
PHYSICAL REVIEW D, VOLUME 64, 035001
Third generation seesaw mixing with new vectorlike weak-doublet quarks

Marko B. Popovic*
Department of Physics, Boston University, 590 Commonwealth Ave., Boston, Massachusetts 02215

~Received 28 February 2001; published 15 June 2001!

We present a class of models with a third generation seesaw mixing with new vectorlike weak-doublet
quarks. We analyze a low-energy phenomenology and present several strong dynamics, high-energy realiza-
tions of these models. In the top-color-type scenario, named top-bottom color, we obtain an effective, com-
posite two Higgs doublet model where the third generation isospin splitting is introduced via tilting interactions
related to the broken non-Abelian gauge groups@i.e., without strong, triviality-sensitive U~1! groups#. In

addition, we discusst t̄ production at the Next Linear Collider and suggest how one can experimentally observe
and distinguish between the weak-doublet and the weak-singlet types of seesaw mixing.
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I. INTRODUCTION AND SYNOPSIS

Particle physics in the last century gave us an impr
sively correct low-energy phenomenological picture. A lar
share of that fundamental development is the idea of bro
electroweak ~EW! symmetry explaining the presence
heavy Z and W gauge bosons, the relation between th
masses, and their specific couplings to the fermions. H
ever, the high-energy sector that overcomes the hiera
problem and that is responsible for the EW symmetry bre
ing is yet to be understood.

Models with strong dynamics address the hierarchy pr
lem through the slow, logarithmic running of gauge co
plings of non-Abelian gauge groups that, after a huge in
val of energy scales, finally become strong enough
produce substantial, ‘‘interesting,’’ effects on our low-ener
world. Although attractive, this idea poses ma
challenges—particularly in the simultaneous dynamical E
symmetry breaking and mass generation for third genera
quarks.

The general motivation for the weak-singlet seesaw m
els @1,2# involving third generation quarks and embedded
a top-color scheme@3# is to ‘‘lower’’ the prediction for the
large dynamical mass of the top quark. If the compositen
scale, the scale of new physics, is not very large, then
dynamical mass is around 600 GeV—as implied by
Pagels-Stokar relationship@4# @with the fixed vacuum expec
tation value~VEV!, vEW'246 GeV, of the composite scala
field#. With a seesaw mass mechanism with weak-sing
quarks, the physical top quark is just partially top-color
and it can have the correct mass@1,2#. In addition, the top-
color scale is assumed to be low and the fine tuning prob
in this context is resolved, although without a natural exp
nation of why the top Yukawa coupling equals 1.

Earlier work in this direction addressed the sees
mechanism with new weak-singlet quarks in the top sec
@1,2#, as well as in the bottom sector@5#. In the class of
models presented in this paper, we show that the realistic
and bottom quark masses may be obtained via third gen
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tion seesaw mixing with new vectorlike weak-double1

quarks. With this setup it is possible to economically2 pro-
duce the correct masses of the top and bottom quarks in
top-color type of models and conserve the low scale of
color, with an acceptable amount of fine tuning. In additio
in models that include simple, commuting@in respect to the
weak SU(2)W gauge group# extended technicolor~ETC! in-
teractions@6#, we find that the large mass of the top qua
may be generated with slightly relaxed corrections to
bottom quark EW coupling, which are otherwise propo
tional to the large top quark mass@7#. The low-energy phe-
nomenological structure is found to be just slightly alter
from its successful standard model~SM! form.

We are not first to introduce this extended third generat
seesaw structure with weak-doublet quarks in the top-co
type of models. An identical low-energy structure with wea
doublet quarks@8# has been introduced in the spirit of a thir
generation specific top-color-assisted technicolor TC2 @9#
strong dynamical scheme~with identical extended top-colo
gauge group sector but with top composite scalar field V
v t'vEW). The main differences between our strong dyna
ics, top-bottom color, scenario and the one in Ref.@8# are:
(1) instead of using a strong U(1) gauge group—that n
essarily has to be very strong to avoid a fine tuning probl
~and therefore, we believe, it is not easily accommodated
a natural dynamical scheme!—we introduced the top-bottom
mass splitting through the effect of an additional strong,
ymptotically free, non-Abelian SU~3! gauge group, and (2)
we suggest the bottom quark mass generation via the s
top-color type of mechanism while Ref.@8# suggests that the
bottom quark mass must be generated by a different me
nism.

An additional motivation to study the third generatio

1It is often the case that a large number of extra SU(2)W doublets
in models of strong dynamics may produce an unacceptably la
contribution to theSparameter. We show that such contributions a
avoidable in the class of models that we consider here.

2In this context ‘‘economically’’ means a small number of add
tional ‘‘new physics’’ parameters—mass parameters in particula
reflecting the high-energy dynamics.
©2001 The American Physical Society01-1
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seesaw mechanisms with weak-doublet quarks may be fo
in the recent development of models with extra dimensi
where the vectorlike doubling of the fermion spectrum ari
naturally @10#.

First, we present the fermion charge assignments un
the SM gauge group and the mechanism of the mass mix
Next, we analyze some of the phenomenological con
quences of this low-energy structure. Then, we explore
possible high-energy realizations from which that lo
energy structure could emerge. Finally we discuss the di
search potential oft t̄ production at the Next Linear Collide
~NLC! and suggest how one can experimentally observe
distinguish between the two~weak-singlet and weak
doublet! types of seesaw mechanisms.

II. LOW-ENERGY WEAK-DOUBLETS STRUCTURE

We consider the following third generation fermion
representations under the SM gauge group,

SU~3!QCD^ SU~2!W^ U~1!Y ,

C1L5S tL

bL
D , ~3,2,1/6!; C2L5S TL

BL
D , ~3,2,1/6!;

CR5S TR

BR
D , ~3,2,1/6!; tR , ~3,1,2/3!;

bR , ~3,1,21/3!. ~2.1!

As compared to the SM structure, the anomalies introdu
by the additional left-handed and right-handed doublets c
cel among themselves.

We assume the fermion mass mixing structure to be of
seesaw type. The possible dynamical origin of the spec
mass terms that we introduce in this section and a motiva
for their hierarchy will be discussed in Sec. IV from th
perspective of physics at higher energies.

First, we introduce the weak ‘‘doublet-doublet’’ mas
terms

mpC̄1L
CR1mqC̄2L

CR . ~2.2!

Next, we introduce the ‘‘doublet-singlet’’ mass terms

m1 t̄ LtR1m2b̄LbR . ~2.3!

Here we have assumed a hierarchy that requiresmp ,mq
.m1 ,m2. Later, we will explicitly consider the case whe
mp.mq . We assume that no other mass terms are pres3

3The presence ofm18T̄LtR ~or m28B̄LbR) mass term, with
m18(28)!m1 ,m2, would only slightly alter the results of our analy
sis.
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The mass structure neatly splits into two separate st
tures for quarks of equal electric charge,

~ t̄ LT̄L!S m1 mp

0 mq
D S tR

TR
D , ~2.4!

~ b̄LB̄L!S m2 mp

0 mq
D S bR

BR
D . ~2.5!

Performing the rotations separately on the left-handed
the right-handed states one diagonalizes the mass mat
and obtains the heavy~mostly non-SM! and the light~mostly
SM! mass eigenstates; for example,

TR
m52tR sinw t1TR cosw t , tR

m5tR cosw t1TR sinw t .
~2.6!

Lower case fermions with the superscriptm denote the
lighter mass eigenstates while upper case fermions with
perscriptm represent the heavier mass eigenstates.

The physical~light and heavy! masses are given roughl
as

mt'
m1mq

Amp
21mq

2
; mb'

m2mq

Amp
21mq

2
;

MT'MB'M5Amp
21mq

2. ~2.7!

The potentially dangerous rotations between right-han
weak-singlet and -doublet quarks~of the same electric
charge! are roughly given by

sin2 w t'
m1

2mp
2

~mp
21mq

2!2
, sin2 wb'

m2
2mp

2

~mp
21mq

2!2
, ~2.8!

whereas the rotation among left-handed fermions~we in-
clude the superscriptL for distinction! are given by

sin2 w t
L'

mp
2

mp
21mq

2 , sin2 wb
L'

mp
2

mp
21mq

2 . ~2.9!

We adopt the convention that all sinw.0, sinwL.0.
The couplings of the left-handed fermions to theZ boson

are the same as in the SM, while right-handed fermio
couplings to theZ boson may be expressed in terms of t
above angles as
1-2
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~ t̄ R
mT̄R

m!S T3~ tL!sin2 w t2Q~ t !sin2 uW 2 cosw t sinw tT3~ tL!

2 cosw t sinw tT3~ tL! T3~ tL!cos2 w t2Q~ t !sin2 uW
D S tR

m

TR
mD , ~2.10!

~ b̄R
mB̄R

m!S T3~bL!sin2 wb2Q~b!sin2 uW 2 coswb sinwbT3~bL!

2 coswb sinwbT3~bL! T3~bL!cos2 wb2Q~b!sin2 uW
D S bR

m

BR
mD , ~2.11!

with (e/cosuWsinuW) factored out. As usual,e symbolizes electric charge anduW is the weak angle. In order to have a viab
model, we will show that sin2 wb should be very small.

The left-handed fermions’ couplings to theW boson may be expressed as

~ b̄L
mB̄L

m!S cosw t
L coswb

L1 sinw t
L sinwb

L sinw t
L coswb

L2 cosw t
L sinwb

L

cosw t
L sinwb

L2 sinw t
L coswb

L cosw t
L coswb

L1 sinw t
L sinwb

LD S tL
m

TL
mD'~ b̄L

mB̄L
m!S 1 0

0 1D S tL
m

TL
mD , ~2.12!
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with (e/A2 sinuW) factored out. The right-handed fermion
couplings to theW boson are

~ b̄R
mB̄R

m!S sinw t sinwb 2 cosw t sinwb

2 sinw t coswb cosw t coswb
D S tR

m

TR
mD ,

~2.13!

again with (e/A2 sinuW) factored out.

III. LOW-ENERGY PHENOMENOLOGY

The immediate low-energy physical implications of o
low-energy setup with small mixing angles in the righ
handed fermionic sector are the following: first, the lig
mass eigenstates corresponding to the top and bottom qu
have the correct SU(3)QCD3U(1)EM quantum numbers
second, the EW couplings of the third generation quarks
fer only slightly from those in the SM; third, as we wi
show, the radiative corrections of interest resemble thos
the SM ~and, moreover, we do not findZ-g mixing!. The
oblique corrections place stronger constraint on the mo
parameters than the tree-level limits coming from theZ-pole
data ~constraining onlywb). Left-handed mixings are no
constrained by EW data.

A. Limits on wb from the Z-pole data

From the Z boson coupling to right-handed botto
quarks, Eq.~2.11!, we note that the shift in the EW bottom
coupling causes the parameterRb to decrease, i.e.,

dRb

Rb
SM

5~Rb
SM21!

12 sin2 uW sin2 wb

9212 sin2 uW18 sin4 uW

'233% sin2 wb , ~3.1!

and as we see this change is proportional to sin2 wb , clearly
forcing the mixing angle to be small. The one-loop corre
tions involving heavyBm(Tm) and Z(W) exchange are ex
pected to be smaller due to the suppression via largeMT ,MB
masses ('M ).
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The parameterRb is not the only one influenced by th
tree-level shift in the EW bottom coupling to theZ boson.
We find that nine observables are affected:GZ , Ghad , Rb ,
Rc , Re , Rm , Rt , AFB

b , andAb . Using the general approac
of Ref. @11#, and the experimentally measured and SM p
dicted values as in Ref.@12#, we obtain

DGZ

~GZ!SM
520.0628 sin2 wb ,

DGhad

~Ghad!SM
52

DRc

~Rc!SM
5

DRe

~Re!SM
5

DRm

~Rm!SM

5
DRt

~Rt!SM
520.0899 sin2 wb,

DRb

~Rb!SM
520.3268 sin2 wb ,

DAFB
b

~AFB
b !SM

5
DAb

~Ab!SM
50.8630 sin2 wb . ~3.2!

We performed a fit to constrain the amount of mixing in t
right-handed bottom sector and found the 3s constraint to be

sin2 wb<0.0052. ~3.3!

It is interesting to note that the fit generally prefers a ne
tive value of sin2 wb . For example, the SM value of sin2 wb
50 is 2.1s above the best-fit value.

The caveat is that in this calculation we included just t
tree-level shift in right-handed bottomZ coupling, as given
by Eq. ~2.11!, while we neglected the effects of oblique co
rections, implied by new physics in alteration of theZ-pole
observable theoretical predictions. Clearly, once we have
full model, including the entire scalar spectrum~and possibly
the additional new physics! these corrections must be in
cluded.

Actually, in the framework of our low-energy setup, w
expect sin2 wb to be much smaller than the limiting value i
Eq. ~3.3!. Just from the consistency of the model, i.e
sin2 wt<1, we obtain
1-3
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MARKO B. POPOVIC PHYSICAL REVIEW D 64 035001
sin2 wb<
mb

2

mt
2 '0.0006, ~3.4!

or an order of magnitude more stringent limit than in E
~3.3!.

B. Oblique corrections

The (dT)NP5aEM
21 (dr)NP and (dS)NP oblique radiative

correction parameters represent the contribution of the
physics in our case, i.e., the contribution of the two-doub
structure minus the contribution of the SM one-doub
structure, to the differences that can be defined@13# as

T5
4

aEMvEW
2 @P11~0!2P33~0!#, ~3.5!

S52
16p

MZ
2 @P3Y~MZ

2!2P3Y~0!#. ~3.6!

Here P jk(q2) are the gauge bosons’ (Wi
m and Bm) vacuum

polarizations,MZ is Z boson mass, andvEW'246 GeV.
In the one-loop approximation, and in the basis of ferm

onic mass eigenstates, using the standard formalism~see, for
example, Ref.@14#!, from Eqs.~2.7!–~2.13!, we obtain

~dT!NP'
3GF

8p2A2aEM

@sin2 w t sin2 wbf ~mt ,mb!

1 sin2 w t~sin2 w t2 sin2 wb! f ~mt ,M !

1 sin2 wb~sin2 wb2 sin2 w t! f ~mb ,M !#,

~3.7!

~dS!NP'2
2aEM

sinuW cosuW
Fsin2 w t cos2 w tS 5

3
1 ln

mt
2

M2D
1 sin2 wb cos2 wbS 5

3
1 ln

mb
2

M2D G , ~3.8!

whereGF is the Fermi constant and the functionf (x,y) is
defined as

f ~x,y!5x21y22
2x2y2

x22y2 ln
x2

y2 . ~3.9!

In the limit sin2 wt ,sin2 wb→0 we see that
(dT)NP ,(dS)NP→0 and therefore, with appropriately sma
mixing angles, corrections to the oblique parameters are
ily kept under control.

In the previous subsection we found thatwb is expected to
be extremely small and therefore we may safely neglect
terms with sin2 wb . This simplifies the expression fo
(dT)NP , i.e.,

~dT!NP'
3GF

8p2A2aEM

sin4 w tM
2'

m1
4

mp
2mt

2 ~dT! t,

~3.10!
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where (dT) t is the SM contribution of the top quark an
where we have assumed thatmq is sufficiently smaller than
mp so thatM'mp .

In the framework of the top-color scheme, if we takem1
'600 GeV~from the Pagels-Stokar relationship!, then from
Eq. ~3.10! we find thatmp'M must be larger than4 '5
TeV. This sets'0.015 as an upper bound for sin2 wt . There-
fore, from the model’s consistency@Eqs.~2.7! and~2.8!#, one
obtains sin2 wb to be smaller than'1025. On the other hand
the new physics contributions to the parameterSare so small
that they may be safely neglected.

It is interesting to note that in a slightly different varia
of our model in which the Yukawa mass termsm1 and m2
link two right-handed singletstR and bR with both left-
handed doubletsC15(tL ,bL)T andC25(TL ,BL)T, i.e.,

m1 t̄ LtR1m2B̄LbR , ~3.11!

one obtains the mixing in the left-handed mass eigenst
sector satisfying

sin2 w t
L' cos2 wb

L , ~3.12!

instead of, as in our low-energy setup, sin2 wt
L'sin2 wb

L . This
in turn introduces off-diagonal terms in theW coupling ma-
trix and affects (dT)NP by an additional dangerous term
'(dT) t(M2/mt

2)sin2(wt
L2wb

L). The cure for this, for ex-
ample, would be to havemp'mq which unfortunately makes
the model structure highly constrained and therefore pr
ably less viable.

IV. WEAK DOUBLETS IN MODELS OF STRONG
DYNAMICS—HIGH-ENERGY REALIZATIONS

The high-energy physical implication of the low-energ
setup in top-color models is that the weak-doublets struc
offers a base for an economical, simultaneous dynam
generation of the top and bottom quark masses. In ‘‘comm
ing’’ ETC models, the weak-doublet seesaw mixing may
lax the large shift in the bottom quarkZ coupling which is
otherwise proportional to the large top quark mass.

A. Toy modeling in the top-color spirit—top-bottom color

In this subsection, we sketch a strong dynamics scena
named top-bottom color, in which both the top and botto
masses are generated through the top-color type of dyna
while they are directly linked to the bulk of EW symmetr
breaking. This labeling reflects the fact that here instead
just one additional~top! color group we deal with the addi
tional two ~top-bottom! color groups. After introducing the
gauge structure and the fermionic assignments under the

4This result should be contrasted with the limit on the heavy f
mions’ masses,'12 TeV, in models with a seesaw mechanis
with weak-singlet quarks in both, top and bottom, sectors@5#. Con-
trary to our case it is the parameterRb that place the most stringen
limit in those models.
1-4
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THIRD GENERATION SEESAW MIXING WITH NEW . . . PHYSICAL REVIEW D64 035001
ditional gauge structure we concentrate on the dynamic
the top-bottom color scenario.

As is traditional in the framework of top-color model
one assumes that the diagonal breaking SU(3)^ SU(3)
→SU(3) provides the attractive binding Nambu–Jon
Lasinio ~NJL! interactions@15# for fermions transforming
under a stronger ‘‘initial’’ SU~3! gauge group. If these NJL
forces are appropriately strong, then the composite sc
field may acquire the nonzero VEV and, furthermore, p
vide the dynamical masses for the strongly interacting fer
ons through their Yukawa couplings.

If the third generation quarks feel the same attractive N
type of interactions, then necessarily the condensation
ceeds in an isospin symmetric channel and, consequently
dynamical masses are equal. Therefore, in our class of m
els, we expect that the top and bottom quarks must feel
ferent NJL forces. Since additional strong tilting U~1! gauge
groups are often found to be potentially dangerous@16# due
to the triviality problem~see also, for example, Ref.@17#!,
we turn our attention to additional SU(N) gauge groups
~with N>3) that exhibit more preferable high-energy beha
ior ~characterized by a negativeb function!. Therefore, simi-
lar to Refs.@2# and @5#, we consider a high-energy sect
containing a ‘‘trio’’ of strong SU~3! copies, i.e.,
SU(3)1^ SU(3)2^ SU(3)3, with strong gauge couplings, re
spectively,g1 , g2, and g3 as defined at some high-energ
scaleL1.

The strong multicolor sector exhibits a cascade of sy
metry breakings of the form

SU~3!1^ SU~3!2^ SU~3!3

↓@L1 ,u1#↓

SU~3!18^ SU~3!3

↓@L2 ,u2#↓

SU~3!QCD , ~4.1!

where L1 , L2 are the scales of the appropriate symme
breakings andu1 , u2 are the diagonal VEV’s of the effectiv
EW singlet scalar fieldsF1 and F2. In the Appendix we
discuss in detail the gauge bosons’ mixing and coupling
the fermions if the running of the strong gauge couplings
neglected~that algebraic structure may prove useful as
guideline for the features of the model that are more emp
sized when we turn on the running of gauge couplings!.

The low-energy setup fermions, introduced in Sec.
transform as

C1L5S tL

bL
D , ~1,3,1,2,1/6!;

C2L5S TL

BL
D , ~1,1,3,2,1/6!; ~4.2!
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CR5S TR

BR
D , ~1,1,3,2,1/6!;tR , ~1,3,1,1,2/3!;

bR , ~3,1,1,1,21/3!;

where instead of gauge assignments under SU(3)QCD , as in
Eq. ~2.1!, we introduce assignments under the strong SU
gauge ‘‘trio.’’ The schematic illustration of the cascade
symmetry breakings and low-energy setup fermion cha
assignments under the strong SU~3! gauge groups is shown
in Fig. 1.

With this assignment of the low-energy setup fermion
each of the SU(3)1 and SU(3)2 gauge groups suffers from
gauge anomalies. In order to cancel these anomalies an
provide the high-energy framework responsible for the eff
tive scalar fieldsF1 and F2 and their diagonal VEV’s, we
introduce four additional ‘‘intermediate’’ gauge group
SU(N0), SU(N1), SU(N2), and SU(N3), plus two sets of
intermediate fermions, weak-singletj and weak-doubletv
particles. This structure is shown in compact ‘‘moose’’ n
tation @18# in Fig. 2.

The conditions for anomaly cancellations are

FIG. 1. The schematic illustration of the cascade of symme
breakings and low-energy setup fermion charge assignments u
the strong SU~3! gauge groups in the top-bottom color scena
discussed in Sec. IV A.L denotes an energy scale that increases
the direction of the long arrow.
1-5
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MARKO B. POPOVIC PHYSICAL REVIEW D 64 035001
N05N121, N1Y~j!5~N121!Y~j8!2
1

3
, ~4.3!

N25N3 , Y~v!5Y~v8!. ~4.4!

In addition, we setY(v)5 1
6 and in order to have the pre

ferred behavior of asymptotic freedom for intermedia
gauge groups we assumeN1>4 andN2>3. All intermediate
fermions are degenerate fermions with the same iso
properties, and therefore have no influence on theS param-
eter.

The reason for the doubling of the intermediate gau
groups in the j sector is the cancellation of stron
SU(3)1 and SU(3)2 anomalies separately while avoiding th
strong ‘‘linking’’ U ~1! group. The reason for the doubling o
the intermediate gauge groups in thev sector is correct
vacuum alignment giving the diagonal breaking of SU(32
^ SU(3)3 while preserving the cancellation of stron
SU(3)2 and SU(3)3 anomalies separately. Apart from ae
thetical reasons, we do not find the doubling of intermedi
gauge groups as a serious drawback for model dynamics
assume that while sliding down in energies the gro
SU(N1) gets strong first at scaleL1 and triggers the diagona
breaking. An order of magnitude or so below the scaleL1,
the group SU(N121) becomes strong and just minimal
supplies the diagonal breaking VEVu1. In addition, we as-
sume that at approximately the same scale,L2, both SU(N2)
groups get strong.5

The introduction of spectator~or light SM! quarks would
probably simplify this not so compelling gauge structu
Here, however, for the purpose of illustration, we conce
trate just on the low-energy setup fermions. At this point
are not concerned with the presence of various global U
groups that when broken would introduce strongly intera

5This assumption about equal scales do not have to
unnatural—if both SU(N2) groups are embedded at some high
energy in a larger group, due to the identical running of the ga
coupling, as implied by the fermionicv sector in Fig. 2, they be-
come strong at approximately the same scale.

FIG. 2. Illustration of the top-bottom color model of Sec. IV
in ‘‘moose’’ notation. Circles represent the gauge groups wh
lines represent fermions. Leaving left-handed fermions~entering
right-handed fermions! belong to the fundamental representati
while entering left-handed fermions~leaving right-handed fermi-
ons! belong to its conjugate representation under the approp
gauge group.
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ing Goldstone bosons—in a more realistic model these m
be taken care of via appropriate high-dimensional ferm
operators that would give rise to the masses of the appro
ate pseudo-Nambu-Goldstone bosons in the multi-TeV ran

At the energy scaleL1, the intermediate group SU(N1)
gets strong and binds the condensates ofj particles that
break SU(3)1^ SU(3)2 down to its diagonal subgroup
SU(3)18 . This symmetry breaking generates an octet
massive precolorons, i.e., heavy colorons@19#. At energy
scale L1 we assume a hierarchy of the gauge coupl
strengthsg2.g1@g3 for the strong gauge trio. The SU(3)18
gauge coupling g18 , assumed large, isg185(g1

22

1g2
22)21/2. The precoloron exchange diagrams, below th

massMc , produce effective four-fermion interactions. Afte
Fiertzing interactions that couple left-handed and rig
handed currents of the low-energy setup fermions in the la
Nc limit, one obtains NJL-type interactions term proportion
to

g2
2

Mc
2~g1

21g2
2!

@g2
2~C̄1LtR!~ t̄ RC1L!2g1

2~C̄1LbR!~ b̄RC1L!#.

~4.5!

However, we assume that these interactions are not st
enough to trigger dynamical condensation. Nonetheless
we will see later, they represent a crucial tilting needed
isospin splitting of the third generation quarks.

At energy scaleL2 the intermediate groups SU(N2) get
strong and bind the condensates ofv particles that break
SU(3)18^ SU(3)3 down to its diagonal subgroup
SU(3)QCD . This symmetry breaking generates an octet
massive light colorons. The light coloron exchange d
grams, below their massML , produce effective four-fermion
interactions. After Fiertzing interactions that couple le
handed and right-handed currents of low-energy setup fe
ons in the largeNc limit, one obtains NJL-type interaction
terms proportional to

g18
4

ML
2~g18

2
1g3

2!
@~C̄1LtR!~ t̄ RC1L!1~C̄1LbR!~ b̄RC1L!#.

~4.6!

Below the scaleL1, the strong couplingg18 runs enough
so that the interactions of Eq.~4.6!, at the scaleML , are
above critical and trigger the NJL condensation. This int
action alone would produce identical dynamical masses
the top and bottom quark sectors. However, when combi
with the tilting NJL interactions of Eq.~4.5! ~that are some-
what amplified at the scaleML) they provide the necessar
isospin violation. Therefore at the same scale, just below
light coloron mass, dynamical condensation is triggered
both the top and the bottom sectors. The difference in
VEV’s of top (v t) and bottom (vb) composite scalar fields is
caused purely by the difference in the strength of the trigg
ing NJL attractive interactions.

As the top and the bottom masses are linked through
same seesaw mixing, the prediction of the top-bottom co
scenario is

e
r
e

te
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mt

mb
'

m1

m2
'

v t

vb
, ~4.7!

and we obtain the effective composite two-doublet Hig
model with tanb5mt /mb at low energies.

If the compositeness scale, the scale of new physics, is
very large, then the dynamical massm1 is around 600
GeV—as implied by the Pagels-Stokar relationship~with
fixed VEV, v t'vEW'246 GeV, of the top composite scala
field!. With a seesaw mass mechanism, the physical
quark is just partially dynamical and it can have the corr
mass of'175 GeV.

One of the necessary ingredients of the seesaw me
nism, anmp>5 TeV mass term, may be thought to ari
from an operator of the form

a

Mhigh
2 ~C̄1LvL!~v̄RCR!, ~4.8!

where a is a constant of order 1 andMhigh represents the
high-energy scale of the ‘‘flavor’’ physics. Using the rules
naive dimensional analysis@20#, we find that this term pro-
vides the mass

mp'4paS u2
2

Mhigh
2 D u2 . ~4.9!

If flavor physics is weakly coupled, one may haveMhigh
,ML therefore without the need for introduction of the hu
finely tuned gap between the massesmp andML ~as the scale
of flavor is naturally expected to be larger thanL2). Al-
though we would like to deal with the mass terms in the fi
instance, as if they were dynamical in their origin, to si
plify the picture here, we may treatmq just as a bare mas
term,6 where we assumemp.mq .

B. Effect on Rb in ‘‘commuting’’ ETC models

In ETC models@6# in which mt is generated by the ex
change of a weak-singlet ETC gauge boson, the shift in
EW bottom quark coupling is proportional@7# to the large
mt . This alone causes the parameterRb to decrease outsid
the experimentally allowed region. Armed with addition
left-handed and right-handed weak doublets and our see
mechanism, a similar analysis shows that this strong c
straint may be slightly relaxed.

6That is, of course, not a necessity—one may consider, for
ample, additionalvL9 and vR9 intermediate fermions that are wea
doublets with hypercharge16 and that link only the SU(3)3 circle
and, for example, the ‘‘lower’’ SU(N2) circle in Fig. 2, i.e., trans-
forming in the fundamental representation under these two ga
groups only. Below the scaleL28(,L2) @due to the slightly slower
running the ‘‘lower’’ SU(N2) become strong enough at slight
lower energy than its ‘‘upper’’ SU(N2) partner group# their con-
densation may provide themq(,mp) mass term.
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As is standard@7,21#, one may consider the ETC gaug
boson of massMETC coupling to the current

2CC̄1L
gmxL1

1

C
t̄ RgmUR , ~4.10!

wherexL is the left-handed technifermion weak doublet,UR
is the right-handed technifermion weak singlet, andC is a
Clebsch coefficient, expected to be of order 1.

The massm1, related to the top quark mass, is genera
through a four-fermion interaction~when one integrates ou
the heavy ETC boson at energies belowMETC) of the form

2
gETC

2

METC
2 ~C̄1L

gmxL!~ŪRgmtR!1H.c. ~4.11!

After Fiertzing this operator and using rules of naive dime
sional analysis@20#, one estimates

m1'
gETC

2

METC
2

4pv t
3 , ~4.12!

wherev t5vEW . On the other hand, thebLb̄L vertex toZ is
affected, i.e., the tree-levelbL coupling is shifted by@7#

dgL
ETC~bL!5

1

4
C2

m1

4pvEW

e

sinuW cosuW

'
1

4
C2

mt /cosw t
L

4pvEW

e

sinuW cosuW
. ~4.13!

This large shift is translated tobL
m ~mass eigenstate! multi-

plied by cos2 wb
L' cos2 wt

L and therefore the physical bottom
coupling toZ is affected by an amount proportional to coswt

L

~which is not constrained by the EW data, i.e., may be qu
small!,

dgL
ETC~bL

m!5
1

4
C2

mt

4pvEW

e

sinuW cosuW
cosw t

L .

~4.14!

Whether the described mechanism may open some
space for the simplest class of models in which ETC a
weak gauge groups commute is highly questionable. Ap
from the dangerous@22# ETC ‘‘direct’’ @23# and ‘‘indirect’’
contributions to isospin violation in thet2b sector~that ex-
ist independently of the introduced seesaw mechanism!, rais-
ing the Yukawa type of mass term, i.e.,m1'mt /coswb

L , nec-
essarily lowers further the~already dangerously! low ETC
top mass generation scale,METC /gETC'1 TeV @22#, by a
factorAcoswb

L'Acoswt
L.

V. WHAT CAN t t̄ PRODUCTION AT THE NLC TELL US?

Production oft t̄ at the NLC ~operating, for example, a
As5500 GeV! is probably the most promising way to d
rectly observe top seesaw mixing and to differentiate
tween the weak-doublet and weak-singlet class of mode

x-

ge
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As we found in Sec. III, the obliqueT parameter con-
strains the right-handed top mixing, sin2 wt , to be smaller
than roughly 0.015 in the weak-doublet case. The rig
handed top coupling to theZ boson equals

e

cosuW sinuW
S 1

2
sin2 w t2

2

3
sin2 uWD

5
e

cosuW sinuW
~gR

SM1dD!, ~5.1!

wheredD5(1/2)sin2 wt , while the left-handed top coupling
is the same as in SM. This represents roughly a 2% maxi
relative shift in the top coupling. In the case of weak-sing
top seesaw mixing, the right-handed top coupling toZ is
unchanged from its SM form while the left-handed coupli
equals

e

cosuW sinuW
S 2

1

2
sin2 w t

s1
1

2
2

2

3
sin2 uWD

5
e

cosuW sinuW
~gL

SM2dS!, ~5.2!

wherew t
s is the appropriate mixing angle in the weak-sing

case anddS5(1/2)sin2 wt
s. Similar to the weak-doublet case

in the weak-singlet case@2,24# sin2 wt
s is found to be smaller

than roughly 0.015. This represents roughly a 4% maxim
relative shift in the top coupling. Therefore, compared to
SM axial vector coupling, the axial couplings in both doub
and singlet cases are smaller. However, the vector top
pling is slightly larger in the doublet case and sligh
smaller in the singlet case as compared to the SM.

Recently it has been suggested@25# that the TESLA ma-
chine with center-of-mass energy of 500 GeV, an integra
luminosity of 300 fb21, and unpolarized beams may reach
precision of 2% in the determination of theZ t̄t coupling
~from the total of almost 35 000 top pair events in the ch
nel with oneW decaying intoen or mn and the otherW
decaying hadronically!. This may be enough for observin
the case with weak-singlet mixing but it is insufficient for th
weak-doublet case. We find the relative shifts in the totat t̄
cross sections relative to pure SM QED~in the above-
mentioned channel! to be

DF1

~F1!SM
520.06dD and

DF1

~F1!SM
520.44dS ,

~5.3!

for the weak-doublet and the weak-singlet cases, res
tively.

Invoking the analysis of various asymmetries may cons
erably lower the needed integrated luminosity and help
differentiating between the weak-doublet and weak-sing
cases—for example, by correlating the total cross sec
with forward-backward asymmetry. We find a relativ
forward-backward asymmetry~in the above-mentioned chan
nel! to be significant,
03500
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DAFB
t

~AFB
t !SM

521.60dD and
DAFB

t

~AFB
t !SM

521.46dS ,

~5.4!

for the weak-doublet and the weak-singlet cases, resp
tively. A more sophisticated analysis~with polarized beams
in addition! allowing an even smaller integrated luminosi
may also be possible.

VI. CONCLUSIONS

We presented a class of models with a third genera
seesaw mixing with new vectorlike weak-doublet quarks.
analyzed a low-energy phenomenology and proposed sev
strong dynamics, high-energy realizations of these mode

We discussed a low-energy phenomenology and fo
that the obliqueT parameter places the strongest constra
on the model parameters. Assuming the dynamical mas
the top sector to be 600 GeV, as determined by the Pag
Stokar relationship, we found that the heavy fermions m
weight at least 5 TeV. That implies an upper limit on th
right-handed mixing in the top sector, sin2 wt , to be roughly

0.015 ~or 2% relative shift in theZ t̄t coupling! while the
right-handed mixing in the bottom sector, sin2 wb , has to be
smaller than 1025. Left-handed mixings are not constraine
by EW data.

We proposed a class of high-energy models in the t
color spirit, named top-bottom color, with weak-double
structure in the low-energy limit. In this class of models w
obtained an effective, composite two Higgs doublet mo
with tanb5mt /mb at low energy and a realistic top quar
mass. Instead of using a strong, triviality-sensitive U~1!
gauge group, we introduced the isospin mass splitting
tilting four-fermion operators related to the broken no
Abelian, asymptotically-free gauge interactions.

In addition, we suggested that a search at the NLC
analysis of thet t̄ production asymmetries may have the be
potential for direct observation of different top couplings
the EW sector. Furthermore, we discussed how one can
tinguish between the two different~weak-doublet and weak
singlet! types of seesaw mixing by correlating different me
surements; for example, the total cross section relative to
pure SM QED cross section and the forward-backw
asymmetry ~although a more refined approach, requiri
even smaller integrated luminosity, may be possible as w!.
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APPENDIX: DETAILS OF TOP-BOTTOM COLOR
SYMMETRY BREAKING „WITHOUT RUNNING …

To express some details of top-bottom color symme
breaking ~without running! in a compact form we use th
following notation:

a5g1u1 , b5g2u1 , c5g2u2 , d5g3u2 , ~A1!

N05Aa2c21a2d21b2d2, N15a21b2, N25c21d2,

and

F~x!5N2x21N0
2~N122x!.0, ;xPR,

where gauge couplings (g’s! and VEV’s (u’s! are as intro-
duced in Sec. IV A.

At the scaleL1 the groups SU(3)1 and SU(3)2 are bro-
ken down to a diagonal SU(3)18 . Therefore the appropriat
description, for energies belowL1 and aboveL2, follows
from the gauge boson mixing matrix

S a2 2ab

2ab b2 D . ~A2!

Diagonalization of this matrix gives one zero-mass eig
value, corresponding to the pregluon field. The mass squ
eigenvalue corresponding to the precoloron field is

Mc
25N15a21b25~g1

21g2
2!u1

2 . ~A3!

To obtain the precoloron and pregluon fields one rotates
initial unbroken fields via the unitary real matrix

S a

AN1

2b

AN1

b

AN1

a

AN1

D . ~A4!

Therefore the coupling of precolorons is read directly7 as

a

AN1

g1T12
b

AN1

g2T25
g1

2T12g2
2T2

Ag1
21g2

2
, ~A5!

whereT1 andT2 are SU(3)1 and SU(3)2 generators. Simi-
larly, the coupling of pregluons is

b

AN1

g1T11
a

AN1

g2T25g18~T11T2!, ~A6!

whereg185(g1
221g2

22)21/2.
For energies belowL2, the appropriate description fol

lows from the gauge boson mixing matrix:

7This is a consequence of the covariant derivative being
changed.
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S a2 2ab 0

2ab b21c2 2cd

0 2cd d2
D . ~A7!

Diagonalization of this matrix gives one zero-mass eig
value, corresponding to the standard gluon field. The squa
masses of the heavy8 and the light colorons are given as

MH,L
2 5

N11N2

2
S 16A12

4N0
2

~N11N2!2D . ~A8!

To obtain the heavy coloron, standard gluon, and light c
oron fields one rotates the initial unbroken gauge fields
the unitary real matrix

S abc

AF~MH
2 !

~a22MH
2 !c

AF~MH
2 !

2
~N12MH

2 !d

AF~MH
2 !

bd

N0

ad

N0

ac

N0

abc

AF~ML
2!

~a22ML
2!c

AF~ML
2!

2
~N12ML

2!d

AF~ML
2!

D . ~A9!

Therefore the coupling of heavy colorons is

abc

AF~MH
2 !

g1T11
~a22MH

2 !c

AF~MH
2 !

g2T22
~N12MH

2 !d

AF~MH
2 !

g3T3.

~A10!

The coupling of standard gluons is

bd

N0
g1T11

ad

N0
g2T21

ac

N0
g3T35gQCD~T11T21T3!,

~A11!

where gQCD5(g1
221g2

221g3
22)21/2. Finally, the coupling

of light colorons is

abc

AF~ML
2!

g1T11
~a22ML

2!c

AF~ML
2!

g2T22
~N12ML

2!d

AF~ML
2!

g3T3.

~A12!

If we assume a hierarchy withN1@N2 and particularlyb2

.a2, c2.d2, and a2,b2@c2,d2 roughly corresponding to
the scenario described in Sec. IV A withu1

2@u2
2 and g2

2

.g1
2@g3

2, a few simplifications are in order:

MH
2 'N11N22

N0
2

N11N2
'N1 , ML

2'
N0

2

N11N2
.

~A13!

Therefore we find

- 8Heavy colorons may be thought of as low-energy descendan
the precoloron.
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AF~MH
2 !'bcAN1'bcAa21b2. ~A14!

Now, it is straightforward to see that the heavy color
couples quite strongly just to fermions transforming und
SU(3)2, i.e.,

'
a

Aa21b2
g1T12

b

Aa21b2
g2T21

bcd

~a21b2!3/2
g3T3

5
g1

2T12g2
2T2

Ag1
21g2

2
1

g2
2g3

2

~g1
21g2

2!3/2

u2
2

u1
2 T3 . ~A15!

On the other hand, in the same approximation, but for
small values of argumentx, i.e., x!N1, one hasF(x)
'N0

2N1, and thereforeAF(ML
2)'acAa21b2.
ll,

ys

J

y

.
s.

,
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This clearly implies that the light coloron couples strong
~with almost the same strength! to the fermions transforming
under both SU(3)1 and SU(3)2 gauge groups. In othe
words, the light coloron coupling in this approximation ma
be expressed as

'
b

Aa21b2
g1T11

a

Aa21b2
g2T22

dAa21b2

ac
g3T3

5
g1g2

Ag1
21g2

2 ~T11T2!2
g3

2Ag1
21g2

2

g1g2
T3

5g18~T11T2!2
g3

2Ag1
21g2

2

g1g2
T3 . ~A16!
d
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