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The top quark seesaw mechanism offers a method for constructing a composite Higgs field without the usual
difficulties that accompany traditional technicolor or top-color theories. The focus of this article is to study the
phenomenology of the new physics required by this mechanism. After establishing a set of criteria for a
plausible top quark seesaw theory, we develop two models, the first of which has a heavy weak singlet fermion
with hyperchargq4 while the second has, in addition, a heavy weak singlet hyperchaég‘ermion. At low
energies, these theories contain one or two Higgs doublets, respectively. We then derive the low energy
effective Higgs potential in detail for the two-doublet theory as well as study the likely experimental signatures
for both theories. A strong constraint on the one-doublet model is the measured value pattaeneter which
permits the new heavy fermion to have a mass of about 5—7 TeV, when the Higgs boson has a mass greater
than 300 GeV. In the two-doublet model, mixing of the new he¥wy— 2 fermion and theb quark affects the
prediction forR,, . In order to agree with the current limits &,, the mass of this fermion should be at least
12 TeV. The mass of the hea\hy:‘g1 fermion in the two-doublet model is not as sharply constrained by
experiments and can be as light as 2.5 TeV.

PACS numbds): 12.60.Rc, 14.80.Cp

[. INTRODUCTION isosinglet quark with the quantum numberstgf and that
the physical top quark mass comes about via a “seesaw”
In recent years the standard model has been subjected mechanism involving andQ [6].
extraordinarily precise experimental te$ts. All the evi- A full description of the top-condensate seesaw mecha-
dence to date suggests that the usual picture of fundamentaism must involve new interactions at high scales. In particu-
interactions, based on a spontaneously broke(2stJ(1) lar, the four-Fermi operators needed to bind the composite
gauge symmetry, is quantitatively correct. However, theHiggs boson and break $2) may come about as the result
character of the symmetry breaking sector of the theory i®f integrating out the massive gauge bosons of a spontane-
still largely mysterious. Constraints derived from precisionously broken “top-color” gauge interactiofi7]. So, in a
electroweak data suggest that the Higgs boson may be ligi¥ense, top-condensate models defer the problem of gauge
[1], although this conclusion has been criticized on varioussymmetry breaking to a new $P} singlet sector of the
grounds[2]. In addition, it has been argu¢d] that models theory, whose interactions break top-color.
of electroweak symmetry breaking that involve large num- In the present article, we discuss some of the issues in-
bers of new strongly interacting $2) doublet fermions are Volved in constructing top-color models that are *“com-
excluded by experiment. These constraints pose a significaflete,” in the sense that all gauge symmetry breaking is ac-
challenge to traditional technicolor mod€l4] since such complished dynamically, without recourse tad hoc
models typically predict a heavy Higgs boson, and often infphenomenological Higgs multiplets. In Sec. Il, we review the
volve large numbers of new $P) doublets. basic features of top-condensate seesaw models. In Sec. I,
These considerations suggest that the simplest technicolé¢e discuss models of physics above the scale of top-color
mechanisms may not be realized in nature. An alternativéreaking, and delineate two classes of models that appear to
scenario has been suggestéd, in which the composite be viable. In Sec. IV we discuss the spectrum of composite
Higgs field is “made” of ordinary standard model quarks. Higgs bosons in these models. In Sec. V, we study the phe-
Indeed, the composite fieﬁRlJIE, wherewf is the (t,b) dou- nome_nology of thesg models at low energies, and_ present
blet andQ is a quark with electric charge-2/3, has the e_xperlmental constralnts_ on the masses of new particles pre-
correct quantum numbers to play the role of the standardicted by our models. Finally, Sec. VI concludes.
model Higgs boson. In models of this type, four-Fermi op-
erators that result from integrating out physics at a high
scales bind the composite Higgs boson and break25U

through the formation of @Rwﬁ condensate. The simplest _
models, in whichQr=tg, predict a top mass that is too As experiments placed larger and larger bounds on the

|arge_ So it has been Suggested tmﬂ is S|mp|y a new Mmass of the top quark, it became tempting to speculate that
the top quark plays a principal role in the breaking of elec-
troweak symmetry. This observation led Nambu and others

Il. THE DEVELOPMENT OF THE TOP QUARK SEESAW
MECHANISM

*Email address: hael@feynman.harvard.edu [8] to suggest that if some new interactions produced a top
"Email address: grant@feynman.harvard.edu quark condensatéft), this condensate would have the cor-
*Email address: georgi@physics.harvard.edu rect gauge properties to break @yXU(1)y— U(D)em.
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The interaction that he studied was the four-Fermi interacparticipates in the breaking of electroweak symmetry. Since
tion, x is an isosinglet, it does not contribute too much to Peskin
o o and Takeuchi'sS parametef3]. By comparison, in tradi-
L= Lyinetict G(PLatr) (trfD). (2.1)  tional technicolor models, the large number of “extra”
SU(2) doublets needed to construct the Higgs sector give
Here,y, is the usual left-handed third generation quark doudarge contributions tc that are probably unacceptable.
blet andty is the right-handed top quark. Bardeen, Hill, and The introduction of they leads to a modification of the
Lindner[5], following Nambu, examined this interaction fur- Pagels-Stokar relation for the top quark mass. We can derive
ther by performing a renormalization group analysis of thethe new relation using an effective field theory approach
low energy theory. By summing the graphs contributing to[10]. To begin, we assume that the gauge structure of the
the W-propagator in the bubble approximation, they esti-theory is such that the exchange of a massive coloron be-
mated that the scale associated with electroweak symmettyeeny, and yg (rather than thég) produces a four-Fermi
breaking,v =246 GeV, and the top quark mass are related bynteraction of the form

the Pagels-Stokar formu(®] 5

Otc — _
N A2 L'==5 (Yixe) (Xri) ++ (2.9
vi~ —Smiin— (2.2 M
8m? T md '

In addition, the theory admits, after top-color symmetry

For A of order 1 TeV, this indicates a top mass of order 600Preaking, the following allowed mass terms:
GeV. The prediction ofm, can be lowered by taking the b ==
cutoff A to be very large. However, even fét~M pjanck L7= 7 X iXR™ XL tgHHC A 29

the prgdicted tpp _quark mass is too large. Indegd, the detail@linCe bothy, andtg areY=2 singlets, these fields can mix,
?\naly&s of|5] indicates thamm,=218 GeV for this value of g e define mass eigenstates through the following rotation:

Apart from the top mass prediction, this theory for top XR=COSOxRr+ Sin bty pot
condensation has several unappealing features. The interac- .= cosfte—sin @ =—. (2.6)
o - . R R XR M
tion in Eqg.(2.1) is not renormalizable and must be the low XX
energy remnant of some new physics. More seriously, thehe interaction Lagrangian then becomes
strength of the interaction must be very precisely tuned in
order to obtainM, z<A. This is the usual gauge hierarchy ) ., gtzC
problem. L7=—my xgtHC+ 7o
The first difficulty was resolved when Hill7] noticed
that, through a Fierz rearrangement, the four-Fermi interac- X (i, (cOSOxk— SiN Bt5))((COSOxk—SinOtL) i),
tion could be rewritten in a suggestive form. Indeed, we can
make the substitution 2.7
- - - 1 1 where m?= ,u,)z(x-i- ,u,)z(t. We can analyze the effects of the
(,pLatR)(tRlpﬁ)_)—( wLaVM—KAtﬁf)(tRy“—)\AtR) four-Fermi interaction by rewriting the Lagrangian in terms
2 2 of a static auxiliary Higgs fieldH. The interaction Lagrang-
+O(NZY) (2.3 ian can be written as
c ). .

The operator on the right-hand side is precisely what one L'=—my xg+H.C.H gich (COSO)XR— SIN OtR)
obtains from integrating out a massive gauge boson. If quan- XHo+H.c.— MzHgHO; 2.9
tum chromodynamics is embedded in a larger gauge theory,

called “top-color,” then an interaction such as that on the gt |ow energies, we shall find that, plays the role of the
right side of Eq.(2.3) naturally arises. For example, SUPPOSe ynrenormalized Higgs doublet. For energies m<M, the
that the top-color gauge symmetry is @4 XSU(3),, which , field decouples and, upon integrating it out of the theory,

spontaneously breaks to the diagonal subgroup. The theogyenerates the following one loop effective Lagrangian:
contains eight massless gauge fields, the gluons, and eight

gauge fields of madd, the colorons. With appropriate gauge Lle=—0ySinO g thH+H.c]+ D, H'D*H
guantum number assignments, the exchange of a massive

coloron produces the operator on the right side of ) — mﬁHTH —N(HTH)Z. (2.9
when we integrate it out. 1§, is the gauge coupling con-

stant, we identifyG ~g2/M?2. Here,H is the renormalized Higgs fielt = \ZH,, andg,

The Pagels-Stokar relation suggests that if the saaté  is the renormalized couplingy,=gi./\Zy, where the wave
new physics is in the TeV range, the top quark mass resulfunction renormalization induced by integrating out phés
ing from SU?2) breaking will be unacceptably large. A solu-
tion to this difficulty[6] is to introduce a new heavy fermion,
X, a weak singlet with the same hypercharget@s which

2 2 2
OicNe|, M . n
=——|In= +sirfdln—+ . .
Zy 1672 IN =5 +si elnlu2 0(1) (2.10
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The Higgs mass and ;glf-gouplingzconstant, ir12 terms of th@ontainingy, tg, so such terms should also be naturally sup-
unrenormalized quantitie®y;, =Zymy andho=Zy\, are  pressed. For a specific model, these restrictions on the sizes
of the mass terms translate into the requirements on the rela-

2 2 ; ; ; ;
0N M tive mass dimensions of the effective operators that produce
2 _np2 2 A2 M2 ,,2
my,=M*=—o—>|M —cos'9m*In mz [+ O(m, 1), them in the higher energy theory.
By a completely analogous procedure, we could also in-
\ gtchc | M2 ‘o m2 o) troduce a weak singlet partner for thequark,
=——|In=—sin"6In— .
° 8xt | m? u? w~(1,—2) under SU2)yxU(l)y. (2.16

(2.1
_ ) i _ The low energy spectrum of such a theory, which we study
Observe that foru<m<M, H is a dynamic scalar field i, sec. IV, contains two Higgs doublets. In models of this

dynamically generated mass term becomes negative, then tﬂ?e SU2) breaking condensate(st_x ) and <Fw ). Of
Higgs field acquires a vacuum expectation value. This OCCUrS ' ce it is necessary to adjust tLheRseesaw aneFé:Hanism ap-

for cosg~1 when propriately in order to get the correbtquark mass. This is

2N 2 271-1 different from the situation in models with only gtype
gtc C ’“XX M k d I . h | . f L | .
8—2—2 1- WlnT , quark. In models with only g, it is often necessary to “tilt

m Mxx the vacuum in such a way that ontyguark condensates

form; if the b condenses as well, its mass becomes too large.
From this perspective, models with botandw quarks have
the virtue that they do not require such tilting mechanisms.

where we have used

— 2 2 2
M= Wi T Myt™ Bypo

which is appropriate for sifi<1. If we then write the Higgs lll. CONSTRUCTING A SUCCESSFUL TOP-COLOR
vacuum expectation value in the usual form, SEESAW MODEL
vIv2 The gauge theory structure of a successful top-color
(H)= o | v=246 GeV, (2.12  theory is of the general form
GX G XSU2)wXU(1)y, (3.

the top quark acquires a mass,

whereG;, is the top-color group, usually two or more copies
2.13 of SU(3), that breaks down to ordinary $B)Cg,or under the

influence of some additional gauge interactions with the lo-

cal symmetry groupG. In the simplest top-color models,
The couplingg, is related to the top-color gauge coupling by G;.=SU(3)XSU(3), but we shall later study a model with
a factor of the wave function renormalizationg;  three SU3) factors. The matter content of the theory should
=g,./\VZy. When we substitute in the expression in Eg.include, in addition to the standard model fields, some
(2.10 and retain only the leading term in i, we have an  SU(2)y-inert fermions y, r with hyperchargeY=35 (and
expression which superficially resembles that of the bubbl@erhaps som&'=—% weak singlets for & quark seesayy

i v
mt=gtSIn0$

approximation(2.2): and some fermions that break top-color when @&@auge
) interactions become strong. Some additional matter fields
, Ne m M2 ) may be required to cancel the anomalies in the theory. A
\Y :W mlnmanO(smze). (2.149

realistic top-color seesaw model must be arranged to satisfy
the following properties to produce the correct low energy
Therefore we see that it is possible naturally to have a tophysics. We shall assume that the models are self-contained
quark much lighter than the 600 GeV required by the bubbldo the extent that they are anomaly free and do not require
approximation formula: unspecified “spectator” fermions to cancel gauge anomalies.
In addition, in a fully realistic model, it must be possible to
construct higher-dimensional gauge-invariant operators that
give rise to light quark and lepton masses. We assume that
such operators come from integrating out new physics at a
Up until now, we have made several assumptions aboutflavor” scale A of order 50 to 100 TeV. We shall further
the relative sizes of the mass terms as well as which couassume that the flavor dynamics are strong. This assumption
plings appear in the low energy effective Lagrangian. Foris not necessary but it is convenient since it allows us to use
these to occur naturally constrains the models that we cathe tools of naive dimensional analygNDA) [11] to esti-
consider. For example, E@2.14 requires that si#<1, or  mate the mass scales of the effective operators that arise at
My > My, SO the dynamics that produce these mass termenergies below the scales associated with the flavor physics,
should naturally favor a heavier mass for the term. More-  f; and A;. Heref; is the decay constant of the pions asso-
over, to produce a successful seesaw, we neglected terrted with flavor symmetry breaking, while;<4f; is the

my
siné

m,=174 GeV, ~600 GeV. (2.15
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FIG. 1. An example of a simple model that can realize a top- FIG. 2. Another top-color theory constructed so thatg and
color seesaw. The central gauge group is chosen so that the thegpgy, terms are forbidden at tree level. Instead, these terms arise
is free of anomalies. dynamically in the low energy theory.

physical mass of the lightnon-Goldstongcomposite states 1 — — . 1
associated with the strong flavor interactions. Aff?(wLXR)(URgL)(ER‘/’L)' (32
The requirement that it be possible for such operators to

generate quark and lepton masses of order 1 GeV can be

used as a guide in building models. We also demand that ajl/hen the SWA) interactions cause théz¢, condensate to

the energy scales and particle masses should arise dynariy™ and break SIB)XSUE)—SUB)qcp, the naive esti-

cally. This condition produces a natural hierarchy of particlemate for the a light quark mass is

masses. If the masses are not protected by chiral symmetries,

it is difficult to explain why they should be small compared

to As. m,~ <iRj%> (WixR)- (3.3
Before stating the models we study here, we shall present

several simpler models since it is instructive to see how these _

fail. The models are represented in “Moose notatidd2],  (&réL) is the vacuum expectation value of tgé, conden-

which efficiently encodes the gauge transformation propersate which is of the 0rddr§R§L>~ft2CAtc, using the rules of

ties of the matter fields and allows us quickly to write naive dimensional analys[41]. Here f,. and A, play the

anomaly-free models. In the Moose notation, the BY( analogous roles for the strongly interacting top-color dynam-

gauge groups are represented by circles while fermions aiies asf; and A played in the flavor physics. In terms of the

lines. A fermion line emerging from an SN group lives in ~ coloron massM introduced in Sec. Il, we havél~A .

the N-representation if left-handed\(if right-handed while =~ =47 fic. One of the difficulties with this model is that lep-

. R o . ton masses can arise from dimension six operators,
an entering fermion line lives in thid-representation if left-
handed(N if right-handed. .
One might hope to succeed with a seesaw model involv- €ap( z//ﬁXR)(TEeR) (3.9
ing a single group mediating between the two(3X$ that

compose the top-color group. An example of such a theory i§nq should be generically heavier than the quark masses by a

shown in Fig. 1. In this model, the $4) group can break the 2,
) . . factor A¢ff/(égé, ). For example, when the scale of the fla-
SU3)xSU3) symmetry dynamically. In particular, if the vor physics isf,—100TeV andf,,~10TeV, this factor is

SU(4) is more strongly coupled tha.n the &) mterachong, O(10%) which is unacceptably large. Another difficulty for
we expect the quarks to condense in thgég channel. This . J1eio with G;.=SU(3)XSU(3) is that no symmetry pre-
condensate transforms as (B,8nder SU3)xSU(3) and  vents ay, ty (or even &y, Uk) mass term from arising. Such
therefore can break the &) factors down to their diagonal 5 term could spoil the seesaw mechanism since there is no
SU(3) subgroup. Notice that the light fermions—the »,  reason that it could not have a mass of the order of the flavor
and standard model fields—are anomalous undegcale physics. This observation suggests that the figlds
SU(3)xSU(3). By choosing the group SW) for the interac-  {_ and yg should transform under different $8) groups.
tions that break top-color, thi R fields cancel the top-color Here we shall attempt to construct models which do not
anomalies. To protect the light quark masses, we have chqgimit these tree-level mass terms—a condition which will
sen the left- and right-hand fields to transform under differead us to consider models with more complicated gauge
ent SU3) groups. In this model, the third generation is dis- symmetries. Yet the simplicity of this linear Moose model is
tinguished as follows: we can choosg and bg to be 5o enticing that we shall explore models similar to it else-
respectively the linear combinations bfy and Dy quarks where[13].
that couple to they, and w, fermions. The Ieft-handed;f A model with three SI(B) top-color factors contains
fields are defined by the linear combination of #hefields  enough symmetry to prevent thgtg or gy, terms from
that couples to the Higgs field that develops a vacuum exforming at too high an energy scale. One such model of this
pectation value. It is not clear, however, that prohibitively form is shown in Fig. 2 where the dimensions of the 81)(
large flavor changing neutral currents do not arise in thiggroups that break top-color have been chosen to cancel any
model. anomalies. Unfortunately, in this model thetg mass term
The light quark masses arise from operators such as  originates from a dimension nine operator:
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FIG. 4. Another top-color model which contains two composite

FIG. 3. Chivukula, Dobrescu, Georgi, and Hill's top-color Higgs doublets in the low energy effective theory.

model[10]. The low energy effective theory for this model contains

a single composite Higgs doublet. ) —
masses of these fermions setby-bb and thep parameter

discussed below. Models with more &), singlet fermi-

ﬁ(— £ )(Eé )(Et )— AELEr)({LlR) — ons, to a first approximation, lead to multiple copies of the

¢ XLSRILSLERILSLIR e XLIR Higgs fields of these two models which generically should
i reinforce the perturbations B8, and dp. Some of our as-

_ AeAicie_ sumptions may be relaxed to obtain simpler models but only

f? xutr - (NDA), at the cost of the naturalness of the mass scales.

(3.9 IV. THE HIGGS POTENTIAL
which is probably too small unless the ratio of the flavor Now that we have a pair of models that produce a top
scale to the top-color scale is only about a factor of 3. Thigjuark seesaw, we would like to study their phenomenology
difficulty comes from the need to straddle the entire diagranin some detail. The effective potential for the one-doublet
to produce an operator containiyg andtg that is invariant model has been carefully studied bef¢i®] so in this sec-
under all of the gauge symmetries. The remedy is to add@ion we concentrate on the two-doublet model and derive its
another gauge group which links the two ends. Thus we arkliggs spectrum. A few points deserve special attention.
led to consider top-color models such as that of Fig. 3 whickFirst, in the leading approximation, the two doublet model
was first proposed ifi10]. preserves a global Peccei-QuinilJsymmetry, so it has an
With only a single additional{=3) fermion, this model unacceptable weak scale axion. We shall add explicit, but
produces a single Higgs SU(g)doublet in the low energy small, Peccei-Quinn breaking terms to give this “axion” a
theory. An unpleasant feature of this model is that it stillmass. Second, we shall make some simplifying assumptions
requires some mechanism to tilt the vacuum to prevent th@bout the dependence of the low energy theorymgnand

formation of a largebgy? condensate which would produce Mw- Whenm,=m,,, the model has a custodial &g sym-

an unacceptably large quark mas§10]. Figure 4 shows a metry which is reflected in the Higgs spectrum: both Higgs
model with two additional fermionsy (Y=2) andw (Y= doublets acquire equal vacuum expectation values, and the

—2), which act like a weak-inert fourth generation and scalars are gro_uped int_o custogiial(SUmuItipIets. We shall

avoid this need for tilting. At low energies, this model con- 2@SSume that this behavior persistsrigym,, , provided that

tains two Higgs doublets corresponding to t@x and both are light compared to the top—.color scaIe.We will return

— > R elsewhere to the study of custodial @Y breaking bym,

Y wr condensates. THequark mass participates in its own gpg m,, .

seesaw so that it is possible to havg ~10TeV with m, We shall use the techniques {8,6] to study the low

~4 GeV. energy Higgs spectrum. These methods are equivalent to the
To summarize, the desire to achieve an anomaly-fre¢yambu—Jona-LasinidNJL) approximation[14], which is

model that yields a realistic low energy theory though operasyfficient for our purposes.

tors of the appropriate mass dimension has led us to consider |n the two doublet model, the leading-order four-Fermi

models with a rather rich gauge group structure. We shaljnteraction in 1N,

focus in particular upon the two models shown in Fig. 3 and

4 but any top-color model with a singlé=3 fermion or a gtzC — o — o
Y=(%,—2) pair should share the same general behavior of ~ Zint= iz L(¥LXR) (xR T (L or) (@R ) ]+,
two triangular models above, in particular the bounds on the 4.1
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comes from the Fierz rearrangement of the operator correwhen substituted back into the effective Lagrangian, repro-
sponding to the exchange of a massive coloron between thauce the original interaction Lagrangian, Eg.4). In the
¢ and theyg or wg currents. Other operators, such as thosdow energy theory, we should integrate out the heavy degrees
originating fromLL and RR currents are suppressed in the of freedom, which promotes the auxiliary static field to a
1/N.—0 limit. This interaction preserves a Peccei-Quinnfully dynamic Higgs field. To one-loop order, this procedure
symmetry. In order to give the “axion” an acceptable mass,produces a propagating, self-interacting Higgs field—
we add an explicit breaking term to the Lagrangian: working to first order ing&, we find

A — L1 100p=2¢ TH(d M * M)+ €Z ,[ Tr(3,M* M) +H.c.
ﬁint:%[(‘ﬁLXR)(XR%)"‘(l//LwR)(wR‘//L)] 1-toop™ 24 T Jrezd T, ) :

+Zy THMIM) + E Z,, THMM) +H.c]
2

+E s ean Woxa) (Wap) ~MTHMIM) + 3ETHRM)
+ (L) @Rt ]+ 4.2 FHETIOMMDI=NTHMIMMIM)
Here €2® is completely antisymmetric withe?= — ?'=1. FELTMIMTIMAM) +H.cl], 4.7
We should point out that the Peccei-Quinn term we have,are
added is only one of many possible terms that could arise
from the higher energy flavor physics. We expect that this thCNC M2
term should be small compared to E4.1), which translates Z,= Wln—z,
into the requirement<1. This follows from the fact that -
interactions originating from the flavor physics are typically 242N
suppressed by the ratio of the top-color saald0 TeV) to Z= Yt ZC(Mz_Mz)’
the flavor scald~100 Te\). We shall show that both these (4)
conditions can be simultaneously met—that it is possible to 4 5
have ¢ small and the mass of the light pseudoscalar Higgs A= OicNe | M_ 48
well above current experimental bounds. ~ (47)? n u?’ (4.8

If we combine theyg and wy, fields into a doublet,
Observe that at energigs<M, below the scale at which the

[ xr effective field theory description breaks down, we have a
AR= g/’ (4.3 fully dynamic Higgs field; at the boundary,=M, the one-
loop effects that produce these dynamics are small.
then the interaction Lagrangian becomes We next evaluate the Higgs spectrum in the two-doublet
) ) model by expanding the fields about the vacuum,
Otc — — € O — —
Lin=377 (Ya R NordD) + 5 1121 €Pecd YahR) (YnAR) v(1 0
=5 0 1 for v=246 GeVA2=174 GeV.
+ €PecaNarthd) (N prif) 1. (4.4 4.9

We next introduce a static, auxiliary field1, which  The fact that the two entries on the diagonal are equal is a
becomes a pair of Higgs doublets in the low energy effective;onsequence of thé1— — M symmetry of the Lagrangian,
theory once we have integrated out the hegvgnd w fer-  \which we have checked is left unbroken by the vacuum. If
mions. We introduceM through the effective Lagrangian e define the fields representing fluctuations about this

L= m Ma)\b r MTa b : Ma b vacuum state by
eft= Otcl YaLl MpART NapMp i + ENgpMpi

+EYL MENE] = M THMT M) + 2 € THMM) M= %(H HO+ho+iA%+iG?),
+3ETr(MIMN)]. (4.5
Note that the equations of motion for this static field, M;= %(H =G,
b_ Yic

MB= =2\, 1
= wzve Mi=—-(H +G"),
)

~ b gtc v d d
My= W 6bC‘r/’cL)\ R€da™ EbCMcEda’
(4.6) This corresponds to the case a1 in the notation of 15].

055002-6



PHENOMENOLOGY OF A TOP QUARK SEESAW MODEL PHYSICAL REVIEW B1 055002

1 contribute significantly t&& We could analyz& = aqepdp
Mi=—(v+H—h%+iA°-iG?), = agep(p— psm)? by summing the one-loop vacuum polar-
2 ization graphs for th&® andW= propagators that contajp
(410 andt fermion loops to find

then we find that the field&°, G are the Goldstone bosons 2.2

. . N m2m?  m?
associated with the S@)yXU(1)y—U(D)ey symmetry 8p= 75—z | sin*6m?+2 sirf g coS O} —~ lIn—
breaking while the others represent a pair of neutral Higgs 16m°v my—my  m;
fields, h® andH®, a charged Higgs fieltH =, and a neutral
pseudoscalar Higgs fieIcA(_’. In the usual notation for two — sir? 6¥(2—sir?6})m? (5.1
doublet model$15], these linear combinations correspond to

mixing anglesa=—7/4 and 8= /4. To leading order in
the parameteg, inserting the values from E¢4.7) and ca-
nonically normalizing the fields, we find that the masses o
theh®, H° andH™* are degenerate,

for the one-doublet theory and, including tkeandb loops
@as well,

3 =L[sin“exf(m m,) + sin*6;’f(m,, ,my)
, 2vA\;  32mPghv? P~ 16m22 LTmy .My Cf(m,,my

2 _ 2 2 _
mho—mHo—mHi—m

" Zi  NIn(M#/u?) '(4 1 +sinf oY (f(m, ,my) — f(m,,mp) —f(m, ,my))
, . +sir? 9°(f(m,,,m,) — f(m;,mg) — f(m,,,my))
The Higgs pseudoscalar has a mass scaled down by a factor
\/Z—g, +S|nz H)L(Sinzgf(f(mxvmw)—i_f(mtvmb)_f(mo)ymt)
Mio=2£m3,. (4.12 —f(m,,my))] (5.2

The current lower bound on the mass of a Higgs pseudofor the two-doublet theory, where

scalar is about 62 GeY16], so that formy~1 TeV, even a 2 9 2
I t of Peccei-Qui try breaking, | 2, o 2MiM M

small amount of Peccei-Quinn symmetry breaking, larger f(my,m,) =m2+mé— ———5In—s. (5.3

than&é~1/500, is sufficient to be in accord with observations. mi—m; m;

Such a value of could easily be generated by physics at the _ _

flavor scale; if this scale is an order of magnitude above théNotice thatf(m;,m;,) vanishes whem,;=m,. Also, 6 is

scale at which top-color breaks, we might expéet10™ 2. the mixing angle betweey, andt, that rotates these states
into the mass eigenstate basis, and similarlyé®y 6’ .
V. EXPERIMENTAL CONSTRAINTS ON TOP-COLOR The calculations which led to these results are lengthy and
MODELS provide little insight into the physics so we shall extract the

leading behavior via an effective operator approach, de-

Most of the new physics in a top-color model appears akcribed in[17]. Our calculations in this section do not in-
scales of 1-10 TeV or higher, so that the new fields, whetheg|ude effects of the Peccei-Quinn symmetry breaking term in
the heavy fermions or the extra Higgs fields, cannot be digq. (4.2). We showed that these effects could be small and
rectly seen in current experiments. However, their presencstill produce a mass for the Higgs pseudoscalar, and more-
should appear in precise tests of the electroweak theory, pagver we expect them to be small when they originate from
ticularly in measurements of theparameter oRy,, the ratio  the flavor physics since such effects are generically sup-
of decay width ofZ—bb to that ofZ— hadrons. In the one- pressed by powers of the ratio of the top-color scale to the
doublet model, we use the effect of the new heavy fermiorflavor scale. It is important, however, that {8&v,/v,~1,
on Peskin and Takeuchi[8] T parameter combined with the wherev, , are the vacuum expectation values for the two
Higg's contribution tocSandT to map out the experimentally Higgs doublets, since when the custodial(3Jusymmetry in
allowed region of then,es— M, plane. The allowegt mass  the Higgs sector is brokeidp receives potentially large cor-
depends on the mass of the Higgs field, but for a 0.5—1 TeVections that scale quadratically in the Higgs boson masses
Higgs field, the 90% confidence level limits plaog, be-  [18]. However, we have explicitly checked that @n1 is
tween about 5-8 TeV. In the two-doublet model, the limitsthe minimum of thef=0 vacuum so we set tg8+1 in the
on R, exclude anw mass less than about 12 TeV. The massfollowing calculation for the two-doublet model.
of the y is not so tightly constrained. Again, determining the
contributions of the new physics, the » and new Higgs A. The one-doublet model
fields, toSand T, we plot the allowed regions in the,
—m, planes for different choices of the Higgs fields’
masses.

To generate these plots for the allowed masses, we mu
first determine how the new fermions contribute o As
mentioned in the Introduction, one of the advantages of
choosingy andw to be weak singlets is that they do not then 2Here pg,, is the standard model prediction to theparameter.

Generically, the presence of new physics at some high
energy scaledM>v appears at low energies in the form of
Qpnrenormalizable corrections to the standard model. Since
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n P4
He : H}
X X +
H} g He
P2 P3

FIG. 5. This diagram gives the leading matching contribution to  FIG. 6. These graphs give the leading running contribution to
the operator that violates custodial @VJin the effective theory for  the operator in the low energy theory that violates custodig2EU
energies below thg mass.

4
_ Ne_gt
167* 4°

these nonrenormalizable operators arise when we integrate C4= (5.8
out the heavy fields, they enter the low energy theory sup-

pressed by powers of l¥. We can use the effective operator
approach of17] and[19] to estimate the corrections &p
due to integrating out thg and w fields, so that the relevant
mass scale foM is m, or m,,. The operators that produce v2 N, gf v2
the leading contribution t&p involve four Higgs fields, at Op=—Cp—5= 6.2 2 m2’
most two derivatives and must break the custodialZU My & My

symmetry. The only such operatof is

upon takingdf~0~ 6%, which we require for the top quark
seesaw. This leads to a shift in theparameter of17],

(5.9

which agrees with the leading piece of the result of the exact,
Cu cs but much lengthier, analysis of the one-loop vacuum polar-
—0,4=—73(HID H¥(HID#HP)+H.c. (5.4 ization diagrams of Eq5.1).

My my A second, logarithmic, contribution #p arises from run-
ning from w=m, down tom;. In the theory below the scale

More generally, a one-loop graph in the full theory will con- ¢ the heavy fermions, integrating out the produces an
tain custodial S(P)-conserving parts as well; these can con-gfactive operator of the form
tribute to the effective operators
2
9 — t.,3b
c c O= — (¢ HH¥*D ,(Hyii"). (5.10
=5 05=—3 (HID?H)(H{H®) + H.c., m2 e w(Hodi
mX mX
When inserted into the diagrams shown in Figil&ere rep-

Ce Cs N aviitub resented by a heavy dothe piece of these diagrams which
2 06= 2 (D, HaD*H) (HpHP). (5.5 is quadratic in the momenta\( is the top quark Yukawa
X X coupling,

Let us first determine the matching contribution@g in N. A2g2 ue
the one Higgs doublet model which comes from the one-loop - C2 t5 £
diagram in Fig. 5. Expanding this graph in powers of the 167° 2 e

external momenta and retaining the quadratic terms, we find I .
produces a contribution to, given by

86p[s+3t—u]+---, (5.1)

11 2.2
e 4 X x| — N. A0
6.2 %3050t cog ¥ cos' o o m)z([3s+9t+u] c MO

C167% 2

In w2+ (5.12

+ Gpdp(sou), (5.6 Running betweem, andm; gives a logarithmic correction

wheres, t, andu are the usual Mandelstam variables. Match-t0 the matching term found before, so that

ing this to the effective theory, Eq&.4) and(5.5), N, g* v2
[ t

= 1622 7 m

, (5.13

i 1 1
m—iagag c4§(t—s—u)+c5(s+t+ u)+06§(u—s—t))

' i
1+2—2In—2
t t

which agrees with the corresponding leading terms of the
exact analysis to leading order &. To see this, recall that
XM ETTE (5.7  OX¥=\./g, for small\,<g;.

The allowed values for thg mass for a range of Higgs
boson masses are summarized in Fig. 7. In this figure we
have shown the regions in tmay;g,c M, plane which agree
with the latest set of precision electroweak té&fsto within
a 68% and a 90% confidence level. The Higgs field makes its

3Here we have labeled the operator to agree with the notation i®wn contribution to theSandT (or p= aggpT) parameters
[17]. through[3]

><~| -

we discover that the custodial ) violating piece is
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27 =171.1GeV listed in table 32 ¢fL], and by the fact that we

18 are including only the leading logarithmic dependence on the

16 90% Confidence Level Higgs boson mass. This is a rather poor approximation for
""" 68% Confidence Level small Higgs boson masses, but since our fits generally favor

a heavy Higgs boson, it is sufficient for our purposes.

(TeV) B. The two-doublet model

Since the Higgs boson and its mass have yet to be ob-
served, the precision electroweak data do not sharply con-
4 strain the masses of the new fermions in the two-doublet

model. The current measurements set lower bounds of about
2.5 TeV for they fermion and about 12 TeV for the. The
05 10 15 20 2% reason for the higher bound on themass is that through
migge (TeV) mixing with theb quark, it directly affects the prediction for
R, which has been precisely measured at CERN~ col-
FIG. 7. The allowed set ofn, and mys masses based on |ider LEP and SLAC large detect¢BLD). In contrast, they

current precision electroweak tests. mass affects th@ parameter along with the and Higgs
boson masses so that the experimental bounds,odepend
1 mﬁiggs greatly upon the particular values of themass and the mass
SHiggs*Em maiggs o of the Higgs fields. Paralleling our discussion for the one-

doublet model, we first develop an effective operator de-
scription for the contributions t&p. In the limit that the
. , Peccei-Quinn breaking terms are small, the vacuum expecta-
Miggs ref tion values of the two Higgs fields are equal, so we perform
(5.14 our analysis with ta=1. Operators that could arise from
t'[)rée flavor-scale physics can generically perturb the vacuum

where tEe reference I—_hggs boson mass was chosen to_ away from tanB=1, but since such effects depend on the
Myjiggs re= 300 GeV. This reference mass was also used in

the zFITTER [20] routine to obtain the standard model esti- details of the flavor physics, we only briefly considgrfor

mates of the electroweak parameters used to generate Fig.t?.nﬁ 1 without attempting to estimaj@. After deriving the

The plot essentially involves only two parameteng;qqs and ma.ltchlng and running contributions ﬁp,. we dem/e amore
m, . Therefore, we have used the 68% and 90% confidencélringent bound on the mass by studying—bb.

levels for two degrees of freedom and added these to the best AS in the one-doublet model, we can write down the rel-
fit value, x2=21, which occurs formy =159 GeV and evant dimension-six custodial $2) violating operators,

m, —oo. This procedure actually provides a conservative es- _ + +

tirﬁate for the allowed region. If we use instead the 68% and Oi=Ca(H)DLH)(HD*H,),
90% confidence levels appropriate for the 19 parameters
used to generate the standard model contributions to Fig. 7,
the allowed region expands slightly although the qualitative ° °
shape remains unaltered. In any event, for a relatively heavy Of"=ci [(HLD#HX)(H;DMH‘“H H.cl,
Higgs field, 0.5—-1.0 TeV, the mass of tlyefermion should (5.19
lie between 5 and 8 TeV.

Toir ~— 3 In maiggs
Higes™ 167 cos 6y

Oy=cy(H!D, H,)(HID*H,),

\ _ .. whereH%= M3 andHZ = M35, in terms of our earlier matrix
Notice that as thgg mass grows large and its contribution X ,
notation” The first two operators are of the same form en-

_ 71 . . . .
t0 T=aggpop diminishes, the accepta.ble values figgs . ntered in the one-doublet model, so we can simply write
approach the usual range quoted[#1]; for example, we down the one-loop matching contributions:

find that to the 90% confidence level the mass range which
best fits the current electroweak dafg for m,— o is N, g 1 N, g 1

Ci=—Te 24 2 Ci=—gz2,—. (517
Myigge= 159722 GeV. (5.1 167° 4 my 167 4 m,,

The presence of a heavy fermion with a mass of 5-10 Te\l N€ third operator in Eq(5.16 partially undoes the effects
completely alters these bounds, which do not include thé)f)('fvhe first two whenm,~m,,. The leading contribution to
effects of the new physics, so that the Higgs boson can be &34~ from the full theory originates in the graph shown in
heavy as (1 TeV) while SandT still lie within the 90% Fig. 8. Just as in the one—doubl_et case, we must_ take care to
confidence level region. We should point out that this best fiXtract only the custodial-3@) violating part of this graph.
value for the Higgs boson is larger than the 76 GeV quoted

in [1]. This difference can be explained by our choice of

ag(Mz)=0.118 andm,,=173.8 GeV as inputs faZFITTER “We are neglecting the Peccei-Quinn breaking terms which are
rather than the valuesay(Mz)=0.119 and my, small (=0).
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’; . p: 5 N. givi[ 1 . 1 2 Inmi+)\t2 2 Inmi
o o - 0 _
TN P=Tor? 4 w2t wiem2 "me T g me M me
X w

2 2 2 2 2 2

Np 2 my, ANg 2 my A 2 m
H;b ¥ H; +—2—2In—(§——2—zln—)2(——2—zln—(§, (523
. - g m, My grmy, m, ggm, m

FIG. 8. This graph produces the leading matching contributionwhich reproduces the leading terms from the analysig)

to the custodial S(2)-violating operatolO}® . of the vacuum polarization graphs of the two Higgs doublet
model. Observe that in the limih, —m,, that 5p—0.
In addition to Of“, we can also write the following To complete our discussion of contributions &, we
dimension-six operators that contain two derivatives and twdriefly examine the case when t8s 1. Previously, we have
factors of bothH, andH,,: assumed that the vacuum expectation values for the two
Higgs doublets were of equal magnitude. If effects arising
ng[(HLDZHX)(H;Hw)'FH.C.], from the flavor physics break this equality, then we could
have
=X0 T T2
c&“[(H,H)(H,D"H,)+H.c], Ve 0
(Ho=o | Ha=[, | (5.23
cA“[(D,HID#H )(HIH,)+H.c], (5.18 2
. . . . with
which describe a complete set up to integrations by parts.
Retaining just the S(2) violating piece, we find that V1=V COSB, V,=vsing, (5.24)
oxo— _ N¢ g_f 2 Inm—)z( (5.19 where we have now reverted to the normalization where
Y16t 4 mi-ml my ' =174 GeV. Wherv, #v,, then the estimate fafp from the

operators that break the custodial @Ubecomes
The net matching contribution for theparameter due to the

presence of the heavy fermions is sp=—v?[cos'Bc)+sin’ Bey — cos B sir’ B sin’Be)”],
(5.29
Sp=—(cy+cy—ck)v?
or
_Ne giv* 4,2 2
16:2 4 5 N, giv?[codp sin'pB 200§,83in2,8| m’
) P~ 162 4 m? m?2 mo-m;, o om;|’
W 2 D 5.2 5.2
5t —— ————In—%|. . .
m, m; mi-m o m; (5.20 (529

upon substituting in the matching contributions of Egs.
Note that the operatd®}“ contributes tosp with the oppo-  (5.17) and(5.19. Even when the masses of the heavy fermi-
site sign ofO} andO¢ . The origin of this sign can be seen ONS are equakn,=m,,, the perturbation to thg-parameter
when we write the vacuum expectation values for the twd'eed not vanish:
Higgs fields as(H,)=(}§) and (H,)=(0), where v

4.2

=246 GeV/2=123 GeV. Then botlO} and O shift the Z Sp— Ne giv®cos ZB_ (5.27
mass but leave th&/ mass unaffected whil®X“ produces 167" 4 m)z(

the opposite effect—it shifts th&/ mass while leaving th&

mass unaltered. Returning to the tag=1 case, we can obtain a larger

After matching the full and effective theories at energiesbound on the mass of theby studying its effect on the ratio
u~m,,m,, ép receives further logarithmic terms from run- of decay widthR,=T[Z— bb]/T[Z— hadron3. The domi-
ning down to energiesy~m;,my,. The diagrams that pro- nant contribution td}, comes from the mixing of the and
duce these running contributions involve insertions of thep fields. In passing from the weak eigenstates to the mass
operators eigenstates, we perform a rotation

2

2 w ; ®
o — gf — b —cosé’b —sinb’w,,
S (HYDH )+ 5 (I H)D(HLp), (5.2
X ¢ br— COSOLbR— SN 02wg, (5.28
and resemble those encountered before for the one-doublet .
model, in Fig. 6. Including these logarithmic corrections, wewhich shifts theZbb couplings slightly. The standard model
find the following form for &p: coupling of theZ to the left-handedb quark,
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gt b i —>—b HE T—>—b x —>—5b
A Mv\w< t z wwm< B Z W\/\/\A/< X A A/V\/\/\/\< =
=Nl <5 PN~ BN« 5 XN 3
FIG. 9. These diagrams produce the dominant one-loop correc- FIG. 10. These diagrams produce the dominant one-loop correc-

tions which involve only the third generation fermions and the ap-tions which involve they fermion.
propriate Higgs fields.

T 2 . w w mbX
e |1 1 b M5wg:g; COSH)’ cosBR:T,
9. = §S|n2(9W— E , (529
. . T 2 . ® o ® M
becomes after rotating the fields, b M3br:g; cOSHY sin g =—=,
(5.39
1m2
b_ bsm O O i@ qbsm, T Do
9U=9? *"cos oy + g’ sirP o~ gy *"+ 2 m’ where the components of1 can be expanded about the

(5.30 tanB=1 vacuum according to E¢4.10. For tang=1, using

the Pagels-Stokar relation, we findy,,=m;, =400 GeV.

to leading order. Herem,, is the dynamically generated yykawa couplings involvingTRXL, bgt, , andbgw, are all
mass that results frofn, wg condensation. Sindeg and wg proportional to sirg~m,/v and are therefore negligible.

have the same couping to tlgthere is no shiftigr. Inthe  prom £q.(5.34), we conclude that the dominant loop correc-
Nambu—Jona-LasiniNJL) approximation for a two doublet ns are those shown in Figs. 9—11.

model,my,, =400 GeV. The mixing leads to a slight shiftin ¢ diagrams of Fig. 9 have been studied previo{a8]

the standard model prediction: in the context of generic two-Higgs doublet models. The
2 correction is negative and falls off a1y, with increasing
Rb:Rﬁm—O.ngbw. (5.31) Higgs boson mass. A 300 GeV charged Higgs bpson mass
m, decrease®;, by about oneo. In any case for a lightey

mass, a heavy charged Higgs boson is preferred and its ef-
The standard model predictioRy™, is 0.2157-0.0004[22]  fects will strengthen the boun@.32 on thew mass.

while the most recent measurements yidRj=0.21656 The diagrams of Figs. 10 and 11 involve the heavy isos-
+0.00074 so that to agree to withinr2equires inglet fermionsy and w, both of which are strongly coupled
to the composite Higgs scalars. We might therefore expect
m,,>25m,~10 TeV. (5.32  these corrections to be large. However, sincextlad w are

vectorlike, they can be given large &)} -invariant masses
Apart from this tree-level mixing, the strongly coupled and must decouple in the large mass limit. For this reason,
Higgs fields can also modify the width &—bb through the diagrams of Fig. 10 turn out to be quite small. For ex-
one-loop effects. We can estimate these effects using th@mple, even withm,,. =200 GeV andm, =1 TeV, we find

effective theory given in Eq4.5,° that these diagrams give
~ —5
Leti=GifS MAg+H.C. (5.33 SR,=2x 1073,

We shall show that most of the one-loop effects are generall%’]év.hiCh is indeed negligible. The neutral Higgs diagrams of

small so we have neglected the Peccei-Quinn terms which'9: 11 are negative gnd typically q.uite small. These correc-
are additionally suppressed kiy If we rotate these interac- 1ONS ¢an beoappremabole_ if there is a large mass splitting
tions into a mass eigenstate basis, as in BRY with an betvveer21 th%" and theA”, in which case the diagrams grow
analogous pair of, g— x,  rotations, we find the following @S INM,/myo). For example, withmao=100GeV, myo
couplings: =1TeV, m,0=200GeV, andn,=2 TeV, we find

SRp=—0.001.
_ o b
bLM%XR :g; COSH}’ coSO= J,

Y The neutral Higgs effects can shi®, by as much as one

standard deviation in extreme cases. Finally, we note that the

g T—>—0b w —>—b
z W< w z W\MN< HO, KO, 40
5 . ' AN~ W N——~—3
Here we have assumed that the Higgs field has been renormal-

ized so that we use the renormalized coupling constgnt FIG. 11. These diagrams produce the dominant one-loop correc-
=0ic/\Z,, whereZ,, is given in Eq.(4.9). tions which involve thew fermion.

b M2tg: © Sin g%~
LMitr:g;cOSE)’ sin 65= v

055002-11



HAEL COLLINS, AARON GRANT, AND HOWARD GEORGI PHYSICAL REVIEW D61 055002

loop corrections scale zgf which is inversely proportional 67 67 57
to In(MZ/m)z(). We have taken this logarithm to be 5, corre-
sponding to an order-of-magnitude difference between the C
top-color scale and the masses of thand w. The results .
should be scaled appropriately for models with different
scales. (TeV) C

The corrections involving the Peccei-Quinn violating
terms in the effective Lagrangian are expected to be smaller 2 1 2 7 2 7
simply because the coupling in this case is weaker. For
present purposes it is sufficient to retain only the Peccei-
Quinn preserving part, with the caveat that the above results
will likely be modified at the few percent level by the Peccei- L 1015 90 25 5 10 15 20 25 5 10 15 20 25
Quinn breaking term. e (TeV) me, (TeV) me (TeV)

In summary, despite the strong coupling between the
weak-isosinglet fermions and the Higgs fields, we find that FIG. 12. This figure shows the regions in tew mass plane
loop corrections involving these particles are typically small.allowed by the current precision electroweak experiments when the
The loop effects from the graphs in Fig. 9, however, do givenassive Higgs fieldsh®, H® andH=, have a common mass of
a suppression R, when the Higgs boson mass is less than‘_‘oo’ 800, and 1200 _GeV,_resgectlver_. In each of these plots, the
500 GeV, which will strengthen the lower bouri.32) on light pseudoscalar Higgs fieldy”, was given a mass of 100 GeV.
the mass of thev.

The Higgs fields themselves contributeSahroug!?

mpyo = 400 GeV mpo = 800 GeV mpo = 1200 GeV

0 0

Thina—= - f *, + f +,
Higgs 32775|n20W00520WM§[ (M=, Ma0) + F(Myy=, Myg0)

2

2 4 4
mho mH0+ on mhO
= |In —f(mpo,myo) ] — In— , (5.36
Shiiggs 127 mﬁqref (mao_ mio)z 167 coS’ By Mo ref
(mao—Bmio)mﬁo mao where the functiorf(m,;,m,) was defined in Eq(5.3). We
2 2.3 N have used a reference valuemjo =300 GeV in our fits.
(Moo= Mjo) my = . ] ref e
Combining the Higgs boson andw contributions taSandT
(Mao—3Mio)Mao  Mae 11 and comparing to the current experimental constraints on
- v 3 IN—>———=| (539 these parameters, we find the allowed valuesrfpandm,,,
(mHO_ mAO) mHt 6 s

for three illustrative Higgs boson masses,o=400, 800,

and 1200 GeV, shown in Fig. 12. When the Peccei-Quinn

breaking terms are neglected, the masses of the heavy Higgs

and toT through([24] fields are degenerate, as seen in #gl1), so we have set
Mpo=Mmyo=mMmy+ i making these plots. We have also set
mao=100 GeV to be safely above experimental limits.

5The full contribution toS from the Higgs sector, with the stan- As we mentioned above, fan,0~300 GeV, the correc-

dard model contributions subtracted out, is tions from the loops shown in Fig. 9 decred®gby oneo.

In order to haveR, lie within the experimentally acceptable

range then requires that the tree level correctit®@8l) be

1 mﬁo 11 m::o"'mio ; ;
AS= | cog(B—a)in—p— — +sirf(B—a)| ——r— small which occurs whem,,>15TeV. As we increase the
127 mo 6 (Mo—Miy) common heavy Higgs boson mass, the loop corrections be-
. 2 come less important and we can permit a larger tree level
0 0 i i i
(M o— 3oty In —p— (mp— e o)ming In —p correction, which means that the bound oy is relaxed to
m- m- about 12 TeV form,o~800 GeV. When the Higgs boson
* (M o—Mho)? masses are of the order of 1 TeV or heavier, then the nega-

tive contribution toT from the Higgs fields must be compen-
sated by a positive contribution from the heavy fermions, Eq.
mﬁ0+ mio (5.22. This can only occur if then, = m,, symmetry is badly
— broken. We see this effect appearing in Fig. 12 where the
(Mho~ M) allowed values fom, are in the 3—-5 TeV range while,,
2 2 >15TeV.
(nﬁo*?‘»mio)nﬁo In %(nﬁo:m'ﬁo)mio In %

+cof(B—a)

+

>3 , VI. CONCLUSIONS
(mno_on)
wherea and 8 are defined as ifil5]. The case we are studying has ~ We have presented a class of models that implement the
B=—a=mal4. top-condensate seesaw mechanism of electroweak symmetry
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breaking. The models accomplish all gauge symmetry breakd TeV when the Higgs boson mass is above 500 GeV. In two
ing dynamically, without recourse to phenomenologicaldoublet models, the contribution tois small when they and
Higgs scalars. The gauge structure of the models is complex, are degenerate, since in this case the model has §2)SU
This complexity results mostly from the requirement that thecustodial symmetry. The most stringent constraint on two-
models should admit higher dimensional gauge invariant OPgoublet models comes fro@—bb. which receives sizable

erators that generate fermion masses and Yukawa COUp”n%%rrections fromb- mixing. We have shown that the

in the low energy theory. It may be possible to ConStrUCtmust at least be heavier than about 10 TeV. Loop correc-

simpler models, once the flavor sector of the theory is bette{ions while small for large Higgs boson masses and model

understood. . .
ependent, make this bound much more stringent when the

The models we have considered involve new isosinglet b | h b 00 GeV. The |
quarks. Models with only one such quark yield a low energ Iggs boson masses are less than about 5 ev. Theloop

theory with one Higgs doublet, models with two yield two @nd tree level effects combine to impose a boundmpf
Higgs doublets. As with most models of dynamical symme-~ 12TeV. ) o
try breaking, the Higgs bosons are expected to be heavy. In A number of interesting issues have yet to be resolved.
the two doublet models, we expect a set of heawleV) The models we have presented serve to illustrate the main
charged and neutral scalars, together with a pseudoscali@sues involved in top-color model-building. The gauge sym-
which may be light(~100 GeV. metries of these models are typically quite complex, and we
The new isosinglet quarks have measurable effects omight hope that a better understanding of the dynamics of
low-energy physics. In one-doublet models, the heavy singlethese models, together with a better understanding of the
X can give a sizable contribution to theparameter. This flavor structure, will lead to simpler scenarios. We hope to
contribution constrains the mass of théo be between 5 and return to these questions in later work.
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