

one finds for the decay rate

G@Y~1S!→ l1l2#5
4pa2

27

FY
2

MY
A124

m2

MY
2

3F r V2 S 112
m2

MY
2 D 1r A

2 S 124
m2

MY
2 D G ,

~80!

wherem is the lepton mass. From~78! and~80! we see that
the leadingZ8 effect is given by the interference of theZ8
exchange with the photon amplitude. This interference is d
structive, reducing thet rate in comparison with the electron
and muon modes according to

G„Y~1S!→t1t2
…

G„Y~1S!→m1m2
…

5A124
mt
2

MY
2 S 112

mt
2

MY
2 D

3F12
3

8

k1

a

MY
2

MZ8
2 G . ~81!

In the standard model this ratio is slightly reduced by
phase-space factor which amounts to 0.992. The lepton u
versality violatingZ8 effect leads to an additional suppres
sion. For k151 and MZ85500 GeV this suppression is
;2%. Experimentally, the ratio is measured to be@21,24#

G„Y~1S!→t1t2
…

G„Y~1S!→m1m2
…

51.0560.07. ~82!

Presently, the error is still too large for a useful constraint
be derived from this measurement. However, a sensitivity
the percent level, which would start to become binding, do
not seem to be completely out of reach. It is interesting
note that the central value in~82! actually exceeds unity. If
this feature should persist as the error bar is reduced
would tend to sharpen the constraint on the negativeZ8 ef-
fect discussed above. Generally speaking, it seems q
plausible that a decay likeY(1S)→t1t2 could potentially
yield important constraints on new strong dynamics asso
u-

re

e-

a
ni-
-

to
at
es
to

, it

uite

ci-

ated with the third generation. We have illustrated such
possibility within the framework of the top-color I scenario
In any case, a more precise measurement of the ratio in~82!
could give useful information on this type of physics and
very desirable.

2. Bs˜ l1l2

The part of the effective interaction given in~13! that is
inducingBs→t1t2 can be written as

LeffZ85
pk1

12MZ8
2 „DL

bb*DL
bs~ b̄s!V2A

22DR
bb*DR

bs~ b̄s!V1A…@~ t̄t !V2A12~ t̄t !V1A#

~83!

after performing the rotation to mass eigenstates. Using
fact that only the axial vector part of the quark current co
tributes to the hadronic matrix element and

^0ub̄gmg5suBs~Pm!&5 i f BsPm , ~84!

the top-color contribution to the amplitude forBs→t1t2 is

ATopC~Bs→t1t2!5
pk1

12MZ8
2 dbsf BsPm

3@~ t̄t !V2A12~ t̄t !V1A#, ~85!

where we defined

dbs5DL
bb*DL

bs12DR
bb*DR

bs . ~86!

Assuming that only top-color contributes, the width is give
by

G~Bs→t1t2!5
pk1

2

288MZ8
4 f Bs

2 mBs
mt
2udbsu2A124

mt
2

mBs
2 .

~87!

Using f Bs50.23 GeV one gets

G~Bs→t1t2!5731023udbsu2
k1
2

MZ8
4 GeV5. ~88!

For the neutral mixing factors we make use of the CKM
square-root ansatz (ACKM). This choice is rather general in
this case given that~86! involves a sum of left and right
contributions and will not vanish when the textures are tr
angular as in~23!. We still have the freedom of the relative
sign between the elements ofDL andDR in ~86!. This intro-
duces an uncertainty of a factor of 3 in the amplitude. Takin
k1.1 we get

B~Bs→t1t2!'H 1~0.1!31023 for MZ85500 GeV,

6~0.7!31025 for MZ851000 GeV,
~89!

where we have used the positive~negative! relative sign in
~86!. The SM prediction isBSM'1026 @25,26#.
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On the other hand, first- and second-generation lepto
couple to the weaker U~1!Y2 . The corresponding amplitudes
are similar to~85! with t replaced bye or m, except that
they carry an additional factor of (2tan2u8). For instance,
for Bs→m1m2 one obtains

B~Bs→m1m2!5Smm

mt
D 2S 124

mt
2

mBs
2 D 21/2

tan4u8

3B~Bs→t1t2!. ~90!

The choicek151 corresponds to tanu8'0.1. This gives a
suppression factor of'531027 with respect to thet mode.
Of this suppression, a factor of 3.531023 comes from helic-
ity. This is not present in theb→sl1l2 decays, which makes
the m modes more accessible. The SM predic
BSM(Bs→m1m2)'431029 @25,26#.

Finally, the rates for theBd purely leptonic modes are
obtained by replacingDL,R

bs by DL,R
bd . In theACKM ansatz

this represents a suppression of'1022 in the branching frac-
tions with respect to theBs case.

3. B˜Xsl
1l2

Using the normalization of the effective Hamiltonian as
~59!, the operators contributing to these processes areO7 , as
given by Eq.~60!, and

O95
e2

16p2 ~ s̄gmbL!~ l̄gml !,

O105
e2

16p2 ~ s̄gmbL!~ l̄gmg5l !. ~91!

The contact interaction induced by theZ8 exchange gives
new contributions to the coefficient functionsC9 andC10 at
m5MW as well as nonzero values for the coefficients of th
new operators@27#
ns

ts

in

e

O985
e2

16p2 ~ s̄gmbR!~ l̄gml !, ~92!

O108 5
e2

16p2 ~ s̄gmbR!~ l̄gmg5l !. ~93!

These are given by

C9
TopC~MW!5

1

2

DL
bs*DL

bb

Vts*Vtb
F, ~94!

C10
TopC~MW!5

1

6

DL
bs*DL

bb

Vts*Vtb
F, ~95!

C98
TopC~MW!521

DR
bs*DR

bb

Vts*Vtb
F, ~96!

C108
TopC~MW!52

1

3

DR
bs*DR

bb

Vts*Vtb
F, ~97!

where we defined

F5
4p2vw

2

a

k1

MZ8
2 . ~98!

Herevw
25(2A2GF)

215~174 GeV! 2. ~Note that in this sec-
tion it is assumed that an adequate order-of-magnitude es
mate of the novel effects can be obtained by only conside
ing the consequences ofZ8 exchange. In particular, the
scalar bound-state contributions to the coefficient function
C7 andC78 @cf. Eqs. ~62! and ~63!# are not taken into ac-
count.! Equation~98! applies to the case of thet lepton. For
e or m, F carries an additional factor of
(2tan2u8)'20.01. The dilepton mass distribution has the
form
dB~b→sl1l2!

ds
5K~12s!2A12

4x

s H ~ uC9u21uC98u
22uC10u22uC108 u2!6x1~ uC9u21uC98u

21uC10u21uC108 u2!

3F ~s24x!1S 11
2x

s D ~11s!G112C7Re@C9#S 11
2x

s D1
4uC7u2

s S 11
2x

s D ~21s!J , ~99!
t

n

r

the
n
-
l-
wheres5q2/mb
2 andx5ml

2/mb
2 . The factorK is given by

K5
a2

4p2UVts*Vtb

Vcb
U2B~b→cen!

g~z!
, ~100!

where the functiong(z), z5mc /mb , can be found after Eq.
~67!. The SM contributions tob→sl1l2 reside in the coef-
ficientsC7 ,C9 , andC10. For the present discussion we wil
neglect QCD effects. This gives a reasonable approximati
which is completely sufficient for our purposes. We use he
the coefficient functions from@28# in the limit of vanishing
l
on,
re

as . To illustrate the possible size of the new physics effec
we choose again theACKM ansatz. In this case we also have
to choose the sign ofDL

bs , which is taken to be positive.
Furthermore we setk151. To estimate the order of magni-
tude of the branching ratios, we simply integrate the dilepto
invariant mass spectrum in~99! from 4x to 1. Numerical
results are given in Table I. The branching ratios are simila
to those forBs→t1t2, given that the partial helicity sup-
pression is balanced by the phase-space suppression in
three-body decay. There are no presently published limits o
any of thet channels. On the other hand, the angular infor
mation in these decays provides a sensitive test of the chira
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ity of the operators involved. This is true not only for th
inclusive decays@29# but also for exclusive modes like
B→K* l1l2, where the SM lepton asymmetry is very dis
tinct in a region where hadronic matrix elements can be
liably predicted@27,30#.

4. B˜Xsnn̄

The decayb→snn̄ could have an important contribution
from the t neutrino which couples strongly to the U~1! 1 in
top-color I models. The top-color amplitude can be deriv
from ~13! and reads

ATopC~b→sntn̄t!52
pk1

12MZ8
2 @gv~ s̄b!V1ga~ s̄b!A#

3~ n̄tnt!V2A , ~101!

where

gv5DL
bbDL

bs*22DR
bbDR

bs* ,

ga52~DL
bbDL

bs*12DR
bbDR

bs* !.

On the other hand, the SM amplitude is

ASM~b→sntn̄t!5
GF

A2
a

2p sin2uW
Vts*VtbX~xt!

3~ s̄b!V2A~ n̄tnt!V2A ,
~102!

wherext5mt
2/MW

2 and the Inami-Lim functionX(x) is given
by

X~x!5
x

8 F2
21x

12x
1

3x26

~12x!2
lnxG . ~103!

Taking the mixing factors to be

dbs5DL
bbDL

bs*5DR
bbDR

bs*;
1

2
uVtsu;

1

2
uVcbu, ~104!

we have

UATopC

ASM
U5 2p2sin2uWvw

2

3aX~xt!

k1

MZ8
2

Augvu21ugau2

A2uVts*Vtbu

'43106 GeV2
k1

MZ8
2 . ~105!

The square of this ratio divided by the number of neutrin
gives an estimate of the ratio of branching ratios. We obta

BTopC~b→sntn̄t!

BSM~b→snn̄!
;H 93k1

2 for MZ85500 GeV,

6k1
2 for MZ851000 GeV.

~106!
e

-
re-

ed

os
in

Estimates of this mode in the SM giveBSM.4.531025

@25,26#.

5. K1
˜p1nn̄

As in B→Xsnn̄, we are concerned with the contact term
involving t neutrinos, given that they constitute the most
important top-color contribution. The top-color amplitude is
given by

ATopC~K1→p1ntn̄t!

52
pk1

12MZ8
2 ddŝ p1~k!u~ s̄d!VuK1~p!&

3~ n̄tnt!V2A , ~107!

where nowdds5DL
bs*DL

bd22DR
bs*DR

bd . The hadronic ma-
trix element in ~107! can be written in terms of the one
entering the semileptonic decay

^p1~k!u~ s̄d!V
muK1~p!&5A2^p0~k!u~ s̄u!V

muK1~p!&

5 f1~q2!~p1k!m ~108!

and the form factorf1(q
2) is experimentally well known. In

any case it will cancel when taking the ratio to the SM am
plitude. For one neutrino species this is given by

ASM~K1→p1ntn̄t!5
GF

A2
a

2p sin2uW
(
j5c,t

Vjs* VjdX~xj !

3^p1u~ s̄d!VuK1&~ n̄tnt!V2A ,

~109!

wherexj5mj
2/MW

2 andX(x) is the Inami-Lim function de-
fined in ~103!. Here we have neglected QCD corrections and
thet-lepton mass effects. Since only the vector quark curren
contributes to the exclusive transition, the Dirac structure in
the top-color and SM amplitudes is the same. The ratio of th
top-color amplitude to the SM is then

ATopC

ASM
U
nt

52
2p2sin2uWvw

2

3a

k1

MZ8
2

dds
S
, ~110!

where we defined

S5 (
j5c,t

Vjs* Vjd X~xj !. ~111!

Formt5175 GeV, we haveuSu'1023 and the ratio can be
expressed as

TABLE I. Estimates of inclusive branching ratios for
b→sl1l2 in the SM and the top-color model I.

MZ8 ~GeV! B(b→st1t2) B(b→sm1m2)

500 1.431023 6.731026

1000 0.931024 6.031026

SM 3.731027 6.331026
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UATopC

ASM U
nt

563109uddsu
k1

MZ8
2 GeV2. ~112!

TheACKM ansatz yields

dds52
1

4
l5S 34 l5D ~113!

when choosing positive~negative! relative signs between the
two terms entering indds . This gives, forMZ85500 GeV
andk151, a ratio of amplitudes which is about 3~9!.

In the SM one expectsB(K1→p1nn̄);10210 @31#.
Presently, the experimental upper limit is 5.231029 @21#.
Experiments are under way at Brookhaven National Labo
tory ~BNL! to reach the sensitivity necessary to obser
K1→p1nn̄ if it occurs at the SM level@32#. Any significant
deviation from the SM expectation should then also show
in these experiments.

V. CONCLUSIONS

In this paper we have given a treatment of the low-ener
phenomenological implications of top-color models, wit
possible generic implications of extended technicol
schemes. We have also given an effective Lagrangian an
sis of the bound states in top-color models. This provide
point of departure for further studies. For example, we ha
not examined the question of whether theu term in TopC
gives rise to novel, non-CKM observableCP violation. The
potentially observable effects we have considered arise
cause the current basis of quarks and leptons of the th
generation experiences new strong forces. When we dia
nalize the mass matrix to arrive at the mass basis there
be induced flavor-changing interactions. These are larg
amplified by the bound-state formation, e.g., effects such
BB̄ mixing are induced by coloron exchange, but the form
tion of low-mass top pions gives the dominant contributio
in a channel contained by the coloron exchange. Hence
really suffices to consider the dominant effect in the conte
of the effective Lagrangian. In the semileptonic processes
effects are controlled by theZ8 exchange, and the top-pion
effects are not dominant. Top-color, to an extent, expla
the suppression of the 3→2,1 mixing angles, though without
further assumptions about the origin of generational struct
it cannot distinguish between first and second generation

We have also sketched how the top-color scheme can
pose textures upon the mass matrix which is inevitable d
ra-
ve

up

gy
h
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to the gauge quantum numbers that distinguish generatio
A chiral-triangular texture emerges as a natural possibil
which can suppress dangerous processes such asBB̄mixing.
Without this natural source of FCNC suppression, the mod
would require fine-tuning or anad hoctexture assumption.

We view top-color as a family of models. We have dis
cussed two classes: Top-color I models which involve a
additional U~1! 8 to tilt the chiral condensate into thet̄ t flavor
direction; top-color II, based upon the gauge grou
SU~3!Q3SU~3! 13SU~3! 23U~1!Y3SU~2! L , where there is
only the conventional U~1!Y , and no strong additional U~1!.
These latter models admit a rather intriguing anomaly ca
cellation solution in which the (c,s)L,R doublets are treated
differently under the strong SU~3! 13SU~3! 2 structure and a
triplet of ‘‘Q quarks’’ occurs which can condense to brea
top-color. Top-color I has a number of sensitive implication
in semileptonic processes which we have detailed; top-co
II gives only a handful of novel effects in nonleptonic pro
cesses, most notably inD0-D̄0 mixing.

In general, it appears that top-color does not produce
overwhelming degree of obvious new physics in the low
energy spectrum. Therefore, significant GIM-violating dy
namics in the third generation does not seem to imply lar
observable deviations from the standard model in low-ener
experiments at present. The most sensitive effects are se
leptonic and trace to the more model dependentZ8. These
effects may be shared by other generational U~1! models
~e.g., Holdom’s@12#!. The purely nonleptonic effects are
harder to disentangle from electroweak physics. Thus, t
electroweak scale itself and the scale of the top-quark m
are places to look for the new physics. Our analysis sho
that dramatic new physics can emerge at high-pT in the third
generation having eluded detection in sensitive low-ener
experiments. However, in a large number of future high st
tistics experiments there are potential signatures of this n
physics and these should be sought.
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