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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 dyn#80&&6-282(199)02105-0

PACS numbes): 12.60.Rc, 14.80.Cp

I. INTRODUCTION I=1/2 condensate is large, of order 0.6 TeV. This corre-
sponds to the formation of a dynamical bound state weak-
The Higgs doublet of the standard model, used to breakloublet Higgs field,~ (xrt. ,xgb.). To leading order in
the electroweak symmetry and generate all observed quark/N. this yields a VEV for the Higgs boson of the appropri-
lepton and gauge boson masses, does not have to be a fuate electroweak scale/v2~175 GeV. However, the model
damental field. In fact, the fermions observed so far have thalso incorporates a new left-handed weak-singietuark,
appropriate quantum numbers to provide the constituents afith Y=4/3. The y-quarks condense amongst themselves
a composite Higgs field. Therefore, it is interesting to con-through additional new dynamics at still larger mass scales.
sider the existence of some new, non-confining strong interMoreover, the left-handeg-quark has a weak-singlet con-
actions which bind the quarks and/or leptons within a com-densate with the right-handed top quark. Therahisnitio no
posite Higgs field, giving rise to a condensa#essociated direct left-handed top quark condensate with the right-
with a Higgs vacuum expectation valu/EV)] and to  handed anti-top quark in this scheifue else this condensate
Higgs-Yukawa couplings. is highly suppressed
Because of its large mass, the top quark is a natural can- Upon diagonalization of the fermionic mass matrix this
didate for providing a constituent to a composite Higgs bo-admits a conventional seesaw mechanism, yielding the
son and an electroweak symmetry breakiBgVSB) conden-  physical top quark mass as an eigenvalue that is less than the
sate[1,2]. However, the computation of th& andZ masses 600 GeV matrix element. Thus, the top quark mass can be
to leading order in M, (N, is the number of colojsshows adjusted naturally to its experimental value. The diagonaliza-
that the quark whose condensate gives the bulk of EWSHon of the fermionic mass matrix in no way affects the fact
must have a mass of order 0.6 T¢m the absence of an that the model has a composite Higgs doublet, with a VEV
excessively fine-tuned version of the model in which the nevof v/v2~175 GeV. The mechanism incorporatgs which
strong dynamics is placed at the grand unified thé@yT) provides the source of the wedk 1/2 quantum number of
scald. Such a heavy quark may, in principle, be part of athe composite Higgs boson, and thus the origin of the EWSB
fourth generation, but in that case one would have to worryvacuum condensate. Top color and any additional strong dy-
about the proliferation of weak-doublet fermions that con-namics is occurring at a multi-TeV scale, and the observed
tribute to the electroweak radiative parame$erand the top  top quark mass arises naturally, being suppressed by a ratio
would not be directly involved in the EWSB mechanism. of ~TeV scales. Indeed, if a mechanism like this operates in
In a previous Lettef3] two of us introduced the idea of a nature, then we have already observed the keyl/2 ele-
dynamical top quark seesaw mechanism. Here the EWSkent of EWSB at the Tevatron.
occurs via the condensation of the left-handed top quark, There are several attractive features of this mechanism.
with a new, right-handed weak-singlet quark, which we referFirst, while there are the additionglquarks involved in the
to as ay-quark. Theyxg quark has hyperchargé=4/3 and strong dynamicsthese do not carry weak-isospin quantum
thus is indistinguishable from the right-handed tap, The  numbers This is a remarkable advantage from the point of
dynamics which leads to this condensate is essentially topiew of model building. The counting constraints of techni-
color [4,5]. The fermionic mass scale of this weak-isospincolor, e.g., on the number of techniquarks from $param-
eter, are essentially irrelevant for us, since we have only a
top quark condensate in the EWSB channels. The constraints
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Second, the models make a robust prediction about thbetween the weak-doublet and weak-singlet composite sca-
nature of the electroweak condensate: the left-handed tdars. In the decoupling limit the more general theory re-
quark is unambiguously identified as the electroweak-gaugesembles the standard model with a light Higgs boson.
condensate fermion. The scheme demands the presence ofln Sec. IV, we describe a class of models incorporating
some kind of top-color interactions, new strong interactionghe top quark seesaw mechanism in which top-color symme-
associated with the formation of the top quark condensatdy breaking is dynamically generated. These models can re-
This implies that QCD itself will change character at thePlace the explicit weak-singlet mass terms with additional
multi-TeV scale as it is embedded into the larger top colordynamics, in analogy to extended technicolor. These models
containing gauge group. However, beyond thel/2 com- also allow in principle for the generation of masses of the
ponent of the EWSB, the remainder of the structure, e.g., thBght quarks and accommodate intergenerational mixing.
x-quarks and the additional strong forces which they feel, ig/Vhile these models do not yet provide a complete explana-
somewhat arbitrary at this point. tion of flavor symmetry breaking, we regard them as an ex-

Third, the scheme implies that in the absence of the sedstence proof and a guide to future theoretical investigations.
saw, the top quark would have a larger mass, of order 600 Section V summarizes our conclusions. In Appendix A
GeV. This in turn leads to a relaxation of the constraints orive apply the effective potential formalism of Sec. Il to the
the masses of top-color colorons and any additional heaviPP quark seesaw model of R€8]. In Appendix B we prove
gauge bosons, permitting the full top-color structure to bdhat the coupled gap equations used in Refare equivalent
moved to Somewhat h|gher mass Sca|esl Th|s gives mor\gnh the Stationa.rity Conditions Of the eﬁeCtiVe pOtential de'
model-building elbow room, and may reflect the reality of fived in Sec. III.
new strong dynamics.

We believe the top quark seesaw is a significant new idea Il. A SCHEMATIC MODEL
in dynamical models of EWSB and opens up a large range of ) , i
new model building possibilities. For that reason we will !N the present section we will study a schematic model of

give a fairly detailed discussion of the seesaw mechanism i€ (0P quark seesaw. This model will be a minimal version
this paper. of the top quark seesaw and is intended primarily to exhibit

We begin in Sec. Il with the presentation of a schematidhe essential physics. The schematic model contains the ele-
model. Here the electroweak condensate involgjngnd yg ments of the third generqtion, the left-handed top-bottom
is driven by top-color interactions, but the weak-singlet con-doublet, 1 =(t,,b,), the right-handed top quarkg (we
densates involvingy, g andtg are simply mass terms that V‘{'” postpone discussing the r_|ght-handla€t]uark and asso- .
we implement by hand. This naturally separates the problerfiidted fields for the moment; indeed, the present model will
of EWSB from the weak-singlet physics in the r andtg not be_ anomaly free without the |rjclus_|on lof and associ-
sector, which is the key advantage of the seesaw mechanisfit€d fields, so we return to consider it bejowve further

We derive the effective Lagrangian for the dynamical Higgsintroduce two weak-singlet fermiongg andy, , each hav-
and its interactions with matter using the renormalization"d the guantum numbers ¢ . The schematic model exhib-

group approach in the large; fermion-bubble approxima- its the dynamical formation, via top color, of the Higgs dou-

tion. The schematic model shows the emergence of thBl€t @s @ composite field of the form
Higgs bound state and the formation of thgt, condensate. _

The schematic model provides a point of departure for the XRL
construction of more elaborate models, and the problem of = |- (2.)
generating light fermion Higgs-Yukawa couplings, which we XrbL

will not address in detail. We will briefly summarize options

for addressing the problem of thequark mass in the sche- ~ We proceed by introducing an embedding of QCD into

matic model. The Higgs boson mass is large in the schemati®e gauge groupSU(3), X SU(3),, with coupling constants

model, given by 2, ~O(1 TeV) in the largeN, fermion-  h; andh, respectively. These symmetry groups are broken

bubble approximation, essentially saturating the unitaritydown toSU(3)qcp at a high mass scalg. The assignment

bound of the standard modi8]. of the elementary fermions to representations under the full
In Sec. Il we proceed with a more ambitious attempt toset of gauge groupSU(3); X SU(3), X SU(2)yxU(1)y is

include additional interactions amongst the minimal set ofas follows:

fermions of the schematic model. This is a somewhat general

construction, and it leads to additional composite scalars, and (3,42, +113), xr:(3,11,+4/3),
new effects. We give a full effective potential analysis of this
scheme. Weak-singlet mass terms are still required as in the trox :(1,3,1,+4/3). (2.2

schematic model to trigger the desired tilting of the vacuum,

though they can now be much smaller than in the schematithis set of fermions is incomplete: the representation speci-
model since the additional strong, yet subcritical, interactiondied has [SU(3),]3, [SU(3),]3, and U(l)Y[SU(3)1,ﬂ2

can amplify the effects of these mass tefMip These inter- gauge anomalies. These anomalies will be canceled by fer-
actions push the potential close to a second ofdieweakly  mions associated with either the dynamical breaking of
first-orde) phase transition and thus, the Higgs boson can b&U(3), X SU(3),, or with producing theb-quark masda

as light as~100GeV. This requires a partial degeneracyspecific example of the latter case is given at the end of this
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section. The dynamics of EWSB and top-quark mass gen-cantly lower than the top-color scale. We will assume that

eration will not depend on the details of these additionalkhis is the case, which implies that the effects of the higher

fermions. dimensional operators are suppressed by powers of the top-
We further introduce a scalar field®, transforming as color scale, and it is sufficient to keep in the low energy

(§,3, 1,0), with negativeM?2 and an associated quartic po- theory only the effects of the operators shown in EQ9).

tential such thatb develops a diagonal VEV, Furthermore, thd.L and RR interactions do not affect the
low-energy effective potential in the lar@&, limit [8], so we
<q>}>:y5i. , (2.3 will ignore them(one should keep in mind that these inter-
actions may have other effects, such as contributions to the
and top color is broken to QCD: custodial symmetry violation paramet@&r[9,8], but these
effects are negligible if the top-color scale is in the multi-
SU(3)1XSU(3),—SU(3)qcp, (24 TeV rangs.

To leading order in M, theLR interaction in Eq.(2.9)

yielding massless gluons and an octet of degenerate coloroggln be rearranged into the following form:

with massM given by
2

M= (hZ+hg)V2 @9 L=y (D) (). 210

In more complete models this symmetry breaking may arise o _ _
dynamically, but we describe it in terms of a VEV of a This is the Nambu—Jona-LasinitNJL) interaction [10],
fundamental scalar field in the present model for the sake oihich provides the binding of the composite Higgs multiplet.

simplicity. We will analyze the physics of Eq2.8) by using the coloron
We now introduce a Yukawa coupling of the fermions massM as a momentum space cut-off on the loop integrals
XL r to @ of the form: of the theory.
- It is convenient to pass to a mass eigenbasis with the
—ExrOxLtH.C——uy xx. (2.6  following redefinitions:
We emphasize that this is an electroweak singlet mass term. XR=COSOxr+Sinbtg,
In this scheme¢ is a perturbative coupling constant 30
>u,, - Finally, since bothty and y, carry identical top th=Ccosftg—sinfyg, (2.12

color andU (1)y quantum numbers we are free to include an
explicit mass term, also an electroweak singlet, of the formwhere

X tanf= M. (2.12
The mass terms 0f,_xr andx tgr may arise dynamically in Foxx
subsequ_ent schemes, and are mtrqduced_by h"’“.‘d Into trl‘ﬁ this basis, the NJL Lagrangian takes the form
schematic model for purposes of illustration. With these
terms, the Lagrangian of the model at scales below the col- 2

¢ . . — O — .
oron mass isSU(3)cXSU(2)wxU(1) invariant and be-  £)= Ly eic— M xpxL+H.c.+ mtcz[ Y (cosOxr—Sin6tR)]
comes

L0= Liinetic— (M XLXRF M yXLtrTH.C)+ Line. 08 X[(cosOxr—sinbtg) i | (2.13
' where
Li contains the residual top color interactions from the ex- o
change of the massive colorons: M=yt Myt (2.19
o O (— M)\A _ LL+R We now proceed with the analysis by factoring the interac-
=~ 2| P 5| XRYe 5 xR TLLFRR tion term in Eq.(2.13 by introducing a static auxiliary color-

(2.9  singlet field, ¢o (which will become theunrenormalized
composite Higgs doublgtto obtain

whereLL(RR) refers to left-handedright-handed current-
current interactions, angi. is the top-color gauge coupling. £ — r. .~ M yfx, + Gt (COSOx— SiNtL) oo+ H.c]
Since the top-color interactions are strongly coupled, form-
ing boundstates, higher dimensional operators might have a  — M2¢g<p0. (2.195
significant effect on the low energy theory. However, if the
full top-color dynamics induces chiral symmetry breaking We now derive the low energy effective Lagrangian by
through a second ordéor weakly first order phase transi- means of the block-spin renormalization group. We view Eg.
tion, then one can analyze the theory using the fundament#&P.15 as the effective Lagrangian of the theory at a distance
degrees of freedom, namely the quarks, at scales signifscale~1/M. To derive the effective Lagrangian at a larger
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distance scale~1/u, where M>u, we integrate out the

— . O . 2 . Mi(w) X
modes of momentdl=|k|=u. For M>M>u the field y ¢=@oVZy:; th\/Z—; Mo(p)= - )\=?.
decouples, and we obtain e ¢ (2‘P20)

_ _ _ . —_ 2
L= n= Liinetic— Yt SN O(P trpo+ H.C) +Z,| D gy The resulting top quark mass can be read off from the

~ ~ renormalized Lagrangian
—MZ (1) @geo—N(@geo)”. (2.16 grang
_ . v
In the limit M>M > 1, we obtain by integrating the fermion m,=g;sind—, (2.2
| . v2
oops:
o2 2 which corresponds to a Pagels-Stokar formula of the form
M2(n)=M2— ===| M2—cog OM? In| — ) ,
87T M2 2 NC mt .
vi=——"——In| — | +O(sir* 6). (2.22
_ 8m2 st 6 | p2
+O(M?,u?),
The Pagels-Stokar formula differs from that obtaingal
ngNC 2 M2 large N. approximation for top quark condepsqtion rr_lodels
o= | Il =|+tIn| — sirf 6+ 0(1) |, by the large enhancement factor 1fein This is a direct
16m M?2 © conseqguence of the seesaw mechanism.
We note that, in principle, using the freedom to adjust
- giN 2 M2 sin we could accommodate any fermion mass lighter than
N= — ZC Inf — | +In{ — sift 9+ 0(1) |. 600 GeV. This freedom may be useful in constructing more
87 M?2 M complete models involving all three generations. The top

(2_.17) quark is unique, however, in that it is very difficult to accom-
. modate such a heavy quark in any other way. We therefore
These relationships are true fof > u in the largeN. ap-  believe it is generic, in any model of this kind, that the top
proximation, and illustrate the decoupling of théield at the  quark receives the bulk of its mass through this seesaw
scaleM. In the limit sing<1 we see that the induced cou- Mechanism. _
plings are those of the usual NJL model. However, in this . 10 better understand the connection to the seesaw mecha-
limit the Higgs doublet is predominantly a bound state of"iSm we can view the dynamics of the top quark mass from

Yri, and the corresponding loop, with Ioop-momentumthe mixing with they field. The mass matrix for the heavy

. — . h 2 ks takes the f
ranging overM >|k|>M, controls most of the renormaliza- charge 2/3 quarks takes the form

tion group evolution of the effective Lagrangian. 0 my\/t
Consider, therefore, the limit si#<1, hence cosf~1. (T, XL)( X)( R), (2.23
In order for the composite Higgs doublet to develop a VEV, Moyt Myy \XR

the SU(3), interaction must be supercritical. The criticality wheremy, is dynamically generated by the VEV of the com-

condition corresponds to demanding a nega®(x) as  posite Higgs doubled, thus satisfying the Pagels-Stokar re-
pu—0: lationship:

1 M)z‘xln( Mz)
——znl —
M XX

o Ne ,  [M?
(2.18 v?==—m In(—). (2.24
8 W

95N,
T

This condition is equivalent to the Nambu-Jona-Lasiniolf the logarithm is not very large, then we obtain the adver-
(NJL) criticality condition foer(X/M2< 1. Once we takeg tised value m;,~600GeV. Diagonalizing the fermionic
to be supercritical, we are free to tune the renormalizednass matrix of Eq(2.23 for u,,>m;, leads to the physical

: 20 \_112 ; top quark mass:
Higgs boson massM{(u)=Mj(n)/Z,, to any desired P9
value. This implies that we are free to adjust the renormal-

. : m
ized VEV of the Higgs doublet to the electroweak value, m,~ kit =m, tané, (2.25
(¢%)=v/v2~175GeV. The effective Lagrangian at low en- HMxx

ergies, written in terms of the renormalized figldtakes the

and substitution of Eq.2.25 into Eq.(2.24 reproduces Eq.
(2.22 for small tang~sin 6.
Lo =Lo o —asinO(Ttho+H.c)+ Dol The minimization (_)f the Higgs potential gives the usual
M>pu = Linetic™ Ot (Ytre )+ 1Dyl NJL result, that the Higgs boson has a mass twice as large as
2 : . S
-M (P(Iu,)(pT(p— AMeTp)? (2.19  the dynamically generated fermion mass, whichjs in the
present case. Thus, the schematic model includes only one
where composite Higgs boson, which is heavy, of order 1 TeV. In

form
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Sec. IIID we will show that in a more general theory that at our disposal. One of the most useful tools is the effective
includes the seesaw mechanism there are more compospetential[11]. This has been used [i] to analyze simple
scalars, and one of the neutral Higgs bosons may be as lighdp-color models, and it was employed in Sec. Il in Egs.
asO(100 GeV. (2.16 and(2.17) in lieu of the exclusive use of gap equations
We note that the inclusion of thie-quark is straightfor- as in[3]. In this section we extend its use in the present
ward, and the schematic model affords a simple way to supseesaw scheme involving additional strong interactions.
press the formation of B-quark mass comparable to the top  We thus consider a low energy effective theory, valid up
guark mass. We include additional fermionic fields of theto a scaleM>0O(10 TeV), consisting of the standard model
form w_, wg, andbg with the assignments: gauge group and fermions, and a new vectorlike qugrk,
which transforms under theSU(3)cXSU(2)wxXU(1)y
br,w 1(1,31,-23), wr:(3,1,1,-2/3). (226  gauge group exactly as the right-handed tgp,
We assume that at the common scMethe following

These fermion gauge assignments cancel the anomaligs, - farmion, NJL-like interactions, involving the top, bot-
noted above. We further allow, wg andw bgr mass terms,  iom and vectorlike quarks, occur:

in direct analogy to the; andt mass terms:

82 _ _
GBS Ze(ABY(BA), (3D

£OD_(ILwaw7LwR+ MwaLbR+H'C')- (227) ‘cint:W
c A,B=Db,t,

We can suppress the formation of thebg condensate alto-

gether by choosing/lw=\/uw2w+ﬂzwb~M. In this limit we  where N.=3 is the numbers of colors. The,g (A,B

do not produce &-quark mass. However, by allowing,,,, =b,t,x) are dynamical coefficients determined by the cou-
<M and p,p/p,,<1 we can form an acceptabtequark  plings of the high energy theory. At the scale the elec-
mass in the presence of a smallbg condensate. Yet an- troweak symmetry is unbroken, implying,,=z,. Hence
other possibility arises within this model, though it will not there are six independentg coefficients. Our normalization
be a general feature of these schemes, i.e., to exploit instais chosen so that the interaction strength will be approxi-
tons[5]. If we suppress the formation of the by conden-  mately critical(subcritica) in the AB channel wherz,g>1

sate by choosing/,,~M, there will be aw bg condensate (Zag<1). The interactions of E¢3.1) should be viewed as
induced via the 't Hooft determinant when theand y are ~ Fierz-rearranged versions of single massive gauge boson ex-
integrated out. We then estimate the scale of the induceBhange interactions arising in a more general high energy
@ bg mass term to be about20GeV, and theb-quark theory. For example, we imagine that the four-fermion op-
mass then emerges as20u.,,,/ 11,,,, G€V. We will not fur- erators(3.1) arise fron_‘l top-color-like 4] mfceractlons, and
ther elaborate thé-quark mass in the present discussion,thereforezag are functions of gauge couplings and charges.
since its precise origin depends critically upon the structurdn the_special case of the schematic model of Secz|l,

of the complete theory including all light quarks and leptons.= Ncg:/(87%) and all otherzag coefficients are zero. In the
model introduced in Ref[3] all z,g~1, and their depen-

lIl. THE EEEECTIVE POTENTIAL FORMALISM dence upon the charges is given in the present paper in Ap-
pendix A[see Eq(Al)].
A. More general interactions In addition to the four-fermion operato(8.1), small, ex-

Presently we extend the schematic model to include variplicit, eIeptroweak preserving mass terms are allowed in the
ous additional interactions, beyond the top-color interactior-agrangian:
of Eqg. (2.9. While we would ultimately like to replace the
My aNd @t e>'<plicit mass terms exclusi\{ely with ad.ditiongl Linase — My XLXR— HytXLtrt H.C. (3.2
strong dynamics, we find presently that is not possible with-
out the inclusion of additional fields and additional dynam- ) _ )
ics. The seesaw mechanism, at least in the IAtgéermion ~ The model presented in Sec. IV is an example of high energy
loop approximations seems to require these terms, and the@hysms that generates dynamically these four-fermion opera-
also lift unwanted massless Nambu-Goldstone bosons. [Frs and masses.
Sec. IV we will sketch out a more general high energy theory
in which these masses may arise dynamically, in analogy to
extended technicolor. However, in the present case, these
mass terms will be viewed as “Sma”,” in contrast to the The four-fermion interactions can be factorized, at the
schematic model in which they were large. scaleM, by introducing static auxiliary fieIdaSOABE BrAL

The NJL approximation illustrated in Sec. Il is probably a (A B=b,t, y), which are described by the following effec-
reasonable guide to the physics of top color. One can framgye Lagrangian:
the discussion in terms of “gap equations” and their solu-
tions, as in 3], but it is useful and convenient to have a more
general and detailed description. In particular, the vacuum Eeff:A z
structure of the top-color theory is crucial to the success of
the enterprise, and it is important to study it with all the tools — (s XLXRT M yex L trTH.C). 3.3

B. The effective potential

— NM? |
x (ALBropg,;tH.C)+ m¢oAB¢oAB
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At the scaleM, the b0, have vanishing kinetic terms. At so thatMib> 0. As a result, the composite scalars haviRg
scales belowM the ¢, will acquire kinetic terms through &s constituents do not acquire VEW(ap,) =0. An SU(2)w

the effects of fermion loops and become propagating comtransformation 5‘2“0""5 Us to séthy,)=0. We also takez
posite scalars fields. The loops also generally induce running 1, Such thatM>0, which implies thatp,, and ¢, may

mass terms and running quartic and Yukawa interactionscquire VEVs only if they have tadpole terms induced by the
The fields are renormalizee, — ¢ag, to give conven- VEVS of the other scalars. This implies that the VEVs of the
AB !

tional kinetic term normalizations, and we thus find at a scale>U(2)w doublet scalarstzy and xryy , are aligned, so
<M, using, e.g., block spin renormalization group in thethat(¢p)=0. E'”a”ya it is obvious that a nonzero ;/EV for
large N, approximation, the effective Lagrangian: ¢t§ requiresM{, <0, while the signs and sizes ®; and
M?, are not constrained so far.

Altogether only four out of the nine composite fields may
have nonzero VEV< ¢ g) With A,B= y,t. At the minimum
of the effective potential3.6), the phases of thé,, and ¢,
+(D,¢re) (D dap) V(). (3.4  are forced to be-1 by the tadpole termgrecall that the
electroweak symmetry imposés;=C,,=0). In addition,
%he relative phase betwe¢t,,) and(¢y;) has to be negative
in order to minimize the quartic terms in the effective poten-
tial. Thus, there is only one arbitrary phase left, which can be

Legr= 0t > (KLBR¢AB+H-C-)
A,B=b,t,x

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

Ppp= ¢0AB\/Z—¢— w, (3.5 fixed by choosing ¢)>0. Let us denote the absolute values
9t of the VEVs byv g, so that
where Z,, is the wave function renormalization, andg _ — -
=0, except foru,, andu . In the largeN, limit, the one- vu=(bu), V= (Dy)r U= (D),
loop effective potential is given by V= —{dy0)- (3.10

The values ofv,g can be determined by minimizing the
following function:

A
V($)=5T(6'$)’1+ 2 [Mighedas
A, t,x

+Cap(Pas+ dap)]- (3.6)

Note that the trace is just the sum over repeated indices of

b habechipdoa. The renormalized quartic and Yukawa o B 0 S M2.2
coupling constants depend logarithmically on the physical (V0= VeV ty)°] AES:, | ABUAB
cut-off,

A
V(ae) = 5L (0F+05) %+ (05, +v50?

—-2C _ZCXtUXI' (311)

xxV xx

\ 4
0= \[E: % (3.7 We would like to find a vacuum that satisfies a general
VN In(M</ %) seesaw condition. It is convenient to parametrize the VEVs

as follows(up to phases and an overall factorgyf, this is

while the scal_ar squared-masses and tadpole coefficients dﬁ'st the fermionic mass matjix
pend quadratically o :

v v abe €
oM2 [ 1 ( " ‘X): ) 3.1
2 _ s UXX . ( . 3
Mas In(M</ 1. )(ZAB 1)' Uxt Pax o1
5 In terms of the dimensionless parametarsb and e intro-
Chom magM® [ N -0 duced here, the general seesaw condition reads:
ABT 2mzpg VIN(MZu?) ™

1
38 O0<e<b<l, O<a< o e<1. (3.13

Note that with our conventions th€,g are positive and

electroweak symmetry imposéS,,=Cy;=C;,=0. This is  The limit a,b<<1 corresponds to the seesaw condition used

just the usual effective potential derivation adij applied  in Ref.[3]. One can easily check that the stationarity condi-
to the present more general interaction. tions,

In order to determine the vacuum properties of the theory
we minimize the effective potential. Note that a global V
U(l)bR symmetry forbids tadpole terms for thk,, scalars, AV Ag =0, AB=tyx, (3.14
independent of the VEVs of the other scalars. We further

assume that th&b channels are subcritical, thus have indeed a solution SatiSfying E(q313 This solution is
a stable minimum of the effective potential if and only if all

Zap<l1l, A=b,t,y, (3.9 four eigenvalues of the second derivative\bire positive at
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the stationary point. Before computing the eigenvalues, we C. Parameter space

note that the equation®//dv,, =0 andoV/dv,,=0 give e The effective potential depends on six squared-masses
andb_ in terms ofC,, , C,; andl\/_IAB: As a consequence, the MtzA!M)Z(A (A=b,t,x), two tadpole coefficient<,,,C,,
conditionsC,,, C,>0, used in fixing the phases of the jnq on'Ing/). We will choose the renormalization poipt
VEVs, impose the following restrictions: to be the mass of thg fermion. In doing so, we will neglect
5 the running of the coefficients in the effective potential be-
2 p 14D 2 tween the scalen, and the scalen,. In practice, this ap-
MXX>MtXW[1+O(€ )], (315) . . X . t ;
P proximation is justified only ifM/m >m, /m~1/e. We
emphasize that this condition is not needed in a more devel-
where we defined oped computation of the renormalization group evolution.
We will proceed with deriving the constraints imposed on
- t2x the parameters of the effective potential by the measured
P="2 >0. (316  values of thew, Z andt masses. The elements of the fer-
t mion mass matrix are proportional to the VEVs:

2
Mt

The oth_er two stationarity conditions¢V/dv=0 and Mas=— G Pap)- (3.20
VI v, =0, yield
It is straightforward to compute the top aydjuark masses

a=p[1+0(e))], [see Eq(B2)]:
—M?2 b(1+p)
2 _ tx 2 22 - — 14+ O(€?
UXX —A(l_pbz) 1—€ (1+p b ) m; mt)( m[ (6 )]:
1—p(1—2p)b? 2 22
———z— TO(Y|. 3.1 _ My 2, & (17Pb”
(1-pb%) (3.179 m,= —1+b% 1+ 5| T
These expressions allow us to write the second derivative of .
V(vag) as the following 4<4 matrix: +O(e")|. (3.29
V(v ap) The electroweak symmetry is broken only by the VEVs of
, (At 2B+ 0O(e%) eBs+ O(€d) byy and s,
=2
Mol eBI+0() A+ eB+0(eh))” w2,
?:vtx-i- Ut » (3.22
(3.18
whereA; ,andB; , sare 2x 2 real matrices that depend only which implies
on b and Mtzt,tx,xt,xx- Note that the rows and columns of
9*V(v ap) are arranged in Eq3.18 in the following order: = g [1+0(ed)]
Uit Uty »Uyt»Uyy - Using the explicit form ofA, ,, Y J2(1+ p20?)
—-1/2
llp —b \{ 22 (
- ~890 GeV(1+p“b?)In|— (3.23
A (—b pbz)’ m,
o Using the expression for the top quark mass in@B®R1), we
A= —Mtz )diang(X,Mf(t) find a constraint orb and p,
3 12 2b DD a0 2| M ) (3.24
+ ~ nf—1/, .
+ ' (319) (1+ bz)(1+p2b2) m,
2b  1+3b?

which shows thab?<(©(0.1) (M is not larger by many or-
it is easy to compute to first order ¥t the eigenvalues of ders of magnitude tham, unless the coefficients of the four-
V(v ag). Three of these are positif&q. (3.15 is impor- ~ fermion operators are excessively fine-tuned to be close to
tant herd, while the fourth eigenvalue cancels to leadingthe critical valug.
order in €2. To ensure vacuum stability, the corrections of The | mass eigenstate couplesWbandZ so that there
order €% to 9’V must give a positive contribution to this is a potentially large custodial symmetry violation. However,
eigenvalue. We check this condition in Sec. 1l D, where wein the decoupling limit ¢/b—0) this effect vanishes. To
also show that this eigenvalue corresponds to the mass ofshow this we consider the one-loop contributionyab theT
light Higgs boson. parameter:
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m2m? ) e’(1+a%b?) e(1—ab?)

— 4.2 X : 2 2
T W sz+25,_(1 SL)_Z_Z dlathb’be)+)\vXX e(l—abz) 1+b2

(3.30

, 329  In sec. 1B we imposedVIth,Mf(b>0, which implies that
the mixing betweemp, and ¢, is suppressed by. We will

wheres_ is the sine of the left-handed mixing angle, defineddenote the mass eigenstates iy, and H ;. The magni-

XIn

2
m
X 2 2 2
—5 | =5/ (2—s’)m
mt2> {(2—sp)m;

in Eq. (B4): tudes of the masses that appear in the effective potential,
are expected to be roughly of the same order in the
,(1+p)(3—p) 12 5 absence of fine-tuning. Using the relation
s,=€l-b W +0(€). (3.26
2
U= 2 (3.3

Because this mixing is small, theloop contribution toT is
suppressed compared to the top quark loop contribution by a
factor of e2/b2: We can estimatéM,, | from Eq.(3.17)
2
N.m? € —MZ == m? (1-pb?)[1+O(€?)]. (3.32
s T2l 1-4D%In(eb) ][ 1+ O(b2, )], ST

167 a(M3)
(3.27  Given thatpb?<((0.1), as can be seen from E§.24), it
follows that|M,,|=O(5 TeV). If My, is indeed of the same
In practice, the current experimental constraintsTorare  order agM,,|, then the two charged scalars have masses of
satisfied ifb is larger thare by a factor of 2 or s¢3]. Thus, 3 few TeV or larger. On the other hand,zf, andz,, are
the upper bound om is about 0.1, confirming that the ex- tuned sufficiently close to one so thit,,,M b<b(Y tx|

pansion ine” is a good approximation. then the mass eigenstate which is predomlnath;Ly has a
To summarize, foM/m, ~ 10 the elements of the fermion mass-squared:

mass matrix Eq(3.12 have sizes

MZ.~2mZ+M3 . (3.33
m;=0(100 GeVj m;,~O(600 Ge\)} tb
m,=O(1 TeV) m,,=0O(5 TeV) 3.29 This sets a lower bound on the charged Higgs boson mass of
about 250 GeV.
The effective potential analysis given is valid only fist The other two complex scalars with electric charges,

>m,, . Smaller values oM (with less fine-tuningmay be ¢y, and ¢y, have the following mass matrix:
allowed, though we cannot demonstrate that fact. The rela-

: : b%(1+a%e?) b(1—ae?)
tions betweere,b andC,  ,C,; allow us to estimate thg, diag M2 M o

andu,; mass coefficients from the Lagrangian: iag My, X) Uxx b(1—ae?) 1+ €2

(3.39

[1+0O(b% €?)]. One of the eigenvalues vanishes, corresponding to the
(3.29 charged Nambu-GoIdstone bosorjs that become the longitu-
dinal W. The other eigenvalue is the mass-squared of a
Generically we expectIMAB|~O(mX)<eM so that charged Higgs bosori=, and can be computed without
fa/m, A<O(€?). By contrast, in Sec. Il the schematic expanding in powers ot by using the stationarity condi-
model does not lead to &,, or ¢,, bound state, and Eq. tions:
(3.29 is replaced by, o=m,a. 2

2m
MZ.= ae;X(1+ a2b?)(1—ae?). (3.35

m M tX —
Fxn™ A 22 M2 mX

D. The composite scalar spectrum

Next we compute the composite scalar spectrum. The Jhis mass is also large, most likely above a TeV.
X 3 matrix ¢ contains a total of 18 real scalar degrees of There are fourCP-even neutral scalars, Rlg, Redy,,
freedom, corresponding potentially to a Higgs sector whichRe¢,, and Rep,;. Their mass matrix is given by
includes three weak-doublets, ,=Agy with A=Db,t,x
and ¢ =(t,b),, and three weak-singletg, ,.=Agx - —diag1,—1,—1,—1)#*V(vag)diag1,—1,—1,— 1),

2

An unbroken gIobaIU(l)tJR symmetry ensures that the (3.3
dyp and o, , scalars do not mix withp; or ¢a, . Therefore,
the neutral complex scalap,,, has a mas#l,, given by Eq.  with 42V indicated in Eq.(3.18. It is possible to compute
(3.8), and the complex scalargy, and ¢,,, with electric  the eigenvalues of this mass matrix as an expansiogt.in
charge+1 have a mass matrix: There are two mass eigenstates which, to leading order in
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are linear combinations of only Re and Reg,. Since the ~ saturated at ordee?, then the masses 49, or h° might
electroweak symmetry is broken only by the VEVs ¢f  vanish, signaling a second order phase transition to an unac-
and ¢, , it is appropriate to label these mass eigenstates bgeptable vacuum.

h® andH®, as in a two Higgs doublet model: The remaining four states are t@d>-odd neutral scalars:
Im ¢y, Imdy,, Ime,, and Ime,;. In the e—0 limit the
h°=\/§(1+pb2)‘1’2(Re¢tX+ b\p Redy) + O(e) masses of thep,; and ¢, doublets areSU(2),y invariant,
so that the linear combination of Itk and Im¢, analogous
0 ; 0 ;
HO=v2(1+ ob?)~ Y3 — R IR n _ to H” in Eq. (3.37), labeledA®, has a large mass given by
(1+pb%) ¥ —b\p Redy + Redu) 0(5?37) Eq. (3.39. The other linear combination is the Nambu-

Goldstone boson that becomes the longitudihaht ordere,

The electroweak symmetry is unbroken in the 0 limit, so  the longitudinalZ includes a mixture of In,, and Img,;.

: 0 0
that the heavy neutral Higgs boson is degenerate With ~ The other twoCP-odd mass eigenstated,, andA,, are
predominantly Imp,, and Imé,,, respectively, and have

, 2mt2 ) large masses:
M o= p62X(1+P2b2)[1+ O(e?)]= My [1+ O(e?)]. ) M2
(3.39 Mo p0 = MMy 1+ b2+ —U55 (1= pb?) +O(e?) .
xxxt € tyx
It is easier to compute the mass of the lightest neutral Higgs (3.4

boson,M o, as a power series ib?, which is a reasonably

small parameter due to the constrair24). The result is These two neutral mass eigenstates are the pseudo Nambu-

Goldstone bosons discussed in Ref], and are light pro-

2 a2 vided M%, andM?_are close to their boun(B.15).
Mﬁ0:4mt2 ZXX—‘Q([lJF 0(b%e)].  (3.39 The composite scalar spectrum has several features which
M, —3Mg, warrant further comments. The typical scale for the masses

of the physical states corresponding to the two weak-
For M§X~ - MtZX, the h® is heavy, with a mass of order doublets and two weak singlets which acquire VEVs is given
v2m,,~800 GeV. In the schematic model presented in Secby m,, =m, /e. By contrast, thén® has a mass proportional
I, the ¢,, bound state does not form, so thaf( —o and  tom,, so thatis a light state in the limi¢— 0. The reason
we recover the NJL resull ,o=2m;, . On the other hand, if for this result is the fact that the unitarity of thWW scat-
M§X<O, the h® can be significantly lighter. A composite tering cross section requires a state of the order of the elec-
neutral Higgs boson with mass of order 100 GeV wouldtroweak scale, and the electroweak symmetry breaking
require a cancellation betwed? andM? at the level of ~VEVS, vy, anduy, are suppressed by a factorefompared
15%. Such a cancellation does not necessarily require finavith the other VEVs. Therefore, the upper bound on the
tuning: for instance, ify, and y_ have the same charges Standard model Higgs boson mass, of order 1 Té¥ is
under the broken gauge groups that induce the four-fermiogutomatically enforced within our composite Higgs sector.

operators, therz,, =z, implying M,,=M,, . This shows 2The szlrther supp_ression which aIIoWA;ho<1'TeV when
that the existence of a light composite neutral Higgs bosonMy,~My, is of a different na}tuzre. To see this, one should
with a mass of order 100 GeV is a possibility. recall that, to leading order ib°, C,,—0 (and alsou,,

To leading order ir, the other tweC P-even neutral mass —0) when M2 —M? [see Eq.(3.15]. In this case, de-
eigenstates are linear combinations of gge and Reg,;, creasingM)z(X triggers a second order phase transition from
with a mixing of orderb. Their squared-masses are given bythe viable vacuum discussed thus far, to a new minimum of

the effective potential where only the weak-singlet fiefds

) X ,2(1 ) 5 and ¢, have nonzero VEVs. The® mass is therefore con-
Mpo = 2My| 1+ =2 [1+0(b% €], trolled by the proximity ofM?, to the critical point. Note
X tx that we computed the lightest Higgs boson mass only to
) 5 leading order irb?, so that it is not clear whether the phase
2 _ 2 XX 2 2 transition is truly second order or weakly first ordén
Mo =—mf|3+—5|[1+O(b . . | .
ng € - Mg, [1+0(b% €] which case there is a theoretical lower boundMpo, but

(3.40  that may be below the experimental bound-e100 GeV).
It is also easy to understand why bdif and A?(X have

The HY, is heavy, with a mass of at lea&i5 TeV), while  squared-masses proportional, — M2, [or equivalently,
H?(t can be light, with a mass of ordem,, or lower, if M)z(t to u,, as follows from Eq(3.29] in the limit of smallb?.
ande(X are close to their lower bour8.19. Itis clear now  When u,,—0, A?(X becomes the Nambu-Goldstone boson
that for typical values of the parameters in the effective po-associated with a globaJ (1), symmetry broken spontane-
tential all four CP-even neutral mass eigenstates have posieusly by thev ,, VEV, while theh® is the order parameter of
tive squared-masses, which proves that the minimization od second order phase transition.
the effective potential performed in Sec. llIB is correct. On  To summarize, the composite scalar spectrum consists of
the other hand, if the restrictiof8.15 on M)z(t and M)Z(X is  the longitudinalWw andZ and the following states:
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h%: a neutral Higgs boson of magg, ~ 600 GeV times a ¥
factor of order ondor smaller ifM% ~M?);

HO H= A% the heavy states of a two Higgs-doublet sec-
tor, roughly degenerate with a mass,(/€)2/p;

HY, ,A% : oneCP-even and on€ P-odd state, which are
light only if M2~M?Z,;

AY: a neutralCP-odd state which is light only iM?
~Mg, -

¢dpp: @ neutral complex scalar, with a mads,, (which is
an arbitrary parametgr

Htib: a charged scalar which can be as light as 250 GeV if
My, andM,,, are sufficiently small;

H?(X,H)fb: a CP-even neutral state and a charged scalar,
with large massessm, /€.
Finally we note that, for a generic choice of parameters, one
or more of these scalars may have a mass of order the cutoff,
M. If so, these particles are not part of the low-energy effec-
tive theory.

1,2
¥y

XL UR,CRIR

IV. HIGHER ENERGY PHYSICS r5r

We have shown in the previous section that the top quark F!/G- 1. The “moose” model of dynamical top color symmetry

seesaw mechanism leads to a low-energy effective theory/€2King-
involving bound states of thg, t andb quarks. There are
several questions that remain: What breaks the top-col
gauge group? What interactions distingujgh andb? How

0t]ions and theSU(m+1) interaction become strohgs as-
sumed to be close to the scale at which $1€(3), interac-

is electroweak symmetry breaking communicated to théions Wougld _break the chira! symmetries as_spcia.ted with the

other quarks and leptons? In this section we describe a clagg @nd ¥t fields. If that chiral phase 3tran5|t|on.|s second-

of models of electroweak flavor symmetry breaking incorpo-0rder, this breaking gives rise to @i composite Higgs

rating a top quark seesaw which illustrates some of the issudield.

involved in constructing more complete models. The u,, andu,, “mass” terms cannot be present at tree-
In the prototype model, top-color symmetry breaking will level since the corresponding mass operators are not gauge-

be dynamically generated while flavor symmetry breakinginvariant. Instead, they must arise from higher-dimensional

will be assumed to arise from unspecified “extended top-OPerators coming from higher-energy interactionsyfxr

color” interactions(analogous to extended technicolor inter- Mass term can arise from an operator of the form

actions[12]) at higher energies. The model is most easily -

displayed in “moose notation{13], in which lines stand for XLYMELERY uXR, 4.

fermion fields and circles fo8U(n) gauge groups. An arrow

emerging from a circle with am in it represents a left- giving

handed fermion transforming like or a right-handed fer-

mion transforming liken, while an arrow going in indicates MXXoc<E§1>, 4.2
a right-handed fermion transforming likeor a left-handed
fermion transforming liken. while ay tr mass term can arise from a four-fermion opera-

Using this notation, the prototype model is shown in Fig.tor of the form
1. The x|  fields and right-handed quark fields are shown o
explicitly, while {** denote the three generations left- YEE R, 4.3
handed weak-doublet quark fields. We will assume here that
the twoSU(m) interactions and th&U(m+1) interactions  giving
become strong and produéé condensates. Theelatively) o
strong SU(3), interactions and the weak&U(3), gauge MXtoc<§3§3>_ (4.9
group are as in the schematic model of Sec.S1J(3),
iSU(3)1§SU(3)2—>SU(3)QCD due to the formation of Asthese “masses” are proportional to different condensates,

141 242 . their sizes can naturally be different even if the sizes and
and condensates driven by a stro8¢J(m) gauge . ; . .
Erél andéRél = y 4(m) gaug strengths of the corresponding higher-energy interactions are

interactions, and _fgfi condensate driven by a strong gimilar. Furthermore, operators of the form shown in Eq.
SU(m+1) gauge interaction. . (4.3 can involve all three generations of charge 2/3's quarks

The scale oSU(3), X SU(3); breaking[set by the&, & and is a potential source of mixing between the third genera-
condensates, i.e. the scales at which the 84ffm) interac- tion and the first two.
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A crucial feature of the seesaw mechanism is that th&Vhy are these chiral symmetry breaking scales close to the

¥ tr Mass term must be suppressed. This happens naturafgale ofSU(3), chiral symmetry breaking?

in the model shown in Fig. 1: no gauge-invariant four- Finally, we note that a variant of this model could be

fermion operator exists which could give rise to such a termconstructed by replacing th®; fermions transforming under

The largest contributions come from six-fermion operatorsSU(3); by the wg fermions of Eq.(2.26), adding thebg, to

and are naturally small. the fields transforming und&@U(3),, and adding thes, to
The masses and mixings of the first two generations cathe fields transforming und&U(3); . Anomaly cancellation

easily arise from higher-energy interactions as well, sincevill then also require thaBU(m+ 1) is replaced bysU(m

both the left-handed and right-handed quarks transform un+2). Such a variant allows for additional sources of mixing

der the SU(3), interactions. For example, a charm-quark between the third generation and the first two.

mass can arise from an operator of the form

Y XRCRYL - (4.5 V. CONCLUSIONS

) ) . ) In the dynamical top quark seesaw mechanism EWSB
The b mass, however, is quite different here than " thegccurs via the condensation of the left-handed top quark with
schematic model. Because of the presence oftfhand&f 5 new, right-handed weak-singlet quark. The fermionic mass
fields which also transform und&U(3),, instanton effects gcale of this weak = 1/2 condensate is large, of order 0.6
yield high-dimension multifermion operators which are tooTey, and it corresponds to the formation of a dynamical
small to account for the bottom-quark mass. We believe thig,oynd state Higgs scalar with a VENv2~175 GeV. How-
will remain true in any model of dynamical top-color sym- ever, the newy-quarks also condense amongst themselves at
metry breaking. Thus we have assumed, counter-intuitivelystj|| |arger scales, and have condensates with the right-
that thebg, shares top-color interactions with and xg SO handed top quark as well. Upon diagonalization of the fer-

that we can allow for the operator mionic mass matrix, the physical top quark mass is sup-
I pressed compared to the 0.6 TeV matrix element by a seesaw
e“ﬁwfaXRzpﬁﬁbR (4.6) mechanism. As a result, this class of models allows for a

dynamical origin of EWSB and can accommodate a heavy

[the e# acts on theSU(2),y indices to make it a singlgtin  top quark without introducing extra fermions carrying weak-
addition to ab-quark mass, this operator induces a tadpolgsospin quantum numbers.
term for ¢y, in the effective potential. However, the shift in In this paper we presented a schematic model with a mini-
the vacuum is small iM,, is large, and the analysis in Sec. mal version of the seesaw which illustrates the essential fea-
lIl remains essentially unaltered. tures of the dynamics. We also presented a calculation of the

Having given theyg and thebg the same strong gauge effective potential in a generic low energy theory that incor-
interaction quantum numbers, we must introduce additionaporates the dynamical top quark seesaw mechanism. This
interactions to “tilt” the vacuum and prevent the formation effective potential allows one to understand the range of pa-
of a potentially IargetTwa condensate and a large bottom- rameters required for the seesaw mechanism to be success-
quark mass. In the spirit of extended technicolor, we willful. Furthermore, we have computed the spectrum of com-

assume that the effective Lagrangian includes operators likeosite scalars, which includes a potentially light Higgs
boson. Finally, we presented class of models of electroweak

N5 — 5 T3, 4 symmetry breaking Which incorporate the top quark seesaw
M2 VLXRXRYLT 1z YibRDRYL (4.7 mechanism and in which topcolor symmetry breaking is dy-
namically generated.

Many issues remain to be explored. Among these are:
What is the most elegant method to incorporate the first two
a'enerations of quarks and intergenerational mixing, as well
as leptons? Is there a natural mechanism for top color to
break close to its chiral symmetry breaking scale? Are there
generic experimental signatures of the top quark seesaw? We
believe that the top quark seesaw opens up a wide range of
directions in model building which may allow these ques-
tions to be answered.

with 7,>n,. Such a pattern of interactions can tilt the
vacuum, as required. The presence of the operators in E
(4.7) give rise to contributions to th& parametef9], be-
yond those in Eq(3.25 coming from fermion loops. How-
ever, due to the large scaM~ O(50 TeV), these contribu-
tions are negligiblg3]. The same argument applies in the
case of other electroweak observabl&4] or flavor chang-
ing neutral currenfFCNC) effects[15].

While we have yet to complete a full phenomenological
analysis of this model, we regard it as an existence proof that
it is possible to construct a model incorporating a top quark ACKNOWLEDGMENTS
seesaw mechanism in which top-color symmetry breaking is
dynamical and which allows for intergenerational mixing. ~We are grateful to Bill Bardeen for stimulating discus-
This model also raises additional questions: What gives rissions regarding the schematic version of the seesaw and the
to the necessary higher-energy interactions? Is there a natumistence of a light composite Higgs boson. We would like
explanation for the near equality of the chiral symmetryto thank Gustavo Burdman, Nick Evans, Deog Ki Hong,
breaking scales of thBU(m) and SU(m+1) interactions? Paul Mackenzie and Elizabeth Simmons for useful conversa-
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TABLE I. Third-generation ang fermion representations.
Xt
SU3); SU3), SU@)y U(1l); U(1l), U(L)s_, Mg - f1aB |

g 3 1 2 113 0 1/3 Ba Az Be As Br A

tr 3 1 1 413 0  —1/3<x<0 FIG. 2. Coupled gap equationdB=t,x).

bg 3 1 1 —-2/3 0 1/3

I 1 1 2 -1 0 -1 the sixM3g parameters from the effective potential. These

TR 1 1 1 -2 0 -1 relations are simplified by observing that the non-Abelian

VR 1 1 1 0 0 -1 coupling constank is assumed to be larger than thi1)

XL 3 1 1 4/3 0 —1/3<x<0  coupling constants, which implies the criticality condition

xr 3 1 1 4/3 0 1/3

3
K:?‘FO(Kl,KB,L). (AS)
tions. We also thank the Aspen Center for Physics for its
hospitality during early stages of this work. To first order ink; /k andkg_, / k one can write down three
sum rules:

APPENDIX A: THE U(1) TILTING MODEL ) ) ) ) ) )

. . . Mi—M? ~M? —Mg=~2(My,—M

We apply here the effective theory approach discussed in w My =M~ My=2(Mip ~ My,

Sec. lll to the original model with a dynamical seesaw 2 M2~ 2_ M2

mechanism[3]. The transformation properties of the third M~ Mi XM= M) (A6)

generation fermions under the gauge group are shown iR consequence of the second sum rulevis.>|M

Table I. The breaking of the gauge group down to the stan; a R |

dard model one leaves a degenerate octet of massive coI

orons” and two heavyJ (1) gauge bosons. It is assumed that

all these gauge bosons have a milss O(50 TeV). s%alarsothat may be lighter tham, /e are the neutral states
A A H)(t' and ¢bb

The coefficients of the four-fermion operators are given” xx2 " xt’
P g The composite scalar spectrum is a function of the follow-

t)(|
hat theH,;, charged scalar discussed in Sec. IlID is heawer

hanm, /e. Therefore, in addition th°, the only composite

by ing parametersk, «q, kg_, X, € and InM/m,). For ex-

2 N2 1 ample, the lightest Higgs boson has a mass

Zpg=— | 5 KT YaYpk1t XaXpkp- L), (A1)
m 2N M 4 (l 3X)KB L— 12Kl
m?
whereY are theU(1), charges whileX are theU(1)g_, T 9 1-37/(8k) ]+ 3(1-X) kg — 4Ky
charges, shown in Table I, and x,,xg_, are theSU(3), < [14 A7
X U(1);XU(1)g_. coupling constants, defined as the gauge [1+O(ky, k51 ,b%€)]. (A7)
couplings squared divided byn8 , In this model, the Higgs boson would have a mass of order
The charge assignment impligd?,<M? <MZi<M? 100 GeV only if the ratiok;/kg_, is smaller than (1

andM? <Mt,D<M2b The scalars havng as constltuent —3x)/12 by no more than a few percent.
do not acquire VEVs prowdeN’I >0, which gives

3 APPENDIX B: EQUIVALENCE BETWEEN THE GAP
— 2kt kg < 12(_ _ K). (A2)  EQUATIONS AND THE STATIONARITY CONDITIONS
8 FOR THE EFFECTIVE POTENTIAL

The vacuum alignment conditidmtzx<0< Mﬁ requires In this appendix we show that the set of coupled gap
equations used in Reff3] is identical[in the largeN, limit
bicy+ 3XKBL<12(3_7T_ K) <4r,+xs L. (A3) and for large InK1%M?)] with the stationarity conditions for
8 the effective potentialsee Sec. Il B.
The four-fermion operators discussed in Sec[dHe Egs.
(3.1 and(3.9)] lead to a dynamical mass matrix for thand
x quarks, given in the weak eigenstate basis by

— My My tr
el

Myt Myy

Finally, the restrictiori\/l2 >M2 imposed by the minimiza-
tion condition(3.15 gives

12K1 (1 9X )KB L- (A4)
+H.c., (B1)

The range of thaJ(1)g_, charge oftg and y,, —1/3<x
<0, allows the condition§A2), (A3) and (A4) to be simul-
taneously satisfied. with all the elements redlthis can be ensured by a phase

The relation between the coefficients of the four-fermionredefinition of the fields The top quark ang masses are the
operators and the fermion charges leads to relations amorgjgenvalues of this matrix,
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1
2, 2. 9 _ [T a7 z
m?, = 2[m MG mE A ml F (M2 mi+m -+ m )2 —4(m, My —mgm, )2 (B2)

while the mass eigenstates are given by

t (CL _SL)(IL)
XL st ¢/ \x)’
tr _( Cr SR)(_tR> B3
XR —Sg Cr/\ Xr /'
where

1 m?, —m&+mZ —m? |

c,_,st—[li L e (B4)
Vo me —m;

andcg,Sg are obtained by substitutingy, < m,; in the above expressions for ,s, .
The one-loop gap equations can be easily computed by keeping the weak eigenstates in the external lineg,aautt the
mass eigenstates running in the logee Fig. 2, and are given by
m? (M2
— —Xnl —
-y mi) H

m? M2
1- In| —

+ssm
"2 L>R
M t

My = Ztt[ —C CrIMy

m2 [ M?
M,y = Myt Zy ) —SLSRM: 1—Wln o

2 2
N M my, J
+ 1 t2| 1IN 1 mil m” (B5)
m,;= Z,4) S .Cpmy| 1— n CLSgM - n .
t= Moyt xt| SLYRTh W EZ LoR!My W F)Z(_

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

( My mtx) _( —CLCRMy+S SgM, €| SgM;+ S CrM, ) (86
mye m,, S CRM;+C SgM,  —S SgM;+C CrM,
we can rewrite the gap equations as
o[ 1 _ 2 2 2 M2
m,M Z——l = —[mg(mg+mg, +mi) +mgm,m, . Jin 7z
it ¥
m, M? i—1 - Mzi——[m (mZ,+m?+m2 )+mgm;,m.,]ln M—
Xx 7 HxxM 5= o e T e iy tt ey Hxt m2
XX XX X
m, M2 — —1|=—[m, (mi+mi +m2 )+mgm,m, ]InM—
ZtX T\t tx XX Tt iyt 2
X
|v|21—1— |v|21—— Z+mi+me )+ | i B7
mx’[ Z_ Moyt Z__ [mtx(mtt mxt mXX) mttmt)(mx)(]n F ( )
xt Xt X

where we neglectenh? In(mi/nt) compared withmy | In(M#m?), which is consistent with the leading log approximation used
in Egs.(B5).

One can see that the gap equatigBg) are identical with the stationarity conditiori8.14) for the effective potential
derived in Sec. Ill.
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