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Top quark seesaw theory of electroweak symmetry breaking
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We study electroweak symmetry breaking involving the seesaw mechanism of quark condensation. These
models produce a composite Higgs boson involving the left-handed top quark, yet the top quark mass arises
naturally at the observed scale. We describe a schematic model which illustrates the general dynamical ideas.
We also consider a generic low-energy effective theory which includes several composite scalars, and we use
the effective potential formalism to compute their spectrum. We develop a more detailed model in which
certain features of the schematic model are replaced by additional dynamics.@S0556-2821~99!02105-0#
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I. INTRODUCTION

The Higgs doublet of the standard model, used to br
the electroweak symmetry and generate all observed qu
lepton and gauge boson masses, does not have to be a
damental field. In fact, the fermions observed so far have
appropriate quantum numbers to provide the constituent
a composite Higgs field. Therefore, it is interesting to co
sider the existence of some new, non-confining strong in
actions which bind the quarks and/or leptons within a co
posite Higgs field, giving rise to a condensate@associated
with a Higgs vacuum expectation value~VEV!# and to
Higgs-Yukawa couplings.

Because of its large mass, the top quark is a natural c
didate for providing a constituent to a composite Higgs b
son and an electroweak symmetry breaking~EWSB! conden-
sate@1,2#. However, the computation of theW andZ masses
to leading order in 1/Nc (Nc is the number of colors! shows
that the quark whose condensate gives the bulk of EW
must have a mass of order 0.6 TeV@in the absence of an
excessively fine-tuned version of the model in which the n
strong dynamics is placed at the grand unified theory~GUT!
scale#. Such a heavy quark may, in principle, be part o
fourth generation, but in that case one would have to wo
about the proliferation of weak-doublet fermions that co
tribute to the electroweak radiative parameterS, and the top
would not be directly involved in the EWSB mechanism.

In a previous Letter@3# two of us introduced the idea of
dynamical top quark seesaw mechanism. Here the EW
occurs via the condensation of the left-handed top quark,tL ,
with a new, right-handed weak-singlet quark, which we re
to as ax-quark. ThexR quark has hyperchargeY54/3 and
thus is indistinguishable from the right-handed top,tR . The
dynamics which leads to this condensate is essentially
color @4,5#. The fermionic mass scale of this weak-isosp
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I 51/2 condensate is large, of order 0.6 TeV. This cor
sponds to the formation of a dynamical bound state we
doublet Higgs field,;(xRtL ,xRbL). To leading order in
1/Nc this yields a VEV for the Higgs boson of the approp
ate electroweak scale,v/&'175 GeV. However, the mode
also incorporates a new left-handed weak-singletx-quark,
with Y54/3. The x-quarks condense amongst themselv
through additional new dynamics at still larger mass sca
Moreover, the left-handedx-quark has a weak-singlet con
densate with the right-handed top quark. There isab initio no
direct left-handed top quark condensate with the rig
handed anti-top quark in this scheme~or else this condensat
is highly suppressed!.

Upon diagonalization of the fermionic mass matrix th
admits a conventional seesaw mechanism, yielding
physical top quark mass as an eigenvalue that is less tha
600 GeV matrix element. Thus, the top quark mass can
adjusted naturally to its experimental value. The diagonali
tion of the fermionic mass matrix in no way affects the fa
that the model has a composite Higgs doublet, with a V
of v/&'175 GeV. The mechanism incorporatestL , which
provides the source of the weakI 51/2 quantum number o
the composite Higgs boson, and thus the origin of the EW
vacuum condensate. Top color and any additional strong
namics is occurring at a multi-TeV scale, and the obser
top quark mass arises naturally, being suppressed by a
of ;TeV scales. Indeed, if a mechanism like this operate
nature, then we have already observed the keyI 51/2 ele-
ment of EWSB at the Tevatron.

There are several attractive features of this mechani
First, while there are the additionalx quarks involved in the
strong dynamics,these do not carry weak-isospin quantu
numbers. This is a remarkable advantage from the point
view of model building. The counting constraints of techn
color, e.g., on the number of techniquarks from theS param-
eter, are essentially irrelevant for us, since we have on
top quark condensate in the EWSB channels. The constra
on custodial symmetry violation, i.e., the value of theDr or
equivalently,T parameter, are easily satisfied, being prin
pally the usualmt contribution, plus corrections suppress
by the seesaw mechanism@3#.
©1999 The American Physical Society03-1
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Second, the models make a robust prediction about
nature of the electroweak condensate: the left-handed
quark is unambiguously identified as the electroweak-gau
condensate fermion. The scheme demands the presen
some kind of top-color interactions, new strong interactio
associated with the formation of the top quark condens
This implies that QCD itself will change character at t
multi-TeV scale as it is embedded into the larger top co
containing gauge group. However, beyond theI 51/2 com-
ponent of the EWSB, the remainder of the structure, e.g.,
x-quarks and the additional strong forces which they fee
somewhat arbitrary at this point.

Third, the scheme implies that in the absence of the s
saw, the top quark would have a larger mass, of order
GeV. This in turn leads to a relaxation of the constraints
the masses of top-color colorons and any additional he
gauge bosons, permitting the full top-color structure to
moved to somewhat higher mass scales. This gives m
model-building elbow room, and may reflect the reality
new strong dynamics.

We believe the top quark seesaw is a significant new i
in dynamical models of EWSB and opens up a large rang
new model building possibilities. For that reason we w
give a fairly detailed discussion of the seesaw mechanism
this paper.

We begin in Sec. II with the presentation of a schema
model. Here the electroweak condensate involvingtL andxR
is driven by top-color interactions, but the weak-singlet co
densates involvingxL,R and tR are simply mass terms tha
we implement by hand. This naturally separates the prob
of EWSB from the weak-singlet physics in thexL,R and tR
sector, which is the key advantage of the seesaw mechan
We derive the effective Lagrangian for the dynamical Hig
and its interactions with matter using the renormalizat
group approach in the large-Nc fermion-bubble approxima
tion. The schematic model shows the emergence of
Higgs bound state and the formation of thexRtL condensate.
The schematic model provides a point of departure for
construction of more elaborate models, and the problem
generating light fermion Higgs-Yukawa couplings, which w
will not address in detail. We will briefly summarize option
for addressing the problem of theb-quark mass in the sche
matic model. The Higgs boson mass is large in the schem
model, given by 2mtx;O(1 TeV) in the large-Nc fermion-
bubble approximation, essentially saturating the unita
bound of the standard model@6#.

In Sec. III we proceed with a more ambitious attempt
include additional interactions amongst the minimal set
fermions of the schematic model. This is a somewhat gen
construction, and it leads to additional composite scalars,
new effects. We give a full effective potential analysis of th
scheme. Weak-singlet mass terms are still required as in
schematic model to trigger the desired tilting of the vacuu
though they can now be much smaller than in the schem
model since the additional strong, yet subcritical, interacti
can amplify the effects of these mass terms@7#. These inter-
actions push the potential close to a second order~or weakly
first-order! phase transition and thus, the Higgs boson can
as light as;100 GeV. This requires a partial degenera
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between the weak-doublet and weak-singlet composite
lars. In the decoupling limit the more general theory r
sembles the standard model with a light Higgs boson.

In Sec. IV, we describe a class of models incorporat
the top quark seesaw mechanism in which top-color sym
try breaking is dynamically generated. These models can
place the explicit weak-singlet mass terms with additio
dynamics, in analogy to extended technicolor. These mo
also allow in principle for the generation of masses of t
light quarks and accommodate intergenerational mixi
While these models do not yet provide a complete expla
tion of flavor symmetry breaking, we regard them as an
istence proof and a guide to future theoretical investigatio

Section V summarizes our conclusions. In Appendix
we apply the effective potential formalism of Sec. III to th
top quark seesaw model of Ref.@3#. In Appendix B we prove
that the coupled gap equations used in Ref.@3# are equivalent
with the stationarity conditions of the effective potential d
rived in Sec. III.

II. A SCHEMATIC MODEL

In the present section we will study a schematic mode
the top quark seesaw. This model will be a minimal vers
of the top quark seesaw and is intended primarily to exh
the essential physics. The schematic model contains the
ments of the third generation, the left-handed top-bott
doublet, cL5(tL ,bL), the right-handed top quark,tR ~we
will postpone discussing the right-handedb-quark and asso-
ciated fields for the moment; indeed, the present model
not be anomaly free without the inclusion ofbR and associ-
ated fields, so we return to consider it below!. We further
introduce two weak-singlet fermions,xR andxL , each hav-
ing the quantum numbers oftR . The schematic model exhib
its the dynamical formation, via top color, of the Higgs do
blet as a composite field of the form

w5S xR tL

xR bL

D . ~2.1!

We proceed by introducing an embedding of QCD in
the gauge groupsSU(3)13SU(3)2 , with coupling constants
h1 and h2 respectively. These symmetry groups are brok
down toSU(3)QCD at a high mass scaleV. The assignment
of the elementary fermions to representations under the
set of gauge groupsSU(3)13SU(3)23SU(2)W3U(1)Y is
as follows:

cL :~3,1,2,11/3!, xR :~3,1,1,14/3!,

tR ,xL :~1,3,1,14/3!. ~2.2!

This set of fermions is incomplete: the representation sp
fied has @SU(3)1#3, @SU(3)2#3, and U(1)Y@SU(3)1,2#

2

gauge anomalies. These anomalies will be canceled by
mions associated with either the dynamical breaking
SU(3)13SU(3)2 , or with producing theb-quark mass~a
specific example of the latter case is given at the end of
3-2
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TOP QUARK SEESAW THEORY OF ELECTROWEAK . . . PHYSICAL REVIEW D 59 075003
section!. The dynamics of EWSB and top-quark mass ge
eration will not depend on the details of these additio
fermions.

We further introduce a scalar field,F, transforming as

(3̄,3,1,0), with negativeMF
2 and an associated quartic p

tential such thatF develops a diagonal VEV,

^F j
i &5Vd j

i , ~2.3!

and top color is broken to QCD:

SU~3!13SU~3!2→SU~3!QCD , ~2.4!

yielding massless gluons and an octet of degenerate colo
with massM given by

M25~h1
21h2

2!V 2. ~2.5!

In more complete models this symmetry breaking may a
dynamically, but we describe it in terms of a VEV of
fundamental scalar field in the present model for the sak
simplicity.

We now introduce a Yukawa coupling of the fermio
xL,R to F of the form:

2jxR FxL1H.c.→2mxxx̄x. ~2.6!

We emphasize that this is an electroweak singlet mass t
In this schemej is a perturbative coupling constant soV
@mxx . Finally, since bothtR and xL carry identical top
color andU(1)Y quantum numbers we are free to include
explicit mass term, also an electroweak singlet, of the fo

2mxtxLtR1H.c. ~2.7!

The mass terms ofxLxR andxLtR may arise dynamically in
subsequent schemes, and are introduced by hand into
schematic model for purposes of illustration. With the
terms, the Lagrangian of the model at scales below the
oron mass isSU(3)C3SU(2)W3U(1) invariant and be-
comes

L05Lkinetic2~mxxxLxR1mxtxLtR1H.c.!1Lint .
~2.8!

Lint contains the residual top color interactions from the
change of the massive colorons:

Lint52
gtc

2

M2 S cLgm
lA

2
cLD S xRgm

lA

2
xRD1LL1RR,

~2.9!

whereLL(RR) refers to left-handed~right-handed! current-
current interactions, andgtc is the top-color gauge coupling
Since the top-color interactions are strongly coupled, for
ing boundstates, higher dimensional operators might ha
significant effect on the low energy theory. However, if t
full top-color dynamics induces chiral symmetry breaki
through a second order~or weakly first order! phase transi-
tion, then one can analyze the theory using the fundame
degrees of freedom, namely the quarks, at scales sig
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cantly lower than the top-color scale. We will assume th
this is the case, which implies that the effects of the hig
dimensional operators are suppressed by powers of the
color scale, and it is sufficient to keep in the low ener
theory only the effects of the operators shown in Eq.~2.9!.
Furthermore, theLL and RR interactions do not affect the
low-energy effective potential in the largeNc limit @8#, so we
will ignore them~one should keep in mind that these inte
actions may have other effects, such as contributions to
custodial symmetry violation parameterT @9,8#, but these
effects are negligible if the top-color scale is in the mul
TeV range!.

To leading order in 1/Nc , theLR interaction in Eq.~2.9!
can be rearranged into the following form:

Lint5
gtc

2

M2 ~cLxR!~xRcL!. ~2.10!

This is the Nambu–Jona-Lasinio~NJL! interaction @10#,
which provides the binding of the composite Higgs multipl
We will analyze the physics of Eq.~2.8! by using the coloron
massM as a momentum space cut-off on the loop integr
of the theory.

It is convenient to pass to a mass eigenbasis with
following redefinitions:

xR85cosuxR1sinutR ,

tR85cosutR2sinuxR , ~2.11!

where

tanu5
mxt

mxx
. ~2.12!

In this basis, the NJL Lagrangian takes the form

L05Lkinetic2M̄xR8xL1H.c.1
gtc

2

M2 @ cL~cosuxR82sinutR8 !#

3@~cosuxR82sinutR8 !cL# ~2.13!

where

M̄5Amxx
2 1mxt

2 . ~2.14!

We now proceed with the analysis by factoring the inter
tion term in Eq.~2.13! by introducing a static auxiliary color
singlet field, w0 ~which will become theunrenormalized
composite Higgs doublet!, to obtain

L05Lkinetic2@M̄xR8xL1gtccL~cosuxR82sinutR8 !w01H.c.#

2M2w0
†w0 . ~2.15!

We now derive the low energy effective Lagrangian
means of the block-spin renormalization group. We view E
~2.15! as the effective Lagrangian of the theory at a distan
scale;1/M . To derive the effective Lagrangian at a larg
3-3
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distance scale,;1/m, where M.m, we integrate out the

modes of momentaM>uku>m. For M.M̄.m the field x
decouples, and we obtain

LM̄.m5Lkinetic2gtc sinu~cLtR8w01H.c.!1ZwuDw0u2

2M̃w0

2 ~m!w0
†w02l̃~w0

†w0!2. ~2.16!

In the limit M.M̄.m, we obtain by integrating the fermio
loops:

M̃w
2~m!5M22

gtc
2Nc

8p2 FM22cos2 uM̄2 lnS M2

M̄2D G
1O~M̄2,m2!,

Zw5
gtc

2Nc

16p2 F lnS M2

M̄2D 1 lnS M̄2

m2 D sin2 u1O~1!G ,

l̃5
gtc

4Nc

8p2 F lnS M2

M̄2D 1 lnS M̄2

m2 D sin4 u1O~1!G .

~2.17!

These relationships are true forM̄.m in the largeNc ap-
proximation, and illustrate the decoupling of thex field at the

scaleM̄ . In the limit sinu!1 we see that the induced cou
plings are those of the usual NJL model. However, in t
limit the Higgs doublet is predominantly a bound state
xRcL , and the corresponding loop, with loop-momentu

ranging overM.uku.M̄ , controls most of the renormaliza
tion group evolution of the effective Lagrangian.

Consider, therefore, the limit sin2 u!1, hence cos2 u'1.
In order for the composite Higgs doublet to develop a VE
the SU(3)1 interaction must be supercritical. The criticali

condition corresponds to demanding a negativeM̃w
2(m) as

m→0:

gtc
2Nc

8p2 >F12
mxx

2

M2 lnS M2

mxx
2 D G21

. ~2.18!

This condition is equivalent to the Nambu–Jona-Lasi
~NJL! criticality condition formxx

2 /M2!1. Once we takeg
to be supercritical, we are free to tune the renormaliz

Higgs boson mass,Mw
2(m)5M̃w

2(m)/Zw , to any desired
value. This implies that we are free to adjust the renorm
ized VEV of the Higgs doublet to the electroweak valu
^w0&5v/&'175 GeV. The effective Lagrangian at low e
ergies, written in terms of the renormalized fieldw, takes the
form

LM̄.m5Lkinetic2gt sinu~cLtR8w1H.c.!1uDwu2

2Mw
2~m!w†w2l~w†w!2 ~2.19!

where
07500
s
f

,

d

l-
,

w5w0AZw;; gt5
gtc

AZw

; Mw
2~m!5

M̃w
2~m!

Zw
; l5

l̃

Zw
2 .

~2.20!

The resulting top quark mass can be read off from
renormalized Lagrangian

mt5gt sinu
v

&
, ~2.21!

which corresponds to a Pagels-Stokar formula of the form

v25
Nc

8p2

mt
2

sin2 u
lnS M2

M̄2D 1O~sin2 u!. ~2.22!

The Pagels-Stokar formula differs from that obtained~in
largeNc approximation! for top quark condensation mode
by the large enhancement factor 1/sin2 u. This is a direct
consequence of the seesaw mechanism.

We note that, in principle, using the freedom to adju
sinu we could accommodate any fermion mass lighter th
600 GeV. This freedom may be useful in constructing mo
complete models involving all three generations. The
quark is unique, however, in that it is very difficult to accom
modate such a heavy quark in any other way. We there
believe it is generic, in any model of this kind, that the t
quark receives the bulk of its mass through this sees
mechanism.

To better understand the connection to the seesaw me
nism we can view the dynamics of the top quark mass fr
the mixing with thex field. The mass matrix for the heav
charge 2/3 quarks takes the form

~ tL xL!S 0 mtx

mxt mxx
D S tR

xR
D , ~2.23!

wheremtx is dynamically generated by the VEV of the com
posite Higgs doubletw, thus satisfying the Pagels-Stokar r
lationship:

v25
Nc

8p2 mtx
2 lnS M2

mxx
2 D . ~2.24!

If the logarithm is not very large, then we obtain the adv
tised value mtx;600 GeV. Diagonalizing the fermionic
mass matrix of Eq.~2.23! for mxx@mtx leads to the physica
top quark mass:

mt'
mtxmxt

mxx
5mtx tanu, ~2.25!

and substitution of Eq.~2.25! into Eq. ~2.24! reproduces Eq.
~2.22! for small tanu'sinu.

The minimization of the Higgs potential gives the usu
NJL result, that the Higgs boson has a mass twice as larg
the dynamically generated fermion mass, which ismtx in the
present case. Thus, the schematic model includes only
composite Higgs boson, which is heavy, of order 1 TeV.
3-4
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Sec. III D we will show that in a more general theory th
includes the seesaw mechanism there are more comp
scalars, and one of the neutral Higgs bosons may be as
asO~100 GeV!.

We note that the inclusion of theb-quark is straightfor-
ward, and the schematic model affords a simple way to s
press the formation of ab-quark mass comparable to the to
quark mass. We include additional fermionic fields of t
form vL , vR , andbR with the assignments:

bR ,vL :~1,3,1,22/3!, vR :~3,1,1,22/3!. ~2.26!

These fermion gauge assignments cancel the anom
noted above. We further allowvLvR andvLbR mass terms,
in direct analogy to thex and t mass terms:

L0.2~mvvvLvR1mvbvLbR1H.c.!. ~2.27!

We can suppress the formation of thevLbR condensate alto

gether by choosingM̄v5Amvv
2 1mvb

2 ;M . In this limit we
do not produce ab-quark mass. However, by allowingmvv

<M and mvb /mvv!1 we can form an acceptableb-quark
mass in the presence of a smallvLbR condensate. Yet an
other possibility arises within this model, though it will no
be a general feature of these schemes, i.e., to exploit ins
tons @5#. If we suppress the formation of thevLbR conden-

sate by choosingM̄v;M , there will be avLbR condensate
induced via the ’t Hooft determinant when thet and x are
integrated out. We then estimate the scale of the indu
vLbR mass term to be about;20 GeV, and theb-quark
mass then emerges as;20mvb /mvv GeV. We will not fur-
ther elaborate theb-quark mass in the present discussio
since its precise origin depends critically upon the struct
of the complete theory including all light quarks and lepto

III. THE EFFECTIVE POTENTIAL FORMALISM

A. More general interactions

Presently we extend the schematic model to include v
ous additional interactions, beyond the top-color interact
of Eq. ~2.9!. While we would ultimately like to replace th
mxx andmxt explicit mass terms exclusively with addition
strong dynamics, we find presently that is not possible w
out the inclusion of additional fields and additional dyna
ics. The seesaw mechanism, at least in the large-Nc fermion
loop approximations seems to require these terms, and
also lift unwanted massless Nambu-Goldstone bosons
Sec. IV we will sketch out a more general high energy the
in which these masses may arise dynamically, in analog
extended technicolor. However, in the present case, th
mass terms will be viewed as ‘‘small,’’ in contrast to th
schematic model in which they were large.

The NJL approximation illustrated in Sec. II is probably
reasonable guide to the physics of top color. One can fra
the discussion in terms of ‘‘gap equations’’ and their so
tions, as in@3#, but it is useful and convenient to have a mo
general and detailed description. In particular, the vacu
structure of the top-color theory is crucial to the success
the enterprise, and it is important to study it with all the too
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at our disposal. One of the most useful tools is the effect
potential @11#. This has been used in@1# to analyze simple
top-color models, and it was employed in Sec. II in Eq
~2.16! and~2.17! in lieu of the exclusive use of gap equation
as in @3#. In this section we extend its use in the prese
seesaw scheme involving additional strong interactions.

We thus consider a low energy effective theory, valid
to a scaleM.O(10 TeV), consisting of the standard mod
gauge group and fermions, and a new vectorlike quarkx,
which transforms under theSU(3)C3SU(2)W3U(1)Y
gauge group exactly as the right-handed top,tR .

We assume that at the common scaleM the following
four-fermion, NJL-like interactions, involving the top, bo
tom and vectorlike quarks, occur:

Lint5
8p2

NcM
2 (

A,B5b,t,x
zAB~ĀLBR!~B̄RAL!, ~3.1!

where Nc53 is the numbers of colors. ThezAB (A,B
5b,t,x) are dynamical coefficients determined by the co
plings of the high energy theory. At the scaleM the elec-
troweak symmetry is unbroken, implyingzbA5ztA . Hence
there are six independentzAB coefficients. Our normalization
is chosen so that the interaction strength will be appro
mately critical~subcritical! in the AB channel whenzAB.1
(zAB,1). The interactions of Eq.~3.1! should be viewed as
Fierz-rearranged versions of single massive gauge boson
change interactions arising in a more general high ene
theory. For example, we imagine that the four-fermion o
erators~3.1! arise from top-color-like@4# interactions, and
thereforezAB are functions of gauge couplings and charg
In the special case of the schematic model of Sec. II,ztx

5Ncgtc
2 /(8p2) and all otherzAB coefficients are zero. In the

model introduced in Ref.@3# all zAB;1, and their depen-
dence upon the charges is given in the present paper in
pendix A @see Eq.~A1!#.

In addition to the four-fermion operators~3.1!, small, ex-
plicit, electroweak preserving mass terms are allowed in
Lagrangian:

Lmass52mxxx̄LxR2mxtx̄LtR1H.c. ~3.2!

The model presented in Sec. IV is an example of high ene
physics that generates dynamically these four-fermion op
tors and masses.

B. The effective potential

The four-fermion interactions can be factorized, at t
scaleM , by introducing static auxiliary fieldsf0AB

[B̄RAL

(A,B5b,t,x), which are described by the following effec
tive Lagrangian:

Leff5 (
A,B5b,t,x

F ~ĀLBRf0AB
1H.c.!1

NcM
2

8p2zAB
f0AB

† f0ABG
2~mxxx̄LxR1mxtx̄LtR1H.c.!. ~3.3!
3-5
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At the scaleM , the f0AB
have vanishing kinetic terms. A

scales belowM the f0AB
will acquire kinetic terms through

the effects of fermion loops and become propagating co
posite scalars fields. The loops also generally induce runn
mass terms and running quartic and Yukawa interactio
The fields are renormalizedf0AB

→fAB , to give conven-
tional kinetic term normalizations, and we thus find at a sc
m,M , using, e.g., block spin renormalization group in t
largeNc approximation, the effective Lagrangian:

Leff
m 5gt (

A,B5b,t,x
~ĀLBRfAB1H.c.!

1~DnfAB
† !~DnfAB!2V~f!. ~3.4!

Here we redefined the renormalized scalar fields by includ
a shift to absorb the explicit mass fermionic terms:

fAB[f0AB
AZf2

mAB

gt
, ~3.5!

where Zf is the wave function renormalization, andmAB
50, except formxx andmxt . In the largeNc limit, the one-
loop effective potential is given by

V~f!5
l

2
Tr@~f†f!2#1 (

A,B5b,t,x
@MAB

2 fAB
† fAB

1CAB~fAB1fAB
† !#. ~3.6!

Note that the trace is just the sum over repeated indice
fAB

† fBCfCD
† fDA . The renormalized quartic and Yukaw

coupling constants depend logarithmically on the phys
cut-off,

gt5Al

2
5

4p

ANc ln~M2/m2!
, ~3.7!

while the scalar squared-masses and tadpole coefficient
pend quadratically onM :

MAB
2 5

2M2

ln~M2/m2! S 1

zAB
21D ,

CAB5
mABM2

2pzAB
A Nc

ln~M2/m2!
.0.

~3.8!

Note that with our conventions theCAB are positive and
electroweak symmetry imposesCAb5Ctt5Ctx50. This is
just the usual effective potential derivation as in@1# applied
to the present more general interaction.

In order to determine the vacuum properties of the the
we minimize the effective potential. Note that a glob
U(1)bR

symmetry forbids tadpole terms for thefAb scalars,
independent of the VEVs of the other scalars. We furt
assume that theAb channels are subcritical, thus

zAb,1, A5b,t,x, ~3.9!
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so thatMAb
2 .0. As a result, the composite scalars havingbR

as constituents do not acquire VEVs:^fAb&50. An SU(2)W
transformation allows us to set^fbx&50. We also takeztt

,1, such thatMtt
2 .0, which implies thatfbt and f tt may

acquire VEVs only if they have tadpole terms induced by
VEVs of the other scalars. This implies that the VEVs of t
SU(2)W doublet scalars,t̄ RcL and x̄RcL , are aligned, so
that ^fbt&50. Finally, it is obvious that a nonzero VEV fo
f tx requiresMtx

2 ,0, while the signs and sizes ofMxt
2 and

Mxx
2 are not constrained so far.
Altogether only four out of the nine composite fields m

have nonzero VEVs:̂fAB& with A,B5x,t. At the minimum
of the effective potential~3.6!, the phases of thefxx andfxt
are forced to be21 by the tadpole terms~recall that the
electroweak symmetry imposesCtt5Ctx50). In addition,
the relative phase between^f tx& and^f tt& has to be negative
in order to minimize the quartic terms in the effective pote
tial. Thus, there is only one arbitrary phase left, which can
fixed by choosinĝf tt&.0. Let us denote the absolute valu
of the VEVs byvAB , so that

v tt5^f tt&, vxx52^fxx&, v tx52^f tx&,

vxt52^fxt&. ~3.10!

The values ofvAB can be determined by minimizing th
following function:

V~vAB!5
l

2
@~v tt

2 1v tx
2 !21~vxx

2 1vxt
2 !2

12~v ttvxt2vxxv tx!2#1 (
A,B5t,x

MAB
2 vAB

2

22Cxxvxx22Cxtvxt . ~3.11!

We would like to find a vacuum that satisfies a gene
seesaw condition. It is convenient to parametrize the VE
as follows~up to phases and an overall factor ofgt , this is
just the fermionic mass matrix!:

S v tt v tx

vxt vxx
D 5vxxS abe e

b 1D . ~3.12!

In terms of the dimensionless parametersa, b and e intro-
duced here, the general seesaw condition reads:

0,e,b,1, 0,a!
1

e
, e!1. ~3.13!

The limit a,b!1 corresponds to the seesaw condition us
in Ref. @3#. One can easily check that the stationarity con
tions,

]V

]vAB
50, A,B5t,x, ~3.14!

have indeed a solution satisfying Eqs.~3.13!. This solution is
a stable minimum of the effective potential if and only if a
four eigenvalues of the second derivative ofV are positive at
3-6
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the stationary point. Before computing the eigenvalues,
note that the equations]V/]vxx50 and]V/]vxt50 give e
andb in terms ofCxx , Cxt andMAB

2 . As a consequence, th
conditions Cxx , Cxt.0, used in fixing the phases of th
VEVs, impose the following restrictions:

Mxt
2 , Mxx

2 .Mtx
2 11b2

12rb2 @11O~e2!#, ~3.15!

where we defined

r[
2Mtx

2

Mtt
2 .0. ~3.16!

The other two stationarity conditions,]V/]v tt50 and
]V/]v tx50, yield

a5r@11O~e2!#,

vxx
2 5

2Mtx
2

l~12rb2!F12e2~11r2b2!

3
12r~122r!b2

~12rb2!2 1O~e4!G . ~3.17!

These expressions allow us to write the second derivativ
V(vAB) as the following 434 matrix:

]2V~vAB!

52lvxx
2 SA11e2B11O~e4! eB31O~e3!

eB 3
Á1O~e3! A21e2B21O~e4!

D ,

~3.18!

whereA1,2 andB1,2,3 are 232 real matrices that depend on
on b and Mtt,tx,xt,xx

2 . Note that the rows and columns o
]2V(vAB) are arranged in Eq.~3.18! in the following order:
v tt ,v tx ,vxt ,vxx . Using the explicit form ofA1,2,

A15S 1/r 2b

2b rb2D ,

A25S 12rb2

2Mtx
2 Ddiag~Mxx

2 ,Mxt
2 !

1S 31b2 2b

2b 113b2D , ~3.19!

it is easy to compute to first order ine2 the eigenvalues o
]2V(vAB). Three of these are positive@Eq. ~3.15! is impor-
tant here#, while the fourth eigenvalue cancels to leadi
order in e2. To ensure vacuum stability, the corrections
order e2 to ]2V must give a positive contribution to thi
eigenvalue. We check this condition in Sec. III D, where
also show that this eigenvalue corresponds to the mass
light Higgs boson.
07500
e
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C. Parameter space

The effective potential depends on six squared-mas
MtA

2 ,MxA
2 (A5b,t,x), two tadpole coefficientsCxx ,Cxt ,

and on ln(M/m). We will choose the renormalization pointm
to be the mass of thex fermion. In doing so, we will neglec
the running of the coefficients in the effective potential b
tween the scalemx and the scalemt . In practice, this ap-
proximation is justified only ifM /mx.mx /mt;1/e. We
emphasize that this condition is not needed in a more de
oped computation of the renormalization group evolution

We will proceed with deriving the constraints imposed
the parameters of the effective potential by the measu
values of theW, Z and t masses. The elements of the fe
mion mass matrix are proportional to the VEVs:

mAB52gt^fAB&. ~3.20!

It is straightforward to compute the top andx quark masses
@see Eq.~B2!#:

mt5mtx

b~11r!

A11b2
@11O~e2!#,

mx5
mtx

e
A11b2F11

e2

2 S 12rb2

11b2 D 2

1O~e4!G . ~3.21!

The electroweak symmetry is broken only by the VEVs
fcx andfct ,

v2

2
5v tx

2 1v tt
2 , ~3.22!

which implies

mtx5
gtv

A2~11r2b2!
@11O~e2!#

'890 GeVF ~11r2b2!lnS M

mx
D G21/2

. ~3.23!

Using the expression for the top quark mass in Eq.~3.21!, we
find a constraint onb andr,

b2~11r!2

~11b2!~11r2b2!
'431022 lnS M

mx
D , ~3.24!

which shows thatb2&O(0.1) (M is not larger by many or-
ders of magnitude thanmx unless the coefficients of the four
fermion operators are excessively fine-tuned to be close
the critical value!.

The xL8 mass eigenstate couples toW andZ so that there
is a potentially large custodial symmetry violation. Howev
in the decoupling limit (e/b→0) this effect vanishes. To
show this we consider the one-loop contribution ofx to theT
parameter:
3-7
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T5
3

16p2av2 FsL
4mx

212sL
2~12sL

2!
mx

2mt
2

mx
22mt

2

3 lnS mx
2

mt
2D 2sL

2~22sL
2!mt

2G , ~3.25!

wheresL is the sine of the left-handed mixing angle, defin
in Eq. ~B4!:

sL5eF12b2
~11r!~32r!

2~11b2! G1/2

1O~e3!. ~3.26!

Because this mixing is small, thex loop contribution toT is
suppressed compared to the top quark loop contribution
factor of e2/b2:

T5
Ncmt

2

16p2a~MZ
2!v2

e2

b2 @124b2 ln~eb!#@11O~b2,e2!#.

~3.27!

In practice, the current experimental constraints onT are
satisfied ifb is larger thane by a factor of 2 or so@3#. Thus,
the upper bound one is about 0.1, confirming that the ex
pansion ine2 is a good approximation.

To summarize, forM /mx;10 the elements of the fermio
mass matrix Eq.~3.12! have sizes

S mtt&O~100 GeV! mtx;O~600 GeV!

mxt*O~1 TeV! mxx*O~5 TeV!
D . ~3.28!

The effective potential analysis given is valid only forM
@mxx . Smaller values ofM ~with less fine-tuning! may be
allowed, though we cannot demonstrate that fact. The r
tions betweene,b andCxx ,Cxt allow us to estimate themxx

andmxt mass coefficients from the Lagrangian:

mxA5mxA

MxA
2 2Mtx

2

2zxAM2 lnS M

mx
D @11O~b2,e2!#.

~3.29!

Generically we expect uMABu;O(mx),eM , so that
mxA /mxA,O(e2). By contrast, in Sec. II the schemat
model does not lead to afxt or fxx bound state, and Eq
~3.29! is replaced bymxA5mxA .

D. The composite scalar spectrum

Next we compute the composite scalar spectrum. Th
33 matrix f contains a total of 18 real scalar degrees
freedom, corresponding potentially to a Higgs sector wh

includes three weak-doublets,fcA[ĀRcL with A5b,t,x

andcL5(t,b)L , and three weak-singlets,fxA[ĀRxL .
An unbroken globalU(1)bR

symmetry ensures that th

fcb andfxb scalars do not mix withfAt or fAx . Therefore,
the neutral complex scalarfbb has a massMtb given by Eq.
~3.8!, and the complex scalarsf tb and fxb with electric
charge11 have a mass matrix:
07500
a

a-

3
f
h

diag~Mtb
2 ,Mxb

2 !1lvxx
2 S e2~11a2b2! e~12ab2!

e~12ab2! 11b2 D .

~3.30!

In Sec. III B we imposedMtb
2 ,Mxb

2 .0, which implies that
the mixing betweenf tb andfxb is suppressed bye. We will
denote the mass eigenstates byHtb

6 and Hxb
6 . The magni-

tudes of the masses that appear in the effective poten
uMABu, are expected to be roughly of the same order in
absence of fine-tuning. Using the relation

lvxx
2 5

2

e2 mtx
2 ~3.31!

we can estimateuMtxu from Eq. ~3.17!

2Mtx
2 5

2

e2 mtx
2 ~12rb2!@11O~e2!#. ~3.32!

Given thatrb2&O(0.1), as can be seen from Eq.~3.24!, it
follows thatuMtxu*O(5 TeV). If Mtb is indeed of the same
order asuMtxu, then the two charged scalars have masse
a few TeV or larger. On the other hand, ifztb and zxb are
tuned sufficiently close to one so thatMtb ,Mxb!buMtxu,
then the mass eigenstate which is predominantlyf tb has a
mass-squared:

MH
tb
6

2
'2mt

21Mtb
2 . ~3.33!

This sets a lower bound on the charged Higgs boson mas
about 250 GeV.

The other two complex scalars with electric charges11,
fbt andfbx have the following mass matrix:

diag~Mtt
2 ,Mtx

2 !1lvxx
2 S b2~11a2e2! b~12ae2!

b~12ae2! 11e2 D .

~3.34!

One of the eigenvalues vanishes, corresponding to
charged Nambu-Goldstone bosons that become the lon
dinal W. The other eigenvalue is the mass-squared o
charged Higgs boson,H6, and can be computed withou
expanding in powers ofe by using the stationarity condi
tions:

MH6
2

5
2mtx

2

ae2 ~11a2b2!~12ae2!. ~3.35!

This mass is also large, most likely above a TeV.
There are fourCP-even neutral scalars, Reftt , Reftx ,

Refxx and Refxt . Their mass matrix is given by

1

2
diag~1,21,21,21!]2V~vAB!diag~1,21,21,21!,

~3.36!

with ]2V indicated in Eq.~3.18!. It is possible to compute
the eigenvalues of this mass matrix as an expansion ine2.
There are two mass eigenstates which, to leading ordere,
3-8
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are linear combinations of only Reftt and Reftx . Since the
electroweak symmetry is broken only by the VEVs off tt
andf tx , it is appropriate to label these mass eigenstates
h0 andH0, as in a two Higgs doublet model:

h05&~11rb2!21/2~Ref tx1bAr Ref tt!1O~e!

H05&~11rb2!21/2~2bAr Ref tx1Ref tt!1O~e!.
~3.37!

The electroweak symmetry is unbroken in thee→0 limit, so
that the heavy neutral Higgs boson is degenerate withH6:

MH0
2

5
2mtx

2

re2 ~11r2b2!@11O~e2!#5MH6
2

@11O~e2!#.

~3.38!

It is easier to compute the mass of the lightest neutral Hi
boson,Mh0, as a power series inb2, which is a reasonably
small parameter due to the constraint~3.24!. The result is

Mh0
2

54mtx
2

Mxx
2 2Mtx

2

Mxx
2 23Mtx

2 @11O~b2,e2!#. ~3.39!

For Mxx
2 ;2Mtx

2 , the h0 is heavy, with a mass of orde
&mtx;800 GeV. In the schematic model presented in S
II, the fxx bound state does not form, so thatMxx

2 →` and
we recover the NJL resultMh052mtx . On the other hand, if
Mxx

2 ,0, the h0 can be significantly lighter. A composit
neutral Higgs boson with mass of order 100 GeV wou
require a cancellation betweenMxx

2 andMtx
2 at the level of

15%. Such a cancellation does not necessarily require fi
tuning: for instance, ifcL and xL have the same charge
under the broken gauge groups that induce the four-ferm
operators, thenzxx5ztx implying Mxx5Mtx . This shows
that the existence of a light composite neutral Higgs bos
with a mass of order 100 GeV is a possibility.

To leading order ine, the other twoCP-even neutral mass
eigenstates are linear combinations of Refxx and Refxt ,
with a mixing of orderb. Their squared-masses are given

MH
xt
0

2
5

2

e2 mtx
2 S 11

Mxt
2

2Mtx
2 D @11O~b2,e2!#,

MH
xx
0

2
5

2

e2 mtx
2 S 31

Mxx
2

2Mtx
2 D @11O~b2,e2!#.

~3.40!

The Hxx
0 is heavy, with a mass of at leastO~5 TeV!, while

Hxt
0 can be light, with a mass of ordermtx or lower, if Mxt

2

andMxx
2 are close to their lower bound~3.15!. It is clear now

that for typical values of the parameters in the effective
tential all fourCP-even neutral mass eigenstates have p
tive squared-masses, which proves that the minimization
the effective potential performed in Sec. III B is correct. O
the other hand, if the restriction~3.15! on Mxt

2 and Mxx
2 is
07500
y

s

c.

e-

n

n,
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of

saturated at ordere2, then the masses ofHxt
0 or h0 might

vanish, signaling a second order phase transition to an u
ceptable vacuum.

The remaining four states are theCP-odd neutral scalars
Im ftt , Im ftx , Im fxx and Imfxt . In the e→0 limit the
masses of thefct andfcx doublets areSU(2)W invariant,
so that the linear combination of Imftt and Imftx analogous
to H0 in Eq. ~3.37!, labeledA0, has a large mass given b
Eq. ~3.38!. The other linear combination is the Namb
Goldstone boson that becomes the longitudinalZ. At ordere,
the longitudinalZ includes a mixture of Imfxx and Imfxt .
The other twoCP-odd mass eigenstates,Axx

0 and Axt
0 are

predominantly Imfxx and Imfxt , respectively, and have
large masses:

MA
xx
0 ,A

xt
0

2
5

2

e2 mtx
2 F11b21

Mxx,xt
2

2Mtx
2 ~12rb2!1O~e2!G .

~3.41!

These two neutral mass eigenstates are the pseudo Na
Goldstone bosons discussed in Ref.@3#, and are light pro-
vided Mxt

2 andMxx
2 are close to their bound~3.15!.

The composite scalar spectrum has several features w
warrant further comments. The typical scale for the mas
of the physical states corresponding to the two we
doublets and two weak singlets which acquire VEVs is giv
by mxx5mtx /e. By contrast, theh0 has a mass proportiona
to mtx , so that is a light state in the limite→0. The reason
for this result is the fact that the unitarity of theWW scat-
tering cross section requires a state of the order of the e
troweak scale, and the electroweak symmetry break
VEVs, v tx andv tt , are suppressed by a factor ofe compared
with the other VEVs. Therefore, the upper bound on t
standard model Higgs boson mass, of order 1 TeV@6#, is
automatically enforced within our composite Higgs secto

The further suppression which allowsMh0!1 TeV when
Mxx

2 'Mtx
2 is of a different nature. To see this, one shou

recall that, to leading order inb2, Cxx→0 ~and alsomxx

→0) when Mxx
2 →Mtx

2 @see Eq.~3.15!#. In this case, de-
creasingMxx

2 triggers a second order phase transition fro
the viable vacuum discussed thus far, to a new minimum
the effective potential where only the weak-singlet fieldsfxt
andfxx have nonzero VEVs. Theh0 mass is therefore con
trolled by the proximity ofMxx

2 to the critical point. Note
that we computed the lightest Higgs boson mass only
leading order inb2, so that it is not clear whether the pha
transition is truly second order or weakly first order~in
which case there is a theoretical lower bound onMh0, but
that may be below the experimental bound of;100 GeV).

It is also easy to understand why bothh0 and Axx
0 have

squared-masses proportional toMxx
2 2Mtx

2 @or equivalently,
to mxx as follows from Eq.~3.29!# in the limit of smallb2.
When mxx→0, Axx

0 becomes the Nambu-Goldstone bos
associated with a globalU(1)x symmetry broken spontane
ously by thevxx VEV, while theh0 is the order parameter o
a second order phase transition.

To summarize, the composite scalar spectrum consist
the longitudinalW andZ and the following states:
3-9



c

V

la

on
to
ec

a
o

ol

th
la
o
u

ill
in
p
r-
ily

ig
wn
ft-
th

g

the
d-

e-
uge-
nal

ra-

tes,
nd
are
q.
rks
ra-

y

CHIVUKULA, DOBRESCU, GEORGI, AND HILL PHYSICAL REVIEW D59 075003
h0: a neutral Higgs boson of massmtx;600 GeV times a
factor of order one~or smaller ifMxx

2 'Mtx
2 );

H0,H6,A0: the heavy states of a two Higgs-doublet se
tor, roughly degenerate with a mass (mtx /e)A2/r;

Hxt
0 ,Axt

0 : oneCP-even and oneCP-odd state, which are
light only if Mxt

2 'Mtx
2 ;

Axx
0 : a neutralCP-odd state which is light only ifMxx

2

'Mtx
2 .

fbb : a neutral complex scalar, with a massMtb ~which is
an arbitrary parameter!;

Htb
6 : a charged scalar which can be as light as 250 Ge

Mtb andMxb are sufficiently small;
Hxx

0 ,Hxb
6 : a CP-even neutral state and a charged sca

with large masses,*mtx /e.
Finally we note that, for a generic choice of parameters,
or more of these scalars may have a mass of order the cu
M . If so, these particles are not part of the low-energy eff
tive theory.

IV. HIGHER ENERGY PHYSICS

We have shown in the previous section that the top qu
seesaw mechanism leads to a low-energy effective the
involving bound states of thex, t and b quarks. There are
several questions that remain: What breaks the top-c
gauge group? What interactions distinguishx, t andb? How
is electroweak symmetry breaking communicated to
other quarks and leptons? In this section we describe a c
of models of electroweak flavor symmetry breaking incorp
rating a top quark seesaw which illustrates some of the iss
involved in constructing more complete models.

In the prototype model, top-color symmetry breaking w
be dynamically generated while flavor symmetry break
will be assumed to arise from unspecified ‘‘extended to
color’’ interactions~analogous to extended technicolor inte
actions@12#! at higher energies. The model is most eas
displayed in ‘‘moose notation’’@13#, in which lines stand for
fermion fields and circles forSU(n) gauge groups. An arrow
emerging from a circle with ann in it represents a left-
handed fermion transforming liken or a right-handed fer-
mion transforming liken̄, while an arrow going in indicates
a right-handed fermion transforming liken or a left-handed
fermion transforming liken̄.

Using this notation, the prototype model is shown in F
1. ThexL,R fields and right-handed quark fields are sho
explicitly, while cL

1,2,3 denote the three generations le
handed weak-doublet quark fields. We will assume here
the twoSU(m) interactions and theSU(m11) interactions
become strong and producej̄j condensates. The~relatively!
strong SU(3)1 interactions and the weakerSU(3)2 gauge
group are as in the schematic model of Sec. II:SU(3)1

3SU(3)183SU(3)2→SU(3)QCD due to the formation of

jR
1jL

1 andjR
2jL

2 condensates driven by a strongSU(m) gauge

interactions, and ajR
3jL

3 condensate driven by a stron
SU(m11) gauge interaction.

The scale ofSU(3)13SU(3)18 breaking@set by thej̄LjR

condensates, i.e. the scales at which the twoSU(m) interac-
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tions and theSU(m11) interaction become strong# is as-
sumed to be close to the scale at which theSU(3)1 interac-
tions would break the chiral symmetries associated with
xR and cL

3 fields. If that chiral phase transition is secon
order, this breaking gives rise to axRcL

3 composite Higgs
field.

Themxx andmxt ‘‘mass’’ terms cannot be present at tre
level since the corresponding mass operators are not ga
invariant. Instead, they must arise from higher-dimensio
operators coming from higher-energy interactions. AxLxR
mass term can arise from an operator of the form

xLgmjL
1jR

1gmxR , ~4.1!

giving

mxx}^j1j1&, ~4.2!

while axLtR mass term can arise from a four-fermion ope
tor of the form

xLjR
3jL

3tR , ~4.3!

giving

mxt}^j3j3&. ~4.4!

As these ‘‘masses’’ are proportional to different condensa
their sizes can naturally be different even if the sizes a
strengths of the corresponding higher-energy interactions
similar. Furthermore, operators of the form shown in E
~4.3! can involve all three generations of charge 2/3’s qua
and is a potential source of mixing between the third gene
tion and the first two.

FIG. 1. The ‘‘moose’’ model of dynamical top color symmetr
breaking.
3-10
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A crucial feature of the seesaw mechanism is that
c̄LtR mass term must be suppressed. This happens natu
in the model shown in Fig. 1: no gauge-invariant fou
fermion operator exists which could give rise to such a te
The largest contributions come from six-fermion operat
and are naturally small.

The masses and mixings of the first two generations
easily arise from higher-energy interactions as well, sin
both the left-handed and right-handed quarks transform
der the SU(3)2 interactions. For example, a charm-qua
mass can arise from an operator of the form

cL
3xRcRcL

2 . ~4.5!

The b mass, however, is quite different here than in t
schematic model. Because of the presence of thejR

1 andjL
2

fields which also transform underSU(3)1 , instanton effects
yield high-dimension multifermion operators which are t
small to account for the bottom-quark mass. We believe
will remain true in any model of dynamical top-color sym
metry breaking. Thus we have assumed, counter-intuitiv
that thebR shares top-color interactions withcL

3 andxR so
that we can allow for the operator

eabcLa
3 xRcLb

3 bR ~4.6!

@theeab acts on theSU(2)W indices to make it a singlet#. In
addition to ab-quark mass, this operator induces a tadp
term for fbb in the effective potential. However, the shift i
the vacuum is small ifMtb is large, and the analysis in Se
III remains essentially unaltered.

Having given thexR and thebR the same strong gaug
interaction quantum numbers, we must introduce additio
interactions to ‘‘tilt’’ the vacuum and prevent the formatio
of a potentially largebRcL

3 condensate and a large bottom
quark mass. In the spirit of extended technicolor, we w
assume that the effective Lagrangian includes operators

hx

M2 cL
3xRxRcL

31
hb

M2 cL
3bRbRcL

3 , ~4.7!

with hx.hb . Such a pattern of interactions can tilt th
vacuum, as required. The presence of the operators in
~4.7! give rise to contributions to theT parameter@9#, be-
yond those in Eq.~3.25! coming from fermion loops. How-
ever, due to the large scaleM;O(50 TeV), these contribu-
tions are negligible@3#. The same argument applies in th
case of other electroweak observables@14# or flavor chang-
ing neutral current~FCNC! effects@15#.

While we have yet to complete a full phenomenologic
analysis of this model, we regard it as an existence proof
it is possible to construct a model incorporating a top qu
seesaw mechanism in which top-color symmetry breakin
dynamical and which allows for intergenerational mixin
This model also raises additional questions: What gives
to the necessary higher-energy interactions? Is there a na
explanation for the near equality of the chiral symme
breaking scales of theSU(m) and SU(m11) interactions?
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Why are these chiral symmetry breaking scales close to
scale ofSU(3)1 chiral symmetry breaking?

Finally, we note that a variant of this model could b
constructed by replacing thebR fermions transforming unde
SU(3)1 by thevR fermions of Eq.~2.26!, adding thebR to
the fields transforming underSU(3)2 , and adding thevL to
the fields transforming underSU(3)18 . Anomaly cancellation
will then also require thatSU(m11) is replaced bySU(m
12). Such a variant allows for additional sources of mixi
between the third generation and the first two.

V. CONCLUSIONS

In the dynamical top quark seesaw mechanism EW
occurs via the condensation of the left-handed top quark w
a new, right-handed weak-singlet quark. The fermionic m
scale of this weakI 51/2 condensate is large, of order 0
TeV, and it corresponds to the formation of a dynamic
bound state Higgs scalar with a VEVv/&'175 GeV. How-
ever, the newx-quarks also condense amongst themselve
still larger scales, and have condensates with the rig
handed top quark as well. Upon diagonalization of the f
mionic mass matrix, the physical top quark mass is s
pressed compared to the 0.6 TeV matrix element by a see
mechanism. As a result, this class of models allows fo
dynamical origin of EWSB and can accommodate a he
top quark without introducing extra fermions carrying wea
isospin quantum numbers.

In this paper we presented a schematic model with a m
mal version of the seesaw which illustrates the essential
tures of the dynamics. We also presented a calculation of
effective potential in a generic low energy theory that inc
porates the dynamical top quark seesaw mechanism.
effective potential allows one to understand the range of
rameters required for the seesaw mechanism to be suc
ful. Furthermore, we have computed the spectrum of co
posite scalars, which includes a potentially light Hig
boson. Finally, we presented class of models of electrow
symmetry breaking which incorporate the top quark sees
mechanism and in which topcolor symmetry breaking is d
namically generated.

Many issues remain to be explored. Among these a
What is the most elegant method to incorporate the first
generations of quarks and intergenerational mixing, as w
as leptons? Is there a natural mechanism for top colo
break close to its chiral symmetry breaking scale? Are th
generic experimental signatures of the top quark seesaw?
believe that the top quark seesaw opens up a wide rang
directions in model building which may allow these que
tions to be answered.
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APPENDIX A: THE U„1… TILTING MODEL

We apply here the effective theory approach discusse
Sec. III to the original model with a dynamical seesa
mechanism@3#. The transformation properties of the thir
generation fermions under the gauge group are show
Table I. The breaking of the gauge group down to the st
dard model one leaves a degenerate octet of massive ‘
orons’’ and two heavyU(1) gauge bosons. It is assumed th
all these gauge bosons have a massM;O(50 TeV).

The coefficients of the four-fermion operators are giv
by

zAB5
2

p S Nc
221

2Nc
k1YAYBk11XAXBkB2LD , ~A1!

where Y are theU(1)1 charges whileX are theU(1)B2L
charges, shown in Table I, andk,k1 ,kB2L are theSU(3)1
3U(1)13U(1)B2L coupling constants, defined as the gau
couplings squared divided by 8p.

The charge assignment impliesMxt
2 ,Mxx

2 ,Mtt
2 ,Mxb

2

and Mtx
2 ,Mtb

2 ,Mxb
2 . The scalars havingbR as constituent

do not acquire VEVs providedMtb
2 .0, which gives

22k11kB2L,12S 3p

8
2k D . ~A2!

The vacuum alignment conditionMtx
2 ,0,Mtt

2 requires

4k113xkB2L,12S 3p

8
2k D,4k11kB2L . ~A3!

Finally, the restrictionMxt
2 *Mtx

2 imposed by the minimiza-
tion condition~3.15! gives

12k1&~129x2!kB2L . ~A4!

The range of theU(1)B2L charge oftR and xL , 21/3,x
,0, allows the conditions~A2!, ~A3! and ~A4! to be simul-
taneously satisfied.

The relation between the coefficients of the four-fermi
operators and the fermion charges leads to relations am

TABLE I. Third-generation andx fermion representations.

SU(3)1 SU(3)2 SU(2)W U(1)1 U(1)2 U(1)B2L

cL 3 1 2 1/3 0 1/3
tR 3 1 1 4/3 0 21/3,x,0
bR 3 1 1 22/3 0 1/3
l L 1 1 2 21 0 21
tR 1 1 1 22 0 21
nR

t 1 1 1 0 0 21
xL 3 1 1 4/3 0 21/3,x,0
xR 3 1 1 4/3 0 1/3
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the six MAB
2 parameters from the effective potential. The

relations are simplified by observing that the non-Abeli
coupling constantk is assumed to be larger than theU(1)
coupling constants, which implies the criticality condition

k5
3p

8
1O~k1 ,kB2L!. ~A5!

To first order ink1 /k andkB2L /k one can write down three
sum rules:

Mtt
2 2Mxx

2 'Mxb
2 2Mtt

2'2~Mtb
2 2Mtx

2 !

Mxx
2 2Mxt

2 '23x~Mtt
2 2Mtx

2 !. ~A6!

A consequence of the second sum rule isMxb.uMtxu, so
that theHtb

6 charged scalar discussed in Sec. III D is heav
thanmtx /e. Therefore, in addition toh0, the only composite
scalars that may be lighter thanmtx /e are the neutral state
Axx

0 , Axt
0 , Hxt

0 , andfbb .
The composite scalar spectrum is a function of the follo

ing parameters:k, k1 , kB2L , x, e and ln(M/mx). For ex-
ample, the lightest Higgs boson has a mass

Mh0
2

54mtx
2 ~123x!kB2L212k1

9p@123p/~8k!#13~12x!kB2L24k1

3@11O~k1 ,kB2L ,b2,e2!#. ~A7!

In this model, the Higgs boson would have a mass of or
100 GeV only if the ratiok1 /kB2L is smaller than (1
23x)/12 by no more than a few percent.

APPENDIX B: EQUIVALENCE BETWEEN THE GAP
EQUATIONS AND THE STATIONARITY CONDITIONS

FOR THE EFFECTIVE POTENTIAL

In this appendix we show that the set of coupled g
equations used in Ref.@3# is identical@in the largeNc limit

and for large ln(M2/M̄2)# with the stationarity conditions for
the effective potential~see Sec. III B!.

The four-fermion operators discussed in Sec. III@see Eqs.
~3.1! and~3.9!# lead to a dynamical mass matrix for thet and
x quarks, given in the weak eigenstate basis by

L52~ t̄ L ,x̄L!S mtt mtx

mxt mxx
D S tR

xR
D 1H.c., ~B1!

with all the elements real~this can be ensured by a pha
redefinition of the fields!. The top quark andx masses are the
eigenvalues of this matrix,

FIG. 2. Coupled gap equations (A,B5t,x).
3-12



e

ed

TOP QUARK SEESAW THEORY OF ELECTROWEAK . . . PHYSICAL REVIEW D 59 075003
mt,x
2 5

1

2
@mxx

2 1mtt
2 1mxt

2 1mtx
2 7A~mxx

2 1mtt
2 1mxt

2 1mtx
2 !224~mxxmtt2mtxmxt!

2# ~B2!

while the mass eigenstates are given by

S tL8

xL8
D 5S cL 2sL

sL cL
D S tL

xL
D ,

S tR8

xR8
D 5S cR sR

2sR cR
D S 2tR

xR
D , ~B3!

where

cL ,sL5
1

&
F16

mxx
2 2mtt

2 1mxt
2 2mtx

2

mx
22mt

2 G1/2

, ~B4!

andcR ,sR are obtained by substitutingmtx↔mxt in the above expressions forcL ,sL .
The one-loop gap equations can be easily computed by keeping the weak eigenstates in the external lines, and thx and t

mass eigenstates running in the loop~see Fig. 2!, and are given by

mtt5zttH 2cLcRmtF12
mt

2

M2 lnS M2

mt
2 D G1sLsRmxF12

mx
2

M2 lnS M2

mx
2 D G J

mxx5mxx1zxxH 2sLsRmtF12
mt

2

M2 lnS M2

mt
2 D G1cLcRmxF12

mx
2

M2 lnS M2

mx
2 D G J

mtx5ztxH cLsRmtF12
mt

2

M2 lnS M2

mt
2 D G1sLcRmxF12

mx
2

M2 lnS M2

mx
2 D G J

mxt5mxt1zxtH sLcRmtF12
mt

2

M2 lnS M2

mt
2 D G1cLsRmxF12

mx
2

M2 lnS M2

mx
2 D G J . ~B5!

Using the relation between the mass matrices in the two bases, namely

S mtt mtx

mxt mxx
D 5S 2cLcRmt1sLsRmx cLsRmt1sLcRmx

sLcRmt1cLsRmx 2sLsRmt1cLcRmx
D , ~B6!

we can rewrite the gap equations as

mttM
2S 1

ztt
21D52@mtt~mtt

2 1mtx
2 1mxt

2 !1mtxmxtmxx# lnS M2

mx
2 D

mxxM2S 1

zxx
21D2mxxM2

1

zxx
52@mxx~mtx

2 1mxt
2 1mxx

2 !1mttmtxmxt# lnS M2

mx
2 D

mtxM2S 1

ztx
21D52@mtx~mtt

2 1mtx
2 1mxx

2 !1mttmxtmxx# lnS M2

mx
2 D

mxtM
2S 1

zxt
21D2mxtM

2
1

zxt
52@mtx~mtt

2 1mxt
2 1mxx

2 !1mttmtxmxx# lnS M2

mx
2 D ~B7!

where we neglectedmt
3 ln(mx

2/mt
2) compared withmt,x

3 ln(M2/mx
2), which is consistent with the leading log approximation us

in Eqs.~B5!.
One can see that the gap equations~B7! are identical with the stationarity conditions~3.14! for the effective potential

derived in Sec. III.
075003-13
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